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Some chemotherapeutics-treated colon cancer cells display a specific phenotype
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ABSTRACT

Colorectal cancer (CRC) is the second leading cause of death among cancer patients in the Northern
countries. CRC can reappear a long time after treatment. Recent clinical studies demonstrated that, in
response to chemotherapy, cancer cells may undergo stress-induced premature senescence (SIPS), which
typically results in growth arrest. Nonetheless, these senescent cells were reported to divide in an atypical
manner and thus contribute to cancer re-growth. Therefore, we examined if SIPS escape may follow
treatment with chemotherapeutics used clinically: 5-fluorouracil (5-FU), oxaliplatin (OXA) and irinotecan
(IRINO).

To mimic the therapeutic regimes we exposed human colon cancer HCT116 and SW480 cells to repeated
cycles of drug treatment. The cells treated with 5-FU or IRINO exhibited several hallmarks of SIPS: growth
arrest, increased size and granularity, polyploidization, augmented activity of the SA-S-galactosidase,
accumulation of P21 and CYCLIN D1 proteins, and the senescence-associated secretory phenotype.
Moreover, re-population of the cancer cell cultures was delayed upon treatment with the senescence-
inducing agents. At the same time, we detected a subpopulation of senescent colon cancer cells with
features of stemness: elevated NANOG expression, exclusion of Hoechst 33342 (typical for side population)
and increased CD24 expression. Additionally, rare, polyploid cells exhibited blastocyst-like morphology
and produced progeny. In parallel, majority of chemotherapeutics-treated cells underwent mesenchymal

ARTICLE HISTORY
Received 7 December 2016
Revised 6 September 2017
Accepted 24 September 2017

KEYWORDS

cancer stem cells;
chemotherapy; colon cancer;
doxorubicin; irinotecan;
oxaliplatin; senescence;
5-fluoruracil; angiogenesis;
cancer Biology; cell Cycle
control; molecular Therapy

to epithelial transition, as the percentage of CD44-positve cells was reduced, and

E-cadherin (epithelial marker) were elevated.

levels of

Our study demonstrates that a subpopulation of chemotherapeutics-treated colon cancer cells display a
specific phenotype being a combination of stem-like and senescent cell features. This may contribute to
their resistance to chemotherapy and their ability to re-grow cancer after completion of therapeutic

intervention.

Introduction

Colorectal cancer (CRC) is the second leading cause of death
among cancer patients in the Northern countries.' Despite con-
siderable improvements in the treatment of this disease with
new therapeutic agents, the mortality rate is still significant.”
Several combination of chemotherapy protocols are used for
the initial treatment of metastatic colorectal cancer (mCRC)
comprising at least two of the following drugs: 5-fluorouracil,
oxaliplatin and irinotecan.>® The antimetabolite 5-fluorouracil
(5-FU) inhibits a thymidylate synthase, leading to depletion of
2'-deoxythymidine 5'-triphosphate - dTTP” and causing DNA
damage during S phase.*” Oxaliplatin, a third-generation plati-
num-derived chemotherapy agent, displays a wide spectrum of
in vitro cytotoxic and in vivo antitumor activities. The mecha-
nism of oxaliplatin toxicity includes alkylation of DNA.® Irino-
tecan, an inhibitor of topoisomerase I, induces formation of
DNA double-strand breaks’, activation of proteins involved in
DNA damage checkpoint response (including ATM kinase)

and consequently cell cycle arrest.'™"' Combination of 5-FU
with oxaliplatin and irinotecan increases patient response rates
and prolongs progression-free survival.'>"?

Notwithstanding advances in therapy, only 10% of meta-
static CRC patients survive at least five years. Moreover, CRC
can reappear at later times, even if the cancer tissue was entirely
removed during the initial treatment.'* Along with intrinsic
drug resistance, tumor heterogeneity and clonal evolution, the
stress-induced premature senescence (SIPS) is one of mecha-
nisms of the drug resistance."”™'” SIPS is an acute and short
term effect, which is not dependent on telomere shortening. It
may be triggered by oxidative stress or DNA damage, leading
to irreversible growth arrest.'® Recently, accumulation of senes-
cent cancer cells has been linked to reduced survival of patients
subjected to anticancer treatment."” This effect could be related
to remodeling of tumor environment, mediated by the senes-
cence associated secretory phenotype (SASP)' and/ or atypical
division of senescent cells, called neosis.?® Moreover, some
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studies demonstrated that senescent cells may display a stem
cell features.?'” The cancer stem cell (CSC) model of cancer
origin suggests that only a small subset of cancer cells is respon-
sible for sustaining tumorigenesis. CSCs exhibit the stem cell
properties of self-renewal and an ability to differentiate into
various lineages.”® The presence of cancer stem cells (CSC) in
haematopoietic malignancies and solid tumors, including CRC,
has been extensively documented.””>" The CSC hypothesis
explains resistance to chemotherapy and tumor recurrence,
since quiescent or slow cycling CSCs may survive therapeutic
intervention and produce a relapse.”®

Here, we demonstrate that colon cancer HCT116 and
SW480 cells undergo senescence in long term cultures and
some of them acquire several features of stem cells following
the treatment with 5-FU or IRINO. Additionally, we observed
that rare, polyploid cells demonstrate blastocyst-like morphol-
ogy and may produce progeny. Altogether, our data provide a
new evidence that a senescent cancer cell might be considered
as a new type of a tumor-initiating cell, which shows a mixed
phenotype combining stem-like and differentiated cell features.

Materials and methods
Chemicals and antibodies

Unless otherwise specified, chemicals and reagents were
purchased from Sigma Aldrich. Antibodies against: P21CIP1
(C-19) were purchased from Santa Cruz Biotechnology, KI-67
from Dako, PARP-1 from Enzo, E-CADHERIN, SNAIL,
B-CATENIN and NANOG from Cell Signaling, GAPDH from
Millipore, CYCLIN D1 from Thermo Scientific. Secondary
anti-mouse and anti-rabbit antibodies conjugated with HRP
were obtained from Vector Laboratories, and ECL reagents
from Thermo Scientific. Secondary antibodies conjugated with
AlexaFluor 488 or AlexaFluor 555 were purchased from
Thermo Fisher Scientific. Mounting medium was obtained
from Roche Diagnostics. 7-AAD, FITC mouse anti-human
CD24, FITC mouse IgG2a, « isotype control, AlexaFluor® 700
mouse IgG2b, « isotype control, Alexa Fluor®700 mouse anti-
human CD44 were obtained from BD Pharmingen™, APC
mouse IgG1 isotype control, APC mouse anti-human CD133/1
(AC133) were purchased from Miltenyi Biotec. ELISA Kkits for
human vascular endothelial growth factor (VEGF), and human
interleukin-8 (IL-8) were procured from R&D Systems. Protein
arrays were obtained from RayBiotech.

Cells and treatment

Human colon HCT116 cancer cells were kindly provided by
Dr. Bert Vogelstein (Johns Hopkins University, Baltimore,
MD). Authentication of cell lines was performed by Cell Line
Authentication IdentiCell STR. Human colon cancer cell line
SW480 was from ATCC. Cells were grown under standard con-
ditions (37°C, 5% CO,) in McCoy’s medium supplemented
with 10% fetal bovine serum, 10 000 units/mL of penicillin,
10 000 pg/mL of streptomycin, 100 ug/mL of streptomycin
and 0.25 pg/mL of amphotericin B (Antibiotic-Antimycotic).
To induce senescence the cells were seeded at a density of
10 000/cm* 24 hours before chemotherapeutics treatment.

Next, colon cancer cells were cultured in the presence of 100
(HCT116) or 50 nM (SW480) doxorubicin (DOXO), 50 uM
5-fluorouracil (5-FU), 5 (HCT116) or 2.5 uM (SW480) oxali-
platin (OXA) or 2.5 (HCT116) or 5 uM (SW480) irinotecan
(IRINO) for 24 hours followed by three days in fresh medium
without a drug. This procedure was repeated six times (LONG
CHEMO protocol). In parallel, after 3™ cycle cells were cul-
tured in drug-free medium for two weeks. Medium was
changed every four days (AFTER CHEMO protocol). Doses of
OXA, 5-FU and IRINO used in experiments were chosen as
most efficient to induce senescence, but not cell death, on base
of: SA-B-gal staining, counting in Burker’s chamber, BrdU
incorporation assay, cell cycle analysis with PI staining, and
LDH release assay (data not shown).

Western blotting

Cells were harvested into Laemmli SDS sample lysis buffer, soni-
cated and centrifuged at 10 000 x g. Concentration of proteins
was estimated by the BCA method. 100 mM DTT and 0.01%
bromophenol was added to lysates before separation by SDS-
PAGE. The same protein amount was loaded into each well.
Membranes were blocked in 5% non-fat milk and probed over-
night at 4°C with antibodies specific for: P21CIP1 (1:500),
PARP-1, SNAIL (1:500), CYCLIN D1, E-CADHERIN and
B-CATENIN (1:1 000). GAPDH (1:30 000) or B-ACTIN
(1:50 000) was used as a loading control. Then proteins were
detected using appropriate secondary HRP-conjugated antibodies
(1:10 000) and ECL reagents as recommended by manufacturer.

Detection of senescence-associated (-galactosidase
(SA-B-Gal)

SA-B-Gal activity was detected according to modified
Dimri et al.*’. Briefly, cells were trypsinized, fixed with 2%
formaldehyde, 0.2% glutaraldehyde in PBS, washed, cytospined
and exposed overnight at 37°C to a solution containing 1 mg/
ml 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside, 5 mM
potassium ferrocyanide, 150 mM NaCl, 2 mM MgCl,, and
0.1 M phosphate buffer, pH 6.0.

Enzyme-Linked Immunosorbent Assay (ELISA) for vascular
endothelial growth factor (VEGF) and interleukin-8 (IL-8)

Concentrations of secreted proteins VEGF and IL-8 in the cul-
ture media were measured using a colorimetric ELISA accord-
ing to the vendor’s instructions. Tests were specific for human
proteins. Results were normalized to total cell number.

Protein arrays

Concentrations of secreted proteins in the culture media were
measured using a RayBiotech protein arrays (C-series) accord-
ing to the vendor’s instructions. Media were pooled from three
to five independent experiments. We designed arrays for 60
cytokines related to: growth and differentiation, angiogenesis,
inflammation, degradation of extracellular matrix, and adhe-
sion. These were the following: EGF, Amphiregulin, Cripto-1,
bFGF, TGF betal, TGF beta2, TGF beta3, GDF-15, BMP-4,



HGF, IGF-I, IGF-1I, IGFBP-3, Insulin, Leptin, LIF, NAP-2,
S-100B, SCF, Shh-N, SDF-1 alpha, PDGF-AA, PDGF-AB,
PDGEF-BB, Angiogenin, Angiopoetin-1, Angiopoetin-2, Tie-1,
Tie-2, Endoglin, Angiostatin, VE-cadherin, VEGF, VEGF-C,
VEGEF-D, CXCL10, G-CSF, M-CSF, GM-CSF, IL-10, IL-6, IL-8,
MCP-1, GRO alpha, RANTES, ENA-78, Osteopontin, Resistin,
MMP-2, MMP-9, TIMP-1, TIMP-2, Cathepsin S, uPA, PAI-I,
EpCAM, ICAM-1, ICAM-2, ICAM-3, VCAM-1.

Images of the proteomic matrices were divided using a
10 x 14 square grid with the mesh corresponding to 1.15 of the
diameter of the largest protein spot (positive control). The
image intensities were integrated over the meshes and normal-
ized (on the matrix-by-matrix basis) to the difference between
the respective average integrals of the negative and positive
controls. The normalized protein intensities, corresponding to
the treated samples were divided by their counterparts of
the non-treated samples and represented as a heatmap. The
image processing and data visualization was implemented with
Matlab R2016a.

Cell viability determination

Cell viability were assessed using Lactate dehydrogenase (LDH)
release test according to the vendor’s instructions. Results were
normalized to the total cell number.

Matrigel assay

To test whether senescent cells can form tumorospheres, after
3" chemotherapeutics cycle, alive, adherent HCT116 cells were
replated into 96-well plates fulfilled with 50 ul of Matrigel
Matrix (Growth Factor Reduced). Cells were seeded at a density
of 1 000 cells per well and cultured for additional 21 days.
Medium was changed every seven days. Untreated HCT116
cells were used as a control. Images of the spheres were taken
using inverted Olympus DP73 microscope, working in trans-
mitted light mode. All image processing operations were imple-
mented using CellProfiler 2.1. as previously described.*

DNA content analysis

For DNA analysis cells were collected by trypsinization, fixed in
70% ethanol and stained with propidium iodide (PI) solution
(3.8 mM sodium citrate, 50 mg/ml RNAse A, 500 mg/ml PI, in
PBS). DNA content analyses were performed using a Becton-
Dickinson FACS Calibur and the BD CellQuest Pro 6.0 soft-
ware. At least 10 000 events were analyzed for each sample.

Side population (SP) evaluation

Cells were trypsinized, washed twice in PBS and then re-sus-
pended at 10° cells/ml in PBS, then incubated at 37°C with
5 pg/ml Hoechst 33342 (H33342). Cells were incubated for
30 minutes at 37°C with constant mixing. Staining was halted
by rinsing in ice-cold PBS. Prior to measurement cells were
stained with PI (4 puM) for viability assessment. Data for
30 000 cells were analyzed using the BD LSRFortessa flow
cytometer and BD FACSDiva 6.2 software as previously
described.”
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Flow cytometry analysis of cancer stem cell markers

Cells labeled with H33342 for SP were probed with specific
fluorochrome-conjugated antibodies. Briefly, 1x 10° cells were
incubated with antibodies: APC-conjugated anti-CD133, FITC-
conjugated anti-CD24 and AlexaFluor 700-conjugated anti-
CD44 antibodies for 30 minutes on ice. Labeled cells were re-
suspended in PBS and stained with PI (4 uM) for viability
assessment. Isotypic IgGs served as a negative control. Flow
cytometry was performed using a BD LSRForessa instrument
and BD FACSDiva 6.2 software as previously described.*

Immunofluorescent staining

Cells grown on chamber slides were fixed with 4% formalde-
hyde, permeabilized with 0,5% Triton X-100 and blocked with
5% goat serum. Afterwards, cells were incubated with the pri-
mary antibodies at 1:100 in the blocking solution at 4°C over-
night in humidified chamber. After that, samples were
incubated with secondary antibodies conjugated with Alexa-
Fluor 488 or AlexaFluor 555 diluted 1:200 in PBS. Then, the
slides were stained with H33342 (1 ug/ml in PBS) and
mounted with Fluorescent Mounting Medium. In the control
experiments, the steps with primary antibodies were omitted.
Images were captured using Leica DM4000B fluorescence
microscope controlled by Image Pro-Plus 5.0 software.

Long-term time-lapse

Cells were seeded in 6-well plate and starting at indicated day of
AFTER CHEMO protocol they were recorded for 48 hours.
Transmitted light images (DIC - Nomarski contrast) were
taken every 10 minutes using Leica AF7000 microscope
equipped with 10x dry objective, DFC350 FX CCD camera
(Leica, Mannheim, Germany), and environmental chamber
(Pecon, Erbach, Germany).

Statistical analysis

In vitro experiments were performed in duplicates or triplicates
and repeated at least three times. Numerical results are
expressed with mean values + standard errors. The respective
p-values were calculated using type-2 two-tailed ¢ (Student) test
and p < 0.05 was considered statistically significant.

Results

Kinetics of cell re-population after chemotherapeutics
withdrawal depends on the drug type

In our previous studies we found that human colon cancer
HCT116 cells treated with doxorubicin (DOXO) undergo senes-
cence in cell cultures, but after withdrawal of the drug re-growth
is observed.”>**** However, DOXO is not used in therapy of
colon cancer patients. Thus, here we tested the effects of the cli-
nically relevant chemotherapeutics: 5-fluorouracil (5-FU), oxali-
platin (OXA) and irinotecan (IRINO). We subjected HCT116
cells to six cycles of drug treatment in the long term cultures
(Fig. 1A LONG CHEMO protocol), mimicking a regime of che-
motherapy. Subsequently, to mimic a post-chemotherapy
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Figure 1. Kinetics of colon cancer cell re-population after chemotherapeutics withdrawal is a drug-specific. Experimental protocols. A. LONG CHEMO protocol. HCT116
cells were subjected to six cycles of chemotherapeutics as follows: cells were treated with 5 M OXA, 100 nM DOXO, 50 M 5-FU or 2.5 uM IRINO for 24 hours, then a
medium was removed and cells were cultured in a drug-free medium for the next 3 days. B. AFTER CHEMO protocol. After 3™ drug treatment HCT116 cells were cultured
in a drug-free medium for additional 14 days. C. Evaluation of cell number at various time points after drug treatment (AFTER CHEMO). DOXO at 100 nM concentration
was used as a reference drug inducing senescence and after withdrawal — senescence escape.? D. Visualization of spheres formed by untreated and chemotherapeutics-
treated cells. AFTER CHEMO-treated cells (1 000 cells/96-well plate) were harvested and seeded on the 14™ day into matrigel. Representative photos were taken three
weeks after seeding with light microscopy (100x magnification). E. Numbers of spheres formed by untreated or AFTER CHEMO-treated cells. F. Evaluation of size of
spheres formed by untreated or AFTER CHEMO-treated cells. Each bar represents mean £ SEM, N>3; statistical significance # — p < 0,05, ## — p < 0,01, ### - p < 0,001
— LONG CHEMO vs. AFTER CHEMO, *- p < 0,05, ™~ p < 0,01,>> "= p < 0,001-untreated vs. AFTER CHEMO.

period, after 3™ drug cycle, we cultured HCT116 cells in drug-
free medium for additional 14 days (Fig. 1B, AFTER CHEMO
protocol). DOXO at 100 nM concentration was used as the re-
ference drug for inducing senescence and, after withdrawal,
senescence escape.’”*

We demonstrated different kinetics of cell re-population
after drug removal, when the AFTER CHEMO protocol was
applied (Fig. 1C). After OXA removal, the significant increase
in the cell number was visible already at the 4™ cycle. Then, at
the 5™ cycle the increase of the cell number was detectable also
in cultures threated with other drugs. At the end of the 6™ cycle
the cell number after OXA removal was five times higher, when
compared to DOXO, and ten times higher compared to 5-FU
and IRINO, as shown in Fig. 1C. Additionally, we studied the
effect of chemotherapeutic treatment on the spheroid-forming

potential of individual HCT116 cells. For this purpose, we
seeded cells at low density (1 000 cells per well) on the 14™ day
onto matrigel and examined their ability to form spheres three
weeks later. In general, all four drugs produced the significant
decrease in the number of spheres (Fig. 1D,E). On the other
hand, the diameter of spheres formed by chemotherapeutics-
treated (particularly DOXO and IRINO) cells was larger than
in their untreated counterparts (Fig. 1D,F).

Using the LONG CHEMO protocol, we studied further the
differences in response to chemotherapeutics by quantifying two
processes, which affect cell number: cell death and proliferation.
The LDH release test results indicated that all drugs have similar
efficacy to induce cell death (Fig. 2A). Moreover, all drugs
induced apoptosis at early stages of treatment, as demonstrated
by the PARP-1 cleavage, measured with western blotting
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Figure 2. There are no differences in terms of cell death and proliferation after chemotherapeutics treatment. HCT116 cells were treated with LONG CHEMO protocol. A. Evalu-
ation of cell mortality, performed using LDH assay. B. Representative blot shows expression of PARP-1. Cleaved form of PARP-1 (89 kDa) is the hallmark of apoptosis. GAPDH or
ACTIN was used as a loading control. C. Fractions of cells in S phase, quantified with Pl staining and flow cytometry. D. Fractions of KI67 positive cells. E. Representative photos
show KI67 staining in untreated and OXA-, 5-FU-, DOXO- or IRINO-treated HCT116 cells: KI67 visualized as green (AlexaFluor 488), and nuclei visualized as grey (H33342). KI67*
polyploid cells indicated with white arrows. Data obtained with fluorescence microscopy (200x magnification) at the end of the 5™ cycle of LONG CHEMO protocol. Scale bar -

100.em. Each bar represents mean 4 SEM, N>3; statistical significance * - p < 0,05,

(Fig. 2B). In addition, we showed that all drugs inhibited prolife-
ration, as revealed by reduction in percentages of cells in the S
phase of cell cycle (Fig. 2C). Correspondingly, treatment with
drugs led to the significant decrease of the fraction of K167 posi-
tive cells (Fig. 2D). The KI67 staining was detectable in some
giant (presumably senescent) cells (Fig. 2E). Taken together,
these data suggest that withdrawal of the chemotherapeutic drugs
might lead to cancer cell re-growth, albeit kinetics of this process
may differ between drugs. In particular, DOXO, 5-FU or IRINO
might postpone onset of the process, finally increasing the prolif-
erative potential of progeny within spheres.

Repeated cycles of DOXO, IRINO and partially 5-FU induce
senescence of HCT116 cells

We did not find differences in the probability of death of
HCT116 cells treated with different chemotherapeutics agents.

*—p < 0,01, - p < 0,001 - untreated vs. LONG CHEMO.

Thus, we hypothesized that changes in the kinetics of cell re-
population might be related to induction of cellular senes-
cence." Indeed, we observed that the morphology of cells was
affected differently by the studied drugs. Treatment with
DOXO and IRINO resulted in the marked increase of the size
of cells and their nuclei, whereas no such effects were produced
by OXA. Cells treated with 5-FU exhibited the intermediate
morphological changes (Fig. 3A). All drugs induced growth
arrest (Fig. 2C, 2D and 3B) and the increase in cell granularity,
as shown by SSC/FSC parameters measured by flow cytometry
(Fig. 3C). It should be noted that treatment with DOXO and
IRINO produced the largest HCT116 cells (Fig. 3A and 3D).
Moreover, the SA-p-galactosidase activity was the most pro-
nounced in these cells (Fig. 3D,E). The fraction of SA-B-gal
positive cells increased with every cycle of 5-FU treatment
(Fig. 3E). Next, we analyzed the cell cycle distribution using PI
staining. Following DOXO or IRINO treatment, the



68 H. WAS ET AL.

A.
0 - contro}
nuclei
- O T €
2 i ¥ (“ «
7 . i : {
5 Gt s Vi
nuclei £ g nuclei ¢
¥y e, -DOXO 4 e
3
3
nuclei nuclei _T(J
D.
. B-gal
57 g . T ekl % s,
& .t "7;'.'“‘ 'vll'b:\‘;.; )]
s .. L _A-i:,‘v" |
s w -‘,E,‘ , By
= 4 o b & Wt
- “» 1 '__,., " ”": ‘;J.; »
B-géi e 4. VB-gal T .Jh._a:q

L?—gal

B.
250
OOXA -
__ 200 -@5FU
] mDOXO
-g £ 150 | WIRINO
5¢
c L=
= 5 100 - i «
7] * * *
[w] ;Q * *
= 50
0+ : . -
0 2 4 6
No. of cycle
c' *
100 * * %
= .t 1
m * *
T 75
b
*
2 50 i .
= :
2 :
c
]
9 o T
0 2 4 6
No. of cycles

m
-
o
<)
*

B-gal+ cells
(% of control)
N w ~
o w o wv
EEO
Z O w
zg¢z
co
ok
%
R
*k
s i
*kk
*

0 2
No. of cycles
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ing was performed on cytospined cells to enable easier quantification of SA-B-gal positive cells. Scale bar — 100um. Data obtained with transmitted light microscopy
(200x magnification) at the end of the 5™ cycle of LONG CHEMO protocol. E. Fractions of SA-B-gal™ cells. Each bar represents mean -+ SEM, N>3; statistical significance *

-p <005 ™ -p<001,*" -p < 0,001 - untreated vs. LONG CHEMO.

percentages of diploid cells in GO/G1 phase of the cell cycle
were significantly reduced (Fig. 4A). The DOXO treatment
decreased also fractions of diploid cells in the G2/M phase and/
or tetraploid cells arrested in the GO/G1 phase (Fig. 4B). Finally,
DOXO or IRINO treatments produced the strongest increase in
the fraction of polyploid cells (Fig. 4C). These data were cor-
roborated with the measurements of expression of senescence-
related proteins. We found that 5-FU, DOXO, or IRINO
(Fig. 4D) treatment led to strong and prolonged accumulation
of the cell cycle inhibitor - p21 and the geroconversion marker
- CYCLIN D1.”® One may note that senescent cells are also
characterized by the senescence-associated secretory phenotype
(SASP)." Correspondingly, we have previously demonstrated
that HCT116 cells treated with DOXO produce IL-8
and VEGF, as a part of the SASP phenotype.*>*> Here, we
showed that repeated cycles of IRINO and especially DOXO
led to the marked augmentation of VEGF (Fig. 4E) and IL-8
(Fig. 4F) secretion. To expand these studies, we designed

protein arrays and examined secretion of 60 cytokines related
to: growth, differentiation, angiogenesis, inflammation, degra-
dation of extracellular matrix and adhesion. We found that
treatment with all chemotherapeutics, especially those inducing
senescence, down-regulated (in comparison to untreated con-
trols) the production of the majority of these proteins (Fig. S1).
Treatments with DOXO, IRINO or 5-FU led also to the
increased secretion of cytostatic factors: amphiregulin and
IGFBP-3 (Fig. S1A), as well as a proangiogenic factor: PDGF-
AA (Fig. S1B). Moreover, HCT116 cells exposed to repeated
cycles of those drugs produced more immunomodulatory cyto-
kines: MCP-1, GRO-alpha and IL-10 (Fig. S1C), as well as pro-
teases: uPA, PAI-I and inhibitors of metalloproteinases,
especially TIMP-2 (Fig. S1D). Finally, cells treated with DOXO,
IRINO or 5-FU secreted less adhesion molecules: ICAM-3 and
V-CAM (Fig. S1E). To summarize, our data indicate that the
repeated treatment with DOXO or IRINO induces senescence
of HCT116 cells. Cells treated with 5-FU also developed the
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Figure 4. DOXO and IRINO are the strongest inducers of cellular senescence and activate its hallmarks: alternations of cell cycle, and an increase in expression levels of
P21 and CYCLIN D1 as well as secretory phenotype. HCT116 cells were treated with LONG CHEMO protocol. Fractions of HCT116 cells in different phases of cell cycle after
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resentative blots show expression levels of: P21 and CYCLIN D1 in OXA-, 5-FU-, DOXO- or IRINO-treated cells. GAPDH detection was used as a loading control. Secretion of
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0,05, " - p < 0,01, ™ - p < 0,001 - untreated vs. LONG CHEMO.

senescent phenotype, albeit manifested after a larger number of
treatment cycles.

Cancer cells treated with senescence-induced
chemotherapeutics display several stemness features

Recently, it has been reported that senescent cancer cells may
exhibit some features of stem cells.”'*>***” This notion is
compatible with the observed, elevated expression of a stem cell
transcription factor NANOG in HCT116 cells subjected to
repeated doses of 5-FU, DOXO or IRINO (Fig. 5A). It is worthy
to note that NANOG was detected not only in cytoplasm, but
also in nuclei of some giant cells (Fig. 5B), as demonstrated

with immunofluorescence staining. The treatment with senes-
cence-inducing agents increased also the number of cells identi-
fied as the side population, as determined by Hoechst 33342
exclusion assay (Fig. 6A). Moreover, the treatment with chemo-
therapeutics changed fractions of cells expressing cancer stem
cell markers: CD24, CD44 and CDI133. Treatments with
DOXO or IRINO resulted in the marked increase of the CD24-
positive cell fraction (Fig. 6B). The smaller increase was
detected among the cells treated with 5-FU (Fig. 6B). The effect
was the strongest among polyploid cells (Fig. S2A). Corre-
spondingly, DOXO, IRINO or 5-FU reduced the fraction of the
CD44-positive cells (Fig. 6C). The effect was the weakest
among polyploid cells (Fig S2B). Furthermore, all tested drugs
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with white arrowheads. Data obtained with fluorescent microscopy (200x magnification) at the end of 5™ cycle of LONG CHEMO protocol. Scale bar — 100.m.

produced the decrease of the CD133-positive cell fraction
(Fig. 6D).

To exclude that the observed changes were cell line-specific,
we performed selected studies on another colon cancer cell
line, SW480. As shown by the increased size and SA-p-gal
staining, SW480 cells treated with DOXO or IRINO entered
senescence (Fig. S3A). This process correlated with the increase
of the side population characterized by Hoechst exclusion assay
(Fig. S3B) and the fraction of the CD24-positive cells
(Fig. S3C). Both, DOXO and IRINO produced the decrease of
the CD44-positive fraction of SW480 cells (Fig. S3D).

Another feature of cancer stem cells is epithelial to mesen-
chymal transition (EMT), a process which facilitates metasta-
sis.”® Using western blotting analysis on a lysate of a whole cell

population, we showed that the expression of the epithelial
marker - E-CADHERIN was elevated after 5-FU, DOXO or
IRINO (Fig. 6E). Correspondingly, the expression of SNAIL -
an E-CADHERIN inhibitor and a mesenchymal marker, was
strongly decreased upon 5-FU, DOXO or IRINO treatment
(Fig. 6E). Both, E-CADHERIN (Fig. S4A) and S-CATENIN
(Fig. S5A) were localized mostly in membrane and cytoplasm
of giant cells. E-CADHERIN/B-CATENIN complex plays an
important role in maintaining epithelial integrity.”” Of note,
not all senescent cells showed increased E-CADHERIN or
B-CATENIN staining (Fig. S4A, S5A). Furthermore, the pre-
sence of ZEB-1, a mesenchymal marker, was detectable in
nuclei of some polyploid cells (Fig. 7A). It is noteworthy that
the rare giant cells exhibited blastocyst-like morphology,
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SNAIL. GAPDH detection was used as a loading control. Each bar represents mean + SEM, N>3; statistical significance

untreated vs. LONG CHEMO.

reflected by big, round, floating body and the group of cells
resembling an inner cell mass inside their cavities (Fig. 7C,D).
ZEB-1 expression was also increased in some DOXO or
IRINO-treated cells with a blastocyst-like morphology
(Fig. 7B). Those structures appeared to be a source of progeny,
characterized by a collective way of migration (Fig. 7D,
Movie 1). To summarize, these data indicate that a subpopula-
tion of senescent colon cancer cells display a specific phenotype
being a mixture of stem-like and differentiated cell features.

Discussion

Cellular senescence has long been regarded as synergistic with
cancer prevention and therapy.3 ® However, recent data suggest
that therapy-induced senescence (TIS) can lead to cancer recur-
rence in patients subjected to radio/chemotherapy.'>'7%**~*!
Therefore, we studied induction of senescence by clinically
used chemotherapeutics in human HCT116 and SW480 colon
cancer cells in vitro. In the present study we showed that
DOXO, IRINO or 5-FU treatment of colon cancer cells leads to

*—p < 005 " - p<0,01, " - p<0,001 -

accumulation of senescent cells exhibiting several features of
stemness. These included the elevated NANOG levels, the sig-
nificant increase in the side population and the augmented per-
centage of the CD24 positive cells. Surprisingly, the fraction of
the CD44 positive cells was decreased, whereas levels of E-cad-
herin (epithelial marker) were increased. We observed some of
these changes in another colon cancer cell line, SW480, which
supports our conclusions and shows they are not restricted to a
single cell line. Altogether, our results suggest that a subpopula-
tion of senescent colon cancer cells display a specific phenotype
comprising some stem-like and differentiated cell features. This
notion is compatible with other studies, that demonstrated
nuclear markers of stemness (OCT4, NANOG and SOX2) in
rare, highly polyploid cells that may undergo meiosis-like
depolyploidization and produce rejuvenated descendants.’>*?
Moreover, triploid breast cancer cells, non-responsive to neo-
adjuvant chemotherapy have been shown to contain the frac-
tion of polyploid cells displaying both, NANOG and a cell cycle
inhibitor p16 expression.”> Furthermore, other data suggest
that progeny emerging from polyploid cells may exhibit stem
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Figure 7. Some of polyploid HCT116 show ZEB-1 positivity and blastocyst-like morphology. HCT116 cells were treated with LONG CHEMO protocol. A. and B. Representa-
tive photos show ZEB-1 staining in untreated, DOXO- or IRINO-treated HCT116 cells: ZEB-1 visualized as red (AlexaFluor 555), and nuclei visualized as blue (H33342). ZEB-
1 localization in nuclei of polyploid cells indicated by white arrows. Data obtained with fluorescent microscopy (200x magnification) at the end of 3™ or 5™ cycle of LONG
CHEMO protocol. Scale bar - 100.m. C. Polyploid cells show blastocyst-like morphology. These forms, indicated here by black arrows, consist of big, round, floating body
and group of cells resembling inner cell mass inside their cavities. D. Polyploid cells with blastocyst-like morphology seem to be a source of progeny, that exhibit collec-
tive way of migration. Polyploid cells with blastocyst-like morphology are indicated by black arrows, whereas progeny migrating in collective way are indicated by white
arrowheads. Cells were seeded in 6-well plate and treated with the AFTER CHEMO protocol. Cells had being recorded starting from the indicated day. Pictures were taken
every 10 minutes for the next 48 hours using time-lapse microscopy in DIC Nomarski contrast mode, at 200x magnification. Nuclei visualized as blue (H33342).

cell-like characteristics and extended life span.”**** One may
also note that polyploid giant cancer cells (PGCC) are positive
for normal and cancer stem cell markers and exhibit asymmet-
ric cell division. Single PGCC may produce spheroids in vitro
and generate tumors in immunodeficient mice.”” These data
support our findings that treatment with chemotherapeutics
leads to the increased amount of polyploid cells with stem cell-
like properties within colon cancer cells.

We demonstrated that induction of senescence in colon can-
cer cells, detected with multiple markers, correlates with the
increase of the fraction of the CD24 positive cells, but the
decreased fraction of the CD44 positive cells. CD24 is involved
in cell differentiation, but its expression and distribution in

colorectal cancer is a subject of dispute. Nonetheless, previous
studies have shown that 50-68% of patients with colorectal
cancers expressed high CD24 levels.** Furthermore, CD24 posi-
tive subpopulations from colon cancer cell-lines exhibit stem
cell-like properties.*” In turn, CD44 is postulated to mediate a
critical step in colon cancer metastasis.*® Du et al.”’ indicated
CD44 as a potential marker for CSCs in colorectal cancer, and
HCT116 cells with the high expression of CD44 and CD133
have been shown to display tumor-initiating capability.*®
Recently, the presence of polyploid cells, characterized by
CD44 positivity, mesenchymal-like phenotype, SOX2, OCT4,
and NANOG expression has been correlated with the lack of
response to chemotherapy and the poor survival prognosis of



breast cancer patients.”” Our data indicate that senescence-
inducing drugs, especially DOXO and IRINO, significantly
increased the fraction of CD24 positive cells mostly among
polyploid cells. In parallel, the reduction of the CD44 positive
fraction was higher in diploid than in polyploid cells. As we
shown previously, after DOXO removal the fraction of the
CD44 positive diploid cells returned to the high basal level.
Conversely, further reduction was observed in polyploid cells.””
These data suggest that chemotherapeutics-treated colon can-
cer cells exhibit dynamic changes in CD24 and CD44 expres-
sion that may depend on cell ploidy. We postulate that it
should be taken under consideration, when designing the CSC-
targeted immunotherapy. Altogether, our data are in line with
conclusions based on recent discoveries within the CSC field,
that include: variability of CSC phenotypes, and potential of
non-CSCs to switch to CSC-like cells in response to microenvi-
ronment signals.”®

Importantly, here we show that some senescent colon cancer
cells display the increased expression of mesenchymal marker,
ZEB-1 (Zinc finger E-box binding homeobox 1) protein. EMT
has been demonstrated to be a necessary step in tumor invasion
and metastasis*’, whereas ZEB-1 can promote migration and
invasion by inducing EMT.>”' CSCs may undergo EMT,
thereby acquiring mesenchymal features, migrating to adjacent
stromal tissues, and invading blood or lymph vessels. On the
other hand, recent studies showed that EMT-inducible factors
also trigger CSC-like features in cancer cells.”® Additionally,
ZEB-1 has been reported to enhance tumor radioresistance,
in EMT independent pathway, which relies on the
ATM—ZEB1—CHKI1 signaling axis.”® > It is compatible with
our observations that senescent HCT116 cells show the higher
side population (SP) fraction than their untreated counterparts.
The SP cells isolated from CRC cell line were shown to exhibit
increased level of multidrug resistance.”®” It is likely that these
cells were in the GO phase (KI67 negative). It may be postulated
that such quiescent or slow cycling CSCs may survive therapeu-
tic intervention and produce a relapse.”® Intriguingly, here we
observed that rare, polyploid colon cancer cells might show the
blastocyst-like morphology. In accordance, PGCCs derived
from ovarian cancer cells and blastomeres were demonstrated
to be equivalent.”® The embryonic origin of cancer was concep-
tualized by Cohnheim in 1867, and then confirmed experimen-
tally by Stevens’® and Pierce.’"** Blastomeres, which are
produced by cleavage of the zygote in the human preimplanta-
tion embryo, frequently exhibit a combination of diploidy and
polyploidy.®*** Polyploid giant cells were postulated to have a
distinct advantage over diploid cancer cells in coping with
stresses and reproduction.® For instance, polyploidy has
recently reported to induce docetaxel®® and paclitaxel®®
resistance and escape from doxorubicin-induced senescence.”
Altogether, our data suggest that senescence of cancer cells
could be considered as a mechanism responsible for cancer
relapse after chemotherapy.

Moreover, we demonstrate that majority of DOXO- and
IRINO-treated colon cancer cells show the increased E-CAD-
HERIN and reduced SNAIL expression, suggesting that these
cells underwent mesenchymal to epithelial transition (MET). In
accordance, they produce fewer spheres in matrigel than the
untreated cells, indicating more dormant phenotype. This
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observation is supported by our previous in vivo data, showing
that DOXO treatment resulted in delayed growth of tumors in
NOD/SCID mice.” Strong correlation between senescence and
MET was demonstrated in many experimental settings.”® In line
with our studies, oncogene-induced senescence and p21WAF1
escape observed in human colon adenocarcinoma®” and in breast
cancer cell lines®® was associated with an induction of the EMT
and an increase in the proportion of cells with the CD24low/
CD44high phenotype. Moreover, paclitaxel-treated MCF-7 cells
exhibited slow proliferation, low rates of invasion and reduced
tumor formation.* Interestingly, we demonstrated that induction
of autophagy may trigger proliferative potential of DOXO-treated
colon cancer cells, both in vitro and in NOD/SCID mice.”> One
may speculate that accumulation of E-CADHERIN and 8-CAT-
ENIN at the plasma membrane after DOXO and IRINO treat-
ment forms an additional mechanical barrier in senescent cells.
B-CATENIN is recruited by E-CADHERIN, and forms a protein
complex involved in adherens junctions, which strengthens cell-
cell and cell-surface contacts.”” Therefore, a subpopulation of
senescent cancer cells may play a supportive and protective role
within a tumor. In this capacity they might be similar to the
spores of lower organisms.**”

We conclude that certain clinically used drugs induce senes-
cence in colon cancer cells. Some senescent cells may display a
specific phenotype being a combination of stem-like and differ-
entiated cell features, which makes them tumor-initiating cells.
Therefore, we propose that senescence of cancer cells should be
carefully considered as a therapy-resistant mechanism, however
the link between senescence and stemness requires further
investigation.
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