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HDAC Inhibition Induces Cell Cycle
Arrest and Mesenchymal-Epithelial
Transition in a Novel Pleural-Effusion
Derived Uterine Carcinosarcoma Cell
Line
Paul Stockhammer1,2†, Özlem Okumus1, Luca Hegedus1, Dominika Rittler3, Till Ploenes1,
Thomas Herold4, Stavros Kalbourtzis4, Agnes Bankfalvi 4, Antje Sucker5, Rainer Kimmig6,
Clemens Aigner1† and Balazs Hegedus1*†

1Department of Thoracic Surgery, Ruhrlandklinik, West German Cancer Center, University Hospital Essen, University Duisburg-
Essen, Essen, Germany, 2Division of Thoracic Surgery, Medical University of Vienna, Vienna, Austria, 32nd Institute of Pathology,
Semmelweis University, Budapest, Hungary, 4Institute of Pathology, University Hospital Essen, University Duisburg-Essen,
Essen, Germany, 5Department of Dermatology, University Hospital Essen, University Duisburg-Essen, Essen, Germany,
6Department of Gynecology and Obstetrics, University Hospital Essen, University Duisburg-Essen, Essen, Germany

Objective: Uterine carcinosarcoma (UCS) is a rare but highly aggressive malignancy with
biphasic growth pattern. This morphology can be attributed to epithelial-mesenchymal
transition (EMT) that often associates with tumor invasion and metastasis. Accordingly, we
analyzed a novel patient-derived preclinical model to explore whether EMT is a potential
target in UCS.

Methods: A novel UCS cell line (PF338) was established from the malignant pleural
effusion of a 59-year-old patient at time of disease progression. Immunohistochemistry
was performed in primary and metastatic tumor lesions. Oncogenic mutations were
identified by next-generation sequencing. Viability assays and cell cycle analyses were
used to test in vitro sensitivity to different standard and novel treatments. E-cadherin,
β-catenin and pSMAD2 expressions were measured by immunoblot.

Results: Whereas immunohistochemistry of the metastatic tumor showed a
predominantly sarcomatous vimentin positive tumor that has lost E-cadherin
expression, PF338 cells demonstrated biphasic growth and carried mutations in
KRAS, PIK3CA, PTEN and ARID1A. PF338 tumor cells were resistant to MEK- and
TGF-β signaling-inhibition but sensitive to PIK3CA- and PARP-inhibition and first-line
chemotherapeutics. Strikingly, histone deacetylase (HDAC) inhibition markedly reduced
cell viability by inducing a dose-dependent G0/1 arrest and led to mesenchymal-epithelial
transition as evidenced by morphological change and increased E-cadherin and β-catenin
expression.

Conclusions:Our data suggest that HDAC inhibition is effective in a novel UCS cell line by
interfering with both viability and differentiation. These findings emphasize the dynamic
manner of EMT/MET and epigenetics and the importance of molecular profiling to pave the
way for novel therapies in UCS.
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INTRODUCTION

Uterine carcinosarcoma (UCS) is a highly aggressive tumor that
accounts for less than 5% of uterine malignancies [1, 2]. As a type
of malignant mixed Müllerian tumors and related to poorly
differentiated endometrial carcinomas, UCS is characterized by
biphasic morphology with carcinomatous and sarcomatous
differentiation [3, 4]. Compared to endometrial carcinoma,
UCS has a worse prognosis with a high postoperative
recurrence rate and a 5-year survival rate below 40% [5, 6]. In
UCS, TP53 has been identified as the most frequently mutated
gene, followed by mutations in the PI3K pathway, KRAS, cell
cycle regulators including FBXW7 and chromatin remodeling
and histone genes including ARID1A [7–9]. Importantly, UCS is
the prototype tumor for epithelial-mesenchymal transition
(EMT), a reversible biological process that associates with
tumor progression and metastasis and in which epithelial cells
transform into more invasive mesenchymal cells by losing their
epithelial properties [10–12]. In UCS, several studies identified
characteristic EMT-related expression signatures including active
TGF-β signaling in tissue and cell lines [7, 11, 13, 14].
Interestingly, expression patterns of EMT-related markers
including E-cadherin and ZEB1 were shown to differ between
UCS carcinomatous and sarcomatous tumor areas [14]. The
difference in E-cadherin expression is suggested to contribute
to the biphasic growth pattern in UCS [15].

Recently, a transcriptome sequencing study in UCS
demonstrated a strong correlation between EMT scores and
epigenetic alterations [7]. In this regard, ARID1A, a commonly
mutated chromatin remodeling gene in UCS, as well as the tumor
suppressor FBXW7 have been associated with EMT [16, 17].
Furthermore, mutations in either of them conferred sensitivity to
histone deacetylase inhibition (HDACi) [18, 19]. In fact, histone
modification by histone deacetylases is a major contributor to
epigenetic changes in tumor cells and evidence suggests a
functional role of HDAC inhibitors in EMT and phenotypic
transformation of cancer cells [12, 20].

Suberoylanilide hydroxamic acid (SAHA), a pan-HDACi, and
valproate are currently evaluated in various malignancies [20].
Although a significant portion of UCS harbor mutations in
epigenetic regulators, evidence about HDACi in this entity is
scarce. Previous studies found increased HDAC2 expression in
endometrial stromal sarcomas and SAHA treatment in a uterine
sarcoma cell line effectively suppressed growth [21, 22].
Accordingly, a recent study testing SAHA in UCS
(NCT03509207) was initiated but soon after terminated due to
issues in patient recruitment and access to medication. The
potential of molecularly tailored therapies in UCS still needs
to be further evaluated and novel UCS patient-derived cell lines
are urgently needed as they are ideal models to study novel
approaches. So far, there are just few reports of the successful
establishment of UCS cell lines [23]. Accordingly, we aimed to
investigate HDACi among other novel tailored approaches in a

newly established UCS cell line. In this regard, we identified
HDACi as a promising and reasonable approach targeting both
epigenetics and EMT in UCS.

MATERIAL AND METHODS

Cell Culture and Reagents
The PF338 line was established from malignant pleural effusion.
5ml of effusion were centrifuged at 1,200 × g at room temperature
for 10 min. The pellet was resuspended in RPMI1640 fortified by
10% FBS and 1% penicillin/streptomycin and seeded in a culture
flask. More than 15 passages of the adherent cells with a
minimum of three freezing-thawing cycles were done before
experiments were initiated in order to use a tumor cell culture
without non-tumorous cells. The A375 melanoma cell line was
purchased from the ATCC and cultured in DMEM supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin in
culture flasks. Single Nucleotide Polymorphism (SNP) profiling
was performed for PF338 and A375 tumor cell lines by Multiplex
Cell Line Authentication (Multiplexion, Heidelberg, Germany) to
confirm A375 cell line identity and PF338 unique cell line
identity. Selumetinib, galunisertib, olaparib and BEZ235 were
purchased from Selleck Chemicals (Houston, TX, United States)
and dissolved in DMSO. SAHA and valproate were purchased
from Sigma-Aldrich (St. Luis, MO, United States) and dissolved
in DMSO and water, respectively. Paclitaxel (Kabi Fresenius, IL,
United States) and cisplatin (Accord, Munich, Germany) were
dissolved in 0.7% NaCl.

Immunohistochemistry
Immunohistochemistry was performed using the Ventana
BenchMark Ultra system (Roche Tissue Diagnostics,
Grenzach-Vyhlen, Germany). 3 µm sections were prepared
from formalin-fixed and paraffin embedded (FFPE) tumors
and PF338 cellblock. The following primary antibodies were
used: CD10 (Clone 56C6, 1:50, Leica Biosystems, Nussloch
Germany), E-cadherin (Clone: NCH-38, Dako-Agilent,
Waldbronn, Germany), vimentin (Clone: V9, Dako-Agilent,
Waldbronn, Germany), progesterone receptor (Clone: 1E2;
RTU, Roche Tissue Diagnostics) and estrogen receptor (Clone
SP1, RTU, Roche Tissue Diagnostics). Color development was
performed by the OptiView staining kit (Roche Tissue
Diagnostics) followed by hematoxylin counterstaining. All
stainings were evaluated by a senior pathologist (AB) and
representative images were taken.

Chemosensitivity Assays
Total protein amount-based Sulforhodamine B (SRB) assays were
performed as follows. 5 × 103 (PF338) or 2 × 103 (A375) tumor
cells /well were plated on the inner 60 wells of a 96-well plate and
first incubated for 48 h. After 72 h of treatment with drugs, 10%
TCA was used for fixation, followed by SRB dye (Sigma-Aldrich,
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St. Louis, MO, United States), and wash out with 1% acetic acid.
10mM Tris puffer dissolved the protein-bound dye and optical
density (OD) was read at 570 nm by using a microplate reader
(EL800, bioTec Instruments, Winooski, VT, United States). IC50

were calculated by using the CompuSyn software (ComboSyn,
Inc., Paramus, NJ). Viability results are illustrated as ratio to
control viability. For colony-formation assays, 1,000 tumor cells
/well were plated on 6-well plates, incubated for 48 h and
subsequently treated every 3–4 days with increasing drug
concentrations for 10 days. 10% TCA was used for fixation,
followed by SRB dye and wash out with 1% acetic acid.
Colonies were counted manually. Experiments were repeated
thrice.

Cell Viability and Cell Cycle Analysis
In order to test the viability of cells after freezing and thawing at
various passages the cell viability was measured on the
NucleoCounter NC-3000TM system (Chemometec, Allerod,
Denmark) using the cell viability reagents and protocol right
after thawing and after 72 h in culture.

For cell cycle analysis, PF338 tumor cells were seeded on 6-
well plates in 2 × 105 cells/well concentration and incubated for
48 h, followed by 72 h of treatment. Cells were trypsinized and
incubated with lysis buffer containing DAPI for 5 min at 37°C.
Stabilization buffer was added, and cellular fluorescence was
measured by the NucleoCounter NC-3000TM system
(Chemometec, Allerod, Denmark). Cell cycle phases were
identified based on the DNA content of the cells.

Immunoblot
PF338 tumor cells were seeded into 6-well plates. After a recovery
period of 24 h, cells were treated for 72 h with either HDACi
(SAHA, valproate), galunisertib or solvent and precipitated with
6% TCA for 1 h, 4°C followed by centrifugation for 10 min at
9000 rpm. The total cellular protein pellets were resuspended in
electrophoresis sample buffer (62.5 mM Tris–HCl, pH 6.8, 2%
SDS, 10% glycerol, 5 mM EDTA, 125 mg/ml urea, 100 mM
dithiothreitol) to be later loaded on 10% acrylamide gels in
equal protein amounts. For immunostaining rabbit anti-E-
cadherin (Cell Signaling, 24E10, 1:1,000), anti-beta-catenin
(Santa Cruz, Sc-7199, 1:500), anti-pSMAD2 (Cell Signaling,
138D4, 1:1,000) and polyclonal anti-beta-tubulin (Abcam,
ab6046, 1:1,000) were used. As secondary antibody HRP-
conjugated anti-rabbit antibody (Jackson ImmunoResearch, 1:
10.000) was used. For development ECL Western Blotting
Substrate (Thermo Scientific, Waltham, MS, United States)
was applied followed by luminography. Three independent
experiments were performed.

Next-Generation Sequencing (NGS)
DNA from PF338 cells was isolated according to the manual’s
instructions by using DNeasy Blood and Tissue Kit (Qiagen, MD,
United States). FFPE tissue DNA was isolated according to the
manual’s instructions by using QIAamp DNA FFPE Tissue Kit
(Qiagen, MD, United States). DNA concentrations were
determined by Qubit® 2.0 Fluorometer dsDNA HS assay kit
(LifeTechnologies, CA, United States).

A total amount of 45 ng DNA was used for multiplex-PCR.
Multiplex PCR and purification were performed with the
GeneRead DNAseq Custom Panel and PCR Kit V2 (Qiagen,
MD, United States) and Agencourt® AMPure® XP Beads
(Beckman, CA, United States). The library preparation was
performed with NEBNext Ultra DNA Library Prep Set for
Illumina (New England Biolabs, MA, United States), according
to the manufacturer’s recommendations by using 24 different
indices per run. The pooled library was sequenced on MiSeq
(Illumina; 2 × 150 bases paired-end run) and analyzed by
Biomedical Genomics Workbench (CLC Bio, Qiagen, MD,
United States). For targeted sequencing a customized
comprehensive cancer-panel was designed containing regions
of interest.

Time-Lapse Video Microscopy
Video microscopy was performed as previously [24] and now
described in Supplementary materials.

Statistics
Two-way ANOVA with Bonferroni posttest was applied to
describe significant differences between cell lines and
treatment lines. One-way ANOVA with Dunn´s multiple
comparison test was applied to identify significant differences
between treatment lines. *p < 0.05; **p < 0.01; ***p < 0.001, and
****p < 0.0001 represented significant differences. All calculations
were done in GraphPad Prism 8 (GraphPad Software Inc., San
Diego, CA).

RESULTS

Clinical History
A 59-year-old female patient was diagnosed with UCS and
underwent radical resection yielding a pT3aN0M0 FIGO IIIA
tumor containing both a dominant stromal sarcomatous and a
focal endometroid carcinomatous component (Figure 1). No
adjuvant treatment was applied, however, 2.5 months later the
patient developed retroperitoneal recurrence, for which
chemotherapy consisting of three cycles paclitaxel/carboplatin
was started. Re-staging indicated a tumor response and thus three
additional cycles of chemotherapy were applied, followed by
resection of the metastatic lesion. Histological analyses at that
time revealed positive tumor margins, justifying adjuvant iliac
radiation therapy. Due to rapid locoregional spread infiltrating
diaphragm, chest wall and pleura accompanied by accumulating
pleural effusions, the patient underwent partial resections
including laparotomy and video-assisted thoracoscopy. Finally,
treatment was switched to supportive chemotherapy, however,
the patient continued to deteriorate and succumbed to the disease
12.5 months after initial diagnosis.

Histological Tumor Characterization
To compare the primary tumor lesion at diagnosis with the
metastatic tumor we performed immunohistochemical analyses
(Figure 2A). At diagnosis, the tumor contained a dominant
sarcomatous component positive for vimentin and a focal
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carcinomatous component positive for E-cadherin. At
recurrence, hematoxylin and eosin (H&E) staining revealed
mainly spindle-shaped tumor cells diffusely positive for
vimentin but negative for E-cadherin. To confirm the origin of

the metastatic tumor, we demonstrated that tumor cells were,
although only in foci, positive for CD10, a marker for Müllerian
system-derived neoplastic mesenchymal cells [25]
(Supplementary Figure S1A). In addition, a proliferation rate

FIGURE 1 | Patient’s history. The patient underwent resection without adjuvant treatment (Tx). Due to retroperitoneal recurrence, chemotherapy was initiated
followed by surgery and adjuvant radiation therapy (RTx). However, the tumor progressed leading to pleural effusion justifying laparotomy and video-assisted
thoracoscopy. At that time we established the pleural-effusion derived tumor cell line PF338. *retroperitoneal recurrence; **tumor infiltrate; ***transdiaphragmatic spread
and pleural effusion.

FIGURE 2 |Histopathological and in vitro characterization (A)Hematoxylin and eosin (H & E) and immunohistochemical stainings of the primary tumor, the recurrent
tumor and of PF338 tumor cells. Whereas the primary tumor expressed both E-cadherin and vimentin, E-cadherin expression was lost in both the metastatic lesion and
the cell line (B) PF338 tumor cell growth in vitro.
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of up to 60% was detected in hotspot areas by Ki67 staining
(Supplementary Figure S1A). Stainings for estrogen- and
progesterone-receptor (ER, PR) indicated only heterogeneous
nuclear expression patterns (Supplementary Figure S1A).

Taken together, the metastatic resected specimen was highly
proliferative, had lost the carcinomatous histological component
and was heterogeneously positive for CD10, ER and PR.

PF338 Cell Line Establishment and
Mutational Characterization
At time of progression, we obtained pleural effusion and
could successfully establish the PF338 UCS cell line.
Congruent to the metastatic tissue, immunohistochemical
stainings of the cell block indicated focal positivity for
CD10, strong positivity for vimentin and negative staining
for E-cadherin (Figure 2A; Supplementary Figure S1B). In
vitro, PF338 tumor cells demonstrated a biphasic growth
pattern consisting of an epithelial-like component growing
in a monolayer and a mesenchymal-like component growing
in multiple layers (Figure 2B; Supplementary Video S1). In
order to study the effect of multiple freezing cycles on tumor
cell viability, we compared viability of PF338 cell passage 16
vs. passage 26 and found no differences (viability right after
thawing 81.6 vs. 84.2%, viability after 72 h in culture 98.6%
vs. 97.2%).

To illuminate themutational background of the tumor cell line
and the primary/metastatic tumor tissues we performed NGS for
a predefined mutational panel that included the most commonly
mutated genes in UCS (Supplementary Table S1). We identified
a G13C mutation in KRAS, a R130Q mutation in PTEN and a
mutation in ARID1A. Interestingly, an R93Q mutation in
PIK3CA was only detected in the metastatic tumor and the
cell line but not in the primary tumor.

PF338 Tumor Cells Are Sensitive to
Cisplatin and Paclitaxel in vitro
In order to test whether PF338 cells are sensitive to standard-of-
care UCS treatment paclitaxel plus platinum-based chemotherapy
we performed in vitro sensitivity testing for both drugs.
Accordingly, PF338 cells were sensitive to cisplatin and
paclitaxel, with IC50 values of 0.96 µM and 3.81 nM, respectively
(Figures 3A,B). Interestingly, whereas cisplatin induced
morphology changes to a more uniform, flat phenotype,
paclitaxel treatment did not interfere with morphology
(Figure 3A). Cell cycle analyses for cisplatin revealed a dose-
dependent G2/M arrest, whereas paclitaxel induced apoptosis in a
dose-dependent manner (Figure 3C). Despite being sensitive to
cisplatin, a significant fraction of cells (15%) remained viable when
treated with cisplatin at IC50 concentrations for 10 days (Figure
3D; Supplementary Figure S2).

FIGURE 3 | PF338 tumor cells are sensitive to both cisplatin and paclitaxel (A) Cisplatin reduced the mesenchymal-like cell fraction of PF338 cells (B) Cells were
sensitive to cisplatin (IC50: 0.96 µM) and paclitaxel (IC50: 3.81 nM) (C) Cisplatin induced G2/M arrest and paclitaxel apoptosis (D) Tumor cells could still form colonies
when treated with IC50 concentrations of cisplatin. Error bars � means ± SE from three repeats. C/D, control, *p < 0.05, **p < 0.01.
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Targeted Therapy With Kinase Inhibitors in
PF338 Tumor Cells
In order to test whether KRAS-mutant PF338 cells are sensitive to
MAPK pathway inhibition, we used selumetinib, a MEK inhibitor
that has been tested in KRAS-mutant tumors [26]. As sensitive
control we used the BRAFV600E mutant A375 melanoma line
[27]. We also tested the dual PI3K/mTOR inhibitor BEZ235 due
to the mutations in the PI3K pathway and also treated the cells
with galunisertib, a TGF-βRI-kinase inhibitor. PF338 cells were
resistant to both selumetinib and galunisertib but strongly
sensitive to PI3K/mTOR inhibition (IC50: 63.42 nM) (Figures
4A,B). Cell cycle analyses revealed no changes upon selumetinib
or galunisertib treatment and only a modest dose-dependent G0/
G1 arrest upon BEZ235 treatment (Figure 4C). However, despite
the resistance to galunisertib, pSMAD2 expression was abrogated
by the treatment (Figure 4D).

PF338 Tumor Cells Are Highly Sensitive to
HDAC and PARP Inhibition
Recent work in ovarian cancer demonstrated that mutations in
ARID1A confer sensitivity to HDACi [18]. Furthermore, UCS
frequently harbor alterations in cell cycle regulators and thus may
show susceptibility to certain targeted therapies including PARP

inhibitors [7]. Strikingly, PF338 cells were sensitive to both
HDACi SAHA and PARP inhibitor olaparib with IC50 of 0.38
and 4.60 µM, respectively (Figures 5A,B). SAHA treatment
induced two distinct cell cycle patterns: a dose dependent G0/
1 arrest at low drug concentrations and both a G2/M arrest and
induction of apoptosis at high concentrations. In contrary,
olaparib-treated cells went into G2/M arrest in a dose-
dependent manner (Figure 5C). Importantly, PF338 tumor
cells changed morphology from the initial biphasic to an
epithelial phenotype upon SAHA treatment (Figure 5A;
Supplementary Video S2). These phenotypic changes were
accompanied by a dose-dependent upregulation of epithelial
markers E-cadherin and—to a lesser extent—β-catenin
(Figure 5D). Importantly, phenotypic and expression changes
were also observed upon treatment with high-dose SAHA (4 µM)
or valproate (Supplementary Figures S3A–D).

DISCUSSION

The highly invasive and aggressive growth pattern of UCS in
combination with a still poorly understood tumorigenic
molecular background contribute to dismal patient prognosis
[28]. Due to the low incidence and a very limited number of
clinical trials, multicenter studies investigating novel agents and

FIGURE 4 | PF338 tumor cells are resistant to MEK and TGF-βRI-kinase inhibition but sensitive to PI3K inhibition (A) selumetinib (Selu), galunisertib (Galu) and
BEZ235 (BEZ) did not affect PF338 cell morphology (B) PF338 cells were resistant to selumetinib (A375 cells were used as control) and galunisertib, but sensitive to
BEZ235 (IC50: 63.42 nM) (C) BEZ235 induced a modest G0/G1 arrest (D)Galunisertib reduced pSMAD2 expression. Error bars �means ± SE from three repeats. C/D,
control, ****p < 0.0001.
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combinations are of utmost importance to offer evidence-based
therapies. Accordingly, patient-derived tumor cell lines are
crucial to identify novel therapeutics. Our study describes a
newly established UCS cell line and to our best knowledge is
the first report of in vitro HDAC inhibition in UCS.

Our patient underwent multiple surgeries followed by chemo-
and radiotherapy; however, despite initial treatment response she
rapidly relapsed and succumbed to the disease. There is still no
consensus regarding the optimal therapeutic management for
UCS patients and as in our case, UCS tumors tend to relapse
within two years after diagnosis despite initial systemic treatment
response [29]. Although certain multimodal approaches were
shown to be potentially effective in UCS patients, prospective
validation studies and novel approaches are urgently needed [30].

In our case, the resected metastatic lesion showed mainly
sarcomatous differentiated tumor cells without E-cadherin
expression. In contrast, a dominant sarcomatous and a focal
carcinomatous E-cadherin positive histological component were
present at initial diagnosis. This histological change together with
rapid progression is in line with a recent study identifying
sarcomatous component on recurrence to be significantly
associated with poor disease-free interval [31]. Metastatic UCS
lesions were described as predominantly carcinomatous or
biphasic tumors but no pure sarcomas in a large retrospective

cohort [1]. To study the dynamic process of differentiation
changes in UCS, a biphasic cell model representing both
morphologies in vitro is an invaluable asset. However, there
are just a few patient-derived UCS cell lines, and the majority
of those are of sarcomatous differentiation [23]. Importantly, our
novel UCS cell line demonstrated biphasic differentiation as
illustrated by in vitro morphology and growth. Of note, a
similar biphasic phenotype in vitro was described for UCS cell
lines SNU-685 and EMTOKA [32, 33].

For the majority of previously established UCS lines analyses
of driver mutations were not performed. PF338 cells harbor the
G13C mutation in KRAS but are resistant against MEK-
inhibition. According to the fourth dataset of the AACR
GENIE project, the majority of KRASG13C mutant tumors are
non-small cell lung cancers and colorectal carcinomas. However,
four of the KRASG13C mutant tumors were uterine cancers [34].
To the best of our best knowledge, there is no data available
regarding RAS/MAPK pathway inhibition in KRASG13C cells and
according to the ATCC there are only two lung adenocarcinoma
lines with this mutation. The other KRAS mutant UCS line TU-
ECS-1has the more common G12D mutation in addition to
several TP53 mutations [35].

PF338 tumor cells harbored mutations in PIK3CA and PTEN
and were sensitive to dual PI3K/mTOR inhibition. Importantly,

FIGURE 5 | PF338 tumor cells are highly sensitive to HDAC inhibition and change differentiation (A) SAHA treatment changed morphology from biphasic to
epithelial (B)Cells were sensitive to SAHA (IC50: 0.38 µM) and olaparib (IC50: 4.60 µM) (C) SAHA induced aG0/1 arrest and with higher concentrations both a G2M arrest
and apoptosis; olaparib induced G2/M arrest (D) SAHA dose-dependently upregulated the expression of E-cadherin and β-catenin. Error bars �means ± SE from three
repeats. C/D, control, *p < 0.05, **p < 0.01.
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alterations in the PI3K pathway have been described for the
majority of UCS and about one quarter of UCS demonstrate
simultaneous mutations in PTEN and PIK3CA [7–9]. Several
clinical trials are investigating PI3K pathway inhibition in
endometrial carcinoma but data for UCS are missing [7].
Interestingly, in our case, the PIK3CA mutation was only
present at the time of metastasis and not at diagnosis. Similar
findings were reported in a melanoma study in which one of eight
tested cases had a PIK3CA mutation only present in the
metastatic lesion [36]. However, in UCS, McConechy et al.
found that PIK3CA mutations were uniformly present in both
the diagnostic and metastatic lesions and hence they
hypothesized that such mutations may occur early during
tumorigenesis [9].

As in our case, in patients with recurrent UCS, chemotherapy
consisting of different combinations of carboplatin/cisplatin,
paclitaxel and ifosfamide are treatment of choice [4–6]. Our
patient initially responded to chemotherapy and in line with
that, PF338 cells were sensitive to both cisplatin and paclitaxel
in vitro. These findings are similar to the data from the TU-ESC-1
cell line which was shown to be sensitive to both drugs as well
[35]. However, our long-term treatment showed that a fraction of
PF338 cells remained viable when treated with high cisplatin
concentrations. This could explain why UCS patients tend to
respond to chemotherapy at first but ultimately relapse within
two years [29].

Due to emerging evidence suggesting a functional role of
EMT in UCS tumorigenesis and its biphasic growth by
definition, UCS is the prototype tumor to study EMT [4, 11].
Importantly, EMT has been linked to the transition from
endometrial carcinoma to carcinosarcoma and to the
metastatic process during disease progression [37]. In two
sarcomatoid UCS lines certain TGF-β family members were
found to be expressed and inhibition with galunisertib could
partially abrogate TGF-β mediated effects on proliferation,
migration and EMT. Importantly, galunisertib alone did
reduce pSMAD2 expression but did not affect cell viability
[13]. This is in line with our data of no change in cell
viability, cell cycle distribution and cell morphology but a
downregulation of pSMAD2 expression following galunisertib
treatment. Putting this into context, blocking TGF-β signaling
in UCS might not be effective as single agent but rather in
combinatory approaches. Accordingly, Dwivedi et al. could
recently demonstrate promising results by combining
galunisertib with standard chemotherapy in vivo by treating
xenografts established from a UCS cell line with high relative
TGF-β and TGF-βRI expression [38]. A phase IB trial
investigating galunisertib with chemotherapy in UCS is
currently recruiting patients (NCT03206177). Given that our
PF338 tumor cells did not change viability or morphology to
TGF-β signaling inhibition despite reduced pSMAD2
expression upon galunisertib treatment, we concluded that
TGF-β signaling may not be the major driver for EMT and
cell proliferation in our model. Additional investigations will be
necessary to better describe the role of TGF-β blockade in UCS.

The PARP inhibitor olaparib affected viability by inducing a
G2/M arrest in PF338 cells. Alterations in cell cycle regulators,

which are frequently detected in UCS, potentially induce
susceptibility to PARP inhibition [7]. Furthermore, a large
study investigating PARP1 expression in various tumors found
that the majority of UCS markedly overexpressed PARP1 [39].
However, data with regard to FDA-approved PARP inhibitors in
UCS are missing and our data is the first to suggest PARP
inhibition as effective in UCS.

We detected an ARID1A mutation in our case. Importantly,
10–30% of UCS harbor mutations in ARID1A, representing the
most frequently altered chromatin remodeling gene in UCS
[7–9]. Recent evidence demonstrated a link between EMT and
epigenetic alterations in UCS [7]. One study reported that loss of
ARID1A leads to the expression of EMT genes and epithelial
transdifferentiation in the endometrium [16]. Furthermore,
ARID1A normally suppresses certain HDACs and tumor cells
with ARID1A mutations lose this feedback, become HDAC
dependent and hence highly sensitive to HDACi [18, 40]. Our
findings that SAHA and valproate interfered with cell viability,
cell cycle distribution and cell differentiation in ARID1A mutant
PF338 tumor cells strongly support this hypothesis. Upon SAHA
treatment, tumor cells dose-dependently underwent reverse
EMT, a process also called mesenchymal-epithelial transition
(MET), characterized by increased E-cadherin and β-catenin
expression and morphological re-differentiation into an
epithelial phenotype. To the best of our knowledge, the
current study provides the first evidence showing HDACi to
be effective in UCS in vitro by interfering with EMT/MET. In fact,
re-expression of E-cadherin is considered a major marker of MET
in tumor cells [41]. Our findings of HDACi interfering with
EMT/MET are in line with a number of studies in different
malignancies [12]. Downregulation of E-cadherin by epigenetic
changes in cancer has been extensively described and linked to
tumor invasiveness, dissemination and progression [42]. In
contrast, MET, the reverse process, has been linked to tumor
cell re-differentiation [43]. Considering the fact that the majority
of UCS tumors relapse after radical surgery, targeting histone
modification and differentiation by HDACi might be an effective
novel approach to prevent UCS tumor cells from metastasizing.
Although a recent clinical trial (NCT03509207) already aimed to
investigate SAHA in UCS, molecular explanations justifying its
rational and clinical implementation were scarce and limited to a
study in a uterine sarcoma cell line [21, 22]. HDAC inhibition is a
rapidly growing field in cancer therapy throughout various
malignancies. Based on our findings, targeting epigenetics and
consequently EMT by using HDACi in UCS might be a
promising novel approach and should be further explored in
future clinical trials. Furthermore, identifying the mutational
background of UCS at time of tumor progression is of utmost
importance to better predict sensitivity to targeted therapies
including PI3K pathway, PARP and HDAC inhibition.
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Brain gliomas are characterized by remarkably intense invasive growth and the ability to
create new blood vessels. Angiogenesis is a key process in the progression of these
tumors. Coagulation and fibrinolysis factors play a role in promoting angiogenesis. The aim
of the study was to evaluate the expression of proangiogenic proteins (VEGF and bFGF)
and hemostatic proteins (TF, fibrinogen, fibrin, D-dimers) associated with neoplastic cells
and vascular endothelial cells in brain gliomas of various degrees of malignancy.
Immunohistochemical tests were performed using the ABC method with the use of
mono- and polyclonal antibodies. The obtained results indicated that both neoplastic
cells and vascular endothelial cells in gliomas of various degrees of malignancy are
characterized by heterogeneous expression of proteins of the hemostatic system and
angiogenesis markers. The strongest expression of proangiogenic factors and
procoagulant factors was demonstrated in gliomas of higher-grade malignancy.

Keywords: angiogenesis, VEGF, bFGF, D-dimers, blood coagulation, fibrin, tissue factor, glial tumors 3

INTRODUCTION

In view of the fact that the hemostatic system is anatomically and functionally related to
vascularization, its influence on the process of angiogenesis in neoplastic tumors would appear
interesting. Since 1971, when J. Folkman promulgated the hypothesis that the growth of solid tumors
depends on angiogenesis, and that therapeutic measures aimed at inhibiting this process may be an
effective element of anticancer therapy [1, 2], the era of intensive research into anti-angiogenic
treatment was initiated. From the outset, this therapy is considered appropriate for glial tumors.
Among them, greatest interest has been paid to immature polymorphic glioblastomas (glioblastoma
multiforme), which constitute more than half of all gliomas, show the highest degree of malignancy
and have exceptionally poor prognosis.

Glial tumors are characterized by remarkably intense invasive growth and the ability to create new
blood vessels. In glioblastoma multiforme, vascular density is decidedly higher than in tumors with
lower histological malignancy [3]. Studies on astrocytomas have described an inverse correlation
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between vessel density and overall survival time and indicate
that the number of vessels in the tumor biopsy may be an
important prognostic factor [4, 5]. Angiogenesis is a key process
in the progression of malignant neoplasms, namely an essential
stage for tumor growth above 2–3 mm3 and the development of
metastases [6]. Activation of this process may result not only
from an increase in the activity of factors stimulating
angiogenesis, but also from a decrease in the activity of
inhibitors of this process [7].

Among the proangiogenic factors, the main contributing
mediators in vascularization of the neoplastic tumor are the
growth factors: vascular endothelial growth factor (VEGF) and
basic fibroblast growth factor (bFGF). Studies on glioblastoma
multiforme have demonstrated that VEGF production is
particularly induced in tumor cells close to the foci of
necrosis. The coexistence of glomerular proliferation with
areas of extensive necrosis indicates that the angiogenic
response is a secondary effect of increased VEGF production
by hypoxic tumor tissue [8]. It is known that hypoxia plays an
important role in the expression of the VEGF gene, inducing its
activity at the level of transcription with the participation of HIF-
1 (hypoxia inducible factor-1) [9]. VEGF increases the
permeability of blood vessels (it is approx.50,000 times more
potent as a factor affecting small blood vessel permeability than
histamine) [10].

An increase in VEGF expression under the influence of
bFGF has been demonstrated, as well as a synergistic effect of
both factors in the angiogenesis process [11]. Despite the fact
that bFGF also stimulates the proliferation of cells other than
endothelial cells, it meets the basic criteria characterizing the
proangiogenic factor: it stimulates the proliferation of
endothelial cells in vitro, induces angiogenesis in vivo, and
is often present in areas of vascular growth [8, 12]. bFGF is
implicated in brain tumor progression and localizes in the
microvasculature as well as in the tumor cells in human
gliomas [8]. FGF receptor (FGFR) plays an important role
in the survival and angiogenesis of glioblastoma cells through
phosphatidylinositol 3-kinase (PI3K)/protein kinase B or
AKT/mammalian target of the rapamycin (mTOR)
molecular signaling pathway [13, 14].

Tissue Factor (TF) expression has been demonstrated on the
surface of many normal cells as well as neoplastic cells [15]. The
process of developing malignant brain tumors damages normal
brain tissue and the structure of its blood vessels. Therefore, a
growing tumormay lead to an increase in TF expression [16]. The
protumorigenic function of TF is to activate cell signaling through
the interaction of its cytoplasmic domain with protease-activated
receptors (PARs). Antibodies blocking the cytoplasmatic
signaling domain of TF have been shown to result in reduced
tumor growth, but had no effect on the ability of TF to initiate
coagulation [17]. Tissue factor is assigned a special role in the
angiogenesis process. It has been shown to participate in the
processes of adhesion and migration of neoplastic cells through a
mechanism independent of clotting activation [18]. At the same
time, it has been demonstrated that over-expression of the gene
encoding TF leads to increased transcription of the gene encoding
the VEGF factor, as well as to the reduction of the gene

responsible for the synthesis of the angiogenesis
inhibitor—thrombospondin-1 [15].

The procoagulant activity of thrombin leads to the conversion
of fibrinogen into fibrin. Increased fibrinogen turnover and
shortened plasma half-life are often found in cancer patients
[19]. The presence of fibrin in the extravascular space, confirming
that the activation of blood coagulation has taken place there, has
been documented in a number of malignant neoplasms [20–24].
Fibrin and fibrinogen induce the expression of TF, which
consequently leads to overproduction of fibrin. The resulting
fibrin network provides “scaffolding” that promotes the growth of
new blood vessels. Additionally, fibrin and fibrinogen facilitate
the activation and stability of bFGF and other proangiogenic
factors.

The aim of the study was to evaluate the expression of
proangiogenic proteins (VEGF and bFGF) and coagulation/
fibrinolysis proteins (TF, fibrinogen, fibrin, D-dimers)
associated with neoplastic cells and vascular endothelial cells
in brain gliomas of various degrees of malignancy.

MATERIALS AND METHODS

Glioma tissues and tissues from the margin of these tumors were
obtained at surgical resection of 40 cancer patients. The material
consisted of 13 lower-grade and 27 higher-grade malignant
tumors.

Immunohistochemical (IHC) studies were performed on G2-
grade gliomas (8 astrocytomas, 5 oligodendrogliomas) and high-
grade gliomas (G3–12 anaplastic astrocytomas, 4 anaplastic
oligodendrogliomas; G4–11 glioblastomas multiforme), as well
as control fragments of respective normal tissues, which were
derived from the neoplasm-free surgical margins.

The study protocol was approved by the local Ethics
Committee of the Medical University in Bialystok, Poland
(approval number R-I-002/256/2003). Informed consent was
obtained from the patients.

Antigens were detected with avidin-biotin complex technique
(ABC) using reagents (Vectastain Kits, Vector Laboratories,
Burlingame, CA, United States) which have been described
previously [25].

The following mouse monoclonal antibodies were used:

• 1-8C6 antibody to fibrinogen and fibrin-I, which requires
intact 14Arg-15Gly binding on the Bβ chain of fibrinogen
and therefore does not react with fibrin II (lacking
fibrinopeptide B, FPB).

• T2G1 antibody to fibrin-II, which reacts with the amino-
terminal part of the Bβ chain of fibrinogen only after
cleavage by thrombin of fibrinopeptide B (FPB, Bβ 1–14)
and therefore does not react with fibrinogen and fibrin I.

• GC4 antibody to D-dimers
• Antibody to human recombinant TF – kindly provided by

Dr. Walter Kisiel, University of New Mexico, Dept. of
Pathology, School of Medicine, Albuquerque,
United States. The antibody was employed in our earlier
studies [26].
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Antibodies (1-8C6, T2G1, GC4) were kindly provided by Dr.
Bohdan Kudryk, Lindsley F. Kimball Research, Blood Center, NY,
United States and used in our earlier studies [22].

The following polyclonal antibodies were used:

• Goat antibody to human recombinant VEGF 121 and VEGF
165–R&D Systems, United States

• Goat antibody to human recombinant bFGF-R&D Systems,
United States

The results of staining of the glioma tissues were compared
with matched normal tissues, which were processed
simultaneously. Antigens of the proteins tested were detected
as the brown reaction product of the avidin-biotin complex with
the substrate. Visual assessment of protein expression was
performed in 10 random high-power fields by two
independent observers.

Intensity of IHC reactions was evaluated acc. to Hirsch
et al [27] in modification by Pirker et al [28]. A score for each
tissue core was generated using a semi-quantitative approach
according to the following algorithm: the percentage of
positive tumor cells per slide (0–100%) was multiplied by
the dominant intensity pattern of staining (0–negative for
trace; 1-weak; 2–moderate; 3 intense). Hence the range for
the overall score was 0–300. Specimens with a score of 0–199
were classified as being negative, while those with a score
between 200–300 as positive. The IHC score was calculated
based on the following formula: 1x (percentage of cells
staining weakly [1+]) +2 x (percentage of cells staining
moderately [2+] + 3 x (percentage of cells staining
strongly [3+]) [28].

χ2 test was employed for statistical analysis. p value of <0.05
was considered statistically significant.

RESULTS

The strongest expression of the VEGF antigen was obtained in
glioblastoma multiforme cells and the endothelium of their blood
vessels, with weaker but distinct expression in G3 tumors
(anaplastic gliomas) and the weakest in endothelial cells and a
few G2 glioma neoplastic cells (Table 1).

Clear and consistent expression of bFGF was found in tumor
cells and in lower-grade malignant glioma vascular endothelial
cells, while in gliomas of higher-grade, bFGF expression was less
pronounced (Table 1).

A positive color reaction to the presence of TF antigen was
demonstrated in neoplastic cells and vascular endothelial cells in
high-grade glioma tissues (Figures 1A,B; Table 1) and a non-
uniform, diffuse positive reaction in neuropil and in the necrotic
areas of these high-grade gliomas.

A clear, positive reaction to fibrinogen antigens was above all
demonstrated in the lumen of the blood vessels of all the
examined tumors (Table 1), as well as in areas of vascular
effusions. The presence of fibrinogen in the extravascular
space was confirmed in the form of a weak positive reaction
in the vicinity of small blood vessels and in the neuropil of
anaplastic gliomas. There was no correlation between the
presence of fibrinogen antigens and the intensity of the color
reaction in relation to the degree of malignancy of the gliomas.

Fibrin antigens were located in the neuropil around small
blood vessels, in necrotic foci and in individual tumor cells
(Table 1). No systematic relationship was observed with
regard to the degree of malignancy of the gliomas, either in
the distribution of the antigens or in the degree of intensity of the
color reaction.

The strongest expression of D-dimer antigens was found in
higher-grade gliomas (Table 1).

TABLE 1 |Number of tumors exhibiting distinct intensity of IHC reactions toward proteins of hemostatic system and angiogenesis markers in gliomas of different malignancy.

Proangiogenic factors Localization Low-grade gliomas (n = 13)
IHC score

High-grade gliomas (n = 27)
IHC score

p value

<200 ≥200 <200 ≥200

VEGF Cancer cells 9 (69, 2%) 4 (30, 8%) 2 (7, 4%) 25 (92, 6%) p <0,001
Endothelial cells 2 (15, 4%) 11 (84, 6%) 1 (3, 7%) 26 (96, 3%) NS
Neuropil 13 (100%) 0 1 (3, 7%) 26 (96, 3%) p <0,001

bFGF Cancer cells 2 (15, 4%) 11 (84, 6%) 24 (88, 9%) 3 (11, 1%) p <0,001
Endothelial cells 1 (7, 7%) 12 (92, 3%) 25 (92, 6%) 2 (7, 4%) p <0,001
Neuropil 13 (100%) 0 27 (100%) 0 NS

TF Cancer cells 8 (61, 5%) 5 (38, 5%) 3 (11, 1%) 24 (88, 9%) p � 0,03
Endothelial cells 13 (100%) 0 5 (18, 5%) 22 (81, 5%) p <0,001
Neuropil 2 (15, 4%) 11 (84, 6%) 4 (14, 8%) 23 (85, 2%) NS

Fibrinogen Cancer cells 12 (92, 3%) 1 (7, 7%) 22 (81, 5%) 5 (18, 5%) NS
Tumor stroma in the vicinity of blood vessels 10 (76, 9%) 3 (23, 1%) 23 (85, 2%) 4 (14, 8%) NS

Fibrin Cancer cells 11 (84, 6%) 2 (15, 4%) 24 (88, 9%) 3 (11, 1%) NS
Tumor stroma in the vicinity of blood vessels 4 (30, 8%) 9 (69, 2%) 6 (22, 2%) 21 (77, 8%) NS

D-dimers Cancer cells 3 (23, 1%) 10 (76, 9%) 2 (7, 4%) 25 (92, 6%) NS
Tumor stroma in the vicinity of blood vessels 5 (38, 5%) 8 (61, 5%) 3 (11, 1%) 24 (88, 9%) NS
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DISCUSSION

The importance of angiogenesis as an independent prognostic
factor in brain gliomas has long been recognized. An inverse
correlation has been found between the intensity of angiogenesis
and the survival time of patients with gliomas [8]. Different
factors involved in the hemostatic system, as well as the impact of
individual elements of this system on cancer cells and the vascular
endothelium are extremely important in the process of
angiogenesis. The contribution of these factors and their
reaction products in relation to tumor growth, metastasis and
new vessel formation in tumor tissue has been documented [8, 19,
29, 30]. These angiogenic factors are upregulated by a variety of
mechanisms like oncogene activation, loss of tumor suppressor
gene function, and/or a hypoxic microenvironment [31]. It has
been shown that the expression of growth factors in glioblastoma
tissues increases with the growth of their malignancy, and the
expression of some hemostatic system factors correlates with the
expression of growth factors [8].

On the basis of our own research and data from the literature
[32, 33], it has been confirmed that VEGF expression in glioma
cells correlates with the degree of tumor malignancy. The
strongest expression of VEGF was observed in the cells of
glioblastoma multiforme and the endothelial cells of their
blood vessels, with weaker but distinct expression in anaplastic
gliomas and the weakest in a few neoplastic cells and vascular
endothelial cells of lower-grade malignant gliomas. Similar results
have been reported by Carrol et al. [34]. Studies conducted on
various glioblastoma cell lines and in human glioblastoma tissues
revealed the interaction of VEGF with angiopoietins: Ang-1 and
Ang-2 and their Tie-2 receptor, with the consequent effect of
aiding the maturation and stabilization of blood vessels [35].
Ang-2 is an antagonist of the Tie-2 receptor. As the tumor grows,
the amount of synthesized Ang-2 increases, which leads to
destabilization of the capillary wall. As a result of this process,
in the absence of VEGF, the blood vessels regress and form
necrotic foci in the center of the tumor. However, in the presence
of VEGF, which is expressed later than Ang-2, an increase in
Ang-2 secretion leads to increased angiogenesis, especially at the
periphery of the tumor [35, 36]. Increased VEGF expression has
been associated with aggressiveness of the tumor and poorer

prognosis in patients with uterine cancer, ovarian cancer [37],
breast cancer [37–39], gastric cancer [40], melanoma [41], head
and neck cancer [37], and non-small cell lung cancer [38]. In
addition, a high level of VEGF coexists with shortened survival
time and an increased likelihood of recurrence of malignant
tumors of the colon, rectum and kidney [37], and may also
contribute to the initiation of the metastatic process [42].

One of the most exciting developments is the discovery, that
autocrine and paracrine VEGF signaling contributes to vital
aspects of tumorigenesis, namely cancer stem cells (CSCs)
function, independently of angiogenesis. An alternative form
of blood supply is vasculogenic mimicry, a process resembling
embryonic vascular network, which is carried out by CSCs [43].
The cells are capable to transdifferentiate and form vascular-tube
structures in the absence of endothelial cells [43]. It is of interest,
that glioblastoma stem cells (GSCs) are also endowed with an
ability to differentiate into endothelial cells and thus promote
angiogenesis [43].

The neuropilins (NRPs), in addition to VEGF receptor
tyrosine kinases, are fundamental for mediating the effects of
VEGF on CSCs, due to their ability to affect the function of
growth factor receptors and integrins [45]. VEGF signaling
mediated by the NRPs impacts tumor cells, independently of
its function in angiogenesis and vascular permeability. It is
noteworthy that VEGF–NRP2 signaling in tumor cells is
associated with poor prognosis and therapy resistance. In such
case, targeting VEGF may turn out ineffective [46].

The expression of bFGF in the conducted studies was
demonstrated in glioma cells of various degrees of malignancy,
as well as in vascular endothelial cells. There was no correlation
between bFGF and VEGF expression in glioma tissues. Other
authors have also failed to demonstrate a correlation between
bFGF expression and the intensity of angiogenesis in gliomas
[47]. Additionally, similar results have been obtained for rectal
cancer [48] and gastric cancer [49]. In turn, Ahir et al. [8] have
shown in their studies that the combination of VEGF with bFGF
with/or without platelet-derived growth factor demonstrated a
synergistic effect in inducing neovascularization in vivo. The
expression of these growth factors correlates with tumor
progression in high-grade tumors expressing higher levels of
growth factors when compared to low-grade tumors. Yet other

FIGURE 1 | Expression of tissue factor in G3 astrocytomas. (A) Positive immunohistochemical reaction for the presence of TF in neoplastic cells and vasuclar
endothelial cells-arrows at lower magnification (×100). (B) Positive innunohistochemical staining for the presence of TF at higher magnification (×400). Arrows show
staining of staining of tumor cells and vascular endothelial cells.
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studies have revealed that bFGF is implicated in brain tumor
progression and is localized in the microvasculature as well as in
tumor cells in human gliomas [50–52]. bFGF levels correlate with
the degree of gliomamalignancy and vascularity as determined by
immunohistochemical analysis [51]. It has previously been
demonstrated that antibodies for bFGF inhibit glioma growth
in vivomodel and lead to reduced blood vessel densities in glioma
tumors of treated animals [53].

In our own studies, the presence of TF antigens was
demonstrated in neoplastic cells and vascular endothelial cells
of all higher-grade malignant gliomas, but only in a few lower-
grade malignant glioma neoplastic cells. TF antigens were also
demonstrated in neuropil, and the intensity of the color reaction
was directly correlated with the tumor grade, which is consistent
with studies by Hamada et al. 1996 [54]. Similar results were
obtained by other researchers who demonstrated strong or
moderate TF expression in 91% of G4 gliomas, 46% of G3
gliomas, and only 16% of G1 and G2 gliomas [55]. Studies
have shown that brain gliomas are a rich source of TF [54,
56] and the level of TF is directly correlated with the grade of their
histological malignancy [56, 57].

In our own research, we have also demonstrated a correlation
between the expression of TF and VEGF antigens, which is
indicative of a relationship between TF and the intensity of
angiogenesis in gliomas. The results obtained by other
researchers have also confirmed this relationship [57, 58]. In a
group of 23 glioblastoma multiforme tumors, the vascular density
of tumors with strong TF-expression in endothelial cells was
significantly higher than in those whose endothelial cells did not
express TF [57]. The same study confirmed the correlation
between the presence of TF and VEGF in glioblastoma
extracts, which indicates the likely cooperation of both factors
in the angiogenesis process in brain gliomas.

TF is believed to indirectly influence tumor angiogenesis through
its procoagulant activity leading to thrombin generation and the
formation of proangiogenic fibrin [59–61]. The results of the current
study confirm the presence of fibrin and fibrinogen antigens in the
extravascular space of the examined glioma tissues. However, no
correlation was found between the intensity of expression of these
antigens and the degree of malignancy of the gliomas. Other
researchers have demonstrated the presence of stabilized fibrin
deposits in glioblastoma multiforme between the tumor foci as
well as on the periphery of the tumors [62]. In the same study,
however, there was a different distribution of fibrin in brain
metastatic tumors whose primary site was the lung. Fibrin
deposits were only observed around the periphery of these
tumors. Fibrin deposits around the tumor and in the tumor
stroma provide double protection for the tumor against the host’s
immune system, namely they create a barrier against cells of the
immune system andmask tumor antigens, and support angiogenesis
[19, 63].

Thrombin generation, formation of a fibrin network and
secondary fibrinolysis are evidenced by the presence of fibrin
breakdown products found around small blood vessels and in
association with glioblastoma cancer cells. Expression of
D-dimers was clearly stronger in higher-grade gliomas.
Compared to lower-grade malignant gliomas, anaplastic and

multiforme gliomas are characterized by a stronger expression
of proangiogenic factors and procoagulant factors involved in the
processes of tumor growth and progression. When analyzing the
expression of D-dimers and fibrin in the tissues, an inverse
correlation was observed between these antigens: low fibrin
expression was accompanied by high D-dimer expression,
while strong fibrin expression was accompanied by low
D-dimer expression.

The above results indicate that neoplastic cells and vascular
endothelial cells in gliomas of various degrees of malignancy are
characterized by heterogeneous expression of proteins of the
hemostatic system and angiogenesis markers. Compared to
lower-grade gliomas, higher-grade gliomas express more
proangiogenic factors and procoagulant factors involved in
tumor angiogenesis and progression. In anaplastic
oligodendrogliomas, the expression and distribution of the
tested antigens is similar to that in low-grade gliomas.

There are multiple links between coagulation activation and
angiogenesis in cancer. Coagulation activation with subsequent
fibrin formation takes place in the extravascular compartment of
glial tumors. This solid phase coagulopathy may, at least in part,
account for more pronounced angiogenesis observed in higher-
grade gliomas, and thus contribute to more malignant course of
the tumors.
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Background:Novel aspartic proteinase of the pepsin family A (Napsin A, TAO1/TAO2) is a
functional aspartic proteinase which is involved in the maturation of prosurfactant protein B
in type II pneumocytes and the lysosomal protein catabolism in renal cells. Napsin A is
highly expressed in adenocarcinomas of the lung and is thus commonly used to affirm this
diagnosis. However, studies have shown that other tumors can also express Napsin A.

Methods: To comprehensively determine Napsin A expression in normal and tumor
tissue, 11,957 samples from 115 different tumor types and subtypes as well as 500
samples of 76 different normal tissue types were evaluable by immunohistochemistry on
tissue microarrays.

Results:Napsin A expression was present in 16 different tumor types. Adenocarcinoma of
the lung (85.6%), clear cell adenocarcinoma of the ovary (71.7%), clear cell
adenocarcinoma of the endometrium (42.8%), papillary renal cell carcinoma (40.2%),
clear cell (tubulo) papillary renal cell carcinoma (16.7%), endometrial serous carcinoma
(9.3%), papillary thyroid carcinoma (9.3%) and clear cell renal cell carcinoma (8.2%) were
among the tumors with the highest prevalence of Napsin A positivity. In papillary and clear
cell renal cell carcinoma, reduced Napsin A expression was linked to adverse clinic-
pathological features (p ≤ 0.03).

Conclusion: This methodical approach enabled us to identify a ranking order of tumors
according to their relative prevalence of Napsin A expression. The data also show that loss
of Napsin A is linked to tumor dedifferentiation in renal cell carcinomas.
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INTRODUCTION

Novel aspartic proteinase of the pepsin family A (Napsin A, TAO1/
TAO2) belongs to the peptidase A1 family, such as Cathepsin E,
renin, and pepsin and is encoded by the NAPSA gene located at
chromosome 19q13.3 [1–3]. Napsin A is a functional aspartic
proteinase, harboring two aspartic acids inside the catalytical center
that cleaves proteins and peptides to produce mature or active
forms of thesemolecules [2, 3]. Napsin A is mainly expressed in the
cytoplasm of type II pneumocytes, intra-alveolar macrophages,
proximal and convoluted renal tubules, and pancreatic acini and
ducts [4, 5] as well as adenocarcinomas of the lung, papillary renal
cell carcinomas, and ovarian clear cell carcinomas [1, 6, 7].
Physiologically, Napsin A is involved in the maturation of
prosurfactant protein B in type II pneumocytes [8], potentially
in phagocytosis by macrophages [3] and the lysosomal protein
catabolism in renal cells [9]. In addition, it was demonstrated that
Napsin A is regulated by thyroid transcription factor 1 (TTF1), a
diagnostic marker in lung cancer [3]. A recent study has shown
that downregulation of Napsin A promotes TGF-ß induced cell
proliferation in lung adenocarcinoma cells [10].

In diagnostic pathology, Napsin A immunohistochemistry
(IHC) is primarily utilized for typing of non-small cell
carcinoma, since Napsin A is expressed in a high percentage
of adenocarcinomas of the lung (>80%) but only rarely in
squamous carcinomas of the lung [3]. When Napsin A was
first described around 25 years ago, it was thought to be a
lung-specific marker [1], but soon after it was shown that
Napsin A is also expressed in kidney tumors [6], compatible
with its physiologic expression in proximal renal tubules. Since
then, several studies have shown that Napsin A can also be
expressed in other tumor types [7, 11, 12]. For example,
immunohistochemical Napsin A positivity was found in
0%–52% of clear cell renal cell carcinomas [6, 13–22],
72%–97% of papillary renal cell carcinomas [6, 13, 14, 16–18,
20–22], 0%–48% of thyroid tumors [10, 11, 16, 18, 19, 23, 24],
69%–100% of clear cell carcinomas of the ovary [7, 19, 25–32] and
0%–9% of cholangiocarcinomas [12, 19, 33, 34]. Partially
conflicting results with respect to positivity rates between these
studies may be due to the use of different antibodies, the use of
different immunostaining protocols as well as different criteria to
determine positivity in these studies. For many other tumor types,
Napsin A expression has never been analyzed.

Since the lung is a frequent site for metastasis of various
tumors it is of utmost importance to understand the relative
frequency of Napsin A expression in other tumor types and
normal tissues. We therefore analyzed Napsin A expression by
immunohistochemistry in a tissue microarray format of which
11,957 tumor tissue samples from 115 different tumor types and
subtypes as well as 76 non-neoplastic tissue types were evaluable.

MATERIALS AND METHODS

Tissue Microarrays (TMAs)
In order to study Napsin A expression in normal and neoplastic
human tissues, preexisting TMAs containing 14,692 primary

tumors from 115 tumor types and subtypes were used. Only
one core (0.6 mm in diameter) was taken from each tumor. This
approach is supported by a large number of TMA studies [35].
The normal tissue microarray contains eight samples respectively
from 76 different normal tissues, resulting in a total of 608 spots.
All samples were derived from the archives of the Institute of
Pathology, University Hospital of Hamburg, Germany, the
Institute of Pathology, Clinical Center Osnabrueck, Germany,
and the Department of Pathology, Academic Hospital Fuerth,
Germany. Tissues were fixed in 4% buffered formalin and then
embedded in paraffin. TMA tissue spot diameter is 0.6 mm.

The use of archived remnants of diagnostic tissues for
manufacturing of TMAs and their analysis for research
purposes as well as patient data analysis has been approved by
local laws (HmbKHG, §12) and by the local ethics committee
(Ethics commission Hamburg, WF-049/09). All work has been
carried out in compliance with the Helsinki Declaration.

Immunohistochemistry
Freshly cut TMA sections were immunostained on one day and in
one experiment. Slides were deparaffinized with xylol, rehydrated
through a graded alcohol series and exposed to heat-induced
antigen retrieval for 5 min in an autoclave at 121°C in pH nine
DakoTarget Retrieval Solution™ (Agilent, CA, United States;
#S2367). Endogenous peroxidase activity was blocked with
Dako peroxidase Blocking Solution™ (Agilent, CA,
United States; #52023) for 10 min. Primary antibody specific
against Napsin A protein (mouse monoclonal, MS Validated
Antibodies, MSVA-112; Hamburg, Germany) was applied at
37°C for 60 min at a dilution of 1:400. Bound antibody was
then visualized using the EnVision Kit™ (Agilent, CA,
United States; #K5007) according to the manufacturer’s
directions. The sections were counterstained with Hemalaun.
This specific antibody was selected because of a favorable
signal to noise ratio and its staining pattern in normal tissues
coincided with data described in “The Protein Atlas”.

For tumor tissues, the percentage of positive neoplastic cells
was estimated, and the staining intensity was semiquantitatively
recorded (0, 1+, 2+, 3+). For statistical analyses, the staining
results were categorized into four groups. Tumors without any
staining were considered as negative. Tumors with 1 + staining
intensity in ≤70% of cells and 2 + intensity in ≤30% of cells were
considered weakly positive. Tumors with 1 + staining intensity in
>70% of cells, 2 + intensity in 31–70%, or 3 + intensity in ≤30%
were considered moderately positive. Tumors with 2 + intensity
in >70% or 3 + intensity in >30% of cells were considered strongly
positive. The analysis was performed by one pathologist (SM).

Prognostic Evaluation of Napsin A in a
Subset of Renal Cell Carcinomas
The tissue specimens were available from patients with renal cell
tumors, undergoing surgery between 1994 and 2015 at the
Department of Urology, University Medical Center Hamburg-
Eppendorf. Detailed histopathological data on ISUP, Fuhrman,
and Thoenes grade, UICC, tumor stage (pT), and lymph node
metastasis (pN) were available from 575 clear cell and 152
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papillary renal cell carcinomas. Clinical follow up data were
available from 531 clear cell and 136 papillary renal cell
carcinomas with a median follow-up of 40/40months (range
1–250/2–247 months). To thoroughly analyze the potential
prognostic value of Napsin A, the subset was separately
analyzed at two different antibody dilutions (1:400 and 1:135).
This subset of renal cell carcinomas with clinicopathological
information has been used in several previously published
studies (for example [36–42]).

Statistics
Statistical calculations were performed with JMP 14 software
(SAS Institute Inc., NC, United States). Contingency tables and
the chi2-test were performed to search for associations between
Napsin A and tumor phenotype. Survival curves were calculated
according to Kaplan-Meier. Log-Rank test and univariable cox
proportional hazard regression was applied to detect significant
differences between different Napsin A immunostaining
groups. Multivariable cox proportional hazard analysis was
performed to test the statistical independence and
significance between clinico-patholigcal variables and Napsin
A immunostaining in relation to recurrence free survival and
cancer specific survival.

RESULTS

Technical Issues
A total of 11,957 (81.4%) of 14,692 tumor samples and 500
(82.2%) of 608 normal samples were interpretable for Napsin A
immunostaining in our TMA analysis. Non-interpretable
samples (2,843; 18.6%) either lacked unequivocal tumor cells
or were lost from the TMA during the technical procedures.

Napsin A in Normal Tissue
A moderate to strong (2+/3+) cytoplasmic Napsin A staining
was found in pneumocytes and alveolar macrophages of the
lung (Figure 1A), and the renal medulla and cortex of the
kidney (proximal > distal) (Figure 1B). In addition, strong
cytoplasmic Napsin A staining was found occasionally in
endometrial glands in decidualized stroma (Figure 1C),
and weak to moderate (1+/2+) staining was found in the
tubules of the epididymis (Figure 1D). In contrast to previous
studies [5] we did not find any Napsin A staining in seven
evaluable spots with normal pancreatic tissue. Napsin A
immunostaining was also absent in endothelium and media
of the aorta, the heart, striated muscle, tongue muscle,
myometrium of the uterus, muscular wall of the appendix,

FIGURE 1 |Representative images of Napsin A immunostaining in non-neoplastic tissue.(A) Positive staining in pneumocytes in the lung. (B) Positive staining in the
renal cortex of the kidney (proximal tubules > distal tubules). (C) Positive staining in endometrial glands in decidualized stroma. (D) Positive staining in the tubules of the
epididymis.
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esophagus, stomach, ileum, colon descendens, kidney pelvis,
and urinary bladder, corpus spongiosum of the penis, corpus
luteum, and follicular cyst of the ovary, ovarian stroma,
fallopian tube, fat, skin (including hair follicles and
sebaceous glands), oral mucosa of the lip, oral cavity,
surface epithelium of the tonsil, transitional mucosa and

skin of the anal canal, ectocervix, squamous epithelium of
the esophagus, urothelium of the kidney pelvis and urinary
bladder, amnion and chorion of the mature placenta, lymph
nodes, spleen, thymus, tonsil, mucosa of the stomach (antrum
and corpus), duodenum, ileum, appendix, colon descendens,
rectum, and gall bladder, liver, parotid, submandibular, and

FIGURE 2 | Representative images of Napsin A immunostaining in tumors. (A) Positive staining in adenocarcinoma of the lung. (B) Absent staining in a squamous
carcinoma of the lung with scattered positive pneumocytes. (C) Positive staining in clear cell carcinoma of the ovary. (D) Positive staining in endometrial clear cell
carcinoma. (E) Positive staining in papillary renal cell carcinoma. (F) Positive staining in clear cell (tubulo) papillary renal cell carcinoma.
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sublingual gland, bone marrow, Brunner gland of the
duodenum, prostate, seminal vesicle, testis, mucosa and
glands of the bronchus, sinus paranasales, breast,
endocervix, proliferative and secreting endometrium,
adrenal gland, parathyroid, thyroid gland, stratum
moleculare and neuronorum of the cerebellum, white and
gray cerebrum, and posterior and anterior lobe of the
pituitary.

Napsin A in Tumor Cells
Positive Napsin A immunostaining was detectable in 396 (3.3%) of
the 11,957 analyzable tumors, including 156 (1.3%) with weak, 82
(0.7%) with moderate, and 158 (1.3%) with strong
immunostaining. Representative images of Napsin A positive
tumors are shown in Figure 2 and Supplementary Figure S1.
Overall, 16 (13.9%) of 115 tumor categories showed a detectable
Napsin A expression with 8 (7.0%) tumor categories showing at
least in a small proportion of cases strong positivity
(Supplementary Table S1). The highest rate of positive staining
was found in adenocarcinoma of the lung (85.6%, Figure 2A), clear
cell carcinoma of the ovary (71.7%, Figure 2C), endometrial clear
cell carcinoma (42.8%, Figure 2D), and papillary renal cell
carcinoma (40.2%, Figure 2E). Important tumor types with low
or absent Napsin A immunostaining included various squamous
cell carcinomas (e.g. lung, larynx, esophagus), different subtypes of
breast carcinomas, adenocarcinomas of the prostate, non-invasive
papillary urothelial carcinomas, various soft tissue tumors, and
bone tumors. A graphical representation of a ranking order of
NapsinA positive and strongly positive cancers is given in Figure 3.

Prognostic Value of Napsin A in Renal Cell
Carcinomas
Clear cell and papillary renal cell carcinoma were analyzed at
different antibody dilutions. As expected at an antibody dilution
of 1:135 the number of positive tumors was higher than at 1:400.
In the subgroup of clear cell carcinomas there were 8.4% cases at a
dilution of 1:400 compared to 44.0% at a dilution of 1:135.
Correspondingly, there were 37.3% positive papillary renal cell
carcinomas at a dilution of 1:400 compared to 80.9% at a dilution
of 1:135. Representative images of Napsin A staining at different
dilutions are given in Supplementary Figure S2. There was no
correlation with any clinicopathological features such as tumor
stage, tumor grade, lymph node status or with survival or
recurrence at a dilution of 1:400, but at a dilution of 1:135
there was a positive correlation with low tumor grade (p �
0.0055) and late recurrence (p � 0.0063) in the subgroup of
clear cell carcinomas and a correlation with low tumor stage (p �
0.027), late recurrence (p � 0.001) and long tumor-specific
survival (p � 0.011) in the subgroup of papillary renal cell
carcinomas (Table 1; Figure 4). Multivariable analyses showed
no independent prognostic relevance from the established
clinico-pathological parameters in relation to recurrence free
survival and cancer specific survival (Table 2).

DISCUSSION

Our extensive analysis of 11,957 evaluable tumors from 115
different tumor entities identified 16 tumor types with at least

FIGURE 3 | Ranking order of Napsin A immunostaining in human tumors. Both the frequency of positive cases (blue dots) and the frequency of strongly positive
cases (orange dots). 98 additional tumor entities without any Napsin A positive cases are not shown due to space restrictions.
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minimal Napsin A expression in at least one case. Tumor entities
with highest rates of Napsin A positivity included
adenocarcinoma of the lung (85.6%), papillary renal cell
carcinoma (40.2%), clear cell adenocarcinoma of the
endometrium (42.8%) and the ovary (71.7%) and clear cell
(tubulo) papillary renal cell carcinoma (16.7%). Tumor entities
found to be potentially Napsin A positive also included three
types of neoplasia for which Napsin A expression has not yet been
reported, such as follicular thyroid carcinoma (n � 2; 0.7%),
urothelial carcinoma of the bladder (n � 2; 0.1%) and teratoma
(n � 1; 3.1%).

More than 70 studies have previously analyzed Napsin A
expression in tumors by IHC. The studies showed a wide range
of Napsin A positivity for each tumor entity, for example,
published Napsin A positivity rates ranged from 0% to 100%
in adenocarcinoma of the lung [11, 13, 16, 18, 20, 22, 24, 43–66],
0%–48% in papillary thyroid carcinoma [11, 16, 18, 19, 24],
0%–52% in clear cell renal cell carcinoma [6, 13, 15–19, 22, 24],
0%–17% in small cell carcinoma of the lung [13, 22, 50, 61, 63],
0–10% in squamous cell carcinoma of the lung [16, 18, 22, 24,
46–48, 50, 52, 57–59, 61–65, 67–69], 69–100% in clear cell
adenocarcinoma of the ovary [7, 19, 25, 27–32, 34],
72%–97% in papillary renal cell carcinoma [6, 16–18, 20–22]
and 67%–89% in clear cell adenocarcinoma of the endometrium
[7, 30, 70, 71]. The analysis of a large number of different tumor
entities under highly standardized conditions enabled us to

clarify the relative importance of Napsin A expression across
tumor entities and to generate a ranking list according to the
expected rate of Napsin A positivity. In Figure 5, the data of
previous studies are summarized and compared with data from
our study.

In tumor pathology, Napsin A IHC is mainly used for
subtyping of lung tumors and for differentiating ovarian high
grade carcinomas. Major therapeutic advances have beenmade in
recent years in the lung cancer field with different therapeutic
strategies for different tumor types, making it inevitable for the
pathologist to make an exact diagnosis on a small biopsy. A strong
role of Napsin A in the difficult distinction of adenocarcinoma
and squamous cell carcinoma in the lung is strongly supported by
our Napsin positivity of 85.6% in 198 adenocarcinomas, while
none of our 79 squamous cell carcinomas were found positive.
That none of 296 analyzed squamous cell carcinomas from other
organs of origin were Napsin A positive further emphasizes that
this protein is virtually absent in cells with squamous
differentiation. It is of note that other investigators have
reported Napsin A positivity in 0–10% of pulmonary
squamous cell carcinomas in studies analyzing 14–569 tumors
[16, 18, 22, 24, 46–48, 50, 52, 57–59, 61–65, 67–69]. One possible
reason for a perceived Napsin A positivity in squamous cell
carcinomas that we and others encountered is entrapped
normal lung tissue with Napsin A positive hyperplastic
pneumocytes or Napsin A positive intra-alveolar macrophages

TABLE 1 | Napsin A immunostaining (dilution 1:135) and tumor phenotype of clear cell and papillary renal cell carcinoma.

Napsin a immunostaining in clear cell renal cell carcinomas Napsin a immunostaining in papillary renal cell carcinomas

n Negative Weak Moderate Strong p
value

n Negative Weak Moderate Strong p
value

All cancers 575 56.0 27.5 8.2 8.3 152 19.1 14.5 12.5 53.9
ISUP
1 192 51.0 29.2 9.4 10.4 0.0134 32 15.6 15.6 12.5 56.3 0.5198
2 178 55.1 29.2 6.7 9.0 70 14.3 14.3 12.9 58.6
3 163 55.8 28.2 9.8 6.1 48 29.2 12.5 10.4 47.9
4 34 85.3 8.8 0.0 5.9 1 0.0 100.0 0.0 0.0

Fuhrmann
1 27 40.7 33.3 14.8 11.1 0.0241 1 0.0 0.0 0.0 100.0 0.2896
2 339 54.0 28.6 8.0 9.4 102 14.7 14.7 12.8 57.8
3 167 56.3 27.5 9.6 6.6 45 26.7 13.3 11.1 48.9
4 41 80.5 14.6 0.0 4.9 3 66.7 33.3 0.0 0.0

Thoenes
1 205 51.2 28.8 8.3 11.7 0.0055 40 12.5 12.5 15.0 60.0 0.7994
2 316 55.1 28.8 9.2 7.0 102 20.6 15.7 10.8 52.9
3 53 79.2 15.1 1.9 3.8 9 33.3 11.1 11.1 44.4

UICC
1 251 57.0 27.5 7.6 8.0 0.8788 85 14.1 15.3 11.8 58.8 0.0540
2 30 50.0 30.0 6.7 13.3 9 33.3 0.0 22.2 44.4
3 76 64.5 23.7 6.6 5.3 3 0.0 66.7 0.0 33.3
4 62 64.5 21.0 8.1 6.5 11 45.5 9.1 0.0 45.5

Tumor stage (pT)
1 332 55.1 28.0 7.5 9.3 0.8502 109 12.8 15.6 12.8 58.7 0.0270
2 59 55.9 27.1 6.8 10.2 27 22.2 7.4 18.5 51.9
3–4 180 57.8 26.7 9.4 6.1 11 54.6 18.2 0.0 27.3

Lymphnode metastasis (pN)a

0 103 57.3 29.1 4.9 8.7 0.2725 16 25.0 25.0 6.3 43.8 0.2322
≥1 13 61.5 23.1 15.4 0.0 7 42.9 0.0 0.0 57.1

aNumbers do not always add up to the total number in the different categories because of cases with missing data.
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between cancer cells [3]. Our finding of 71.7% Napsin A positive
clear cell ovarian carcinomas while none of 521 serous high grade
carcinomas were Napsin A positive further corroborates the
previously suggested diagnostic utility of Napsin A IHC for
the distinction of these tumors [27]. A limitation of our study
is the absence of large cell carcinomas of the lung which have not
been included on the tissue microarray.

To differentiate adenocarcinoma from the lung from
pulmonary metastases of extrapulmonary origin and to
support a pulmonary origin of metastases from unknown
primary tumors is another major application of Napsin A
IHC. The virtual limitation of Napsin A expression to few
cancer types makes Napsin A highly useful marker for

assessing the site of origin of cancers. It is a potential
pitfall, however, that several cancer types, that often
metastasize to the lung belong to the exclusive group of
potentially Napsin A positive cancers, such as renal cell
carcinoma, urothelial cancer, colorectal carcinoma and clear
cell carcinomas of the ovary and the endometrium.
Approximately one third of patients with renal cell
carcinoma present with metastatic disease, in most cases
metastasis to the lung [72]. Therefore, a biopsy of a mass in
the lung could, on the basis of Napsin A positivity, be
misdiagnosed as a primary adenocarcinoma of the lung.
Several case reports have indeed reported such unfortunate
cases [73–75].

FIGURE 4 | Napsin A immunostaining and recurrence-free survival and cancer specific survival in patients with papillary and clear cell renal cell carcinoma. Weak,
moderate and strong staining are combined as “positive”. (RFS � recurrence free survival, CSS � cancer specific survival). *The numbers do not add to the total number
of tumors with clinical follow-up data, since only cases with evaluable Napsin A staining are included.

TABLE 2 | Univariable and multivariable Cox regression analyses.

Univariable cox regression analyses Multivariable cox regression analyses

Parameter Clear cell renal cell
carcinoma

Papillary renal cell
carcinoma

Clear cell renal cell
carcinoma

Papillary renal cell
carcinoma

Ep: RFS Ep: CSS Ep: RFS Ep: CSS Ep: RFS Ep: CSS Ep: RFS Ep: CSS
p value p value p value p value p value p value p value p value

ISUP <0.0001 <0.0001 0.0015 — 0.2421 0.2241 0.8549 0.8419
Fuhrmann <0.0001 <0.0001 0.0032 0.3023 0.4526 0.5251 0.8993 0.8670
Thoenes <0.0001 <0.0001 0.0012 0.0377 0.2295 0.0852 0.2735 0.2806
UICC <0.0001 <0.0001 <0.0001 <0.0001 0.0550 0.2512 0.0413 1.0000
Tumor stage (pT) <0.0001 <0.0001 <0.0001 0.0001 0.3931 0.1097 0.0539 0.1933
Lymph node metastasis (pN) <0.0001 0.0158 0.0046 0.0090 0.3122 0.8636 0.0559 1.0000
Napsin A 0.0061 0.1670 0.0061 0.0083 0.4835 0.3929 0.4313 0.3871

Abbreviations: CSS, Cancer specific survival; EP, endpoint; RFS, Recurrence-free survivial.
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All our data are based on the analysis of TMA spots measuring
0.6 mm in diameter. TMAs are thus highly suited to model the
diagnostic situation in small biopsies such as bronchial biopsies
where the tumor cell content is comparably small. That we
observed a similarly high rate of Napsin A positivity (85%) as
found by most other studies using larger tissue samples [16, 24,
49, 50, 52, 58, 59, 61, 63] suggests a low rate of Napsin A
expression heterogeneity in adenocarcinomas. It is well
possible, that the analysis of larger specimen would result in

somewhat higher positivity rate in squamous cell carcinomas
than the 0% in our study. This might either be due to a higher risk
of entrapped normal Napsin A positive macrophages or
pneumocytes mimicking Napsin A positivity or to true focal
expression in tumor cells. In this context, it is of note, that the
only study comparing immunostaining data obtained on TMAs
vs. findings in corresponding large sections with patient
prognosis as the study endpoint found a superiority of TMA
data. Although the large section analysis of more than 500 breast

FIGURE 5 |Graphical representation of Napsin A data from this study (marked with a cross) in comparison with the previous literature (marked with a dot). In order
to simplify the figure the percentage of weak, moderate and strong staining was merged. Yellow crosses are used for tumor entities with 10–50 evaluable cases and
green crosses are used for tumor entities with >50 evaluable cases. Red dots are used for studies from previous studies involving 1–9 cases, yellow dots for studies
involving 10–50 cases and green dots for studies involving >50 cases. All studies are quoted in the list of references.
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cancers had identified almost twice as many p53 positive cases
(40%) than each of four different TMAs containing one spot each
per tumor (20% each), all four TMAs–but not the large section
data - identified a strong prognostic impact of p53 positivity [76].
Torhorst et al [76] concluded from their data that either staining
artifacts or clinically irrelevant focal p53 alterations were
responsible for their unexpected results.

In this study, the prognostic role of Napsin A expression was
evaluated in renal cell carcinomas because this tumor cohort
included significant numbers of Napsin A positive and negative
cases. The most noticeable result of this analysis is the
dependency of the study outcome on the selected antibody
dilution. While significant differences in outcome were not
visible at a dilution of 1:400, the number of positive cases
increased at a dilution of 1:135 and significant differences
became visible. The reason for decreased prognosis in renal
cell carcinomas with a Napsin A expression loss is unclear.
Previous studies analyzing drug resistance in lung cancer cells
suggested that Napsin A expression may inhibit epithelial-
mesenchymal transition (EMT) [77, 78], which apart from
being a mechanism for resistance to chemotherapy could play a
role in tumor progression. However, many physiological functions
of renal tubular cells are no longer required in renal tumors. It is
thus also possible, that the loss of physiological Napsin A
expression is a bystander phenomenon occurring as a result of
a general dedifferentiation of tumor cells during cancer progression
and which does not exert cancer-relevant effects on cell function.
There is only a small number of previous studies analyzing the
prognostic value ofNapsin A expression in cancer.Multiple studies
had suggested that Napsin A expression may be a predictor for
prolonged overall survival in adenocarcinoma of the lung [55, 60,
79, 80]. In another study Fadare et al [71], did not find associations
of Napsin A expression and survival or clinicopathological features
in clear cell carcinomas of the endometrium. Considering, that the
prognostic impact of Napsin A expression was rather weak and only
visible at a high antibody concentration that already resulted in
considerable background staining, we do not anticipate a major role
of Napsin A analysis for kidney cancer prognosis assessment.

CONCLUSION

These results provide a comprehensive overview on Napsin A
expression in human cancers and a systematic comparison with
previous studies. The data also show that a reduced or lost Napsin
A expression is linked to tumor dedifferentiation in renal cell
carcinomas.
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In Hungary, the cost of lenalidomide-based therapy is covered only for relapsed multiple
myeloma (MM) patients, therefore lenalidomide is typically used in the second-line either as
part of a triplet with proteasome inhibitors or as a doublet. Lenalidomide-dexamethasone
is a standard treatment approach for relapsed/refractory MM, and according to recent
large randomized clinical trials (RCT, the standard arm of POLLUX, ASPIRE,
TOURMALINE), the progression-free survival (PFS) is expected to be approximately
18 months. We surveyed ten Hungarian centers treating MM and collected data of 278
patients treated predominantly after 2016. The median age was 65 years, and patients
were distributed roughly equally over the 3 international staging system groups, but
patients with high risk cytogenetics were underrepresented. 15.8% of the patients reached
complete response, 21.6% very good partial response, 40.6% partial response, 10.8%
stable disease, and 2.5% progressed on treatment. The median PFS was unexpectedly
long, 24months, however only 9 months in those with high risk cytogenetics. We found
interesting differences between centers regarding corticosteroid type (prednisolone,
methylprednisolone or dexamethasone) and dosing, and also regarding the choice of
anticoagulation, but the outcome of the various centers were not different. Although the
higher equivalent steroid dose resulted in more complete responses, the median PFS of
those having lower corticosteroid dose and methylprednisolone were not inferior
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compared to the ones with higher dose dexamethasone. On multivariate analysis high risk
cytogenetics and the number of prior lines remained significant independent prognostic
factors regarding PFS (p < 0.001 and p � 0.005). Our results show that in well-selected
patients Lenalidomide-dexamethasone can be a very effective treatment with real-world
results that may even outperform those reported in the recent RCTs. This real world
information may be more valuable than outdated RCT data when treatment options are
discussed with patients.

Keywords: myeloma, lenalidomide, relapsed, real life, treatment

INTRODUCTION

Lenalidomide in combination with dexamethasone (Rd) has been
widely used in relapsed/refractory multiple myeloma (R/R MM)
for more than a decade and is now the backbone of most three
and four-drug combinations for both newly diagnosed and
relapsed myeloma. Nevertheless, it is difficult to tell exactly
what to expect currently when lenalidomide is used as a
doublet in relapsed patients. Based on the results of two
pivotal randomized clinical trials (MM-009 and MM-010), the
Food and Drug Administration approved Rd for the treatment of
MM patients who have received at least one prior line of therapy
in 2006 [1–3], however, the landscape has changed immensely
since then, with lenalidomide being increasingly used in the first-
line setting. As the treated cohort changed, so did the outcome, as
demonstrated nicely by some recent randomized clinical trials
(RCTs, e.g. POLLUX, ASPIRE, TOURMALINE), where Rd was
used in the control arm with progression-free survivals (PFS)
significantly longer than in the aforementioned trials [4–6].

As lenalidomide-based therapy is only funded for relapsed
patients in Hungary, most patients receiving second-line therapy
are lenalidomide-naïve, and thus treated with either Rd or an Rd
based triplet. There are however still many open questions
regarding its optimal use: whether we can use Rd rather than
a triplet without significantly compromising our patients’
outcome, and what results we may expect from this protocol.

In this study, we approached all Hungarian hematology
facilities treating MM patients with a questionnaire about their
use of Rd in the routine clinical setting, collecting data with
regards to patient characteristics and associated treatment
outcome and compared it with results from the initial phase 3
clinical trials as well as with the control arm of some recent RCTs
of Rd backbone triplets.

PATIENTS AND METHODS

Patients
Eleven Hungarian centers responded to our query, supplying data
about 283 patients treated with Rd over the course of the last
10 years from 2010–19, however only eight patients were started
on Rd before 2015, eight in 2015, all ther others after 2015, as the
need for individual funding applications had held back its
widespread use until then. Post autologous stem cell
transplantation (ASCT) lenalidomide maintenance was not

used in this group of patients as it was not funded until 2018.
Patients treated with Rd in the first line, or with Rd used in a
triplet were excluded, we collected data about later “add-on” use
of third drugs. Prognostic markers such as ISS and fluorescence in
situ hybridization (FISH) have been collected as well as the
response according to the International Myeloma Working
Group (IMWG) criteria and progression-free and overall
survivals (OS) [7, 8]. High-risk FISH result was defined as t
(4; 14), t (14; 16) and/or del (17p), per the published IMWG
guideline [9], the threshold for del (17p) was 5%.

Statistical Analysis
The primary endpoint was PFS and secondary outcome measures
were overall response rate and OS. PFS was measured from the start
of treatment to the date of disease progression or death. The overall
response rate was defined as the collective proportion of pts with
complete response (CR), very good partial remission (VGPR), partial
remission (PR), orminimal response (MR) as their best response. OS
was defined as the time from the start of treatment to the date of
death. Comparisons of dichotomous variables were performed by
Fisher’s exact test. Continuous variables were compared by
Mann–Whitney or Kruskal–Wallis tests. PFS and OS were
estimated by Kaplan–Meier analysis, baseline clinical
characteristics were evaluated for predictive significance by
multivariate Cox regression. The analyses were carried out using
the SPSS (version 20.0; SPSS, Chicago, IL) software package.

RESULTS

Patient Characteristics
We analyzed the data of 283 patients treated with Rd at 11
centers. An overview of patient characteristics is presented in
Table 1. The median age of the patients at diagnosis (65 years)
was typical for the Hungarian myeloma cohort, however, the age
at Rd initiation (70 years) was higher than that of the typical
relapsed patient in clinical trials. The number of patients with
known high-risk features (high ISS, HR FISH, extramedullary
disease, and renal failure) was lower in each category than
expected. HR FISH included t (4; 14), t (14; 16) and del (17p);
24 additional patients had amplification of chromosome 1q21.
The performed prognostic tests varied widely between centers,
with some doing FISH routinely while others not, also taking into
account that plasma cell selection had not universally been
routine before 2018.
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Response
Out of the 259 patients who had response assessment, 20.5% had
CR, 25.9% VGPR, 36.7% PR, 14.5% SD and only 2.4% PD. ISS,
HR cytogenetics did not affect the best response (data not shown).
Similarly, patients with renal failure had a comparable response
rate to those without, while patients with extramedullary disease
had a trend to have less than PR (26.1 vs. 13.1%, p � 0.09).
Unsurprisingly, the chance of reaching a good response declined
with more than 3 prior lines (data not shown), however, previous

exposure to thalidomide, bortezomib, lenalidomide, or ASCT did
not affect the response.

Addition of 3rd Drug
An interesting sub-analysis looked into the 54 patients where the
treating physician escalated the therapy with the addition of a
third drug after a median of two months due to suboptimal
response (PD 7.8%, SD 41.2%, PR 41.2%). Keeping in mind that
with Rd as a doublet you can expect a deepening response at this

TABLE 1 | Patients’ characteristics.

Total number/male/female 283/140/143
Median and mean age at diagnosis in years (range) 65.2/64.1 (28.2–86.3)
Median and mean age at Rd initiation in years (range) 70.2/68.4 (36.1–90)
Heavy chain IgG, A, LC, non-secretory (%) 62.9/22.4/12.1/1.4
Light chain kappa, lambda (%) 66.9/31.6
ISS at diagnosis (ISS 1/2/3%; missing 45) 30.4/37.1/32.5
FISH (SR/HR %; missing 100) 87.5/12.5
ISS pre Rd (ISS 1/2/3%; missing 110) 36.6/40.0/23.4
Extramedullary disease pre Rd (%) 9.1
Renal failure (GFR <30 ml/min, %) 12.8
Median prior lines (range) 2 (1–8)
Prior thal/bor/len (%) 65.6/92.4/3.2
Prior ASCT (%) 46.5
Steroid: dex, methylpred (%) 62.7, 37.3
Median weekly dex eqvivalenta corticosteroid dose (<20 mg/20 mg/40 mg %) 14.7/36.8/48.5

a1 mg dexamethasone is roughly equivalent to 5 mg methylprednisolone.
Abbreviations: ASCT, autologous stem cell transplantation; bor, bortezomib; dex, dexamethasone; FISH, fluorescence in situ hybridization; ISS, international staging system; len,
lenalidomide; methylpred, methylprednisolone; Rd, lenalidomide-dexamethasone; thal, thalidomide.

FIGURE 1 | Survival of patients. Overall and progression-free survival of the whole cohort (A); Progression-free survival according to Age (B), number of prior lines
(C), renal function (D), FISH (E), and ISS (F). Both PFS and OS have exceeded what was expacted based on the pivotal randomized clinical trials [2]. Patients with renal
failure and high risk cytogenetics were benefited less from Rd treatment. Abrreviations: FISH, fluorescence in situ hybridization; GFR, glomerular filtration rate; ISS,
international staging system; OS, overall survival; PFS, progression free survival; Rd, lenalidomide-dexamethason.
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stage too, some of these patients experienced an upgrade of their
initial response after the third drug was added (PR patients: 35%
CR, 30% VGPR, 35% PR; SD patients 14.3% CR, 19% VGPR,
28.6% PR, 38.1% SD; PD patients 25%VGPR, 75% PD). The third
drug was bortezomib in 21, cyclophosphamide in 3,
bendamustine in 3, carfilzomib in 2, daratumumab in 5, and
ixazomib in 20 cases (this latter probably due to its availability in a
compassionate use program).

Survival
The median progression-free survival (PFS) of the whole group
was 24.3 months, the overall survival (OS) calculated from the
start of the Rd protocol 83.0 months (Figure 1A). The PFS was
similar in patients above and below 70 years of age (22.7 and
26.3 months, p � 0.36, Figure 1B), the survival of patients with 1,
2 and 3 prior therapies was similar, however above 3 lines the PFS
was significantly worse (1 line 22.7, 2 lines 31.7, 3 lines
24.0 months, 4 or more lines 11.3 months, p � 0.023,
Figure 1C). There was no difference between the PFS and OS
patients treated in different centers (data not shown).

Patients with renal failure prior to Rd initiation had a worse
outcome (PFS 12.7 vs. 24.6 months, p � 0.002), Those with high-
risk FISH also had a significantly worse PFS (8.4 vs. 22.7 months,
p � 0.008). Interestingly a significant sized cohort of patients with
unknown FISH had a similar outcome to those with standard-risk
(26.3 months); most likely showing the treating physicians’ more
active approach to biopsy patients progressing aggressively and a

more laid-back attitude to those behaving suggesting standard
risk. ISS assessed at treatment initiation did not predict the PFS
duration that was 24.1, 31.3, and 22.7 months in the ISS 1, 2, and 3
groups, respectively (Figures 1D–F). Characteristically, those
with a good response to treatment had a significantly better
PFS (Figure 2A).

When all the pre-Rd prognostic variables (age, ISS,FISH, renal
failure, the number of prior lines) and treatment characteristics
(lenalidomide dose, steroid type and dose) were entered to Cox
multivariate analysis, only FISH and the number of prior lines
remained significant independent factors (p < 0.001 and p � 0.005).

Those patients whose original response was considered
suboptimal, and therefore a third drug was added, fared worse
compared to others (Figure 2B). However if those with ixazomib
addition (as part of a compassionate use program available at the
period) were examined separately, that group had actually a
superior PFS.

If the group that has an unexpectedly long (>18 months)
survival is examined separately, that cohort has fewer patients
with IgA M-protein, less with light chain only MM, marginally
more ISS 1 and less ISS 3 patients (p � 0.065). From the FISH
point of view, 30.6% of the standard risk patients were in this
group, while only 17.4% of the high risk. Similarly, from those
with 1q amplification, only 15.4% were in this group, while 35.2%
of those without were. Renal failure, prior therapy, steroid type,
and dose did not play a role here, and interestingly, the response
reached at either 2- or 6-months time points did not affect this.

FIGURE 2 | Progression-free survival according to response (A), whether a third drug was added (B), lenalidomide dose (C), cordicosteroid type (D) and dose (E),
and thromboprophylaxis type (F). Patients with deeper responses had longer PFS. In some cases with suboptimal response, a third drug (usually bortezomib) was
added to Rd, but the outcome of these patients remained inferior compared to others. Importantly, the corticosteroid type (dexamethasone or methylprednisolone-a
frequently used replacement of dexamethasone in Hungary) and dose did not have an effect on PFS. Abrreviations: CR, complete response; LMWH, low-molecular-
weight heparin; NOAC, novel oral anticoagulants; PD, progressive disease; PFS, progression free survival; PR, partial response; Rd, lenalidomide-dexamethason; SD, stable
disease; VGPR, very good partial response; VKA, vitamin K antagonists. *dexamethasone (5 mg methylprednisolone is equivalent with 1 mg dexamethasone).
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Lenalidomide Dosing
Lenalidomide dose was adjusted for renal function and age, and
physicians used several dosing patterns including 25 mg every
other day, 15 mg, and 10 mg daily, however, 55% of the patients
in this study had 25 mg lenalidomide, daily (21/28 days, though
the treatment holiday period was frequently longer than the
standard 7 days, data not shown). The PFS did not differ
significantly between these dosing subgroups (Figure 2C).

Steroid Type and Dosing
An interesting part of our real-world analysis was the comparison of
the two types of corticosteroids used by Hungarian centers. In
Hungary, dexamethasone is often replaced with methylprednisolone
in daily routine as oral dexamethasone has not been marketed and
therefore had to be purchased via hospital pharmacies, whereas
methylprednisolone is an oral prescription drug available in several
different formats. Even still, almost two-thirds of the patients were
treated with oral dexamethasone, a minority with intravenous
dexamethasone, and slightly more than one third with oral
methylprednisolone. The weekly dose was 40mg dexamethasone in
the majority, but lower than that in a significant group. Calculated to
the respective equivalent dexamethasone dose, some patients had as
low as 4mgweekly (5.9%), others 10mg (8.1%), however, themajority
had either 20mg (36.8%) or 40mg (48.5%). Dose adjustments during
therapy were not collected. The preference of corticosteroid type and
dose varied according to the treating center. Interestingly, neither the
type nor the dose seemed to significantly affect the outcome
(Figures 2D,E).

Type of Thrombosis Prophylaxis
The nature of our data collection did not allow us to readily identify
the reasoning behind the choice of thromboprophylaxis in a given
patient, but we could notice different trends between the treating
centers: some seemed to use antiplatelet therapy in younger patients
and anticoagulation (low molecular weight heparin, novel
anticoagulants or vitamin K antagonists) in older ones, whereas
other centers had a rather uniform preference toward one or another

type. In terms of PFS, those on novel anticoagulants had amarginally
longer PFS, but this was probably more of an association with better
renal function rather than a true causality (p � 0.049, Figure 2F).

Adverse Events
Table 2 shows the adverse events (AEs), as reported. Grading is
not included as it was not uniformly provided by the treating
centers. The number of AEs here is lower compared to
prospective clinical trials, not unusual in retrospective patient
chart-type data collections. Only 6 cases of deep vein thromboses
were reported, 4 in low-molecular-weight heparin treated
patients, and 2 in those taking aspirin. The other common
AEs were bone marrow suppression, infections, and diarrhea,
none of them requiring permanent treatment discontinuation.

DISCUSSION

While real-life results of oncology drugs are typically inferior
when compared to RCTs, in this case, we found the opposite.
According to the later published pooled analysis of the long term
survival of the two similarly designed pivotal Rd trials (MM-009
and MM-010), the PFS was only 11.1 months, which of course
compared very favorably to the placebo + dexamethason control
arm (4.6 months) [1–3]. The patients of these pivotal trials were
mostly treated by 2 or more lines of treatment, but only a
minority had prior bortezomib (7.6%), and less than half had
thalidomide exposure (36%). One could expect that in a novel-
agent-naïve population a new drug could work even better,
although the opposite is possible as well if the predominantly
chemo-treated population was already damaged by ineffective
chemotherapy courses giving rise to more resistant clones.

The level of supportive care has also increased significantly
since then, probably further contributing to the improved results.
Firstly, thromboembolic events were significantly more common
in patients treated with lenalidomide plus dexamethasone in the
absence of prophylactic anticoagulation which was not
recommended at the time. In a later study, IOM-0810 a
greater percentage of patients was anticoagulated, but this was
still not a mandatory measure [10].

Another important difference is the corticosteroid use. At the time
when the pivotal trials were designed, 40mg oral dexamethasone on
days 1–4, 9–12, and 17–20 of each 28-days cycle was recommended.
This rather high dose was later proven to bemore toxic than the now-
standard lower doses [11]. These data resulted in the new and
universally approved standard dose of weekly 40mg (20mg in
more elderly patients). Even more contemporary results advocate
further dose reduction of lenalidomide and complete abolition of dex
after 9 cycles of upfront Rd treatment [12]. As our results
demonstrated, in day to day practice the treating physicians do
utilize an even wider range of corticosteroid types and doses
depending on patients’ performance status. Importantly, this did
not seem to adversely impact the outcome, raising the question of
whether it is justified to use 40mg uniformly in everyone as some
centers do, or whether dose adjustment is more appropriate.

The other datasets we can compare our findings to are the
standard arm of the recent RCTs using Rd backbones to test the

TABLE 2 | Adverse events. As reported by the treating physcians, number of
occurances and proportion of occurances, no gradings were collected. 283
patitent were treated in total, 69 has one or more adverse events reported.

Adverse event Number of cases
and relative proportion

(%)

Bone marrow suppression 29 (10.3)
Gastrointestinal 10 (3.5)
Infection 8 (2.8)
Neuropathy 7 (2.5)
Deep vein thrombosis 6 (2.1)
Skin reaction 5 (1.8)
Cardiovascular 2 (0.7)
Fatigue 2 (0.7)
Orthostatic hypotension 2 (0.7)
Vasculitis 1 (0.3)
Acute myocardial infarction 1 (0.3)
Intolerance 1 (0.3)
Periorbital edema 1 (0.3)
Suicide 1 (0.3)
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addition of daratumumab (POLLUX, [4], carfilzomib (ASPIRE, [5],
or ixazomib (TOURMALINE, [6], which reported PFS as 17.5, 17.6
and 14.7 months respectively, which are again shorter than what our
real-world analysis showed. The explanation ought to lie in the
obvious difference in patient characteristics: in the RCTs, patients
were randomized to have Rd instead of the triplet, whereas off-trial
the treating physician could freely select patients with disease of
lower perceived risk to receive the doublet treatment. It was outside
of the scope of this analysis to review what other treatments were
utilized at the time by the centers, but based on the low patient
numbers with high-risk cytogenetics in our cohort (this was around
25% in the three RCTs quoted above, and not stated in the pivotal
MM-009 and MM-010 trials) we can speculate that high-risk
patients had either bortezomib based protocols or other triplets,
instead of the Rd doublet.

A cohort of patients with a suboptimal initial result had a 3rd
drug added to enhance the effect of the Rd protocol after a median
of 2 months. It is difficult to assess in retrospect what exactly the
trigger for the upgrade was, but certainly, these patients fared
worse compared to the rest, proving that when Rd seems to fail,
Rd backbone triplets may not be the best salvage options.

In summary, our results confirmed that Rd remains a very
effective treatment in well-selected patients, mostly those who are
lenalidomide-naïve and do not show high-risk features. During the
COVID-19 pandemic choosing an all-oral combination can be a
good alternative to the more expensive, in part intravenous triplets
which do require frequent hospital visits exposing the patients to
potential encounters with others, spreading the infection.
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Hypoxia Signaling in Cancer: From
Basics to Clinical Practice
Anna Sebestyén1, László Kopper1, Titanilla Dankó1 and József Tímár2*

11st Department of Pathology and Experimental Cancer Research, Semmelweis University, Budapest, Hungary, 22nd
Department of Pathology, Semmelweis University, Budapest, Hungary

Cancer hypoxia, recognized as one of the most important hallmarks of cancer, affects
gene expression, metabolism and ultimately tumor biology-related processes. Major
causes of cancer hypoxia are deficient or inappropriate vascularization and systemic
hypoxia of the patient (frequently induced by anemia), leading to a unique form of genetic
reprogramming by hypoxia induced transcription factors (HIF). However, constitutive
activation of oncogene-driven signaling pathways may also activate hypoxia signaling
independently of oxygen supply. The consequences of HIF activation in tumors are the
angiogenic phenotype, a novel metabolic profile and the immunosuppressive
microenvironment. Cancer hypoxia and the induced adaptation mechanisms are two
of the major causes of therapy resistance. Accordingly, it seems inevitable to combine
various therapeutic modalities of cancer patients by existing anti-hypoxic agents such as
anti-angiogenics, anti-anemia therapies or specific signaling pathway inhibitors. It is
evident that there is an unmet need in cancer patients to develop targeted therapies of
hypoxia to improve efficacies of various anti-cancer therapeutic modalities. The case has
been opened recently due to the approval of the first-in-class HIF2α inhibitor.

Keywords: cancer, hypoxia, angiogenesis, metabolism, therapy

INTRODUCTION

One of the most typical macroscopic pathologic characteristics of malignant tumors is the presence
of bleeding and necrosis (Figure 1). This is due to the fact that growth of normal tissues manifests in
harmony with vascularization while in case of cancer, tumor growth is driven by activated oncogenes
irrespective of permissive vascular supply. Necrotic tumor tissue does not present much harm to the
host organism, but the hypoxic part of the tumor tissue and the hypoxic tumor cells are usually the
major drivers of tumor progression [1–3].

There is a difference in the oxygenation/physoxia of various normal tissues (4–10%O2) due to the
differential blood supply and tolerance to hypoxia. The most oxygenized tissues are renal cortex,
liver, breast and pancreatic tissues, while the least oxygenized ones are brain, lung and intestinal
mucosa (Table 1). As compared to normal tissues, oxygenation levels are much lower in cancers,
even in the most vascularized tumors the O2 rate is only 2% (lung cancer), but in most cases it is
much lower, especially, for pancreatic cancers, where this rate is the lowest (0.3%) [1].
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Hypoxia has various forms: acute, chronic, toxic and systemic
ones. In cancers, toxic form of hypoxia is not significant. Acute
hypoxia is perfusion hypoxia while chronic hypoxia is
characterized as diffusion hypoxia, indicating various
pathomechanisms behind. Systemic hypoxia in cancer patients
is also a frequent event. Collectively, cancer hypoxia usually is a
combination of acute, chronic and systemic forms of hypoxia,

which not only drives tumor progression, but also a leading cause
of resistance to various therapeutic modalities [3–6].

Below we will provide an overview about the causes of cancer
hypoxia and the induced cellular responses; and additionally, we
will also summarize the metabolic and immunological
consequences. At the end, current therapeutic approaches to
overcome cancer hypoxia will be summarized.

PATHOMECHANISM OF CANCER
HYPOXIA

According to Folkman’s theory, a tissue (including cancer) which
growth beyond 2–3 mm3 requires new blood vessels [2]. We now
know that oxygen and nutrient supplies are considered to be
optimal in a 250-μm radius of capillaries in various tissues,
accordingly a >1 mm3 tumor tissue can survive without new
vessels (Figure 2). Since cancer growth exceeds that size, cancer
progression/development is driven not by the presence of blood
vessels but the immanent oncogenic mechanisms. In cancers, it is
almost inevitable that hypoxia would develop which can be due
to: 1) compressed intratumoral vessels [3], 2) abnormal newly
developed intratumoral capillaries [4], or 3) the systemic hypoxia
in the host. Acute hypoxia without resolution leads to the
development of necrosis in case of extremely low O2 levels
which is not normalized rapidly at that area. However, chronic
hypoxia is the most typical form of hypoxia in tumor tissues [5].
Meanwhile, acute and chronic hypoxia are combined in
frequently in cancer tissues leading to central tumor necrosis
and surrounded by hypoxic areas (Figure 1B). Chronic hypoxia
may induce physiological responses in tumor tissue, but in case of
genetic changes of the signaling pathway components, this
response could be profoundly different [6].

FIGURE 1 |Necrosis in cancer. (A). Macroscopic picture of hemorrhagic
necrosis in liver cancer; (B). Microscopic picture of necrosis in renal cell cancer
(HE staining). C � capillary, H � hypoxic area, N � necrotic area.

TABLE 1 | Comparison of oxygenation levels in cancer and host tissues. [1].

Cancer % O2 Host tissue % O2

Lung cancer 2.2 Renal cortex 9.5
Rectal adenocarcinoma 1.8 Breast tissue 8.5
Glial tumors 1.7 Pancreatic tissue 7.5
Breast adenocarcinoma 1.5 Liver 7.3
Renal cell cancer 1.3 Lung 5.6
Cervical squamous cell cancer 1.2 Uterine cervix 5.5
Hepatocellular cancer 0.8 Brain 4.6
Pancreatic adenocarcinoma 0.3 Rectal tissue 3.9

For individual references see [1].

FIGURE 2 | Schematic presentation of cancer growth beyond 1 mm3:
oxygen and nutrient diffusion distances.
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OXYGEN-DEPENDENT HIF ACTIVATION

In (cancer) cells there are two O2 sensors: the prolyl-hydroxylases
(PHD1-3) and the asparaginyl-hydroxylase (FIH), characterized
by different O2 affinities (low: PHD, high: FIH). Accordingly,
PHD activity is decreasing linearly with lowered O2 levels, while
FIH activity would decrease only at very low O2 levels. A unique
role of the oxygen sensors is to hydroxylate HIFα transcription
factors. At high O2 levels, hydroxylases label HIFα proteins for
VHL, which recognizes these forms and send them for
proteasomal degradation by recruiting ubiquitin ligases
(Figure 3). In this way HIFα proteins are characterized by the
shortest half-life among cellular proteins. HIF proteins are α/β
heterodimer transcription factors where the expression of the
HIFβ partner is constitutional, but it is inactive as a monomer.
This powerful transcription factor system is under strict
regulatory control: at normoxia, prolyl-hydroxylation ensures

protein degradation, while aryl-hydroxylation results in
functional inactivation due to the inhibition of coactivator
bindings (p300/CBP). Low O2 levels stabilize HIFα proteins
which accumulate and translocate to the nucleus. In parallel, it
also activates the expression of certain genes which are involved
in adaptation to hypoxic conditions [5, 7] (Figure 3).

FIGURE 3 |Molecular mechanisms of activation of HIFα transcription factors. HRE � hypoxia-responsive element in the promoter region of specific genes. Effect of
constitutive oncogenic activation on HIFα. Proteasomal degradation is inhibited by mTOR or ERK activity, even in the presence of sufficient oxygen levels.

TABLE 2 | Classical HIF1A regulated genes based on key publications [6, 9].

ADM CDKN1A FLT1 LDHA PKM TPI1

AK3 CITED2 GAPDH MDR1/ABCB1 SERPINE1 VEGFA
ALDOA CP HK1/2 NOS2 SLCA1/3
ALDOC EDN1 HMOX1 P4HA2 TF
BNIP3 ENO1 IGF2 PFKL TFRC
CAIX EPO IGFBP1/2/3 PGK1 TGFB3
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There are 216 genes in the human genome which contain HIF-
responsive elements (HRE) in their promoters [6, 8, 9] However,
the list of classical HIF regulated genes is much shorter (∼40) [9].
(Table 2). These target genes are responsible for the cellular
responses to hypoxia or the accommodation to chronic hypoxia.
Meanwhile, the best-known HIF-target genes are angiogenic
factors (e.g. VEGF, FGF, PDGF, ANGP1/2 and SDF1),
angiogenic factor receptors (VEGFR2/KDR, VEGFR1, KIT) or
the O2 transport capacity regulator, EPO [6]. Those genes which
are involved in hypoxia-induced metabolic adaptation are equally
important (see later). HIF1α and HIF2α have different target gene
profiles, but their regulation and accordingly their roles can be
different in cancer progression.

It is a unique consequence of cellular hypoxia that the induced
metabolic changes result in production of reactive oxygen species
(ROS) which can induce DNA damages, similar to other
mutagens. Since under hypoxia the function of DNA repair
enzymes can be downregulated, there is a risk of further
accumulation of DNA mutations in oxygen-deprived
conditions [10].

The vital role of HIF transcription factors is reflected by the
fact that their mutations are very rare in cancers: at low frequency,
HIF1α mutation can be detected in renal cell cancer [11], while
HIF2α mutation results in the development of a rare tumor,
paraganglioma [12]. Mutations of HIF regulators–such as VHL,
even in the form of germline ones (von-Hippel Lindau
syndrome)–are much more frequent in cancers [13]. The
consequences of the constitutive HIF activation during
development can be observed in VHL syndrome where
hemangioblastomas, neuroendocrine tumors of the pancreas
and adrenal gland may develop beside the characteristic renal
cell cancer. Accordingly, the genetic prototype of HIF-
deregulated cancer is the sporadic renal cell carcinoma, where
the incidence of the loss of function mutation of VHL is 50%,
resulting in an angiogenesis-dependent tumor [14].

Detection of hypoxia in human tumors is a challenge due to the
fact that tissue fixation can alter HIF- and hypoxic target protein
detections, moreover, native specimens with preservedO2 supply are
not readily available. Meanwhile HIFα detection in combination
with CAIX, GLUT1 or VEGF can help to overcome this problem
[15]. Especially, the combination of mRNA and protein detection of
HIF1/2α and their targets could be useful. Using such a combined
approach in metastatic renal cell cancer, it was possible to
demonstrate that high HIF1α and low HIF2α expressions or a
“HIF-index” are poor prognostic factors, when CAIX, GLUT1
and GAPDH overexpressions follow this prognostic trend [16].

OXYGEN-INDEPENDENT HIF ACTIVATION:
“PSEUDOHYPOXIA”

Mutations of growth factor receptors or members of their
respective signaling pathways are characteristics for many
different cancer types: EGFR mutations in lung
adenocarcinoma, HER2 amplifications in breast and gastric
cancers, RAS mutations in lung and colorectal cancers, BRAF
mutations in melanoma, thyroid or GI-tract cancers or mutations

of the lipid kinase signaling pathway members (PI3KCA, AKT) in
various cancer types [17]. One of the common functional
consequence of these activating mutations is the extreme
activity of mTORC1, resulting in constitutive protein synthesis
and/or stabilization/functional activation of HIFα. On the other
hand, HIFα stabilization can also be the consequence of the
increased activity of the RAS-MEK-ERK signaling pathway [18].
Connection among tumor hypoxia, increased HIFα activity and
tumor progression is a dogma today [6]. In hypoxic tumor cells,
HIF activates several HRE genes that are essential for migration,
invasion and metastasis: for example, autocrine motility factor
and its receptor (AMF and AMFR); MET oncoprotein, receptor
for scatter factor (paracrine regulators); CXCR4 chemokine
receptor, matrix metalloproteinases such as MMP2/9 and
collagen network remodeling lysil- and prolyl-hydroxylases
(LOX and P4HA). The increased migratory activity of hypoxic
tumor cells is also due to the activation of the RhoA/ROCK1
signaling pathway leading to cytoskeletal remodeling [6, 18, 19].

FIGURE 4 | Demonstration of intratumoral microvasculature in breast
cancer. (A). Detection of VEGF in tumor cells by immunohistochemistry (pink
color); (B). Neo-angiogenesis in breast cancer tissue: demonstration of
intratumoral blood vessels by immunohistochemical labeling of CD31
positive endothelial cells (pink color) BAR � 100 μm.
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VASCULARIZATION OF HYPOXIC CANCER
TISSUE

During chronic inflammation or tissue necrosis in the
regenerating normal tissues, development of novel capillary
network takes place in the form of neo-angiogenesis. This
process is fundamentally different from the embryonic
development of blood vessels, called vasculogenesis, referring
to the fact that in the developing tumor tissues there was no
vasculature previously. This later process is based on the
mobilization of angiogenic precursors which migrate from
bone marrow to developing tissues. In the new location, these
cells differentiate into endothelial cells which than form new
vasculature in cooperation with mesenchymal cells [20]. In
cancer tissues, hypoxia or oncogenic activation of the HIF
pathway induces the expression of genes involved in
angiogenesis (VEGF, PDGF, SDF) to increase the blood supply
and O2 level. The production of large amount of angiogenic
factors and/or cytokines by tumor tissues can also support the
migration of these precursors from the bone marrow into the
tumor tissue. However, the contribution of vasculogenesis to the
vascularization of tumor tissue is minimal in humans [21].

It is much more characteristic in tumor tissues that the
production of angiogenic factors/cytokines induces
“regeneratory”-type of neo-angiogenesis. In this case, the new
capillaries are derived from pre-existing peritumoral capillary
network in the form of sprouting (Figure 4). Tumor-induced
neo-angiogenesis is initiated by local production of VEGF, PDGF,
FGF, TGFβ, TNFα, and AΝG2. This type of neo-angiogenesis
occurs at the venous site of the capillary network [20]. It is still
widely accepted that these new capillaries are growing into the
developing tumor tissue [2, 20]. However, it is much more
common that the tumor-induced novel peritumoral capillary
network is incorporated into the tumor tissue by vessel
cooption [20, 22, 23]. Furthermore, this reparative neo-
angiogenesis takes place in a host tissue specific manner in
various tumors [24, 25].

It is more andmore evident that reparative neo-angiogenesis is
not the most common mechanism to provide blood supply for
tumor tissues. Experimental and clinicopathological data
demonstrated that the vessel-cooption (incorporation of
preexisting vessels) is the most conventional form of
vascularization of primary and metastatic tumor tissues. The
capillary density of certain tissues (e.g. lung, liver) is sufficiently
high, fulfilling the requirement of 1-mm3 size for tumor growth
[2, 20, 23]. Drivers of this type of vascularization are tumor-
derived cytokines involved in endothelial cell survival such as
angiopoetins and VEGF [23–25]. There is another non-
neoangiogenic form of blood supply of tumor tissues
(especially in brain tumors or brain metastases), the
glomeruloid vasculogenesis/angiogenesis [20, 26], where the
preexisting capillaries are remodeled into novel chaotic,
tortuous capillary loops. Major drivers of this remodeling are
the extremely high local concentrations of VEGF, FGF and PDGF
complemented by CSF1, SDF1 and SCF1.

There is a fundamental alteration of gene expression
regulation in cancer cells which can provide stem cell

properties. This aberrant regulation can result in the loss of
linage-specific gene expressions and acquiring new ones. The
best-known example of this alteration is the epithelial-
mesenchymal transition (EMT) [27]. But there are other forms
of such transitions (mimicries) such as 1) neurogenic mimicry,
expression of neurogenic genes in non-neural cell types, mostly
epithelial cells; 2) megakaryocytic mimicry, expression of
megakaryocyte-specific genes in non-bone marrow cell types
[28]; or 3) vasculogenic mimicry, [29–31] expression of
endothelial genes in non-angioblastic cells, also driven by
chronic hypoxia and/or constitutive HIFα expression. If tumor
cells express endothelial genes, it can result in the development of
novel phenotypic features, communication ability between
endothelial cells of the preexisting capillaries and tumor cells
which form capillary lumina connected to the blood capillaries
[30, 31].

It is of note, that vascularization of tumor tissue is cancer-type
specific and greatly depends on the host tissue. Accordingly, it can
be different in metastases as compared to primary tumors
[24, 25].

Microvessel density of tumor tissues are usually high and it is
expected that the blood supply of tumors is also optimal. In
contrast to this presumption, tumor tissue is hypoxic. One reason
of the poor blood supply is that the interstitial pressure is
increased in tumor tissues resulting in the collapse of tumoral
capillaries [3]. Another feature of the tumoral blood vessels
(newly developed or incorporated) is that their structure is
abnormal, the endothelial lumen is leaky and/or the
supportive pericytes are missing [4]. In this way, a vicious
cycle develops: the hypoxic tumor becomes angiogenic and
tries to develop or coopt more capillaries, but this do not lead
to higher O2 levels; on the contrary, tumor tissue hypoxia is
stabilized. According to Table 1, the best oxygenized tumor is
lung cancer closely followed by breast and rectal cancers.
However, kidney cancer is characterized by the highest
microvessel density followed by lung or breast cancers [32],
suggesting that there is no direct connection between
vascularization and oxygenation of cancer tissues.

Even if tumor tissue would be optimally vascularized, systemic
hypoxia could also lead to tumor tissue hypoxia in cancer
patients. There are several causes for systemic hypoxia such as
bleeding, hemolysis (hemolytic anemia), bone marrow
infiltration by tumor cells, bone marrow depletion by chemo-
or radiotherapy, nephrotoxicity of chemotherapy, chronic
obstructive lung disease or cardiac failure. Accordingly,
systemic causes of tumor tissue hypoxia are outstanding
features of malignant tumors [33].

METABOLIC CONSEQUENCES OF TUMOR
HYPOXIA

Biological oxidative processes (oxidative phosphorylation) can be
termed as the bioenergetically optimal energy productions in
cellular metabolism. In hypoxic or pseudo-hypoxic conditions,
cancer cells with rapid proliferation capacity require high energy
and nutrient supply, and the related bioenergetic pathways have
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to be re-wired [5]. In hypoxic microenvironment, HIF activation
results in the accumulation of lactic acid (as a consequence of
anaerobic glycolysis) which is a characteristic metabolic feature of
the majority of tumors. Furthermore, in cancer cells
independently of the oxygen concentration changes, the erobic
glycolytic phenotype (Warburg effect–aerobic glycolysis) can also
be found [34].

It has been well-known since the early 2000s, that the HIF1α
stabilization and the elevated HIF1α protein levels are
characteristic for ∼50% of tumor cells under normoxia [35].
As a consequence, the productions of several glycolytic
enzymes or transporters increase in malignant cells, e.g. the
gene expressions of glucose transporter (GLUT1-3) or
pyruvate-dehydrogenase-kinase 1 (PDK1), pyruvate kinase
isoform 2 (PKM2) are elevated. These contribute to the
conversion of pyruvate to lactate. In addition, entering acetyl-
CoA into the tricarboxylic acid cycle (TCA) can be inhibited,

leading to decreased mitochondrial respiration and oxygen
consumption. In parallel, glutamine or other intermediates of
various metabolic processes can fuel TCA with anaplerosis [3],
e.g. the increase in glutaminase expression, glutaminolysis or
influencing protein and lipid metabolism (Figure 5).

HIF1α-mediated metabolic rearrangement can also contribute
to other microenvironmental alterations since lactate production
and acidification are important oncogenic features. Based on
these, the most important oncogenic impact of HIF1 activation is
necessarily the angiogenic effect. HIF1α has a comparable
importance in maintaining the proliferation demands for rapid
metabolic rearrangements [34]. In tumor microenvironment, the
energy and nutrient demand of tumor cells can dominate but the
tissue oxygenation could also affect the metabolism of stromal
cells. In non-transformed cells of well-oxygenated tissues and
even in tumor cells which are located near to blood vessels, an
oxidative phenotype, the reverse utilization of lactic acid (reverse

FIGURE 5 | Effects of HIF1α on the metabolic rearrangement. Without going into details, enzymes and processes which can be controlled and/or associated with
glycolytic phenotype during metabolic rearrangement by HIF1α (regulation). Beside the effects on HIF1α targets involved in metabolic, glycolytic rearrangement (narrow
red arrow), the most frequent and significant metabolic shifts (thick red arrow) are also presented in the figure.
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Warburg effect) can be observed [36]. The evolving metabolic
symbiosis can guarantee the optimal utilization of energy
resources at tissue level [37].

The most important differences in metabolic machinery of
tumors and their normal equivalents are mutations of key genes,
and the related signaling pathways which drive continuously high
metabolic activity for proliferation. This can be emerged
concomitantly with proper net lactic acid overproduction and
metabolic flexibility [38, 39]. It is also known that certain tumors
can have differences in basic metabolic processes e.g. alterations
in anaplerotic mechanisms of TCA (e.g. lipid metabolic
alterations or autophagy). Even certain oncogenic mutations
result in oncometabolite production [40]. Tumor growth
induces activation of several additional early or late stress
responses i.e. elevation of ROS supporting hypoxia,
extracellular acidification to maintain optimal energy level in
nutrient or oxygen deprivation. Simultaneously, other metabolic
adaptation mechanisms can induce the activation of antioxidant
processes in cancer cells. Glutathione system is one of the
important antioxidant cellular programs. Glutathione reductase
neutralizes H2O2 with glutathione derived from cysteine,
glutamate and glycine. In a further step, NADPH, as a
cofactor of glutathione oxidase, converts glutathione.
Thioredoxin system, as an additional alternative, can reduce
the H2O2 level by the use of NADPH. In summary, NADPH
has a remarkable role not only in biosynthetic processes but also
in buffering ROS levels [41] (Figure 5). The balance of ROS-
regulating capacities is also an important element of metabolic
changes, which foster hypoxic processes. Recently, alterations in
several tumor-specific factors have been characterized in the
regulation of ROS generation such as NRF2 or SLC7A.

mTOR kinase is an important regulatory element of signaling
network and metabolism has special and context-dependent role
in hypoxia-related cellular events. The two different mTOR
complexes have critical functions in cellular homeostasis by
sensing and synthesizing intra- and extracellular conditions
[42]. Moreover, mTORC1 influences the protein expression
level of several onco-proteins such as HIF1α at post-
transcriptional, translational level. However, the production of
HIF1α requires mTORC1 activity, additionally, post-
translational degradation of the protein regulated directly and
quickly by O2 level [43]. Therefore, mTOR hyperactivity provides
stabilization of HIF1α protein and other regulatory failures
contributing to the HIF1α stabilization in pseudohypoxic
tumor tissues [44]. Moreover, other cellular stresses (nutrient
deprivation, DNA damage responses, low energy level and “real”
cellular hypoxia) could reduce mTORC1 activity and slow down
the tumor proliferation/growth. This situation rewires cellular
metabolic processes e.g. reduces oxygen consumption and/or
induces autophagy [45] leading slower metabolic activity and
forces cellular survival mechanisms with balanced bioenergetics
[46]. They could give an opportunity to restore cellular
homeostasis and mTORC1 activity maintaining pseudohypoxia
in tumor cells.

Considering the fundamental regulatory changes of certain
tumors (mutations of oncogenes/tumor suppressors in signaling)
and their metabolic consequences or the expected effects of

currently available treatments, novel therapeutic options could
be introduced to target and inhibit metabolic adaptation
mechanisms. The importance of the latter is that hypoxia-
induced metabolic processes (e.g. in case of anti-angiogenic
treatments) have to be taken into account since using
inhibitors of metabolic adaptation regulators (such as mTOR)
or other enzymes, metabolic catastrophe, synthetic lethality could
be induced in cancer cells [47, 48].

IMMUNOLOGIC CONSEQUENCES OF
TUMOR HYPOXIA

Antitumoral immune responses are affected by (tumor) tissue
hypoxia [40]. Antitumoral innate immune responses are
mediated by NK cells and macrophages. It is important that
macrophages are sensitive to hypoxia and instead of the M1/
antitumoral polarization in normoxia, under such circumstances
they obtain M2/immunosuppressive phenotype [49].
Furthermore, HIF activation in hypoxia enhances immune
suppressive effects of myeloid-derived suppressor cells [50].
On the other hand, NK cells remain active against tumor cells
in hypoxia [51].

Hypoxia fundamentally affects the acquired immune responses
to tumors as well. One of the main immunosuppressive cytokine
in the hypoxic microenvironment is VEGF [52]. In hypoxia,
VEGF promotes CD4+ T-cell differentiation into T-regulatory
cells, suppressing the emerging immunoreactions. Hypoxia
modulates immune checkpoint inhibitory molecules on
infiltrating cells and tumor cells by inducing PDL1 expression.
In CD8+ cytotoxic T-cells, hypoxia also induces CTLA-4 receptor,
another checkpoint regulator [53]. In lung cancer, it was
demonstrated that cancer cells overexpress PDL1 at the border
of necrotic tumor while the infiltrating cells express PD1 and
activate immunosuppressive mechanisms [54]. For an effective
antitumoral response, the density of immune effector cells is an
important parameter. It was shown in skin melanoma that
increased tumoral vascular density is associated with increased
macrophage and T-cell density [55].

CLINICAL IMAGING OF TUMOR HYPOXIA

It is a longstanding goal in experimental cancer research and
clinical oncology to develop reliable markers to measure pO2

levels in cancer tissues or to detect hypoxia. It is an invasive
approach to use polarographic oxygen electrodes to measure pO2

levels in cancer tissues. On the other hand, there are
immunohistochemical techniques to asses tissue hypoxia in
biopsies. This is also an invasive technique since it requires to
inject exogenous hypoxia marker into the tumor tissue before
resection such as pimonidazol or a derivative, EF5. It is a less
reliable approach to use endogenous hypoxia markers such as
HIF1α or GLUT1 immunohistochemistry. The problem here is
that not only hypoxia can induce the expression of those marker
genes but also various genetic changes of the tumor which cause
overexpression of the markers independent of the hypoxia.
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Accordingly, non-invasive techniques have been developed
and tested clinically. One approach is to use magnetic resonance
imaging such as blood-oxygen level dependent imaging (BOLD)
able to monitor tissue perfusion. On the other hand, nuclear
magnetic resonance spectroscopy can be used to measure
increased lactate or decreased ATP levels in cancer tissues:
unfortunately, the sensitivity and resolution of these
techniques are very low. The gold standard technology to
measure tumor tissue pO2 levels is PET using 15O2. However,
the short half-life of this marker prevents the widespread use of
this technology. Meanwhile PET is the technology which can be
used to asses tumor tissue hypoxia. The first marker was 2-
nitroimidazole and (18F)FMISO later it was developed further
into 123I-tracers. It is an alternative to use reduced chelated metals
such as 60Cu-compound ATSM although their sensitivity is lower
as compared to FMISO. Last but not least, FDG-PET can also be
used to assess the glycolysis and increased glucose transport in
cancer tissues. Although the specificity of FDG-PET is lower
compared to FMISO. The parallel use of the two technologies give
the best assessment of tumor tissue hypoxia in clinical situations
[56, 57].

MODULATION OF EFFICACY OF CHEMO-
AND RADIOTHERAPY BY TUMOR
HYPOXIA
One major modality of cancer treatments is the cytotoxic
chemotherapy. However, in a significant proportion of cases,
tumors are resistant or acquire resistance during therapy.
Chemotherapy resistance depends on genetic and epigenetic
factors among which tissue hypoxia is a significant factor. In
hypoxia, tumor cells intend to leave cell cycle, and the apoptotic
processes are inhibited–these result in decreased sensitivity to cell
proliferation blocking cytotoxic agents. Furthermore, in cancer
cells, hypoxia induces drug transporter proteins promoting their
chemoresistance. At first, in hypoxia HIF1α induces MDR1/
ABCB1 efflux transporter resulting in resistance to
chemotherapeutics which are its substrates (like
doxorubicin)–this mechanism is quite universal among various
cancer types [58]. On the other hand, in hypoxia oxygenic stress
response is activated by NRF2, which activates HIF1α, but more
importantly an array of multidrug resistance genes such as
MDR1/ABCB1, MRP1/ABCC1 and BCRP/ABCG2 resulting in
resistance to a variety of other chemotherapeutics [59, 60].

Furthermore, tumor tissue is characterized by perfusion
hypoxia due to the abnormal structure of the intratumoral
blood vessels which are also incompetent delivering cytotoxic
drugs. Even some chemotherapeutics require O2 for optimal
effects [1, 61]. It is of note, chemotherapy resistance can be
predicted by the expression of HIF1α in some types of squamous
cancers [1].

Other major therapeutic modality of cancers is radiotherapy,
however, it requires optimal normoxic conditions [62]. Oxygen
enhancement ratio refers to the enhancement of the therapeutic
effect of irradiation due to the presence of oxygen. Ionizing
radiation induces DNA damages by free radicals which are

stabilized by ROS. In hypoxia, ROS production is decreased
and intracellular SH-containing molecules (glutathione and
cysteine) “repair” DNA damages by back-reducing free
radicals in DNA. Hypoxia-induced cell cycle arrest and
apoptosis resistance (by BCL2 overexpression) decrease the
sensitivity of tumor tissue to irradiation. HIF1α overexpression
in oral cancer is a negative predictive factor for radiotherapy [63].
For the maximal efficacy of radiotherapy, it is important to induce
endothelial cell apoptosis as well. However, the elevated VEGF
level promotes endothelial cell survival in hypoxic
microenvironment. Accordingly, the alteration of tumoral
microvessel density upon irradiation is a sensitive prognostic
factor for radiotherapy efficacy [64]. Meanwhile these effects of
hypoxia are unique to X-ray irradiation and much less
pronounced in other radiotherapy modalities. On the other
hand, fractionated irradiation improved the antitumoral effects
due to the better timing of irradiation for the reoxygenization
period in the tumor tissue.

ANTI-ANGIOGENIC THERAPY OF CANCER

It has been considered that the inhibition of tumor-induced
angiogenesis could have potential antitumoral effects [1].
Considering widespread effects of hypoxia, it would be
irrational to deepen hypoxia further in tumor tissues. Overall,
anti-angiogenic drugs have been developed and this therapy
became the fourth modality following chemo-, radiotherapy
and surgery. There are two major groups of anti-angiogenic
drugs, the anti-VEGF agents (mostly antibodies) and small
molecular inhibitors of VEGFR [65, 66] (Table 3). Although
in preclinical models these drugs were able to decrease tumoral
microvessel densities – this has never been demonstrated at
clinical circumstances. Later on, it was turned out that all
these agents are able to normalize the malfunctioning tumoral
blood vessels [67] by improving tumor tissue perfusion and
decreasing hypoxia.

On the other hand, these agents are not effective in
monotherapy except for renal cell cancer. This cancer is
multidrug resistant, it genetically depends on HIF
activation and characterized by extreme VEGF production.
This genetic hypoxia dependence is due to the frequent loss of
function mutations of VHL [13]. In any other cancer types,
anti-angiogenic dugs are effective only in combination with
chemo- and/or radiotherapy i.e. increasing the efficacy of
cytotoxic therapies by decreasing tissue hypoxia. It is
another fact that anti-angiogenic drugs are not effective in
combinations with other targeted therapies, with the
exception of EGFR-mutant lung adenocarcinoma where
EGFR inhibitors can be effectively combined with anti-
VEGF antibody [68].

It is an equally important question whether anti-angiogenic
agents can be effective in cancers where the driver oncogene
induces constitutive HIF activation. In case of colorectal cancers,
chemotherapy in combination with anti-VEGF antibody is
similarly effective in KRAS-mutant and wild-type tumors [69].
On the contrary, in case of lung adenocarcinoma, chemotherapy
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combination with anti-VEGF antibody is effective in KRAS wild-
type tumors exclusively [70].

It is a further issue if the efficacy of anti-angiogenic agents
depends on the type of tumor vascularization or not. Looking into
the indications of these anti-angiogenic agents [65, 66] (Table 3),
there are tumors where 1) neo-angiogenesis is predominant
(renal, breast and colorectal cancers), 2) vessel cooption is
characteristic (glioblastoma, lung adenocarcinoma) and 3)
unique vascularization form can be observed (liver or
esophageal cancers).

However, similar to almost all cancer treatment forms, anti-
angiogenic therapy also leads to emergence of resistance. One
possible cause of anti-angiogenic therapy resistance is the switch
of the angiogenic phenotype: VEGF to PDGF in renal cell cancer,
VEGF to FGF in squamous cancers, VEGF to Bv8 peptide in
glioblastoma, VEGF to TGFβ in hepatocellular cancer [71], and
VEGF to apelin in lung or breast cancers [72]. Similar to other
therapeutic modalities, efficacy of anti-angiogenic agents is also
dependent on the optimal perfusion of the tumor tissue [73].

EFFECT OF HYPOXIA ON THE EFFICACY
OF IMMUNOTHERAPY

If hypoxia affects antitumoral immune responses, it is justified
to propose that hypoxia may affect immunotherapy as well
[74]. Unfortunately, there are scanty experimental data in this
respect, however, clinical developments may help to answer this
important question. It can be reasonable to propose that in case
of a tumor type where anti-angiogenic therapy is effective, it
can be further improved by immunotherapy. It has become
evident, that only certain patients and tumors respond well to
immunotherapy. This can also suggests to combine
immunotherapy with anti-angiogenic agents to decrease
hypoxia and VEGF levels in such cases. It is also an
important consideration that a fraction of anti-angiogenic
agents are “dirty” (not highly specific) VEGFR inhibitors
which affect other receptors, crucially important in the
normal function of anti-tumoral T-cells. Accordingly,
consideration of “pure” (more specific) VEGFR blockers may

have a higher chance for clinical efficacy. In case of renal cell
cancer, anti-angiogenic monotherapy is the basis of tumor
management. The development of combination strategies
with immunotherapy was clinically very effective [75]
leading to FDA approval of several combinations with
multikinase inhibitors (Table 4). Immunotherapy and anti-
angiogenic treatment combination also approved recently in
lung adenocarcinoma [76] and hepatocellular carcinoma [77]
(Table 4). Furthermore, in various cancer types such as
colorectal, ovarian or breast cancers, anti-angiogenic
treatment (anti-VEGF antibody) and anti-PD1 antibody
therapies are approved individually, accordingly it is
expected that such combinations will also be a part of
clinical management of patients soon.

THERAPY OF SYSTEMIC HYPOXIA

The primary cause of systemic hypoxia in cancer patients is
anemia (low Hgb levels), accordingly it has to be managed to
improve efficacies of other therapeutic modalities. However,
targeted therapy has to be applied even in case of systemic
hypoxia. There are three therapeutic options for anemia:
iron supply, transfusion and erythropoiesis stimulating
agents (ESA). Unfortunately, transfusion and ESA
administration have a severe adverse effect which is
thromboembolism. Iron deficient anemia is a frequent
cause for cancer patient’s anemia; therefore, beside
determination of the Hgb levels, it is necessary to
determine Se-ferritin levels and saturation. In case of
absolute iron deficiency, iron administration is necessary,
in case of relative iron deficiency, iron supply have to be
completed with ESA [78, 79]. It is important to mention that
beside severe possible side effects of ESA, this treatment may
have other important biological effects: normalization of
tumoral blood vessels improving drug perfusion [80] or
promoting efficacy of radiotherapy [81], asx observed in
preclinical models. However, it is assumed that correction
of systemic hypoxia may not be equally effective in tumors
where the O2-independent HIF activation takes place.

TABLE 3 | Clinical use of antiangiogenic drugs [33, 34].

Drug type Molecular target Clinical use

Ligand inhibitors
Bevacizumab Monoclonal antibody VEGF-A RCC, GBL, OEC, CRC, LUAD, CeC, BC
Ziv-Aflibercept Recombinant peptide VEGF-A/B, PIGF, VEGF-C/D CRC

Receptor inhibitor (ECD)
Ramucirumab Monoclonal antibody VEGFR2 CRC, LUAD, GaC

Kinase inhibitors
Sunitinib Small molecular inhibitor VEGFR1/2/3 PDGFRβ, KIT, RET RCC
Sorafenib “ VEGFR1/2/3 PDGFR, KIT, RET, RAF RCC, HCC
Pazopanib “ VEGFR1/2, FGFR, KIT RCC, STS
Axitinib “ VEGFR1/2/3 RCC
Regorafenib “ VEGFR, PDGFR, FGFR, TIE2, RAF, KIT CRC, HCC
Cabozantinib “ VEGFR, TIE2, MET, RET RCC, HCC

BC, breast cancer; CeC, cervical cancer; CRC, colorectal cancer; ECD, extracellular domain; GaC, gastric cancer; GBL, glioblastoma; HCC, hepatocellular carcinoma; LUAD, lung
adenocarcinoma; OEC, ovarian epithelial cancer; RCC, renal cell cancer; STS, soft tissue sarcoma.
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MOLECULAR THERAPY OF HYPOXIA

It was shown above that hypoxia signaling in cancer is a key
regulatory pathway affecting several aspects of cancer biology
offering an obvious target for intervention. It would be an indirect
approach to disconnect hypoxia signaling since the effector of the
O2-independent oncogenic driver-driven pathway is mTOR
(Table 5; Figure 3). In this respect, it has to be mentioned
that the first mTOR inhibitor therapies were introduced into
the clinic long time ago in case of VHL-mutation dependent renal
cell cancer (everolimus and tensirolimus), and more recently in
case of breast cancer recently [82].

In experimental models, it was possible to downregulate
HIF1/2α by antisense oligos or sh-RNA [83]. In human
melanoma preclinical models, ZnSO4 administration was
able to downregulate HIF1α expression selectively which
had antitumoral and antimetastatic effects [84]. The other
approach is to target HIF protein synthesis using digoxin
[83], 2-methoxy-estradiol [85] or topotecan [83].
According to preclinical models, these agents could be
effective, however, there are no available clinical data.
Stabilization of HIFα can be suspended by HSP-90
inhibitor in vivo [86].

Of note, the HIF complex-induced binding to HRE
regions in promoters of various genes can be achieved by
echinomycin [87]. However, the ultimate goal have to be the
development of small molecule HIF inhibitors. In vitro,

acriflavin [83] or YC-1 [88] can directly bind to HIF1α;
although they have shown some preclinical activity, the
clinical development was discontinued. However, small
molecule HIF2α inhibitors, PT2977/MK6482 and PT2385
have been developed recently and tested in clinical trials
[89]. MK6482 was used clinically in VHL syndrome related
renal cell cancer with promising activity [90]. Based on these
results, MK6482 became the first FDA-approved HIF2α
inhibitor.

Anti-hypoxia therapies have already been introduced in
case of radiotherapy using hyperbaric O2 (HBO), which
could have some activity in squamous cancers of the head
and neck [91]. It is another clinical approach to combine
accelerated radiotherapy with nicotinamide and carbogen
(ARCON) of which research reached phase-III [92] but did
not resulted in clinical acceptance. Another clinically active
therapeutic option is “chemical anti-hypoxia” by the use of
doranidazole or nimorazol in lung cancer radiotherapy [93]
which are used more widely nowadays due to the success of
the DAHANCA 5–85 trial. Generation of intratumoral O2 is
also feasible to improve the efficacy of radiotherapy by
using bioactive albumin-MnO2 nanoparticles [94]. The
imminent question concerning all these approaches is
whether any of these could be exploited in case of other
anticancer therapeutic modalities such as chemotherapy,
targeted therapy, anti-angiogenic therapy or
immunotherapy.

TABLE 4 | Approved combinatorial therapies of anti-angiogenic agents and immune checkpoint inhibitors.

Tumor Anti-PD1 Ab Anti-PDL1 Ab Anti-VEGF Ab Anti-angiogenic TKi Combination approval

LUAD — Atezolizumab Bevacizumab — +
HCC — Atezolizumab Bevacizumab — +
RCC Pembrolizumab — — Axitinib +

Nivolumab — — Axitinib +
— Avelumab — Cabozantinib +

Ab, antibody; HCC, hepatocellular carcinoma; LUAD, lung adenocarcinoma; RCC, renal cell carcinoma; TKi, tyrosine kinase inhibitor.

TABLE 5 | Targeted therapies of HIF in cancer.

Mechanism Target Agent Preclinical Clinical Tumor Type

HIFα RNA expression HIF1α Antisense + − Various
HIF2α sh-RNA + − Various
HIF1α ZnSO4 + − Melanoma

HIFα protein synthesis HIF1α Digoxin + − Various
HIF2α 2-ME + − Various

Topotecan + − Various
HIFα stabilization HIFα HSP-90 inhibitor + + BRC

mTOR Everolimus + + RCC
Temsirolimus + + BRC

Direct HIFα inhibitors HIF1α Acryflavine + − Various
YC-1 + − Various

HIF2α PT2385 + + Various
HIF2α MK6482 + + VHL syndrome related tumors

DNA binding HRE Echinomycin + − Various

BRC, breast cancer; HIF, hypoxia-inducible factor; HRE, HIF-responsive element; RCC, renal cell cancer; sh-RNA, short hairpin RNA; VHL, von-hippel lindau.
Grey shade: FDA approvals.
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METABOLIC THERAPY

During tumor progression, angiogenic and metabolic effects of
HIF activation are in a complex relation, and crosstalk among the
related signaling machineries can be important. Metabolic
adaptation can be observed in case tumor cells survive the
consequences of anti-angiogenetic or anti-HIF1α treatments.
This phenomenon can be illustrated with the example of
metabolic symbiosis and heterogeneity [95]. Tumor cells in the
tissue context, optimize and balance the utilization of the
available energy resources to maintain their continuous
proliferation even in stress conditions. In oxygenated
environment, tumorous or even normal cells can consume the
excreted metabolites of other cells located in the stroma. As an
example, lactate produced during “lactic glycolysis” of hypoxic or
pseudo-hypoxic cells can be utilized in this manner [37]
(Figure 6). Metabolic plasticity and tissue co-operation are
important factors of the tumor resistance to various therapies.
Metabolic adaptation also has a remarkable role in maintaining/
supporting the survival of the so-called cancer stem- or dormant
cells [96, 97].

All of these provide an opportunity for therapeutic
exploitation of targeting metabolic symbiosis, which can also
lead to the introduction of novel therapeutic options in anti-
angiogenic combination treatments. It was observed that the
activity pattern of mTOR shows intratumoral heterogeneity as
a consequence of anti-angiogenic therapies. This finding calls the
attention to the master regulatory role of mTOR kinase in
developing therapy resistance [98]. Several clinical trials of
renal carcinoma, glioma, neuroendocrine and gastrointestinal
cancers are ongoing, involving mTOR inhibitors in

combination with anti-angiogenic treatments, however, the
results may vary between tumor types [99–102]. Beside mTOR
inhibitors, additional opportunities can be found for the
inhibition of metabolic adaptation and symbiosis. The uptake
and the release of extracellular metabolites and their transporters
can also be inhibited in these metabolic alterations. Moreover,
various metabolite transporter proteins–involving
monocarboxylate transporters (MCTs), which contribute to
lactate transport–can also be tested as a part of anti-
angiogenic treatment combination [38, 39, 103, 104].

Autophagy can be induced by certain treatments or
microevironmental effects in relation to metabolic adaptation
and resistance [45]. It can either result in apoptosis of cancer cells
or provide appropriate bioenergetic background for cellular
survival. Autophagy activation can be observed in case of anti-
angiogenic therapies. It is not surprising that autophagy
inhibiting/inducing factors could be associated with anti-tumor
effects in certain combinational treatments. Autophagy-targeted
therapies and the combinatorial effect of anti-angiogenic
treatments were confirmed among experimental conditions e.g.
in lung carcinomas [105].

As a further metabolic mechanism, mitochondrial oxidation
cannot be neglected as a potential therapeutic target (i.e.
metabolic phenotype of cancer stem cells or tumor cells in an
oxygenized environment). The anti-diabetic drug, complex I
inhibitor (OXPHOS) metformin and phenformin (AMPK
activator) can inhibit mitochondrial electron transport chain.
Based on certain studies, their combination with chemotherapy
could be effective, but it could significantly enhance the effect of
anti-angiogenic therapy (bevacizumab) without increasing the
severity of side effects (e.g. in metastatic NSCLC) [105–107].

FIGURE 6 | Metabolic symbiosis–optimizing the available energy sources. Tumorous and other non-tumorous cells derived from microenvironment utilize the
nutrients in harmony with the oxygen concentration (via the regulating role of HIF1α). Accordingly, not only the glycolysis, but also the reverse Warburg effect–in a well-
oxygenated environment–provide adaptation capacity/opportunity for cancerous cells.
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Other studies also call the attention to metabolism-targeting
agents in combinations, which highlights that these could
potentially enhance the impact of sensitizing strategies and
accordingly, mTOR inhibitors could inhibit tumor progression
as having a complex modifying role on metabolism [108–113].

Treatments (including anti-angiogenic ones) targeting
metabolic adaptation mechanisms and influencing metabolic
symbiosis administered in combination could cause metabolic
catastrophe in cancer tissue adaptation machinery. These could
also help the development of traditional targeted or anti-
angiogenic therapy combinations. However, tumor
heterogeneity, similarly to immunoediting mechanisms, always
has to be considered in experimental model systems [114, 115].
Significant differences could be obtained by studying in vitro and
in vivo models or clinical tumor specimens. Therefore, the
administration of metabolic inhibitors has to be verified a
priori of clinical trials, and appropriate biomarkers have to be
discovered to use them in a “targeted” or precision manner.

CONCLUSION

Our knowledge in the past decades enormously increased abut
the mechanism and detriemental consequences of tumor
hypoxia. Fortunately, these information led to development

several new therapeutic modalities and started to transform
the use of existing therapies. However, the tumor hypoxia
issue must be developed into a core aspect of cancer
management from diagnosis through treatment to
effective cure.
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Cell Cycle Regulatory Protein
Expression in Multinucleated Giant
Cells of Giant Cell Tumor of Bone: do
They Proliferate?
Mate E. Maros1,2,3, Peter Balla1, Tamas Micsik1, Zoltan Sapi1, Miklos Szendroi 4,
Holger Wenz3, Christoph Groden3, Ramses G. Forsyth5, Piero Picci6 and Tibor Krenacs1*

11st Department of Pathology and Experimental Cancer Research, Semmelweis University, Budapest, Hungary, 2Department of
Biomedical Informatics at the Center for Preventive Medicine and Digital Health, Mannheim, Germany, 3Department of
Neuroradiology, Medical Faculty Mannheim, University of Heidelberg, Mannheim, Germany, 4Department of Orthopedics,
Semmelweis University, Budapest, Hungary, 5Department of Anatomic Pathology and Experimental Pathology, University
Ziekenhuis, Brussels, Belgium, 6Laboratory of Experimental Oncology, Istituto Ortopedico Rizzoli, Bologna, Italy

Cells of the monocyte macrophage lineage form multinucleated giant cells (GCs) by fusion,
which may express some cell cycle markers. By using a comprehensive marker set, here
we looked for potential replication activities in GCs, and investigated whether these have
diagnostic or clinical relevance in giant cell tumor of bone (GCTB). GC rich regions of 10
primary and 10 first recurrence GCTB cases were tested using immunohistochemistry in
tissue microarrays. The nuclear positivity rate of the general proliferation marker, replication
licensing, G1/S-phase, S/G2/M-phase, mitosis promoter, and cyclin dependent kinase
(CDK) inhibitor reactions was analyzed in GCs. Concerning Ki67, moderate SP6 reaction
was seen in many GC nuclei, while B56 andMib1 positivity was rare, but the latter could be
linked to more aggressive (p � 0.012) phenotype. Regular MCM6 reaction, as opposed to
uncommon MCM2, suggested an initial DNA unwinding. Early replication course in GCs
was also supported by widely detecting CDK4 and cyclin E, for the first time, and
confirming cyclin D1 upregulation. However, post-G1-phase markers CDK2, cyclin A,
geminin, topoisomerase-2a, aurora kinase A, and phospho-histone H3 were rare or
missing. These were likely silenced by upregulated CDK inhibitors p15INK4b, p16INK4a,
p27KIP1, p53 through its effector p21WAF1 and possibly cyclin G1, consistent with the
prevention of DNA replication. In conclusion, the upregulation of known and several novel
cell cycle progressionmarkers detected here clearly verify early replication activities in GCs,
which are controlled by cell cycle arresting CDK inhibitors at G1 phase, and support the
functional maturation of GCs in GCTB.

Keywords: giant cell tumor of bone, giant cells, Ki-67, cyclin D1, p53, p21 (CDKN1A) WAF1, cyclin G1

INTRODUCTION

There are two major ways of forming multinucleate giant cells i.e. acytokinetic cell division and cell
fusion [1]. Proliferating neoplastic cells, e.g. Reed-Sternberg cells in Hodgkin’s lymphoma or
multinucleated tumor cells in soft tissue, e.g. myxofibro- and osteosarcomas are resulted from
incomplete cell division as a result of their cytoskeleton vulnerability e.g. of the contractile ring [2].
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On the contrary, inflammatory multinucleated giant cells (GC),
such as osteoclast-type giant cells, Langhans-type granuloma
giant cells and foreign body giant cells are formed by fusion of
cells of the monocyte-macrophage lineage [3].

By testing the expression of cell cycle phase progression
associated markers in the mononuclear cells of GCTB, we
recently showed that cases with elevated post-G1-phase cell
fraction, indicating accelerated cell cycle progression, may
predict shorter progression free survival (PFS) [4]. We also
recognized that GC nuclei may show diverse proportion of
immunoreactions not only for the earlier detected cyclin D and
p21WAF1 [5, 6], and cell cycle control proteins, but also for some cell
cycle licensing and promoter markers, which had not been noticed
before, despite GCs are considered to be of reactive, osteoclastic
phenotype [7]. Therefore, here we studied the expression of a
comprehensive set of cell cycle regulatory proteins to see if GCs in
GCTB are still show replicative activity and if it has a clinico-
pathological relevance.

GCTB is an osteolytic, locally destructive bone lesion,which, besides
GCs, is made up mainly of mononuclear monocytic cells which
act as precursors for GCs, and of neoplastic stromal cells
(Figure 1). The proliferating, neoplastic stromal cells,
generally carrying H3F3A G34W mutation [8], are the

major drivers of osteoclastogenesis and pathological bone
resorption [9, 10]. They produce canonical (RANKL/
M-CSF) and non-canonical (e.g., LIGHT, TNFα, IL-6 or
vascular endothelial growth factor–VEGF) growth factors
and hypoxia inducible factors 1α and 2α [14], which can
either directly or through autocrine activation promote
osteoclastogenesis and osteolysis [11, 12]. We have shown
earlier that besides the replication activity of neoplastic
stromal cells, their elevated epidermal growth factor
receptor (EGFR) signaling and deregulated gap junction
connexin43 expression and channel functions, can
contribute to GCTB progression, mediated by GCs [4, 13, 14].

In the present study, we tested the expression of cell cycle
regulatory proteins in GC nuclei, including 3 clones for the general
proliferation marker Ki67; the DNA replication licensing factors
MCM2 and MCM6; the G1-S phase marker cyclin D1 and its
complexing partner CDK4/6; the early (CDK2 and cyclin A) and
late (topoisomerase 2–TOP2) post-G1 phase markers; and the G2-
M-phase markers (aurora kinase A–AURKA, and phospho-
histone-H3–pHH3) [15]. Furthermore, the DNA replication
inhibitor geminin, the cyclin dependent kinase inhibitors
p15INK4b, p16INK4a, p21WAF1 and p27KIP1; as well as the
oncosuppressor retinoblastoma and p53 [16], and the unpaired

FIGURE 1 | The main cell components of giant cell tumor of bone. (A)Multinucleated giant cells (GCs) of different sizes are intermingled with mononuclear and red
blood cells (hematoxylin-eosin staining, (H&E). (B) GCs and their monocytic precursors are positive for CD11c. (C) Neoplastic stromal cells can be positive for smooth
muscle actin (SMA). (D) Histiocytes and monocytic GC precursors but not GCs express CD163 scavenger receptor. Arrows show immunopositive cells intimate
association with GCs. DAB (brown) immunoperoxidase reactions (B–D). Scale bar: 50 μm for all images.
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cyclin G1 [17, 18] proteins were also examined. We aimed to
profile cell cycle activity in GCs and see if it is different between
primary and recurrent GCTB.

MATERIALS AND METHODS

Study Cohort
This study was performed on immunostained 2 mm diameter, 70
sample tissue microarray (TMA) sections of formalin-fixed and
paraffin-embedded samples of GCTB cases, which were
diagnosed between 1994–2005 at the Institute of Rizzoli,
Bologna (IOR), Italy (ethical approval: IOR 13351/5-28-2008
and Semmelweis University: 87/2007) [9,10]. A stratified
random sample of 10 primary tumors (P) and 10 first
recurrences (1-Rec) were selected from our previously
published single-center retrospective study [9]. The
clinicopathological characteristics of the selected cohort are
presented in Table 1. Briefly, of the 20 patients, 12
progression events were registered (60%) during follow-up.
During the study period 12 progression events were registered.
Eight-eight patients (40%) were continuously disease free or had
local recurrences respectively, 2 (10%) were alive with disease at
last follow-up while malignant transformation and stroke both
with consecutive fatal outcomes occurred in 1-1 patients (5%).

Immunohistochemistry
Following routine dewaxing, the antigen retrieval of TMA
sections was done in an electric pressure cooker (Avair,
Bitalon, Pecs, Hungary) using 0.01 M Tris–0.1 M EDTA (TE)
at ∼105°C for 30 min. Mouse or rabbit monoclonal primary
antibody clones, or rabbit polyclonal immunoglobulins were

incubated overnight (16 h) at room temperature. These
included anti-Ki67 Mib1 (1:100; Dako, Glostrup, Denmark),
B56 (1:100; Histopathology, Pecs, Hungary), SP6 (1:600); anti-
MCM2 (CRCT2.1, 1:200) and -MCM6 (1:600, PA5-79649); anti-
cyclin D1 (SP4, 1:200), -CDK2 (1:300, 2B6), -CDK4 (1:300,
DCS31 + 35), -cyclin E (13A3, 1:20), -cyclin G (11C8, 1:100),
-cyclin A (6E6, 1:500), -topoisomerase 2 (Ki-S1, 1:200), -aurora
kinase A (1G4, 1:80; Cell Signaling, Danvers, MA, United States),
-pHH3Ser10 (K872.3, 1:100); -p53 (DO7, 1:100), -retinoblastoma
(1F8, 1:100), -p15INK4b (15P06, 1:200), -p16INK4a (JC8, 1:200),
-p21WAF1 (SX118, 1:100), and -geminin (EM6, 1:150; Leica-
NovoCastra, Newcastle Upon-Tyne, United Kingdom), -p53
(DO7, 1:200, Leica-NovoCastra; and BP53–12, 1:100), and
-retinoblastoma (51B7, 1:100) immunoglobulins (IgGs). Except
where otherwise indicated, all antibodies were from Thermo-
Fisher LabVision (Fremount, CA, United States). Then, the
NovoLink polymer peroxidase kit (Leica-NovoCastra) was
used as a detection system for 60 min. Immunoreactions were
revealed by using DAB Quatro kit (Thermo-Fisher) for 3–5 min
under microscopic control and the sections were coverslip
mounted after hematoxylin nuclear conterstaining. For double
immunofluorescence (C) mouse Ki67 (Mib1, green) and rabbit
cyclin D1 (SP4, red) antibodies, were detected simultaneously
using Alexa Fluor 488 goat anti-mouse IgG (1:200, green; code:
A11001), Alexa Fluor 564 goat anti-rabbit IgG (1:200, red; code:
A11035). The immunostained TMA sections were digitalized
with the Pannoramic® Scan II System and analyzed using its
CaseViewer software (3DHISTECH, Budapest, Hungary).

Evaluation of the Immunoreactions
After setting up and agreeing on the evaluation criteria with the
project leader (TK), systematic assessment was done by an
independent assessor (MEM) blinded to all clinical- and other
cell cycle marker expression data in three different osteoclast/
giant cell rich high-power fields (HPF; 80x) in each case (overall
∼1000 regions of interest) [4]. All nuclear positivity, which was
obvious compared to adjacent negative cells showing only
hematoxylin staining, was counted. Additional cytoplasmic
staining was considered only for p16INK4a on a four-grade
Likert scale (0-negative, 1-weak, 2-moderate, 3-strong). The
number of GCs (NGC), GC nuclei (NGC_nuclei) and respective
cell cycle marker positive GC nuclei (NGC_nuclei+) were recorded
and averaged for each case. To robustly estimate NGC and
NGC_nuclei in a surgical specimen, their values were averaged
over all tested cell cycle markers for each case, respectively. As
NGC_nuclei+ values are dependent on multiple factors e.g. the
position of the TMA core within the specimen, NGC and
properties of the CC marker, their absolute values showed
substantial variances and were not necessarily comparable
across different immunostainings. Therefore, we normalized
these values by calculating their ratio for each staining
(NGC_nuclei+/NGC_nuclei) to allow for more stable and direct
comparisons across cell cycle markers.

Statistical Analyses
All analyses were performed with the R statistics program
(v.3.6.3, R Core Team 2020, Vienna Austria; RStudio IDE v.

TABLE 1 | Clinicopathological features of the study cohort.

Number of patients 20

Number of surgical cases 20
Progression groups Nr. Enneking’s/Campanacci’s grade
Primary 10 L 3 A 5 Ag 2
1st recurrent cases 10 L 2 A 4 Ag 4
Median age (at case diagnosis) 30.8 years (range: 13.7–75.6 years)
Sex (female, %) 13 (65)
Sex ratio 0.54:1 (m/f) or 1:1.85 (f/m)
Survival
Median recurrence survival 58.1 months (range:5.5–159.5, IQR:

18.9–79.2)
Number of progression events 12
Localization Total (%)
Upper limb 5 (25)
Lower limb 13 (65)
Central (Sacrum + Spine or Pelvis) 2 (10)
Treatment types Total (%)
Curettage 12 (60)
Resection or Amputation or

Excision
6 (30)

Radiotherapy 2 (10)

GCTB, giant cell tumor of bone; L, latent; A, active; Ag, aggressive; LQ/UQ, lower/upper
quartile
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1.2.5033, Boston, MA, United States). Non-normally distributed
variables were displayed as median, range and interquartile range
(IQR). Categorical variables were reported as proportions. The
Jonckheere–Terpstra test was used to investigate the overall
difference between Enneking’s/Campanacci’s grading (i.e.
latent, active and aggressive), GC count and GC nuclear
positivity. We used the nonparametric Wilcoxon-Mann-
Whitney U test for two samples comparing the mean rank of
NGC, NGC_nuclei, and NGC_nuclei+ as well as their ratios between
primary and recurrent samples [19]. Uni- and multivariate Cox
proportional hazards models of time-to-first-event analyses were
performed to explore possible associations between NGC_nuclei+

and progression free survival (PFS) [4]. Figures were generated
with the ggplot2 library using colorblind-friendly palettes.
p-values were adjusted for multiple testing to counteract type
1 error inflation using the conservative Bonferroni correction.
Adjusted p-values (p*) <0.05 were considered significant.

RESULTS

General Proliferation Markers in Giant Cells
Based on the potential importance of GC functions in GCTB
progression, which may be linked to proliferation, first we
counted the number and nuclear density of GCs. Though,
neither the overall average GC number (NGC; W � 59, p �
0.53) nor the average number of GC nuclei (NGC_nuclei; W �

49, p � 0.97) showed statistical difference between P and 1-Rec
GCTB cases, there was a trend of inverse relationship between the
radiological grade (latent: L; active: A; aggressive: Ag) of GCTB
and the overall average NGC (WL_vs_Ag � 30, pL_vs_Ag � 0.065;
WA_vs_Ag � 37, pA_vs_Ag � 0.11) and NGC_nuclei (WL_vs_A � 29,
pL_vs_A � 0.093). The distribution of the ratio of cell cycle marker
positive GC nuclei in primary and 1-Rec GCTB cases is
summarized in Table 2.

Of the 3 clones for the general proliferation marker protein
Ki67, both mouse monoclonals (Mib1 and B56) showed occasional
positive reaction in a few GC nuclei (Figure 2A,B). Interestingly,
weak to moderate Mib1 reaction generally appeared also in the
cytoplasm of GCs. Unexpectedly, the rabbit monoclonal SP6 reacted
in many GC nuclei, however, weaker than in the adjacent
proliferating mononuclear cells (Figure 2C). Of note, strong SP6
nuclear staining in GCs was at similar frequency as with Mib1 or
B56. Of the replication licensing complex proteins, MCM2 was
detected also only occasionally in a few GC nuclei (Figure 2D), as
opposed toMCM6which was seen frequently, but also weaker in the
large (>40 nuclei) GCs, than in the small (<10–15 nuclei) ones or in
the mononuclear cells (Figure 2E). Though Mib1 positive nuclei in
GCs were markedly higher (W � 17, p � 0.012) in 1-Rec than in P
cases (Figure 2F), it did not reach significance after adjusting for
multiple testing (p* � 0.0036). Also, neither B56 (p � 0.32) and SP6
(p � 1.0) Ki67 clones, nor MCM2 (p � 0.52) and MCM6 (p � 0.15)
positive GC nuclei showed statistically different frequency between P
and 1-Rec cases (see also in Table 2).

TABLE 2 | Ratios of cell cycle marker positive GC nuclei in primary and first recurrent GCTB.

Type of
material

Marker Ratio of positive GC nuclei Statistic
(W)

p p*Bonferroni
(n = 14)

padj

Median IQR min Max

P CDK2 0.031 0.055 0 0.111 72 0.10 0.0036 n.s.
1-Rec CDK2 0.004 0.012 0 0.078
P CDK4 0.325 0.642 0 0.95 28 0.72 0.0036 n.s.
1-Rec CDK4 0.412 0.193 0.043 0.826
P Cyclin A 0 0 0 0 40 0.17 0.0036 n.s.
1-Rec Cyclin A 0 0 0 0.006
P Cyclin D1 0.941 0.13 0.694 0.994 66 0.25 0.0036 n.s.
1-Rec Cyclin D1 0.874 0.152 0.462 0.981
P Cyclin G1 1 0.018 0.868 1 21 0.091 0.0036 n.s.
1-Rec Cyclin G1 0.956 0.053 0.333 0.967
P Geminin 0 0 0 0.005 3 0.045 0.0036 n.s
1-Rec Geminin 0.015 0.017 0 0.061
P Ki67 B56 0.027 0.045 0 0.096 22 0.32 0.0036 n.s.
1-Rec Ki67 B56 0.047 0.017 0.007 0.118
P Ki67 Mib1 0 0.012 0 0.048 17 0.012 0.0036 n.s.
1-Rec Ki67 Mib1 0.034 0.039 0 0.172
P Ki67 SP6 0.955 0.054 0 1 13 1 0.0036 n.s.
1-Rec Ki67 SP6 0.75 0.958 0.012 1
P MCM2 0.021 0.072 0 0.118 13.5 0.52 0.0036 n.s.
1-Rec MCM2 0.051 0.158 0 0.225
P MCM6 0.5 0.544 0.174 1 20 0.15 0.0036 n.s.
1-Rec MCM6 0.209 0.265 0.061 0.438
P p15INK4b 0.773 0.162 0.447 0.967 13 1 0.0036 n.s
1-Rec p15INK4b 0.884 0.942 0 1
P p16INK4a 0.032 0.045 0 0.233 10 0.69 0.0036 n.s.
1-Rec p16 INK4a 0.026 0.312 0.009 1
P p21WAF1 0.818 0.162 0.264 1 32 0.31 0.0036 n.s.
1-Rec p21WAF1 0.902 0.082 0.392 1

Bold p-values for geminin and Ki67 Mib1 indicate non-adjusted statistical significance.
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G1/S-phase Progression Markers in Giant
Cells
Concerning early G1-S phase regulation associatedmarkers, weak
to moderate cyclin dependent kinase 4/6 (CDK4/6) reactions
were seen in around half of the GC nuclei (Figure 3A), while the
vast majority of their nuclei showed moderate to strong reaction
with the complexing partner cyclin D1 (Figure 3B). The intensity
of the reactions and the rate of positive nuclei for cyclin D1
showed inverse relationship with the size and nuclear density of
GCs (Figure 3C). Compared to CDK4/6, much less CDK2 positive
nuclei were seen in GCs (Figure 3D). However, its complexing
partner cyclin E, though it was not systematically counted, was
widely detected in GC nuclei as a moderate reaction (Figure 3E), so
as cyclin G1 (Figure 3F). Though average frequency of cyclin G1 in
GCs showed a non-significant trend (W � 21. p � 0.091) toward P
cases, CDK4 (W � 28, p � 0.72), cyclin D1 (W � 66, p � 0.25) and
CDK2 (W � 72, p � 0.10) values did not differ statistically between
primary and 1-Rec cases (Figure 3G).

Post G1-phase Markers and Cell Cycle
Inhibitors in Giant Cells
Cyclin A, the S-G2-M transition partner of CDK2, was practically
not detected (Figure 4A) in GCs, while the cell cycle repressor
geminin (Figure 4B) only at very low frequency, although it
appeared more often in 1-Rec cases (W � 3, p � 0.045/n.s.).

Topoisomerase 2a (Figure 4C), responsible for genome
organization in S-phase and chromatid segregation in mitosis,
was not detected. Also, as expected from these, both the G2-M
phase associated aurora kinase A and pHH3 (the latter primarily
labels metaphase cells), were missing from GCs. The latter was
also very rare even in the mononuclear cell fraction. Boxplots of
quantitative analyses for some of these markers are shown in
(Figure 4D).

In line with these, all CDK inhibitors tested including
p15INK4b, p16INK4a, p21WAF1 and p27KIP1 were detected widely
in GC nuclei (Figures 5A–D). p16INK4a showed the least nuclear
positivity but showed widespread cytoplasmic reaction, while
p21WAF1 was strongly detected practically in most GC nuclei.
Fitting into this pattern, the majority of GC nuclei were
immunopositive over a wide range of intensities when using
either the DO7 (Figure 5E) or BP53–12 antibody clones (not
shown) specific for the p53; or when retinoblastoma antibody was
used (Figure 5F). However, none of the systematically analyzed
CDK inhibitors including p15INK4b (W � 13, p � 1.0), p16INK4a

(W � 10, p � 0.69) and p21WAF1 (W � 32, p � 0.31) showed
differential expression between primary and 1-Rec samples
(Figures 5G,H).

Explorative Survival Analyses
Explorative univariate Cox proportional hazards analyses
revealed that the increased average number of Ki67 Mib1
positive GC nuclei (HR � 1.1, 95% CI: 1–1.2, pnon-adj � 0.041)

FIGURE 2 | Expression of “general” proliferationmarkers i.e. Ki67 (A–C) andMCM-complex proteins (D–E) in multinucleated GCs. Mib1 (A) and B56 (B) antibodies
showed occasional nuclear immunoreactions (arrows), while the SP6 clone resulted in usually weaker, but a widespread Ki67 positivity in GCs. Cytoplasmic Mib1
positivity in GCs was validated by negativity in several mononuclear cells. MCM2 reaction (arrows) was also rare in GCs (D), while that of MCM6 was rather frequent (E)
and obviously more pronounced in smaller (arrowhead), than larger GCs (asterisk). Scale bar represents 40 μmon A, 50 μmon (B,C,E), and 30 μmon (D). Boxplot
of the ratio of immunopositive GC nuclei vs. all GC nuclei (F) in primary (P) and first recurrent (1-Rec) GCTB cases.
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was significantly associated with shorter PFS while no other
marker showed relevant associations with PFS.

DISCUSSION

In GCTB, GCs need continuous supply of precursors to fuse,
progressively form and resorb bone. They are under the influence
of growth factors including receptor activator for NFκB ligand
(RANKL) and macrophage colony stimulating factor (M-CSF)
and their substitutes e.g. interleukins 6, 11 and 8, and TNFα; as
well as VEGF, placental growth factor (PlGF), hepatocyte growth
factor (HGF) and FLt-3 ligand, respectively, some of which can
induce proliferation [11, 20, 21]. Earlier studies by others showed
the widespread expression of cyclin D1 [5, 6, 22–24] cyclin D3 [5]
and p21WAF1 [6], less p16 and scarce Ki67 [22] in GCs. Still, these
data were insufficient to declare replication activity in GCs. In our
present work, in addition to confirming previous observations, we
revealed further cell cycle promoters, which can verify [23] an
early cell cycle course in GCs. However, the effect of the generally
detected cell cycle licensing MCM6, and the cell cycle promoters
CDK4 and cyclin E, are likely neutralized in GCs by the
upregulation CDK inhibitors p15INK4b, p16INK4a, p27KIP1 and
the p53 induced p21WAF1, consistent with a cell cycle arrest at the
late G1 phase. The potential emergence and links among the
markers of this study during the cell cycle are drafted in Figure 6.

The general proliferation marker Ki67, which has been
involved in heterochromatin organization, the inhibition of
p21-mediated G1/S-phase checkpoint activation and in the
formation of mitotic perichromosomal protein sheet, can be
detected throughout the replication cycle [25]. So far, only one
study reported a weak Ki67Mib1 staining in <5% of GCs in only 3
out of 29 (10%) GCTB samples. Of the 3 Ki67 clones we
investigated in GCs, both Mib1 and B56 showed a low ratio of
nuclear positivity (<10%) while SP6 demonstrated a wide range
with >75% median. The specificity of the moderate intensity SP6
reaction in GCs was validated by the clear negativity of some
adjacent mononuclear cells. Though Ki67 expression peaks at G2/
M-phases, the protein is only gradually eliminated from newly
divided cells, therefore, its amount may also reflect the time the
cell spent in quiescence [26]. Accordingly, the markedly higher
ratio of positive GC nuclei in 1-Rec vs. primary cases, and its
association with shorter PFS in our explorative survival analysis
may also indicate accelerated dynamics of GC formation in the
advanced cases. The cytoplasmic Mib1 staining in GCs shown
also by others [27] is likely to be related to its metabolic
elimination by the ubiquitin proteasome system [28]. The
differential occurrence of the Ki67 clones can be partly related
to the slower degradation of the epitope region recognized by SP6
compared to the others. However, further signs in this study
suggested that this may also be linked with an initial replication
activity.

FIGURE 3 | Expression of early G1-S-phase promoting cell cycle markers in giant cells (GC). Many nuclei were positive for the CDK 4/6 (A) and almost all were
strongly stained for its complexing partner cyclin D1 (B). Double immunofluorescence (C) for Ki67 (Mib1, green) and cyclin D1 (SP4, red) showed strong cyclin D1
positivity in smaller GCs (white arrow) but only very faint andmissing reaction in a large, aged GC (within white broken line). CDK2 (D)was rarely detected in GCs (arrows),
as opposed to the widespread expression of cyclin E (E) and cyclin G1 (F). Scale bar: 40 μm for (A,C,D); and 50 μm for (B,E,F) images. Boxplots of the ratio of
immunopositive GC nuclei vs. all GC nuclei (G) for some of these markers in primary (P) and first recurrence (1-Rec) GCTB.
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Members of the MCM2-7 helicase complex, which can also be
detected all over the cycle, unwind double-stranded DNA and
allow the controlled licensing of DNA for duplication [16].
However, while MCM6 complexed with MCM4 and MCM7 is
involved in relaxing DNA to single strands, the MCM2 subunit
(MCM3, and MCM5 too), has potential inhibitory role on this
function [29]. Our widespread detection ofMCM6withmoderate
intensity but only occasional occurrence of MCM2 in GC nuclei,
may reflect the initiation of DNA unwinding in GCs.

Cyclin-dependent serine/threonine kinases complex with their
regulatory subunit cyclins to phosphorylate retinoblastoma and
promote the transition of different phases during cell cycle
progression [30]. Here, we revealed the widespread emergence
not only of the previously detected cyclin D1 [5, 6], but also its
partner CDK4 in the earliest G1-S phase promoter complex. This
complex not only can inactivate retinoblastoma but also support
the activation of the next G1-S-phase promoter cyclin E-CDK2
complex through reducing mitochondrial metabolism to prevent
cyclin E degradation [31]. In agreement with this, we regularly
detected cyclin E in GCs, however, only very rarely found its
complexing partner CDK2 in GC nuclei, indicating a late G1-
phase arrested cell cycle. At the same time, cyclin D1-CDK4/6

complex can also support cell growth e.g. through mTORC1
activation [32], and high cyclin D1 levels can assist in metabolic
substrate utilization toward mitochondrial amino acid
production [31], which propose a role for cyclin D1 also in
GC growth and differentiation. Furthermore, cyclin D1
overexpression in GCs may also be required for
multinucleation [5], as it enhanced the number of nuclei e.g.
in cardiomyocytes [33] and was detected primarily in giant
trophoblasts rather than in diploid ones [34].

In agreement with earlier studies, in GCs we also revealed the
widespread expression of p21WAF1, the universal CDK inhibitor
[35]. However, despite p21WAF1 is considered to block cyclin D1-
CDK4/6 complex and CDK2 activities, paradoxically it may also
be important for CDK4/6 complex assembly [36] and for the
nuclear export of cyclin D1 [37, 38]. These might explain our
frequent detection of CDK4 but not the CDK2, and the high levels
of the CDK4 partner cyclin D1 in GC nuclei. P21WAF1 is an
important effector of the cell cycle control functions of p53 [39].
Before us, p53 expression had been noticed only incidentally in
one publication [40]. Here, we detected p53 in the majority of
GC nuclei using 2 different antibody clones (DO7 and BP53–12
respectively) to give, for the first time, clear evidence that GCs

FIGURE 4 | Expression of post-G1 (S-G2-M)-phase cell cycle markers in GC. Cyclin A (A), geminin (B), and topoisomerase-2a (C)were practically detected only in
the mononuclear cells. Arrows show immunopositive mononuclear cells of close association with multinucleated GCs. Scale bar: 30 μm for all images. Very rare geminin
positive cells were somewhat more frequent in agressive grade tumors vs. the other groups ((D), boxlot).
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upregulate this important “guardian” of the genome.
Cytoskeletal stress, which may occur during multinucleation
in GCs, can induce p53 upregulation and activate p21WAF1 for

blocking S-phase entry at G1-checkpoint [39]. The p53-
dependent G1 arrest of multinucleated tetraploid cells has
been previously described [41] and p53 activity with the

FIGURE 5 |Widespread nuclear immunoreactions for the cell cycle control inhibitor markers p15INK4b (A), p16INK4a (B, where cytoplasmic reaction was frequent),
p21WAF1, (C), p27KIP1 (D), p53 (DO7, E), and retinoblastoma (F) proteins in multinucleated giant cell nuclei. Scale bar represents 40 μm on (A), 50 μm on (B–E), and
30 μm on (F). Boxplots of the ratio of immunopositive GC nuclei vs. all GC nuclei for some of these markers (G); and for the cytoplasmic p16INK4a reaction (H) in primary
(P) and first recurrence (1-Rec) GCTBs.

FIGURE 6 |Draft on the emergence and potential role of regulatory proteins during the cell cycle. Arrows indicate activating functions while “T” signs show inhibitory
functions. Markers in green can be detected throughout the cycle, those in blue support, while those in red inhibit cell cycle progression; red letters with blue shadow at
cyclin G1 indicate binary functions; and the markers in yellow are important but not tested in this study. In GCTB giant cells, the markers that are framed in black were
widely detected, those underlined with continuous line were occasionally found, those underlined using broken lines are found very rarely, while those which are not
labeled either of these ways, were practically not detected within GCs. Colored ribbons show the rough expression duration of the matching-colored cyclin-cyclin
dependent kinase complexes.
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contribution of p21WAF1 can also drive this process even further
to result in cellular senescence [42]. We also noticed the general
upregulation of p27KIP1 in GCs, which in normal cells is
primarily linked to controlling the cell cycle through
inhibiting both cyclin E-CDK2 and cyclin D1-CDK4/6
activities [43]. Both p21WAF1 and p27KIP1 play essential roles
also in GC functions as shown by the osteopetrotic phenotype in
mice with deleted genes encoding these proteins [44]. In GCTB,
arresting of the potential cell cycle activities and inducing
senescence are required for GC maturation involving the
production of key proteases cathepsin K and MMP-9 for
pathological bone resorption [45].

As a p53 target, cyclin G1 has been involved in both
supporting cell cycle arrest and in driving the S-G2-M-
transition [17]. As a supposed oncogene cyclin G1 may
activate the MDM2 oncoprotein by recruiting Ser/Thr protein
phosphatase 2A (PP2A), which dephosphorylates MDM2 to
inhibit and degrade p53 [17, 18, 46]. We detected cyclin G1 in
most GC nuclei with a non-significant trend toward higher values
in primary vs. 1-Rec GCTB cases. This may rather support its role
in cell cycle arrest than as a promoter of replication in GCs which
are reactive, non-malignant cells. However, it is also possible, that
cyclin G1 upregulation is a rebound effect to control p53
overexpression and prevent apoptosis induction [17, 18, 46].
The permanently elevated cyclin D1 levels in functionally
active GCs, but its disappearance from oversized (>40 nuclei),
aged GCs may also be consistent with the protective function of
cyclin D1 [17, 46].

Besides p21WAF1 and p27KIP1, the upregulation of other CDK
inhibitors, particularly targeting CDK4 and CDK6 proteins
including p15INK4b and p16INK4a, further support the cell
cycle related activity in GCs [47]. Both p15INK4b and
p16INK4a are also likely to contribute to G1-phase cell cycle
arrest [48, 49], while p16INK4a may also be linked to cellular
senescence induction supporting either the full functional
differentiation or the aged-cell decay in GCs [50]. Cell cycle
arrest by CDK inhibitors was also reflected by retinoblastoma
upregulation in GCs. In line with these findings, practically
none of the S-G2-M phase markers including cyclin A, the later
complexing partner of CDK2, the cell cycle repressor geminin,
the G2-M phase transition associated cyclin B, or the M-phase
related AURKA and pHH3 were detected within GCs [16]. This
pattern is consistent with the full functional maturation of GCs.
The S-G2 phase marker positive mononuclear cells which had
no discernible cytoplasmic boarders with GCs, were likely to be
monocytes close to or within the fusion process (Figures 4A,B).
In support of this, a subpopulation of CD14+/CD33 +
monocytes was shown to proliferate in response to M-CSF
and form pre-osteoclasts when primed with RANKL [51].
Then pre-osteoclasts loose CD33 expression and fuse with
more monocytic cells [52] and the proliferating monocytes
form significantly more GCs than the rest of the monocytic
pool [51].

Despite silenced, the early signs of replication proved here,
may reflect the generation dynamics and age-related activity of
GCs. In vitro data confirm an inverse correlation between GC
size and resorption activity at mild acidic conditions [53]. This

is in line with data showing elevated recurrence potential in
GCTB cases, which dominantly contain GCs of <15 nuclei
compared to those carrying larger ones [18]. In the present
study, the average size and nuclear density of GCs also
revealed an inverse trend with the clinicoradiological
grade of GCTB. Furthermore, the cyclin D1 and MCM6
reactions in GCs were obviously stronger and more
frequent in small sized (∼<15 nuclei) than in larger GCs,
particularly when nuclear numbers were ∼>40. These are
also in agreement with our earlier finding of the significantly
lower average size of GCs in recurrent GCTB cases where the
growth related EGFR protein level was elevated in the
mononuclear stromal cells, the major drivers of GC
formation and activity [13]. All these support the view
that smaller sized GCs are the younger, dynamically
forming populations, which may show more signs of early
replication than the aged, functionally less active oversized
GCs (∼>40 nuclei).

Dissecting the replication cycle into major cells fractions
through the immunohistochemical detection of nuclear
proteins which regulate or control different phases of
replication, may allow accurate assessment of cell proliferation
dynamics in situ. Using a marker set, selected carefully from the
list we described here, can serve cell cycle analysis for diagnostic,
prognostic and predictive purposes in any pathological process
particularly in cancer.

CONCLUSION

Though multinucleated GCs in GCTB are thought to be of
reactive phenotype formed by fusion of cells of the monocyte
macrophage lineage, they had been occasionally shown to
express cell proliferation related markers. By using a
comprehensive marker set, here we revealed, for the first
time in GCs, the general upregulation of cell cycle promoting
markers MCM6, CDK4 and cyclin E, indicating primary
DNA unwinding and G1-S-phase promoting activities. We
also confirmed the earlier published widespread expression
of cyclin D1, which all, unequivocally demonstrated an early
replication activity in GCs. This, however, was silenced by
the widespread expression of CDK inhibitors p15INK4b,
p16INK4a, p27KIP1 and p53 induced p21WAF1 resulting in
cell cycle arrest at the G1 checkpoint, confirmed by the
missing production of post-G1-phase faction markers. The
complex interplay among these elements under the influence
of external growth and differentiation factors is required for
the functional maturation and bone resorbing activity of
GCs in GCTB.
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To elucidate cancer pathogenesis and its mechanisms at the molecular level, the collecting
and characterization of large individual patient tissue cohorts are required. Since most
pathology institutes routinely preserve biopsy tissues by standardized methods of formalin
fixation and paraffin embedment, these archived FFPE tissues are important collections of
pathology material that include patient metadata, such as medical history and treatments.
FFPE blocks can be stored under ambient conditions for decades, while retaining cellular
morphology, due to modifications induced by formalin. However, the effect of long-term
storage, at resource-limited institutions in developing countries, on extractable protein
quantity/quality has not yet been investigated. In addition, the optimal sample preparation
techniques required for accurate and reproducible results from label-free LC-MS/MS
analysis across block ages remains unclear. This study investigated protein extraction
efficiency of 1, 5, and 10-year old human colorectal carcinoma resection tissue and
assessed three different gel-free protein purification methods for label-free LC-MS/MS
analysis. A sample size of n � 17 patients per experimental group (with experiment power �
0.7 and α � 0.05, resulting in 70% confidence level) was selected. Data were evaluated in
terms of protein concentration extracted, peptide/protein identifications, method
reproducibility and efficiency, sample proteome integrity (due to storage time), as well
as protein/peptide distribution according to biological processes, cellular components,
and physicochemical properties. Data are available via ProteomeXchange with identifier
PXD017198. The results indicate that the amount of protein extracted is significantly
dependent on block age (p < 0.0001), with older blocks yielding less protein than newer
blocks. Detergent removal plates were the most efficient and overall reproducible protein
purification method with regard to number of peptide and protein identifications, followed
by the MagReSyn

®
SP3/HILIC method (with on-bead enzymatic digestion), and lastly the

acetone precipitation and formic acid resolubilization method. Overall, the results indicate
that long-term storage of FFPE tissues (as measured by methionine oxidation) does not
considerably interfere with retrospective proteomic analysis (p > 0.1). Block age mainly
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affects initial protein extraction yields and does not extensively impact on subsequent
label-free LC-MS/MS analysis results.

Keywords: formalin-fixed paraffin-embedded proteomics, acetone precipitation and formic acid resolubilization,
detergent removal plates, SP3/HILIC-on-bead-digestion, mass spectrometry, LC-MS/MS

INTRODUCTION

Tissues from biopsies, resections and/or surgery are routinely
taken from patients as a treatment option and/or to facilitate
more accurate diagnosis. The current universal tissue
preservation method of choice is formalin-fixation and
paraffin-embedment, to avoid tissue auto-proteolysis and
putrefaction, and to allow tissue specimens to be analyzed and
examined at a later stage [1–4]. Formalin-fixation is also
considered to be a superior preservative, since formaldehyde
quickly and easily penetrates and fixes tissues because of its
small molecular size, it causes minimal tissue shrinkage and
distortion, and produces exceptional staining results in
histopathology [4–6]. The formalin-fixed, paraffin-embedded
(FFPE) method of tissue preservation also allows for the
indefinite room temperature storage of FFPE blocks, thereby
removing much of the cost and difficulty associated with
fresh-cryopreserved tissue storage. The technique involves the
immersion and incubation of tissues in formaldehyde solution,
which is then replaced with alcohol (ethanol) in a dehydration
step. Dehydration of the sample is achieved by removing all the
water from the sample via ethanol incubation and subsequent
alcohol clearing with xylene incubation. The xylene is then
replaced by molten paraffin, which infiltrates the sample. The
final step involves paraffin-embedding and hardening of the
sample, which involves embedment of the specimen into
liquid embedding material such as wax. Samples are then
stored and archived for future use [1, 3, 4].

The protein profiling of FFPE tissues has immense potential
for biomarker discovery and validation. Tumor tissue represents
the ideal biological material for cancer proteomics studies and
biomarker discovery, since tumor-specific protein markers are
typically present at elevated concentrations in patient biopsy
tissue [4, 7]. Pathology institutes routinely process and store
patient biopsy and/or surgery tissue samples and therefore most
pathology archives consist of thousands of FFPE blocks, which
often comprise recent as well as decade-old blocks. These
repositories contain numerous varieties of patient tissue
specimens, including rare malignancies together with metadata
such as patient medical records, which contain information about
diagnosis, survival, and response to therapy. Due to this and the
fact that FFPE samples are easily stored and obtainable, many
recent proteomics, genomics and immunohistochemical studies
have focused on improving methods for analysis of FFPE tissue
[4, 8, 9]. However, the effect of long-term storage, at resource-
limited institutions in developing countries, on extractable
protein quantity/quality has not yet been investigated. In
addition, the optimal sample preparation techniques required
for accurate, reproducible results from label-free LC-MS/MS
analysis across block ages remains unclear.

[10] found no significant difference in protein identifications
from FFPE kidney tissue (normal and tumor) samples that were
stored up to 10 years. In addition, some top-down proteomic
studies have found no significant difference in protein yields
between younger and older FFPE blocks [11], whereas others
have found a significant decrease in protein yield as block age
increases [12, 13]. The main detrimental pre-analytical factor
appears to be tissue fixation time, with longer periods (>24 h)
leading to significant decreases in protein yield and number of
proteins identified via LC-MS/MS [13–15]. During the
completion of this study [16], published their work in which
they used tandem mass tag labeling and high pH fractionation to
evaluate the impact of storage time on FFPE ovarian
adenocarcinoma specimens (as old as 32 years) and found an
overall decline in identifiable peptides and phosphopeptides due
to the formalin fixation process but no further decline/
degradation due to storage duration. Even though the
aforementioned studies focused on storage duration/block age,
to our knowledge there is no evidence to demonstrate the
outcome of different protein purification techniques on older
samples. There remains a need to provide empirical evidence for
the impact of storage duration and conditions within the context
of a resource-limited environment, such as the Anatomical
Pathology department at Tygerberg Hospital (Western Cape,
South Africa).

Due to formalin-induced protein cross-linking, strong
detergents such as sodium dodecyl sulfate (SDS) are required
for total tissue solubilization and protein extraction from FFPE
tissues [17–19]. However, SDS binds to amino acids and thereby
changes the protein spatial conformational structure. This, in
turn, inhibits proteases, such as trypsin, from accessing protein
cleavage sites (which have become distorted through SDS
binding) and also inhibits protease activity by changing
enzyme conformational structure (through SDS binding). In
addition, SDS alters the chromatographic separation of peptides
and also interferes with electrospray ionization (ESI) mass
spectrometry by dominating mass spectra and significantly
suppressing analyte ion signals since it is readily ionizable
and present in greater abundances than individual peptide
ions. For these reasons, SDS must be completely depleted
from a sample before enzymatic digestion and LC-ESI MS/
MS analysis [17–20]. However, SDS removal with minimal
sample loss is a challenging task and several gel-free
approaches have been proposed over the years. These
approaches include incorporating the use of detergent
removal plates (DRP), protein precipitation with organic
solvents, such as the acetone precipitation and formic acid
resolubilization (APFAR) method [18, 20, 21], and/or
methods using hydrophilic interaction liquid chromatography
(HILIC) and magnetic resin (such as the Single-Pot Solid-
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Phase-enhanced Sample Preparation (SP3) method) [22] in the
sample processing workflow prior to LC-MS/MS analysis.

One of the aims of this study was to methodically characterize the
effects of storage time (over 1, 5, and 10 years) on the quality of data
produced via label-free LC-MS/MS analysis of FFPE tissue blocks
from a resource-limited pathology archive, to dispel any notions that
these samples may be inferior for whatever reason so that they can be
utilized with confidence in any future studies. In addition, three
different gel-free protein purification methods (APFAR, DRP and

MagReSyn® SP3/HILIC) for label-free LC-MS/MS analysis were also
assessed across all block ages. These protein purificationmethodswere
published within the last 5 years, and their comparative analysis have
not been carried out to our knowledge and this study provides
experimental data for this assessment together with statistical
support. Furthermore, the best suited method for analyzing
archived colorectal carcinoma (CRC) FFPE tissue was determined
with regards to peptide and protein identifications, reproducibility,
digestion efficiency, and any method-based protein selection bias.

TABLE 1 | Information of the FFPE specimens selected for analysis.

Patient number Block age (years) Patient age (years) Gender Diagnosis Grade Stage Location

1 1 75 M Adenocarcinoma Low-grade IIA Left colon
2 1 81 M Adenocarcinoma Low-grade IIA Left colon
3 1 68 F Adenocarcinoma Low-grade IIA Left colon
4 1 42 M Adenocarcinoma Low-grade IVA Left colon
5 1 80 F Adenocarcinoma Low-grade I Left colon
6 1 79 M Adenocarcinoma Low-grade IIA Left colon
7 1 49 M Adenocarcinoma Low-grade IIA Left colon
8 1 40 F Adenocarcinoma Low-grade IIA Left colon
9 1 56 M Adenocarcinoma Low-grade IIA Left colon
10 1 79 F Adenocarcinoma Low-grade IIA Left colon
11 1 64 F Adenocarcinoma Low-grade IIA Left colon
12 1 53 M Adenocarcinoma Low-grade IIIB Left colon
13 1 78 M Adenocarcinoma Low-grade IIA Left colon
14 1 51 F Adenocarcinoma Low-grade IIIB Left colon
15 1 31 M Adenocarcinoma Low-grade IIIB Left colon
16 1 73 F Adenocarcinoma Low-grade IIIB Left colon
17 1 54 F Adenocarcinoma Low-grade IIIC Left colon
18 5 51 F Adenocarcinoma Low-grade IIA Left colon
19 5 56 F Adenocarcinoma Low-grade IIIB Left colon
20 5 86 M Adenocarcinoma Low-grade IIA Left colon
21 5 59 M Adenocarcinoma Low-grade IIC Left colon
22 5 67 M Adenocarcinoma Low-grade IIA Left colon
23 5 82 M Adenocarcinoma Low-grade IIA Left colon
24 5 49 F Adenocarcinoma Low-grade IIIB Left colon
25 5 54 M Adenocarcinoma Low-grade IIA Left colon
26 5 58 M Adenocarcinoma Low-grade IIC Left colon
27 5 44 F Adenocarcinoma Low-grade I Left colon
28 5 50 M Adenocarcinoma Low-grade IIA Left colon
29 5 74 F Adenocarcinoma Low-grade IIA Left colon
30 5 54 M Adenocarcinoma Low-grade IIA Left colon
31 5 47 F Adenocarcinoma Low-grade IIIA Left colon
32 5 55 M Adenocarcinoma Low-grade IIIB Left colon
33 5 83 M Adenocarcinoma Low-grade IIA Left colon
34 5 60 M Adenocarcinoma Low-grade IIA Left colon
35 10 69 M Adenocarcinoma Low-grade IIIB Left colon
36 10 47 F Adenocarcinoma Low-grade IIA Left colon
37 10 58 F Adenocarcinoma Low-grade IIA Left colon
38 10 83 M Adenocarcinoma Low-grade IIA Left colon
39 10 57 F Adenocarcinoma High-grade IIA Right colon
40 10 46 F Adenocarcinoma High-grade IIA Right colon
41 10 77 F Adenocarcinoma Low-grade IIA Left colon
42 10 63 F Adenocarcinoma Low-grade IIA Left colon
43 10 67 M Adenocarcinoma Low-grade IIIB Left colon
44 10 50 F Adenocarcinoma Low-grade IIA Left colon
45 10 42 M Adenocarcinoma Low-grade IIA Left colon
46 10 71 F Adenocarcinoma Low-grade IIA Left colon
47 10 70 M Adenocarcinoma Low-grade IIA Left colon
48 10 69 M Adenocarcinoma Low-grade IIA Left colon
49 10 62 F Adenocarcinoma Low-grade IIA Right colon
50 10 78 M Adenocarcinoma Low-grade IIIB Left colon
51 10 33 M Adenocarcinoma Low-grade IIA Left colon
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MATERIALS AND METHODS

FFPE Human Colorectal Carcinoma
Resection Samples
FFPE tissue blocks, which consist of human CRC resection
samples, were obtained from the Anatomical Pathology
department at Tygerberg Hospital (Western Cape, South
Africa) after obtaining ethics approval from the Biomedical
Science Research Ethics Committee (BMREC) of the

University of the Western Cape, as well as the Health
Research Ethics Committee (HREC) of Stellenbosch
University. The FFPE blocks were anonymized prior to
processing. The 1-year-old blocks were archived since
approximately 2016 (when the tissue was resected), 5-year-old
blocks were archived since 2012, and 10-year-old blocks were
archived since 2007 (experiments/protein extractions were
performed in 2017/2018). Tissue processing and fixation
times/conditions and storage conditions are unknown, since
specimens were retrospectively collected. Seventeen patient
cases, per block age, were reviewed and selected (Table 1).
Using protein identification results from a pilot study
(unpublished results), an overall F-test for one-way ANOVA
determined that the sample size (n � 17) per group/block age
resulted in a calculated power of 0.7 (α � 0.05).

Patients diagnosed with colorectal adenocarcinoma, after
H&E staining, were reviewed by a pathologist to ensure tissue
quality and comparability (Figure 1). The selected slides had
carcinomas with more than 90% viable tumor nuclei.

Protein Extraction and Quantification
For each selected patient case (n � 17 per experimental
condition), a number of 25 µm sections, which were equivalent
to 25 mm3 of manually micro-dissected FFPE tumor tissue per
sample, were cut and mounted onto generic glass microscopy
slides. Sections were air dried and processed for protein
extraction as is shown in Figure 2 (five batches of samples,
with randomized selection and inclusion of samples from each of
the different storage times, were processed for protein extraction.)
The method used for sample processing and protein extraction
was modified from the protocols used by [23, 24]. Briefly, tissue
sections (mounted on glass slides) were heated on a heating block
(65°C for 5 min), to melt the paraffin wax, followed by tissue
deparaffinization consisting of two consecutive incubations in
xylene (Sigma-Aldrich, United States) for 2.5 min and 1.5 min
each respectively, at room temperature. Tissue sections were then
rehydrated by successive incubations in absolute ethanol (Merck,
Germany), 70% (v/v) ethanol, and twice with distilled water, for
1 min each at room temperature. The tissues were collected in
protein LoBind microcentrifuge tubes (Eppendorf, Germany) by
scraping the tissue off the glass slides using a clean sterile scalpel
blade. Protein extraction buffer (50 mm Ammonium bicarbonate
(AmBic) (pH 8.0) (Sigma-Aldrich, United States), 2% (w/v) SDS

FIGURE 1 |Colonic adenocarcinoma resection tissue samples. Representative H&E stained sections of patient cases/block ages analyzed in this study. (A) 1-year-
old block. (B) 5-year-old block, and (C) 10-year-old block at ×100 magnification.

FIGURE 2 | Experimental design and workflow used to evaluate the
effects of block age and different sample processing methods. FFPE human
colorectal carcinoma resection tissues from 17 patients per block age (1, 5,
and 10-year old blocks) were cut and tumor areas were manually micro-
dissected for analysis. From each patient, tissue sections, which
corresponded to approximately 25 mm3 tissue per patient/sample, were cut
per sample. Protein was extracted and quantified, after which each patient
sample was split in three, for subsequent sample processing by either the
APFAR, DRP, or SP3/HILIC methods. Resultant peptides were analyzed via
LC-MS/MS and data analysis was performed on all sample MS/MS spectra.
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(Sigma-Aldrich, United States) was added to the samples at a
volume of approximately 20 µl protein extraction buffer per
mm3 of tissue (approximately 25 mm3 tissue per sample).
Samples were mixed by vortexing and incubated at 99°C in a
heating block with agitation set at 600 RPM for 1 h, after which
the samples were cooled/placed on ice before centrifugation at
16,000 x g and 18°C for 20 min to pellet the cell debris. The
clarified lysates of each sample was transferred to new protein
LoBind microcentrifuge tubes and an aliquot taken for protein
yield determination. All samples were stored at −80°C until
further processing. For protein yield determination, the total
protein extracted from the FFPE tissues were quantified using
the Pierce™ BCA Protein Assay Kit (Pierce Biotechnology,
Thermo Fisher Scientific, United States) according to
manufacturer’s instructions. The samples were subsequently
processed by the DRP, APFAR [18, 20, 21] and/or
MagReSyn® SP3/HILIC magnetic bead digestion method [25];
ReSyn Biosciences, South Africa), prior to LC-MS/MS analysis
(Figure 2).

Protein Purification Methods
Detergent Removal Plates Method
Detergent removal was carried out using detergent removal spin
plates (Pierce Biotechnology, Thermo Fisher Scientific,
United States) according to the manufacturer’s instructions.
Briefly, a detergent removal plate was placed on top of a wash
plate and the shipping solution spun out at 1,000 x g for 2 min.
The resin bed was equilibrated with 300 µl of 50 mm
Triethylammonium bicarbonate (TEAB) and spun through as
before, and this was repeated twice. Thereafter, 100 µg of protein
was loaded onto the columns and incubated at room temperature
for 2 min before spinning through at 1,000 x g for 2 min into the
sample collection plate. Samples were then transferred to protein
Lobind tubes and dried down by vacuum centrifugation. Once
dried, samples were resuspended in 30 µl of 50 mm TEAB.

Acetone Precipitation and Formic Acid
Resolubilization Method
A total of 100 µg protein was transferred to each protein Lobind
microcentrifuge tube and precipitated by addition of four
volumes of ice cold acetone (Sigma-Aldrich, United States)
followed by overnight incubation at −20°C. Samples were then
centrifuged at 21,000 x g for 15 min at 4°C. The supernatant was
discarded and the pellet washed with ice cold acetone. This
process was repeated for a total of three pelleting steps.
Thereafter, the pellets were air-dried and subsequently
solubilized by resuspension in 50 mm TEAB.

In-Solution Digestion
In-solution digestion was carried out on samples processed by the
APFAR and DRP methods. The protein was reduced by the
addition of 0.1 volumes of 100 mm tris(2-carboxyethyl)
phosphine (TCEP) (Sigma-Aldrich, United States) to each
sample followed by incubation at 60°C for 1 h. Alkylation was
accomplished by addition of 0.1 volumes of 100 mm methyl
methanethiosulphonate (MMTS) (Sigma-Aldrich,
United States), which was prepared in isopropanol (Sigma-

Aldrich, United States), to each sample and subsequent
incubation at room temperature for 15 min. Protein digestion
was accomplished by addition of 1:50 (trypsin: final protein ratio)
trypsin (Promega, United States) in a solution with 50 mmTEAB,
and overnight incubation at 37°C. Samples were dried down and
resuspended in 0.1% trifluoroacetic acid (TFA) (Sigma-Aldrich,
United States) prior to clean-up via Zip-Tip (Sigma-Aldrich,
United States), after which the samples were again dried down
and resuspended in a final volume of 12 µl liquid chromatography
(LC) loading buffer (0.1% formic acid (FA) (Sigma-Aldrich,
United States), 2% Acetonitrile (ACN) (Burdick and Jackson,
United States).

MagReSyn
®
SP3/HILIC Method With On-Bead

Digestion
In preparation for the SP3/HILIC magnetic bead workflow,
MagReSyn® HILIC beads (ReSyn Biosciences, South Africa)
were aliquoted into a new tube and the shipping solution
removed. Beads were then washed with 250 µl wash buffer
(15% ACN, 100 mm Ammonium acetate (Sigma-Aldrich,
United States) pH 4.5) for 1 min then resuspended in loading
buffer (30% ACN, 200 mmAmmonium acetate, pH 4.5). The rest
of the process, described hereafter, was performed using a
Hamilton MassSTAR robotics liquid handler (Hamilton,
Switzerland). A total of 50 µg of protein from each sample was
transferred to a protein LoBind plate (Merck, Germany). Protein
was reduced with 10 mm TCEP (Sigma-Aldrich, United States)
and incubated at 60°C for 1 h. Samples were cooled to room
temperature and alkylated with 10 mm MMTS (Sigma-Aldrich,
United States) at room temperature for 15 min. MagReSyn®
HILIC magnetic beads were added at an equal volume to that
of the sample and a ratio of 5:1 total protein. The plate was
incubated at room temperature on a shaker at 900 RPM for
30 min for binding of protein to beads. After binding, the
beads were washed four times with 500 µl of 95% ACN for
1 min each. For digestion, trypsin (Promega, United States)
made up in 50 mm TEAB was added at a ratio of 1:10 total
protein, and the plate was incubated at 37°C on the shaker for 4 h.
After digestion, the supernatant containing the peptides was
removed and dried down. The samples were then resuspended
in LC loading buffer [0.1% FA (Sigma-Aldrich, United States), 2%
ACN (Burdick & Jackson, United States)].

Label–Free LC–MS/MS Analysis
LC-MS/MS analysis was conducted with a Q-Exactive
quadrupole-Orbitrap mass spectrometer (Thermo Fisher
Scientific, United States) coupled with a Dionex Ultimate
3,000 nano-UPLC system. All samples run by LC-MS/MS
were in a randomized order. Peptides were dissolved in a
solution of 0.1% FA and 2% ACN and loaded on a C18 trap
column (PepMap100, 300 µm × 5 mm × 5 µm). Samples were
trapped onto the column and washed for 3 min before the valve
was switched and peptides eluted onto the analytical column as
described hereafter. A gradient of increasing organic proportion
was used for peptide separation - chromatographic separation
was performed with a Waters nanoease (Zenfit) M/Z Peptide
CSH C18 column (75 µm × 25 cm × 1.7 µm) and the solvent
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system employed was solvent A [0.1% FA in LC water (Burdick
and Jackson, United States)] and solvent B (0.1% FA in ACN).
The multi-step gradient for peptide separation was generated at
300 nl/min as follows: time change 5 min, gradient change: 2–5%
solvent B, time change 40 min, gradient change 5–18% solvent B,
time change 10 min, gradient change 18–30% solvent B, time
change 2 min, gradient change 30–80% solvent B. The gradient
was then held at 80% solvent B for 10 min before returning it to
2% solvent B and conditioning the column for 15 min. All data
acquisition was obtained using Proxeon stainless steel emitters
(Thermo Fisher, United States). The mass spectrometer was
operated in positive ion mode with a capillary temperature of
320°C. The applied electrospray voltage was 1.95 kV. The mass
spectra were acquired in a data-dependent manner using
Xcalibur™ software version 4.2 (Thermo Fisher, United States)
(Details of data acquisition parameters are shown in
Supplementary Table S1).

Peptide and Protein Identification
Raw data containing centroid MS/MS spectra were converted
into mgf (Matrix Science, United Kingdom) files using
msconvert from the Proteo-Wizard software suite [12]. Peak
lists obtained from MS/MS spectra were identified using X!
Tandem (version X!Tandem Vengeance 2015.12.15.2) [26], MS
Amanda (version 2.0.0.9706) [27] and MS-GF+ (version
2018.04.09) [28]. The search was conducted using SearchGUI
(version 3.3.3) [29]. Protein identification was conducted
against a concatenated target/decoy [30] version of the Homo
sapiens (20,341, >99.9%) [with Sus scrofa (1, <0.1%)]
complement of the UniProtKB [31] human reviewed Swiss-
Prot proteome (one trypsin Sus scrofa sequence was also
obtained from UniProtKB), downloaded on May 21, 2018
(Supplementary Data Sheet S1). The decoy sequences were
created by reversing the target sequences in SearchGUI. The
identification settings were as follows: Trypsin, Specific, with a
maximum of 2 missed cleavages; 10.0 ppm as MS1 and 0.02 Da
as MS2 tolerances; fixed modifications: Methylthio of C
(+45.987,721 Da), variable modifications: Oxidation of M
(+15.994,915 Da), Deamidation of N and Q (+0.984,016 Da);
fixed modifications during refinement procedure: Methylthio of
C (+45.987,721 Da), variable modifications during refinement
procedure: Acetylation of protein N-term (+42.010565 Da),
Pyrolidone from E (--18.010565 Da), Pyrolidone from Q
(--17.026549 Da), Pyrolidone from carbamidomethylated C
(--17.026549 Da). All algorithms specific settings are listed in
the certificate of analysis available in Supplementary Data
Sheet S1. Peptides and proteins were inferred from the
spectrum identification results using PeptideShaker version
1.16.40 [32]. Peptide Spectrum Matches (PSMs), peptides and
proteins were validated at a 1% False Discovery Rate (FDR)
estimated using the decoy hit distribution (example of an
annotated MS/MS spectrum for a peptide is shown in
Supplementary Image S1). All validation thresholds are
listed in the certificate of analysis (Supplementary Data
Sheet S1). Post-translational modification localizations were
scored using the D-score [33] and the phosphoRS score [34]
with a threshold of 95.0 as implemented in the compomics-

utilities package [35] (example of post-translational
modification localizations for a peptide is shown in
Supplementary Image S2).

Data and Statistical Analyses
Qualitative and quantitative data were exported from
PeptideShaker and parsed using in-house scripts and graphs
generated in Jupyter lab (using Pandas, NumPy, and
Matplotlib Python packages), as well as Microsoft® Excel.
Additional statistical analyses were performed using SAS®
university edition and SAS® Studio version 3.8 (results of the
statistical tests that were performed are listed in Supplementary
Table S2). To determine if sample distributions were normal, a
Kolmogorov–Smirnov or Shapiro–Wilk test was performed, with
D denoting the test statistic for the Kolmogorov–Smirnov test
and W denoting the test statistic for the Shapiro–Wilk test. For
normal distributions, comparison of means across 3 (or more)
groups was performed using the parametric ANOVA procedure,
with F (F-ratio) denoting the test statistic. The Kruskal–Wallis
nonparametric test for medians was used when data were from a
non-normal distribution, and H denotes the test statistic. For all
statistical reporting, the test statistic value is given along with the
degrees of freedom (in brackets after the test statistic symbol) and
p-value. Post hoc statistical analyses were performed on
significant results using Bonferroni or Dunn’s test [36]; Elliott
and Hynan, 2011).

Spectrum counting abundance indexes were estimated using
the Normalized Spectrum Abundance Factor (NSAF) [37]
adapted for better handling of protein inference issues and
peptide detectability. The NSAF method followed here
involves counting the number of spectra attributed to each
protein in the result set, which is subsequently normalized to
a relative abundance [29, 37, 38]. In the PeptideShaker
implementation, this count is then normalized for the length
of the protein, the presence of shared peptides, as well as
redundant peptides [29, 38]. The spectrum counting indexes
were exported from PeptideShaker and parsed using in-house
scripts. The NSAF values were multiplied by the lowest factor
calculated for each pair of conditions compared, in order to deal
with integers and facilitate comparisons. These NSAF values were
then used to estimate the extent of differential protein abundance
by calculating the Pearson’s correlation coefficient (PCC), for
each pair of conditions compared, to assess the relationship/level
of correlation between samples. PCC graphs were generated in
Jupyter lab using Pandas, NumPy, and Matplotlib Python
packages. Principal component analysis (PCA) was performed
for each patient case/sample’s list of identified proteins and
corresponding NSAF values, with Jupyter lab, using Pandas,
NumPy, Scikit-learn, Seaborn and Matplotlib Python packages.

The physicochemical properties of the identified peptides,
including the hydropathicity (Kyte-Doolittle scale), molecular
weight, and isoelectric point were calculated for each sample
using the Protein property analysis software (ProPAS) version
1.1 [39].

Venny version 2.1.0 [40] was used to generate Venn diagrams
to visualize the consistency of peptide identifications between
samples.
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Protein annotations regarding subcellular localization were
retrieved from Ensembl1 using GOSlim UniProtKB-GOA2 to
minimize the number of terms retrieved. Hypergeometric
testing was used to calculate the significance of gene
ontology terms.

Inkscape Version 0.92.4 (5da689c313, 2019–01-14) (https://
www.inkscape.org) was used to combine multiple graphs into
single figures, add color and/or patterns and increase figure
resolution.

Data Sharing Information
The mass spectrometry proteomics data [41] have been deposited
to the ProteomeXchange Consortium [42] via the PRIDE [43]
partner repository with the dataset identifier PXD017198 and
DOI: 10.6019/PXD017198.

Default PeptideShaker protein reports for each sample and
quality controls are listed in Supplementary Tables S3–S5.

RESULTS AND DISCUSSION

The objectives of this study were to evaluate three different
sample processing methods (the APFAR or DRP methods
followed by in-solution digestion, or the SP3/HILIC method
with magnetic bead-based digestion) as well as the effect of
storage time (FFPE tissue block age) on protein extraction
efficiency and reproducibility. Subsequent proteomic analysis
by label-free LC-MS/MS evaluated the proteome coverage,

proportion of missed cleavages, and enrichment/selection bias
based on sample processing method used.

Protein Extraction and Quantification
The BCA total protein quantitation assay results of all samples
(after protein was extracted from approximately 25 mm3 patient
tumor tissue using 500 µl of protein extraction buffer per sample)
are shown in Figure 3.

A Kruskal–Wallis test was conducted to examine the
differences in protein yield between block ages
(Supplementary Table S2). Protein yield was significantly
affected by block age (H (2) � 23.92, p < 0.0001), as seen in
Figure 3. Based on Dunn’s post hoc testing results, there is
evidence that the distribution of protein yields are significantly
different for 1-year-old blocks vs 10-year-old blocks and for 1-
year-old blocks vs 5-year-old blocks, but not for 5-year-old blocks
vs 10-year-old blocks (results and conclusions are shown in
Supplementary Table S2).

The 10-year-old FFPE tissues generated overall lower protein
yields (an average of 1.65 ± 0.04 mg/ml) compared to the 5-year-
old FFPE tissues, which generated an average of 2.46 ± 0.03 mg/
ml protein, and the 1-year-old FFPE tissues, which generated an
average of 3.82 ± 0.03 mg/ml protein. This corresponds to
approximately 825 μg, 1,230 μg, and 1910 µg protein extracted
from the 10, 5 and 1-year-old FFPE tissues, respectively, by using
approximately 25 mm3 tissue per sample [14]. were able to extract
300–400 µg (0.14 mg/ml) protein from 1.18 mm3 FFPE colon
adenoma tissue (of 60 µm thickness and 5 mm diameter), which
is approximately 4 times higher. However, they noted a
suppressive effect of formalin-fixation on protein yield
estimates, using the BCA assay. This effect occurs because the
amino acids that contribute to the reduction of copper are also

FIGURE 3 | BCA total protein quantitation assay results for the different block ages. Protein was extracted from approximately 25 mm3 patient tumor tissue using
500 µl protein extraction buffer per sample (n � 17 patients per group, p < 0.0001). The blue bars indicate protein yield from 1-year-old FFPE blocks, the red bars indicate
protein yield from 5-year-old FFPE blocks, and the green bars indicate protein yield from 10-year-old FFPE blocks. The red dotted line indicates the average protein yield
obtained from the 10-year-old FFPE blocks, which is 1.65 mg/ml protein.

1www.ensembl.org
2www.ebi.ac.uk/GOA
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susceptible to reactions with formaldehyde. Therefore, they
empirically determined a correction factor for protein yield
estimates of FFPE tissues (using the BCA assay) by comparing
it to freshly frozen colon adenoma tissue replicates’ protein yields.
They then used this correction factor to measure the amount of
protein generated from their FFPE samples. Since we are not
comparing fresh tissues to FFPE tissues, we did not determine the
correction factor of our dataset and we report the protein yield
estimates only. In addition [44], also extracted higher protein
yields at 100 mg/ml protein from 0.1 mm3 FFPE colonic adenoma
tissue and [13] extracted 2.76 mg/ml protein from approximately

1-year-old and 1.48 mg/ml protein from approximately 21-year-
old (1.5 mm3) FFPE colon carcinoma tissue. On the other hand
[45], extracted less protein than reported here, with 250 µg
protein from approximately 18 mm3 FFPE colon carcinoma
tissues that were stored for less than 5 years. Therefore, the
amount of protein extracted here falls within the published
ranges for FFPE colon tissue.

Although approximately 25 mm3 of manually microdissected
tumor tissue per sample was used for protein extraction, and the
volume of protein extraction buffer kept constant at 500 µl per
sample, the total amount of extractable protein and protein yield

FIGURE 4 | Comparison of the number of peptides and proteins identified for the different protein purification methods for each block age. (A) Box and whiskers
plots of the number of peptides identified (for all 17 patient cases) per block age (p < 0.03 for 1 and 10-year-old blocks), and protein purification method (p � 0.0125 for
DRP). (B) Box and whiskers plots of the number of proteins identified (for all 17 patient cases) per block age (p � 0.0002 for 1-year-old blocks) and protein purification
method (p > 0.05 for all methods). Blue boxplots refer to APFAR samples; Red boxplots refer to DRP samples; Green boxplots refer to SP3/HILIC samples. For all
boxplots, 5-year-old samples are represented by dots; 10-year-old samples are represented by diagonal lines.
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TABLE 2 | Known proteins deregulated in colon cancer.

% Occurrence within 17 patient samples

APFAR DRP HILIC

Main
accession

Gene
name

Protein
name

MW
(kDa)

Comments 1 year
old

5 year
old

10 year
old

1 year
old

5 year
old

10 year
old

1 year
old

5 year
old

10 year
old

O95994 AGR2 Anterior gradient protein 2
homologue

19.97 Downregulated in CRC [47] 88 100 94 94 100 94 100 94 100

Q13951 CBFB Core-binding factor subunit
beta

21.49 Frequently overexpressed in CRC [48] 12 41 24 35 35 47 0 12 6

P08174 CD55;
DAF

Complement decay-
accelerating factor

41.37 Upregulated in CRC [49] 0 0 6 0 0 0 0 0 0

P10645 CHGA Chromogranin-A 50.66 Downregulated in CRC [50] 29 29 18 18 18 18 24 18 18
A8K7I4 CLCA1 Calcium-activated chloride

channel regulator 1
100.16 Regulator of calcium channels, frequently

downregulated in CRC [51]
59 53 41 59 59 47 53 53 47

Q96KP4 CNDP2 Cytosolic non-specific
dipeptidase

52.84 Overexpressed in CRC [52] 82 88 94 100 88 100 94 94 100

P07148 FABP1 FABP1 protein 14.20 Downregulated in CRC [47] 100 100 71 94 100 88 94 100 88
Q9Y6R7 FCGBP IgGFc-binding protein 571.64 Downregulated in CRC [47] 76 94 82 76 94 76 82 88 82
P56470 LGALS4 Galectin-4 35.92 Downregulated in CRC [47] 100 100 100 100 100 100 94 100 100
P09429 HMGB1 High mobility group

protein B1
24.88 Overexpression in CRC correlates with poor

prognosis [53]
76 88 76 100 100 94 94 82 94

P01042 KNG1 Kininogen-1 71.91 Frequently overexpressed in CRC [54] 29 41 53 53 59 82 29 47 65
Q9UHB6 LIMA1 LIM domain and actin-binding

protein 1
85.17 Downregulated in CRC [47] 0 0 6 0 0 24 6 6 0

P15941 MUC-1 Mucin-1 122.03 Frequently overexpressed in CRC, marker of
poor prognosis [55]

0 6 12 6 6 12 0 6 6

Q02817 MUC-2 Mucin-2 539.96 Downregulation correlates with proliferation
markers and with poor prognosis [55, 56]

59 59 76 71 65 71 65 71 76

P06748 NPM1 Nucleophosmin 32.55 Protein involved in carcinogenesis,
overexpressed in CRC [57, 58]

100 100 100 100 100 100 100 100 100

Q6UX06 OLFM4 Olfactomedin-4 57.24 Protein overexpressed in CRC [54] 29 18 29 35 24 29 29 24 29
Q9Y617 PSAT1 Phosphoserine

aminotransferase
40.40 Upregulated in CRC [59] 0 0 6 18 12 12 18 12 18

P53992 Sec24C Protein transport protein
Sec24C

118.25 Overexpressed in early CRC stages, while
downregulated in advanced CRC stages [54]

0 0 0 0 6 6 6 0 0

P36952 SERPIN
B5

Serpin B5 42.07 Upregulated in CRC [60] 29 6 29 35 6 29 29 6 29

P10599 TXN Thioredoxin 11.73 Frequently overexpressed in CRC [61] 94 100 100 94 100 100 94 94 94
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still differed among the patient samples within the same block
ages (Figure 3). Similar variations in protein yields were also
observed by [13] and is also noted in FFPE protein extraction
protocols, such as the [46] manual, which explains that protein
yield obtained from FFPE protein lysates may vary between
samples due to variance in pre-analytical factors such as tissue
handling and inconsistencies/differences in the formalin-fixation
and paraffin-embedment protocol, which affects how well
proteins will be preserved. They recommend increasing the
amount of starting material/tissue if the quality of protein
preservation in the FFPE sample is questionable [46].

The Effect of Block Age and Protein
Purification Methods on Peptide and
Protein Identification
The efficiency and reproducibility for each protein purification
method, as well as the effect of storage time/block age, at both
peptide and protein level, was assessed with regards to proteome
coverage (number of peptides and proteins identified) (Figures
4A,B) and known protein biomarkers (proteins deregulated in
colon cancer) from the literature, which were also identified in the
data (Table 2).

Average results for all samples (Figure 4) show that, overall,
the DRP method performed the best with the highest overall
peptide and protein identifications, followed by the SP3/HILIC
method. The APFAR method generated the lowest numbers of
peptide and protein identifications (Results are shown in
Supplementary Table S6).

One-way ANOVA or Kruskal–Wallis tests were conducted
(results and conclusions are listed in Supplementary Table S2) to
determine if the number of identified peptides and proteins were
significantly different between block ages, as well as for each
protein purification method.

Statistical analyses comparing protein purification method
performance per block age indicated the following: For the 1-
year-old blocks, based on post hoc Bonferroni (Dunn) t tests, the
DRP method differs significantly (F (2) � 12.78, p < 0.0001, α �
0.05) with regards to validated peptide identifications, however
there was no significant difference between the numbers of
validated peptides identified for the APFAR and SP3/HILIC
methods. Based on Dunn’s post hoc testing results, there is
also evidence that the distribution of validated protein
identifications (for 1-year old blocks) are significantly different
(p � 0.0002) for DRP vs APFAR processing, but not for DRP vs
HILIC and APFAR vs HILIC protein purification methods. With
regards to validated peptide and protein identifications, there is
no significant difference (p > 0.05) between protein purification
methods for 5-year old blocks. For the 10-year old blocks, based
on post hoc Bonferroni (Dunn) t tests, the DRP and APFAR
methods differ significantly (F (2) � 3.78, p � 0.0299, α � 0.05)
with regards to validated peptide identifications, however there is
no significant difference between the APFAR and SP3/HILIC and
the DRP and SP3/HILIC methods.

Statistical analyses comparing the differences between
block ages (effect of block age on the number of peptide/
protein identifications) within each protein purification

method indicated the following: Both the APFAR and SP3/
HILIC methods performed most consistently across block
ages, with no significant difference between 1, 5 and 10-year-
old blocks [APFAR method: F (2,48) � 0.88, p � 0.42 for
peptides identified and H (2) � 2.28, p � 0.32 for proteins
identified; SP3/HILIC method: F (2,48) � 0.03, p � 0.97 for
peptides identified and H (2) � 0.101, p � 0.95 for proteins
identified]. Only the DRP method showed a significant
difference between the block ages with regard to numbers
of peptides identified [F (2) � 4.81, p � 0.0125, α � 0.05], with a
significant difference between 1 and 5-year-old blocks, as well
as 1 and 10-year-old blocks, but no significant difference
between 5 and 10-year-old blocks. In addition, no significant
difference was detected for the number of proteins identified
[F (2,48) � 2.53, p � 0.09].

The protein purification methods that did not show any
significant differences between block ages, are in accordance
with the findings of other studies [10, 14]. [14] also assessed
the effect of storage time/block age on FFPE colon adenoma tissue
samples (stored for 1, 3, 5, or 10 years), using isoelectric focusing
to fractionate peptides before LC-MS/MS analysis. They found no
significant difference between the numbers of proteins identified
for each block age and concluded that long-term storage of FFPE
colon adenoma tissues did not compromise the samples. In
general, the proteome coverage reported here (for all the block
ages and protein purification methods) falls within the range of
several other studies of proteomic analysis of FFPE tissue [3, 14,
62, 63], with higher identification numbers reported by other
studies [10, 44, 64, 65]. Table 2 shows known proteins that are
deregulated in colon cancer that were also identified in the data.
The % occurrence of these proteins within each group of 17
patients per experimental condition was calculated and shows
that there are no observable differences due to block age.
However, the DRP method shows overall higher % occurrence
of these protein biomarkers, compared to the other protein
purification methods.

The Effect of Block Age and Protein
Purification Methods on Peptide-Level
Reproducibility
The qualitative reproducibility for each sample and experimental
condition was also measured in terms of peptide identification
overlap (shown in Supplementary Image S3), calculated from
the peptide sequences identified in each sample and experimental
condition, irrespective of peptide abundance.

Supplementary Image S3A illustrates that the APFAR
method showed the highest peptide overlap/common peptides
(46.5%) between samples of different block ages. This was
followed by the SP3/HILIC method, with 45.4% peptide
overlap, and the lowest peptide overlap was seen for the DRP
method at 43%. Overall, there was no substantial difference
between uniquely identified peptides of the different block
ages (ranging from 11.3% to 13.2%) for the APFAR and SP3/
HILIC methods. However, the 1-year-old blocks processed with
the DRP method had the highest percentage of uniquely
identified peptides at 20.4%.
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The shared peptides for each protein purification method
within a specific block age are shown in Supplementary
Image S3B. The 10-year-old blocks showed the highest
peptide overlap/common peptides (37.5%) between the
different protein purification methods. This was followed by
the 5-year-old blocks, with 36.7% peptide overlap, and the
lowest peptide overlap was seen for the 1-year-old blocks at
33.3%. This could be due, in part, to similar proteins extracted
from the older blocks (since formaldehyde-induced cross-linking
continues with time), compared to more diverse sets of proteins
extracted from the more recently preserved 1-year-old blocks
[66]. Due to the continuation and extent of formaldehyde-

induced protein cross-linking with time, the extraction of full-
length proteins from older FFPE blocks is also more difficult [66].
In addition [67], were able to identify small proteins, without
antigen retrieval and enzymatic digestion steps, via mass
spectrometry imaging. They hypothesize that not all proteins,
especially small proteins (with short amino acid sequences and
low lysine content), react with formaldehyde to the same extent.
However, larger proteins (with longer amino acid sequences and
greater lysine content) were more challenging to detect via mass
spectrometry, and therefore have a greater probability of being
more extensively crosslinked by formaldehyde. On average, for all
block ages and protein purification methods, the identified
proteins were in the range of 40–60 kDa (data not shown).
This therefore indicates that mostly low and medium
molecular weight proteins were extracted from the FFPE
tissues at all block ages.

Supplementary Image S3C shows that, when all the identified
peptides for each block age is combined within a protein
purification method, there is 34.1% overlapping peptides
shared between the different methods. The DRP method had
the highest percentage of uniquely identified peptides at 19.5%,
followed by the SP3/HILIC method, with 15.8% unique peptides,
and the lowest uniquely identified peptides was seen for the
APFAR method at 9.9%.

Physicochemical Properties of Extracted
and Processed Peptides
The effect of archival time/block age as well as protein
purification method protein selection/enrichment bias was
assessed with regards to peptide sequence physicochemical
properties in Figure 5, which illustrates the peptide
distribution according to hydropathicity, molecular weight and
isoelectric point (pI). Kruskal–Wallis tests were conducted to
determine if there were significant differences between
experimental conditions (Supplementary Table S2).

Overall, a comparison of the majority (upper and lower
quartiles) of all peptides of all experimental conditions shows
that they share similar hydropathicity scales (Figure 5A). There is
a significant difference (p < 0.0001) between the hydropathicity of
peptides generated in all experimental conditions
(Supplementary Table S2), however, the average relative
hydropathicity of all the samples are negative (below zero),
which indicates that the majority of peptides that were
extracted and processed, by all three protein purification
methods and across all block ages are hydrophilic [36, 68].

Figure 5B indicates that the molecular weight ranges of
identified peptides are relatively constant across all samples
and experimental conditions, with the majority >1000 Da and
<2000 Da. There is a significant difference (p < 0.0001) between
the molecular weights of peptides generated via the different
protein purificationmethods for 1, 5 and 10-year old blocks.With
regards to block age differences, there is no significant difference
(p � 0.26) between the molecular weights of peptides generated
via the DRPmethod, however there is a significant difference (p <
0.05) between the molecular weights of peptides generated using
the APFAR and/or SP3/HILIC methods.

FIGURE 5 | Physicochemical properties of identified peptides for all
experimental conditions (n � 17 patients per group). (A) Hydropathicity based
on GRAVY scoringmatrix. (B)Molecular weight (MW). (C) Isoelectric point (pI).
Blue boxplots refer to APFAR samples; Red boxplots refer to DRP
samples; Green boxplots refer to HILIC samples. For all boxplots, 5-year-old
samples are represented by dots; 10-year-old samples are represented by
diagonal lines.
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There is a significant difference (p < 0.0001) between the pI
ranges of peptides generated in all experimental conditions,
however, the pI range values are relatively similar across all
samples and experimental conditions, with the majority above
pI 4 and below pI 7 (Figure 5C).

These results are in accordance with previous studies that used
the APFAR and SP3/HILIC methods [20–22, 69].

The Effect of Block Age and Protein
Purification Methods on Protein-Level
Reproducibility
The quantitative reproducibility between experimental
conditions were expressed as PCC dot plots (Figure 6), which
were calculated based on the NSAF abundance values for
identified proteins in each sample and experimental condition.
PCA plots were also generated from this data to assess the

variance between block ages and the protein purification
methods (Figure 7).

Figure 6 shows the correlation of protein abundance for all
protein purification methods for each block age. This illustrates
that, for 1-year-old blocks, the DRP and SP3/HILIC methods
yielded comparable relative protein abundances (PCC value of
0.863), whereas proteome composition correlation was lower for
the AFFAR and DRP (PCC value of 0.755) as well as APFAR and
SP3/HILIC (PCC value of 0.789) methods. Overall, the 5 and 10-
year-old blocks show similar proteome composition correlation
between the protein purification methods.

For 5-year-old blocks, the PCC values for the APFAR and SP3/
HILIC, as well as DRP and SP3/HILIC methods are
approximately equal, 0.838 and 0.839, respectively. The
APFAR and DRP method has a higher PCC value of 0.859,
indicating slightly higher correlation in proteome composition
between these two protein purification methods.

FIGURE 6 | Correlation of protein abundance between all protein purification methods for each patient sample. (A) Correlation of protein abundance for all protein
purification methods for 1-year-old blocks/samples (n � 17 patients per group). (B) Correlation of protein abundance for all protein purification methods for 5-year-old
blocks/samples (n � 17 patients per group). (C) Correlation of protein abundance for all protein purification methods for 10-year-old blocks/samples (n � 17 patients per
group). The Pearson correlation coefficients (r2) are indicated on each plot and plot axes values are the normalized NSAF values for proteins present in both
condition compared per plot.
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For 10-year-old blocks, the PCC values for the APFAR and
DRP as well as DRP and SP3/HILIC methods were the same. The
APFAR and SP3/HILIC method has a lower PCC value of 0.804,
indicating slightly lower correlation in proteome composition
between these two protein purification methods. These results
indicate that sample processing with the different methods
introduces an observable bias with regard to proteome
composition. This bias is also more pronounced for 1-year-old
blocks, compared to older blocks.

PCA plots showing clusters of samples, based on their
similarities, were generated for all block ages and protein
purification methods (Figure 7). The samples that have
similar expression profiles are clustered together. Figures
7A–C show the clustering of different block ages (1, 5, and
10 years) for each protein purification method, with the DRP
method having the lowest variance (10.73%) between block ages,
followed by the SP3/HILIC method (13.68%), and the APFAR
method, which has the highest variance at 14.57%.

For the protein purification methods (Figures 7D–F), the 10-
year-old blocks/samples shows the lowest variance between the
different methods (11.4%), followed by the 5-year-old blocks/
samples. This could be due, in part, to similar proteins extracted

from the older blocks because the formaldehyde-induced protein
cross-linking process is continual and becomes more extensive
with time [66] (also noted and discussed in The Effect of Block Age
and Protein Purification Methods on Peptide-Level
Reproducibility). The 1-year-old blocks/samples (Figure 7D)
shows the highest variance (15.86%) between the different
methods.

GO Analysis of Identified Proteins
The effect of storage time/block age as well as the protein
purification methods’ protein selection biases were assessed
with regards to the main biological processes and cellular
components present within the identified proteins, using Gene
Ontology (GO) annotation. The distribution of the percentages of
proteins belonging to each GO term was plotted for GO terms
that occurred at >15% frequency for all samples and experimental
conditions (Figure 8).

Overall, similar GO profiles were obtained for all samples,
therefore only the GO terms that showed some observable
difference between experimental conditions were plotted.
Figure 8A shows the percentage frequency at which the
identified proteins (of all experimental conditions) occurs for

FIGURE 7 | PCA plots for all block ages and protein purification methods. The NSAF values for proteins identified from each patient case were normalized and
dimensionality reduced by principal component analysis of the datasets. (A) PCA plot of all block age (1-year-old � red; 5-year-old � green; 10-year-old � blue) samples
processed via the APFAR method. (B) PCA plot of all block age (1-year-old � red; 5-year-old � green; 10-year-old � blue) samples processed via the DRP method. (C)
PCA plot of all block age (1-year-old � red; 5-year-old � green; 10-year-old � blue) samples processed via the HILICmethod. (D) PCA plot of 1-year-old samples for
all protein purification methods (APFAR � red; DRP � green; HILIC � blue). (E) PCA plot of 5-year-old samples for all protein purification methods (APFAR � red; DRP �
green; HILIC � blue). (F) PCA plot of 10-year-old samples for all protein purification methods (APFAR � red; DRP � green; HILIC � blue).
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FIGURE 8 | Gene Ontology annotation profiles for proteins identified from all block ages and protein purification methods. (A) GO profiles according to biological
processes. (B)GO profiles according to cellular components. The average proportions for all 17 patients per condition are shown with error bars indicating the standard
deviation. Blue bars refer to APFAR samples; Red bars refer to DRP samples; Green bars refer to HILIC samples. For all samples, 5-year-old samples are represented by
dots; 10-year-old samples are represented by diagonal lines.
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each of the plotted GO terms for biological processes, and
Figure 8B shows cellular components.

One-way ANOVA or Kruskal–Wallis tests were conducted
(results are listed in Supplementary Table S2) to determine if
there were any significant differences with regard to the %
frequency of occurrence of GO terms between block ages, as
well as for each protein purification method.

All GO terms (for all block ages and protein purification
methods) occurred at >15% frequency for all samples and are
clearly represented by Figure 8. Therefore all block ages and
protein purification methods used in this study demonstrate
more or less equivalent usability for proteomic analysis.
Statistically significant differences were mainly observed for 1-
year-old blocks processed via the APFAR and/or DRP methods.
Overall, the HILIC method showed least bias across all GO terms
plotted.

Statistical analyses for protein purification methods showed
that some GO terms for 1-year-old blocks processed via the
APFAR and DRP methods were significantly enriched (p < 0.05)
for % frequency of occurrence when using the APFAR method.
These GO terms were: catabolic process, cytoskeleton,
extracellular region, extracellular space, mitochondrion and
transport. The APFAR method differed significantly (depleted)
(p < 0.05) from both the DRP and HILIC methods for 1 and 5-
year-old blocks for % frequency of occurrence of the term “small
molecule metabolic process”.

Statistical analyses for the different block ages (processed via
the DRP method) showed that the 1-year-old blocks are
significantly enriched (p < 0.05) for GO terms
“mitochondrion” and “small molecule metabolic process”
when compared to the 5 and 10-year-old blocks. In addition,
for samples processed via the HILIC method, only the 10-year-
old blocks were significantly depleted (p < 0.05) for % frequency
of occurrence of the term “plasmamembrane” when compared to
the 1 and 5-year-old blocks. For samples processed via the
APFAR method, the 1-year-old blocks were significantly
enriched (p < 0.05) whereas the 10-year-old blocks were
significantly depleted (p < 0.05) with regard to the GO term
“cytoskeleton”.

Assessment of the Digestion Efficiency of
the Protein Purification Methods for all
Block Ages
To assess the reproducibility and digestion efficiency of the
different protein purification methods, the percentages of
missed cleavages across all samples were analyzed (shown
in Supplementary Image S4). To successfully analyze FFPE
tissues requires overcoming the issue of the formaldehyde
cross-linking between molecules [2, 4, 6, 11]. The most
important aspect to take into consideration for accurate
protein extraction from FFPE tissues is the cleavage of these
methylene bridges to allow for proper trypsin digestion. The
methylene bridges prevent trypsin from reaching its cleavage
sites. If the methylene bridges are not adequately cleaved, it
will result in improperly digested, cross-linked peptides that
will not produce correct MS results. Therefore, the effect of

storage time/block age on trypsin digestion efficiency was also
determined by comparing the percentage of missed cleavages
across all block ages.

Supplementary Image S4 shows that overall, all protein
purification methods and all block ages generated low
numbers of missed cleavages. The APFAR method
(Supplementary Image S4A) generated the lowest
percentages of missed cleavages with ≥85% of all peptides
for 1-year-old samples having no missed cleavages, and ≥90%
of all peptides for 5 and 10-year-old samples having no missed
cleavages. This was followed by the DRP method
(Supplementary Image S4B), with ≥85% of all peptides
(except for sample number DRP-9) for 1-year-old samples
having no missed cleavages, and ≥85% of all peptides for 5 and
10-year-old samples having no missed cleavages (except for
sample number DRP-34 of the 5-year-old cohort). The SP3/
HILIC method (Supplementary Image S4C) had overall
lower digestion efficiency with ≥80% of all peptides for 1
and 5-year-old samples having no missed cleavages, and ≥80%
of all peptides for 10-year-old samples having no missed
cleavages (except for samples HILIC-37 and HILIC-41).

The protein purification methods’ digestion efficiency
therefore does not appear to be only affected by the age of the
sample, since older and newer blocks gave varying results
depending on the processing method used [14]. found that
after deparaffinization and rehydration, cross-linked proteins
are efficiently digested with trypsin, without the need for
additional specialized reagents, even under mild conditions
typically used for fresh tissues. This is also observed here,
since all block ages and protein purification methods used
demonstrate sufficient trypsin activity/cleavage efficiency, with
all samples showing low levels of missed cleavages. Generally, the
percentage of missed cleavages of the present study was in the
range of several other recent reports [69–71], with lower
percentage of missed cleavages reported in [20].

Effects of Block Age and Protein
Purification Methods on Sample Proteome
Integrity
The oxidation of methionine is a major protein modification,
which converts methionine to methionine sulfoxide, and targets
the affected protein for degradation, both in vivo and in vitro [72].
Methionine oxidation is linked to processes relating to aging and
pathology (in vivo) as well as in vitro conditions caused by protein
purification, storage, light exposure, and exposure to free radicals
generated in the presence of metals during LC-MS/MS analysis
[72]. To determine the impact of long-term storage, the
percentage of peptides containing methionine oxidation (out
of the total number of peptides identified) was calculated for
all block ages and protein purification methods (Supplementary
Image S5).

Kruskal–Wallis tests were conducted to determine if the
percentage of peptides containing methionine oxidation were
significantly different between block ages for each protein
purification method (Supplementary Table S2). No significant
differences were found between 1, 5 and 10-year old blocks/
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samples processed via the APFAR [H (2) � 1.23, p � 0.54], DRP
[H (2) � 0.86, p � 0.65], or SP3/HILIC [H (2) � 3.38, p � 0.18]
methods. Supplementary Image S5 shows that for the 10-year-
old blocks/samples the percentage of peptides with methionine
oxidation are 8.77 ± 3.41%, 7.77 ± 2.41%, and 5.47 ± 2.13%, for
APFAR, DRP and SP3/HILIC respectively. Similar percentages of
peptides with methionine oxidation (7.65 ± 2.05% and 7.38 ±
2.15%) are observed for 1 and 5-year-old blocks/samples
processed via the APFAR method. The same is seen for 1 and
5-year-old blocks/samples processed via the DRP method (7.24 ±
2.11% and 6.83 ± 1.69%). The SP3/HILIC method has lower
percentages of peptides with methionine oxidation for all block
ages, with 4.34 ± 1.36%, 4.43 ± 1.16% and 5.47 ± 2.13%, for 1, 5,
and 10-year-old blocks/samples respectively. Therefore, the
choice of sample preparation/protein purification method may
contribute to methionine oxidation artifacts [72]. [73] found that
methionine oxidation increases during enzymatic digestion, with
the presence of residual metals in the digestion buffer, sample
contact with metal surfaces, as well as chromatography
separation.

The SP3/HILIC method’s results are in agreement with results
reported by [3] for newly preserved (<1-year-old) FFPE samples
(processed using acetone precipitation and sodium hydroxide
resolubilization for protein purification), which had methionine
oxidation ratios of 3.9–4.5% for all identified peptides. In contrast
[14], reported higher methionine oxidation levels and found that
archived colon adenoma tissues displayed an increase in
methionine oxidation with block age - from 16.8% after one
year of storage, 18.2% for 5-year-old samples up to 25.2% after
10 years of storage.

CONCLUSION

Archived FFPE tissue repositories are precious sources of clinical
material, often stored for decades, for clinical proteomic studies.
Since these preserved blocks may be conveniently stored at
ambient temperatures, it makes them easily accessible and cost
effective. However, standardized protocols for the proteomic
analysis of FFPE tissues have not been determined yet. In
addition, the effect of block age and storage at resource-
limited institutions, on protein quality remains unclear. We
have demonstrated, using recently developed protein
purification techniques (and FFPE human colorectal cancer
resection tissues) that, overall, block age mainly affects protein
yields during the protein extraction phase. Therefore, greater
amounts of starting material are required for older blocks prior to
LC-MS/MS analysis. Analyzed samples’ peptide and protein
identifications mainly differed according to the protein
purification method used and not block age, which mainly
impacted on tissue proteome composition.

This study is also of particular relevance, since it assessed the
performance of three different protein purification techniques on
tissues derived from samples stored over a long period of time
(1–10 years). The comparative analyses of these methods, across
different block ages, have not been carried out to our knowledge
and therefore this study provides both experimental data for this

assessment as well as statistical support. The different
methods show differences in the number of peptides and
proteins identified and sample proteome composition,
differences in reproducibility in terms of peptide
identification overlap, PCA variance, as well as protocol
digestion efficiency. Overall, the DRP and SP3/HILIC
methods performed the best, with the SP3/HILIC method
requiring less protein (and therefore less starting material)
than the other methods, therefore making it the most
sensitive and efficient protein purification method.

These results are encouraging since they indicate that long-
term storage of FFPE tissues does not significantly interfere with
retrospective proteomic analysis. In addition, variations in pre-
analytical factors (spanning a decade), such as tissue harvesting,
handling, the fixation protocol used as well as storage conditions
(at resource-limited institutions in developing countries), does
not affect protein extraction and shotgun proteomic analysis to a
significant extent.
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44. Wiśniewski JR, Duś K, and Mann M. Proteomic workflow for analysis of
archival formalin-fixed and paraffin-embedded clinical samples to a depth of
10 000 proteins. Proteomics Clin Appl (2012) 7:1–9. doi:10.1002/prca.
201200046

45. Baiwir T, Valladares-Ayerbes M, Haz-Conde M, Blanco M, Aparicio G,
Fernández-Puente P, et al. A novel procedure for protein extraction from
formalin-fixed paraffin-embedded tissues. Proteomics (2011) 11:2555–9.
doi:10.1002/pmic.201000809

46. Agilent Technologies. FFPE protein extraction solution protocol (2009).
Retrieved from https://www.chem-agilent.com/pdf/strata/400925.pdf
(Accessed October 12, 2019).

47. Lee S, Bang S, Song K, and Lee I. Differential expression in normal-adenoma-
carcinoma sequence suggests complex molecular carcinogenesis in colon.
Oncol Rep (2006) 16(4):747–54. doi:10.3892/or.16.4.747

48. Andersen CL, Christensen LL, Thorsen K, Schepeler T, Sørensen FB, Verspaget
HW, et al. Dysregulation of the transcription factors SOX4, CBFB and
SMARCC1 correlates with outcome of colorectal cancer. Br J Cancer
(2009) 100(3):511–23. doi:10.1038/sj.bjc.6604884

49. Mikesch J-H, Buerger H, Simon R, and Brandt B. Decay-accelerating factor
(CD55): a versatile acting molecule in human malignancies. Biochim Biophys
Acta (Bba) - Rev Cancer (2006) 1766(1):42–52. doi:10.1016/j.bbcan.2006.
04.001

50. Helman LJ, Gazdar AF, Park JG, Cohen PS, Cotelingam JD, and Israel MA.
Chromogranin A expression in normal and malignant human tissues. J Clin
Invest (1988) 82(2):686–90. doi:10.1172/jci113648

51. Bustin SA, Li S-R, and Dorudi S. Expression of the Ca2+-activated
chloride channel genes CLCA1 and CLCA2 is downregulated in human
colorectal cancer. DNA Cel Biol (2001) 20(6):331–8. doi:10.1089/
10445490152122442

52. Toiyama Y, Inoue Y, Yasuda H, Saigusa S, Yokoe T, Okugawa Y, et al. DPEP1,
expressed in the early stages of colon carcinogenesis, affects cancer cell
invasiveness. J Gastroenterol (2011) 46:153–63. doi:10.1007/s00535-010-
0318-1

53. Yao X, Zhao G, Yang H, Hong X, Bie L, and Liu G. Overexpression of high-
mobility group box 1 correlates with tumor progression and poor prognosis in
human colorectal carcinoma. J Cancer Res Clin Oncol (2010) 136(5):677–84.
doi:10.1007/s00432-009-0706-1

54. Quesada-Calvo F, Massot C, Bertrand V, Longuespée R, Blétard N, Somja J,
et al. OLFM4, KNG1 and Sec24C identified by proteomics and
immunohistochemistry as potential markers of early colorectal cancer
stages. Clin Proteom (2017) 14(9). doi:10.1186/s12014-017-9143-3

55. Li A, Goto M, Horinouchi M, Tanaka S, Imai K, Kim YS, et al. Expression of
MUC1 and MUC2 mucins and relationship with cell proliferative activity in
human colorectal neoplasia. Pathol Int (2001) 51(11):853–60. doi:10.1046/j.
1440-1827.2001.01291.x

56. Ogata S, Uehara H, Chen A, and Itzkowitz SH. Mucin gene expression in
colonic tissues and cell lines. Cancer Res (1992) 52(21):5971–8.

57. Nozawa Y, Van Belzen N, Van derMade ACJ, DinjensWNM, and Bosman FT.
Expression of nucleophosmin/B23 in normal and neoplastic colorectal
mucosa. J Pathol (1996) 178(1):48–52. doi:10.1002/(sici)1096-9896(199601)
178:1<48::aid-path432>3.0.co;2-y

58. Yung BY. Oncogenic role of nucleophosmin/B23. Chang Gung Med J (2007)
30(4):285–93.

59. Vié N, Copois V, Bascoul-Mollevi C, Denis V, Bec N, Robert B, et al.
Overexpression of phosphoserine aminotransferase PSAT1 stimulates cell
growth and increases chemoresistance of colon cancer cells. Mol Cancer
(2008) 7:14. doi:10.1186/1476-4598-7-14

60. Zheng H, Tsuneyama K, Cheng C, Takahashi H, Cui Z, Murai Y, et al. Maspin
expression was involved in colorectal adenoma-adenocarcinoma sequence and
liver metastasis of tumors. Anticancer Res (2007) 27(1A):259–65.

61. Powis G, Mustacich D, and Coon A. The role of the redox protein thioredoxin
in cell growth and cancer. Free Radic Biol Med (2000) 29(3–4):312–22. doi:10.
1016/s0891-5849(00)00313-0

62. Fu Z, Yan K, Rosenberg A, Jin Z, Crain B, Athas G, et al. Improved protein
extraction and protein identification from archival formalin-fixed paraffin-
embedded human aortas. Prot Clin Appl (2013) 7:217–24. doi:10.1002/prca.
201200064

63. Gámez-Pozo A, Ferrer NI, Ciruelos E, López-Vacas R, Martínez FG, Espinosa
E, et al. Shotgun proteomics of archival triple-negative breast cancer samples.
Prot Clin Appl (2013) 7:283–91. doi:10.1002/prca.201200048
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65. Wiśniewski JR, Duś K, and Mann M. Proteomic workflow for analysis of
archival formalin-fixed and paraffin-embedded clinical samples to a depth of
10 000 proteins. Proteomics Clin Appl (2013) 7:225–33. doi:10.1002/prca.
201200046

66. Lemaire R, Desmons A, Tabet JC, Day R, Salzet M, and Fournier I. Direct
analysis and MALDI imaging of formalin-fixed, paraffin-embedded
tissue sections. J Proteome Res (2007) 6:1295–305. doi:10.1021/
pr060549i

67. Paine MRL, Ellis SR, Maloney D, Heeren RMA, and Verhaert PDEM.
Digestion-free analysis of peptides from 30-year-old formalin-fixed,
paraffin-embedded tissue by mass spectrometry imaging. Anal Chem
(2018) 90:9272–80. doi:10.1021/acs.analchem.8b01838

Pathology & Oncology Research May 2021 | Volume 27 | Article 62285518

Rossouw et al. LC-MS/MS FFPE of CRC Tissues

82

https://doi.org/10.1002/pmic.201000595
https://doi.org/10.1007/978-1-60761-444-9_5
https://doi.org/10.1007/978-1-60761-444-9_5
https://doi.org/10.1093/nar/gkh131
https://doi.org/10.1038/nbt.3109
https://doi.org/10.1002/pmic.201200408
https://doi.org/10.1021/pr200611n
https://doi.org/10.1186/1471-2105-12-70
https://doi.org/10.1021/ac100359p
https://doi.org/10.1128/mcb.24.16.7249-7259.2004
https://doi.org/10.1039/9781782626732-FP001
https://doi.org/10.6026/97320630008167
http://bioinfogp.cnb.csic.es/tools/venny/index.html
https://www.ebi.ac.uk/pride/archive/
https://doi.org/10.1093/nar/gkw936
https://doi.org/10.1093/nar/gky1106
https://doi.org/10.1002/prca.201200046
https://doi.org/10.1002/prca.201200046
https://doi.org/10.1002/pmic.201000809
https://www.chem-agilent.com/pdf/strata/400925.pdf
https://doi.org/10.3892/or.16.4.747
https://doi.org/10.1038/sj.bjc.6604884
https://doi.org/10.1016/j.bbcan.2006.04.001
https://doi.org/10.1016/j.bbcan.2006.04.001
https://doi.org/10.1172/jci113648
https://doi.org/10.1089/10445490152122442
https://doi.org/10.1089/10445490152122442
https://doi.org/10.1007/s00535-010-0318-1
https://doi.org/10.1007/s00535-010-0318-1
https://doi.org/10.1007/s00432-009-0706-1
https://doi.org/10.1186/s12014-017-9143-3
https://doi.org/10.1046/j.1440-1827.2001.01291.x
https://doi.org/10.1046/j.1440-1827.2001.01291.x
https://doi.org/10.1002/(sici)1096-9896(199601)178:1<48::aid-path432>3.0.co;2-y
https://doi.org/10.1002/(sici)1096-9896(199601)178:1<48::aid-path432>3.0.co;2-y
https://doi.org/10.1186/1476-4598-7-14
https://doi.org/10.1016/s0891-5849(00)00313-0
https://doi.org/10.1016/s0891-5849(00)00313-0
https://doi.org/10.1002/prca.201200064
https://doi.org/10.1002/prca.201200064
https://doi.org/10.1002/prca.201200048
https://doi.org/10.1021/pr200019m
https://doi.org/10.1002/prca.201200046
https://doi.org/10.1002/prca.201200046
https://doi.org/10.1021/pr060549i
https://doi.org/10.1021/pr060549i
https://doi.org/10.1021/acs.analchem.8b01838


68. Kyte J, and Doolittle RF. A simple method for displaying the hydropathic
character of a protein. J Mol Biol (1982) 157:105–32. doi:10.1016/0022-
2836(82)90515-0

69. Moggridge S, Sorensen PH, Morin GB, and Hughes CS. Extending the
compatibility of the SP3 paramagnetic bead processing approach for
proteomics. J Proteome Res (2018) 17(4):1730–40. doi:10.1021/acs.
jproteome.7b00913

70. Batth TS, Tollenaere MAX, Rüther PL, Gonzalez-Franquesa A,
Prabhakar BS, Bekker-Jensen S, et al. Protein aggregation capture on
microparticles enables multi-purpose proteomics sample preparation.
Mol Cell Proteomics (2018) 18(5):1027–35. doi:10.1074/mcp.TIR118.
001270

71. Hughes CS, Moggridge S, Müller T, Sorensen PH, Morin GB, and
Krijgsveld J. Single-pot, solid-phase-enhanced sample preparation for
proteomics experiments. Nat Protoc (2018) 14(1):1–18. doi:10.1038/
s41596-018-0082-x

72. Liu H, Ponniah G, Neill A, Patel R, and Andrien B. Accurate determination of
protein methionine oxidation by stable isotope labeling and LC-MS analysis.
Anal Chem (2013) 85, 11705–9. doi:10.1021/ac403072w

73. Zang L, Carlage T, Murphy D, Frenkel R, Bryngelson P, Madsen M, et al.
Residual metals cause variability in methionine oxidation measurements in
protein pharmaceuticals using LC-UV/MS peptide mapping. J Chromatogr B
Analyt Technol Biomed Life Sci (2012) 895-896, 71–6. doi:10.1016/j.jchromb.
2012.03.016

Copyright © 2021 Rossouw, Bendou, Blignaut, Bell, Rigby and Christoffels. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Pathology & Oncology Research May 2021 | Volume 27 | Article 62285519

Rossouw et al. LC-MS/MS FFPE of CRC Tissues

83

https://doi.org/10.1016/0022-2836(82)90515-0
https://doi.org/10.1016/0022-2836(82)90515-0
https://doi.org/10.1021/acs.jproteome.7b00913
https://doi.org/10.1021/acs.jproteome.7b00913
https://doi.org/10.1074/mcp.TIR118.001270
https://doi.org/10.1074/mcp.TIR118.001270
https://doi.org/10.1038/s41596-018-0082-x
https://doi.org/10.1038/s41596-018-0082-x
https://doi.org/10.1021/ac403072w
https://doi.org/10.1016/j.jchromb.2012.03.016
https://doi.org/10.1016/j.jchromb.2012.03.016
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


GLOSSARY

ACN Acetonitrile

AmBic Ammonium bicarbonate

APFAR Acetone precipitation and formic acid resolubilization

BCA Bicinchoninic acid

CRC colorectal carcinoma

DRP detergent removal plates

ESI electrospray ionization

FA Formic acid

FDR False discovery rate

FFPE Formalin-fixed, paraffin-embedded

GO Gene ontology

H&E Hematoxylin and Eosin

HIAR Heat-induced antigen retrieval

HILIC Hydrophilic interaction liquid chromatography

LC Liquid chromatography

LC-MS/MS Liquid chromatography coupled to tandemmass spectrometry

LFQ Label-free quantitation

MMTS Methylmethanethiosulfonate

MS Mass spectrometry

NSAF Normalized spectrum abundance factor

PCA Principal component analysis

PCC Pearson’s correlation coefficient

PSM Peptide Spectrum Match

PTM(s) Post-translational modification(s)

SDS Sodium dodecyl sulfate

SP3 Single-Pot Solid-Phase-enhanced Sample Preparation

TCEP Tris(2-carboxyethyl)phosphine

TEAB Triethylammonium bicarbonate

TFA Trifluoroacetic acid
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Pathological Features in 100
Deceased Patients With COVID-19
in Correlation With Clinical and
Laboratory Data
L. M. Mikhaleva, A. L. Cherniaev, M. V. Samsonova, O. V. Zayratyants, L. V. Kakturskiy,
O. A. Vasyukova, A. E. Birukov, A. S. Kontorshchikov, A. V. Sorokina and M. Y. Sinelnikov*

Research Institute of Human Morphology, Moscow, Russia

Background: Autopsies on COVID-19 deceased patients have many limitations due to
necessary epidemiologic and preventative measures. The ongoing pandemic has caused
a significant strain on healthcare systems and is being extensively studied around the
world. Clinical data does not always corelate with post-mortem findings. The goal of our
study was to find pathognomonic factors associated with COVID-19 mortality in 100 post-
mortem full body autopsies.

Materials and Methods: Following necessary safety protocol, we performed 100
autopsies on patients who were diagnosed with COVID-19 related death. The
macroscopic and microscopic pathologies were evaluated along with clinical and
laboratory findings.

Results: Extensive coagulopathic changes are seen throughout the bodies of diseased
patients. Diffuse alveolar damage is pathognomonic of COVID-19 viral pneumonia, and is
the leading cause of lethal outcome in younger patients. Extrapulmonary pathology is
predominantly seen in the liver and spleen. Intravascular thrombosis is often widespread
and signs of septic shock are often present.

Conclusion: The described pathological manifestations of COVID-19 in deceased
patients are an insight into the main mechanisms of SARS-CoV-2 associated lethal
outcome. The disease bears no obvious bias in severity, but seems to be more severe
in some patients, hinting at genetic or epigenetic factors at play.

Keywords: histological subtype, COVID-19, pathological features, large cohort, morphology

INTRODUCTION

The ongoing SARS-CoV-2 outbreak has caused significant healthcare, social and mental difficulties
[1]. On March 12th, 2020 the World Health Organization announced the outbreak a pandemic.
More than 180 million cases of COVID-19 have now been registered by now in the world [2].
Lethality has been officially registered at 0.1–0.5% globally [2], yet many governments have been
accused of artificially reducing both infection and lethality rates through falsification of data or
underreporting [3,4]. Nevertheless, the toll of the ongoing SARS-CoV-2 pandemic has already
brought significant social tension, healthcare straining and overall decrease in quality of life [5–7].
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The pathological characteristics of COVID-19 pulmonary
changes have been previously addressed, yet most studies
present a small number of cases [8,9]. Several reports of
pathological characteristics of extrapulmonary manifestations
have also been reported [10–12].

The goal of our study was to assess the pathological features of
COVID-19-related deaths during autopsy in a substantial cohort
(100 cases). Our null hypothesis was that all cases of lethal
outcome have similar associations and features, according to
treatment modality and patient characteristics.

MATERIALS AND METHODS

Our study included clinical, laboratory and pathology findings
collected from 100 deceased COVID-19 patients. Demographic,
clinical data (including available patient history and
comorbidities), computerized tomography (CT) results,
macroscopic and microscopic assessment of pathological
changes in the entire body was performed.

COVID-19 post-mortem verification. COVID-19 infection
was confirmed in all patients by post-mortem PCR-testing
(polymerize-chain reaction test) of biomaterial collected from
the trachea, major bronchi and lungs. PCR-testing was performed
for all patients, even when a COVID-19 diagnosis was already
issued prior to lethal outcome.

Safety protocol. The autopsies were performed according to
World Health Organization (WHO) and the Health Ministry of
Russia recommendations. Pathologists and assistants worked in
disposable full-body Taiwek suits, plastic safety glasses, two pairs
of disposable gloves, class FPP3 inhalers, disposable aprons,
shoelaces. Two staff members were allowed to be in the
dissection room at any given time (a pathologist and a
dissector). Brain examination was performed after manual
skull sectioning. Electric sawing was not permitted. Following
autopsy and tissue extraction, all instruments underwent
disinfection in an antiseptic solution, all disposable utilities
were utilized.

Pathological evaluation. Excised tissue fragments were fixed in
10% neutral formalin solution using the automatic histologic
processor Leica ASP 300S (Germany). Paraffin filling was then
performed using the Leica EG 1160 station (Germany). A Leica
RM 2125 RTS (Germany) microtome was used to provide 3–4 μm
thick slices. Hematoxylin and eosin, periodic acid-Schiff (PAS),
and Alcian blue staining were performed using the Leica ST 5010
(Germany). Perls staining was used for histochemical detection of
iron. The following organs were evaluated in all patients: brain;
trachea and bronchi; lungs; bifurcation lymph nodes; heart;
kidneys; spleen; liver.

Immunohistochemistry (IHC). Histological sections also
underwent IHC evaluation. The produced 3–4 μm sections
were placed on super adhesive slides (Trajan T7611), after
which they were placed for 2 h into a thermostat (70°S). The
staining was performed using double-stage avidin-biotin-
peroxidase method with antigen unmasking solutions,
polyclonal and monoclonal antigen use. IHC staining was
performed using the Ventana BenchMark ULTRA IHC/ISH

(United States) and Leica Bond-MAX (Germany). The
following antibodies were used in our study: CD31 Mouse
Monoclonal Antibody (clone JC70, ready-to-use), CK5/6
Mouse Monoclonal Antibody (clone D5/16B4, ready-to-use).

Microscopic evaluation. Microscopically the specimens were
analyzed using the triocular Leica DMLB (Germany) microscope
with a fully-compatible Leica DFC 420 (Germany) digital camera.
Final image analysis was performed by ImageScope Color M
software. Calibration was performed by an object-micrometer
with 0.01 mm step.

During microscopic evaluation signs of respiratory distress
syndrome (exudative and proliferative phases) were noted. The
following parameters were analyzed: hyaline membrane
structure, fibrin deposits, interalveolar bleeding, interalveolar
edema, interstitial inflammation, cytopathic effects, granulation
tissue (fibroblastic tissue), thrombi presence within vasculature,
infarctions, neutrophilic groups, macrophages, lymphocytes,
plasma cells, and siderophages within the tissue (and
localization), squamous cell metaplasia and bronchial
epithelium desquamation, squamous cell metaplasia and
alveolar epithelium desquamation, macrophage presence
within the alveoli, signs of viral presence (via cytopathic effect
characterized by the formation of large cells of irregular shape
with enlarged nuclei and coarse-grained chromatin, distinct
nucleoli, with a perinuclear “halo” effect), myxoid edematous
interstitial stroma presence, signs of aspiration, tissue necrosis.
Pathological findings within the cohort are represented as mean
and standard deviation.

Visual evaluation of the microscopic changes of other organs
and tissues was also performed to identify pathologic changes.
Organs showing signs of pathological change during autopsy
were examined pathologically. Clinical indications and patient
history were taken into account. All organs and systems
underwent primary evaluation and were included in the study
if pathological changes were noted.

Statistical evaluation. The significance of differences between
sub-cohorts was determined using the independent t-test or the

FIGURE 1 | COVID-19 related autopsy distribution by sex and age,
mean ± standard deviation.
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nonparametric Mann-Whitney U-test when variables were non-
normally distributed. Comorbidity rates were compared using
Pearson’s chi-squared test or Fisher’s exact test. Analysis of
variance was performed to evaluate intergroup differences on
each parameter with appropriate data. The minimal number of
cases that needed to be included in this study was calculated using
power analysis. Statistical data was calculated using RStudio
software, version February 1, 1335 (RStudio, Inc., Boston, MA,
United States). Results are presented as means ± standard
deviation or as numbers and percentages, and statistical
significance was set at p-values < 0.05.

RESULTS

Patient Characteristics
A total of 100 autopsies were performed (53 females, 47 males).
The mean age of the deceased patients was 70.8 years (range:
45–95 years). Mean female age was 75.5 (range: 58–95 years).
Mean male age was 67.5 (range: 45–92 years) (Figure 1). The
mean duration of the disease until lethal outcome was 13.4 days
(range: 2–48 days). The mean hospitalization duration was
7.48 days (range: 5–25 days).

Most of the deceased patients had aggravating conditions
(Figure 2). Hypertensions was the most common comorbidity.
48% of patients had more than one comorbidity. Eight patients
presented with malignancies: lung, breast, colon cancers, B-cell
and T-cell lymphoma, cutaneous plasmacytoma (one case each),
and chronic lymphocytic leukemia (two patients). Alcohol related
hepatic micronodular cirrhosis was observed in three patients,
one of which was diagnosed with the hepatocellular carcinoma.
Hepatic steatosis without cirrhosis was noted once. Two deceased
patients were diagnosed with COPD and bronchial asthma, one
patient had a congenital polycystic kidney disease, and another
one suffered from systemic amyloidosis with cardiac
involvement.

Disseminated intravascular coagulation (DIC) syndrome was
seen in 29 cases. It presented with serosal and mucosal
hemorrhages (in 96% of cases) (Figure 3H), uncoagulated
blood in the blood vessels and heart (in 79.3% of patients)
and acute erosions within the gastrointestinal (GI) tract (in
44.8% of patients). Pulmonary thrombosis was found in 44.8%
of patients effected by the DIC syndrome (13/29), Myocardial
ischemic pathology was observed in 17.2% of patients (5/29),
Intestinal gangrene was seen in 10.3% of patients (3/29)
(Figure 3I). Gastrointestinal bleeding was noted in 10.3% of
DIC cases (3/29).

Pulmonary Findings
Macroscopically, the pulmonary tissues of deceased patients
showed signs of acute respiratory damage in the form of
“shock lung” (varnish pulmonary surface with a dark-red or
dark-cherry color, volume increase (from 1,100 to 2,860 g, mean
volume is 1,659 g), and the pulmonary consolidation. Lung
surface was airless, with a rubber density, dark-red or brown-
red in color (Figures 3A,B). Pulmonary embolism was seen in 19
patients (Figures 3A,C). 31 patients showed signs of viral-
bacterial pneumonia, and three patients developed mixed
viral-bacterial-fungal pneumonia, confirmed by in-vivo
microbiology assessment, mucus analysis and postmortem
diagnosis.

Microscopic signs of diffuse alveolar damage (DAD) was seen
as the morphologic equivalent of viral pneumonia, the signs of
which were analyzed by a modification of T. Mauad et al.
algorithm for pulmonary changes in influenza A (H1N1)
patients (Table 1) [12].

In microscopic examination of the lungs pulmonary edema
was found in 61 cases, hyaline membranes within alveolar walls
and lumens was seen in 75 cases, alveolar epithelial plast-like
desquamation in 67 patients. The cytopathic effect is seen as large
alveolocytes with rubber chromatic nuclei and nucleoli presence,
occasionally with a perinuclear “halo” and round-shape
intracytoplasmic inclusions with signs of interstitial
inflammation and occasional megakaryocytes: this
phenomenon was seen in 55 cases. Among typical DAD
findings vascular injuries were present: interalveolar capillary,
vein and venular dilatation, interalveolar hemorrhages and
arteriospasm were observed in 75 cases, although its severity
varied from microscopic to vast pulmonary infarctions (31 cases)
(Figure 4).

In the brain, both in the cortical and in the medulla and in the
region of the basal nuclei, pronounced pericellular and
perivascular edema, diapedesis and focal hemorrhages with
saturation of adjacent brain tissue with blood were found. It is
believed that violations of permeability of the blood-brain barrier
and associated neural tissue damage are the result of the
cytokine storm.

When examining the urogenital tract, with the exception of the
kidneys, no specific changes were noted. In isolated cases, focal or
confluent hemorrhages were revealed in the mucous membrane
of the renal pelvis and ureters, as well as in the mucous membrane
of the bladder, associated with systemic manifestations of DIC
syndrome.

FIGURE 2 | Comorbidities in COVID-19 deceased patients [Art.
hypert.—arterial hypertension (81/100), Diab. Mellitus—diabetes mellitus (21/
100), Obesity (26/100), Postinf. card.–postinfarction cardiosclerosis (23/100),
Malign. Neopl.—malignant neoplasms (8/100), Alcoh.
cirrhosis—alcoholic cirrhosis of liver (3/100), Alcoh. f. liver—alcoholic fatty liver
(1/100), COPD—chronic obstructive pulmonary disease (1/100), Asthma (1/
100), Polyc. kidney—polycystic kidney (1/100)].
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Edema and focal hemorrhages were found in the parotid
glands, however, we did not find any changes in other salivary
glands. Purulent tracheobronchitis was found in 34% of cases,
hemorrhagic tracheobronchitis–in 10%, and mixed, purulent-
hemorrhagic tracheobronchitis in 4 cases. These changes were
most often associated with tracheal intubation and prolonged
mechanical ventilation.

Red blood cell stasis with arterial fibrinous and organized
thrombi were identified in 67 cases, the same findings were
observed in veins in 48 cases. This is typical of fibrin cloths.
The presence of alveolar siderophages, and siderophages were
identified in bronchi and terminal bronchioles in 43 cases.
Interalveolar and interstitial plasma cell and lymphocyte
infiltration was found in 43 cases, although its severity varied.

In 38 cases interstitial inflammation of the interalveolar septae
was seen. 19 cases demonstrated a perivascular myxoid
edematous stroma and similar stromal changes within the
interalveolar septae. Terminal bronchiolar epithelial (n � 24)
and alveolar (n � 37) squamous cell metaplasia, and its rare
desquamation into the bronchi (n � 67) and alveoli in the form of
plasts (n � 67) was common.

Vascular proliferation was identified in the form of multiple
closely related thin-walled capillaries, confirmed by IHC staining
with a CD31 marker (Figures 5A–C). Squamous cell metaplasia
was characterized by a highly intensive membranous staining of
epithelial cells in immunohistochemical processing by CK5-6
(Figures 5D–F). Based on morphologic findings, exudative
(early) phase DAD was diagnosed in 45 cases. Proliferative

FIGURE 3 |Macroscopic findings in COVID-19 patients: (A–C)–pulmonary surface with a dark-red or dark-cherry color, volume increase and airless tissue, with a
rubber density, dark-red or brown-red in color with pulmonary emboli detected in lung arteries lumens; (D)–left ventrical hypertrophia with pale ischemic metabolic focus;
(E)—enlarged spleen with average pulp scraping; (F)—“shock” kidney with pale cortex and congested medullae with hemorrhages; (G)—liver tissue demonstrating fatty
degeneration and congested vessels with focal hemorrhages; (H)–hemorrhages in the gastric mucosa in a COVID-19 patient complicated by DIC; (I)—segmental
gangrene of the intestine in a COVID-19 patient complicated by DIC.
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(late) phase of DAD characterized by the fibrin deposits of
different maturity within the alveoli and single terminal and
respiratory bronchioles, also by polypoid fibroblastic tissue
(granulation tissue) within the terminal bronchioles and
alveoli was diagnosed in 45 cases. The exudative and
productive phases of diffuse alveolar damage (mixed DAD
phase) with signs of local interalveolar edema, hyaline
membranes, desquamated alveolar epithelium combined with
fibrin, alveolar fibroblastic component, alveolar and bronchial
squamous cell metaplasia were found in 36 autopsy cases. In 31
cases, microscopic findings of bronchopneumonia, and in 3 cases
viral-bacterial-mycotic pneumonia were identified, and it was
proven by microbiological evaluation. In 1 case only a bacterial
aspiration bronchopneumonia with no DAD criteria was
identified, despite positive PCR testing.

Extrapulmonary Findings
Hemmoragic findings in the brain were found in seven cases
(Figure 6A). Hepatomegaly and splenomegaly of ranging severity
were identified in all COVID-19 autopsies. Heart weight varied
from 250 to 700 g (mean � 452 g). The ventricular index in 81% of
cases was less than 0.4, which testifies arterial hypertension.
Postinfarction cardiosclerosis was observed in 23 patients
(Figure 6B). Myocardial metabolic disorders were identified in
6 cases, five of which—in patients with DIC syndrome, which was
interpreted as hemopoietic complications of COVID-19 infection
in case an atherosclerotic plaque was absent within the coronary
arteries (Figure 3D). Ischemic and hemorrhagic infarctions of the
kidneys were identified in 2 cases, one of which was associated
with DIC syndrome. “Shock kidneys” were noted in five
autopsies, which demonstrated signs of acute renal failure
(Figure 3F). Microscopically along with an

arteriolonephrosclerosis (common finding in hypertensive
patients), partial glomerular collapse, significant granular
tubular epithelial dystrophy, renal tubular eosinophilic masses,
tubular and interstitial necrosis and edema were commonly
identified (Figure 6C).

The spleen varied in weight being 50–530 g (mean � 176 g).
Splenic hyperplasia (over 190 g) with an notable pulp scraping
was detected in 31 cases (Figure 3E). Increased splenic weight
was more pronounced in patients with sings of septic shock.
Microscopically a follicular reduction, splenic pulp unification
with lymphocytes and multiple necrotic foci, and hemorrhages
was noticed (Figure 6E). Focal hemorrphages as well as
angiomatosis were also observed in bifurcation lymphnodes
(Figure 6F). The livers had signs of droplet-like, middle-size
and large droplet-like steatosis of ranging severity in all cases
along with petechial hemorrhages (Figures 3G, 6D).

Clinical correlation. In order to find significant difference
between patient groups, we decided to evaluate the most
common comorbid conditions in the deceased patients. These
included arterial hypertension, obesity, ischemic heart disease
and diabetes. The patients were categorized into eight groups
according to combination of these comorbid conditions
(Table 2). Analysis of variance showed that the mean
respiration rate, C-reactive protein levels, heart mass, lung
mass and CT severity grades were the only variables with
significant differences. Specifically, patients with all four
comorbidities had a significantly higher mean respiration rate.
C-reactive protein levels were significantly greater in patients
with comorbidities compared to those without. Interestingly, lung
mass was greater in the group of patients with arterial
hypertension, obesity and ischemic heart disease, compared to
those without comorbid conditions. Pulmonary findings did not

TABLE 1 | Microscopic changes in lungs.

Microscopic findings Number of patients
with the finding (N)

Hyaline membranes 75
Fibrin within the alveoli 54
Interalveolar hemorrhages 75
Siderophages within the alveoli 43
Interalveolar edema 61
Interstitial inflammation 38
Cytopathic effect 55
Granulation tissue 28
Pulmonary infarction 31
Arterial thrombi 67
Vein thrombi 48
Neutrophils in the bronchi/bronchioles/alveoli 29
Bronchial epithelium metaplasia 24
Bronchial epithelium desquamation 67
Alveolar epithelium metaplasia 37
Alveolar epithelium desquamation 67
Alveolar macrophages 56
Intercellular viral particles 0
Interstitial myxoid edematous stroma (alveolar walls, perivascular) 19
Aspiration 1
Plasma cells, lymphocytes within alveoli 43
Siderophages within the bronchi 12
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vary significantly in patients according to clinical findings
(Table 3).

Further evaluation of clinical, laboratory and pathological
correlates showed that patients with mean respiration rates of
over 21 generally had lower C-reactive protein values (p � 0.0316)
and showed signs of macrophage infiltration of alveoli more
commonly (p � 0.022). Patients who were sick for over 14 days
spent significantly more time on ventilation (p � 0.001), had
lower SpO2 levels on admission (p � 0.015), commonly presented
with granulation tissue (p � 0.016), neutrophil pulmonary
infiltration (p � 0.010) and bronchial epithelial metaplasia
(p < 0.001) than those who were sick for under 14 days. This
suggests that granulation, neutrophil infiltration and epithelial
changes are characteristic of disease progression.

Patients who passed away quicker (<7 days of hospitalization)
were surprisingly younger (p � 0.022), had a higher heart mass
(p � 0.009), shorter disease duration (p < 0.0001), spent less time
on ventilation (p < 0.0001), had less venous thrombi (p � 0.038),
less findings of epithelial desquamation (p � 0.038), myxoid
edema (p � 0.045), plasmocytic infiltration (p � 0.044).
Importantly, these findings did not show any significant
variability in terms of comorbidity. Patients aged 70 and
under were more often in DAD phase 1–2 (p � 0.006), while

no other significant age related discrepancies were noted in both
comorbidities, clinical and pathological status. Arterial
thrombosis was more common in older patients (p < 0.0001),
and was significantly associated with presence of siderophages in
alveoli (p � 0.0002), interstitial pulmonary edema (p � 0.011),
cytopathic effect (p � 0.037), pulmonary infarctions (p � 0.016)
and presence of venous thrombi (p < 0.0001). C-reactive protein
levels of over 200 were associated with increased macrophageal
infiltration of alveoli (p � 0.045), reduced myxoid edema (p �
0.016) and were more common in patients with ischemic heart
disease (p � 0.009).

DISCUSSION

Many publications regarding the safety and protocol for COVID-
19 autopsies have been published [9–11,13,14]. Proper ventilation
[9,15], full-body protection, breathing filters and other
techniques have been recommended to assure isolation of the
pathologist [9–11]. In some institutions pathologists follow a
special in corpore technique [9], or a pinpoint ultrasound
autopsy, while others prefer full or partial evisceration
techniques [9–11]. Several institutions do not perform

FIGURE 4 | Pulmonary microscopic findings in COVID-19 patients. (A)—DAD phase 1: hyaline membranes lining the alveoli, desquamation of alveolocytes, focus
of leukocyte infiltration (upper right corner); (B)—DADmixed phase—alongside hyaline membranes there are fibroblasts and granulation tissue present; (C)—DADphase
2: fibrous tissue with single alveolar lumens detected, erythrocytes and hemosyderophages in the alveolar lumens; (D)—iron deposits in hemosyderophages in alveolar
lumens. (A–C)—H&E stain, ×20; (D)—Perls’ stain, ×20.
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autopsies, favoring full-body post-mortem MRI scanning instead
[16]. Such necessary limitations have been widely implemented
[17–21]. In our study, we utilized a full-body isolation protocol,
which allowed for complete pathological evaluation.

Numerous clinical studies showed the aggravating effects of
comorbidities on COVID-19 prognosis [9,15,16,22–28]. Arterial
hypertension, coronary artery disease, diabetes mellitus, obesity,
malignant neoplasms and chronic pulmonary disease lead to
increased lethality risk [6,9,15,16,26,29–35]. In our study, DAD
was noted to be the main factor, influencing lethality in patients
with existing comorbidities. More so, our revealed the presence of
a mixed phase of diffuse alveolar damage with signs of both
exudative and proliferative phases in COVID associated
pathology, found a discrepancy between the duration of the
disease and the phase of DAP (in some cases, the
morphological picture of the exudative phase of DAP was
observed later than 14 days from the onset of the disease,
while in other cases, deposits of fibrin and granulation tissue
were present already at 7 days from the onset of the disease). Our
findings suggest that granulation, neutrophil infiltration and
epithelial changes are characteristic of disease progression.
Noting that the subjects of our study all succumb to the
disease, it is important to note that these signs may be poop
prognostic factors, indicating uncontrolled disease progression.

The limitations of our study involve the sample size: while
being one of the largest cohorts reported, the subgroups were
often too small for proper statistical evaluation. Furthermore, the

lack of data on clinical background of some patients (due to the
acute matter of the disease in previously unmonitored patients)
posed limitations in analysis of risk factors and individual
patterns. A single center analysis poses limitations regarding
quality of care, which may vary elsewhere.

Diffuse alveolar damage has several distinct phases: an
exudative phase (observed in 1–7 days of illness), followed by
a proliferative phase (1–3 weeks since disease manifestation) and
a fibrotic phase (if occurs, after 3 weeks). A combination of the
proliferative and an exudative phase was seen in 36% of cases in
our study, which is consistent with other findings [15,22,36,37]. A
prolonging of the exudative phase may be associated with
treatment, intervention ventilation and viral load factors. An
Italian study showed that among 38 deceased patients
hospitalized for 1–23 days, no one was diagnosed with the
fibrotic stage of DAD, but rather with the exudative and early
proliferative stages of DAD [15].

SARS-CoV-2 replicates mainly within Type II Alveolocytes
due to ACE affinity [38,39]. However, Carsana et al. identified
viral particles along the plasmalemma and inside the
intracytoplasmic vacuoles of Type 1 and 2 Pneumocytes and
alveolar macrophages [15]. Bacterial and mycotic pneumonia
complicating SARS-CoV-2 infection have been discussed as
factors influencing lethality and viral activity [9,15,16].
According to our data, a bacterial (31%) and a bacterial-
mycotic (3%) flora was identified in the patients on prolonged
artificial ventilation, which partially confirmed this hypothesis.

FIGURE 5 | DAD phase 2 in COVID-19 patiens. (A–C)—vascular proliferation in lungs. (A)—H&E, ×40, (B,C)—IHC with the CD31 marker, B×20, (C)—×40.
(D–F)—squamous cell metaplasia of an alveolar epithelium and bronchi. D—H&E, ×20, (E,F)—IHC staining with the CK5-6 marker, (E)—×20, (F)—×40.
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Vascular complications, including thromboembolic and
hemorrhagic, are widely seen in post-mortem COVID-19
autopsies [40–44]. This is due to SARS-CoV-2 associated
coagulopathic disorders (generalized thrombotic
microangiopathy, vascular endothelial injury) [9,40]. We
observed DIC in up to 31% of cases, presented as multiple
vascular hemorrhages or thromboses in different locations,
pulmonary artery and vein multiple obturating thromboses,
including hemorrhagic pulmonary infarcts and
extrapulmonary pathology.

According to our data, left ventricular hypertrophy,
cardiomyocyte hypertrophy, cellular myocardial degeneration
and arterial hypertension-related pathology were the most
common findings in the heart, consistent with existing data
[16,36,37]. IHC demonstrated that myocardial interstitial
portion is mainly presented by macrophages and some
amount of CD4+ T-cells. CD8+ T-cells and CD20+ B-cells
have not been identified. However, existing studies have not
yet identified SARS-CoV-2 viral particles within the
myocardium cells [36]. Lymphoplasmacytic infiltration was
not identified by many researchers [37], the signs of
myocarditis were also absent in our study. Myocardial senile
amyloidosis was demonstrated in 1% of cases in our study, and
was also noted by other researchers [9].

Several other studies have demonstrated lymphocytic
infiltration of hepatic lobules, sinusoid dilatation, partial

hepatocyte necrosis, yet were mainly associated with
concomitant pathology (e.g., liver cirrhosis) [22,36,37]. Our
findings show hepatocyte dystrophy and hepatic degeneration
associated with direct COVID-19 associated damage. In our
previous work owe showed COVID-19 lymph node damage
consists of reduction of lymphoid follicles and expansion of
the paracortical zone with reactive plasmacytosis,
extrafollicular B-cell activation, sinus histiocytosis, signs of
hemophagocytosis, formation of hyaline thrombi, diapedetic
hemorrhages, and massive hemorrhages in individual nodes.
An immunohistochemical study revealed the predominance of
CD4 + T-helpers in the paracortical zone, depletion of cytotoxic
CD8 + lymphocytes, an increase in the number of both
lymphocytes expressing the PD-1 suppressor protein and
activated lymphocytes expressing the CD30 activation antigen.
CD123-positive plasmacytoid dendritic cells secreting type 1
interferon were found in a significant amount in the lumen of
the sinuses and in the paracortical zone [45].

Damage to the kidneys in COVID-19 presents with
arteriolonephrosclerosis along with nephritis, collapse
glomerulopathy, tubular epithelium dystrophy with protein
exudate, cylinders within enlarged tubules and fibrin thrombi
within capillaries [22,36]. Tubular necrosis and renal
infarctions, associated with septic conditions, were seen in
2 cases in our study. Splenic enlargement due to sepsis, major
follicular reduction, lymphatic infiltration, necrosis and

FIGURE 6 |Microscopic findings in other organs in COVID-19 patients. H&E stain. (A)—brain tissue demonstrating focal hemorrhage and pericellular edema, ×20;
(B)—miocard sample with large postinfarction cardiosclerosis area, congested vessels and contracted cardiomyocytes, ×5; (C)—kidney specimen showing massive
necrosis of tubular epithelium, ×20; (D)—steatosis of hepatocytes, congested vessels, ×20; (E)—focal hemorrhage in the spleen, ×20; (F)—reactive lymphadenitis with
angiomatosis of bifurcation lymphnodes.
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TABLE 2 | Comparison of clinical data between patients with common comorbid conditions (AH, arterial hypertension; OB, obesity; DM, diabetes mellitus; ICD, ischemic heart disease).

Cat A B C D E F G H

Comorbidity Arterial
hypertension

only
(n = 33)

Arterial
hypertension
and Obesity

(n = 8)

AH + OB +
DM + ICD
(n = 2)

AH + OB + DM
(n = 9)

AH + DM
(n = 7)

AH + ICD
(n = 17)

AH + OB + ICD
(n = 3)

None
(n = 15)

p-value
(ANOVA)

Age 71.73 ± 14.14 73.38 ± 16.28 68.50 ± 4.95 71.67 ± 13.37 72.71 ± 11.53 72.53 ± 13.63 86.67 ± 6.43 69.07 ± 12.81 0.656
Time from
hospitalization to
death (days)

8.12 ± 5.07 6.13 ± 7.90 12.50 ± 4.95 6.36 ± 3.38 7.57 ± 4.86 6.94 ± 4.44 13.33 ± 10.69 7.33 ± 4.69 0.430

Disease duration
(symptom onset to
death)

14.46 ± 6.19 11.38 ± 10.14 14.50 ± 6.36 11.11 ± 4.37 15.29 ± 6.32 14.06 ± 3.19 20.67 ± 23.67 11.20 ± 4.60 0.321

Time on ventilation 5.73 ± 5.40 6.17 ± 9.37 10.50 ± 6..36 5.27 ± 2.84 7.44 ± 5.01 5.31 ± 3.52 11.67 ± 11.93 7.08 ± 3.96 0.535
Patient mean
respiration rate
(breaths/min)

20.85 ± 2.64 21.00 ± 2.53 32.50 ± 17.58 21.29 ± 3.20 23.40 ± 5.94 21.91 ± 4.01 22.67 ± 3.06 22.86 ± 4.63 0.0189* C vs
A,B,D,F,H

Maximum C-reactive
protein (mg/L)

245.70 ± 96.23 152.52 ± 89.07 198.20 ± 4.38 141.95 ± 57.98 237.90 ± 73.02 134.43 ± 94.12 141.50 ± 61.52 59.54 ± 51.57 <0.0001* A vs
D,F,H E vs H

SpO2 on
admission (%)

87.23 ± 10.35 87.33 ± 6.19 78.00 ± 16.97 86.67 ± 21.11 84.50 ± 9.15 85.00 ± 13.28 84.00 ± 8.49 90.40 ± 6.11 0.850

Mean body
temperature (Co)

38.27 ± 0.97 37.86 ± 0.77 37.75 ± 0.35 37.45 ± 1.88 38.46 ± 0.55 38.26 ± 0.63 38.75 ± 1.48 38.50 ± 0.86 0.216

Maximum
lymphocyte
content (%)

13.41 ± 12.77 10.42 ± 3.36 3.50 ± 2.40 13.85 ± 7.57 13.00 ± 8.34 15.40 ± 18.38 8.6 ± 3.39 10.57 ± 3.00 0.828

Heart mass (g) 471.27 ± 96.97 431.00 ± 111.17 383.00 ± 45.25 440.89 ± 89.66 464.29 ± 84.63 406.18 ± 91.42 313.33 ± 77.67 483.33 ± 90.05 0.0443*
Spleen mass (g) 178.33 ± 96.88 163.63 ± 95.74 134.00 ± 50.91 252.33 ± 138.29 138.57 ± 37.61 169.06 ± 82.47 120.00 ± 17.32 160.00 ± 61.96 0.202
Lung mass 1729.39 ± 465.11 1,620.63 ± 300.01 1962.50 ± 901.56 1,641.11 ± 425.89 1,467.14 ± 290.62 1,617.64 ± 264.21 2,283.33 ± 325.32 1,499.33 ± 270.49 0.0484*
G vs H
CT severity
(grade 1–5)

3.33 ± 0.58 2.50 ± 2.12 3.50 ± 0.71 3.14 ± 0.90 3.14 ± 0.89 3.75 ± 0.50 3.67 ± 0.58 3.5 ± 0.71 0.0875 B vs. F
(0.0263*)

Bold values: statistically significant findings at p < 0.05.
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hemorrhages have been shown in our study, consistent with
other findings [36]. A B-dependent zone reduction and
cytotoxic T-lymphocyte depletion with PD-1
superexpression were characteristic of severe coronaviral
infection, which, according to several studies,
demonstrates immune response reduction [45]. The
paracortical zone showed a significant reactive
plasmocytosis with T-helper existence—a morphologic
substrate of humoral immunity, which may testify a
noneffective humoral response in COVID-19-effected
patients with simultaneous T-cell immunity failure.

Our data adds value to analysis of certain potential predictors
of disease severity. Respiration rate was shown to be significantly
greater in patients with more than one comorbidity,
indicating the potential prognostic value of this
parameter. Pulmonary findings were non-specific to
clinical symptoms, prognosis or disease duration, which
highlight the vast unpredictability of the disease, hinting
and genetic predisposition to severe forms. Our findings that
younger patients passed away sooner may be attributed to
the fact that they are admitted at later stages and elderly
patients are prioritized in acute care. Patients who do not die
early and develop granulations, immune infiltration and
epithelial changes are at risk of lethal outcome. Arterial
thrombosis was the dominant factor in lethal outcome in the
elder patients (over 70), while younger patients did not
develop thrombosis, but presented with acute DAD phase

1-2, suggesting it’s main role in lethal outcome of a
predisposed cohort.

CONCLUSION

The new coronaviral infection pathogenesis and its pathological
manifestations are being heavily studied. Due to high
contagiousness and low autopsy rate worldwide, too few
autopsies of the coronavirus-affected patients are performed.
As such, our study provides substantial insight into the
macro- and micropathological aspects of COVID-19 damage.
Our results show high prevalence of diffuse alveolar damage, as
well as immune compromise and polyorgan failure in deceased
patients.
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TABLE 3 | Pulmonary findings (AH, arterial hypertension; OB, obesity; DM, diabetes mellitus; ICD, ischemic heart disease).

Comorbidity Arterial
hypertension
only (n = 33)

Arterial
hypertension
and obesity

(n = 8)

AH + OB +
DM + ICD
(n = 2)

AH + OB +
DM (n = 9)

AH + DM
(n = 7)

AH + ICD
(n = 17)

AH + OB +
ICD (n = 3)

None
(n = 15)

DAP phase 1 (n, %) 16 (48.48%) 4 (50.00%) 0 (0.00%) 2 (22.22%) 2 (28.57%) 10 (58.82%) 2 (66.67%) 8 (53.33%)
DAP phase 2 (n, %) 6 (18.18%) 2 (25.00%) 1 (50.00%) 3 (33.33%) 3 (42.86%) 2 (11.76%) 0 (0.00%) 0 (0.00%)
DAP phase 1–2 (n, %) 11 (33.33%) 2 (25.00%) 1 (50.00%) 4 (44.44%) 2 (28.57%) 5 (29.41%) 1 (33.33%) 7 (46.67%)
Hyaline membrane presence 25 (75.76%) 6 (75.00%) 1 (50.00%) 4 (44.44%) 4 (57.14%) 14 (82.35%) 3 (100%) 15 (100%)
Fibrin in alveoli 17 (51.52%) 3 (37.50%) 2 (100%) 7 (77.78%) 5 (71.43%) 6 (35.29%) 2 (66.67%) 7 (46.67%)
Erythrocytes in alveoli 21 (63.64%) 5 (62.50%) 1 (50.00%) 8 (88.89%) 7 (100%) 16 (94.12%) 3 (100%) 11 (73.33%)
Siderophages in alveoli 9 (27.27%) 3 (37.50%) 1 (50.00%) 6 (66.67%) 5 (71.43%) 9 (52.94%) 0 (0.00%) 6 (40.00%)
Interalveolar oedema 22 (66.67%) 4 (50.00%) 1 (50.00%) 5 (55.56%) 3 (42.86%) 10 (58.82%) 3 (100%) 12 (80.00%)
Interstitial inflammation 13 (39.39%) 3 (37.50%) 2 (100%) 4 (44.44%) 4 (57.14%) 5 (29.41%) 0 (0.00%) 4 (26.67%)
Cytopathic effect 14 (42.42%) 7 (87.50%) 0 (0.00%) 5 (55.56%) 5 (71.43%) 14 (82.35%) 0 (0.00%) 7 (46.67%)
Granulations 10 (30.30%) 3 (37.50%) 2 (100%) 3 (33.33%) 5 (71.43%) 2 (11.76%) 0 (0.00%) 1 (6.67%)
Hemorrhagic infarctions 12 (36.36%) 0 (0.00%) 0 (0.00%) 3 (33.33%) 2 (28.57%) 4 (23.53%) 2 (66.67%) 7 (46.67%)
Arterial thrombi 19 (57.58%) 4 (50.00%) 2 (100%) 7 (77.78%) 4 (57.14%) 13 (76.47%) 2 (66.67%) 11 (73.33%)
Venous thrombi 15 (45.45%) 4 (50.00%) 2 (100%) 7 (77.78%) 2 (28.57%) 10 (58.82%) 2 (66.67%) 3 (20.00%)
Neutrophil infiltration 7 (21.21%) 1 (12.50%) 1 (50.00%) 3 (33.33%) 1 (14.29%) 8 (47.06%) 1 (33.33%) 5 (33.33%)
Bronchial epithelial metaplasia 9 (27.27%) 1 (12.50%) 0 (0.00%) 3 (33.33%) 3 (42.86%) 2 (11.76%) 0 (0.00%) 3 (20.00%)
Bronchial epithelial
desquamation

21 (63.64%) 3 (37.50%) 2 (100%) 7 (77.78%) 6 (85.71%) 9 (52.94%) 3 (100%) 11 (73.33%)

Alveolar epithelial metaplasia 13 (39.39%) 2 (25.00%) 1 (50.00%) 5 (55.56%) 3 (42.86%) 3 (17.65%) 1 (33.33%) 6 (40.00%)
Alveolar epithelial desquamation 18 (54.55%) 5 (62.50%) 1 (50.00%) 6 (66.67%) 6 (85.71%) 12 (70.59%) 3 (100%) 12 (80.00%)
Macrophage infiltration of alveoli 16 (48.48%) 5 (62.50%) 2 (100%) 4 (44.44%) 5 (71.43%) 9 (52.94%) 1 (33.33%) 9 (60.00%)
Edematous myxoid stroma 6 (18.18%) 3 (37.50%) 0 (0.00%) 2 (22.22%) 2 (28.57%) 3 (17.65%) 0 (0.00%) 2 (13.33%)
Aspiration 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 0 (0.00%)
Lymphocytes in alveoli 13 (39.39%) 3 (37.50%) 2 (100%) 4 (44.44%) 4 (57.14%) 6 (35.29%) 2 (66.67%) 7 (46.67%)
Siderophages in bronchi 0 (0.00%) 2 (25.00%) 1 (50.00%) 3 (33.33%) 2 (28.57%) 2 (11.76%) — 1 (6.67%)
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Introduction: A subset of breast neoplasia is characterized by features of neuroendocrine
differentiation. Positivity for Neuroendocrine markers by immunohistochemistry is required
for the diagnosis. Sensitivity and specificity of currently used markers are limited; based on
the definitions of WHO Classification of Tumours, 5th edition, about 50% of breast tumors
with features of neuroendocrine differentiation express chromogranin-A and 16% express
synaptophysin. We assessed the applicability of two novel markers, syntaxin-1 and
insulinoma-associated protein 1 (INSM1) in breast carcinomas.

Methods: Hypercellular (Type B) mucinous carcinomas, solid papillary carcinomas,
invasive carcinomas of no special type with neuroendocrine features and ductal
carcinomas in situ of neuroendocrine subtype were included in our study. The
immunohistochemical panel included chromogranin A, synaptophysin, CD56, syntaxin-
1 and INSM1. The specificity of syntaxin-1 and INSM1 was determined using samples
negative for chromogranin A, synaptophysin and CD56.

Results: The sensitivity of syntaxin-1 was 84.7% (50/59), with diffuse positivity in more
than 60% of the cases. Syntaxin-1 also had an excellent specificity (98.1%). Depending on
the definition for positivity, the sensitivity of INSM1was 89.8% (53/59) or 86.4% (51/59), its
specificity being 57.4% or 88.9%. The sensitivities of chromogranin A, synaptophysin and
CD56 were 98.3, 74.6 and 22.4%, respectively.

Discussion: Syntaxin-1 and INSM1 are sensitive and specific markers of breast tumors
with neuroendocrine features, outperforming chromogranin A and CD56. We recommend
syntaxin-1 and INSM1 to be included in the routine neuroendocrine
immunohistochemical panel.

Keywords: immunohistochemistry, syntaxin-1, insulinoma-associated protein 1, breast neuroendocrine neoplasms,
solid papillary carcinoma, mucinous carcinoma, carcinoma no special type
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INTRODUCTION

It has been known for decades, that a subset of breast neoplasia
may present with either histomorphological or
immunohistochemical (IHC) signs of neuroendocrine (NE)
differentiation, or a combination thereof (1). Although these
features were primarily described in hypercellular (Type B)
mucinous carcinomas, it has become evident that solid
papillary carcinomas and many other invasive breast
carcinomas of no special type also exhibit such a phenotype (2–5).

NE differentiation, as a histological type defining criterion,
was introduced only in the third edition of the World Health
Organization (WHO) classification (“blue book” series) of breast
tumors (6). This edition, separately from the mucinous
carcinomas, mentioned the NE tumors as a distinct category
with subcategories: solid, small cell/oat cell and large cell NE
carcinomas. These entities were defined on the one hand by the
histomorphologic similarities with the NE neoplasms of other
organs (e.g., the gastrointestinal tract and lungs), on the other
hand by immunoreactivity for NE markers in at least 50% of the
tumor cells. Although this category was mainly defined by
morphological features, it was not clearly separated from other
special types of breast carcinomas known for frequent expression
of NE markers. Since its introduction, the classification,
definitions and taxonomy have undergone several modifications.

The fourth edition refined the diagnostic criteria by omitting
the 50% threshold of immunoreactivity and, separately from
“pure” NE tumors and carcinomas, also introduced a new
class, namely invasive breast carcinoma with NE
differentiation (7). Large cell NE carcinoma was excluded
from this edition.

Currently, the fifth and latest classification, harmonized with
the newest consensus proposal of the International Agency for
Research on Cancer (IARC) and the WHO, adopted the term
“neuroendocrine neoplasm” (NEN) (8, 9). It includes well-
differentiated NENs also known as NE tumors (NETs) and
poorly differentiated NENs or (small cell and large cell) NE
carcinomas (NECs). Solid papillary carcinoma and the
hypercellular variant (Type B) of mucinous carcinoma
remained as distinct entities with frequent NE differentiation.
Even though this system seems to have separated the pure NENs
from other entities, some of the remaining, much more common
categories are unfortunately not so well delineated. If a tumor
displays histological features and immunoreactivity for NE
markers, but is not “distinct or uniform enough”, the
appropriate diagnosis should be invasive carcinoma no special
type with NE differentiation. Furthermore, if a conventional
neoplasm contains areas (between 10 and 90%) consistent
with NEN, the term “mixed NEN” should be used.

Besides histomorphology, IHC evaluation is required for
confirming NE differentiation. The most commonly applied
NE markers are chromogranin A (CGA), synaptophysin (SYP)
and CD56. However, none of these markers is sensitive and
specific enough to be used alone, and consensus reports
recommend their combined application. At the same time,
novel, more sensitive or specific and more easily applicable NE
marker candidates are being identified. Beside insulinoma-

associated protein 1 (INSM1), another example for such a
promising molecule is syntaxin-1 (STX1), which we reported
to be a generally reliable NE marker (10).

INSM1 is a transcription factor which takes part in the
development of NE tissues and neoplasia. Beside regulating
transcription, INSM1 is also crucial in arresting cell cycle,
therefore it is considered as a key molecule in terminal NE
differentiation (11). STX1 is an essential molecule of the
neurosecretory machinery and acts as a component of the
SNARE complex. Its role is to enable fusion of the secretory
vesicle and the presynaptic membrane. Apart from neurons,
STX1 has been proven to be specifically expressed by NE cells.

The aim of our study was to evaluate the characteristics of
STX1 and INSM1 IHC expression in breast neoplasia showing
NE features.

MATERIALS AND METHODS

Formalin-fixed paraffin-embedded samples were collected from
the archives of the Departments of Pathology of the Bács-Kiskun
County Teaching Hospital and the University of Szeged.
Diagnoses of all cases were updated according to the criteria
of the 5th edition of WHO classification of breast tumors (8). NE
differentiation was defined as immunoreactivity with at least one
classical NE marker (CGA, SYP or CD56). However, only tumors
raising the possibility of NE differentiation were stained for these
markers during the routine work-up.

To evaluate the samples, tissue microarrays (TMAs) were
used. The TMA blocks were constructed manually as
previously published (12–14). Briefly, cores of 2.2 mm in
diameter were sampled from both the periphery and the
centre of the lesions; each lesion being represented in either
two or three cores.

Three to four-micrometer-thick sections were used for IHC
reactions with STX1, CGA, SYP, CD56 and INSM1 antibodies, in
all lesions. Primary antibodies and the applied protocols are listed
in Table 1 and have been reported in detail previously (10).

Altogether, 113 cases (79 from the archives of the Bács-Kiskun
County Teaching Hospital, the remaining 34 from the University
of Szeged) diagnosed between 2001 and 2019 were collected.
Fifty-nine tumors from 55 patients (4 of them with bifocal
lesions) demonstrated traditional NE marker positivity and the
remaining 54 were negative for these markers and formed a
negative control group in our study. All lesions with NE marker
positivity were diagnosed either as hypercellular (Type B)
mucinous carcinoma, solid papillary carcinoma, invasive breast
carcinoma of no special type with NE features or ductal
carcinoma in situ, NE subtype. No tumor in this series
fulfilled the criteria of NET or NEC. The included cases are
briefly summarized in Table 2.

For CGA and SYP, any (at least 1%) cytoplasmic labelling of
the tumor cells; for INSM1, any (at least 1%) nuclear positivity;
finally, for STX1 and CD56, any (at least 1%) cytoplasmic and/or
membranous staining were considered positive. The percentage
of the labelled tumor cells, as well as the semiquantitative (0 to 3+,
respectively) intensity of the staining was evaluated separately by
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TABLE 1 | Primary antibodies and IHC protocols.

Antibody Clone Manufacturer Retrieval Dilution

STX1 (HPC-1) sc-12736 (Mouse monoclonal) Santa Cruz pH 10.0 1:200
INSM1 A8 (Mouse monoclonal) Santa Cruz pH 9.0 1:100
SYP 27G12 (Mouse monoclonal) Novocastra pH 9.0 1:400
CGA LK2H10 (Mouse monoclonal) Cellmarque pH 9.0 1:700
CD56 123C3.D5 (Mouse monoclonal) Cellmarque pH 9.0 1:200

TABLE 2 | Tumor types of the included cases.

Institute Diagnosis No of cases

Bács-Kiskun County Teaching Hospital Mucinous carcinoma, Type B 10
Solid papillary carcinoma 12
Invasive carcinoma NST with NE differentiation 11
DCIS, NE subtype 1

University of Szeged Mucinous carcinoma, Type B 12
Solid papillary carcinoma 11
Invasive carcinoma NST with NE differentiation 1
DCIS, NE subtype 1

59
Non-NE cases for analysis of specificity 54

Altogether 113

NST, invasive carcinoma of no special type; DCIS, ductal in situ carcinoma.

FIGURE 1 | INSM1 (A, C) and STX1 (B, D) immunoreactivity in a hypercellular (Type B)mucinous carcinoma (A, B) and invasive carcinomaNSTwithout NE features
(C, D) 20x.
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3 pathologists. Subsequently, consensus at a multiheaded
microscope was reached for discrepant cases. Based on a
frequently detected focal and weak INSM1 expression in a
pilot series, INSM1-stained slides were also evaluated using
two additional practical definitions for positivity; 1) any
nuclear staining of any intensity [referred to as high-power
(HP) positivity], 2) nuclear staining obvious even at low-
power view [referred to as low power (LP) positivity] (Figure 1).

To assess the specificity of the novel markers, STX1 and
INSM1 IHC reactions were performed on samples derived
from other breast carcinomas proven to be negative for CGA,
SYP and CD56 (Table 2). For this purpose, TMA technique was
applied as well.

No patient-related information was collected; materials were
collected anonymously and retrospectively with no influence on
outcome or treatment. The study was approved by the Clinical
Research Coordination Office of the University of Szeged
(4430/2018).

RESULTS

STX1 immunoreactivity was detected in 50/59 tumors. The
labelling was diffuse in 37 (62.7%) of the 59 lesions. The
median percentages of positive tumor cells were 85 and 55%
for cytoplasmic or membranous staining patterns, respectively
(Figure 2).

INSM1 expression was noted in 53/59 lesions on HP and 51/
59 on LP, with a uniform nuclear pattern. Independently of the
applied threshold, positivity was diffuse in 28/59 (47.5%) lesions,
while the median percentage of labelled tumor cells was 50%.

Regarding the classical NE markers, the ratios of the positive
cases and the median percentages of positive tumor cells were 58/
59 and 80% for SYP, 44/59 and 50% for CGA and 13/58 and 0%
for CD56, respectively. Diffuse positivity was present in 69.5%
(41/59) for SYP, 47.5% (28/59) for CGA and 5.2% (3/58)
for CD56.

The overall sensitivities of the novel markers were 89.8 and
86.4% for INSM1 on HP and LP, respectively, and 84.7% for
STX1. Concerning the classical NE molecules, the sensitivities
were 98.3% for SYP, 74.6% for CGA and 22.4% for CD56. The
median intensity of staining was strong (3+) for each observed
marker, with the exception of CD56 (2+). The data and
descriptive values are summarized in Tables 3, 4.

Regarding the specificity of the novel markers, only a single
STX1 positive case was detected in the negative control group (1/
54), resulting in a specificity of 98.1%. As for INSM1, some cases
exhibited very faint and generally focal staining which was
obviously present at HP (×40 objective) magnification, but was
not seen or much less obvious on LP (×4 objective) examination
(Figure 1). Applying the HP threshold, 23/54 cases were found to
be positive while the specificity was 57.4%; however, using LP, the
ratio of positive cases was only 6/54, increasing the specificity of
INSM1 significantly, to 88.9%. Specificity of the novel markers is
outlined in Table 5.

DISCUSSION

The classification of breast lesions with NE features or
differentiation had undergone several changes and refinements
since its introduction but has still not reached an easily and

FIGURE 2 | STX1 (A), INSM1 (B), CGA (C) and SYP (D) immunoreactivity in a solid papillary carcinoma 20x.
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consistently usable state. Due to the variable and sometimes
obscure definitions and classifications as well as the lack of
routine IHC examination of NE marker expression, the
reported incidence (ranging between 0.1 and 20%) of breast
tumors showing NE features is likely unreliable (15). These
factors may contribute to the fact that the prognostic
significance of NE differentiation in breast tumors is still
somewhat uncertain.

In spite of the continuously changing definitions and
thresholds, immunoreactivity with NE markers seems to be a
constant requirement, and as such, a critical step to make the
diagnosis. IHC for the demonstration of several markers has long
been applied for this purpose. However, no single marker is
known to be sensitive and specific enough to be used on its own.
To overcome this challenge, numerous efforts are made to
identify other suitable candidates. Conceptually, these novel
biomolecules may either serve as components of the
neurosecretory apparatus, or act as master regulators of NE
differentiation. The latter category is represented by INSM1, a
transcription factor which is of particular interest and has been a
subject of recent studies in various organs (16–19). An example

for the former one is STX1, which has also proved to be a sensitive
and specific NE marker (10).

The aim of this study was to assess the applicability of STX1
and INSM1 as NEmarkers of breast lesions, as well as to compare
their performance with the traditional molecules used to assess
NE differentiation (i.e., SYP, CGA and CD56). Similarly to results
from other organs, STX1 proved to be a reliable marker for the
diagnosis of NE breast lesions, with a sensitivity of 84.7%,
characterized by a convincing, diffuse immunoreactivity in
62.7% of the cases included. A strong and easy-to-read
membranous labelling pattern was also noted beside
cytoplasmic staining in the majority of the lesions. Our
experience was that the nuclear staining pattern of INSM1
(similarly to the membranous STX1-labelling) was more
convenient to interpret than the cytoplasmic expression
pattern of other markers. The different subcellular locations of
INSM1 and STX1 labelling enable the use of double
immunohistochemical staining method in biopsy cases with
limited neoplastic tissue. Apart from exhibiting great
sensitivity, STX1 was also characterized by an excellent
specificity (98.1%), with clear-cut negativity in all but one
sample in the control group.

In the case of INSM1, sensitivity was excellent without
significant difference between LP and HP definition for
positivity (89.8 and 86.4%, respectively); but more than half of
the evaluated lesions showed only focal positivity. However, the
negativity of the control cases was rather equivocal. If the more
permissive LP definition was applied, the specificity of INSM1
was found to be only 57.4%; however, when the HP definition was
used, it increased to 88.9%. This observation supports the findings
of a recent study of more than one thousand breast carcinomas, in
which “a slightly higher cut-off for a positive result” was
determined for INSM1 in order to reach a specificity of 98.1%
(17). The fact that 17 tumors without NE features in our series
would have been misclassified depending on the threshold, raises
some concerns regarding the specificity of INSM1. However,
given the excellent sensitivity, INSM1 is strongly recommended
to be used in combination with other, more specific markers.

As concerns the traditional NE markers, the greatest
sensitivity was achieved with SYP (98.3%), nevertheless, STX1
mildly outperformed it in the median percentage of labelled cells
(STX1: 85% vs. SYP: 80%). The remaining two classical NE
molecules, CGA and especially CD56 exhibited unexpectedly
low sensitivities (74.6% for CGA and 22.4% for CD56). Our
experience with the latter marker is comparable to the findings of

TABLE 3 | Characteristics and sensitivity of STX1, INSM1, SYP, CGA and CD56 IHC in lesions with NE features.

STX1 INSM1 SYP CGA CD56

HPF LPF
Positive/observed cases 50/59 53/59 51/59 58/59 44/59 13/58
Median % of labelled cells 85% c 55% m 50% 50% 80% 50% 0%
Median % of labelled cells in positive cases 90% c 75% m 55% 55% 82.5% 72.5% 25%
Diffusely positive cases/observed cases (%) 28/59 (47.5%) 37/59 (62.7%) 37/59 (62.7%) 41/59 (69.5%) 28/59 (47.5%) 3/58 (5.2%)
Sensitivity 84.7% 89.8% 86.4% 98.3% 74.6% 22.4%
(95% CI) (0.725–924) (0.785–0.958) (0.745–0.936) (0.897–0.999) (0.613–0.846) (0.129–0.356)

c, cytoplasmic; m, membranous; HPF, high power field; LPF, low power field.

TABLE 4 | Ranges of cases according to the percentage of labelled cells.

% of labelled cells

0–25 26–50 51–75 76–100

STX1 C 17 6 3 33
M 22 6 7 22

INSM1 LPF 20 11 7 21
HPF 20 11 7 21

SYP - 17 1 6 35
CGA - 24 7 6 22
CD56 - 52 3 1 2

c, cytoplasmic; m, membranous; HPF, high power field; LPF, low power field.

TABLE 5 | Specificity of STX1 and INSM1.

STX1 INSM1

HPF LPF

Negative/observed cases 53/54 31/54 48/54
Specificity 98.1% 57.4% 88.9%
(95% CI) (0.888–0.999) (0.433–0.705) (0.767–0.954)

HPF, high power field; LPF, low power field.
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a recent publication (16), therefore CD56 should probably be
decommissioned from the general NE marker arsenal, at least in
the setting of breast tumors.

There were obvious limitations and unexplained aspects in the
present study. A fraction of the investigated tumors showing
INSM1 expression only using the HP definition exhibited
immunoreactivity against INSM1 in the absence of every other
markers. This phenomenon, which was also observed by other
authors, raises the concerns regarding the specificity of INSM1
even further. In a recent study by Zombori et al, focal INSM1 IHC
expression was also detected in non-NE pulmonary carcinomas
(19). The isolated positivity for INSM1 without detectable
expression of other components of the neurosecretory
apparatus may be explained by an interrupted cascade of yet-
to-be-found intermediate mediators, which transfer the signal of
NE differentiation from the transcription factor. This would
make INSM1 expression a necessary, but, on its own
insufficient condition for this lineage of development (20).

Another possible explanation is the immanent focality of NE
differentiation in the majority of breast tumors. Apart from intra-
tumoral heterogeneity, these neoplasms are diverse per diagnostic
categories, too. It is known that only around 50% of solid
papillary carcinomas are positive for NE markers (20), which
may be a plausible explanation for the anomaly. Given these facts,
despite multiple sampling, the TMAmethodmay have led to false
negative results. Furthermore, the retrospective nature of the
study and the low number of included cases may have biased our
findings. However, NE markers are also needed in the routine
reporting of core biopsies that are likewise subject to intra-
tumoral heterogeneity; thus, data obtained using the TMA
technique may be used to extrapolate how these markers
would perform in the core biopsy setting. Altogether, we
believed that the few dozens of cases investigated were
sufficient to validate the concept of STX1 and to a lesser
extent of INSM1 as suitable NE markers of breast tumors,
even if we were unable to formulate statements concerning the
exceptionally rare primary mammary NETs or NECs.

In conclusion, consistently with data from other organs, we
propose that STX1 is a promising novel, highly sensitive and
specific, easily applicable NEmarker. Along with INSM1, another
recently identified and already better studied (16, 18, 20)
molecule, we strongly recommend STX1 to be included in the
routine diagnostic IHC panel of NE differentiation. Following
further studies, STX1 and INSM1 may become ancillary markers
of SYP and be able to replace the less sensitive CGA and CD56 in
the area of breast neoplasia with NE features.
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Lactate Upregulates the Expression of
DNA Repair Genes, Causing Intrinsic
Resistance of Cancer Cells to
Cisplatin
Marzia Govoni†, Valentina Rossi†, Giuseppina Di Stefano* and Marcella Manerba

Department of Experimental, Diagnostic and Specialty Medicine (DIMES), University of Bologna, Bologna, Italy

Intrinsic or acquired drug resistance is one of the major problems compromising the
success of antineoplastic treatments. Several evidences correlated some therapeutic
failures with changes in cell metabolic asset and in line with these findings, hindering the
glycolytic metabolism of cancer cells via lactate dehydrogenase (LDH) inhibition was found
to overcome the resistance to chemotherapeutic agents. Lactate, the product of LDH
reaction, was shown to be involved in epigenetic regulation of gene expression. The
experiments described in this paper were aimed at highlighting a possible direct effect of
lactate in modifying the response of cancer cells to a chemotherapeutic treatment. To
discriminate between the effects potentially caused by glycolytic metabolism from those
directly referable to lactate, we selected cancer cell lines able to grow in glucose deprived
conditions and evaluated the impact of lactate on the cellular response to cisplatin-induced
DNA damage. In lactate-exposed cells we observed a reduced efficacy of cisplatin, which
was associated with reduced signatures of DNA damage, enhanced DNA recombination
competence and increased expression of a panel of genes involved in DNA repair. The
identified genes take part in mismatch and nucleotide excision repair pathways, which
were found to contribute in restoring the cisplatin-induced DNA damage. The obtained
results suggest that this metabolite could play a role in reducing the efficacy of
antineoplastic treatments.

Keywords: DNA repair, cisplatin, glycolysis, lactate, DNA damage

INTRODUCTION

The activated glucose metabolism of cancer cells is functional in coping with their increased energy
demand and need of metabolic intermediates, required to build-up new macromolecules [1,2].

Although the discovery of this metabolic feature dates back to almost one century ago [3], it is
only in recent years that evidences showing a direct correlation between enhanced glycolysis and
changes in gene expression have been obtained. Indeed, the metabolic reprogramming of cancer cells
was found to impact on distinct morphological features of cancer cell nucleus [4]. Metabolites
originating during the glycolytic cascade have been shown to increase histone acetylation and
promote an open chromatin structure [4,5], which facilitates the transcriptional and replication
machineries triggered by oncogenes activation.

Interestingly, elevation of glycolysis seems to confer cancer cells resistance to ionizing radiation
[6], while its inhibition results in compromised DNA repair [7].
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Predictably, facilitated DNA repair could also impact on the
response of cancer cells to chemotherapeutic agents, as suggested
by several evidences correlating therapeutic failures with changes
in cell metabolic asset [8].

Lactate dehydrogenase (LDH) activity is a nodal point for the
maintenance of the glycolytic flux of cancer cells [9]. By reducing
pyruvate to lactate, LDH rapidly restores NAD+, which is needed
for the first steps of glucose metabolism. This enzyme is
considered an interesting therapeutic target for developing
new antineoplastic treatments and accumulating evidences
show that its inhibition or reduced expression can be
successful in increasing the efficacy of chemotherapeutic
agents [10–13]. A possible explanation to these results resides
in the block of energy metabolism potentially caused by LDH
inhibition, which hinders the highly ATP consuming reactions
involved in DNA repair. A further mechanism could be linked to
the non-metabolic functions of this enzyme; in fact, the A isoform
of LDH (LDH-A) was found to be located also in cell nucleus,
where it takes part in transcription complexes regulating gene
expression [14]. Finally, lactate (the product of LDH reaction) is
one of the metabolic intermediates shown to be involved in the
epigenetic modulation of gene expression [15,16] and for this
reason it was proposed as an “oncometabolite” and a key
mediator in the metabolic cross-talk between cancer cells and
their microenvironment [17–19]. Similar to other metabolites,
lactate can hinder HDAC function; furthermore, a possible
histone modification through the “lactylation” of lysine
residues has been documented [20]. This change was found to
serve as an epigenetic modification that directly stimulates gene
transcription from chromatin. Furthermore, it was shown to
compromise doxorubicin antineoplastic effect [21–22].

With the experiments described in this paper, we explored a
possible direct role of lactate in reducing the response of cancer
cells to a chemotherapeutic treatment. To this aim, we also
verified the effect of this metabolite on the expression of a
panel of genes involved in DNA repair, predicting a functional
interaction network between the proteins encoded by the
upregulated genes. We used cultured human cancer cells
maintained in conditions allowing to highlight a possible
direct effect of lactate, ruling out interferences from other
glycolytic intermediates.

MATERIALS AND METHODS

Cell Cultures and Treatments
SW620 and HepG2 cells (ECACC, #87051203 and #85011430)
were cultured in L-15 medium supplemented with 100 U/ml
penicillin/streptomycin, 4 mM glutamine and 10% dialyzed
FBS. This medium does not contain glucose. For some
experiments, cells were also maintained in low-glucose
DMEM, with standard supplementations. All the materials
used for cell culture and all the reagents were obtained from
Sigma-Aldrich, unless otherwise specified. Lactate (L-isomer) was
always used at a 10 mM concentration and was administered in L-
15 medium 48–72 h before experiments. Both cell cultures were
found to express the MCT1 carrier for lactate uptake [23,24]. No

significant reduction of lactate concentration in culture medium
was observed up to 72 h (Supplementary Figure S1).

Cultures were routinely tested for Mycoplasma contamination
and found to be free.

Cell Viability Experiments
The effect of cisplatin (CPL, 0–50 μM) on cell viability was
assessed at 24 h, in cultures maintained in L-15 medium with
or without 10 mM lactate. Results were evaluated with the neutral
red assay (NR), which allows a precise estimate of cell number
[25]. Before each experiment, a plot reporting the NR absorbance
values of scalar amounts of cells was obtained. These data were
fitted by using the linear regression analysis; the resulting
mathematical equation was used to calculate the number of
cells at the end of experiments. SW620 and HepG2 cells (1.0
× 104/well) were seeded in 96-multiwell plates. After 24 h
treatment with CPL, they were maintained 3 h at 37°C with
the NR dye, dissolved in medium at the final concentration of
30 μg/ml. Medium was then removed and the cells were
solubilized with 200 μl of 1% acetic acid in 50% ethanol.
Absorbance of the solutions was measured at λ540.

Evaluation of Abasic DNA Sites
The amount of abasic (AB) sites on DNA after CPL treatment was
evaluated using a commercially available assay from Cell Biolabs.
This assay is based on the use of a probe (ARP) which specifically
reacts with the aldehyde group on the open ring form of AB
sites [26].

SW620 cells maintained in L-15 with or without 10 mM lactate
were exposed for 90 min to CPL (0–50 μM). Genomic DNA was
isolated using the phenol/chloroform/isoamyl alcohol extraction
procedure [27]. The recovered, water-soluble material was then
treated with 2 µg RNase (Thermo-Fisher Scientific) for 75 min at
room temperature, after which the enzyme was removed by an
additional step of phenol extraction. Finally, DNAwas purified by
ethanol precipitation. It was dissolved in a 10 mM Tris buffer, pH
7.5, containing 1 mM EDTA at a concentration of 100 μg/ml.
Reaction with ARP was performed following the instructions of
the assay’s manufacturer and the quantification of AB sites in the
experimental samples was obtained by generating a standard
curve using an ARP-DNA reference sample included in the assay.
Experiment was repeated twice, with duplicate samples.

Immunoblotting Experiments
These experiments were performed in SW620 and HepG2 cells
cultured in L-15 with or without 10 mM lactate; immunoblotting
was used to assess the level of H3 acetylation, H2AX
phosphorylation (γ-H2AX, a marker of DNA damage [28]),
TP73 and GSTP1. To assess DNA damage, cells were exposed
to 12.5 μM CPL for 1 h; medium was then removed and cultures
were maintained for additional 16, 24 and 40 h γ-H2AX level was
evaluated at the end of each time interval.

For immunoblotting, cells (9 × 105 in T25 flasks) were
harvested and lysed in 60 µl RIPA buffer containing protease
and phosphatase inhibitors. Proteins (30–50 µg) were loaded
onto 4–12% precast polyacrylamide gel for electrophoresis and
run at 170 V. Gels were blotted on a low fluorescent PVDF
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membrane (GE Healthcare) using a standard apparatus for wet
transfer. The blotted membrane was blocked with 5% BSA in
TBS-TWEEN and probed with the primary antibodies: rabbit
anti-H3 (Cell Signaling); rabbit anti-Panacetyl-H3 (ActiveMotif),
rabbit anti-γ-H2AX (phospho-S139) (Abcam); rabbit anti-TP73
and anti-GSTP1 (Thermo-Fisher Scientific); rabbit anti-β-actin,
(Sigma-Aldrich). Binding was revealed by a Cy5-labelled
secondary antibody (goat anti rabbit-IgG, GE Healthcare).
Fluorescence of the blots was assayed with the Pharos FX
Scanner (Bio-Rad) at a resolution of 100 µm.

Study of Episomal Plasmid Recombination
The rate of episomal plasmid recombination in SW620 and
HepG2 cells maintained in L-15 with or without 10 mM
lactate was assessed by using a commercially available kit
(Norgen Biotek). This assay is based on cell transfection with
two plasmids that recombinate upon entry. Recombination
efficiency can be assessed by real-time PCR, using the primer
mixtures included in the assay kit, which allow to discriminate
between the original plasmid backbones and their recombination
product.

Cells were seeded in a 24-well plate (2 × 105 cells/well, in
duplicate) and allowed to adhere overnight. Co-transfection with
the two plasmids was performed in Lipofectamine 2000
(Thermo-Fisher Scientific) for 5 h at 37°C. At the end of
incubation, cells were washed with PBS and harvested; DNA
was isolated using the QIAamp DNA mini kit (Qiagen). 25 ng of
purified DNA was used for the real-time PCR, which was
performed according to the protocol indicated by the
manufacturer. Data analysis was based on the ΔΔCt method
and compared the level of recombination assessed in lactate-
exposed cells to that measured in control cultures.

Real-Time PCR Array of DNA Repair Genes
This experiment was performed on SW620 and HepG2 cultures,
maintained in L-15 with or without 10 mM lactate (72 h). For
comparison, a similar experiment was also performed on cultures
grown in DMEM (a medium allowing glycolytic metabolism),
exposed for 16 h to 40–80 mM oxamate (OXA), a LDH inhibitor
hindering glucose metabolism [29].

RNA was extracted from exponentially growing cells seeded in
T75 flasks, using the method described in [30]. RNA quantity and
quality were assessed spectrophotometrically; for each sample,
2 μg RNA was retro-transcribed with the iScript gDNA Clear
cDNA Synthesis kit (Bio-Rad). The expression of DNA damage
and repair genes was analyzed using the DNADamage Tier 1 H96
PrimePCR™ Assay (Bio-Rad). Real-time PCR was conducted as
indicated by the manufacturer, in a CFX96 real-time cycler (Bio-
Rad). The validation data for this array are available online at:
https://www.bio-rad.com/en-uk/prime-pcr-assays/predesigned-
plate/sybr-green-dna-damage-tier-1-h96.

The same experimental conditions were followed also for the
additional PCR assays reported in Figure 4D. The primers’
sequences used for assessing the expression of the genes
reported in Figure 4D, as well as those used for the internal
control genes, are reported in the Supplementary Material
(Supplementary Table S1).

Statistical Analyses
All data were analyzed by using the GraphPad Prism software.
Results were obtained from at least two independent experiments.
They are expressed as mean ± SE of replicate values; the
significance level was set at p < 0.05.

RESULTS

Lactate-Exposed SW620 Cells Showed
Reduced Response to Cisplatin
CPL was selected as a representative chemotherapeutic agent for
the experiments since the pattern of DNA damage produced by
this drug has been extensively studied. CPL appeared to
potentially trigger all the principal DNA repair pathways:
nucleotide excision repair, mismatch repair, homologous
recombination and non-homologous end joining [31].

Reduced response to chemotherapeutic agents has been often
correlated with increased glycolytic metabolism [8]. In order to
evidence a direct contribute of lactate in this phenomenon, we
searched human cancer cell lines able to grow in glucose deprived
conditions (L-15 medium). According to the ATCC and ECACC
indications, L-15 is the optimal medium for culturing the SW620
colon adenocarcinoma cells and, for this reason, they were used in
all the reported experiments.

SW620 cells were maintained in L-15 and probed with
0–50 μM CPL for 24 h, with or without a supplementation of
10 mM lactate. This dose of lactate was chosen on the basis of
previously published works, suggesting that in cancer cells and
extracellular milieu the concentration of this metabolite easily
reaches or even overcomes this level [16]. The obtained results are
reported in Figure 1A. Data were analyzed by two-way ANOVA;
according to Bonferroni’s post-test, lactate in medium
significantly reduced the antiproliferative effect of 50 μM CPL
(p < 0.05).

The Reduced Response to Cisplatin Caused
by Lactate was Associated With Decreased
Signatures of DNA Damage and
Upregulated DNA Recombination
Competence
To explain the data of Figure 1A, we estimated the extent of DNA
damage caused by CPL in SW620 cells grown in L-15, with or
without 10 mM lactate. In the first experiment, DNA damage was
evaluated by quantifying the presence of AB sites [26]. For this
assay, cells were exposed for 90 min to 0–50 μM CPL. Results are
shown in Figure 1B; they were statistically analyzed using two-
way ANOVA. Lactate in medium was found to significantly
decrease the number of AB sites, with p � 0.0016.

This experiment showed that initial evidences of DNA damage
are obtained starting from 12.5 μMCPL; for this reason, this dose
was also applied for assessing γ-H2AX levels [28] (Figures 1C,D).
In the different samples, the γ-H2AX band intensity was
normalized on β-actin; the results of the densitometric reading
are reported in the bar graph (Figure 1D). Data were analyzed by
two-way ANOVA; Bonferroni’s post-test indicated a significantly
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reduced γ-H2AX level in lactate-exposed cells at the 40-h time
interval (p < 0.001).

Taken together, these findings suggested enhanced competence
inmanaging DNA damage in cells exposed to lactate. Interestingly,
these cells also displayed improved DNA recombination, which
was observed independently of CPL exposure.

SW620 cultures were transfected with a couple of plasmids
reproducing the LacZ sequence as a result of their recombination.
This sequence can be detected by real-time PCR. As shown in
Figure 1E, lactate-exposed SW620 cells revealed an almost doubled
capacity of generating the LacZ sequence, which suggests enhanced
activity of enzymes involved in the DNA recombination process.
The data of Figure 1E were obtained from three independent
experiments and were analyzed by applying the paired t-test, which
compared the increase measured in lactate-exposed SW620
cultures to the recombination level measured in their respective
control cultures, set to 1; p value was 0.0389.

Real-Time PCR Array of DNA Repair Genes
To identify the DNA repair genes upregulated by lactate, we
applied to SW620 cells a real-time PCR array specifically
developed to study DNA damage and repair (Tier1 H-96
Prime PCR Array).

Experiment was repeated twice and the obtained results were
processed with the aid of a dedicated software. The complete list of
genes included in this array, together with the internal controls of
the PCR reaction, is available at: https://www.bio-rad.com/en-uk/
prime-pcr-assays/predesigned-plate/sybr-green-dna-damage-tier-
1-h96.Moreover, a table reporting the extended names of the genes

cited in the Results’ section and in figures have been included in the
Supplementary Material file (Supplementary Table S2).

In evaluating the obtained results, a lower threshold at 25%-
increased expression was set, since comparable effects have been
reported in previous studies examining the epigenetic effects of lactate
in different experimental settings [22]. Among the 88 genes included
in the array, 12 showed a >25% upregulation following lactate
exposure; they are reported in the bar graph of Figure 2A. Results
were analyzed using the column statistics’ function of the GraphPad
software by applying the one-sample t-test, which computes whether
the mean of each data set is different from a given hypothetical value
(0, i.e., no change, compared to untreated cultures). All the reported
data were found to be statistically significant with the exception of the
genes for Cyclin Dependent Kinase 1 (CDK1) and for H2AX variant
Histone (H2AFX). The statistically significant changes showed p
values ranging from 0.045 to 0.009.

To confirm the findings of Figure 2A, additional PCR array
experiments were performed on SW620 cells grown in DMEM.
Contrary to L-15, DMEM contains glucose and allows the
proceeding of glycolytic flux up to lactate. For these PCR
experiments we exposed glycolyzing SW620 cells to 40 mM
OXA for 16 h. OXA is a pyruvate analog which specifically
inhibits LDH [29]; in preliminary experiments, we found that
a 40 mM dose of this inhibitor almost completely prevents lactate
production in glycolyzing SW620 cells, without reducing their
ATP level and viability (Supplementary Material, Supplementary
Figure S2). Figure 2B shows that when glycolyzing SW620 cells
were exposed to OXA, all the 12 genes identified in the previous
PCR array (Figure 2A) reduced their expression below the levels

FIGURE 1 | Experiments on SW620 cells. (A): Antiproliferative effects caused by cisplatin on SW620 cultures maintained in L-15. *, p < 0.05. (B): Evaluation of AB
sites in cultures exposed to scalar doses of cisplatin (0–50 μM) for 90 min, with or without 10 mM lactate. Lactate in medium was found to significantly reduce AB sites
(p � 0.001). (C): Evaluation of DNA damage (γ-H2AX) in cells maintained with or without 10 mM lactate and exposed to cisplatin (12.5 μM). The densitometric reading of
band intensities is shown in (D). *, p < 0.001, compared to control cultures. (E): DNA recombination competence assessed in cultures exposed to lactate. *, p <
0.05, compared to control cultures.
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measured in untreated, glycolyzing cells. With the exception of
Flap structure-specific Endonuclease 1 gene (FEN1), all the
observed reductions were found to be statistically significant; p
values ranged from 0.039 to <0.0001. Interestingly, in lactate-
deprived cultures a statistically significant reduction was observed
also for CDK1 and H2AFX.

To extend our observations, we wondered whether the
changes in gene expression caused by lactate could differ
among cell types. For this reason, we searched a second
culture able to grow in the same glucose-deprived condition as
SW620 cells, but from a different tissue. The HepG2 hepatoma
cell line was found to tolerate the glucose-deprived L-15 medium

FIGURE 2 | Real-time PCR array of DNA repair genes. The bar graphs display genes showing a >25%-increased expression. (A): Experiment performed in SW620
cells maintained in L-15 medium and exposed to lactate. All the reported data were found to be statistically significant, with the exception of H2AFX and CDK1. (B):
Experiment performed in glycolyzing SW620 cells exposed to OXA. Lactate depletion caused by OXA significantly reduced the expression of all the genes, with the
exception of FEN1. (C): Experiment performed in HepG2 cultures maintained in L-15 medium and exposed to lactate. All the reported data were found to be
statistically significant. The used statistical analysis and the obtained p values are reported in the text. (D) Experiment performed in glycolyzing HepG2 cells exposed to
OXA. Lactate depletion caused by OXA significantly reduced the expression of all the genes, with the exception of CDK1NA. n.d.: GSTP1 expression was not detected in
OXA exposed cells. (E) Level of H3 acetylation assessed in lactate-exposed cultures. * and **, p < 0.05 and <0.01, compared to control cultures, respectively.
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and was then used for additional PCR array experiments, aimed
at evaluating the expression of DNA repair genes after lactate
exposure. Results are shown in Figure 2C. In this case, we found a
>25% upregulation in 9 genes and, interestingly, 6 of themwere in
commonwith SW620 cells. Results were analyzed as described for
SW620 cells. In HepG2 cells, the observed upregulation reached
the level of statistical significance for all genes; p values ranged
from 0.048 to <0.0001. When these cells were maintained in
DMEM and exposed to the OXA dose preventing lactate
production (80 mM, Supplementary Figure S2), all the
observed changes were reversed, except for CDK1NA, which
was further increased. The p values ranged from 0.039 to
<0.0001. The antiproliferative effect caused by OXA in
DMEM-cultured HepG2 cells (see Supplementary Figure S2)
could explain the finding concerning CDK1NA (a cell cycle
regulator).

Figure 2E shows that lactate-exposed SW620 and HepG2 cells
displayed a significantly increased level of H3 acetylation,
suggesting inhibition of HDAC as the mechanism underlying
the effects observed in Figures 2A,C.

Experiments on Lactate-Exposed HepG2
Cells
Following these results, we also investigated whether a different
susceptibility to DNA damage could also be detected in lactate-

exposed HepG2 cultures, as observed for SW620 cells.
Unfortunately, these experiments were hindered by the
compromised proliferation shown by these cells in L-15; the
obtained results are reported in Figure 3. The data of Figures
3A,B were in line with those previously observed in SW620 cells.
They were statistically analyzed as described for the
corresponding experiments in Figures 1A,E. In the experiment
of Figure 3A, lactate was found to significantly reduce the efficacy
of 25 and 50 μM CPL (p < 0.05, according to Bonferroni’s post-
test). In the experiment of Figure 3B, the plasmidic DNA
recombination detected in lactate-exposed cells was
significantly increased (p � 0.045).

The study of γ-H2AX (Figure 3C) showed in HepG2 cells a
DNA damage signaling pattern different from that observed in
SW620 cultures (Figures 1C,D). A γ-H2AX level constantly
increasing over time was observed in control cells. Lactate-
exposed cultures showed a constitutively higher γ-H2AX
signal, which after CPL treatment peaked at 16 h. However,
when compared to T � 0, its further increase over time (fold
change) was significantly lower than that measured in control
cultures not exposed to lactate: at 40 h, a 2-fold increased signal
was detected in control cultures, while a 1.3-fold increase was
measured in lactate-exposed cells. Data of Figure 3C were
statistically analyzed as described for the similar experiment
performed on SW620 cells (Figure 1C). The increase of
γ-H2AX signal (fold change) in lactate-exposed cultures was

FIGURE 3 | Experiments on HepG2 cells. (A): Antiproliferative effects caused by cisplatin on HepG2 maintained in L-15 and exposed to 10 mM lactate. *, p < 0.05,
compared to control cultures. (B): DNA recombination competence, assessed as described for SW620 cells. *, p < 0.05. (C): Evaluation of DNA damage following CPL
exposure in cells maintained with or without 10 mM lactate and assessed by immunoblotting evaluation of γ-H2AX. The densitometric reading of band intensities is
shown in (D). Lactate-exposed cells showed a constitutively higher γ-H2AX signal which, after CPL treatment, peaked at T � 16 h. At later time intervals, the
γ-H2AX signal increase referred to T � 0 (fold change) was significantly lower in lactate-exposed cells, when compared to control cultures. *, p < 0.05; **, p < 0.01.

Pathology & Oncology Research December 2021 | Volume 27 | Article 16099516

Govoni et al. Lactate Reduces Cisplatin Antineoplastic Effect

109



significantly lower at 24 and 40 h (p < 0.05 and 0.01, respectively,
according to Bonferroni’s post-test).

Functional Interaction Network of
Upregulated Genes
The PCR array experiments allowed us to identify a cluster of 6
genes which in both SW620 and HepG2 cells appeared to be
potentially regulated through the level of this metabolite:
Proliferating Cell Nuclear Antigen (PCNA), Tumor Protein
p73 (TP73), Replication Factor C subunit 4 (RFC4), Fanconi
Anemia complementation group A (FANC-A), DNA Ligase 1
(LIG1), Glutathione S-Transferase π1 (GSTP-1). To identify the
functional connections between the corresponding proteins, we
used the Search Tool for the Retrieval of Interacting Genes
(STRING) database, a resource which can be reached at:
http://string-db.org. The STRING database is able to construct
interaction networks among genes, also providing a confidence
score; moreover, by applying the Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis, it identifies their related
biochemical pathways and cellular functions.

Figures 4A,B show the obtained results. In building the
interaction network, the edges representing gene-gene
associations have been set on the highest confidence
interaction score (0.9), to increase the strength of data
support. This setting resulted in the identification of a
functional network involving four of the analyzed genes,
which gave an interaction enrichment p value � 7.35 × 10−05.
Accordingly, three of the four identified KEGG pathways showed

very low false discovery rates, reported in the scheme of
Figure 4B. All of them concern the interaction between LIG1,
PCNA and RFC4. Interestingly, the identified pathways include
mismatch and nucleotide excision DNA repair, which were found
to be involved in cellular response to CPL damage [31]. These
data can give a mechanistic explanation to the results obtained in
lactate-exposed SW620 and HepG2 cells, treated with CPL;
together with the data of Figures 1–3, they suggest that the
increased gene expression caused by lactate can result in
enhanced protein function, leading to modified cell response
to DNA damaging agents. According to Figure 4A, TP3 and
GSTP1 cannot be included in the gene network involved in the
response to CPL. For this reason, we analyzed the level of the
corresponding proteins by immunoblotting. Results (Figure 4C)
showed increased level of TP73 in both lactate-exposed cultures,
while GSTP1 protein appeared to be unchanged. GSTP1 belongs
to the family of phase II detoxification enzymes, the activity of
which is commonly induced by exposition to xenobiotics [32]; for
this reason, it can be hypothesized that the upregulated GSTP1
gene expression caused by lactate is not sufficient for obtaining
enhanced protein levels.

Finally, we focused our attention on the two genes showing the
highest increased expression in lactate-exposed cells: PCNA and
TP73 (Figures 2A,C). PCNA is a DNA polymerase accessory
factor playing a regulatory role in both DNA repair and
replication [33,34]. It was found to be preferentially expressed
in actively proliferating human cancer cells and in transformed
normal cells; moreover, it has also been widely used as a tumor
marker. TP73 is a member of the TP53 family showing prognostic

FIGURE 4 | (A): Functional interaction network among the genes identified using the real-time PCR array; downloaded from http://string-db.org. The edge
thickness between protein nodes is indicative of a 0.9 confidence score. (B): Biochemical pathways identified by the KEGG analysis. In parentheses, false discovery
rates. (C): Immunoblotting evaluation of the proteins not included in the identified DNA repair pathways. The level of TP73 was found to be increased in both lactate-
exposed cultures. (D): Expression of representative genes associated with proliferative potential and stem properties, assessed in lactate-exposed SW620 and
HepG2 cells. Data were analyzed using the column statistics function of the Prism software, as described for the PCR array of DNA repair genes; *, statistically significant
changes; p values ranged from 0.040 to 0.004. Missing bars in the graph denote undetectable mRNA.
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significance [35]. TP73 can be translated into different isoforms
with opposite functions; in particular, the A isoform (TAp73)
shows tumor-suppressor activity, while the Dominant-Negative
isoform (ΔNTP73) fails to induce apoptosis and cell cycle arrest.
It negatively regulates TP53 and TAp73 by acting as negative
dominant. The primer sequences used for the DNA-damage PCR
assay did not allow to discriminate between the TP73 isoforms.

For these reasons, an additional PCR study was performed to
better characterize the phenotypic changes induced in both
SW620 and HepG2 cells by lactate exposure. We analyzed the
expression of representative genes associated with proliferative
potential and stem cell properties. Results are shown in
Figure 4D.

Unfortunately, in HepG2 cultures the only detectable genes
were those of the epithelial and neural cadherins (E- andN-CAD)
[36] and Ki67 [37]. No significant changes were observed
concerning E- and N-CAD; a significant increase was detected
for Ki67 expression (p < 0.05). An upregulation of this
proliferation marker was also found in SW620 cells; in both
cell lines, the increased expression ofKi67 fits well with the data of
PCNA expression.

In SW620 cells, lactate was found to markedly increase E-CAD
levels and to cause reduced ΔNTP73. Together with the
unchanged levels of the colon cancer stem markers NANOG,
SLUG and SNAIL [38], these effects suggest that the increased
trend in cell proliferation usually associated with Ki67 and PCNA
is not characterized by phenotypic traits suggesting cancer
progression, at least in this cell model. This idea is in line
with the markedly upregulated expression of GSTP1, primarily
observed in HepG2 cells (Figure 2C); the clinical significance of
this parameter was repeatedly investigated in hepatocellular
carcinoma and was found to correlate with a favorable
prognosis [39].

Notably, in lactate-exposed SW620 cultures a doubled level of
Aldehyde Dehydrogenase (ALDH1) was observed, suggesting
that the increased resistance of these cells to CPL could also
be linked to their higher capacity to cope with oxidative
stress [40].

DISCUSSION

A possible role of lactate in regulating gene expression was
hypothesized about 20 years ago [41]. Recently, new data have
obtained, suggesting for lactate an important role in linking the
metabolic state of the cell to gene expression [15–17].

Lactate has been defined a “mirror and motor” of tumor
malignancy [42–44], since the metabolic program
characterized by increased glycolysis and lactate production
supports neoplastic change and tumor progression. Increased
glycolysis is also associated with one of the most serious problems
complicating cancer treatment, the increased drug resistance [8].

A better understanding of the linkages between the drug
resistant phenotype and glycolytic metabolism is complicated
by the difficulty of discriminating between a possible effect of

lactate from that of other intermediates originating from glucose
metabolism, for which a role in transcriptional regulation has also
been suggested [4,5].

The experiments described here attempted to address this
issue. To our knowledge, our experiments showed for the first
time a direct effect of this metabolite on the expression of genes
needed for mismatch and nucleotide excision DNA repair,
which appeared to compromise the antineoplastic efficacy of
cisplatin. Our data suggest that the increased lactate production
of cancer cells could facilitate the onset of chemotherapy
resistance.
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Quantification of Ki67 Change as a
Valid Prognostic Indicator of Luminal
B Type Breast Cancer After
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Introduction: Ki67 value and its variation before and after neoadjuvant chemotherapy are
commonly tested in relation to breast cancer patient prognosis. This study aims to quantify
the extent of changes in Ki67 proliferation pre- and post-neoadjuvant chemotherapy,
confirm an optimal cut-off point, and evaluate its potential value for predicting survival
outcomes in patients with different molecular subtypes of breast cancer.

Methods: This retrospective real-world study recruited 828 patients at the Department of
Breast Surgery of the First Affiliated Hospital of China Medical University and the Cancer
Hospital of China Medical University from Jan 2014 to Nov 2020. Patient demographic
features and disease pathology characteristics were recorded, and biomarkers were
verified through immunohistochemistry. Various statistical methods were used to validate
the relationships between different characteristics and survival outcomes irrespective of
disease-free and overall survival.

Results: Among 828 patients, statistically significant effects between pathological
complete response and survival outcome were found in both HER2-enriched and
triple-negative breast cancer (p < 0.05) but not in Luminal breast cancer (p > 0.05).
Evident decrease of Ki67 was confirmed after neoadjuvant chemotherapy. To quantify the
extent of Ki67 changes between pre- and post-NAC timepoints, we adopted a
computational equation termed ΔKi67% for research. We found the optimal cut-off
value to be “ΔKi67% � −63%” via the operating characteristic curve, defining ΔKi67%
≤ −63% as positive status and ΔKi67% > −63% as negative status. Patients with positive
ΔKi67% status were 37.1% of the entire cohort. Additionally, 4.7, 39.9, 34.5 and 39.6% of
patients with Luminal A, Luminal B, HER2-enriched and triple negative breast cancer were
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also validated with positive ΔKi67% status. The statistically significant differences between
ΔKi67% status and prognostic outcomes were confirmed by univariate and multivariate
analysis in Luminal B (univariate and multivariate analysis: p < 0.05) and triple negative
breast cancer (univariate and multivariate analysis: p < 0.05). We proved ΔKi67% as a
statistically significant independent prognostic factor irrespective of disease-free or overall
survival among patients with Luminal B and triple-negative breast cancer.

Conclusions: ΔKi67% can aid in predicting patient prognostic outcome, provide a
measurement of NAC efficacy, and assist in further clinical decisions, especially for
patients with Luminal B breast cancer.

Keywords: breast cancer, prognosis, neoadjuvant chemotherapy, Ki67, tumor response

INTRODUCTION

Breast cancer is the highest cause of cancer-related morbidity
among women worldwide [1]. Established biomarkers,
including hormone receptors (HR), estrogen receptor (ER),
progesterone receptor (PR), human epidermal growth
receptor-2(HER-2), and Ki67 labeling index classify breast
cancer into four subtypes: HER2-enriched, triple-negative
(TN), and Luminal A and B types [2,3]. Neoadjuvant
chemotherapy (NAC) is a standard therapeutic strategy for
inoperable breast cancer and for some operable patients who
seek decreased primary tumor burden and breast conservation
[4]. Patient response to NAC also provides guidance for the
long-term systemic therapeutic strategy for each individual
patient [5]. A achievement of pathological complete response
(pCR), disease-free survival (DFS), and overall survival (OS) [6]
were used to estimate treatment efficacy. Only 15–20% of
patients who receive NAC reach pCR [7–9]. Although pCR
plays an important role in prognostic prediction and assists in
treatment decisions for TN and HER2-enriched breast cancer, it
is less effective in Luminal breast cancer subtypes [10–12].
Luminal breast cancer still lacks indicators to classify patients
who will benefit from NAC.

Ki67, a nuclear indicator of cellular proliferation, has been
extensively studied and scrutinized for several years. Although
some studies criticize Ki67 for its lack of reproducibility [13,14],
many demonstrate that proliferation index relates to patient
outcomes [2,4,15–17]. These study showKi67 expression as
useful indicator for breast cancer and a useful prognostic
factor for patients with Luminal B and node-positive breast
cancer, assisting in clinical decision regarding neoadjuvant
endocrine therapy [18,19]. Some studies indicates that Ki67
levels pre-NAC can be an independent prognostic predictor
for OS and DFS [12,16]. Endocrine therapy can decrease cell
proliferation, presenting as changed Ki67 level pre- and post-
NAC [20,21]. In the POETIC clinical phase-3 trial, this change in
Ki67 levels was able to guide endocrine therapy decisions for
women with ER-positive breast cancer [19]. One commonality
across studies was that decreased levels of Ki67 post-NAC
compared to pre-NAC holds significant prognostic predictive
value [12,18,22–25]. However, some researchers contend that
post-NAC Ki67 may hold limited prognostic value [26].

Previous researches often define the extent of Ki67 change
between pre- and post-NAC simply by subtracting the two
values. This definition is simple but insufficient, as illustrated
in two scenarios. The first is if pre- and post-NAC Ki67
proliferation are both relatively low, then the extent of the
change may not reach the set threshold. In the second, the
change may be comparatively large but not large enough to
reach the cut-off value. Furthermore, high variation of pre- and
post-NAC Ki67 have been classified by several groups, with
studies proposing different thresholds of variation based on the
attempts.

In this retrospective study, we evaluate the usefulness of
Ki67 change before and after NAC for predicting survival
outcome across breast cancer molecular subtypes. We
further quantify the change in Ki67 by percentage before
and after NAC and calculate an optimal threshold to assess
its predictive function for long-term survival and its ability to
aid in deciding further adjuvant therapy modification across
breast cancer subtypes.

METHODS

Patient Selection Criterion
This retrospective study included patients with primary breast
cancer who were treated with NAC from Jan 2014 to Nov 2020 at
the Department of Breast Surgery of the First Affiliated Hospital
of China Medical University and the Cancer Hospital of China
Medical University.

Patient Inclusion Criteria
All patients received a minimum of one cycle of NAC ahead of
surgery. Patients with cancer in situ were excluded, as were
patients with invasive breast cancer before NAC could be
incorporated in cohort. Patients who received any kind of
treatment prior to NAC or who presented with progressive or
metastatic breast cancer were excluded. Patients with previous
breast cancer, male patients, and those with synchronous
invasion, bilateral, or inflammatory breast cancer were also
excluded. 68 cases with incomplete or deficient IHC analysis
were also excluded. In total, 828 patients met the above restriction
standards and were included.
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Classifications of Patients
This retrospective study received permission from the
institutional review board (IRB) of the First Affiliated Hospital
and was in accordance with the Helsinki Declaration. All patients
involved in the research gave informed consent in written
agreements of specimens used for scientific research. The
informed consent of retrospective research involvement could
be waived based on the retrospective nature of the study. Pre-
NAC core needle biopsy pathology and post-surgery regular
pathology was extracted and saved in a database. Patient
characteristics were collected including gender, age at
diagnosis, body mass index (BMI), maximum tumor diameter,
tumor grade and stage, axillary lymph node status, histologic
type, NAC schedule and cycle number, histology grade, and
clinical response to NAC. The local extent of breast cancer
was measured via breast ultrasound, mammography, breast
MRI, chest CT, bone scan and/or hepatobiliary and splenic
ultrasound to verify distant metastasis. The final size of local
breast cancer in our database was adopted following priorities:
breast MRI > breast ultrasound > mammography. Every patient
with suspicious lymph-node metastasis suggested by imaging
examinations underwent ultrasound-guided core biopsy of
ultrasound-graphically abnormal nodes for axillary node
metastasis confirmation before starting NAC. The final
histological assessments were all analyzed using hematoxylin
and eosin staining and immunohistochemical (IHC). The
histological type of specimens from incorporated patients was
distinguished between two subgroups: general invasive breast
carcinoma of no special type (IBC-NST) and Others. The latter
group contained special subtypes such as lobular, mucinous and
tubular carcinomas with ≥90% of the tumor as a pure special
tumor type and mixed IBC-NST with special subtypes. Lymph
nodes with micro-metastasis were considered positive, including
themaximum diameter over 0.2 mm or the number of tumor cells
over 200. Isolated tumor cells were considered negative.

Assessment of Clinical Effectiveness of
Chemotherapy
Pathological complete response (pCR) was defined as no residual
invasive tumor upon hematoxylin and eosin evaluation of the
complete resected breast specimen and all sampled lymph nodes
(noninvasive breast residuals) (ypT0/is, ypN0).

Immunohistochemistry for Biomarker
Detection
Histopathology is regarded as the gold standard for diagnosis. All
breast tumor specimens were acquired from core needle biopsy or
surgical resections, and every specimen was affixed into formalin-
fixed, paraffin-embedded tissue sections for preservation. IHC
staining was performed using Dako Autostainer Plus and
EnVision Dual Link detection reagent (DAKO; Carpinteria,
CA) with DAB (Dako). Biomarker status, including ER, PR
and HER2, were defined by IHC in strict accordance with
European Quality Assurance guidelines. ER and PR staining
were assessed based on the American Society of Clinical

Oncology/College of American Pathologists Guidelines [27,28].
Antibodies used in IHC include as anti-ER (Clone SP1, Dako),
anti-PR (Clone PgR636, Dako), and Ki67 (Clone Mib-1, Dako).
Hematoxylin II (Dako As Link 48) was used to counterstain
specimens automatically. All tests incorporated external positive
and negative controls. ER and PR stains were considered positive
if immunostaining was seen in more than 1% of immunoreactive
cells. HER2 status was ascertained via IHC using the Hercep Test

™kit (code K5204, Dako). HER2 expression was scored as 0, 1+,
2+, and 3 + according to ASCO guidelines. A score of 3+ was
regarded as HER2+, with 0/1+ defined as HER2-. For cases
scoring HER2 2+, a fluorescent in situ hybridization (FISH)
test could be conducted. The measurement of Ki67 index was
based on the spot with the highest intensity in a high-power field
(400x) and 500–2000 cells were counted [29].

Following the St. Gallen guidelines 2013 [2], high expression of
PR was set as ≥20% and low expression of PR was defined as
<20%. In accordance with the International Ki67 in Breast Cancer
Working Group [30], Ki67 index was classified into two groups:
low (<30%), and high (≥30%). To quantify the extent of Ki67
changes between pre- and post-NAC timepoints, we used the
following equation: [define post-NAC Ki67 as A, define pre-NAC
Ki67 as B, computational formula: ΔKi67%�(A−B)/B × 100%,
maintaining sign]. If a patient achieved pCR after NAC, the post-
NAC Ki67 index was defined as 0% and ΔKi67% was
mathematically −100%. Representative IHC staining images of
Ki67 subgroups are shown in Supplementary Figure S2.

Breast Cancer Subtypes Definitions
We classified breast cancers into four subtypes based on HR
status, HER2 status and Ki67 index according to the St. Gallen
guidelines as follow [2,31]: Luminal A: (ER and PR positive,
HER2 negative, “low” Ki-67, and a “low” recurrence risk based on
multi-gene-expression assay results if available), Luminal B
[“Luminal B-like (HER2 negative)”: ER positive, HER2
negative, and at least one of the following: “high” Ki-67,
“negative or low” PR, or “high” recurrence risk based on
multi-gene-expression assay if available. “Luminal B-like
(HER2 positive)”: ER positive, HER2 over-expressed or
amplified with any Ki-67, and any PR]. HER2-enriched

FIGURE 1 | Patient selection flow diagram for the study.
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(HER2 over-expressed or amplified, ER and PR absent) and TN
(Negative ER, PR and HER2). The cut-point between “high” and
“low” values for Ki67 varies and lacks conclusion. 14% cut-off
value of Ki67 for subtype classification was adopted in St. Gallen
guidelines 2013.

Statistical Data Analysis
Multiple demographic features were analyzed using the Chi-square
test. The survival-related indicators studied were DFS and OS. DFS
was calculated from the date of initiation of the first regimen to the
date of first event (locoregional relapse, distant relapse, or death) and
OS was calculated from the date of surgery to the date of death or last
follow-up. The Kaplan–Meier method was used to define the
difference ratio, and survival curves were compared using the log-
rank test [32]. Significance was assigned as p value < 0.05. Receiver
operating characteristic curve (ROC) and area under the curve
(AUC) were performed to calculate the optimal cut-off value
determined by the Youden index with maximum sensitivity and
specificity. Cox proportional hazards regression models were used to
estimate relapse and survival risk between subgroups. The
multivariate Cox proportional hazards model was implemented
for Hazard Ratio (HR) and 95% confidence intervals (CI) to
identify independent prognostic factors. Net reclassification
improvement (NRI) was used to verify classification accuracy. All
statistical data analysis was performed using SPSS 26.0 (SPSS Inc.,
Chicago, IL, United States) and R programming language (version
3.5.3; https://www.r-project.org/).

RESULTS

Basic Demographic Features and Baseline
Characteristics
Patients with primary breast cancer who were treated with NAC
were selected based on strict standards. 942 patients were initially
included in the cohort, but 114 patients were eliminated for
various reasons. A total of 828 female patients with primary
breast cancer who received NAC were ultimately included in this
retrospective study (Figure 1).

Basic demographic and pathologic features are shown in
Table 1. The median age of entire cohort was 51 ± 9.65 years
old (range: 23–76 years), of which 10.0% of patients were under
40 years old at diagnosis. Bodymass index was used to distinguish
subjects: overweight patients with index greater than or equal to
24.9 accounted for 48.2%, underweight patients with index under
18.9 accounted for 8.2 and 43.6% of patients had a healthy BMI
between 18.9–24.9. Breast cancer pathological subtype was

TABLE 1 | Demographic and clinicopathological features of whole cohort
(n � 828).

Parameter Number (%)

Age at diagnosis (year)
<40 83 (10.0)
≥40 745 (90.0)

BMI (kg/m2)
<18.9 (underweight) 68 (8.2)
18.9–24.9 361 (43.6)
>24.9 (overweight) 399 (48.2)

Histological type at diagnosis
IBC-NST 699 (84.4)
Others 129 (15.6)

Clinical nodal status at diagnosis
Positive 676 (81.6)
Negative 152 (18.4)

Chemotherapy cycles
≤2 199 (24)
3–5 424 (51.2)
>5 205 (24.8)

Chemotherapy regimen
Taxane -based 89 (10.7)
Anthracycline-based 150 (18.1)
Taxane + anthracycline 589 (71.1)

Anti-HER2 therapy in patients with HER2-positive (n � 261)
Yes 49 (18.8)
No 212 (81.2)

Clinical tumor stage at diagnosis
T1 80 (9.7)
T2 556 (67.1)
T3/T4 192 (23.2)

Post-NAC tumor size
<2 cm 434 (52.4)
2–5 cm 355 (42.9)
>5 cm 39 (4.7)

Response to NAC
PR/CR 494 (59.7)
SD/PD 334 (40.3)

Achieved pCR
Yes 138 (16.7)
No 690 (83.3)

ER statusa

Positive 526 (63.5)
Negative 302 (36.5)

PR positivity scoreb

<20% 520 (62.8)
≥20% 308 (37.2)

HER2
Positive 261 (31.5)
Negative 447 (54.0)
Unknown 120 (14.5)

Pre-NAC Ki67
<30% 253 (30.6)
≥30% 575 (69.4)

Post-NAC Ki67
<30% 491 (59.3)
≥30% 337 (40.7)

Molecular subtypesc

Luminal A 43 (5.2)
Luminal B 489 (59.1)
HER2-enriched 148 (17.9)
TNBC 148 (17.9)

aPositivity score<1% including negative status.
bPositivity score<20% including negative status.
cLuminal A: (ER and PR positive, HER2 negative, “low” Ki-67, and a “low” recurrence risk
based on multi-gene-expression assay results if available), Luminal B (“Luminal B-like

(HER2 negative)”: ER positive, HER2 negative, and at least one of the following: “high” Ki-
67, “negative or low” PR, or “high” recurrence risk based onmulti-gene-expression assay
if available. “Luminal B-like (HER2 positive)”: ER positive, HER2 over-expressed or
amplified with any Ki-67, and any PR). HER2-enriched (HER2 over-expressed or
amplified, HR absent) and TN (Negative HR and HER2).
BMI, body mass index; NAC, neoadjuvant chemotherapy; IBC-NST, invasive breast
carcinoma of no special Type; pCR, pathological complete response; ER, estrogen
receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2;
TNBC, triple negative breast cancer.
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TABLE 2 | The univariate relationship between above features with pCR (n � 828)

Parameter Pathological response to NAC

pCR Non-pCR p Value

Age at prognosis (years) 0.196
<40 18 65
≥40 120 625

BMI (kg/m2) 0.539
<18.9 11 57
18.9–24.9 66 295
>24.9 61 338

Histological type <0.001
IBC-NST 95 604
Others 43 86

Chemotherapy cycles 0.432
≤2 30 169
3–5 68 356
>5 40 165

Chemotherapy regimen 0.229
Taxane-based 13 76
Anthracycline-based 32 118
Taxane + anthracycline 93 496

Anti-HER2 therapy in patients with HER2-positive (n � 261) 0.293
Yes 12 37
No 38 174

Clinical tumor stage at diagnosis 0.267
T1 14 66
T2 85 471
T3/T4 39 153

Post-NAC tumor size <0.001
<2 cm 104 330
2–5 cm 30 325
>5 cm 4 35

Clinical nodal status <0.001
Positive 99 577
Negative 39 113

ER statusa 0.014
Positive 75 451
Negative 63 239

PR positivity scoreb 0.028
<20% 105 495
≥20% 33 248

HER2 0.259
Positive 50 211
Negative 73 374

Pre-NAC Ki67 0.147
<30% 35 218
≥30% 103 472

Post-NAC Ki67 <0.001
<30% 119 372
≥30% 19 318

Molecular subtypesc 0.025
Luminal A 3 40
Luminal B 72 417
HER2-enriched 29 119
TNBC 34 114

aPositivity score<1% including negative status.
bPositivity score<20% including negative status.
cLuminal A: (ER and PR positive, HER2 negative, “low” Ki-67, and a “low” recurrence risk based on multi-gene-expression assay results if available), Luminal B (“Luminal B-like (HER2
negative)”: ER positive, HER2 negative, and at least one of the following: “high” Ki-67, “negative or low” PR, or “high” recurrence risk based on multi-gene-expression assay if available.
“Luminal B-like (HER2 positive)”: ER positive, HER2 over-expressed or amplified with any Ki-67, and any PR). HER2-enriched (HER2 over-expressed or amplified, HR absent) and TN
(Negative HR and HER2).
BMI, body mass index; NAC, neoadjuvant chemotherapy; IBC-NST, invasive breast carcinoma of no special Type; pCR, pathological complete response; ER, estrogen receptor; PR,
progesterone receptor; HER2, human epidermal growth factor receptor 2; TNBC, triple negative breast cancer.
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TABLE 3 | The univariate relationship between above features with DFS and OS (n � 828).

Parameter DFS (n = 98) OS (n = 59)

Events-free Events p Value Events-free Events p Value

Age at prognosis (years) 0.299 0.181
<40 76 7 80 3
≥40 654 91 689 56

BMI (kg/m2) 0.045 0.026
<18.9 61 7 62 6
18.9–24.9 323 38 344 17
>24.9 346 53 363 36

Histological type 0.849 0.382
IBC-NST 609 90 644 55
Others 121 8 125 4

Chemotherapy cycles 0.721 0.567
≤2 174 25 184 15
3–5 377 47 397 27
>5 179 26 188 17

Chemotherapy regimen 0.204 0.364
Taxane-based 77 12 84 5
Anthracycline-based 138 12 142 8
Taxane + anthracycline 514 74 542 46

Anti-HER2 therapy in patients with HER2-positive (n � 261) 0.771 0.712
Yes 44 5 47 2
No 181 31 195 17

Clinical tumor stage at diagnosis 0.889 0.499
T1 70 10 72 8
T2 489 67 519 37
T3/T4 171 21 178 14

Post-NAC tumor size 0.871 0.778
<2 cm 384 50 404 30
2–5 cm 311 44 328 27
>5 cm 35 4 37 2

Clinical nodal status 0.256 0.669
Positive 597 78 627 48
Negative 132 20 141 11

ER statusa 0.377 0.293
Positive 471 55 494 32
Negative 259 43 275 27

PR positivity scoreb 0.246 0.059
<20% 449 71 474 46
≥20% 281 27 295 13

HER2 0.275 0.862
Positive 225 36 242 19
Negative 402 45 417 30
Unknown 103 17 110 10

Pre-NAC Ki67 0.438 0.607
<30% 227 26 237 16
≥30% 503 72 532 43

Post-NAC Ki67 0.008 0.004
<30% 446 45 467 24
≥30% 284 53 302 35

Molecular subtypesc 0.335 0.571
Luminal A 42 1 42 1
Luminal B 432 57 456 33
HER2-enriched 128 20 137 11
TNBC 128 20 134 14

aPositivity score<1% including negative status.
bPositivity score<20% including negative status.
cLuminal A: (ER and PR positive, HER2 negative, “low” Ki-67, and a “low” recurrence risk based on multi-gene-expression assay results if available), Luminal B (“Luminal B-like (HER2
negative)”: ER positive, HER2 negative, and at least one of the following: “high” Ki-67, “negative or low” PR, or “high” recurrence risk based on multi-gene-expression assay if available.
“Luminal B-like (HER2 positive)”: ER positive, HER2 over-expressed or amplified with any Ki-67, and any PR). HER2-enriched (HER2 over-expressed or amplified, HR absent) and TN
(Negative HR and HER2).
BMI, body mass index; NAC, neoadjuvant chemotherapy; IBC-NST, invasive breast carcinoma of no special Type; pCR, pathological complete response; ER, estrogen receptor; PR,
progesterone receptor; HER2, human epidermal growth factor receptor 2; TNBC, triple negative breast cancer.
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FIGURE 2 | Kaplan-Meier curve of survival in patients with pCR status; Luminal A subtype (A, B), Luminal B subtype (C, D), HER2-enriched subtype (E, F), TN
breast cancer subtype (G, H). Blue lines: achieving pCR; Red lines: not achieving pCR. The left side of figure represented the relationship between pCR status and DFS.
The right side presented the relationship between pCR status and OS. Abbreviations: pCR, pathological complete response; HER2, human epidermal growth factor
receptor 2; TN breast cancer, triple negative breast cancer; DFS, disease-free survival; OS, overall survival.
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confirmed as invasive carcinoma of NST for 84.4% of patients. All
other histological types represented 15.6% of the full cohort. A
median of 4 NAC cycles were received (range: 1–9), with NAC
classified into three groups: texane-based (10.7%), anthracycline-
based (18.1%) and texane + anthracycline (71.1%). The average
maximum tumor diameters before and after NAC were 3.41 ±
1.651 and 2.26 ± 1.648 cm, respectively. 81.9% patients
presented with node-positive status at diagnosis. Finally, 138
subjects (16.7%) who received NAC achieved pCR, a
commonly used measurement of NAC efficacy.

We next analyzed IHC biomarkers. Patients with ER positivity
made up 59.5% of the cohort. Patients with PR < 20%, or negative

status, represented 62.8% of the cohort. Based on strict IHC
staining, subjects positive for HER2 accounted for 31.5% of cases
87.6% of all cases had Ki67 expression ≥30% before NAC, while
only 58.9% of the cohort had ≥30% Ki67 after NAC. 18.8% of
HER2-positive patients received anti-HER2 therapy.

Based on biomarker status, patients were categorized into four
subtypes: 43 subjects (5.2%) were categorized as Luminal A
subtype breast cancer, 489 subjects (59.1%) had a Luminal B
breast cancer, 148 subjects (17.9%) had HER2-enriched breast
cancer, and 148 cases (17.9%) had TN breast cancer. IHC status
and subtypes distribution are shown in Table 1.

Correlation Between Patient Features and
Pathological Response to NAC or Survival
We chose pCR as our evaluation criterion of pathological
response to NAC. The median follow-up time was 62.00 ±
21.43 months. A associations between patient features and
pathological response to NAC or survival were assessed via
the Chi-square test (χ2), with results shown in Table 2. Age,
body mass index, maximum tumor diameter before NAC, and
HER2 status all had p values > 0.05, indicating no significant
influence on prognosis. However, different carcinoma pathology
subtypes, maximum diameter after NAC, and nodal status at
diagnosis were all significantly associated with pCR, with all p
values < 0.05. The IHC biomarkers ER, PR and Ki67 status before
and after NAC, all associated with pathological response to NAC.
The log-rank test was used for in analysis of different parameters
with DFS and OS fully considering the follow-up time (Table 3).

FIGURE 3 |Box-plots of pre- and post-NACKi67 expression in diverse molecular subtypes; Ki67 variation in whole cohort (A), Luminal subtype (B), HER2 subtype
(C) and TN breast cancer subtype (D). The dark blue lines are on behalf of the box-plots of Ki67 before NAC. The light blue lines represent the box-plots of Ki67 after
NAC. Abbreviations: pCR, pathological complete response; HER2, human epidermal growth factor receptor 2; TN breast cancer, triple negative breast cancer.

TABLE 4 | The p values of AUCs in different subtype and corresponding ΔKi67%
cut-off point.

Molecular subtypea p Value of AUCs ΔKi67% cut-off point

Luminal A 0.107 -
Luminal B 0.047 −63%
HER2-enriched 0.131 -
TNBC 0.009 −68%
Whole cohort 0.004 −63%

aLuminal A: (ER and PR positive, HER2 negative, “low” Ki-67, and a “low” recurrence risk
based on multi-gene-expression assay results if available), Luminal B (“Luminal B-like
(HER2 negative)”: ER positive, HER2 negative, and at least one of the following: “high” Ki-
67, “negative or low” PR, or “high” recurrence risk based onmulti-gene-expression assay
if available. “Luminal B-like (HER2 positive)”: ER positive, HER2 over-expressed or
amplified with any Ki-67, and any PR). HER2-enriched (HER2 over-expressed or
amplified, HR absent) and TN (Negative HR and HER2).
AUC, area under curve.
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TABLE 5 | The univariate analysis of relation between basic characteristics with ΔKi67% status.

Parameter ΔKi67% status

ΔKi67%≤ − 63% (Positive) ΔKi67% > − 63% (Negative) p Value

Age at prognosis (years) 0.105
<40 24 59
≥40 283 462

BMI (kg/m2) 0.208
<18.9 26 42
18.9–24.9 145 216
>24.9 136 263

Histological type <0.001
IBC-NST 228 471
Others 79 50

Chemotherapy cycles <0.001
≤2 48 151
3–5 176 248
>5 83 122

Chemotherapy regimen <0.001
Taxane-based 26 63
Anthracycline-based 81 69
Taxane + anthracycline 200 389

Anti-HER2 therapy in patients with HER2-positive (n � 261) 0.265
Yes 22 27
No 77 135

Clinical tumor stage at diagnosis 0.002
T1 21 59
T2 196 360
T3/T4 90 102

Post-NAC tumor size 0.169
<2 cm 174 260
2–5 cm 120 235
>5 cm 13 26

Clinical nodal status 0.011
Positive 237 439
Negative 70 82

ER statusa 0.884
Positive 196 330
Negative 111 191

PR positivity scoreb 0.532
<20% 197 323
≥20% 110 198

HER2 0.771
Positive 99 162
Negative 161 286
Unknown 47 73

Pre-NAC Ki67 <0.001
<30% 67 186
≥30% 240 335

Post-NAC Ki67 <0.001
<30% 303 188
≥30% 4 333

Molecular subtypesc <0.001
Luminal A 2 41
Luminal B 195 294
HER2-enriched 51 97
TNBC 59 89

aPositivity score<1% including negative status.
bPositivity score<20% including negative status.
cLuminal A: (ER and PR positive, HER2 negative, “low” Ki-67, and a “low” recurrence risk based on multi-gene-expression assay results if available), Luminal B (“Luminal B-like (HER2
negative)”: ER positive, HER2 negative, and at least one of the following: “high” Ki-67, “negative or low” PR, or “high” recurrence risk based on multi-gene-expression assay if available.
“Luminal B-like (HER2 positive)”: ER positive, HER2 over-expressed or amplified with any Ki-67, and any PR). HER2-enriched (HER2 over-expressed or amplified, HR absent) and TN
(Negative HR and HER2).
BMI, body mass index; NAC, neoadjuvant chemotherapy; IBC-NST, invasive breast carcinoma of no special Type; pCR, pathological complete response; ER, estrogen receptor; PR,
progesterone receptor; HER2, human epidermal growth factor receptor 2; TNBC, triple negative breast cancer.
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For DFS and OS, BMI and Ki67 after NAC both presented p
value < 0.05.

Histological subtype further affected both pCR rates and
survival status. Each subtype resulted in different pathological
responses, as validated by the Chi-square test (p < 0.05), but
there was no obvious change on patient prognosis (p � 0.244 >

0.05). Rates of pCR across subtypes are shown in Figure 2. The
left side of the picture presents the relation between pCR and
DFS. The right side of the picture presents the univariate
analysis of the relationship between OS and pCR based on the
Kaplan-Meier method. We calculated survival rates for
patients with each subtype using the Kaplan–Meier method.

FIGURE 4 | Kaplan Meier curve of DFS and OS in patients with ΔKi67% status; Luminal A subtype (A, B), Luminal B subtype (C, D), HER2-enriched subtype (E, F),
TN breast cancer subtype (G, H). The blue lines are on behalf of achieving ΔKi67% -positive status after NAC. The red lines represented the ΔKi67% -negative status
after NAC. The left side of the figure shows the relationship between ΔKi67% and DFS. The right side of the figure shows the relationship between ΔKi67% and OS.
Abbreviations: HER2, human epidermal growth factor receptor 2; TN, triple negative breast cancer; DFS, disease-free survival; OS, overall survival.
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pCR status had no impact on DFS outcome for patients with
Luminal A (p � 0.784 > 0.05, Figure 2A) or Luminal B
subtypes (p � 0.427 > 0.05, Figure 2B). However, both
HER2-enriched and TN breast cancer subtype patients
showed a significant association between pathological
response to NAC and survival outcome (p � 0.043 < 0.05,
and p � 0.042 < 0.05, respectively, Figures 2C,D). The
corresponding Kaplan-Meier curves of pCR with OS
outcome for four subtypes are presented in Figures 2E–H.
The multivariate Cox analysis for the full cohort is available in
Supplementary Table S1. The visual result of univariate
analysis displayed via Kaplan-Meier curves is in
Supplementary Figure S1.

Assessment of the Prognostic Efficacy of
Ki67 Expression Status Before and
After NAC
The average Ki67 status before NAC was 39.66% ± 22.61%. In
comparison, the average value after NAC was 25.00% ± 22.91%.
The downward trend of Ki67 before and after NAC is displayed in

Figure 3 for the whole cohort (A), Luminal subtype (B), HER2-
enriched subtype (C), and TN subtype (D). As shown in the
figure, Ki67 change before and after NAC presented a statistical
difference (p < 0.001) in Luminal subtype. However, in HER2-
enriched and TN breast cancer, the difference of Ki67 represented
no statistical significance. To evaluate the degree of Ki67 decline,
we compared post-NAC and pre-NAC proliferation indices
[define post-NAC Ki67 as A, define pre-NAC Ki67 as B, the
computational formula was ΔKi67% � (A − B)÷B × 100%,
maintaining sign].

We next used ROC curve analysis to determine the optimal cut-
off value forΔKi67%. Performing the calculations on SPSS 26.0, we
found that ΔKi67% had prognostic efficacy on survival outcomes
among the full cohort. Based on the ROC calculation results in all
patients, we defined an optimal cut-off of ΔKi67%≤ − 63% (p <
0.05). The ΔKi67% cut-off point in the Luminal B subtype was
“−63%” (p � 0.047). Meanwhile the cut-off point in the TN breast
cancer subtype was “−68%” (p � 0.009) (Table 4).

Therefore, we defined a reduction of greater than 63%
ΔKi67%≤ − 63%( ) as ΔKi67% positive, and a reduction of less
than 63% ΔKi67> − 63%( ) as ΔKi67% negative. Positive ΔKi67%

TABLE 6 | The multivariate Cox analysis of ΔKi67% status in NAC-treated luminal-B subtype patients.

Parameter Disease-free survival Overall survival

HR (95% CI) p Value HR (95% CI) p Value

Age at diagnosis (year) 0.741 0.718
<40 1.000 1.000
≥40 1.171 (0.460–2.983) 1.251 (0.370–4.232)

BMI (kg/m2) 0.001 0.172
<18.9 (underweight) 1.000 1.000
18.9–24.9 4.425 (1.288–15.203) 0.018 1.347 (0.292–6.217) 0.702
>24.9 (overweight) 7.044 (2.015–24.625) 0.002 2.651 (0.591–11.899) 0.203

Histological type 0.625 0.961
IBC-NST 1.000 1.000
Others 0.732 (0.209–2.565) Not applicable

Clinical nodal status at diagnosis <0.001 0.022
Positive 1.000 1.000
Negative 0.264 (0.137–0.511) 0.240 (0.071–0.817)

Chemotherapy cycles 0.310 0.114
≤2 1.000 1.000
3–5 0.975 (0.466–2.041) 0.947 1.916 (0.616–5.957) 0.261
>5 1.597 (0.736–3.464) 0.236 3.297 (1.033–10.529) 0.044

Chemotherapy regimen 0.216 0.474
Taxane-based 1.000 1.000
Anthracycline-based 0.307 (0.081–1.154) 0.080 0.326 (0.051–2.076) 0.236
Taxane + anthracycline 0.538 (0.206–1.403) 0.205 0.540 (0.156–1.874) 0.332

Clinical tumor stage at diagnosis 0.585 0.211
T1 1.000 1.000
T2 0.735 (0.327–1.651) 0.456 0.429 (0.167–1.102) 0.079
T3/T4 0.977 (0.389–2.456) 0.961 0.561 (0.185–1.697) 0.306

Post-NAC tumor size 0.383 0.796
<2 cm 1.000 1.000
2–5 cm 1.473 (0.819–2.651) 0.196 1.306 (0.597–2.857) 0.504
>5 cm 1.760 (0.481–6.441) 0.393 1.056 (0.125–8.896) 0.960

Post-NAC Ki67 0.454 0.525
<30% 1.000 1.000
≥30% 0.793 (0.432–1.456) 0.786 (0.375–1.649) 0.635

ΔKi67% 0.001 0.003
≤−63% 1.000 1.000
>−63% 3.495 (1.723–7.088) 23.024 (2.956–179.333)

BMI, body mass index; NAC, neoadjuvant chemotherapy; IBC-NST, invasive breast carcinoma of no special type.
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status presented a larger magnitude of change for ΔKi67% between
pre- and post- NAC, with negative status showing opposite.We used
Chi-square tests to evaluate the relationship between demographic
and pathological features and ΔKi67% status (Table 5). ΔKi67%
-positive patients represented 37.1% of the full cohort. Histological
type, number of chemotherapy cycles, type of chemotherapy
regimen, clinical nodal status, molecular subtypes, pre- and post-
NAC tumor size, and Ki67 all showed statistically significant
relationship with ΔKi67% status (p values < 0.05).

In summary, ΔKi67% -positive status related with better
survival outcomes. We used the Kaplan-Meier method to affirm
the correlation between ΔKi67% status and survival outcomes in
each molecular subtype. Survival curves of DFS and OS based on
ΔKi67% status for the four subtypes are displayed in Figures
4A–H. Similar to Figure 2, the left side of the figure presents the
Kaplan-Meier curves related with DFS and ΔKi67%, with the right
side presenting the relationship between OS and ΔKi67%. As
shown in the figure, the univariate log-rank test demonstrated
ΔKi67% was statistically significantly related to DFS and OS in
Luminal B and TN subtype, while it showed no definite effect in
Luminal A and HER2-enriched subtypes (all p > 0.05).

Based on the multivariate Cox analysis, ΔKi67% status is a
significant independent prognostic predictor of survival outcome
regardless of DFS and OS, with DFS-HR � 3.495 (95% CI
1.723–7.088, p � 0.001) and OS-HR � 23.024 (95% CI
2.956–179.333, p � 0.003) for the Luminal B subtype (Table 6,
corresponding forest plot in Figure 5.

Not only that, we tentatively continued to explore the subgroups
of Luminal B patients based on the HER2-status. In Luminal B
patients from our research, who with negative HER2 status were 256
(52.4%). The patients with positive HER2 status were 113 (23.3%).
The patients with unknown HER2 status were 120 (24.5%). The
Kaplan-Meier curves and multivariate-analysis results of

relationship between ΔKi67% and survival outcome were attached
in the Supplementary Presentation S1. Based on the statistical
calculation, the analytical results of all subdivisions in Luminal B
tumors fully supported the statistical significance of ΔKi67%
(univariate and multivariate p < 0.05) except the DFS in HER2-
positive Luminal B subtypes (univariate and multivariate p > 0.05).
Combined, ΔKi67% was confirmed the statistically significant
relationship with disease-free and overall survival outcome.

Among patients with TN breast cancer, ΔKi67% status also
provided meaningful survival forecasts on DFS (p � 0.023 < 0.05)
and OS (p � 0.019 < 0.05) presented in Figure 4. The relationship
between ΔKi67% status and survival outcomes in the TN breast
cancer subtype was confirmed by multivariate Cox analysis as well,
with DFS-HR � 3.354 (95% CI 1.103–10.196, p � 0.033) and OS-HR
� 30.774 (95%CI 3.552–266.644, p� 0.002) (Table 7, corresponding
forest plot in Figure 6). Two forest plots represented that negative
ΔKi67% status is a valid indicator for better prognostics. We further
used the Kaplan-Meier method to affirm the correlation between
ΔKi67% status and survival outcomes in each molecular subtype.
Survival curves based on ΔKi67% status for the four subtypes are
displayed in Figure 6. ΔKi67% status shows statistically significant
differences in Luminal B and TN breast cancer patients. The NRI
value comparing the prognostic capacity between ΔKi67% status
and pCR in TN breast cancer subtype was 0.685 (95% CI
0.3336–1.0294, p < 0.001), also supporting our conclusions. In
both Figures 5, 6 ΔKi67% had a statistically significant
relationship with prognostic outcome.

DISCUSSION

NAC is currently widely applied to shrink tumors and decrease
carcinoma volume, allowing patients to preserve breasts or

FIGURE 5 | Forest plot of DFS andOS in Luminal B breast cancer; The left side of the figure is exhibiting the forest plot of DFS in Luminal B subtype. The right side of
the figure presents the forest plot of OS in Luminal B subtype. The two forest plots both present the multivariate-analyses results; Abbreviations: BMI, body mass index;
NAC, neoadjuvant chemotherapy; IBC-NST, invasive breast carcinoma of no special type; DFS, disease-free survival; OS, overall survival.
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TABLE 7 | The multivariate Cox analysis of ΔKi67% status in NAC-treated TNBC subtype patients.

Parameter Disease-free survival Overall survival

HR (95% CI) p Value HR (95% CI) p Value

Age at diagnosis (year) 0.715 0.988
<40 1.000 1.000
≥40 1.628 (0.173–15.306) Not applicable

BMI (kg/m2) 0.743 0.154
<18.9 (underweight) 1.000 1.000
18.9–24.9 0.462 (0.056–3.807) 0.473 0.076 (0.005–1.056) 0.055
>24.9 (overweight) 0.444 (0.055–3.577) 0.446 0.179 (0.018–1.834) 0.179

Histological type 0.325 0.905
IBC-NST 1.000 1.000
Others 0.429 (0.080–2.315) 1.154 (0.109–12.233)

Clinical nodal status at diagnosis 0.105 0.027
Positive 1.000 1.000
Negative 0.307 (0.074–1.281) 0.132 (0.022–0.798)

Chemotherapy cycles 0.225 0.469
≤2 1.000 1.000
3–5 1.647 (0.476–5.693) 0.431 0.879 (0.203–3.811) 0.863
>5 0.484 (0.096–2.449) 0.380 0.315 (0.043–2.294) 0.254

Clinical tumor stage at diagnosis 0.378 0.308
T1 1.000 1.000
T2 2.265 (0.328–15.616) 0.407 9.973 (0.513–194.007) 0.129
T3/T4 0.557 (0.038 8.260) 0.671 6.405 (0.167–246.220) 0.319

Post-NAC tumor size 0.462 0.405
<2 cm 1.000 1.000
2–5 cm 1.048 (0.369–2.976) 0.929 0.939 (0.217–4.060) 0.933
>5 cm 4.088 (0.435–38.418) 0.218 5.091 (0.414–62.551) 0.204

Pre-NAC Ki67 0.137 0.089
<30% 1.000 1.000
≥30% 4.442 (0.624–31.635) 8.686 (0.722–104.507)

Post-NAC Ki67 0.027 0.032
<30% 1.000 1.000
≥30% 6.880 (1.238–38.224) 7.221 (1.181–44.133)

ΔKi67% 0.033 0.002
≤−63% 1.000 1.000
>−63% 3.354 (1.103–10.196) 30.774 (3.552–266.644)

BMI, body mass index; NAC, neoadjuvant chemotherapy; IBC-NST, invasive breast carcinoma of no special type.

FIGURE 6 | Forest plot of DFS and OS in TN breast cancer. The left side of the figure is exhibiting the forest plot of DFS in triple-negative subtype. The right side of
the figure presents the forest plot of OS in triple-negative breast cancer. The two forest plots both present the multivariate-analyses results. Abbreviations: TN, triple
negative; BMI, body mass index; NAC, neoadjuvant chemotherapy; IBC-NST, invasive breast carcinoma of no special type; DFS, disease-free survival; OS, overall
survival.
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become operable [15]. Moreover, the pathological response to
NAC is also beneficial for optimizing chemotherapy regimens
and predicting relapse possibility and survival outcomes. Patients
with pCR to NAC show improved rates of relapse and better
survival [33,34].

Many studies have verified correlations between the degree
of Ki67 reduction and pathological response to NAC
[10,35,36], yet controversies exist regarding the
relationships between Ki67 index, pathological response,
and survival grates. Some studies only find significant Ki67
proliferation index differences when comparing pre-NAC with
post-surgery in Luminal subtypes [37,38] while other studies
have demonstrated that Ki67 reduction also plays a role in TN
breast cancer [39,40]. While a separate investigation
mentioned ΔKi67%, it only discussed its prognostic role
and predictive value within 90 Luminal subtype patients
with neoadjuvant letrozole-based treatment without
classifying it more broadly [20].

In this retrospective real-world study, we analyzed basic
demographic and pathological characteristics relative to pCR
following to NAC. We confirmed that breast cancer pathological
subtype, chemotherapy cycle number, maximum tumor diameter
after NAC, nodal state at diagnosis, and Ki67 index pre-NAC and
post-NAC all presented statistically significant differences.
Furthermore, ER and PR status and molecular subtypes all showed
significant effects on pCR rate, as verified in previous studies [41].

As mentioned above, pCR rate ranged from 15 to 20% in
previous studies [7–9]. Patients who achieved pCR following
NAC represented 16.7% of our cohort, a relatively small portion
of the total patients. This implies that pCR status increases the
specificity of survival outcome predictions but lowered the
sensitivity. Many patients were eliminated in the evaluation
system, especially those with the Luminal B subtype who
represent the largest portion of all breast cancer patients. This
is consistent with previous large trials showing pCR rates to have
limited prognostic value in patients with Luminal B subtype
[11,12]. ΔKi67% status could help improve this deficiency.

Our study has many strengths. Our fundamental statistical data
of post-NAC Ki67 is in accordance with previous research about
the relevance of clinical response to NAC and prognostic value
[12,24,25]. Subtracting pre- and post-NAC Ki67 is insufficient to
account for all situations, therefore we used ΔKi67% as a rational
solution. ΔKi67% is an indicator capable of considering the extent
of Ki67 changes in all individuals. Since achievement of pCR is not
a useful prognostic indicator in the Luminal B subtype, the field
currently lacks efficient parameters to predict outcome and assist in
clinical decisions makings for these patients [11,12].

ΔKi67% is a useful indicator formore than just Luminal B subtype
patients. In patients with TN breast cancer, pCR rate and ΔKi67%
status both predicted survival outcome with statistical significance.
The multivariate analysis confirmed that ΔKi67% status
independently predicted long-term outcomes as well. ΔKi67%
status may be capable to aid with NAC regimen modification
with pCR status in the TN subtype. In Luminal B subtypes, we
made the research based on different HER2-status subgroups. Nearly
all results of subgroups support our conclusions regardless of DFS
and OS. Except the HER2-positive Luminal B tumors, the DFS

p value of univariate and multivariate analysis is over 0.05.
Meanwhile, considering the function of ΔKi67% in HER2-
enriched subtype, it also prompted that HER2(human epidermal
growth factor receptor 2) could influence the predictive efficacy of
Ki67. The results enlightened us to collect relative data and dig the
thoughts deeper.

This study has inherent limitations.Missing data is a common issue
inmost retrospective single center studies. Hence, we excluded patients
whose information was incomplete or inadequate to be incorporated
in the study cohort. The second limitation when using Ki67 staining
and assessment is lack of stable measurement results [13,14]. To
account for this, we adopted the ‘hottest-spot’method and performed
pathological assessments strictly following international guidelines to
improve reproducibility. In the future, artificial intelligence in precision
pathology could dramatically improve this method.

In this study, we demonstrate that ΔKi67% status serves as an
independent prognostic factor in Luminal B subtype patients.
According to the POETIC clinical phase-3 trial, Ki67 variation in
women with operable ER-positive primary breast cancer after
preoperative and perioperative aromatase inhibitor (POAI)
therapy assisted in deciding further adjuvant endocrine
therapy and chemotherapy [19]. This indicates that ΔKi67%
could fill the current gap for predicting prognostic outcomes
in Luminal B subtype patients and assist in further clinical
treatment decisions to help modify further adjuvant regimens.

CONCLUSION

In this study, we validated that the extent of Ki67 change before and
after NAC, termed ΔKi67%, associates with patient survival
outcomes across subtypes. Our statistical calculations defined a
cut-off value for ΔKi67% of (−63%). We confirmed that ΔKi67%
status presents an independent prognostic prediction indicator for
long-term outcome in Luminal B and TN breast cancer subtypes.
As pCR achievement is not a statistically significant predictor for
Luminal B subtype patients, ΔKi67% status may fill this clinical
vacancy, assisting with measuring efficacy of neoadjuvant therapy
and providing data for adjuvant therapy adjustment [42].
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Supplementary Figure S1 | The Kaplan-Meier curves of ΔKi67% in whole cohort.
The Supplementary Figure S1 exhibits the results of univariate analysis, Kaplan-
Meier method. The left side of the picture presents the relationship between the
ΔKi67% status and DFS. The right side of the picture shows the relationship
between the ΔKi67% status and OS. The red lines represent the ΔKi67%
-positive status after NAC. The blue lines represent the ΔKi67% -negative status
after NAC. Abbreviations: DFS, disease-free survival; OS, overall survival.

Supplementary Figure S2 | Representative immunohistochemical staining of Ki67.
Ki67<30% (A, B), Ki67≥30% (C, D).

Supplementary Presentation S1 | The results of univariate and multivariate
analyses in subdivisions of Luminal B patients. The PDF file contains the Kaplan-
Meier curves and tabular-forms of multivariate results regardless of DFS and OS.
Luminal B subtype was sorted into four subdivisions: negative HER2 status, positive
HER2 status, luminal B subtype excluded HER2-positive status (containing negative
and unknown HER2 status) and luminal B subtype excluded HER2-negative status
(containing positive and unknown HER2 status). The blue lines are on behalf of
achieving ΔKi67% -positive status after NAC. The red lines represented the ΔKi67%
-negative status after NAC. The left side of the figure shows the relationship between
ΔKi67% and DFS. The right side of the figure shows the relationship between
ΔKi67% and OS; Abbreviations: BMI, body mass index; NAC, neoadjuvant
chemotherapy; IBC-NST, invasive breast carcinoma of no special type; pCR,
pathological complete response; ER, estrogen receptor; PR, progesterone
receptor; HER2, human epidermal growth factor receptor 2; TNBC, triple
negative breast cancer; DFS, disease-free survival; OS, overall survival.
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