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Abstract

Purpose: SMAD4 is a key transcriptional factor of TGFf
signaling and acts as a tumor suppressor in colorectal cancer. In
the present study, we explored the immunologic effect of
SMAD4 on the tumor microenvironment.

Experimental Design: Using 99 clinical specimens and
human colorectal cancer cell lines, we investigate the relation-
ship between SMAD4 expression and neutrophil accumula-
tion. We immunohistochemically analyzed expression of
SMAD4, CXCL1, CXCL8, CXCR2, and other proteins with
clinical specimens. Finally, we determined the serum levels
of CXCL1 and CXCLS8 in 125 patients with colorectal cancer.

Results: SMAD4 knockdown from human colorectal can-
cer cells upregulated the expression of CXCL1 and CXCLS,
which recruited neutrophils to colorectal cancer tumor via
CXCR2. In turn, when neutrophils were exposed to the
supernatant of SMAD4-negative colorectal cancer cells, they
produced a large amount of CXCL1 and CXCL8 by them-

Introduction

Colorectal cancer is the third most common cause of cancer-
related deaths worldwide. Colorectal cancer is thought to result
from the accumulation of genetic alterations such as oncogenes
and tumor suppressor genes (e.g., APC, Kras, p53, and SMAD4) as
well as epigenetic changes of additional genes. SMAD4 is a
downstream mediator of the transforming growth factor-8
(TGFB) signaling superfamily and acts as a tumor suppressor in
colorectal cancer. Loss of the SMAD4 protein is observed in 30%
to 40% of colorectal cancer cases and is associated with a poor
prognosis (1, 2). In mouse models, inactivation of the Smad4 gene
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selves in vitro. In human dinical specimens, we found that
neutrophil infiltration into the peritumoral stroma was more
marked in SMAD4-negative colorectal cancer compared with
that in SMAD4-positive colorectal cancer, and that both
CXCL1 and CXCL8 were abundantly expressed in the
tumor-infiltrating neutrophils. Neutrophils isolated from
primary colorectal cancer expressed significantly higher levels
of CXCL1 and CXCL8 than did those isolated from peripheral
blood. Furthermore, tumor-infiltrating neutrophils expressed
MMP2 and MMP9 in addition to ARG1 and IDO. Serum
CXCL8 level was significantly higher in colorectal cancer
patients, especially those at stage II/1II, and statistical analysis
indicated a high CXCL8 level was associated with a shorter
overall survival and relapse-free survival.

Conclusions: Blockade of the CXCL1/8-CXCR2 axis could
be a novel therapeutic approach against SMAD4-negative
colorectal cancer.

in the intestinal epithelium in the context of Apc mutation
resulted in the formation of invasive adenocarcinoma with a
prominent accumulation of bone marrow-derived myeloid cells
via the CCL9-CCR1 axis (3, 4). Using human colorectal cancer
samples, we previously found that loss of SMAD4 in human
colorectal cancer cells resulted in the upregulation of CCL15 (the
human orthologue of mouse CCL9), which caused the recruit-
ment of CCR1" myeloid cells via the CCL15-CCR1 axis to
facilitate tumor invasion and metastasis (5-7). We observed that
most CCR1™ cells recruited to the primary colorectal cancer and
metastatic colorectal cancer were myeloid-derived suppressor cell
(MDSC) and neutrophil phenotypes, respectively (5-7). In a
recent publication, Means and colleagues reported that SMAD4
loss in colonic epithelium activated inflammatory cell infiltration
and promoted tumor progression through regulating a number of
chemokines and cytokines (8).

Tumor-stromal interaction in the tumor microenvironment is
implicated in tumor progression. Clinical relevance of immune
cell infiltration in colorectal cancer tissues has been investigated.
Although infiltration of CD3™ T cells and cytotoxic CD8™ T cells
has been associated with a favorable prognosis (9), the value of
the innate myeloid cells is unclear. Emerging evidence has indi-
cated that various types of myeloid cells, such as macrophages and
neutrophils, play important roles in tumor progression, that is, as
tumor-associated macrophages (TAM) and tumor-associated
neutrophils (TAN; refs. 10-12). Neutrophils account for 50% to
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Translational Relevance

Although the infiltration of CD3" T cells and cytotoxic
CD8™" T cells into colorectal cancer tissues has been associated
with a favorable prognosis, the value of the innate myeloid
cells is unclear. Various types of myeloid cells, such as macro-
phages and neutrophils, play important roles in tumor
progression. Clinical significance of neutrophil-infiltrating
colorectal cancer is unclear, and underlying functional
mechanisms remains to be elucidated. This is the first clinical
study showing that loss of SMAD4 from colorectal cancer cells
resulted in the secretion of CXCL1 and CXCL8 to recruit
CXCR2* neutrophils, and that, in turn, the recruited neutro-
phils abundantly produced CXCL1 and CXCL8, which could
help to further accumulate CXCR2" neutrophils and result in
an amplification of the cytokine/chemokine milieu shaped by
the CXCL1/8-CXCR2 axis. Serum CXCL8 levels in patients
with colorectal cancer were associated with patients' progno-
sis. These results suggest that blockade of the CXCL1/8-
CXCR2 axis could be a novel therapeutic approach against
SMAD4-negative colorectal cancer.

70% of all leukocytes in humans and have been recognized as a
first-line host defender against infectious pathogens. In addition
to direct bactericidal activities, neutrophils regulate angiogenesis
and tissue regeneration against tissue damage by release of mul-
tiple proteases. A number of studies have shown that high levels of
circulating neutrophils and neutrophil-to-lymphocyte ratio in
peripheral blood are associated with poor prognosis in several
types of cancer, which emphasizes the importance of neutrophils
in cancer biology (13). The role of neutrophils in the tumor
microenvironment and the clinical significance of neutrophil
infiltration into cancer tissues are controversial (11, 14). Recent
studies have suggested that local microenvironmental conditions
might result in the polarization of neutrophils toward a pro- or
antitumor state (15, 16). Clinical significance of TAN-infiltrating
colorectal cancer is unclear, and underlying functional mechan-
isms remain to be elucidated.

Here, we report that loss of SMAD4 from human colorectal
cancer cells resulted in a significant increase of CXCL1 and CXCL8
expression, which was associated with the recruitment of neu-
trophils via CXCR2. In turn, when neutrophils were exposed to the
supernatant of SMAD4-negative colorectal cancer cells, they pro-
duced a large amount of CXCL1 and CXCLS8 in vitro. In human
clinical specimens, we found that the density of neutrophils
around the peritumoral stroma was higher in SMAD4-negative
colorectal cancers than that in SMAD4-positive ones, and that
both CXCL1 and CXCL8 were abundantly expressed in the tumor-
infiltrating neutrophils. We further showed that the neutrophils
isolated from primary colorectal cancer expressed significantly
higher levels of CXCL1 and CXCLS8 than did those isolated from
peripheral blood. Serum CXCLS8 level was significantly higher in
patients with colorectal cancer, especially those at stage II/I1I, and
statistical analysis indicated that the patients with colorectal
cancer with high CXCLS8 level exhibited a shorter overall survival
(OS) and relapse-free survival (RFS) compared with those
with low CXCL8 level. These results suggest that blocking the
CXCL1/8-CXCR2 axis may provide the possibility of a novel
therapeutic strategy for colorectal cancer, and that serum CXCL8
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level could be a predictive biomarker for the prognosis of colo-
rectal cancer patients.

Materials and Methods

Patients' population

Atotal of 99 patients with colorectal cancer underwent primary
resection at Kyoto University Hospital between 2005 and 2006,
and their tissue samples were analyzed retrospectively. Serum
CXCL1 and CXCL8 levels were measured using preoperative
serum samples collected from 125 patients with colorectal cancer
and 11 healthy donors between 2011 and 2018. Written informed
consent for the use of serum and resected samples was obtained
from all patients in accordance with the Declaration of Helsinki,
and these study protocols were approved by the Institutional
Review Board of Kyoto University.

Cell lines and reagents

SW837, SW480, Caco2, and HT29 were obtained from ATCC.
The identity of cell line was confirmed by STR analysis (Takara Bio
CDM Center). These cells were cultured in low glucose DMEM
with 10% fetal bovine serum and 1% penicillin/streptomycin
mixture. Stable transductants of HT29 and SW480 cells for cMyc-
tagged SMAD4 were established, as previously described (5-7).
Stable transductants of SW837 cells with shRNA against SMAD4
or scramble shRNA were established, as previously described (5-
7). A detailed list of the antibodies and kinase inhibitors used is
shown in Supplementary Tables S1 and S2.

IHC and immunofluorescence analysis

Formalin-fixed, paraffin-embedded sections were used for IHC
and immunofluorescence analysis. For IHC, tissue sections fol-
lowing antigen retrieval were incubated with respective primary
antibodies (Supplementary Table S1) overnight at 4°C, and
stained by the avidin-biotin immunoperoxidase method.
SMAD4 expression was evaluated as a nuclear staining, and the
percentage of positively stained cells was scored, as previously
described (7). We quantified the densities of CD66b ™ cells around
the peritumoral stroma, and the average of 5 to 7 fields (0.1 mm?)
analyzed per 1 sample, as previously described (5-7). Three
researchers (R. Ogawa, T. Yamamoto, and K. Kawada) evaluated
IHC samples without prior knowledge of other data. The slides
with different evaluations among 3 researchers were reinterpreted
at a conference to reach the consensus. For immunofluorescence
analysis, tissue sections following antigen retrieval were incubat-
ed with primary antibodies (Supplementary Table S1) overnight
at 4°C and stained with fluorescence-labeled second antibody
(Alexa Fluor 488 anti-goat, Alexa Fluor 488 anti-mouse, Alexa
Fluor 594 anti-mouse, or Alexa Fluor 594 anti-rabbit). Represen-
tative photos were taken using a fluorescence microscope (BZX-
710; Keyence).

Western blotting

Cells were lysed in NP40 buffer (50 mmol/L Tris [pH 7.6], 150
mmol/L NaCl, 1% NP40, 10% glycerol) containing protease
inhibitor cocktail (Nacalai tesque) and phosphatase inhibitor
cocktail (Nacalai tesque). Proteins were separated by using
SDS-PAGE gels and transferred to PVDF membranes. After block-
ing membranes with Blocking One (Nacalai tesque), these
were incubated with the primary antibodies, followed by
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HRP-conjugated secondary antibodies. Antibodies list was shown
in Supplementary Table S1.

Quantitative reverse transcription polymerase chain reaction
(gRT-PCR)

Total RNA was extracted using a High Pure RNA extraction kit
(Roche) and RNeasy Micro kit (Qiagen), according to the man-
ufacture's protocol. cDNA synthesized by ReverIra ace qQPCR RT
kit (Toyobo Co. Ltd.) was quantified using Step One Plus real-
time PCR system (Thermo Fisher Scientific Inc.). TagMan Gene-
Expression assays (Thermo Fisher Scientific Inc.) were used for the
primers and probes of CXCLI (assay ID, Hs00236937_m1),
CXCL8 (Hs00174103_m1), ATCB (Hs01060665_gl), and
GAPDH (Hs02786624_g1). The mRNA levels were normalized
to those for ACTB or GAPDH using the AACT method.

RNA interference

To knockdown the endogenous SMAD4 expression, 2
distinct siRNA for SMAD4 (FlexiTube siRNA_SI00076041
and SI03089527) and negative control (FlexiTube siRNA
S103650318) were used from Qiagen. The siRNA (10 nmol/L)
was transfected into CaCo2 cells with Lipofectamine RNAIMAX
(Thermo Fisher Scientific Inc.). Cells were harvested in 48 to
72 hours.

5’ Rapid amplification cDNA ends (5’ RACE)

5" RACE analysis of CXCL1 and CXCL8 was performed using
cDNA from SW837 cells and Gene Racer Kit (Thermo Fisher
Scientific Inc.) with reverse CXCL1 gene-specific primer (5'-
TCCGGGGGACITCACGITCACAC-3') and reverse CXCL8
gene-specific primer (5-TGITGGCGCAGTGTGGTCCACTC-3")
according to the manufacturer's protocol.

Luciferase reporter assay

Cells were transfected with firefly luciferase reporter gene con-
structs and pGL4.74 vector (Promega), using Lipofectamine LTX
(Thermo Fisher Scientific Inc.). The promoter regions of CXCL1
and CXCL8 were cloned by PCR amplification from the genomic
DNA of SW837 cells. The following primers were used to amplify
promoter region: CXCL1 forward, 5-CTCGAGGCCCCTGGGG-
CAGAAGCCTC-3/; CXCL1 reverse, 5'-GATATCGGGGCICAG-
CAGGCGGGTCT-3'; CXCL8 forward, 5'-CTCGAGTTCACAGTGT-
GGGCAAATTC-3’; CXCL8 reverse, 5'-GATATCGTTTACACACA-
GTGAGATGG-3'. Each amplified promoter region was inserted
into pGL4.10 luciferase vector (Promega). Cells were transfected
with these vectors for 18 hours, and then treated for 6 hours with
or without 10 ng/mL TGFB1 (PeproTech). Firefly and Renilla
luciferase activities were determined using the Dual-Luciferase
Reporter Assay system (Promega) with a GloMax-Multi+ detec-
tion system E8032LD (Promega). The activities of firefly luciferase
were normalized against those of Renilla.

Chromatin immunoprecipitation-polymerase chain reaction
(ChIP-PCR)

The ChIP-PCR was performed using ChIP-IT Express kit
(Qiagen) according to the manufacture's protocol. To immu-
noprecipitate SMAD4 protein, anti-SMAD4 antibody (B-8; Santa
Cruz) was used. The DNA fragment that was immunoprecipitated
by anti-SMAD4 antibody was analyzed quantitative PCR by using
THUNDERBIRD SYBR qPCR mix (Toyobo). The primer sets were
described in Supplementary Table S3.
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Enzyme-linked immunosorbent assay (ELISA)

Preoperative serum protein levels of CXCL1 and CXCL8 were
measured using DuoSet Human ELISA kit for CXCL1 and CXCL8
(R&D Systems), according to the manufacture's protocol.

Chemokine antibody array, angiogenesis antibody array, and
phospho-kinase array

After SW837-scramble and SW837-shSMAD4 #2 cells were
cultured for 24 hours, conditioned media were collected and
filtered through filter sterilization. Neutrophils from healthy
donor were cultured with the conditioned media. After incuba-
tion, neutrophils were collected and lysed in lysis buffer with
protease inhibitor cocktail. Human chemokine antibody array
(RayBiotech), human angiogenesis antibody array (RayBiotech),
and Proteome Profiler Human Phospho-Kinase Array Kit (R&D
Systems) were used, according to the manufacture's protocol.

Chemotaxis assay

Neutrophils from healthy donor were isolated using the
MACSxpress whole blood neutrophil isolation kit (Miltenyi
Biotec), according to the manufacture's protocol. Neutrophil
migration was measured in transwell chamber (3 um; Corning
Costar). Neutrophils (1 x 10> cells) were added to the upper
chamber, whereas the supernatant of colorectal cancer cells was
added to the lower chamber. Neutralizing antibodies for CXCL1
and/or CXCL8 (R&D Systems) were added to the lower chamber.
Neutrophils were treated with SB225002 (Tocris Bioscience)
before applying to the upper chamber. After 2 hours of incuba-
tion, the number of neutrophils located in the lower chamber was
counted using ACCURI C6 (BD Biosciences).

Flow cytometry

Actotal of 6 pairs of fresh colorectal cancer tissues and peripheral
blood samples were obtained to isolate neutrophils using FAC-
SAria. In brief, tumor tissues were minced and incubated with
tumor dissociation kit (Miltenyi Biotec). To raise the purity of
leukocytes, cells were labeled with anti-human biotin-conjugated
CD45 antibody (Miltenyi Biotec) and antibiotin microbeads
(Miltenyi Biotec). These labeled cells were selected by using
magnetic-activated cell sorting columns (Miltenyi Biotec) accord-
ing to the manufacture's protocol. Subsequently, leukocytes
obtained from tissue sample and preoperative blood were labeled
with antibodies shown in Supplementary Table S4. Dead cells
were stained with PI and gated out. After gating, neutrophils
labeled CD45%, CD66b*, CD15%, CD16", and CD14~ were
sorted. To test the purity of neutrophils gained using the MACSx-
press neutrophil isolation kit (Miltenyi Biotec), we stained cell
suspension with FITC-conjugated anti-CD66b (BioLegend), APC-
conjugated anti-CXCR2 (BD Biosciences), and corresponding
isotype controls. The samples were analyzed on ACCURI C6. The
data analysis was performed using FlowJo software (Tree Star
Inc.).

Statistical analysis

All results were confirmed using at least 3 independent
in vitro experiments, and data from 1 representative experiments
were presented. Analyzed values are expressed as means =+ stan-
dard deviation (SD). Categorical data were determined with
the %2 test. Continuous variables were determined with Student
t test or Wilcoxon test. The log-rank test or Wilcoxon test was
used for analysis of OS and RFS. All analyses were 2-sided, and
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A

SMAD4-negative

Figure 1.

Correlation of SMAD4 loss and
CD66b " neutrophil accumulation.
A, Hematoxylin and eosin staining
(H&E) and IHC detection of SMAD4

SMAD4-positive

and CD66b in primary colorectal
cancer. Top and bottom, serial
sections of representative SMAD4-

negative and SMAD4-positive
colorectal cancer, respectively.
Scale bar, 50 um. B, Quantification
of CD66b™ cell density in primary
colorectal cancer with and without
SMAD4 expression (n =43 and 56,
respectively). Student ¢ test.
Horizontal bars show the mean.

C, Kaplan-Meier plot for OS.
Patients with colorectal cancer were
divided into 4 groups based on
SMAD4 expression and the number
of CD66b™ neutrophil infiltration.
The median number (i.e., 35.8) was
used as cutoff value. *, P< 0.05 by
Wilcoxon test.
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P value with < 0.05 was considered as statistically significant.
Statistical analyses were performed using JMP Pro software,
version 13.0.0 (SAS Institute Inc.).

Results

Loss of SMAD4 from colorectal cancer cells accumulates
CDG66b™ neutrophils

We previously reported that loss of SMAD4 from colorectal
cancer causes accumulation of CCR1" myeloid cells via the
CCL15-CCR1 chemokine axis to facilitate tumor invasion and
metastasis (5-7). Given that myeloid cells express several types of
chemokine receptors, we hypothesized that the recruitment of
myeloid cells could be taking place in the tumor microenviron-
ment via chemokine receptors other than CCR1. A better under-
standing of the mechanisms how colorectal cancer recruits mye-
loid cells to the tumor sites may lead to more effective therapy.

To investigate the relationship between SMAD4 expression and
neutrophil accumulation, we examined 99 primary colorectal
cancer samples by IHC (Supplementary Table S5). SMAD4 expres-
sion was negative in 57% (56/99) and positive in 43% (43/99) of
the colorectal cancer samples (Fig. 1A). Cells expressing CD66b, a
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neutrophil marker, were mainly accumulated around the peritu-
moral stroma. The number of CD66b™ neutrophils was higher in
SMAD4-negative colorectal cancers than that in SMAD4-positive
ones (median, 54.1 vs. 38.6, respectively; P = 0.05; Fig. 1B).

We next examined the effect of CD66b™ neutrophil infiltra-
tion on the prognosis of patients with colorectal cancer. We
classified these 99 samples into 4 groups based on SMAD4
expression and the number of CD66b™ neutrophil infiltration.
OS was significantly lower in the patients with negative SMAD4
expression and high neutrophil infiltration compared with
those with negative SMAD4 expression and low neutrophil
infiltration (P = 0.04; Fig. 1C).

Expression levels of CXCL1 and CXCLS8 are inversely correlated
with SMAD4 expression in human colorectal cancer cell lines

In order to elucidate the mechanism how SMAD4 regulates
the CD66b™ neutrophil infiltration, we used 4 colorectal cancer
cell lines. SW837 and Caco2 express wild-type SMAD4, while
SW480 and HT29 lack SMAD4 (Fig. 2A). First, we introduced 2
short hairpin RNA (shRNA) constructs targeting SMAD4 (referred
to as shSMAD4 #1 and shSMAD4 #2) into SW837 cells, and
confirmed that these shSMAD4 constructs dramatically decreased
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Figure 2.

Relationship between SMAD4 and CXCL1/8 in human colorectal cancer cell lines. A, Western blot analysis showing SMAD4, SMAD5, SMAD2/3, SMAD], and
b-actin (ACTB). B, Construction of SMAD4-knockdown cells by shSMAD4 or siSMAD4. NT and scr indicate nontreatment and nonsilencing scramble as controls.
C, Chemokine array using the SW837 cells engineered with stable SMAD4-knockdown (SW837-shSMAD4 #2) and scramble control. D and E, gRT-PCR analysis
for CXCL1(D) and CXCL8 (E). *, P< 0.05 by Student ¢ test. F, Construction of stable transductants for cMyc-tagged SMAD4. G and H, gRT-PCR analysis for CXCLT

(G) and CXCL8 (H).*, P<0.05 by Student ¢ test.

SMAD4 expression (Fig. 2B, left). We also confirmed that these
shSMAD4 constructs did not affect the expression of other pro-
teins in the SMAD family. Although we could not establish the
stable SMAD4-knockdown Caco2 cells, we confirmed that 2
small interfering RNA (siRNA) constructs (siSMAD4 #1 and
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siSMAD4 #2) transiently knocked down SMAD4 expression in
Caco2 cells (Fig. 2B, right).

To identify the determinants responsible for neutrophil infil-
tration, we conducted a chemokine array containing a panel of
chemokines using the SW837 cells engineered with stable
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SMAD4-knockdown (SW837-shSMAD4 #2). Of note, the secre-
tion of a subset of chemokines was elevated in SW837-shSMAD4
cells compared with that in SW837-scramble control cells (Sup-
plementary Fig. S1A), and the most upregulated chemokines by
SMAD4 loss were CXCL1 and CXCLS (Fig. 2C). We also confirmed
that CXCL1 and CXCL8 were significantly elevated in SW837 and
Caco2 cells when SMAD4 was knocked down, as determined by
quantitative reverse transcription polymerase chain reaction
(qRT-PCR; Fig. 2D and E). To validate that the levels of CXCL1
and CXCL8 were affected by SMAD4, we next investigated wheth-
er exogenous expression of SMAD4 could affect CXCL1 and
CXCL8 expression in SMAD4-deficient cell lines (HT29 and
SW480). When cMyc-tagged SMAD4 was stably expressed in
HT29 and SW480 cells by lentiviral transfection (Fig. 2F), the
mRNA levels of CXCL1 and CXCL8 were significantly decreased
compared with those of the control cells (Fig. 2G and H). We also
found that TGFB1 stimulation led to further reduction of CXCL1
and CXCLS (data notshown). These results indicated that SMAD4
negatively regulated the expressions of CXCL1 and CXCL8 in
colorectal cancer cells.

SMAD4 regulates expression levels of CXCL1 and CXCL8
indirectly

In TGF signaling, ligand binding to the TGFJ receptors phos-
phorylates SMAD2/3 to form a heteromeric complex with
SMAD4, which translocates into the nucleus and regulates tran-
scription of target genes (17). In SW837 cells, the addition of the
TGFp1 ligand significantly decreased CXCL1 and CXCL8 (Sup-
plementary Fig. S1B). The addition of TGFB1 also induced lucif-
erase from the SMAD-binding elements (SBE)-Luc reporter con-
struct that contained 4 SBEs (Supplementary Fig. S1C, left),
indicating that TGFP signaling was activated via SMAD4. After
the promoter region of the CXCL1 and CXCL8 genes (—1,320 to
+77 bp and —1,353 to +89 bp from the transcription start site,
respectively) was transfected into SW837 cells, we measured
luciferase activity with or without TGFB1 and found that the
luciferase activities of CXCL1 and CXCL8 were not altered at all
by TGFB1 stimulation (Supplementary Fig. S1C, middle and
right). Sequence analysis of the promoter/enhancer region
revealed that the CXCL1 gene contains 1 TGFB-inhibitory element
(TIE) and 1 SBE, and that the CXCL8 gene contains 3 SBEs
(Supplementary Fig. S1D). We did not observe any alterations
in the promoter regions of CXCL1 and CXCL8 by chromatin
immunoprecipitation PCR (ChIP-PCR) assay using an anti-
SMAD4 antibody (Supplementary Fig. S1E), which indicated that
SMAD4 does not bind to SBEs and/or TIE in the promoters of
CXCL1 and CXCL8 gene transcription.

To identify the specific pathway by which SMAD4 regulates the
expression of CXCL1 and CXCL8, we treated SW837-shSMAD4
cells with a series of kinase inhibitors. Based on the reduction in
mRNA levels, sc-514 (Ikf kinase 2 inhibitor) and indirubin (an
inhibitor of GSK-3f and cyclin-dependent kinases) were the most
prominent inhibitors of CXCL1 and CXCL8 (Supplementary Fig.
S2A). Collectively, these results indicated that SMAD4 regulates
the expressions of CXCL1 and CXCL8 indirectly, not by binding to
their promoters.

SMAD4-negative colorectal cancer cells attract neutrophils via
the CXCL8-CXCR?2 axis

CXCL1 and CXCLS8 are known to attract neutrophils, because
neutrophils express CXCR2, the cognate receptor for CXCL1 and
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CXCL8 (18). Thus, we speculated that SMAD4-negative colorectal
cancer cells could recruit neutrophils via the CXCL1/8-CXCR2
axis. We first isolated neutrophils from peripheral blood of
healthy donors and confirmed that they were positive for CD66b
and CXCR2 by flow-cytometric analysis (Fig. 3A). We also con-
firmed that these isolated neutrophils exhibited migratory
responses to recombinant human CXCL1 and CXCL8 in a
dose-dependent manner using an in vitro chemotaxis assay (Sup-
plementary Fig. S2B). To simulate the biological role of neutro-
phils in the tumor microenvironment, neutrophils isolated from
peripheral blood were added to the upper chamber, while the
supernatant of colorectal cancer cells was added to the lower
chamber. As expected, the migratory response of neutrophils to
the supernatant of SMAD4-negative cells (SW837-shSMAD4
cells) was approximately twice that of the control cells
(Fig. 3B). Importantly, neutrophil migration was significantly
suppressed when neutralizing anti-CXCL1 or anti-CXCL8 anti-
body was added to the lower chamber (Fig. 3C). The suppressive
effect of anti-CXCL8 antibody was more prominent compared
with that of anti-CXCL1 antibody. Furthermore, treatment with
SB 225002, a CXCR2 inhibitor, could completely suppress the
migratory response of neutrophils (Fig. 3D). These results sug-
gested that the SMAD4-negative colorectal cancer cells attracted
neutrophils via the CXCL8-CXCR2 axis.

SMAD4-negative colorectal cancers educates neutrophils to
express CXCL1 and CXCL8

We speculated that the phenotype of tumor-infiltrating neu-
trophils could be affected in response to the tumor microenvi-
ronment. To identify the factors secreted by neutrophils in colo-
rectal cancer tissues, we first used a chemokine array with the
neutrophils cocultured with the supernatant of colorectal cancer
cells. As shown in Fig. 4A, the neutrophils cocultured with the
supernatant of SMAD4-negative colorectal cancer (SW837-
shSMAD4 cells) secreted significantly higher levels of CXCL1 and
CXCL8 compared with those cocultured with the supernatant of
SMAD4-positive colorectal cancer (SW837-scramble cells)
(approximately 2.0-fold and 1.5-fold increases, respectively).
CCL3 and CCL4 were also remarkably elevated when neutrophils
were cocultured with the supernatant of SMAD4-negative colo-
rectal cancer. We next performed an angiogenesis array and found
that CXCL8 was increased most remarkably among a panel of
angiogenic factors when neutrophils were cocultured with the
supernatant of SMAD4-negative colorectal cancer (SW837-
shSMAD4 cells; Fig. 4B). We also measured the mRNA levels of
CXCL1 and CXCL8 in neutrophils by gqRT-PCR. Of note, CXCL1
and CXCL8 were markedly increased in the neutrophils cocul-
tured with the supernatant of SMAD4-negative colorectal cancer
(SW837-shSMAD4 cells) compared with those cocultured with
the supernatant of SMAD4-positive colorectal cancer (SW837-
scramble cells; Fig. 4C). To explore the alterations of intracellular
signaling pathways in neutrophils, we analyzed a phospho-kinase
array and found that focal adhesion kinase and Src were signif-
icantly upregulated when neutrophils were cocultured with the
supernatant of SMAD4-negative colorectal cancer (SW837-
shSMAD4 cells; Fig. 4D). These observations support the notion
that the tumor-infiltrating neutrophils can be educated by
SMAD4-negative colorectal cancer. As shown in Fig. 2, CXCL1
and CXCL8 were also produced by colorectal cancer cells, and
thus, we compared their expression levels in the neutrophils with
those in colorectal cancer cells. The mRNA levels of CXCL1 and
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CXCL8 in the neutrophils, which were cocultured with SMAD4-
negative colorectal cancer (SW837-shSMAD4 cells), were much
higher than those in SMAD4-negative colorectal cancer cells
(SW837-shSMAD4 cells; Fig. 4E).

TANs express CXCL1 and CXCL8

As shown in Fig. 4, we have found that neutrophils expressed
CXCL1 and CXCL8 when they were cocultured with SMAD4-
negative colorectal cancer cells in vitro. Therefore, we next exam-
ined clinical samples of primary colorectal cancer for CXCL1 and
CXCL8 by IHC. IHC analysis indicated that both CXCL1 and
CXCL8 were abundantly expressed in the infiltrating inflamma-
tory cells around the peritumoral stroma of SMAD4-negative
colorectal cancers compared with SMADA4-positive ones
(Fig. 5A). The staining intensity of CXCL1 and CXCL8 in the
tumor cells was weaker than that in the infiltrating inflammatory
cells (Fig. 5A), which is in agreement with the data observed
in Fig. 4E. We next characterized the cells expressing CXCL1 and
CXCL8 using double immunofluorescence staining. Because anti-
CD66b antibody did not work in immunofluorescence staining,
we used myeloperoxidase (MPQO) as a human myeloid-lineage
marker. We confirmed that the distribution of MPO-positive cells
was almost the same as that of CD66b" cells by THC staining
(Fig. 5A). The majority of the cells expressing CXCL1 and CXCL8
were positive for MPO (Fig. 5B), which suggested that CXCL1 and/
or CXCL8 were strongly secreted by TANs in clinical colorectal
cancer samples. Protumorigenic TANs are characterized by angio-
genic function [by producing matrix metalloproteinases (MMP)]
and immunosuppressive function (by producing ARG1 and IDO;
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refs. 11, 12). Consistently, we further confirmed that the majority
of these MPO-positive cells were CXCR2" and expressed MMP2
and MMP9 in addition to ARG1 and IDO (Fig. 5C).

Serum CXCL8 concentration could be a novel biomarker of
colorectal cancer

To explore the expression levels of CXCL1 and CXCL8 in
colorectal cancer-associated TANs, we isolated the neutrophils
from peripheral blood and from surgical specimens of the same
patients with colorectal cancer (n = 6) by fluorescence-activated
cell sorting with CD45, CD66b, CD14, CD15, and CD16 (Sup-
plementary Fig. S2C). Compared with peripheral blood neutro-
phils, TANs derived from primary colorectal cancer expressed
significantly higher levels of CXCL1 and CXCL8 (4.7-fold and
38.8-fold increase, respectively; Fig. 6A).

Serum CXCL1 and CXCL8 have been recently identified as a
biomarker of melanoma, hepatocellular carcinoma (HCC), breast
cancer, and prostate cancer (19-22). Therefore, we investigated
whether the serum levels of CXCL1 and CXCL8 could be a
biomarker for colorectal cancer progression. We measured the
levels of CXCL1 and CXCL8 in serum samples from patients with
colorectal cancer (n = 125) and healthy donors (n = 11) by ELISA
(Supplementary Table S6). The serum CXCL8 level was signifi-
cantly higher in patients with colorectal cancer than that in
controls (median, 13.7 vs. 2.9 pg/mL, respectively; P < 0.01),
whereas the serum CXCL1 level was significantly lower in colo-
rectal cancer patients (median, 8.8 vs. 100.4 pg/mL, respectively;
P < 0.01; Fig. 6B). We then investigated the serum CXCLS level
by the stage-based classification and found it was significantly
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increased at stage II/I1l and then decreased at stage IV (Fig. 6C). To
evaluate the clinical outcome, we analyzed the OS and RFS of the
125 patients with colorectal cancer. Statistical analysis showed
that the cases with high CXCLS level tended to exhibit a shorter OS
and RFS, although not a significant difference, compared with
those with low CXCL8 level (P = 0.07 and 0.08,
respectively; Fig. 6D). In particular, the stage II/III cases with high
CXCLS level exhibited a significantly shorter OS compared with
those with low CXCLS8 level (P = 0.04; Supplementary Fig. S2D).
On the other hand, there was no association between the CXCL1
concentration and prognosis. These results suggest that serum
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CXCL8 concentration could be a novel biomarker of colorectal
cancer associated with poor prognosis.

Discussion

Accumulating evidence has emphasized the complex and mul-
tidirectional cross-talk between tumor cells and immune stromal
cells, although it remains unclear how geneticalterations in tumor
cells could affect stromal cells. Recently, there has been emerging
interest in investigating the role of TANs in cancer. TANSs can either
promote or inhibit tumor progression via releasing cytokines and
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Figure 6.

Clinical significance of CXCL1and CXCL8 in colorectal cancer (CRC). A, gRT-PCR analysis for CXCLT and CXCL8 in neutrophils. B, Preoperative serum
concentration of CXCL1and CXCLS8 in patients with colorectal cancer (n = 125) and control healthy donors (n =11). *, P < 0.05 by Wilcoxon test. Horizontal bars
show the median. C, Preoperative serum concentration of CXCL1and CXCL8 in patients with colorectal cancer (n =125), according to the stage-based
classification. *, P< 0.05 by Wilcoxon test. D, Effect of CXCL1 (left) and CXCL8 (right) on RFS and OS in patients with colorectal cancer. Kaplan-Meier estimates.
The median number of CXCL1and CXCLS8 (i.e., 8.8 and 13.7, respectively) was used as cutoff value. Kaplan-Meier estimates. P value was estimated by log-rank
test. E, Schematic representation of the results. Loss of SMAD4 from colorectal cancer cells promotes expression of CXCL1and CXCLS8, followed by recruitment
of CXCR2™ neutrophils from the blood vessels. Thereafter, these recruited neutrophils were educated to secrete abundant CXCL1and CXCL8, which accelerates
further recruitment of CXCR2" neutrophils and promotes tumor progression by release of MMP2, MMP9, ARG, and IDO.
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chemokines, depending on the tumor microenvironment (23). In
experimental models, it has been documented that neutrophils
can polarize into N1 and N2 functional states: N1 neutrophils are
antitumorigenic, whereas N2 neutrophils are protumorigenic (24,
25). Their surface markers, transcription regulators, and cytokine
expression patterns are largely unclear. Our previous work
revealed that loss of SMAD4 promoted CCL15 expression from
colorectal cancer cells to recruit CCR1" myeloid cells via the
CCL15-CCRI1 axis, and that most CCR1" cells recruited to the
primary colorectal cancer and metastatic colorectal cancer were
granulocytic-MDSCs and TANS, respectively (5-7). This differ-
ence might be caused by the difficulty in distinguishing between
granulocytic-MDSCs and TANs. MDSC is a term assigned to a
group of myeloid cells that suppress immune responses and is a
heterogeneous population at various stages of differentiation.
MDSCs can differentiate into not only neutrophils and monocytes
but also endothelial cells. Because MDSCs and TANs share a
common set of markers and are morphologically similar, it
remains unanswered whether TANs and MDSCs are separate
populations or not (11, 26). In the present study, we focused on
exploring the effect of SMAD4 on TAN infiltration into colorectal
cancer and found that high density of marginal CD66b" neu-
trophils was negatively correlated with SMAD4 expression
(Fig. 1A and B). Similar to our present work, a recent publication
indicated that loss of Smad4 in mouse colon epithelium signif-
icantly increased the number of infiltrated neutrophils to the
colon tumor compared with that in control mice (Apc mutant
mice) by inducing several chemokines such as CCL20 and
CXCL5 (8). Furthermore, we observed that SMAD4-negative
colorectal cancers with high neutrophil infiltration exhibited a
poorer prognosis compared with SMAD4-negative colorectal
cancers with low neutrophil infiltration (Fig. 1C) and that a
majority of the tumor-infiltrating neutrophils exhibited angio-
genic function (by producing MMP2, MMP9, and CXCL8) and
immunosuppressive function (by producing ARG1 and
IDO; Fig. 5B and C), which may suggests that SMAD4-negative
colorectal cancers could induce TANs to polarize into the N2
phenotype.

SMAD4 is decorated by a number of proteins that might
contribute to myeloid cell infiltration and tumor progression,
and the CCL15-CCR1 axis is probably only one of the players
recognized to date. Therefore, we conducted a chemokine array to
screen for the determinants responsible for neutrophil infiltration
and found thatloss of SMAD4 from colorectal cancer cells resulted
in the secretion of CXCL1 and CXCLS8 to recruit CD66b* neu-
trophils via CXCR2 (Figs. 2 and 3; Supplementary Fig. S1). In turn,
the recruited neutrophils abundantly produced CXCL1 and
CXCLS8 (Figs. 4 and 5), which might help to further accumulate
CDG6b™ neutrophils and result in an amplification of the cyto-
kine/chemokine milieu within the tumor microenvironment
shaped by the CXCL1/8-CXCR2 axis (Fig. 6E). Neutrophils
secrete several proinflammatory, angiogenic, and immunoregu-
latory factors, including neutrophil elastase (27), hepatocyte
growth factor (28), MMPs, and vascular endothelial growth factor
(VEGEF; refs. 29, 30), which can exhibit a paracrine effect on tumor
cell biology. TANs have also been shown to mediate the infiltra-
tion of macrophages and regulatory T cells by secreting CCL2 and
CCL17, which resulted in HCC progression (31, 32). Blocking this
vicious cycle, for example, with a CXCR2 inhibitor, could be a
promising treatment strategy. We also found that neutrophils
abundantly produced CCL3 and CCL4 under coculture with
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SMADA4-negative colorectal cancer cells (Fig. 4A), which might
attract mesenchymal stem cells (33) and fibroblasts (34) to result
in the tumor progression of SMAD4-negative colorectal cancer.

Both CXCL1 and CXCL8 are proinflammatory mediators that
function in neutrophil recruitment and activation (35, 36) and are
secreted by a variety of stromal cells, including neutrophils,
monocytes, fibroblasts, and endothelial cells. CXCL8 was also
identified as a potent angiogenic molecule (37). CXCL8 expres-
sion has been shown to be regulated by various stimuli including
inflammatory cytokines (e.g., TNFo. and IL1B), chemical and
environmental stresses (e.g., hypoxia and chemotherapeutic
agents), reactive oxygen species, and pathogens (38, 39). The
CXCL8 gene is located on chromosome 4, and its expression can
be modulated by the methylation of its promoter (40). Our study
is the first to show that, in colorectal cancer cells, SMAD4 regulates
the expression of CXCL1 and CXCL8 in cooperation with Ixf
kinase 2 and/or GSK-3B/cyclin-dependent kinases (Fig. 2;
Supplementary Figs. S1 and S2A). A tumor-promoting role of
CXCL8 and CXCL1 has been proposed in a wide variety of
cancers (38, 41-43). Previous studies have reported that the
CXCL1/2-S100A8/9 paracrine network between tumor cells and
TANs was hyperactivated upon chemotherapy, which led to
chemoresistance and lung metastasis in mouse models of breast
cancer (43). Recently, Taki and colleagues reported that Snail
upregulated CXCL1/2 through the NF-kB pathway and promoted
ovarian cancer progression by recruiting MDSCs (44). As the
elevated serum level of CXCL8 has been found to be a prognostic
marker in several types of cancers (19-22), we observed that
patients with colorectal cancer exhibited a significantly higher
serum levels of CXCL8 compared with that of healthy donors
(Fig. 6B and C), and that higher levels of CXCL8 were associated
with poor prognosis (Fig. 6D). Sanmamed and colleagues recently
reported serum CXCL8 concentrations were correlated with
tumor burden (i.e., longest diameter) and stage in several solid
tumors (45). In this study, serum CXCL8 level was increased at
stage II/IIl and then decreased at stage IV (Fig. 6C), which may
happen to reflect the tumor size of each stage. The median
diameters of the primary tumor at stages II, III, and IV were 45
mm, 45 mm, and 40 mm, respectively (Supplementary Fig. S2E).

CXCR2 and its ligands (i.e., CXCL1, 2, 3, 5, 7, and 8) are
responsible for recruiting neutrophils under physiologic condi-
tions and have been implicated in TAN mobilization (46). In
tumor-bearing mouse models, targeting CXCR2-meidated TAN
mobilization has been shown to increase the number of tumor-
infiltrating lymphocytes and potentiate anti-programmed death 1
checkpoint blockade (47-50). Recently, Nywening and collea-
gues reported that dual blockade of CXCR2* TANs and CCR2"
TAMs disrupted myeloid cell recruitment and improved antitu-
mor immunity in a mouse model of pancreatic ductal adenocar-
cinoma (51). Exposure to the tumor microenvironment may
influence neutrophil plasticity, adding further complexity to
understand the role of neutrophils in cancer. Further studies are
required to determine the migratory mechanisms and behavior of
TANS to establish the future therapies. Notably, pharmacologic
inhibitors of CXCR1/2 are already used in clinical trials of inflam-
matory diseases (e.g., theumatoid arthritis, asthma, and chronic
obstructive pulmonary disease) as well as certain cancers (e.g.,
melanoma and breast cancer; ref. 39). Considering these reports
and our results, blocking the CXCL1/8-CXCR2 axis could be
worthwhile to inhibit progression of SMAD4-negative colorectal
cancers.
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Supplementary figure legends

Supplementary Figure 1. A, Chemokine array using the SW837 cells engineered with stable
SMAD4-knockdown (SW837-shSMAD4 #2) and scramble control. Comparison of a panel of chemokines was
shown. B, qRT-PCR analysis using SW837 cells with or without 10ng/mL TGF-1 for 6 h. NT indicate
nontreatment as control. *P < 0.05 by Student’s ttest. C, Luciferase reporter assay showing activities of
SBE4-Luc, CXCL1-Luc and CXCL8-Luc. *P< 0.05 by Student's t-test. D, Schematic representation of the
CXCL1 or CXCL8 gene. The sequence of this region was obtained by sequencing genomic DNA of SW837,
and matches with that of database obtained from UCSC genome browser. Transcription start site (black arrow)
was confirmed by 5’ rapid amplification of cDNA end. E, ChIP-PCR analysis for enrichment of SBE or TIE in the
promotor region of CXCL1 or CXCLS.

Supplementary Figure 2. A, Screening with a series of kinase inhibitors treated for 24 hours. gRT-PCR
analysis for CXCL 1 (top) and CXCLS8 (bottom). B, Chemotactic responses of neutrophils toward the human
recombinant CXCL1 and CXCL8. Mean; bars, £ SD. *P < 0.05 by Student’s ttest. C, Neutrophils were isolated
from peripheral blood and from CRC specimens of the same patients (n = 6) by FACS with CD45, CD66b,
CD14,CD15, and CD16.
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Supplementary Figure 2

Relative CXCL1 mRNA expression
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Supplementary Table S1. List of antibodies used for IHC, IF and westem blotting.

Antibody Host Company Dilution(WB) Dilution(IHC/IF)
anti-SMAD4 mouse  Santa Cruz 1:1000 1:100
anti-SMAD1 Rabbit  Cell Signaling 1:1000
anti-SMAD2/3 Rabbit  Cell Signaling 1:1000
anti-SMADS5 Rabbit  Cell Signaling 1:1000
anti-ACTB Mouse  Sigma-Aldrich 1:8000
anti-CD66b Mouse  Biolegend 1:50
anti-MPO Mouse Leica ready to use
anti-CXCR2 Rabbit ~ Abcam 1:100
anti-CXCL1 Goat Santa Cruz 1:200
anti-CXCL8(IF) Goat R&D 1:40
anti-CXCL8(IHC) Mouse  Abcam 1:100
ant-ARG1 Mouse R&D 1:50
anti-IDO Mouse  Abcam 1:100
anti-MMP2 Mouse  Abcam 1:100
ant-MMP9 Mouse  Santa Cruz 1:100




Supplementary Table S2. Kinase Inhibitors

Substance Target of inhibition IC50 Concentration used Company
SC-514 IkB kinase2 IKK2 : 3-12uM 12uM Cayman chemical
Indirubin cyclin CDK1/5:10uM 2.5uM Cayman chemical

GSK-313 GSK3p : 2.5uM
ZM336372 Raf-1 70nM 70nM Cayman chemical
SP 600125 JNK1-3 JNK1-3:0.11uM 0.2uM Cayman chemical
R-Roscoviline CDK2/cycineE  CDK2:0.1uM 0.1uM Cayman chemical
Rapamycin mTOR 5pM 5pM Cayman chemical
LY294002 PI3K 1.4uM 2uM Cayman chemical
VU0359595 PLD1 3.7nM 3.7nM Cayman chemical
Olomoucine CDK1/cyclinB CDK1/cyclinB:2uM  3uM Enzo life science
CDK5/p35 CDK5/p35 : 3uM
AG-490 JAK2 5uM 10uM Cayman chemical
LFM-A13 BTK BTK: 2.5uM 10uM Cayman chemical
Plk Plk : 10uM
PD 184161 MEK/ERK MEK1/2:10-100nM  10pM Cayman chemical

IC50, median inhibitory concentration



Supplementary Table S3. List of primers for ChIP assay

Region Forward (‘5-‘3) Reverse (‘5-‘3)

CXCL1TIE GTCTCAGAGAGCTCTGAATC CAGTCATTTAACCTGGTAGC
CXCL11stSBE = CTGGAATCTGACATAATGGAC GCTGGAGCTATATTATCCTC
CXCL81stSBE TCAAGTCTTAGGTTGGTTGG CGACAGAGCAGTGAATTTGC
CXCL82nd SBE CAGTGTGGGCAAATTCACTG AGCACCAAGGAAGGGTTCTT

CXCL83rd SBE GGACACTAGGACATAAAGCC CATCTGGGTTCCAACTCTGG




Supplementary Table S$4. List of antibodies used for Flow cytometry

Antibody Host Clone Company
PE anti-human CD14 Mouse M5E2 BD
FITC anti-human CD15 Mouse HI98 BD
APCH?Y anti-human CD16 Mouse 3G8 BD
PEcy7 anti-human CD45 Mouse HI30 BD
V450 anti-human CD66b Mouse G10F5 BD
FITC- anti-human CD66b Mouse G10F5 Biolegend
APC-anti human CXCR2 Mouse 6C6 BD




Supplementary Table S5. Patient and tumor characteristics (n = 99)

Characteristics No. of Patients
Age, years
Mean + SD 674+11.2
Sex
Male 64

Female 35
Location

Colon 75

Rectum 24
Histology

tub1 / tub2 91

others 8
T factor

Tis/T1/T2 24

T3/T4 75
N factor

Negative 68

Positive 31
UICC-TNM Stage

0, 19

I 80
CEA, ng/mL

<5 60

=5 39
CA19-9, U/mL

<37 88

>37 11
SMAD4

Negative 56

Positive 43




Supplementary Table S6. Tumor characteristics. Preoperative serum samples from another

cohort of 125 patients.
Characteristics No. of Patients
Age, years
Mean + SD 66.0+125
Sex
Male 65

Female 60
Location

Colon 88

Rectum 37
Histology

tub1 /tub2 109

others 16
T factor

Tis/T1/T2 85

T3/T4 40
N factor

Negative 84

Positive 41
M factor

Negative 105

Positive 20
UICC-TNM Stage

o, 11 75

I, v 50
CEA, ng/mL

<5 80

25 45
CA19-9, U/mL

<37 104

>37 21
CXCL1

<88 63

>8.8 62
CXCL8

<137 63

>13.7 62




