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Abstract: The mechanisms by which chemotherapeutic drugs mediate efficacy and toxicity in patients across can-
cers are not fully understood. A poorly understood aspect of the tumor cell response to chemotherapy is cytokine
regulation. Some drug-induced cytokines promote the anti-cancer activity of the drugs, but others may promote pro-
liferation, metastasis, and drug resistance. We evaluated effects of clinical chemotherapeutics oxaliplatin, cisplatin,
5-fluorouracil (5-FU), doxorubicin, paclitaxel, docetaxel, and carboplatin on a panel of 52 cytokines in MCF7 breast
cancer (BC) cells. We observed pan-drug effects, such as the upregulation of TRAIL-R2 and Chitinase 3-like 1 and
drug-specific effects on interleukin and CXCL cytokines. We compared cytokine regulation in MCF7 BC and HCT116
colorectal cancer (CRC) cells, revealing tissue-specific drug effects such as enhanced upregulation of TRAIL-R2 and
downregulation of IFN-B and TRAIL in MCF7 by cisplatin, oxaliplatin, and 5-FU. We found that chemotherapy-induc-
ible transcripts have varying potential for prognostic significance in CRC versus BC. Among the non-prognostic CRC
genes that were prognostic in BC were NFKBIA and GADD45A, both of which support anti-cancer drug mechanisms.
Thus, we establish a novel 7-drug, 52-cytokine signature in MCF7 BC cells and a 3-drug, 40-cytokine signature in
HCT116 CRC cells that suggest drug-specific and tissue-specific cytokine regulation. Distinct differences across
prognostic gene signatures in BC and CRC further support tissue specificity in the relative impact of drug-regulated
genes on patient survival.
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Introduction ceptor negative, HER2 positive), and normal-
like (similar to luminal A) [3]. Triple-negative
breast cancer can be further classified into

basal-like 1 (BL1), basal-like 2 (BL2), immuno-

Breast cancer (BC) is one of the most common
cancers in the U.S. and will account for 14.8%

of new cancer cases in 2021 [1]. It is one of
the leading causes of death in women. The
5-year survival rate for metastatic BC is 28%
[2]. There are five molecular subtypes of BC
which include: luminal A (hormone receptor
positive, HER2 negative), luminal B (hormone
receptor positive, HER2 negative or positive),
triple-negative (hormone receptor negative,
HER2 negative), HER2-enriched (hormone re-

modulatory (IM), mesenchymal (M), mesenchy-
mal-stem like (MSL), luminal androgen recep-
tor (LAR), and unstable (UNS) [4]. Colorectal
cancer (CRC) is similarly deadly with a 5-year
survival rate of 13% once the disease reaches
distant organs. In recent decades, the inci-
dence rate of colorectal cancer has been rising
and it is currently the second leading cause of
cancer deaths [5]. A better understanding of
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the molecular mechanisms of cancer cell
responses to current treatment options is
needed to improve outcomes for these patients.

Treatment options for BC include surgery, ra-
diation, immunotherapy, hormone therapy, and
chemotherapy. Factors such as type of BC and
metastasis location determine the treatment
options used [6]. Hormone therapy, such as
estrogen blockers like tamoxifen, in combina-
tion with chemotherapy are used as first-line
treatments on hormone receptor positive BC
[7]. Tumor grade, estrogen receptor expres-
sion, and prognostic genes are all taken into
consideration prior to deciding on a combined
therapy approach for hormone receptor posi-
tive BC [8]. Similar to BC, treatment options for
CRC include surgery, radiation, immunothera-
py, and chemotherapy. 5-fluorouracil (5-FU) is
a frontline therapy for CRC and is often com-
bined with other chemotherapies like oxaliplat-
in and irinotecan (CPT-11) to improve out-
comes in the clinic [9]. Some of the drugs used
in CRC treatment overlap with drugs used in
BC, yet there is heterogeneity in the response
to these drugs across tissue types that is
incompletely understood. The mechanisms of
action for these therapeutics are detailed in
Table 1. Further investigation could direct can-
cer-specific combination treatments and tar-
geted therapies to limit side effects and ineffi-
cacy in patients.

Cytokines regulate inflammatory responses
that may promote or suppress cancer. The
presence of cytokines can result in various
effects ranging from apoptosis to promoting
metastasis. Interleukins, such as IL-1, IL-6, and
IL-15, have been shown to be involved in carci-
nogenesis [10]. There is much interest in the
development of cytokine-based biomarkers in
cancer [11]. Biomarkers play a role in diagno-
sis, prognosis, and determining responses to
treatment. For example, HER2 and estrogen
receptor expression are key biomarkers in BC
that determine response to therapy [12]. Alter-
ations in gene expression, protein expression,
or metabolic signatures are considered to be
biomarkers. One way to establish biomarkers
is by analyzing transcripts that are induced by
drugs in vitro [12]. Such work has been com-
pleted on the HCT116 CRC cell line, which
established a dataset of prognostic drug-regu-
lated gene signatures [13]. Evaluating cyto-
kines and biomarkers is needed to better
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understand the tumor microenvironment and
composition which could improve targeted
therapies.

Here, we analyze and compare drug-regulated
cytokines in BC and CRC and compare the
prognostic value of drug-induced transcripts
across BC and CRC. The findings contribute to
our understanding of the molecular mecha-
nisms of chemotherapy in cancer cells and in
the tumor microenvironment across cancer
type, aiding our overall goal of improving out-
comes for BC and CRC patients.

Materials and methods
Cell lines and culture conditions

MCF7 human breast cancer cells (obtained
from ATCC) were grown in DMEM media sup-
plemented with 10% FBS and 1% penicillin/
streptomycin at 37°C, 5% CO,. HCT116 CRC
cells were obtained from Bert Vogelstein at
Johns Hopkins University.

Establishing IC50 doses

MCF7 cells were treated with doses ranging
from 0-50 uM of cisplatin, oxaliplatin, 5-FU,
carboplatin, paclitaxel, doxorubicin, or docetax-
el for 72 hours in a 96-well plate. Cell viability
was measured using an MTT assay and the
IC50 dose was determined based on the dose
response curve constructed from the collected
data. HCT116 cells were treated with doses
ranging from 0-80 puM of cisplatin, oxaliplatin,
or 5-FU for 72 hours in a 96-well plate. Cell via-
bility was measured using a CellTiterGlo assay
and the IC50 dose was determined based on
the dose response curve constructed from the
collected data.

Cytokine profiling

A total of 5x10°% MCF7 cells were plated per
well of a 24-well plate and incubated for
12-16 hours prior to treatment with cisplatin,
oxaliplatin, 5-FU, carboplatin, paclitaxel, doxo-
rubicin, or docetaxel at the corresponding IC50
concentration. Cell medium was collected 24
hours after treatment and stored at -80°C.
Samples were shipped to Brown University to
run them in biological duplicate on a Luminex
200 Instrument (R&D LX200-XPON-RUO), whi-
ch captures cytokines on magnetic antibody-
coated beads and measures cytokine levels
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Table 1. Drugs used in the experiments and their mechanisms of action (drugs chosen are relevant to either, or both, breast and colorectal

cancer)
Drug Mechanism References
oxaliplatin Platinum-based compound which can arrest DNA synthesis by binding to guanine and cytosine resulting in cross-linking [34]
cisplatin Platinum-based compound that cross links urine bases to form DNA adducts which induces apoptosis [35]
carboplatin Platinum-based compound that forms monoadducts by attaching alkyl groups to nucleotides resulting in DNA fragmenting [36]
doxorubicin Inhibits topoisomerase Il resulting in DNA damage and apoptosis; is able to insert itself within DNA base pairs causing DNA strands to break [37]
paclitaxel Taxane compound that disrupts microtubule growth by preventing depolymerization so that the cell can no longer use its cytoskeleton [38]
docetaxel Taxane which is a derivative of paclitaxel and inhibits proper microtubule assembly resulting in cell cycle arrest [39]
5-FU Inhibits the production of dTMP, which is necessary for DNA replication and repair, resulting in double-stranded breaks [40]
Table 2. Cytokine function

. . Predicted Impact
Cytokine Function on Patient Sufvival Reference
4-1BB/TNFRSF9/CD137 promotes the movement of monocytes/macrophages to the tumor microenvironment and promotes metastasis of breast cancer negative [41]

to bone

BAFF/BLyS/TNFSF13B increases stemness in epithelial breast cancer cells which promotes metastasis negative [23]
C-Reactive Protein/CRP inflammatory protein that is produced in response to IL-6, elevated levels are associated with more aggressive tumors negative [42]
CCL2/JE/MCP-1 recruits and activates tumor-related macrophages that promote tumor growth and angiogenesis negative [32]
CCL20/MIP-3 alpha attracts CCR6 which allows breast cancer cells to break through the extracellular matrix resulting in angiogenesis and metastasis negative [43]
CCL22/MDC associated with accumulation of tumor-associated macrophages negative [32, 44]
CCL3/MIP-1 alpha promotes breast cancer cell migration negative [32]
CCL4/MIP-1 beta high expression promotes tumor development negative [32]
CCL5/RANTES promotes growth, angiogenesis, and metastasis negative [20]
CCL7/MCP-3/MARC promotes breast cancer cell proliferation and is involved in metastasis to bone negative [45]
CCL8/MCP-2 recruits and activates tumor-related macrophages that promote tumor growth and angiogenesis negative [46]
Chitinase 3-like 1 induces pro-angiogenic/pro-tumorigenic factors negative [14]

CXCL10/1P-10/CRG-2
CXCL11/I-TAC

CXCL13/BLC/BCA-1
CXCL14/BRAK
CXCL5/ENA-78
CXCL9/MIG

Fas Ligand/TNFSF6

Fas/TNFRSF6/CD95
Ferritin
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inhibits tumor growth by inducing Granzyme B, mediates the NF-kB pathway

induces cancer cell migration

increases cell proliferation, levels of IL-1, TNF, and TGF; decreases apoptosis
inhibits tumor angiogenesis, proliferation, and invasion of cancer cells
promotes tumor angiogenesis

inhibits chemotaxis to endothelial cells

induces apoptosis; cancer cells that are able to escape the effects of the immune system can use this cytokine to mediate their
survival

involved in eliminating tumor-infiltrating immune cells and tissue destruction

downregulation is associated with increased apoptosis

not determined

negative

negative
positive
negative
positive

not determined

negative

positive

general role in cancer
[20]

[22]
general role in cancer

[20]
[20
12
[
[

o_.

]
20

47]
general role in cancer
[48]
[49]
general role in cancer
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G-CSF
GM-CSF

Granzyme B

IFN-alpha

IFN-B

IFN-gamma
IFN-gamma R1/CD119
IL-1 beta/IL-1F2

IL-10

IL-12/1L-23 p40

IL-15

IL-17/1L-17A

IL-2

IL-21

IL-4

IL-6

IL-7

IL-8/CXCL8

M-CSF

PD-L1/B7-H1
Prolactin

TNF-alpha

TRAIL R2/TNFRSF10B

TRAIL R3/TNFRSF10C
TRAIL/TNFSF10

TRANCE/TNFSF11/RANKL

TREM-1

VEGF
VEGFR3/Flt-4

Cytokines in chemotherapy-treated breast and colorectal cancer

high levels can induce the formation of neutrophilic extracellular traps which promote breast cancer cell migration
inactivates VEGF and blocks angiogenesis

used by cytotoxic T lymphocytes and natural killer cells to induce cell death
induces the activation of the STAT1 pathway

can induce autophagy in response to IFN-B treatment

inhibits cell proliferation

inhibits cell proliferation

makes the tumor more aggressive and invasive

high levels are associated with metastasis

promotes inflammation and angiogenesis

increases and activates natural killer cells

inhibits apoptosis through NF-kB activation, promotes angiogenesis, makes cells more aggressive
high levels associated with more aggressive tumors

promotes proliferation and invasiveness of breast cancer cells

induces apoptosis in breast cancer cells by producing macrophages and eosinophils
decreases responsiveness to endocrine and chemotherapy

promotes survival and growth of breast cancer cells

low levels are related with lack of hormone receptors and metastasis

promotes metastasis

associated with higher tumor grade and increased infiltration of T regulatory cells
plays a role in tumorigenesis

pro-tumorigenic and contributes to drug resistance development

low levels of membrane-bound associated with metastasis, migration, and invasion of cancer cells

high levels of membrane-bound associated with metastasis

selectively triggers cancer cell death

induced by progesterone resulting in the proliferation of mammary progenitor cells

triggers amplification of inflammatory responses in the tumor

high levels are associated with tumors that have large sizes, high histological grade

promotes breast cancer cell proliferation and survival

negative
positive

positive

negative

not determined
positive
positive
not determined
not determined
negative
not determined
negative
not determined
negative
positive
negative
negative
negative
negative
negative
negative
negative

negative

negative

positive

not determined

not determined

negative

negative

[50]
[51]

[52]
general role in cancer

[53, 54]
general role in cancer

[15]
[55]
[55]
[21]
[21]
[56]
[57]
[29, 58]
[21]
[21]
[59]
[18]
[21]
[19]
[51]
[60]
[61]
[62]

[63]
general role in cancer

[64]

[17]
general role in cancer

[65]

[66]
role in lung cancer

[67]
[68]

A panel of 52 cytokines that mediate different pro- or anti- cancer effects were evaluated in the MCF7 and HCT116 cell lines. The function and impact on survival of these cytokines in BC patients based on existing literature is outlined here.
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Table 3. Prognostic Gene Signatures in CRC

Prognostic Gene Signatures in CRC

Pan-drug HIST2H2BA (H2BP1) PLGLB2

CDKN1A HIST2H2BE (H2BC21) PRR11

FAS HIST2H2BF (H2BC18) RIT1

GDF15 HIST2H3A (H3C15); HIST2H3C (H3C14) STAG1

PPM1D HIST2H3D (H3C13) TMEM40
SERPINB5 HIST2H4A (H4C14); HIST2H4B (HAC15)  Oxaliplatin-specific
SESN2 HIST2H4B (H4C15); HIST2H4A (H4C14)  ACTA2
5-FU-specific HIST3H2BB (H2BU1) LYPD3
HIST1H1C (H1-2) NEK2 PHYHIP
HIST1H2AC (H2AC6) SMADG6 USP53
HIST1H2AE (H2AC8) CPT-11-specific Cisplatin-specific
HIST1H2AL (H2AC16); HISTAH2BN (H2BC15) ABHD4 ATXN7L1
HIST1H2BC (H2BC4) ANKRA2 Cuxi
HIST1H2BD (H2BC5) BUB1 0SGIN1
HIST1H2BG (H2BC8) CCNB1 VAV2

HIST1H4E (HAC5H) HPCAL1 ZFAT

HIST1H4H (HACS8) MXD4; MIR4800 Cis/Ox-specific
HIST2H2AA3 (H2AC18); HIST2H2AA4 (H2AC19) PI4K2A SNAIL

HIST2H2AA4 (H2AC19); HIST2H2AA3 (H2AC18)

PIPAK2A

Chemotherapy-inducible transcripts have varying potential for prognostic significance in CRC vs. BC. We evaluated previously
established prognostic CRC gene signatures [13] for prognostic value in BC. Only one transcript, H2BC4, also had prognostic

value (P-value <0.05) in BC (red, bolded text) according to analysis in cBioPortal.

using a system based on the principles of flow
cytometry (see https://www.luminexcorp.com/
luminex-100200/#overview for more informa-
tion). A custom 52-cytokine panel was split into
34-plex and 18-plex assays (R&D LXSAHM) and
was run on the Luminex 200 instrument ac-
cording to the manufacturer’s protocol.

TCGA analysis

Generation of prognostic CRC signatures (Ta-
ble 3): Our lab previously generated prognos-
tic drug-induced gene signatures in HCT116
colorectal cancer cells treated with cisplatin,
oxaliplatin, irinotecan (CPT-11), or 5-FU. Briefly,
this involved using cBioPortal and TCGA Color-
ectal Adenocarcinoma PanCancer Atlas data-
base (containing 592 samples with RNA-seq
data) to determine the difference in overall sur-
vival between groups of patients with low or
high mRNA expression (<-1 or >1 standard de-
viation from the mean of all samples, respec-
tively) of genes within the drug-induced gene
signatures [13]. Here, we selected 45 genes
from these previously established signatures
which had high prognostic value (logrank P-
value <0.05), along with an additional 5 genes
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that were included in the prognostic CRC signa-
ture after evaluation of existing literature, to
generate a 50-gene prognostic CRC signature.
We evaluated this 50-gene signature for prog-
nostic value (logrank P-value <0.05) in breast
cancer using cBioPortal. The TCGA Breast
Invasive Carcinoma PanCancer Atlas database
(containing 1082 samples with RNA-seq data)
was used to determine the difference in overall
survival between groups of patients with low or
high mRNA expression (<-1 or >1 standard de-
viation from the mean of all samples, respec-
tively) of genes within this 50-gene signature.

Generation of non-prognostic CRC signatures
(Table 4): Using drug-induced gene signatures
previously established in the lab [13], we es-
tablished non-prognostic (P-value >0.2) drug-
induced gene signatures in CRC using cBioPor-
tal (analysis as described above). We evaluat-
ed this non-prognostic gene signature for prog-
nostic significance (P-value <0.05) in BC.

Statistical analysis

MTT assay: Mean and standard deviation were
calculated for each drug treatment concentra-
tion.

Am J Cancer Res 2021;11(12):6086-6106
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Table 4. Non-prognostic Gene Signatures in CRC

Non-prognostic Gene Signatures in CRC

Pan-drug

ATF3

BTG2

CD274

DCP1B

E2F7

IERS

MDM2

PLK2

POLH

PRDM1

RNF19B

SERTAD1

SESN1

TOB1

TP53INP1

TUBGCP3
5-FU-specific
ARHGEF39

CCNG2

CENPA

DTL

FAM83D

HIST1H2AH (H2AC12)
HIST1H2AJ (H2AC14)
HIST1H2BB (H2BC3)
HIST1H2BF (H2BC7)
HIST1H2BH (H2BC9)
HIST1H2BK (H2BC12)
HIST1H2BO (H2BC17)
HIST1H3A (H3C1)
HIST1H3B (H3C2)
HIST1H3F (H3C7)
HIST1H3G (H3C8)
HIST1H4A (H4C1)
HIST1H4B (H4C2)
HIST1H4D (H4C4)
HIST1H4K (H4C12)
HIST2H2AB (H2AC21)
HIST2H2AC (H2AC20)
HIST3H2A (H2AW)
INCENP

KIRREL

MYBL1

PLAU

PSMC3IP

RASSF6

SOX4
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FDXR
FHIT
FMNL2
FTO
G2E3
GRHL3
HMGA2
HS6ST2
IFIT3
IFNAR2
IKBIP

IPO11; LRRC70

IRS2
ISG15
KIAA0040
KITLG
KSR2
LAMP3
LIN37
LRBA
LYNX1
MED13L
MGAT5
MSI2
NBAS
NTPCR
OR51B5
OR51I1
PARDGG
PDLIM3
PIBF1
PPP3CA
PRRG4
PTCH1
PTK2
PTPRO
RAB27B
RAB33B
RABGAP1L
RAD51B
RAET1G
RASA1
REEP1
RGS5
RHOBTB3
RINL
RPS27L
RRM2B

EGR1
ETS1
FAM214A
FGD1
FGD4
FOS
GLIPR1
HOXB8
HS6ST1
KLF6
KLK6
KLK7
KRTAP2-2
LAMB3
MAP1S
MBD5
NKTR
NR4A3
NUAK1
RBM24
RIOK3
RNU11
SAT1

SHFM1 (SEM1)

SRSF5
SUSD2
TGM2
THEMG6
TIGAR
TUFT1
ULBP1
VCAN

Cisplatin-specific

ADAM22
ARHGEF3
ARID5B
ATXN1
BAZ2B
BTBD9
CDKL5
CMIP
DOCK4
EXT1
FAM217B
FUT8
GBX2
GTF2IRD1
IGF2BP3

TCGA analysis: Samples selected
in cBioPortal had mRNA expres-
sion z-scores relative to all sam-
ples. Logrank test P-values were
considered to be significant if they
were below 0.05.

Cytokine profiling: The mean of bio-
logical duplicates was used as a
final fold-change value.

Results

Differential sensitivity of MCF7 BC
cells to cytotoxic chemotherapeu-
tic drugs

IC50 concentrations were estab-
lished in the MCF7 cell line for
doxorubicin (1.42 uM), paclitaxel
(1.59 upM), oxaliplatin (2.7 uM),
docetaxel (9.93 uM), 5-fluorouracil
(5-FU) (10 pM), cisplatin (29.5
uM), and carboplatin (50 uM) us-
ing an MTT assay (Figure 1A-C).
The established IC50 concentra-
tions were used for subsequent
cytokine profiling experiments. In
the HCT116 cell line, IC50 con-
centrations were established for
5-FU (9.8 uM), oxaliplatin (2 uM),
and cisplatin (14.8 pyM) using a
CellTiterGlo assay (Figure 1D).

TRAIL-R2, IFN-B, Chitinase 3-like 1,
and TRAIL are the only cytokines
out of a panel of 52 that were
regulated by a majority of clinically
used drugs in BC

Evaluating cytokine production
post-drug treatment can reveal
information about drug mecha-
nisms and how they mediate pro-
and anti-cancer responses in can-
cer cells. To investigate this, we
treated MCF7 BC cells with oxalipl-
atin, cisplatin, 5-FU, doxorubicin,
paclitaxel, docetaxel, or carboplat-
in at their respective IC50 concen-
trations, harvested the cell super-
natant after 24 hours, and analy-
zed levels of 52 cytokines using
Luminex 200 Instrumentation. The
function and impact on survival of
these cytokines in BC patients

Am J Cancer Res 2021;11(12):6086-6106
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cluding breast and colorectal can-

TRAF4 RSRC1 JARID2
TRIM59 sSDCA KATGB cer [14]. Soluble TRAIL-R2 cytokine
TTK SEN KDMAC can serve as a decoy recep‘.[or'fo.r
INFG58 SLC2OA3 KLE12 death repeptor 5 (D_R5)_ to inhibit
. apoptosis and may indicate poor
CPT-11-specific SMAD3 HLHL29 survival when expressed at high
ABCA12 SPAGS MAML2 levels. Most of the drugs downreg-
AKR1B15 STAT4 MYO1E ulated IFN-B, which is likely benefi-
APAF1 STK17A NFKBIA cial for survival of the patient due
APOBEC3C STK39 NRGAL to its role in inducing autophagy in
APOBEC3H TBL1X OPHN1 response to IFN-B treatment [15,
ARHGAP10 TCP11L1 OR2M3 16]. Most of the drugs also down-
BAG1 THUMPD3-AS1 ORSD1 regulated TRAIL, a pro-apoptotic
BCKDHB TLR3 PHLPP1 cytokine [17]. In summary, each of
BIRC3 TMEM63B PITPNCA the chemotherapeutic drugs regu-
CAMK2D TNFRSF10C PRKCE lated cytokines_ih a way that may
CCDCOL P5313 PRPF39 exert both positive and Qegatlve
effects on cancer progression.
CCNB2 TP73 PTPRM
CDKAL1 TRIO SIPALL3 Identification of pan-drug mecha-
CDKL2 TRPM6 SSH2 nisms of efficacy point toward the
CITED2 VPS13B TANC1 development of potential target-
CMBL VTI1A TANC2 ed therapies, whereas identifica-
CNNM4 WDR63 (DNAI3) TBC1D22A tion of pan-drug mechanisms of
COG5 XPC TBX3 acquired resistance point toward
COL17A1 XRCC4 TESK1 potential combination therapies to
CTBP2 ZNF672 TIAM1 improve outcomes.
DEPDC7 ZNF804A TMEM133 (ARHGAP42) Drug-specific cytokine induction
DIAPH2 ZNF823 TNS3 reveals possible mechanisms of
DOCK3 Oxaliplatin-specific TSPAN18 efficacy, toxicity, and/or acquired
DRAM1 AEN UVRAG resistance
DST AHNAK2 ZNF407
DYM C3orfl4 7NF426 In addition .to the obsgrved pan-
EFNB1 CD22; MIR5196 CisOx-specific drug cytokine regulation, there
EHBP1 CSRNPL ARRDCA Yvere .also drug-specific effec.ts,
including across some drugs with
EPN3 CTSS GADD45A identical primary targets or similar
EXOC6B DUSP1 LPARG mechanisms of action (Figure 2A).
FAF1 DUSP19 SLC10AS These drug effects were mostly on
ZRSR2 cytokines belonging to the IL or

Non-prognostic CRC signatures have prognostic value in BC. Using drug-
induced gene signatures previously established in the lab [13], we estab-
lished non-prognostic (P-value >0.2) CRC gene signatures using cBioPortal.
While these signatures were non-prognostic in CRC, several transcripts were

prognostic (P-value <0.05) in BC (red, bolded text).

based on existing literature is outlined in Table
2.

We observed that all of the drugs upregulat-
ed Chitinase 3-like 1 (CHI3L1) and TRAIL-R2
(Figure 2A). CHI3L1 induces pro-angiogenic/
pro-tumorigenic factors and is associated with
a poor prognosis in multiple cancer types in-
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CXCL family. Interleukins (IL) and
CXCLs often exert a positive effect
on cancer progression by mediat-
ing responses which aid prolifer-
ation.

Taxane-induced cytokine signatures: Docetaxel
and Paclitaxel are both taxanes which share
similar structure and mechanism of action. Not
surprisingly, some cytokines were similarly reg-
ulated by these drugs including IFN- (decre-
ased), BAFF (decreased), CXCL10 (increased),
and TRAIL-R2 (increased), although these cyto-
kines were also similarly regulated by other

Am J Cancer Res 2021;11(12):6086-6106
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Figure 1. The concentration of each drug needed to kill half of the cells. Im-
ages of MCF7 MTT assay plates (A, B) and corresponding IC50 curves gener-
ated in GraphPad Prism (C). MCF7 cells were least sensitive to carboplatin

and cisplatin and most sensitive
to oxaliplatin, doxorubicin, and
paclitaxel. The IC50 concentra-
tions were used for treatment of
cells for cytokine profiling. 1C50
concentrations for HCT116 cells
were measured using a CellTiter-
Glo assay (D).

drugs without similar mecha-
nisms of action such as cis-
platin and oxaliplatin.

We also noted some striking
differences in regulation of
cytokines by docetaxel vs.
paclitaxel such as TRAIL, IL-8,
CXCL11, IL-17, and Granzyme
B. Interestingly, the down-
regulation of IL-17 was ob-
served after treatment with
docetaxel and cisplatin, but
this effect did not extend to
paclitaxel although this drug
shares a similar mechanism
to docetaxel (Figure 2A). IL-17
is needed for the tumor-pro-
moting activity of myeloid-
derived suppressor cells, thus
cisplatin and docetaxel may
have a unique ability to inhi-
bit the pro-cancer effects of
these cells [18].

Also surprising was the obser-
vation that paclitaxel was the
only drug to upregulate IL-8/
CXCLS8, a cytokine associated
with metastasis and poor
prognosis in breast cancer
[19, 20] (Figure 2A). Although
docetaxel and paclitaxel be-
long to the same class of
drugs, their cytokine regula-
tion showed that there may
be distinctions in how they
mediate their effects.

Platinum-based drug-induced
cytokine signatures: Carbo-
platin, cisplatin, and oxaliplat-
in share similar platinum-
based structures and similar
mechanisms of action. Not
surprisingly, these drugs had
similar effects on some cyto-
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Figure 2. Regulation of cytokines by chemotherapy in the MCF7 breast cancer cell line and HCT116 colorectal can-
cer cell line. A. IC50 drug concentrations were used to treat MCF7 cells and conditioned media was collected for
the profiling of 52 cytokines. B. Comparison of regulation of cytokines by chemotherapy between the MCF7 breast
cancer cell line and the HCT116 colorectal cancer line. Respective IC50 drug concentrations were used to treat
both cell lines and conditioned media was collected for the profile at 24 hours (MCF7) and at 48 hours (HCT116).

kines such as TRAIL (decreased), TRAIL-R2
(increased), Chitinase 3-like 1 (increased), and
CXCL10 (increased). However, these drugs had
divergent effects on several cytokines in the
panel. For example, IL-17 was downregulated
by cisplatin, upregulated by oxaliplatin, and not
changed by carboplatin. As IL-17 is needed for
the tumor-promoting activity of myeloid-de-
rived suppressor cells [18], this observation
may indicate an opposite effect on this cell
population by cisplatin and oxaliplatin. While
carboplatin and cisplatin had no effect on
IL-10 and CXCL13 levels, oxaliplatin upregulat-
ed these cytokines (Figure 2A). High levels of
IL-10 correlate with metastasis and CXCL13 in-
creases BC cell proliferation, indicating a pos-
sible pro-cancer effect of oxaliplatin that does
not extend to carboplatin or cisplatin [19-21].
CXCL11/I-TAC, responsible for the migration of
cancer [22], was upregulated by oxaliplatin but
downregulated by carboplatin. Oxaliplatin may
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pose more harm than carboplatin since it is
able to exert more tumor-enhancing effects
through several cytokines. Again, despite hav-
ing similar structures and mechanisms, these
drugs were able to have individual effects on
some cytokines.

5-FU-specific cytokine regulation: 5-FU was the
only drug to downregulate CXCL10 (Figure 2A),
a cytokine that is involved in the NF-kB pathway
and which promotes angiogenesis, suggesting
a 5-FU-specific mechanism of cancer inhibition.
However, CXCL10 can also exert an anti-tumor-
igenic role by inducing Granzyme B production
[20], this upregulation or downregulation may
pose a beneficial effect that is likely context
dependent.

Doxorubicin-specific cytokine induction: Inter-
estingly, doxorubicin did not downregulate any
cytokines in the panel but did upregulate sev-
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eral (Figure 2A). Cytokines uniquely upregulat-
ed by doxorubicin include BAFF, CXCL9, and
IL-6. BAFF has been shown to increase stem-
ness in epithelial breast cancer cells which is
associated with metastasis [23]. IL-6 is res-
ponsible for stimulating the growth and inva-
siveness of MCF7 cells and is involved in the
activation of the NF-kB pathway which pro-
motes proliferation and survival of malignant
cells as well as anti-estrogen resistance [18].

The promotion of anti-estrogen resistance by
doxorubicin through the IL-6 cytokine may sug-
gest that this drug would not be suitable in
combination with hormone therapy. Unlike
BAFF and IL-6, CXCL9 inhibits chemotaxis to
endothelial cells which has a positive progno-
sis in cancer [20]. Still, the positive role of
CXCL9 may not outweigh the harms of BAFF
and IL-6.

These observations suggest that patients
treated with doxorubicin may benefit further
from combination therapies to mitigate these
potentially harmful effects. Together, we identi-
fy drug-specific effects which enhance our
understanding of how these drugs function,
directing the development of novel treatment
combinations to enhance efficacy or avoid
toxicity.

Comparison of drug-induced cytokine signa-
tures across CRC and BC reveal tissue-specific
drug effects

It is recognized that widely used cytotoxic che-
motherapies such as 5-FU, oxaliplatin, and cis-
platin have tissue-specific effects however it
remains less clear if these effects extend to
cytokine regulation and/or secretion. To in-
vestigate this, we measured cytokine levels in
cisplatin, oxaliplatin, or 5-FU-treated HCT116
colorectal cancer cells (48-hour treatment)
and compared them to drug-induced cytokine
levels in MCF7 cells (24-hour treatment) [13].

We observed many differences across cell line,
including enhanced downregulation of VEGF
and CXCL11 in the HCT116 cells, enhanced
TRAIL-R2 upregulation in the MCF7 cells, and
enhanced downregulation of IFN-B and TRAIL
in the MCF7 cells (Figure 2B).

A limitation of this experiment is that cytokines
were measured at different time points post-
treatment and it is possible that some cyto-
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kines are differentially regulated at 24 hours
compared to 48 hours. However, it is likely that
striking differences such as downregulation
IFN-B and TRAIL, and upregulation of TRAIL-R2,
in the MCF7 cell line at 24 hours may extend to
48 hours.

Overall, these findings indicate that MCF7 cells
are more prone to chemotherapy-mediated
downregulation of TRAIL and upregulation of
TRAIL-R2 by cisplatin, oxaliplatin, and 5-FU,
both of which are likely to have pro-tumor
effects. Future directions could include investi-
gation across other cell types and with other
clinically relevant drugs used for treatment of
BC.

Chemotherapy-inducible transcripts have vary-
ing potential for prognostic significance in CRC
versus BC

Our analysis of CRC and BC cytokine regulation
after drug treatment revealed some similar
drug effects across cancer type, but also
revealed some tissue-specific effects of cispla-
tin, oxaliplatin, and 5-FU. Based on this, we hy-
pothesized that a database previously estab-
lished in the lab containing prognostic drug-
induced gene signatures in HCT116 colorectal
cancer cells treated with cisplatin, oxaliplatin,
irinotecan (CPT-11), or 5-FU would contain
some genes that were similarly prognostic in
breast cancer, and some genes that were strik-
ingly different across tissue type [13] (Tables 3
and 4). To investigate this, we used the compu-
tational tool cBioPortal and the TCGA Breast
Invasive Carcinoma PanCancer Atlas database
(containing 1082 samples with RNA-seq data)
to determine the difference in overall survival
between groups of patients with low or high
MRNA expression (<-1 or >1 standard deviation
from the mean of all samples, respectively) of
genes within this CRC database. Genes were
considered prognostic if the log rank P-value
was below 0.05.

Only 1 gene (H2BC4) from a list of 50 that were
prognostic in CRC (Table 3) was also prognostic
in BC (Figure 3), indicating that though some
chemotherapy-induced genes play a role in
patient survival across tissue type, most are
tissue-specific. High levels of H2BC4 correlate
with better survival in BC while low levels cor-
relate with better survival in CRC (Figure 3), fur-
ther demonstrating this tissue specificity.

Am J Cancer Res 2021;11(12):6086-6106



Cytokines in chemotherapy-treated breast and colorectal cancer

Breast Cancer

Colorectal Cancer

100% \ Logrank Test P-Value: 0.0304 100% Logrank Test P-Value: 0.0129
ad
!
90% \mm‘ 90%1 4 e
b frs L -
.'u R o] 1 -
80% t’ Ligse 80%1 1
(Yo - L S
* 1
T0% e 70%1 +
L - +—+ -
(s a1 LS a1
60% L 60%1 el
E = L o e
& 50% E 50%
Y + -+t +
40% 40%
30% o + 30%1
I ——
20% 20%1
10% 10%
0 20 40 60 80 100 120 140 180 180 200 220 240 0 10 20 30 40 5 60 70 80 9 100 110 120 130 140
Overall Survival (Months) Overall Survival (Months)
Overall Overall
W H2BC4: EXP>1 W H2BC4: EXP>1
W H2BC4: EXP<1 W H2BC4: EXP<-1

Figure 3. One gene (H2BC4) from a prognostic gene signature in CRC is also prognostic in BC. Kaplan-Meier curves
correlate with the bolded gene found in Table 3. High levels of H2BC4 correlate with better survival in BC while low
levels correlate with better survival in CRC, suggesting chemotherapy-induced genes play a tissue-specific role in

patient survival.

We also established non-prognostic drug-
induced CRC gene signatures and evaluated
them for prognostic value in BC (Table 4). We
found that among the non-prognostic CRC
genes, 25 genes were prognostic in BC (Figure
4). This suggests, perhaps unsurprisingly, that
there is variation in the contribution of drug-
regulated genes to patient survival across
organ type.

Two of the genes that were not prognostic in
CRC but were prognostic in BC are NFKBIA and
GADD45A (Figure 5). In line with our finding
that higher expression levels correlate with bet-
ter survival, NFKBIA is responsible for inhibiting
the NFKB pathway which promotes prolifera-
tion of malignant cells [24] and higher levels of
GADDA45A are associated with increased sensi-
tivity to docetaxel and paclitaxel. Furthermore,
NFKB activity inhibits the GADD45 promoter,
thus suppressing this pathway’s activity also
aids with overcoming drug resistance [25].

The drug-specific prognostic genes between
the two cancers vary due to the heterogeneity
in the drug response. These genes should be
further evaluated in drug-treated MCF7 cells, to
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confirm tissue-specific prognostic gene signa-
tures, because we only previously tested their
regulation in CRC.

Discussion

Immune responses can play a key role in both
cancer development and tumor suppression,
and these responses are in part regulated by
the identity and magnitude of cytokines pres-
ent and secreted by cancer cells. We analyzed
cytokine responses of MCF7 BC cells to multi-
ple clinically used chemotherapeutic agents in
order to gain a better understanding how these
drugs mediate anti- or pro- cancer responses.

When treating luminal breast cancer, chemo-
therapy is used in combination with hormone
therapy to improve outcomes [6]. It is possible
that additional combinations to combat the
upregulation of harmful cytokines, like CHI3L
and TRAIL-R2 (upregulated by all seven chemo-
therapeutic agents investigated here) could
even further improve outcomes.

The mechanism by which TRAIL-R2 is increased
is unclear. While we previously discovered that

Am J Cancer Res 2021;11(12):6086-6106
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Figure 4. A subset of a non-prognostic gene signature in CRC is prognostic in BC. Kaplan-Meier curves correlate with
the genes found in Table 4.
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Figure 5. Upregulation of GADD45A and NFKBIA is associated with better overall survival in breast cancer but not
colorectal cancer. High expression of GADD45A is associated with better survival in BC (A) but not CRC (B). High
expression of NFKBIA correlates with better survival in BC (C) but not CRC (D).

TRAIL-R2 (DRD) is a p53 target gene and MCF7
cells have wild-type p53, the soluble TRAIL-R2
may be increased due to the activity of prote-
ases [26]. Proteases are increased in the tu-
mor microenvironment and may oppose the
innate immune system in Kkilling BC cells
through increase in soluble TRAIL-R2 [27]. It is
interesting that in HCT116 colorectal cancer
cells, TRAIL-R2 was decreased in the presence
of oxaliplatin and 5-FU. While it is well-docu-
mented that TRAIL-R2 on the cell surface is
upregulated after treatment with DNA-damag-
ing agents in a p53-dependent manner, the
effects of these compounds on soluble TRAIL-
R2 are much less studied. It is possible that
HCT116 and MCF7 have differential protease
activity which impacts on the drug effects on
soluble TRAIL-R2.
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Paclitaxel and docetaxel have similar mecha-
nisms of action, yet they had different effects
on cytokine levels. Previous clinical studies
have shown that early luminal A breast cancer
survival does not benefit from taxane (paclitax-
el, docetaxel) addition to hormone therapy but
taxane addition does benefit metastatic lumi-
nal BC survival [28]. Paclitaxel may pose more
harm than docetaxel since it upregulated mul-
tiple harmful cytokines (IL.-6, CXCL11, IL-8, etc.)
that docetaxel either downregulated or had no
effect on. Elevated levels of IL-17A have been
associated with protection from docetaxel-
induced death in MCF7 cells [29], however in
the profile docetaxel was able to downregulate
this cytokine, suggesting that docetaxel may be
effective at overcoming the barrier IL-17 poses
to cell death.
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Tamoxifen-resistant MCF7 cells have shown
increased sensitivity to 5-FU compared to wild-
type MCF7 cells [30]. Our investigation reveal-
ed that 5-FU downregulated many cytokines
that aid cancer progression, further supporting
the use of 5-FU after patients have become
resistant to tamoxifen.

Protein expression of erbB-2 (HER2) is a pre-
dictor of cells’ responsiveness to doxorubicin.
Overexpression of this protein is correlated
with increased topoisomerase-lla expression,
a target for doxorubicin action [31]. While
MFC7 is a HER2 negative cancer, doxorubicin
still induced robust cell death and cytokine
induction. Doxorubicin may not be the most
effective agent for treating luminal breast can-
cer. The status of erbB-2 may not be the rea-
son for doxorubicin’s lack of effectiveness
since the cells were sensitive to the drug.
Doxorubicin could contribute to mechanisms of
acquired resistance through the upregulation
of many harmful cytokines. The apparent
unique inability of doxorubicin to down-regulate
any cytokines in the panel could indicate a
doxorubicin-specific effect in which harmful
cytokines are more likely to be upregulated
compared to the other drugs.

While cisplatin, oxaliplatin, and carboplatin are
all platinum-based drugs that function similar-
ly, they had distinct effects on the cytokine
panel. Cisplatin had a unique effect on the IL-
17 cytokine that only docetaxel was also able
to have. Carboplatin and oxaliplatin had many
opposing effects on the panel. The mechanism
of each drug may ultimately distinguish their
pathway of action to yield varying results in the
cell, and the results suggest there may be dif-
ferences in structurally related drugs.

Genes from the prognostic and non-prognostic
CRC signatures that had prognostic signifi-
cance in BC survival could be further evaluated
in drug-treated BC cells. Our cBioPortal analy-
sis found that differential regulation of these
genes impacted patient survival differently
across cancer type. Most of the genes that
were prognostic in CRC were not prognostic in
BC. On the other hand, several non-prognostic
CRC genes were prognostic in BC. Validation of
the regulation of these genes by drugs in BC
cells could aid in their development as predic-
tive or prognostic biomarkers. Furthermore,
these genes should be assessed in other rele-
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vant cancers, for instance, endometrial cancer,
to further build upon their prognostic value.

The inflammatory results of the NFKB pathway,
mediated by cytokines which include IL-1, IL-6,
and IL-12, progress the development of breast
cancer thus the NFKBIA gene has a positive
effect on survival by inhibiting this [24, 32].
GADD45A can serve as a potential target to
further study the effects of taxane therapy on
luminal breast cancer. Understanding taxane
effects may create better guidelines on when it
should be implemented in the treatment of
advanced or metastatic luminal BC.

The lack of treatment information in the TCGA
database is a limitation of this study. Without
treatment information, we cannot fully under-
stand the prognostic significance in terms of
the drugs that are used for patient treatment.
Exploring the effects of these drugs in other BC
cell lines and subtypes could create a better
understanding of the tumor environment and
which chemotherapies are more effective for
each subtype.

Other future directions include using a hor-
mone therapy in the study as well as evaluating
drug combinations. Tamoxifen is a hormone
therapy that is commonly used in luminal breast
cancer treatment [33]. Having a better under-
standing of the tamoxifen immune profile in
MCF7 cells may reveal more about what is
responsible for the efficacy and toxicity of this
treatment. In the clinic, these chemotherapies
are not used as single agents, which is why it is
important to evaluate what immune response
combinations of drugs yield in the cancer cells.
Understanding the signals involved in drug
responses can lead to the development of
novel drug combinations.

Lastly, it will also be vital to analyze the gene
signatures and cytokines in other preclinical
models such as patient-derived or transgenic
organoids as well as patient tissue and blood
samples. These models could address the
complexity of intra- and inter-tumor heteroge-
neity. This work should involve evaluation ac-
ross BC and CRC subtypes to further address
tumor heterogeneity.

In summary, we establish a 7-drug, 52-cyto-
kine signature in BC cells and a 3-drug, 40-
cytokine signature in CRC cells that suggest
drug-specific and tissue-specific cytokine regu-
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lation. Differences across prognostic gene sig-
natures in BC and CRC further support tissue
specificity in impact of gene expression on
patient survival.
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