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chemoresistance via the JAK2/STATS3 axis by targeting IL-6
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Background: Stemness acquirement is one of the hallmarks of cancer and the major reason for the
chemoresistance and poor prognosis of colorectal cancer (CRC). Previous research has revealed the
stimulatory role of paired related homeobox 1 (PRRX1) on CRC metastasis. However, the role of PRRX1 in
stemness acquirement and chemoresistance of CRC is still not clear.

Methods: A retrospective cohort study was performed to investigate the relationship between PRRX1
expression and multiple clinicopathological characteristics of CRC patients. The functional effects of
PRRX1 on stemness and chemoresistance of CRC cells were validated by #z vitro and in vive assays. Gene set
enrichment analysis (GSEA) and JASPAR software were performed to predict the underlying mechanisms.
Enzyme-linked immunosorbent assay (ELISA), Western blot, immunofluorescence, and dual-luciferase
reporter assays were used to confirm the PRRX1-mediated signaling and its downstream factors.

Results: The expression of PRRX1 was up-regulated in CRC tissues and cell lines compared to normal
epithelial tissues and cell lines. High expression of PRRX1 was tightly associated with the metastasis,
chemoresistance, and poor prognosis of CRC patients. Additionally, PRRX1 significantly promoted
the proliferation, viability, stemness, and chemoresistance of CRC cells, as well as the activation of the
interleukin-6 (IL-6)/JAK2/STAT?3 axis. Inhibiting the expression of IL-6 dramatically eliminated the effects
of PRRX1 on CRC cell stemness and chemoresistance.

Conclusions: PRRX1 plays a vital role in the stemness and chemoresistance of CRC cells via JAK2/
STAT3 signaling by targeting IL-6. Further, PRRX1 may be a valid biomarker for predicting the effect of
chemotherapy and prognosis of CRC patients.
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Introduction

Colorectal cancer (CRC) is the third most common type of
cancer in men and the second most common in women. The
International Agency for Research on Cancer declared that
1.8 million new cases of CRC were diagnosed worldwide in
2018 (1). Owing to the contribution of early screening, the
morbidity and mortality rates of CRC have been declining
in some developed regions (2); however, those rates are still
extremely high, especially among individuals with a Black
racial/ethnic background (3). CRC is the second leading
cause of cancer death globally and was estimated to account
for 0.86 million deaths in 2018 (1). Tumor metastasis
and chemoresistance are the 2 major factors of a poor
prognosis of CRC patients, but their underlying molecular
mechanisms are still not clear (4-6).

CRC is composed of heterogeneous cell populations,
including those characterized with self-renewal and multi-
lineage differentiation, which have been termed cancer stem
cells (CSCs) (7). Accumulating evidence suggests that the
acquisition of stemness in cancer cells significantly promote
the recurrent metastasis and chemoresistance of CRC,
leading to the mortality of CRC patients (8). It is well known
that CSCs are characterized with ectopic high expression
of multi-stemness factors, and can be identified with
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® Opverexpression of PRRX1 in CRC results in an enrichment of
various gene sets, which played important roles in the development
and progression of CRC. PRRXI1 plays an important role in
promoting the proliferation, viability and stemness of CRC cells
through JAK2/STATS3 signaling by targeting IL6.

What is known and what is new?

* PRRXI is a well-known stem cell-like properties regulator, and
plays an important role in the development and progression of
cancers. One study revealed a novel effect of PRRX1 on stemness
acquirement of CRC cells, but its underlying mechanism remains
unknown;

* PRRXI was extensively increased in CRC, and tightly associated
with the chemoresistance and poor prognosis of CRC. Silencing
the expression of PRRX1 dramatically reduced the chemoresistance
and metastasis rate of CRC iz vivo.

What is the implication, and what should change now?

¢ PRRXI1 could be a valid biomarker for predicting the
chemoresistance and poor prognosis of CRC, as well as being an
important target for CRC therapeutic management.
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specific markers such as CD44, CD133, and ALDH1 (7).
However, where and how the CSCs originate remains
controversial. Some studies propose that CRC cells
acquire stemness via dedifferentiation, yet others suggest
that they are transformed from intestinal stem cells (7,9).
Considering the important role of cell stemness in the
development, progression, and prognosis of tumors, killing
CSCs and/or inhibiting the acquisition of cell stemness
could be a critical component for effective antitumor
therapy in CRC patients.

Paired related homeobox 1 (PRRXI1, also known
as PRX1) is a transcriptional factor expressed during
early limb bud mesoderm development (10). Studies
have demonstrated that PRRX1 is an epithelial-to-
mesenchymal transition (EMT) inducer, as well as a stem
cell-like properties regulator, and plays a vital role in the
development and progression of cancers (9,11-15). Previous
studies on CRC have also revealed that PRRX1 plays a vital
role in tumor metastasis by promoting EMT (13,16,17). It
is understood that the acquisition of stemness is significantly
related to the chemoresistance of cancers, which is a major
contributor to a poor prognosis (18,19). However, the role
of PRRXI in regulating the stemness of CRC cells and
chemoresistance is still not clear.

Interleukin 6 (IL-6) is a well-known cytokine, involved
in the development and progression of cancers, including
CRC (20). Study in mice has confirmed that blocking
IL-6 can significantly reduce the colitis-associated
tumorigenesis (21). In addition, studies have also revealed
that IL-6 can promote the proliferation of CRC cells by
activating STAT, ERK/MAPK and PI3K/ATK pathway (22).
Moreover, recent study revealed that increase expression of
IL-6 significantly promote the resistance of CRC cells to
chemotherapy (23).

The present study aimed to uncover the role of PRRX1
in the chemoresistance of CRC and gain further insight
into the importance of PRRX1/IL-6 axis in increasing
the acquisition of stem cell-like properties reduces drug
sensitivity. We present the following article in accordance
with the ARRIVE reporting checklist (available at https://
jgo.amegroups.com/article/view/10.21037/jgo-22-1137/rc).

Methods
Clinical samples

The fresh primary CRC and paired normal colorectal
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samples (64 cases), as well as the paraffin samples (101 cases
of tumor tissues from CRC patients and 46 cases of normal
colorectal tissue from healthy patients), were obtain from
tissue bank of the Zhujiang Hospital, Southern Medical
University, Guangzhou, China, from 2007 to 2018. The
distances between cancer and paired adjacent normal tissues
measured at least 2 cm. The pathological diagnosis of each
case was made by the Department of Pathology in Zhujiang
Hospital. We restricted our analysis to sporadic cases and
did not make selections on the basis of family history. This
study was approved by the Ethics Committees of Zhujiang
Hospital, Southern Medical University, and comply with
the criteria established by the Declaration of Helsinki (as
revised in 2013). Individual consent for this retrospective
analysis was waived. Target gene expression profiling studies
of CRC samples, including relevant clinical information,
were identified through searching in the Gene Expression
Omnibus (GEO): GSE18088 (n=53), GSE87211 (n=363),
and GSE39582 (n=585). The final expression level of
PRRXI1 in fresh samples from our hospital, as well as
samples from GEO datasets GSE18088, GSE87211, and
GSE39582, were defined as low (less than median value) or
high (greater than median value).

Cell culture and treatment

The colorectal normal epithelial cell line FHC (Cat#
CRL-1831) and the cancer cell lines HT29 (Cat# HCT-
38), HCT116 (Cat# CCL-247), LS174T (Cat# CL-188),
SW480 (Cat# CCL-228), SW620 (Cat# CCL-227), and
RKO (Cat# CRL-2577) were obtained from Foleibao
Biotechnology Development Company (Shanghai, China).
For use in this study, the cells were propagated for less than
6 months after resuscitation. All cells were grown in Roswell
Park Memorial Institute (RPMI) 1640 medium (Cat#
A1049101; Thermo Fisher Life Technologies Corporation,
Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (Cat# 10091130; Invitrogen, Waltham,
MA, USA). A lentivirus with PRRX1 oligonucleotides
or PRRX1 short hairpin RNA (shRNA) was purchased
from GeneCopoeia (Guangzhou, China) and transfected
as previously described (24). A vector with interleukin-6
(IL-6) shRNA (sh-IL-6) was purchased from GeneChem
(Shanghai, China) and transfected using lipofectamine®
3000 reagent (Cat# L3000015; Thermo Fisher Scientific,
USA). The duration of chemotherapy treatment in the
in vitro assay was 24 hours.
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RNA isolation, reverse transcription (RT), and
quantitative real-time polymerase chain reaction
(RT-PCR)

Total RNA was extracted using Trizol (Invitrogen;
Carlsbad, CA, USA). To quantify the expression of PRRX1,
IL-6, and IL-6 cytokine family signal transducer (IL6ST),
we subjected the total RNA to polyadenylation and RT
using a ThermoScript™ RT-PCR System (Invitrogen).
RT-PCR analysis was carried out using an SYBR Green
PCR master mix (Applied Biosystems; Foster City,
CA, USA) on an ABI 7500HT system. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) small nuclear
RNA (snRNA) was used as an endogenous control. All
samples were normalized to internal controls, and fold
changes were calculated through relative quantification
(2. The RT-PCR for target genes was performed as
previously described (25). The primers used are shown in
Table S1. The subject was classified as the PRRX1-high
expression group if its PRRX1 expression was higher than
the average value, otherwise it was classified as the PRRX1-
low expression group.

Immunoblotting assay

For immunoblotting, cultured cells were harvested,
washed with phosphate-buffered saline (PBS), and lysed in
radioimmunoprecipitation assay (RIPA) buffer as described
previously (24). Antibodies used are listed as follows:
rabbit antibodies against PRRX1 (Cat# ab211292) and
Nanog (Cat# ab218524) were from Abcam (Shanghai,
China). Rabbit antibodies against CD133 (Cat# 64326),
SOX2 (Cat# 3579), OCT4 (Cat# 2750), phosphorylated-
JAK2 (Cat# 3771), phosphorylation-STAT?3 (Cat# 9145),
and cleaved-PARP (Cat# 5625) were from Cell Signaling
Technology (CST; Danvers, MA, USA). Rabbit antibodies
against JAK2 (Cat# 17670-1-AP), mouse against IL-6
(Cat#66146-1-1g), STAT?3 (Cat# 60199-1-Ig), BCL2 (Cat#
60178-1-Ig), CNNDI1 (Cat# 60186-1-Ig), and PARP (Cat#
66520-1-Ig) and GAPDH (Cat# 60004-1-Ig) were from
Proteintech (Rosemont, IL, USA). All the antibodies were
used at 1:1,000 dilutions. The membranes, probed with
the indicated primary antibodies, were subjected to the
appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies (anti-rabbit: Cat# 7074 and anti-
mouse: Cat# 7076, CST, USA), and developed by enhanced

chemiluminescence.
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Immunobistochemistry (IHC) assay

IHC was performed on paraffin sections of normal
colorectal and CRC tissues according to standard labelled
streptavidin-biotin (LSAB) protocol (Dako) using primary
antibodies against PRRX1 (Cat# ab211292, Abcam, China).
The degree of staining in the sections was observed and
scored independently by two pathologists. The percent
positivity of PRRX1 staining was scored from 0 to 4: 0
0%), 1 (1-25%), 2 (26-50%), 3 (51=75%), and 4 (>75%).
The staining intensity was scored on a 4-point scale: 0
(no staining), 1 (weak staining, light yellow), 2 (moderate
staining, yellowish-brown), and 3 (strong staining, brown).
Subsequently, the PRRX1 expression score was calculated
as the product of the percent positivity score and staining
intensity score and ranged from 0 to 12. The final
expression level of PRRX1 was defined as low [0-5] or high
[6-12].

Immunofluorescence assay

Cells were cultured on coverslips overnight, fixed with 4%
paraformaldehyde for 30 minutes, and then treated with
0.5% Triton X-100 for 15 minutes. After being blocked
in 10% normal blocking serum at room temperature for
15 minutes, the slides were incubated with antibodies from
CST (USA), including rabbit antibodies to PRRX (Cat#
DF4274; Affinity, Cincinnati, OH, USA), CD133 (Cat#
64326; CST, USA) and SOX2 (Cat# 3579; CST, USA)
(1:100) at 4 °C overnight, which was followed by PBS
rinsing. Cover slips were incubated with antibodies from
CST (USA), including a fluorescein isothiocyanate (FITC)-
conjugated anti-rabbit (Cat# 4412) or mouse (Cat# 4408)
stain and Texas Red-conjugated anti-mouse (Cat# 8890) or
anti-rabbit antibodies (Cat# 8889) (1:200) for 30 minutes
at room temperature, then stained with 6-diamidino-2-

phenylindole (DAPI; Cat# D3571, Invitrogen, USA).

Enzyme-linked immunosorbent assay (ELISA)

The supernatants and cytoplasm from SW480 and HCT'116
cells were collected. The supernatant was used to measure
the total levels of extracellular IL-6 by the human IL-6
ELISA kit (Cat# ab178013; Abcam, USA), according to the
manufacturer’s introductions. The cytokine expression level
(pg/mL) per 10’ cells was analyzed.
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Cell apoptosis analysis

Cells (5x10%) were washed with ice-cold PBS then
resuspended in 500 pL of binding buffer (KeyGen
Biotechnology, Nanjing, China). Annexin V-FITC (5 pL)
(KeyGen) and propidium iodide (PI; 5 pL) were added to
the cell suspension. The mixture was then incubated at
room temperature for 10 minutes in the dark. Analysis of
apoptosis was carried out using flow cytometry.

Cell proliferation and colony formation assays

Cell proliferation assays were carried out using a Cell
Counting Kit-8 (CCK-8; Dojindo; Kumamoto, Japan).
Cells were plated in 96-well plates at a density of 1x10" cells
per well and were cultured in the growth medium. At the
indicated time points, the number of cells in triplicate wells
was measured at an absorbance at 450 nm of reduced WST-
8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfo-phenyl)-2H-tetrazolium monosodium salt].

For the colony-formation assay, 500 viable cells were
placed in each well in 6-well plates and maintained in a
complete medium for 2 weeks. Colonies were fixed with
methanol and stained with 0.1% (w/v) crystal violet.

Cell-cycle analysis and 5-ethynyl-2'-deoxyuridine
incorporation assay

For cell-cycle analysis, a total number of 5x10° cells were
harvested and then washed with cold PBS. The cells were
further fixed with 70% ice-cold ethanol at 4 °C overnight.
After incubation with PBS containing 10 mg/mL PI and
0.5 mg/mL RNase A for 15 minutes at 37 °C, fixed cells
were washed with cold PBS 3 times. We used FACScaliber
flow cytometry (Becton, Dickinson, and Co. BD
Biosciences, Franklin Lakes, NJ, USA) was used to gain the
DNA content of labeled cells.

For the 5-ethynyl-2'-deoxyuridine (EdU) incorporation
assay, proliferating cells were examined using the
Keyfluor488-EdU Cell Proliferation Assay Kit (KeyGen
Biotechnology, Nanjing, China) according to the
manufacturer’s protocol. Briefly, after incubation with
50 pM EdU for 2 hours, cells were fixed with 4%
paraformaldehyde, permeabilized in 0.5% Triton X-100,
and stained with Apollo fluorescent dyes. A total of 5 pg/mL
of DAPI was used to stain cell nuclei for 15 minutes.
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The number of EdU-positive cells was counted under
a fluorescent microscope in 5 random fields (original
magnification: x200). All assays were independently
performed 3 times.

Sphere-forming assay

Suspensions of single-cells were seeded into 6-well plates at
a density of 5,000 cells/mL in stem cell-conditioned medium
containing Dulbecco’s modified Eagle medium (DMEM)/
F12 supplemented with 100 IU/mL penicillin G, 100 pg/mL
streptomycin, 10 ng/mL epidermal growth factor
(EGF; Peprotech Inc., Rocky Hill, NJ, USA), 10 ng/mL
basic fibroblast growth factor (bFGF; Peprotech Inc., USA),
and 1x B27 (Invitrogen, USA). The sphere-forming cells
were analyzed by counting the number of cells and spheres
on day 7. Culture suspensions were not passaged during the
whole experiment.

Luciferase reporter assays

Using JASPAR software (https://jaspar.genereg.net/),
IL-6 was predicted to be the target gene of PRRX1. A
2,000-bp fragment containing 2 binding sites of IL-6
promoter [named wild type (W'T)] was PCR-amplified and
inserted into a psiCHECK-2 luciferase reporter vector.
In addition, IL-6-binding sites mutations [Mutation-1:
A(585-592), Mutation-2: A(1,088-1,095)] were constructed.
All the psiCHECK-2 vectors were co-transfected with
PRRX1-overexpression vector into 2931 cells using the
lipofectamine® 3000 reagent. Luciferase activity was
measured at 48 hours after transfection using the Dual-
Luciferase Reporter Assay System (Promega Corp.,
Madison, WI, USA).

PRRX1 binding motifs and potential binding site of target
gene analysis

The binding motifs of PRRX1 and its potential binding
sites on target genes were predicted by the public
bioinformational analysis software JASPAR**. Some 2,000
base pairs prior to the coding sequence of the target genes
were chosen as the prediction region for the promoter
binding site. The relative profile score threshold was
95%. Only the sites on the sense strands were considered
potential binding sites in our study.

© Journal of Gastrointestinal Oncology. All rights reserved.
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Orthotopic xenograft CRC mouse model

HCT116 cells (transfected with control or PRRX1-
shRNA lentivirus) were suspended in fresh PBS at a
concentration of 1x10° cells/50 pL and aspirated using a
fine needle. Then, 6-week-old BALB/c nude mice (male,
about 30-gram weight) were anaesthetized, and the
cecum of each was exposed by laparotomy. In brief, a 0.5-
1 cm-long nick was made in the skin, and the abdominal
wall musculature was lifted. The abdominal cavity was
opened, and the cecum was isolated and covered by sterile
gauze and warm saline to keep moist. The HCT116 cells
(50 pL) were slowly injected into the cecal wall. The
needle was carefully removed, and the injection site was
inspected to ensure no leakage. The cecum was then put
back into the abdominal cavity and the abdominal wall
and skin were sutured. A week after cell injections, either
30 mg/kg S-fluorouracil (5-FU) (Cat# F5130; Sigma, St.
Louis, MO, USA) or 5 mg/kg oxaliplatin (L-OHP) (Cat#
09512; Sigma, USA) was injected intraperitoneally to the
corresponding groups twice a week. In vivo imaging was
performed at days 7, 16, and 28 after cell injection, with
luciferin (150 mg/kg) (Cat# P1043; Caliper Life Science,
Hopkinton, MA, USA) intraperitoneally injected into
each mouse 10 minutes before imaging. Caliper IVIS
Lumina II (Caliper Life Sciences, USA) was used for
bioluminescence imaging to monitor tumor growth. After
28 days, the mice were sacrificed, and the orthotopic
xenograft CRC masses were measured and harvested for
further hematoxylin and eosin (HE) study. A protocol
was prepared before the study without registration.
Experiments were approved by the Ethics Committee
of Zhujiang Hospital, Southern Medical University, in
compliance with institutional guidelines for the care and
use of animals.

Statistical analysis

The data were analyzed using the software SPSS 19.0
(IBM Corp., Chicago, IL, USA). The clinical data were
analyzed using nonparametric tests (Wilcoxon and Mann-
Whitney) as well as Kaplan-Meier and Cox regression
survival analyses. Pearson’s chi-squared (¢’) test, unpaired
Student’s #-test, and paired #-test were used to evaluate the
significance of the differences among different groups. All
statistical tests were two-sided. The data are presented as
the means = standard error of the means (SEMs).
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Results

High expression of PRRX1 was closely associated with
tumor metastasis, chemoresistance, and poor prognosis of
CRC patients

Gene set enrichment analysis (GSEA) of 53 CRC tissue
samples from the GEO dataset GSE18088 showed that
various signaling pathways, which are closely associated
with the metastasis and stemness of CRC, were enriched
in the PRRX1-high expression group, including the JAK/
STAT (Janus kinase/signal transducer and activator of
transcription), focal adhesion, Wnt, and transforming
growth factor-p (T'GF-B) signaling pathways, indicating the
crucial role of PRRX1 in the proliferation, metastasis, and
stemness properties of CRC cells (Figure 1A, Table S1).
We further detected the transcriptional level of PPRX1
in 64 pairs of CRC tissues and matched normal mucosa,
finding that PRRX1 was overexpressed in CRC tissues
and closely related to a high risk of lymph and distal
metastasis (Figure 1B-1D, Table S2). Consistent results
were also found in samples from the GEO GSE87211
dataset (Figure 1E-1G). Further investigation of the
expression of PRRX1 in 101 CRC and 46 normal control
samples also revealed an increased expression of PRRX1
in tumor tissues, and a positive correlation between
PRRXI1 expression and the incidence of tumor metastasis
(Figure 1H-1K, Table S3). Moreover, high expression
of PRRX1 in tumor tissues indicated a poor prognosis
for CRC patients (Figure 1L). Notably, chemotherapy
could dramatically improve the prognosis of CRC
patients characterized with low expression of PRRX1
(Figure 1M,IN), indicating an important role of PRRX1
in enhancing the chemoresistance of CRC cells.
Consistent conclusions were reached while analyzing the
GEO GSE103479 dataset (Figure S1). Collectively, this
indicated that PRRX1 might exert great effects on CRC
through regulating the metastasis and chemoresistance of
tumors.

PRRX1 promoted the proliferation and stemness properties
of CRC cells in vitro and in vivo

The transcriptional levels of PRRX1 were detected in 6
CRC cell lines (SW480, RKO, SW620, HCT116, LS1747T,
and HT29) and normal epithelial cells (FHC), and we chose
SW480 and HCT116 for further analysis (Figure 2A). Next,
the expression of PRRX1 was overexpressed in SW480
cells and silenced in HT'C116 cells by using lentivirus
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with PRRX1 oligonucleotides (OE-PRRX1) and shRNA
(shPRRX1), respectively (Figure 2B, Figure S2). Additional
immunofluorescence assays showed a consistent alteration
of PRRX1 expression in both SW480 and HCT116 cells,
especially in their cell nuclei (Figure 2C). The CCK-
8 assay showed that overexpressing PRRX1 significantly
promoted the proliferation of SW480 cells, whereas
decreasing PRRX1 had an opposite effect in HCT116 cells
(Figure 2D). Further EdU incorporation (Figure 2E,2F)
and flow cytometry (Figure 2G,2H) assays revealed that
an increased expression of PRRX1 dramatically increased
the percentage of SW480 cells in the S phase of the cell
cycle, whereas silencing PRRX1 decreased that percentage
in HCT116 cells, which also indicated the promotion
effect of PRRX1 on cell proliferation. In addition, we
found that overexpressing PRRX1 remarkably enhanced
the colony (Figure 34) and sphere (Figure 3B) formation
properties of CRC cells in SW480 cells, whereas decreasing
PRRXT1 significantly inhibited these 2 properties in
HCT116 cells. Further Western blot assay (Figure 3C)
and immunofluorescence staining (Figure 3D,3E) found
a consistent alteration of stemness signature in both
SW480 and HCT116 cells. We also found that decreasing
the expression of PRRX1 in HCT116 cells significantly
inhibited the proliferation of CRC in vive (Figure 3E3G).
Taken together, these results revealed that PRRX1 had a
great effect on promoting the proliferation and stemness of

CRC cells.

PRRX1 enbanced the resistance of CRC cells to 5-FU and
L-OHP in vitro

Since high expression of PRRX1 is closely associated with
a poor response to chemotherapy in CRC patients, we
investigated the role of PRRX1 in enhancing the resistance
of CRC cells to both 5-FU and L-OHP. The CCK-8 assay
showed that an increased expression of PRRX1 significantly
enhanced the viability of SW480 cells after treatment with
5-FU or L-OHP, whereas decreasing the expression of
PRRXT1 achieved the opposite results (Figure 44,4B). Flow
cytometry also found that PRRX1 dramatically decreased
the percentage of CRC cells undergoing apoptosis during
treatment with 5-FU or L-OHP (Figure 4C). Furthermore,
half maximal inhibitory concentration (IC50) assays
showed that overexpressing PRRX1 remarkably reduced
the sensitivity of SW480 cells to both 5-FU and L-OHP,
whereas silencing PRRX1 enhanced their sensitivity in
HCT116 cells (Figure 4D,4E).
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Figure 1 Increased expression of PRRX1 in CRC was closely associates with tumor metastasis, chemoresistance, and poor prognosis of
patients. (A) GSEA of clinical sample from the GEO GSE18088 dataset. Each symbol represents one different gene set in the PRRX1 high
expression group. (B) Paired Student’s 7-test was used to analyze the difference in PRRX1 transcription between fresh CRC and adjacent
normal tissues from Zhujiang Hospital. The data were normalized to GAPDH and are expressed as the means + SEMs. (C,D) Pearson’s
chi-squared (x") test was used to analyze the relationship between PRRX1 transcription and tumor lymph/distal metastasis in fresh CRC
samples from Zhujiang Hospital. (E) Paired Student’s #-test was used to analyze the difference in PRRX1 transcription between CRC and
adjacent normal tissues from the GEO GSE87211 dataset. (F,G) Pearson’s chi-squared () test was used to analyze the relationship between
PRRXI1 transcription and tumor lymph/distal metastasis in CRC samples from the GEO GSE87211 dataset. (FH) Representative figures of
PRRXI1 expression for the immunohistochemistry assay (magnification, x200; scale bar, 50 pm). (I) Unpaired Student’s #-test was used to
analyze the difference in PRRX1 expression between paraffin CRC and normal epithelial tissues from Zhujiang Hospital. (J,K) Pearson’s
chi-squared (y) test was used to analyze the relationship between PRRX1 expression and tumor lymph/distal metastasis in paraffin CRC
samples from Zhujiang Hospital. (L-N) Kaplan-Meier survival analysis in paraffin CRC samples from Zhujiang Hospital. PRRX1, paired
related homeobox 1; MAPK, mitogen-activated protein kinase; TGF-B, transforming growth factor B; VEGE, vascular endothelial growth
factor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; CRC, colorectal cancer; GSEA, gene set enrichment analysis; GEO, Gene
Expression Omnibus; SEM, standard error of the mean.

Down-regulation of PRRX1 enhanced the sensitivity of
CRC cells to 5-FU and L-OHP in vivo

An orthotopic xenograft CRC mouse model was applied to
further investigate the effect of PRRX1 on chemoresistance
in vivo (Figure 5A). In vivo imaging assays showed that
knocking down the expression of PRRX1 significantly
enhanced the sensitivity of HCT116 cells to both 5-FU
and L-OHP (Figure 5B-5D). Silencing PRRX1 reduced
the liver metastasis rate of mice from 60% to 10% in
5-FU treatment groups, and from 70% to 10% in L-OHP
treatment groups (Figure SE-5G). However, no significant
difference of mice body weight was found between the 2
groups in both 5-FU and L-OHP treatment (Figure S3).
Accordingly, we considered that PPRX1 might play a vital

role in promoting the chemoresistance of CRC cells.

PRRX1 activated the JAK2/STAT3 axis by targeting IL-6

The GSEA revealed that a high expression of PRRX1 in
CRC was closely associated with the activation of multiple

© Journal of Gastrointestinal Oncology. All rights reserved.

cancer-related signaling pathways, among which JAK/
STAT signaling had the highest normalized enrichment
score (Figure 6A, Table S1). Further analysis of data from
the GEO GSE18088 dataset suggested that PRRX1
significantly increased both the transcriptional level
(Figure 6B) and the ranking in the gene list (Figure 6C,
Table S4) of IL-6, an important trigger for the activation
of JAK2/STAT3 signaling (26). It is well known that
the JAK2/STAT3 signaling plays an important role in
enhancing the stemness of cancer cells (26,27). Thus, we
suspected that PRRX1 might promote the stemness and
chemoresistance of CRC cells via the IL-6/JAK2/STAT?3
axis. Further study demonstrated that the expression of IL-6
significantly increased in CRC tissues when compared with
adjacent normal tissues (Figure S4). PRRX1 dramatically
increased the transcription, intracellular expression, and
extracellular expression of IL-6, as well as the expression
of phosphorylated JAK2 and STAT3. Moreover, PRRX1
significantly promoted the expression of BCL2 and
CCND1, downstream of IL.-6/JAK2/STAT3, and it also
decreased the expression of cleaved-PARP (Figure 6D-6F).

7 Gastrointest Oncol 2022;13(6):2989-3008 | https://dx.doi.org/10.21037/jgo-22-1137


https://cdn.amegroups.cn/static/public/JGO-22-1137-supplementary.pdf
https://cdn.amegroups.cn/static/public/JGO-22-1137-supplementary.pdf
https://cdn.amegroups.cn/static/public/JGO-22-1137-supplementary.pdf
https://cdn.amegroups.cn/static/public/JGO-22-1137-supplementary.pdf

Journal of Gastrointestinal Oncology, Vol 13, No 6 December 2022 2997

A D E DAPI EdU Merge
© SW480 g
O o - <
X N g ~ =2} -e- Control
Q %’ g © 5 =N
- .~ 2.0 OE-PRRX1 ; SW480-
. | —35kDa . control
PRRX1 ’ B e ‘—25 wa §'°
0.04 0.12 019 0417 1.41 0.77 0.71 T10
—40kDa 8§ y SW480-OE-
O
GAPDH ’ — D D - S — — ‘_35 «Da 0.5 PRRX1
0.0 + T T T T
2 3 4 5
Days
HCT116-
HCT116 control
B W. HeT -e- Control
SW480 CT116 15 ShPRRX1-1
Control + - + - - i
-e- shPRRX1-2
OE-PRRX1 - + - - - ” ° HCT116-
shPRRX1-1 - - -+ - <1.0 shPRRX1-1
shPRRX1-2 - - - - - S
—35kDa 8os
PRRX1| "o ‘- - _25kDa o™
023 1.02 092 0.13 0.09 0.0 - : : : : HCT116-
GAPDH ’ o _‘ ‘__4 —40 kDa 4 2 3 4 5 shPRRX1-2
—35 kDa Days
C PRRX1 F G Gontrol OE-PRRX1
SW480 HCT116 w0 =_ 200
g w oy B
SW480- g . s 8 2 aw 400
control 2 35 . £ 3,0 300
o ° 3 200
£ 30 - © 100 L 100
2 0 e 0
E 0 20 40 60 80 100 120 0 20 40 60 80 100
« 25 PI-A PI-A
SW480- o Control shPRRX1-1 shPRRX1-2
OE-PRRX1 ° m 7004 ;
O T T R 600
Vector + - - - © é 5004
OE-PRRX1 -+ - - E 2 -
Control + - + - - T3 200

shPRRX1-1 - -+ - -/ 1004 iy ] ~
shPRRX1-2 - - - - 4 0 PN 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
HCT1 :s-l X K K:
control
H Swago HCT116

e Control ¢ Control
OE-PRRX1 shPRRX1-1
HCT116- < 80 § 60 e shPRRX1-2
shPRRX1-1 = =
= ] L .
S 60 S 40
o * * [0}
(o))
g £
HCT116- =P . g 20 L.
shPRRX1-2 8 S m
[0
a0 T T mx 0 T T T
GO/G1 S G2/M GO/G1 S G2/M

Figure 2 PRRX1 promoted the proliferation properties of CRC cells in vitro. (A,B) Representative Western blots for PRRX1 expression in
CRC cell lines, or cells transfected with lentivirus-PRRX1 or lentivirus-shPRRX1. The values under the membrane represent the expression
of genes normalized to the expression of the reference gene GAPDH. (C) Representative immunofluorescence for PRRX1 expression in
cells transfected with lentivirus-PRRX1 or lentivirus-shPRRX1. (D) CCK-8 assay for cell proliferation. The data are expressed as the means
+ SEMs. (E) Representation of EAU incorporation assay (scale bar, 50 um). (F) Unpaired Student’s z-test for the data of EAU incorporation
assay. The bars reflect means + SEMs. (G) Representation of cell cycle assay. (H) Unpaired Student’s z-test for the data of cell cycle assay.
The bars reflect means + SEMs. *, P<0.05 vs. the control. PRRX1, paired related homeobox 1; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; OD, optical density; OE, overexpression; sh, short hairpin; CRC, colorectal cancer; CCK-8, Cell Counting Kit-8; EdU,
5-ethynyl-2'-deoxyuridine; SEM, standard error of the mean; PI, propidium iodide-A.
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Figure 3 PRRXI promoted the stemness properties of CRC cells iz vitro and in vive. (A) Representation of colony formation assay, bars

in the right panel reflect the means + SEMs (crystal violet staining). (B) Representation of sphere formation assay, bars in the right panel

reflect the means + SEMs (magnification, x400). (C) Representative Western blots for stemness-associated signatures. The values under

the membrane represent the expression of genes normalized to the expression of the reference gene GAPDH. (D,E) Representative

immunofluorescence for SOX2 and CD133 expression in cells transfected with lentivirus-PRRX1 or lentivirus-shPRRXI. (F) Representation

of bioluminescence imaging in vivo. (G) Unpaired Student’s 7-test for the data of bioluminescence imaging assay. The bars reflect means

SEMs. *, P<0.05 vs. the control. n.s., not significant; OE, overexpression; sh, short hairpin; PRRX1, paired related homeobox 1; GAPDH,

glyceraldehyde 3-phosphate dehydrogenase; CRC, colorectal cancer; SEM, standard error of the mean.

These findings strongly indicated the activation of the IL-6/
JAK2/STAT?3 axis. The publicly available bioinformatics
algorithm JASPAR suggested that IL-6 was one target gene
of PRRX1 (Figure 6G). Further luciferase assays confirmed
that PRRX1 had bound to the promoter of IL-6 at both
A(585-592) and A(1,088-1,095) sites away from the 5'
terminal of coding sequence, but the A(1,088-1,095) site
was the primary regulating domain of PRRX1 on IL-6
transcription (Figure 6H). Moreover, high correlations
between PRRX1 and IL-6 expression were also found in
the clinical CRC samples from our hospital as well as GEO
GSE18088 and GSE39582 datasets (Figure 61-6K).

PRRX1 enhanced stemness and chemoresistance of CRC
cells via the IL-6/FAK2/STAT3 axis

"To clarify the role of the IL-6/JAK2/STAT3 axis in PRRX1-
mediated stemness and chemoresistance of CRC cells, we
disturbed the expression of IL-6 in a SW480 cell line with
highly expressed PRRX1 by using a vector with shRNA
targeting IL-6 (Figure S5), and verified its role in regulating
the activation of JAK/STAT signaling, cell proliferation,
and stemness, as well as sensitivity to chemotherapy
(Figure S6). The CCK-8 and EdU incorporation assays
showed that disturbing the expression of IL-6 significantly
eliminated the promotion of PRRX1 in CRC cell
proliferation (Figure 7A4,7B). Further study also revealed
that silencing IL-6 dramatically reduced the enhancement

© Journal of Gastrointestinal Oncology. All rights reserved.

of PRRX1 in colony and sphere formation of CRC cells
(Figure 7C,7D). Similarly, disturbing IL-6 expression also
significantly reversed the PRRX1-mediated alteration of
stemness signatures (SOX2, CD133) and JAK2/STAT3
signaling (p-JAK2, p-STAT?3, BCL2, CCNDI, and cleaved-
PARP) (Figure 7E-7G). Silencing IL-6 also significantly
eliminated the promotion of PRRX1 in IC50 and resistance
of CRC to both 5-FU and L-OHP (Figure 7H-77). In
accord with the above findings, we concluded that PRRX1
promoted the stemness and chemoresistance of CRC cells
primarily via the IL-6/JAK2/STAT?3 axis.

Discussion

Studies have shown that PRRX1 plays a vital role in
promoting the migration/invasion of cells, and it has also
been speculated to be a valid biomarker for predicting
the risk of tumor metastasis of various cancers, including
CRC (13,16,28), liver cancer (29), breast cancer (30), and
pancreatic cancer (31,32). The present study highlights the
important role of PRRX1 in chemotherapy treatment of
CRC, as we found that chemotherapy could improve the
prognosis of only those CRC patients with low PRRX1
expression. Moreover, our bioinformatics analysis of clinical
CRC samples also showed that a high expression of PRRX1
not only significantly promoted the enrichment of gene sets
involved in cell migration/invasion, but also promoted gene
sets involved in cell proliferation, viability, and stemness,
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Figure 4 PRRX1 promoted the resistance of CRC cells to 5-FU and L-OHP in vitro. (A,B) CCK-8 assay for cell viability under the
treatment of 5-FU or L-OHP. The bars reflect the means + SEMs. (C) Representation of cell apoptosis assay, bars in the right panel reflect
the means + SEMs. (D,E) CCK-8 assay for investigating the half maximal inhibitory concentration of CRC cells to 5-FU and L-OHP. *,
P<0.05 vs. the control; ¥, P<0.05 vs. the DMSO. PRRX1, paired related homeobox 1; DMSO, dimethyl sulfoxide; 5-FU, 5-fluorouracil; OD,
optical density; OE, overexpression; sh, short hairpin; L-OHP, oxaliplatin; PI, propidium iodide-A; FITC, fluorescein isothiocyanate; CI,

confidence interval; CRC, colorectal cancer; SEM, standard error of the mean.

which play important roles in enhancing the resistance of
cancer cells to anti-cancer drugs. Further in vitro and in vivo
investigations demonstrated the regulation of PRRX1 on
CRC cell chemoresistance. PRRX1 dramatically promoted
the proliferation, viability, and stemness properties of CRC
through the JAK2/STATS3 axis by targeting IL-6. Thus,
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management.

we theorized that PRRX1 could be a valid biomarker for
predicting the sensitivity of CRC patients to chemotherapy,

as well as a potential target for CRC chemotherapeutic

Since the activation of JAK/STAT signaling is closely

related to the stemness acquisition of cancer cells (26,27),
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Figure 5 PRRX1 promoted the resistance of CRC cells to 5-FU and L-OHP iz vivo. (A) Graphical abstract of CRC orthotopic xenograft in vivo
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The correlation between PRRX1 and IL-6 in clinical CRC sample from GEO GSE18088, GSE39852, and Zhujiang Hospital, respectively.
* P<0.05 vs. the control; %, P<0.05 vs. the IL-6 WT. PRRXI, paired related homeobox 1; GSE, gene set enrichment; KEGG, Kyoto
Encyclopedia of Genes and Genomes; NES, normalized enrichment score; OE, overexpression; sh, short hairpin; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; IL-6, interleukin 6; W', wild type; Mut, mutation; GSEA, gene set enrichment analysis; GEO, Gene

Expression Omnibus; qRT-PCR, quantitative reverse transcription polymerase chain reaction; CRC, colorectal cancer; ELISA, enzyme-

linked immunosorbent assay; SEM, standard error of the mean.
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Figure 7 PRRX1 enhances stemness and chemoresistance of CRC cells via the IL-6/JAK2/STAT3 axis. (A) CCK-8 assay for cell
proliferation. The data are expressed as the means + SEMs. (B) Representation of EdU incorporation assay, bars in the right panel reflect
the means + SEMs (scale bar, 50 um). (C) Representation of colony formation assay, bars in the right panel reflect the means + SEMs
(crystal violet staining). (D) Representation of sphere formation assay, bars in the right panel reflect the means + SEMs (magnification,
x400). (E,F) Representative immunofluorescence for SOX2 and CD133 expressions in cells. (G) Representative Western blots for JAK2/
STATS3 signaling-associated signatures. The values under the membrane represent the expression of genes normalized to the expression
of the reference gene GAPDH. (H) CCK-8 assay for investigating the half maximal inhibitory concentration of CRC cells to 5-FU and
L-OHP. (1,]) CCK-8 assay for cell viability under the treatment of 5-FU and L-OHP. The bars reflect the means + SEMs. *, P<0.05 vs. the
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oxaliplatin; CRC, colorectal cancer; SEM, standard error of the mean; CCK-8, Cell Counting Kit-8.
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and this signaling had the highest enrichment score in
the PRRX1-high expression group, it was considered the
primary potential drive pathway for PRRX1-mediated
stemness acquisition and chemoresistance of CRC in
our study. Further analysis showed that high expression
of PRRX1 dramatically promoted the enrichment of
IL-6 in CRC cells, which is a well-known trigger for the
activation of JAK/STAT signaling, especially the JAK2/
STAT3 axis (26). Thus, we firstly explored the role of the
IL-6/JAK2/STATS3 axis in PRRX1-mediated stemness
and chemoresistance of CRC. Intriguingly, we found a
direct promotion of PRRX1 in IL-6 on an intracellular
and extracellular level, and a consistent alteration to it
downstream. We also found a high correlation between the
transcriptional expressions of PRRX1 and IL-6 in clinical
tumor samples. These findings strongly indicated that
PRRX1 was a major transcriptional factor for regulating the
transcription of IL-6 in CRC. In addition, we found that the
promotions of PRRX1 on stemness and chemoresistance of
CRC cells, as well as related signatures, were significantly
eliminated by disturbing the expression of IL-6. Thus,
we concluded that PRRX1 promoted the stemness and
chemoresistance of CRC primarily via the IL-6/JAK2/
STAT3 axis.

We also found that a high expression of PRRX1
significantly increased the rank list of other elements of
the JAK/STAT signaling pathway in cells, including JAK3,
STAT2, STAT4, and STAT5A (33). However, only JAK3,
STAT2, and STAT4 showed high correlations with PRRX1
in clinical CRC samples. We suspected that the ranking
change of STAT5A in the gene list might be a secondary
change following the change of other genes, which accounts
for the ranking change of JAK?2 in our study.

Many studies have demonstrated the critical role of
JAK3 in the proliferation and differentiation of lymph
cells (34,35). However, its effect on CRC cell bioactivity is
still not clear. As for STAT?2, it is specifically activated by
type I interferons-a/f (IFN-a/p) and is mainly involved in
regulating the proliferation and differentiation of lymph
cells (36). A recent study revealed that STAT?2 coordinates
with interferon regulatory factor 9 (IRF9) and promotes
the expression of IL-6 (37). Therefore, it is conceivable
that PRRX1 might indirectly promote the expression of
IL-6 by targeting STAT?2 in CRC cells. As for STAT4, a
study revealed its effect on promoting the proliferation
and migration/invasion of cancer cells (38,39), meaning
that PRRX1 may also promote the development and
metastasis of CRC by directly targeting STAT4. Although
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our study focused on revealing the vital role of the
1L-6/JAK2/STAT3 axis in PRRX1-mediated stemness
acquisition and chemoresistance of CRC, these results
imply that PRRX1 may also promote the development
and progression of CRC by targeting other elements of
JAK/STAT signaling.

Our study also found that PRRX1 significantly promoted
the transcription of gene IL-6 signaling transducer (IL6S7,
also known as GPI130 or CD130). A high correlation of
its transcriptional expression was found in clinical CRC
samples. Moreover, bioinformatics analysis by JASPAR
software showed that the promoter of IL6ST also had a
binding site for PRRX1 (Supplementary Figure S7). These
findings strongly suggested that PRRX1 might also be a
major transcriptional regulator for IL6ST. Additionally,
it is widely known that IL6ST plays an important role in
transducing the signaling of IL-6 from the cell membrane
to cytoplasm (40). It is conceivable that a high expression
of IL6ST could more completely promote the activation
of the JAK2/STAT?3 axis and further enhance the stemness
and chemoresistance of CRC cells. Therefore, even
without direct evidence, we speculated that PRRX1 might
sufficiently promote the activation of the IL-6/JAK2/
STATS3 axis by targeting IL6ST.

Studies have demonstrated that various biological
factors, including Snail (41), SIRT1 (9), and FISP27 (42),
have great effects on regulating the expression of PRRX1
in cancers. As for CRC, 2 different micro-RNAs (miRNA),
miR-106b and miR-124, have been identified as important
upstream regulators of PRRX1 (16,28). These findings
strongly suggested that PRRX1 might be a common
downstream product of various etiological factors during
the development and progression of cancers and could
be a potential target for CRC therapeutic management.
However, considering the complex upstream network of
PRRX1, as well as its extensive regulation of cell signaling,
it was difficult to eliminate the entire effect of PRRX1 on
CRC cells and not disturb the expression and/or nuclear
localization of PRRX1 itself.

Since PRRX1 is a well-known inducer of EMT (12),
many studies consider PRRX1 to promote tumor metastasis
mainly by inducing EMT in cancer cells (9,13). However,
our analysis found that PRRX1 also dramatically promoted
the enrichment of gene set “focal adhesion”, the activation
of which is also a crucial risk factor for tumor metastasis,
signifying that the alteration of focal adhesion might be
another important mechanism underlying PRRX1-mediated
CRC metastasis. It was also conceivable that PRRX1 might
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Figure 8 Graphical abstract of the mechanism in this study. IL-6, interleukin 6; IL6R, IL-6 receptor; IL6ST, IL-6 cytokine family signal

transducer; PRRX1, paired related homeobox 1; TGF-B, transforming growth factor B; VEGE, vascular endothelial growth factor.

play an important role in other cell activities, because high
expression of PRRX1 significantly promoted the enrichment
of various key cancer-related gene sets, including mitogen-
activated protein kinase (MAPK) (43), TGF-B (44),
and vascular endothelial growth factor (VEGF) (45).
Each of these signaling pathways plays a critical role in the
response and inhibition of immunity (43-45), indicating
that a high expression of PRRX1 in CRC patients might
be an important etiological factor contributing to a
poor prognosis for those patients after treatment with
immunotherapy. Ultimately, further investigation on the
role of PRRX1 in the development and progression of CRC

is still necessary.

Conclusions

The present study highlights the effects of PRRX1 on
stemness and chemoresistance of CRC through the IL-6/
JAK2/STATS3 axis (Figure 8). PRRX1 could be a valid
biomarker for predicting the sensitivity of CRC patients

© Journal of Gastrointestinal Oncology. All rights reserved.

to chemotherapy, as well as a potential target for CRC
therapeutic management. Further investigation of the role
of PRRX1 in the development and progression of CRC is
still necessary.
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Figure S1 Kaplan-Meier survival analysis in paraffin CRC samples from GEO dataset (related to Figure I). (A-C) Kaplan-Meier survival
analysis on data of the clinical CRC patients from GEO GSE 103479 dataset. CRC, colorectal cancer; GEO, Gene Expression Omnibus.

Sw480 HCT116

% 404 *

m ".

o

o

ks

S 1.01 i e
[ =

E

S 0.51

D -

& : e
Control + - $ = =

QE-PRRX1 - + - - -

shPRRX1-1 - - .

shPRRX1-2 - - - = #

Figure S2 qRT-PCR assay for the transcriptional level of PRRX1 (related to Figure 2). *, P<0.05 vs. control. OE, overexpression; sh, short
hairpin; qRT-PCR, quantitative reverse transcription polymerase chain reaction; PRRX1, paired related homeobox 1.

A 5-FU: 30 mg/Kg B L-OHP: 5 mg/Kg
S 35, ° Control(n=10) S 35, * Control(n=10) ns
8 « shPRRX1(n=10) ns 2 * shPRRX1(n=10) = _
‘E 30 - ‘E 30 n.s -
S n.s . ‘? S o o
£ 251 ns - ol | e £ 25 n.s g
.g) 4 . .g) —. ) s
: 20 L[ 2 20 ;
Z 20 i - ri1'€'-
3 3
m 15 m 15
Day 7 Day 16  Day 28 Day 7 Day 16  Day 28

Figure S3 The alteration of body weight in mice undergoing chemotherapy (related to Figure 5). n.s., not significant; PRRX1, paired related
homeobox 1; 5-FU, 5-fluorouracil; L-OHP, oxaliplatin.
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Figure S5 The efficiency of vector with IL-6 targeting shRNA (related to Figure 7). (A) qRT-PCR assay for the expression IL-6; (B)
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polymerase chain reaction. PRRX1, paired related homeobox 1; IL-6, interleukin 6; sh, short hairpin; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase.
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Figure S6 The role of IL-6 in regulating the activation of JAK/STAT signaling, cell proliferation and stemness, as well as sensitivity

to chemotherapy (related to Figure 7). (A) Representative Western blots for CD133 and JAK2/STAT3 signaling-associated signatures.

The values under the membrane represent the expression of genes normalized to the expression of the reference gene GAPDH. (B)

Representation of EdU incorporation assay (magnification, x400). Bars in the right panel reflect the means + SEMs. (C) Representation of

sphere formation assay (scale bar, 100 um), bars in the right panel reflect the means + SEMs. (D,E) CCK-8 assay for investigating the half
maximal inhibitory concentration of CRC cells to 5-FU and L-OHP. *, P<0.05 vs. the control. PRRX1, paired related homeobox 1; CI,
confidence interval; CRC, colorectal cancer; IL-6, interleukin 6; sh, short hairpin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
EdU, 5-ethynyl-2'-deoxyuridine; CCK-8, Cell Counting Kit-8; SEM, standard error of the mean; 5-FU, 5-fluorouracil; L-OHP, oxaliplatin.
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Figure S7 PRRX1 directly promotes the transcription of IL6ST (related to Figure 6). (A) Pearson correlation analysis on the data of clinical
CRC samples from GEO GES18088 dataset. (B) Pearson correlation analysis on the data of clinical CRC samples from Zhujiang Hospital.
(C) qRT-PCR assay for the expression IL6ST. (D) The prediction of bind site for IL6ST by JASPAR software. ¥, P<0.05 vs. control. CRC,
colorectal cancer; GEO, Gene Expression Omnibus; qRT-PCR, quantitative reverse transcription polymerase chain reaction. PRRXI,
paired related homeobox 1; IL6ST, interleukin 6 cytokine family signal transducer; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;

OE, overexpression; sh, short hairpin.
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Table S1 Gene set enrichment analysis of samples from GEO GSE18088 dataset

Name of gene set Size NES P value g-value
JAK STAT signaling pathway 148 1.83749 0.000 0.077
Hypertrophic cardiomyopathy HCM 82 1.81116 0.000 0.058
Cell adhesion molecules CAMs 122 1.80709 0.000 0.039
Focal adhesion 186 1.78739 0.002 0.039
Leukocyte transendothelial migration 106 1.78090 0.000 0.033
RIG | like receptor signaling pathway 63 1.77430 0.004 0.031
Calcium signaling pathway 170 1.76983 0.000 0.028
Chemokine signaling pathway 169 1.76926 0.000 0.025
MAPK signaling pathway 254 1.75771 0.000 0.026
Prion diseases 35 1.75535 0.002 0.024
ECM receptor interaction 81 1.75135 0.000 0.023
Pathways in cancer 311 1.74608 0.000 0.023
Regulation of actin cytoskeleton 195 1.74049 0.002 0.023
Cytokine receptor interaction 239 1.73913 0.000 0.022
Toll like receptor signaling pathway 97 1.73328 0.002 0.022
Fc gamma R mediated phagocytosis 84 1.72004 0.004 0.024
NOD like receptor signaling pathway 49 1.71504 0.002 0.024
Glycosphingolipid biosynthesis ganglio-series 15 1.70025 0.004 0.028
Small cell lung cancer 82 1.69420 0.002 0.029
Viral myocarditis 67 1.69094 0.002 0.029
Lysosome 115 1.68457 0.023 0.030
Complement and coagulation cascades 66 1.68214 0.002 0.030
Apoptosis 81 1.67350 0.002 0.032
Intestinal immune network for IgA production 44 1.65789 0.000 0.036
Dilated cardiomyopathy 89 1.65029 0.016 0.038
Antigen processing and presentation 82 1.65024 0.015 0.037
Arrhythmogenic right ventricular cardiomyopathy ARVC 73 1.64171 0.022 0.039
Hematopoietic cell lineage 83 1.63995 0.006 0.039
Natural killer cell mediated cytotoxicity 128 1.63928 0.016 0.038
T cell receptor signaling pathway 105 1.63763 0.006 0.037
Epithelial cell signaling in Helicobacter pylori infection 61 1.62962 0.008 0.039
Leishmania infection 62 1.62594 0.000 0.039
B cell receptor signaling pathway 70 1.62251 0.019 0.039
Neuroactive ligand receptor interaction 251 1.62157 0.002 0.039
Pantothenate and CoA biosynthesis 16 1.61854 0.002 0.039
Glycosaminoglycan degradation 21 1.61384 0.023 0.040
VEGF signaling pathway 70 1.60776 0.012 0.041
Neurotrophin signaling pathway 121 1.58459 0.021 0.051
Autoimmune thyroid disease 49 1.57942 0.047 0.053
Asthma 27 1.57567 0.014 0.053
Bladder cancer 38 1.55232 0.008 0.066
Pathogenic Escherichia coli infection 43 1.54329 0.014 0.070
Tryptophan metabolism 37 1.52738 0.015 0.080
Fc epsilon RI signaling pathway 75 1.51519 0.027 0.086
Adipocytokine signaling pathway 66 1.50714 0.025 0.089
Melanogenesis 98 1.49995 0.032 0.094
Axon guidance 125 1.49690 0.016 0.094
Renal cell carcinoma 65 1.49431 0.038 0.094
Cytosolic DNA sensing pathway 51 1.49374 0.040 0.093
TGF beta signaling pathway 82 1.49250 0.028 0.092
Type | diabetes mellitus 40 1.49079 0.046 0.091
Melanoma 71 1.47508 0.042 0.100
Prostate cancer 87 1.46074 0.034 0.106
Type |l diabetes mellitus 43 1.45929 0.033 0.105
Renin angiotensin system 15 1.40800 0.048 0.138
WNT signaling pathway 143 1.39181 0.043 0.143

GEO, Gene Expression Omnibus; NES, normalized enrichment score; GSE, gene set enrichment; MAPK, mitogen-activated protein kinase;
ECM, extracellular matrix; CoA, coenzyme A; VEGF, vascular endothelial growth factor; TGF, transforming growth factor.
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Table S2 Correlation of subject characteristics and PRRX1 expression among 64 CRC patients

PRRX1
Characteristics Total, n P value'
Negative, n (%) Positive, n (%)

Sex 0.777
Female 17 9 (52.9) 8(47.1)
Male 47 23 (48.9) 24 (51.1)

Age at diagnosis, years 0.719
<50 years 9 5 (55.6) 4 (44.4)
>50 years 55 27 (49.1) 28 (50.9)

Tumor location 0.017
Right colon 21 15 (71.4) 6 (28.6)
Left colon 43 17 (39.5) 26 (60.5)

T classification 0.031
Tis+TO 0 0 (0.0 0 (0.0
T1+T2 44 26 (59.1) 18 (40.9)
T3+T4 20 6 (30.0) 14 (70.0)

N classification 0.042
NO 38 23 (60.5) 15 (39.5)
N1+N2 26 9 (34.6) 17 (65.4)

M classification 0.039
MO 49 28 (57.1) 21 (42.9)
M1 15 4 (26.7) 11 (73.3)

Stage 0.006
S1+82 41 26 (63.4) 15 (36.6)
S3+S4 22 6 (27.3) 16 (72.7)

', Pearson ¥’ test of independence between covariables and PRRX1 expression. CRC, colorectal cancer; PRRX1, paired related homeobox 1.
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Table S3 Correlation of subject characteristics and PRRX1 expression among 101 CRC patients

PRRX1
Characteristics Total, n
Negative, n (%) Positive, n (%) P value'
Sex 0.354
Female 41 14 (34.1) 27 (65.9)
Male 60 26 (43.3) 34 (56.7)
Age at diagnosis 0.958
<50 years 23 9 (39.1) 14 (60.9)
>50 years 78 31 (39.7) 47 (60.3)
Stage 0.001
S1+82 31 20 (64.5) 11 (35.5)
S3+S4 70 20 (28.6) 50 (71.4)
T classification 0.376
Tis+TO 0 0(0.0) 0(0.0)
T1+T2 11 3(27.3) 8(72.7)
T3+T4 90 37 (41.1) 53 (58.9)
N classification 0.005
NO 41 23 (56.1) 18 (43.9)
N1+N2 60 17 (28.3) 43 (71.7)
M classification 0.018
MO 89 39 (43.8) 50 (56.2)
M1 12 1(8.3) 11 (91.7)

', Pearson ’ test of independence between covariables and PRRX1 expression. CRC, colorectal cancer; PRRX1, paired related homeobox 1.

© Journal of Gastrointestinal Oncology. All rights reserved. https://dx.doi.org/10.21037/jgo-22-1137



Table S4 Gene set enrichment analysis in PRRX1-high expression group

Gene symbol Rank in gene list Rank metric score Running ES
IL24 12 0.4923172 0.05360
IL6 14 0.471102238 0.10541
CSF2RB 149 0.319922715 0.13408
IL13RA2 151 0.319191635 0.16916
SOCS3 206 0.299733847 0.19952
AKT3 314 0.265616506 0.22352
OSMR 319 0.264418781 0.25243
IL7R 356 0.253123224 0.27854
OSM 613 0.19913733 0.28794
ILTORA 736 0.178937823 0.30168
STAT2 965 0.152587026 0.30733
SOCS2 981 0.15103285 0.32322
CSF3R 1,154 0.13463223 0.32963
JAK2 1,237 0.129329011 0.33986
IL15 1,262 0.127606675 0.35273
PIK3R5 1,271 0.126796067 0.36630
STAT4 1,319 0.12271452 0.37751
SOCS5 1,329 0.121858232 0.39048
IL6ST 1,346 0.120822825 0.40300
IL2RG 1,465 0.113219693 0.40969
CSF2RA 1,479 0.112283133 0.42142
IL2RB 1,490 0.111915424 0.43325
STAT1 1,502 0.111375235 0.44497
LEPR 1,612 0.10532885 0.45123
PIK3CG 1,645 0.103253968 0.46103
IL10 1,736 0.098016962 0.46742
11 1,822 0.093419947 0.47355
IL21R 1,903 0.089635096 0.47951
CBLB 1,934 0.088591591 0.48779
IL2RA 1,984 0.086666621 0.49494
SPRED1 2,062 0.084273487 0.50045
IL12RB1 2,147 0.081286743 0.50529
CSF2 2,234 0.078384355 0.50972
PIAS3 2,285 0.076921284 0.51574
LIF 2,364 0.074292228 0.52011
IFNGR1 2,380 0.073843352 0.52750
IL15RA 2,412 0.073004693 0.53402
IFNAR2 2,499 0.070736475 0.53760
SOCS1 2,502 0.070651777 0.54528
STAT5A 2,644 0.066800371 0.54574
JAK3 2,666 0.066377006 0.55202
IL4R 2,689 0.065770023 0.55819
CTF1 2,705 0.065501392 0.56466
PIK3CD 2,708 0.065418154 0.57177
STAM2 2,955 0.0602763 0.56638
AKT2 2,976 0.059717916 0.57197
GHR 3,017 0.058942169 0.57651
IL3RA 3,132 0.056912579 0.57720

ES, enrichment score.
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