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Abstract

Background: KRAS mutation accounts for 30-50% of human colorectal cancer (CRC) cases. Due to the scarcity of
effective treatment options, KRAS mutant CRC is difficult to treat in the clinic. Metastasis is still the major cause of the
high mortality associated with KRAS mutant CRC, but the exact mechanism remains unclear. Here, we report a unique
function of Homeobox 7 (HOXA7) in driving KRAS mutant CRC metastasis and explore therapeutic strategies for sub-
populations of patients with this disease.

Methods: The expression of HOXA7 in a human CRC cohort was measured by immunohistochemistry. The function
of HOXA7 in KRAS mutant CRC metastasis was analyzed with the cecum orthotopic model.

Results: Elevated HOXA7 expression was positively correlated with lymph node metastasis, distant metastasis, poor
tumor differentiation, high TNM stage, and poor prognosis in CRC patients. Furthermore, HOXA7 was an independent
prognostic marker in KRAS mutant CRC patients (P <0.001) but not in KRAS wild-type CRC patients (P=0.575). Over-
expression of HOXA7 improved the ability of KRAS mutant CT26 cells to metastasize and simultaneously promoted
the infiltration of myeloid-derived suppressor cells (MDSCs). When MDSC infiltration was blocked by a CXCR2 inhibi-
tor, the metastasis rate of CT26 cells was markedly suppressed. The combination of the CXCR2 inhibitor SB265610 and
programmed death-ligand 1 antibody (anti-PD-L1) could largely inhibit the metastasis of KRAS mutant CRC.

Conclusions: HOXA7 overexpression upregulated CXCL1 expression, which promoted MDSC infiltration. Interruption

of this loop might provide a promising treatment strategy for HOXA7-mediated KRAS mutant CRC metastasis.
Keywords: Colorectal cancer, Metastasis, HOXA7, Myeloid-derived suppressor cells

Introduction

Colorectal cancer (CRC) is the third most frequently
diagnosed cancer and the second leading cause of can-
cer-related death in the world [1]. The 5-year survival
rate for patients with metastatic CRC is only 12-14%.
KRAS mutation is associated with disease aggressive-
ness and metastasis and appears in 30-50% of human
CRC patients [2, 3]. For metastatic CRC patients with

*Correspondence: dangyunzhi@xiyi.edu.cn
Department of Radiation Oncology, Shaanxi Provincial People’s Hospital,
Xi'an 710086, China

B BMC

wild-type KRAS, anti-EGFR antibodies, such as cetuxi-
mab or panitumumab, in conjunction with chemo-
therapy, are effective treatment options. However, the
clinical efficacy of these treatments in KRAS mutant
CRC patients is often poor because of the intrinsic drug
resistance generated by KRAS mutation [4]. Bevaci-
zumab, a recombinant humanized VEGF-A-targeting
monoclonal antibody, is recommended for stage IV CRC
treatment combined with other cytotoxic agents, but the
response rate is still low [5]. In addition, KRAS muta-
tion is associated with suppressed Th1/cytotoxic immu-
nity in CRC patients [6], emphasizing that treating this
subset of patients remains a challenge. Sotorasib, a novel
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KRASS!2C specific inhibitor, covalently binds to a pocket
of the switch II region of KRASS'*“ which is present only
in the inactive GDP-bound conformation. This bind-
ing maintains KRASS'?C in its inactive state and inhib-
its KRAS oncogenic signaling [7]. Sotorasib has been
approved by the FDA to treat non-small cell lung cancer
(NSCLC) with the KRASS™C mutation. However, the
effective rate in patients with CRC with the KRASS!2C
mutation is poor [8], and the underlying mechanism is
unclear. Recently, researchers discovered that combin-
ing sotorasib with anti-PD-1 antibodies results in a long-
lasting antitumor response [9], suggesting that combined
therapy might be a potential therapeutic option for sub-
populations of patients with KRAS mutant CRC.

The Homeobox (HOX) transcription factor family plays
a critical role in embryonic development and regulates
various cellular processes [10]. In recent years, increas-
ing evidence has shown that dysregulation of HOX genes
enhances cancer initiation and progression via different
mechanisms [11]. The HOX family in mammals is com-
posed of 39 proteins that are divided into four groups
(A, B, C, and D). HOXA subfamily genes are critical
regulators of cancer metastasis. Homeobox 7 (HOXA7),
a member of the HOXA subfamily, has been shown to
function as an oncogene and contributes to malignant
behaviors in various human cancers, including hepato-
cellular carcinoma [12], laryngeal squamous cell cancer
[13], and ovarian cancer [14]. However, the function of
HOXA7 in CRC metastasis is poorly understood.

The infiltration of relatively immature and pathologi-
cally activated myeloid-derived suppressor cells (MDSCs)
with significant immunosuppressive function is fre-
quently observed in malignancies. The accumulation of
MDSCs, which cause immunosuppression, can promote
tumor progression [15]. In addition, MDSCs can directly
promote tumor cell survival, angiogenesis, invasion, and
metastasis [16]. Microsatellite instability-low (MSI-L)
CRC is more extensively infiltrated by Tregs and MDSCs.
Additionally, T cell infiltration is significantly reduced,
which is the leading cause of the poor effectiveness of
immune checkpoint blockade [17, 18]. A previous study
showed considerable differences in immune cell infil-
tration and the expression of immune-related mark-
ers between KRAS mutant CRC and KRAS wild-type
CRC. KRAS mutant CRC, for example, has a decreased
T helper 1 (Th1)-centric coordinated immune response
cluster and reduced cytotoxic cell infiltration [6]. MDSC
infiltration is significantly increased, and MDSC deple-
tion may markedly improve anti-programmed death
ligand 1 (anti-PD-L1) efficacy [19, 20]. However, the hap-
tic oncogenic signal in KRAS mutant CRC that stimu-
lates MDSC recruitment and activation is still poorly
understood.

Page 2 of 13

Here, we demonstrated that HOXA7 expression was
upregulated and associated with poor prognosis in
patients with KRAS mutant CRC. Overexpression of
HOXA7 promoted KRAS mutant CRC metastasis by
upregulating CXCL1 expression. The CXCR2 inhibitor
SB265610 combined with anti-PD-L1 treatment signifi-
cantly reduced HOXA7-mediated KRAS mutant CRC
metastasis.

Materials and methods

Cells and culture

All cell lines were purchased from The American Type
Culture Collection (ATCC), Manassas, VA, USA. CT26, a
murine colon cancer cell line, was cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, Rockville, MD,
USA) medium. The medium was supplemented with 10%
FBS (Gibco), 100 pg/ml penicillin, and 100 pg/ml strep-
tomycin. The cell lines SW620, HCT116, Lovo, HT29,
CaCo-2, HCA-7 were cultured in RPMI-1640 (Gibco)
medium with 10% FBS (Gibco), 100 pg/ml penicillin, and
100 pg/ml streptomycin.

Immunohistochemistry

This study was approved by the ethics the Committee of
Shaanxi Provincial People’s Hospital, and informed con-
sent was written and based on the ethical guidelines of
the 1975 Declaration of Helsinki. Written informed con-
sent was obtained from all patients. Furthermore, human
subjects’ private rights were routinely respected. CRC
specimens and matched adjacent tissues were used to
construct a tissue microarray (Shanghai Biochip Co, Ltd.
Shanghai, China). The tissue microarray was stained for
HOXA7 (Abcam, ab211521), CD11b (Abcam, ab6640),
CD8 (Abcam, ab4055) expression.

Paraffin-embedded sections were continuously sliced
when cutting the tissue by microtome. Immunohisto-
chemistry was carried out on 4-pm thick paraffin-embed-
ded sections, and was performed according to standard
procedures as outlined in our previous study [21]. Briefly,
after baking on a panel at 60 °C for an hour, the tissue
sections were deparaffinized with xylene and rehydrated
through gradient ethanol immersion. Endogenous per-
oxidase activity was quenched by 3% (vol/vol) hydrogen
peroxide in methanol for 12 min, followed by three 3-min
washes with phosphate-buffered saline (PBS). Then the
slides were immersed in 0.01 mol/I citrate buffer solution
(pH=6.0) and placed in a microwave oven for 30 min.
After washing in PBS, the sections were incubated in a
moist chamber at 4 °C overnight with the primary anti-
body diluted in PBS containing 1% (wt/vol) bovine serum
albumin. Negative controls were performed by replacing
the primary antibody with preimmunized mouse serum.
After three 5 min washes with PBS, the sections were
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treated with a peroxidase-conjugated second antibody
(Santa Cruz) for 30 min at room temperature, followed
by an additional three 5 min washes with PBS. The reac-
tion product was visualized with diaminobenzidine for
2 min. Images were obtained under a light microscope
(Olympus, Japan) equipped with a DP70 digital camera.

Analyses were performed by two independent observ-
ers who were blinded to the clinical outcome. The immu-
nostaining intensity was scored on a scale of 0 to 3: 0
(negative), 1 (weak), 2 (medium), or 3 (strong). The per-
centage of positive cells was evaluated on a scale of 0 to
4: 0 (negative), 1 (1-25%), 2 (26-50%), 3 (51-75%), or 4
(76—100%). The final immuno-activity scores were calcu-
lated by multiplying the above two scores, resulting in an
overall score of 0—12. Each case was ultimately consid-
ered “negative” if the final score ranges from 0 to 3 and
“positive” if the final score ranges from 4 to 12.

In vivo metastatic model and bioluminescent imaging

Our implantation tests were under the approval of the
ethics of the Committee of Shaanxi Provincial People’s
Hospital. All the mice were male. All efforts were made to
minimize the animals’ suffering during the experiments.
BALB/C mice (5 weeks old) were housed under standard
conditions and cared for according to the institutional
guidelines for animal care. A metastatic colorectal cancer
model in mice was established according to the existing
protocol. Luciferase labeled mouse CRC cells (4.0 x 10%)
were injected into the cecal wall in mice under anesthe-
sia (n=10 for each group). Briefly, the caecum was gently
exteriorized and was placed on a scalpel holder, flattened,
and stabilized with forceps. This maneuver is crucial to
prevent leakage of tumor cells into the caecal lumen or
peritoneal cavity. A volume of 100 pl (4.0 x 10°) cells
was injected into the caecal wall. Then, the caecum was
returned to the peritoneal cavity, peritoneum and skin
were closed by running sutures and wound clips.

To investigate whether SB265610 can improve CRC
responsiveness to anti-PD-L1 blocking in KRAS mutant
CRC, SB265610 (2 mg/kg body weight, i.p. every day), or
anti-PD-L1 antibody (200 pg, i.p., every three days), or
Vehicle (i.p., every day) was injected. For combined treat-
ment, mice were treated with SB265610 (2 mg/kg body
weight, i.p. every day) and anti-PD-L1 antibody (200 pg,
i.p., every three days).

Luciferase lentivirus was purchased from Shanghai
Genechem Co., Ltd. Concentrated luciferase lentivi-
rus was transfected into the CRC cells with a multiplic-
ity of infection (MOI=50) in the presence of polybrene
(6 pg/ml). Seventy-two hours after infection, CRC cells
were selected for 2 weeks using 2.5 pg/ml puromycin
(OriGene).
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The in vivo tumor formation and metastases were
imaged by bioluminescence. p-luciferin (Xenogen, Hop-
kinton, MA) at 100 mg/kg was injected intraperitoneally
into the mice. To anesthetize the mice, the mice were
inhaled 2.5% isoflurane in the special volatilization cham-
ber for 5-6 min. Then, bioluminescence was detected
using an IVIS 100 Imaging System (Xenogen). After
acquiring photographic images of each mouse, lumines-
cent photos were captured using various (1-60 s) expo-
sure times. The resulting grayscale photographic and
pseudocolored luminescent images were automatically
superimposed using the IVIS Living Image (Xenogen)
software. This superimposition was performed to facili-
tate the matching of the observed luciferase signal with
its location on the mouse. The survival of the mice was
recorded daily.

At the 9 weeks, the mice were sacrificed by injecting
excessive pentobarbital sodium for anesthesia (100 mg/
kg, Merck, Germany), and the livers and lungs were col-
lected and underwent histological examination.

Preparation of single cell suspensions

Mice were perfused with PBS and anesthetized, and
tumors were dissected using a clean razor. Then, the
tumor tissues were digested with DNase I (20 mg/
ml, Sigma-Aldrich) and collagenase IV (1.5 mg/ml,
Sigma-Aldrich) and placed on a thermomixer (Thermo
Scientific), 37 °C, 40 rpm, for 1 h to digest the tissue ade-
quately. At the end of 1 h, we filtered the dissociated cells
through 70 pm pore filters rinsed with fresh media. Cell
staining buffer was added to the separation tube to 15 ml,
then centrifuged at 350¢ for 5 min, and the supernatant
was discarded. The red cell lysis (Biolegend, #420301)
was added to pelleted disintegrated tissue and incubated
for 5 min to lysis the red blood cell. Cell staining buffer
(10 ml) was added to the tube to stop lysis. The superna-
tant was then discarded after centrifugation at 350g for
5 min, and repeat this step again.

Flow cytometric analysis

Cells were incubated with anti-mouse CD16/CD32 puri-
fied antibody (#101302, clone 93, Biolegend) for 10 min to
block nonspecific antibodies. Then, the cells were stained
with fluorophore-conjugated antibodies. Matched iso-
type antibodies were used as control. All antibodies were
purchased from Biolegend. Antibodies against CD45
(PE, #103105, 0.25 pg/10° cells), CD11b (FITC, #101205,
0.25 pg/10° cells), CD45 (PE/Cy7, #103113, 0.30 pg/10°
cells), Ly-6G/Ly-6C (Gr-1) (PE, #108407, 0.25 pg/10°
cells), CD3 (FITC, #100203, 1.0 ug/10° cells), CD8 (PE,
#100707, 0.20 ug/10° cells) were used. Data were ana-
lyzed by Flowjo_V10 software (TreeStar, Ashland, OR).
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Statistical analysis

Statistics were calculated with SPSS software (version
20.0). P values were statistically analyzed by the X test for
categorical variables and by Student’s test for quantita-
tive data. The recurrence and survival data were analyzed
by the Kaplan—Meier method. Cox proportional hazards
model was used for univariate and multivariate analyses.
Differences were considered statistically significant when
P<0.05.

Results

Elevated HOXA7 positively correlates with poor prognosis
in CRC patients harboring KRAS mutation

To characterize the function of HOXA7 in CRC, we
examined its mRNA expression in 20 normal colorectal
epithelial specimens and 100 paired CRC and adjacent
nontumor specimens. We found that CRC tissues exhib-
ited higher HOXA7 mRNA levels than paired nontumor
tissues and normal colorectal epithelial tissues (Fig. 1A,
left). To determine the relationship between HOXA7
expression and KRAS mutation status, we performed a
KRAS mutation test and discovered that 46% (46 of 100)
of CRC patients harbored KRAS mutations. Notably, the
HOXA7 mRNA level in patients with mutant KRAS was
significantly higher than that in patients with wild-type
KRAS (Fig. 1A, right). We next investigated the expres-
sion level of HOXA?7 in established human CRC cells.
HOXA?7 expression was higher in KRAS mutant CRC
cell lines (SW620, HCT116, and Lovo) than in KRAS
wild-type CRC cell lines (HT29, CaCo-2, and HCA-7)
(Fig. 1B).

To investigate the role of HOXA7 in human CRC
metastasis, immunohistochemistry was used to meas-
ure its expression in 20 paired primary and metastatic
CRC tissues. A higher level of HOXA7 expression was
observed in metastatic CRC tissues than in primary CRC
tissues and adjacent nontumor tissues (Fig. 1C). We then
aimed to profile HOXA?7 expression in 362 samples with
a CRC tissue microarray. IHC staining was significantly
stronger in KRAS mutant CRC samples than in KRAS
wild-type CRC samples (Fig. 1D, E). The overexpression
of HOXA7 showed a positive correlation with tumor
differentiation, lymph node metastasis, distant metas-
tasis, high tumor nodule metastasis (TNM) stage, and
KRAS mutation (Table 1). Elevated HOXA7 expression
was an independent predictor of poorer overall survival
according to a multivariate analysis (Table 2). When the
cohort was divided into KRAS mutant and KRAS wild-
type patients, HOXA7 was shown to be an independ-
ent prognostic marker in KRAS mutant CRC (P <0.001,
Additional file 1: Table S1) but not in KRAS wild-type
CRC (P=0.575, Additional file 1: Table S2). Patients
with positive HOXA7 expression had a shorter overall
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survival time than those with negative HOXA7 expres-
sion, according to the Kaplan—Meier curve. Furthermore,
stratification analysis revealed that HOXA7 expression
was correlated with poor prognosis in KRAS mutant
CRC patients but not in KRAS wild-type CRC patients
(Fig. 1F). These studies show that HOXA?7 overexpression
is a predictive factor in KRAS mutant CRC.

Elevated expression of HOXA7 promotes KRAS mutant CRC
metastasis in immunocompetent mice

To understand the function of HOXA7 in KRAS mutant
CRC cells, we evaluated the effect of HOXA7 on cell
invasion and migration in loss-of-function experiments
both in vitro and in vivo. Transwell assays showed that
knockdown of HOXA?7 expression failed to suppress the
invasion and migration abilities of SW620 cells (Addi-
tional file 1: Fig. S1A). Furthermore, knockdown of
HOXA7 expression had little effect on the rate of SW620
cell metastasis in a nude mouse cecal metastasis model
(Additional file 1: Fig. SIB-D). These results indicated
that HOXA7 is not required for the migration of CRC in
immune-deficient nude mice.

CRC most commonly develops due to persistent colon
inflammation and dysregulation of the immune system.
Thus, we postulated that HOXA7 might accelerate the
course of CRC metastasis by altering the immunologi-
cal microenvironment. We stably upregulated HOXA7
expression by lentivirus transduction of CT26 cells,
which express mutant KRAS. HOXA7 was overexpressed
in CT26-luciferase cells as showed by Western blotting
studies (Fig. 2A). Overexpression of HOXA7 enhanced
tumor growth as indicated by increased intensity of the
bioluminescent signal (Fig. 2B, C). Histological analy-
sis confirmed that upregulated HOXA7 expression can
increase the rates of liver and lung metastases and the
numbers of metastatic nodules (Fig. 2E-G). In addition,
HOXA7 reduced the overall survival of BALB/C mice
(Fig. 2D). These results suggested that overexpression of
HOXA7 can promote KRAS mutant CRC metastasis in
immunocompetent mice.

HOXA7 promotes KRAS mutant CRC metastasis

and increases the infiltration of MDSCs

To explore the underlying mechanisms by which HOXA7
signaling enhances KRAS mutant CRC metastasis, we
investigated the cellular immune response. The percent-
age of tumor-infiltrating immune and inflammatory cells
was assessed by flow cytometric analysis. In compari-
son to CT26-control cells, the transplantation of CT26-
HOXA?7 cells significantly increased MDSC (identified
as CD45%/CD11b*/Grl") infiltration and decreased
the accumulation of CD8" T cells (identified as CD45"/
CD3%/CD8™). On the other hand, the numbers of other
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Fig. 1 Elevated HOXA7 expression is positively correlated with poor prognosis in KRAS mutant CRC. A Relative HOXA7 mRNA expression in 20
normal colon tissues and 100 paired CRC and adjacent nontumorous tissues (left). Relative HOXA7 mRNA expression in CRC tissues expressing
wild-type KRAS or mutant KRAS (right). B Western blotting analysis of HOXA7 expression in KRAS mutant CRC cell lines (SW620, HCT116, and LOVO)
and KRAS wild-type CRC cell lines (HT29, Caco-2, HCA-7). C Representative IHC images of HOXA7 expression in paired adjacent nontumor tissues,
primary CRC tissues, and metastatic CRC tissues. D Representative IHC images of HOXA7 expression in KRAS wild-type CRC (left) and KRAS mutant
CRC (right). E The rate of high HOXA7 expression, low HOXA7 expression and negative HOXA7 expression in KRAS wild-type CRC and KRAS mutant
CRC. F Kaplan—-Meier analysis of the correlation of HOXA7 expression with overall survival in the human CRC cohort (left), KRAS wild-type CRC
(middle), and KRAS mutant CRC (right)
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Table 1 Correlation  between HOXA7  expression  and
clinicopathological characteristics in a cohort of human CRC
Clinicopathological variables ~ Tumor HOXA7 Pvalue
expression
Negative Positive
(n=203) (n=159)
Age
<50 26 28 0.203
>50 177 131
Gender
Female 88 73 0.626
Male 115 86
Tumor size (cm)
<5 90 64 0435
>5 113 95
Tumor differentiation
Well or moderate 158 91 <0.001
Poor 45 68
Tumor invasion
T1-T3 161 116 0.157
T4 69 103
Lymph node metastasis
Absent 177 17 0.001
Present 22 17
Distant metastasis
Absent 134 56 0.001
Present 69 103
TNM stage
[l 131 59 <0.001
=1V 72 100
KRAS status
wild 140 68 <0.001
Mutation 63 91

Page 6 of 13

immune cells, such as CD4" T cells, regulatory T (Treg)
cells, and tumor-associated macrophages (TAMs), did
not change significantly (Fig. 3A, B). In addition, IHC
staining showed that MDSC infiltration was markedly
elevated while CD8" T cell infiltration was decreased in
CT26-HOXA?7 tumors (Fig. 3C). We further evaluated
the expression of HOXA7, CD11b, and CD8 in the CRC
cohort. Consistent with the above results, IHC staining
revealed that HOXA?7 expression was positively associ-
ated with CD11b expression but negatively related to
CD8 expression in CRC patients with KRAS mutations
(Fig. 3D, E).

HOXA7 overexpression induces MDSC chemotaxis
through the HOXA7-CXCL1 axis in KRAS mutant CRC
To investigate the mechanism by which HOXA?7 recruits
MDSCs, we selected KRAS mutant SW620 CRC cell
lines with high HOXA7 expression and constructed
stable SW620-shHOXA7 cell lines by lentivirus trans-
duction. Using an Affymetrix PrimeView Human Gene
Expression Array, we examined changes in the transcrip-
tome of SW620-shHOXA7 and SW620-shcontrol cells.
The expression of numerous metastasis-related genes,
including CXCL1, OPN, and CXCR?2, was reduced when
HOXA?7 expression was downregulated (Additional file 1:
Table S3). CXCL1 recruits MDSCs by interacting with its
receptor, CXCR2 [22, 23]. Previous research has shown
that CXCL1 produced by tumor cells enhances MDSC
recruitment and infiltration to the tumor site, facilitating
CRC metastasis [15]. Owing to the pivotal role of CXCL1
in cancer progression, we focused on CXCLI1 for further
study.

Real-time assays showed that downregulation of
HOXA7 expression markedly reduced CXCL1 expression

Table 2 Univariate and multivariate analysis of factors associated with survival and recurrence in a cohort of human CRC (overall

population)

Clinical variables

Univariate COX regression analysis

Multivariate COX regression analysis

HR (95% ClI) P value HR (95% Cl) P value
Age (<50 vs >50) 1.065 (0.750-1.512) 0.726
Gender (female vs male) 1.142 (0.885-686) 0.349
Tumor size (5cmvs >5cm) 1.278 (0.985-1.658) 0.065
Tumor differentiation (well/moderate vs poor) 0.185 (0.141-0.242) <0.001 0.733 (0.522-1.030) 0.073
Tumor invasion (I-I1 vs [Il) 0.234 (0.262-0.455) <0.001 0.570 (0.420-0.774) <0.001
Lymph node metastasis (absent vs present) 0.122 (0.070-0.132) <0.001 0.560 (0.313-1.002) 0.051
Distant metastasis (absent vs present) 0.155(0.114-0.211) <0.001 0.508 (0.351-0.737) <0.001
TNM stage (/11 vs llI/1V) 0.096 (0.114-0.211) <0.001 0.232(0.131-0412) <0.001
HOXA7 expression (negative vs positive) 0.418(0.322-0.541) <0.001 0.724 (0.552-0.948) 0.019
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Fig. 2 HOXAY upregulation promotes KRAS mutant CRC metastasis in immunocompetent mice. A Western blotting analyses of HOXA7 expression,
and the number indicates relative gray values. B-G In vivo assays showing that HOXA7 overexpression can promote KRAS mutant CRC metastasis.
B Bioluminescent images showing the presence of metastases in mice 9 weeks after implantation with CT26-HOXA7 cells and CT26-control cells.

C Bioluminescent signals in each group. D Overall survival of the BALB/C mice in each group. E The incidence of lung and liver colonization. F The
number of lung and liver metastatic nodules. G HE staining was used to identify metastatic lung and liver nodules at 9 weeks. *P <0.05

in both SW620 and HCT116 cells (Fig. 4A). To study
the function of CXCL1 in CRC metastasis, we down-
regulated CXCL1 expression in CT26-HOXA7 cells by
lentivirus transduction. Endogenous CXCL1 expression
was downregulated in CT26-HOXA7-shCXCL1 cells,
as shown by RT-PCR (Fig. 4A). Then, we established a
cecal metastasis model using CT26-HOXA7-shcontrol
cells and CT26-HOXA7-shCXCL1 cells in BALB/C
mice. An in vivo study showed that CXCL1 knockdown
significantly reduced the lung and liver metastasis rates
and prolonged the overall survival of the CT26-HOXA7
group compared to the control group (Fig. 4B—E). More-
over, IHC staining and flow cytometric analysis showed
that knockdown of CXCL1 expression in CT26-HOXA7
cells significantly reduced the infiltration rate of MDSCs
while increasing the infiltration rate of CD8" T cells
compared with the control (Fig. 4F, G). Taken together,
these results indicated that HOXA7 promotes KRAS
mutant CRC metastasis and MDSC chemotaxis through
the HOXA7-CXCL1 axis.

Depletion of MDSCs can decrease HOXA7-mediated KRAS
mutant CRC metastasis

The enrichment of MDSCs in CT26-HOXA?7 cell ortho-
topic transplantation tumors prompted us to study the

specific role of MDSCs in HOXA7-mediated KRAS
mutant CRC metastasis. Then, we established a cecal
metastasis model using CT26-HOXA?7 cells in BALB/C
mice. We depleted MDSCs with a neutralizing mono-
clonal antibody (clone RB6-8C5), a well-characterized
anti-Grl antibody [24]. An in vivo metastasis assay
showed that HOXA7 upregulation enhanced lung and
liver metastasis and decreased the survival time of
BALB/C mice. Anti-Grl antibody treatment decreased
the incidence of lung and liver metastasis while extend-
ing the overall survival time of the CT26-HOXA7 group
(Fig. 5A—E). Together, these results strongly support the
view that MDSCs play a pivotal role in HOXA7-mediated
KRAS mutant CRC metastasis.

Combined application of the CXCR2 inhibitor SB265610
and anti-PD-L1 antibody treatment significantly blocks
HOXA7-mediated KRAS mutant CRC metastasis

Depletion of MDSCs was shown to have a synergistic
impact with anti-PD-L1 in CRC [25, 26]. SB265610, a
selective CXCR2 inhibitor, has been shown to decrease
the recruitment and infiltration of MDSCs and TAMs in
CRC [27]. We wondered whether SB265610 can improve
CRC responsiveness to anti-PD-L1 blockade in KRAS
mutant CRC. Thus, we established a cecal metastasis
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Correlation analysis of HOXA7 and CD11b and
CD8 expression in 154 KRAS mutation CRC

HOXA7
negative positive P Value
(n=63) (n=91)
negative (n=100) 52 (33.8%) 48 (31.2%)

CD11b 0.038
positive (n=54) 11 (7.1%) 43 (27.9%)
negative (n=107) 37 (24%) 70 (45.5%)

CD8 0.04

positive (n=47) 26 (16.9%)

21 (13.6%)

CD11b negative CD8 negative n=63 (40.9%) CD11b positive CD8 positive=10 (6.5%)

CD11b negative CD8 positive n=37 (24%)  CD11b positive CD8 negative=44 (28.6%)

KRAS wild-type KRAS mutation

CT26-control and CT26-HOXA7 tumors (n= 10 for each group) was analyzed by flow cytometry. C The expression of HOXA7 and infiltration of
MDSCs and CD8™ T cells in the two groups were analyzed by IHC. D The correlation between HOXA7 expression and CD11b or CD8 expression

in KRAS mutant CRC tissues. The upper P values represent the results of comparing the infiltration of CD11b™ cells in the HOXA7-negative group
and HOXA7-positive group. The lower P values represent the results of comparing the infiltration of CD8™ T cells in the HOXA7-negative group and

HOXA7-positive group. E IHC staining showing HOXA7, CD11b, and CD8 expression in KRAS mutant CRC and KRAS wild-type CRC tissues
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Fig. 4 Downregulation of CXCL1 expression can inhibit HOXA7-mediated KRAS mutant CRC metastasis. A HOXA7 and CXCL1 expression in
the indicated cells as determined by real-time PCR analysis (the Ct value for the indicated gene was shown in Table 3). B-E CXCL1 knockdown
can reduce HOXA7-mediated KRAS mutant CRC metastasis in CT26-HOXAY cells. B Bioluminescence images and bioluminescence signals in
the CT26-HOXA7-shcontrol and CT26-HOXA7-shCXCL1 groups at 9 weeks. C The number of lung and liver metastatic nodules in each group at
9 weeks. D Overall survival of the BALB/C mice in each group. E HE staining was used to identify metastatic lung and liver nodules at 9 weeks. F The
expression of HOXA7, CD11b and CD8 of primary tumor in CT26-HOXA7-shcontrol and CT26-HOXA7-shCXCL1 groups was analyzed by IHC. G The
infiltration of MDSCs and CD8* T cells in CT26-HOXA7-shcontrol and CT26-HOXA7-shCXCL1 groups was analyzed by flow cytometry. All the data
are presented as the mean +s.d. *P <0.05

model using CT26-HOXA7 cells in BALB/C mice. In vivo
metastatic assays revealed that SB265610 or anti-PD-L1
therapy alone could reduce the incidence of lung and
liver metastasis and metastatic nodule numbers, as well
as extend the overall survival time of CT26-HOXA7
mice. Compared to SB265610 or anti-PD-L1 alone, the

combination of SB265610 and anti-PD-L1 significantly
reduced lung and liver metastasis rates and metastatic
nodule numbers, as well as essentially extended survival
time of BALB/C mice (Fig. 6A-E).

To investigate the mechanism underlying the antitu-
mor response triggered by the combination of SB265610
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Table 3 The Ct value for the indicated gene

Cell type Gene Ctvalue
SW620-shcontrol B-actin 14
SW620-shcontrol HOXA7 18
SW620-shHOXA7 B-actin 15
SW620-shHOXA7 HOXA7 21
HCT116-shcontrol B-actin 15
HCT116-shcontrol HOXA7 16
HCT116-shHOXA7 B-actin 15
HCT116-shHOXA7 HOXA7 18
SW620-shcontrol B-actin 14
SW620-shcontrol CXCL1 20
SW620-shHOXA7 B-actin 15
SW620-shHOXA7 CXCLT 23
HCT116-shcontrol B-actin 15
HCT116-shcontrol CXCL1 16
HCT116-shHOXA7 B-actin 16
HCT116-shHOXA7 CXCLT 19

and anti-PD-L1 antibody, we detected the infiltration of
MDSCs and CD8*' T cells in CT26-HOXA7 orthotopic
CRC tumors. In the combined therapy group, IHC stain-
ing revealed substantially decreased MDSC infiltration
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and significantly increased CD8" T cell infiltration
(Fig. 6F). These results indicated that double blockade of
PD-L1 and SB265610 increased the antitumor response
and suppressed HOXA7-mediated KRAS mutant CRC
metastasis.

Discussion

Although accumulating evidence has shown that KRAS
mutations can promote CRC progression, there is still
a lack of effective therapy for these subpopulations of
patients. Many genes can promote CRC recurrence
and prognosis [28]. Therefore, a better investigation of
the molecular mechanism underlying KRAS mutant
CRC metastasis is still urgently needed [19]. In a previ-
ous study, High miR-196a levels promote the oncogenic
phenotype of CRC, and the miR-196a concentrations
(240 nmol/L) decreased mRNA levels of HOXA7. How-
ever, the function of HOXA7 in CRC was not further
investigated in this study [29]. We discovered that
HOXA?7 was overexpressed in CRC and that high lev-
els of HOXA?7 were correlated with a greater incidence
of metastasis, more aggressive tumor phenotype, and
shorter overall survival time. In addition, HOXA7 over-
expression was an independent poor prognostic factor in
patients with KRAS mutant CRC but not in those with
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Fig. 5 Depletion of MDSCs by anti-Gr1 can decrease HOXA7-induced KRAS mutant CRC metastasis. A-E In vivo administration of the anti-Gr1
neutralizing monoclonal antibody (clone RB6-8C5, 200 ug/mouse, i.p., every 3 days) or isotype control until the treatment endpoint in CT26-HOXA7
cells. Anti-Gr1 antibody treatment can significantly inhibit HOXA7-mediated KRAS mutant CRC metastasis. A Bioluminescence images and the
incidence of lung and liver metastasis in the vehicle and anti-Gr1 groups. B Bioluminescence signals in each group. C Overall survival of the BALB/C
mice in each group. D The numbers of lung and liver nodules. E HE staining was used to identify metastatic lung and liver nodules at 9 weeks.
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Fig. 6 Combined application of the CXCR2 inhibitor SB265610 and anti-PD-L1 antibody treatment significantly blocks HOXA7-promoted KRAS
mutant CRC metastasis. A-E One week after the injection of CT26-HOXA7 cells, the mice in the four groups were treated with vehicle, PD-L1
antibody or/and SB265610 (n = 10 mice/group) until the treatment endpoint. In vivo assays showing that combined treatment with an anti-PD-L1
antibody and the CXCR2 inhibitor SB265610 almost completely blocked KRAS mutant CRC metastasis. A Representative bioluminescent images and
bioluminescent signals in the indicated groups. B Overall survival in the indicated groups. C The numbers of lung and liver nodules in the indicated
groups. D The incidence of lung and liver nodules in the indicated groups. E Representative HE staining of lung and liver tissues. F IHC staining
showing the infiltration of MDSCs or CD8™ T cells of primary tumor in the indicated groups. All the data are presented as the mean £ s.d. *P <0.05
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KRAS wild-type CRC. Furthermore, HOXA7 promoted
KRAS mutant CRC metastasis in immunocompetent
mice. These results demonstrated the importance of
HOXA7 in promoting KRAS mutant CRC metastasis.

Immune invasion is one of the main features of tumors
[30] and is frequently associated with PD-1/PD-L1 ampli-
fication and the infiltration of immunosuppressive cells,
such as MDSCs [31, 32]. MDSCs are representative
immunosuppressive cells in various malignant diseases,
especially cancers [33]. MDSCs have emerged as the pri-
mary impediment to immunotherapy in human CRC,
according to increasing data in recent years [34]. More
importantly, MDSCs can inhibit CD8" T cell cytotoxicity.
In this study, we demonstrated that HOXA7 overexpres-
sion leads to immune suppression in KRAS mutant CRC
via the chemotaxis of MDSCs. An in vivo study showed
that pharmacological depletion of MDSCs with anti-
Grl antibody treatment can inhibit HOXA7-mediated
KRAS mutant CRC metastasis. These findings support
the view that depletion of MDSCs can suppress KRAS
mutant CRC metastasis. Two major subsets of MDSC
have been identified: monocytic (M-MDSC) and poly-
morphonuclear (PMN-MDSC), which share phenotypic
and morphologic features with monocyte and neutrophil,
respectively. In some circumstances, M-MDSCs have
been reported to possess higher immunosuppressive
activity than PMN-MDSCs within the tumor microenvi-
ronment. Regretfully, we didn’t further define the MDSCs
into M-MDSC and PMN-MDSC [25]. This issue will be
further studied in the following study.

AMG510, a KRASGI12C inhibitor, showed a long-
lasting antitumor response in immunocompetent mice.
Nevertheless, its antitumor effect was weak in immu-
nodeficient mice, indicating that T cells are required
for AMG510 to function. The combination of AMG510
with anti-PD-1 can enhance CD8" T cell infiltration and
produce a durable antitumor response [9]. These studies
have laid the foundation for the combination of KRAS
inhibitors and immunotherapy, but KRASG12C is a rare
type of CRC, accounting for only approximately 3% of all
KRAS mutations. Most patients with KRAS mutations
in CRC cannot benefit from this combination therapy.
Therefore, it has become urgent to investigate combina-
tion strategies to improve therapeutic effectiveness for
KRAS mutant CRC.

In particular, anti-PD-1/anti-PD-L1 antibody treatment
combined with anti-CTLA4 drugs, locoregional thera-
pies, or VEGF/VEGER inhibitors synergistically improves
antitumor immunity [34-36]. These studies suggested
that antitumor agents that stimulate tumor immunity in
combination with anti-PD-1/anti-PD-L1 antibody treat-
ment might show promising results in tumor treatment.
Our in vivo data indicated that combined treatment
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of SB265610 with anti-PD-L1 can significantly inhibit
HOXA7-mediated KRAS mutant CRC metastasis com-
pared with the control or a single agent alone. In addi-
tion, the combination therapy significantly reduced
MDSC recruitment while increasing CD8" T cell infil-
tration. These results provide a novel combination ther-
apy for inhibiting HOXA7-induced KRAS mutant CRC
metastasis.

In summary, we demonstrated that HOXA7 overex-
pression upregulated CXCL1 expression, facilitating the
recruitment and infiltration of MDSCs into the KRAS
mutant CRC tumor niche. Targeting CXCL1 in com-
bination with anti-PD-L1 antibody treatment largely
suppressed HOXA7-mediated KRAS mutant CRC
metastasis. Our work indicated that HOXA?7 is a poten-
tial prognostic biomarker for KRAS mutant CRC, and
targeting the oncogenic loop may provide a promising
therapeutic strategy for HOXA7-mediated KRAS mutant
CRC metastasis.
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