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Abstract

Homeobox A7 (HOXA7) plays essential roles in multiple malignancies and was re-
ported to be overexpressed in esophageal squamous cell carcinoma (ESCC). However,
its functions in the ESCC tumor microenvironment remain to be explored. In this
study, we showed that HOXA7 was overexpressed in ESCC among HOXA family
members and correlated with tumor-associated macrophage (TAM) infiltration both
in The Cancer Genome Atlas database and ESCC clinical samples. Moreover, transac-
tivation of C-C motif chemokine ligand 2 (CCL2) by HOXA7 was identified (real-time
quantitative PCR [RT-qPCR], western blot analysis, ELISA, and ChIP-qPCR), which
was detected to drive chemotaxis and M2 polarization of macrophages both in vitro
(Transwell assay) and in vivo (xenograft tumors models). In addition, CCL2 triggers
macrophage expression of epidermal growth factor (EGF) (RT-gPCR and ELISA), which
promotes tumor proliferation and metastasis by activating its receptor EGFR. In addi-
tion, EGF-induced ESCC cell proliferation and migration can be abrogated by HOXA7
knockdown (CCK-8 proliferation assay, EdU fluorescence, and Transwell assay). These
results indicate a novel mechanistic role of HOXA7 in the cross-talk between ESCC

and TAMs, which could be an underlying therapeutic target for ESCC.
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1 | INTRODUCTION

Esophageal cancer is the sixth leading cause of cancer-related death
worldwide,! and ESCC is the predominant histological subtype of
esophageal cancer, which accounts for 90% of all cases globally and
is highly prevalent in East Asia, East Africa, and South America.?
Despite the progress made in endoscopy, surgery, chemotherapy,
and radiotherapy, the mortality outcomes for ESCC remains high,
even across high-income countries, with 5-year mortality rates well
less than 20%.2 Thus, it is urgent to elucidate the molecular mecha-
nism that drives ESCC progression.

Generally, esophageal mucosa with chronic inflammatory irrita-
tion is prone to develop into ESCC,® and inflammatory irritation is
closely related to immune cell infiltration, such as macrophages, neu-
trophils, and lymphocytes. Among these different cell types, TAMs
have drawn great attention due to their strong correlation with poor
prognosis of ESCC.* It is well known that macrophages polarize into
antitumorigenic M1 or protumorigenic M2 phenotype under micro-
environmental stimulations, and TAMs are prone to develop into
M2 phenotype in TME.® Therefore, targeting TAMs in TME can be a
promising method to cope with ESCC.

Homeobox genes were first identified as HOX clusters in mam-
mals by Hart et al. in 1985.° Numerous studies have reported that
HOX genes act as transcription factors, and these transcription
products play key roles in the development of cancers.” HOXA fam-
ily genes were identified as transcription factors that are involved
in the development of various cancers, and have been reported to
play important roles in TME.®? Previous research has shown that
HOXA7 is a member of the HOXA transcription factor family and
was reported to play important roles in a number of malignancies

12 and

including liver cancer,’® colorectal cancer,!* breast cancer,
myeloid leukemia.’® In addition, HOXA7 was significantly overex-
pressed in ESCC." However, the role of HOXA7 in ESCC has not yet
been explored, and how HOXA7 impacts on TME remains function-
ally uncharacterized.

In this study, we identified that HOXA7 is overexpressed in
ESCC tumor tissues, and HOXA7 overexpression in ESCC cells
stimulated TAM infiltration and polarization by transcriptionally
promoting CCL2 secretion. Meanwhile, HOXA7 accelerated ESCC
tumorigenesis by upregulating EGFR. We found there existed a posi-
tive feedback loop between ESCC cells and TAMs, and targeting this
reciprocal cross-talk could be a promising strategy for conquering
ESCC.
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2 | MATERIALS AND METHODS

2.1 | Data collection

The Cancer Genome Atlas is a large-scale cancer genomics program,
and it has molecularly characterized 33 primary cancer types includ-
ing ESCC. The expression of the HOXA family in ESCC and HOXA7

in pan-cancer was investigated from the TCGA database.

2.2 | Functional enrichment analysis

Differentially expressed genes of HOXA family members in ESCC
were screened out (p<0.05), and a coexpression network was de-
veloped to investigate the genes that correlate with HOXA family
members in ESCC. Gene Ontology and KEGG signaling pathway
enrichment analyses was carried out and plotted according to the
DAVID website (https://david.ncifcrf.gov).'®

2.3 | Immune infiltration analysis

Tumor Immune Estimation Resource (TIMER; cistrome.shinyapps.io/

timer)'® and Quantiseq®” analysis was applied to investigate molecu-
lar characterization of immune infiltration signatures according to

HOXAY7 expression.

2.4 | Celllines and incubation

The human esophageal epithelial cell line Het-1A and human mono-
cyte cell line THP-1 were purchased from ATCC. THP-1 cells were
differentiated into MO macrophages with PMA (100nM; Sigma-
Aldrich) for 24 h. The human ESCC cell lines KYSE150, TE-1, KYSE30,
ECA109, and KYSE410 were purchased from the Institute of
Biochemistry and Cell Biology of the Chinese Academy of Sciences.
All human cell lines were identified by short tandem repeat analysis,
and the results of mycoplasma testing were negative. All human cell
lines were cultured with 3mL RPMI-1640 medium containing 10%
FBS (Gibco) with 100 U/mL penicillin and streptomycin (Gibco), and
incubated at 37°C and 5% CO, in a humidified incubator of 5% CO,.
The harvested media were centrifuged for 3min at 1200g, and the

supernatant (CM) was collected and deposited at -80°C until use.

FIGURE 1 Overexpressed homeobox A7 (HOXA7) was associated with tumor-associated macrophage infiltration in esophageal
squamous cell carcinoma (ESCC). (A) Expression of HOXA family genes in The Cancer Genome Atlas (TCGA)-ESCC database. (B) Biology
process (BP) enrichment of overexpressed HOXA genes. (C) Cellular component (CC) enrichment of overexpressed HOXA genes. (D)
Molecular functions (MF) enrichment of overexpressed HOXA genes. (E) Kyoto Encyclopedia of Genes and Genomes pathway enrichment
analysis of overexpressed HOXA genes. (F) Correlation of HOXA7 expression with macrophage infiltration based on TIMER scoring system.
(G, H) HOXA7 expression and correlation with M1 and M2 macrophage infiltration based on Quantiseq scoring algorithm. *p <0.05,

**p<0.01, ***p<0.001. EGFR, epidermal growth factor receptor.
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FIGURE 2 Homeobox A7 (HOXA7) expression correlates with poor prognosis. (A) Pan-cancer expression profiles of HOXA7 through

The Cancer Genome Atlas (TCGA) database. (B) HOXA7 expression in TCGA-esophageal carcinoma (ESCA) based on histology type. (C)
Representative immunohistochemical staining for HOXA7 in esophageal squamous cell carcinoma (ESCC) and adjacent nontumor tissues.
(D) Quantification of (C). (E) Overall survival analysis plotted using Kaplan-Meier Plotter for patients with ESCC. (F) Analysis of correlation
between the progression of ESCC and the expression of HOXA7. (G) HOXA7 expression level in ESCC tissues and adjacent nontumor tissues
was detected by western blot. (H) HOXA7 expression level in ESCC tissues (T) and adjacent nontumor tissues (N) detected by real-time
quantitative PCR. (I, J) HOXA7 gene and protein expression levels in ESCC cell lines and a normal esophageal epithelium cell line. *p<0.05,
**p<0.01, ***p<0.001. ESCA, esophageal carcinoma; NS, not significant.
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FIGURE 3 Homeobox A7 (HOXA7) expression is correlated with macrophage infiltration in esophageal squamous cell carcinoma (ESCC)
tissues and xenograft tumors. (A) Representative HOXA7, CD163, and CD206 immunohistochemistry (IHC) images in HOXA7 high and
low groups in ESCC. (B) IHC staining scores of CD163 and CD206 in the HOXA7-high group (n=41) compared to the HOXA7-low group
(n=59). (C) Image of subcutaneous tumors formed by ECA109/short hairpin RNA-negative control (shNC) and ECA109/shHOXA7 cells. (D)
Growth curve of tumors described in (C). (E) Representative images of immunofluorescent staining with HOXA7 (green) and CD206 (red) in
the shNC and shHOXA7 subcutaneous tumor tissues. (F, G)F4/80 and Ki-67 immunohistochemical staining of tumors described in (C). (H)
Quantification of F4/80 staining in (E). () Quantification of Ki-67 staining in (F). *p<0.05, **p<0.01, ***p<0.001.

Medium without cells was cultivated under the same experimental

conditions was prepared as a control.

2.5 | Clinical specimens

This study was approved by the institutional review board of
Shanghai East Hospital, Tongji University. The human clinical sample
was obtained from the Endoscopy Center of Shanghai East Hospital.
All samples were obtained with the patients' informed consent, and
the samples were processed with IHC staining for RNA extraction

and western blotting.

2.6 | Animal studies
This in vivo study was approved by the animal care and use commit-
tee of Tongji University. BALB/c nude mice were purchased from
Changzhou Cavens Laboratory Animal Co., Ltd and housed under
standard pathogen-free conditions.

For in vivo tumor growth assay, 10 female BALB/c nude mice
(6 weeks old) were used for animal studies. The animals were randomly
divided into two groups (control and treated groups, five mice per
group). A total number of 3x 10° shHOXA7/shNC tumor cells were in-
jected into the right flank of nude mice. After 4 weeks, mice were killed
under anesthesia, and the samples were processed histologically.

Forinvivotargetedinhibitionexperiments,20 micewererandomly
divided into five treatment groups (four per group): Control group
(Ctrl), HOXA7 overexpression group (HOXA7-OE), Combination
treatment group of HOXA7 overexpression and bindarit (CCL2
inhibitor) group (HOXA7+bindarit), and Combination treatment
group of HOXA7 overexpression and cetuximab (EGFR inhibitor)
group (HOXA7 + cetuximab), and HOXA7-OE + bindarit + cetuximab
(HOXA7 +B+C). A total number of 3x106 Ctrl/HOXA7-OE tumor
cells were injected into the right flank of nude mice. When the aver-
age tumor size of the control group reached approximately 50 mm®,
the SPF (Specific Pathogen Free) grade 4-week-old female BALB/cA-
nu mice were injected intraperitoneally with PBS (control), bindarit

(100mg/kg) or cetuximab (50mg/kg) three times per week. Three
weeks later, the mice were killed under anesthesia, and the tumor
weight and volume were measured and calculated.

2.7 | Immunohistochemistry and IF
All paraffin-embedded material was sectioned at 4um. After de-
waxing and hydration, the sections were incubated overnight with
Abs against human HOXA7 (67112-1-1g; Proteintech), human CD68
(sc-17,832; Santa Cruz), human CD163 (16646-1-AP; Proteintech),
human CD206 (ab252921; Abcam), mouse F4/80 (ab6640; Abcam),
mouse Ki-67 (ab1667; Abcam), and mouse CD206 (ab300621;
Abcam). Primary Ab was detected with HRP-conjugated secondary
Abs incubated for 8 min. Sections were washed in distilled water,
counterstained with hematoxylin, dehydrated, and mounted. The
whole tissue section was scored with staining intensity and percent-
age and the scoring scale was graded as follows: O, no staining; 1,
light brown staining; 2, brown staining; and 3, dark brown staining.
The percentage of positive cells was divided into four levels: 1, <5%;
2, 5%-30%; 3, 31%-60%; and 4, 61%-100%. The IHC staining score
was calculated as follows: intensity score x percentage score.

For IF, 5% BSA was used as the blocking buffer before incubation
with primary Abs. We used DAPI (Invitrogen) to counterstain the tis-

sues before mounting with fluorescent mounting medium (Dako).

2.8 | Virus construction and infection

The shRNA sequences targeting HOXA7 (shHOXA7#1 and shH-
OXA7#2) and lentivirus for HOXA7 overexpression was designed
and constructed by Hanbio Technology Co. Ltd. Lentivirus was
added to the culture medium of ESCC cells using polybrene (Hanbio
Technology Co. Ltd) and puromycin (Hanbio Technology Co. Ltd)
for screening out stable clones following the manufacturer's rec-
ommendations. The shHOXA7 sequences were as follows: CGGGC
TTATACAATGTCAACA (shHOXA7#1) and CTTAAGAGACTCAC
TGGTTT (shHOXA7#2).

FIGURE 4 Homeobox A7 (HOXA7) regulates the expression of chemokine (C-C motif) ligand 2 (CCL2). (A) Expression patterns of CCLs

in esophageal carcinoma (ESCA) based on The Cancer Genome Atlas. (B) Real-time quantitative PCR (RT-gPCR) and western blot analysis of
HOXA7 expression in esophageal squamous cell carcinoma cells after shRNA knockdown. (C) Expression patterns of screened CCLs after
HOXA7 knockdown. (D) CCL2 expression detected by RT-gPCR after HOXA7 knockdown. (E) CCL2 secretion quantification detected by
ELISA after HOXA7 knockdown. (F) HOXA7 and CCL2 expression in protein levels were measured by western blot after HOXA7 knockdown.
(G) Schematic of the CCL2 promoter indicating the JASPAR-predicted binding site of HOXA7 (regions 1, 2, and 3). (H) ChIP-qPCR of the CCL2
promoter at the indicated regions in KYSE30 cells. *p<0.05, **p<0.01, ***p<0.001. shNC, short hairpin RNA-negative control.
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(A) Expression pattern of chemokine (C-C motif) ligands in esophageal carcinoma (ESCA)
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FIGURE 5 Homeobox A7 (HOXA7) induces tumor-associated macrophage infiltration and M2 polarization by promoting chemokine
(C-C motif) ligand 2 (CCL2) secretion. (A) Transwell assay of PMA-induced MO macrophages stimulated by conditioned medium (CM)

from ECA109 and KYSE3O0 cells transfected with short hairpin RNA-negative control(shNC)/shHOXA7 or shHOXA7 together with CCL2
recombinant (20ng/mL). (B) Transwell assay of MO macrophages stimulated by different concentrations of CCL2 recombinant. (C-D)

Flow cytometric analysis for CD68 and CD206 expression in macrophages stimulated by CM from shNC, shHOXA7 tumor cells, or CCL2
recombinant. (E-F) Relative expression of M2 macrophage markers CD206 and CD163 in MO macrophages stimulated by tumor cells
transfected with shNC and shHOXA7 or with rhCCL2 detected using real-time quantitative PCR. *p <0.05, **p <0.01, ***p<0.001. ns, not

significant.

2.9 | RNA extraction and RT-qPCR

Total RNAs were extracted from cells by using TRIzol (Sigma-Aldrich)
solution, according to the instructions of the manufacturer, quanti-
fied by using Nanodrop 2000 (Thermofisher), and stored at -80°C.
RNA (1000ng) was reverse transcribed into cDNA using a reverse
transcription system (Takara). Real-time gPCR was carried out to
quantify the transcripts using SYBR Green PCR Master Mix (Takara).
The relative abundance of RNA was normalized to GAPDH. We used
2-(AACt) to calculate the relative abundance of mRNA. The rele-

vant primers are summarized in Table S1.

2.10 | Western blot analysis

Cells were lysed in cold RIPA buffer containing protease inhibi-
tors. Equal amounts of total protein were separated by SDS-PAGE
(Shanghai Epizyme Biomedical Technology Co., Ltd), transferred to
PVDF membranes (Millipore), and blocked in 5% milk. The primary Abs
against HOXA7 (67112-1-1g; Proteintech), CCL2 (ab214819; Abcam),
and EGFR (ab52894; Abcam) were diluted according to the instruc-
tions. Membranes were incubated overnight with primary Abs at 4°C,
followed by secondary Abs for 1h at room temperature. Blots were
developed using Millipore Immobilon Western Chemiluminescent
HRP Substrate. p-Actin and GAPDH were used as loading controls.

2.11 | Enzyme-linked immunosorbent assay

Esophageal squamous cell carcinoma cells were seeded in 6-well
plates at a density of 1x10° cells per well and incubated for 48h.
The supernatant was collected to detect the secretion of CCL2 and
EGF. The CCL2 ELISA kit (RKO0381) and EGF ELISA kit (RKO0O024HS)
were purchased from Abclonal; ELISA was carried out as per the

manufacturer's instructions.

2.12 | Flow cytometry

Cells were collected, washed, and incubated for 30min at 4°C with
florescence-conjugated Abs against CD68 (PE-65187; Proteintech)
and CD206 (FITC-65155; Proteintech). To facilitate intracellu-
lar staining, cells were fixed and permeabilized with a fixation/
permeabilization solution kit (BD Cytofix/Cytoperm) and 1%

paraformaldehyde. The results were analyzed using the CytExpert
2.4 software program.

2.13 | Invitro proliferation assay

Cells were seeded in 96-well plates at 1000 cells/well. Cell prolifera-
tion was detected using a CCK-8 cell proliferation assay kit at 450 nm
following the manufacturer's instructions.

2.14 | Chromatin immunoprecipitation gPCR

For ChIP assays, a ChlP kit (Active Motif) protocol was carried out.
Esophageal squamous cell carcinoma cells were used for each im-
munoprecipitation. The protein and DNA were cross-linked with 1%
formaldehyde, cleaved with SDS buffer, and cut by ultrasound. One
HOXA7 Ab (sc-81,290; Santa Cruz) was used for immunoprecipita-
tion. Next, ChIP RT-qPCR was carried out to validate the pulled sam-
ples. The ChIP-qPCR primer sequences are listed in Table S2.

2.15 | Invitro migration assay

Cells (5% 10% were suspended in serum-free medium and added to
the upper chamber of the 24-well insert (Corning). Complete me-
dium or conditioned medium (500uL) was added into the lower
chamber as the chemical attractant. After incubation for 24h at
37°C in an incubator, unmigrated cells on the top membrane were
removed with cotton swabs. Cells that migrated were fixed in 4%
paraformaldehyde for 20min and stained with 1% crystal violet for
10min. Cells were counted in five different fields using an inverted
light microscope.

2.16 | Statistical analysis

All experiments were repeated at least three times, and the re-
sults are expressed as means+SD. Student's t-test or the one-way
ANOVA was used to analyze the data, and the Xz—test was used to
analyze differences in other variables, as appropriate. All statisti-
cal analyses were undertaken using GraphPad Prism software. A p
value <0.05 was considered statistically significant for all datasets
(*p<0.05, **p<0.01, ***p<0.001).



FENG ET AL.
3 | RESULTS
3.1 | Overexpressed HOXAZ7 significantly

associated with TAM infiltration in ESCC

Bioinformatic analysis of HOXA family gene expression by histology
type was carried out using TCGA® in ESCA, which includes ESCC
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and esophageal adenocarcinoma. As shown in Figure 1A, HOXA7
was the most significantly upregulated gene among the 11 HOXA
family genes compared with normal esophagus tissue (p=1.1E-16).
To determine the functions of dysregulated HOXA genes, a co-
expression network of mRNA with dysregulated (p<0.05) HOXA
family genes was constructed, and functional annotation assay

was performed on the coexpressed genes (Figure 1B-E). Biological

(A) 4 (B) (€) EGF secretion
{ -l — R
-9  Ctrl c 2.5 - — ek —
o< B CCL2 20 ng/mL S c p E
o O P =) T
= © 34 O ®© Q Hokk ok
Q 1 - ~ 60
X o c T
Yo 39 L
= St wo g
Z 9 27 R £ 401
£ w N g
= o®
[ o] _ 2 £ S 204
> E 1 ‘("' f= o
== — 0O w
© O ® C &
© c & w o . T
0- e & &
S N N &
LY N A0 N
& o & & & & & o
(ORI & (¢ &L
2 ‘\x(;
ol
&
&
= Ctrl —— Ctrl = Ctrl = Ctrl
(D) —— M-CM —— M-CM (E) —e— EGF 20 ng/mL —e— EGF 20 ng/mL
1.59 —a— shHOXA7+M-CM 2.04 -~ shHOXA7+M-CM 2.04 -~ shHOXA7+EGF 20 ng/mL 2.0 —=—  shHOXAT7+EGF 20 ng/mL
a ‘o A 8, 1.5 a 1.5 a 1.5- 1
z" 2z oz N |
3 5 1.0 ” g 1.0 2 F 1.0
i o ] i}
2 0.5 2 . -
3 T 0.5 S 0.5 T 0.5
o o o o
0.0 T r . 0.0 T T T 0.0 r T T 0.0 T T T
D1 D3 D5 D1 D3 D5 D1 D3 D5 D1 D3 D5
ECA109 KYSE30 ECA109 KYSE30
® e (©)
‘« 1.51
g —_ Kk x «%\ «%q’ &\%\ '\%(]r
[ S
58 v & S LSS
< & 1.0 ¢ & S ¢ &S
ze
EE HOXA7 - G . @— Gl —~ -
L5 0.54 -
5 E =
08 EGFR - e L B B ]
5 o0 A
-Actin oy @
2 R S N R S B o D = -
BN O
© Q~°.‘y ¢°*y S & ‘\0-&3’ ECA109 KYSE30
& & & &
KYSE30 ECA109
5= m gG
) EGFR O - I-SIJOXA7
= 4
Region 3 -683~-676 Region 2 -434~-427  Region 1 -243~-236 % .
- - 2 .—E g %
TCTCG cTCcCT E
> > s 3 21
TCGGT[ GCCATTAT |CCGAC o
T <> -y &1
TGGTT CATTA 0-
- - Region 1 Region 2 Region 3

KYSE30



FENG ET AL.

S RRWATS 2 Cancer SCience

FIGURE 6 Homeobox A7 (HOXA7) modulates expression of epidermal growth factor receptor (EGFR). (A) Relative expression of M2
macrophage markers in MO macrophages and MO macrophages stimulated by chemokine (C-C motif) ligand 2 (CCL2) recombinant (20ng/
mL) detected using real-time quantitative PCR (qPCR). (B) Relative epidermal growth factor (EGF) expression in macrophages stimulated

by shNC, shHOXA7, and rhCCL2. (C) Relative EGF concentration in macrophage medium stimulated by KYSE30 cells with addition of short
hairpin RNA-negative control (shNC), shHOXA7, or rhCCL2. (D, E) CCK-8 proliferation assay of shNC or shHOXA7 cell lines stimulated by
CCL2-treated conditioned medium of MO macrophages (M-CM) or EGF recombinant (20ng/mL). (F) Relative EGFR mRNA expression in
esophageal squamous cell carcinoma cell lines after HOXA7 knockdown. (G) Western blot analysis indicating EGFR protein expression after
HOXA7 knockdown. (H) Schematic of the EGFR promoter indicating the JASPAR-predicted binding site of HOXA7 (regions 1, 2, and 3). (l)
ChlIP-gPCR of the EGFR promoter at the indicated regions in KYSE3O0 cells. *p <0.05, **p<0.01, ***p<0.001. ARG1, arginase 1; Ctrl, control;
IL-10, interleukin-10; OD, optical density; TGF-p, transforming growth factor-p.

process analysis revealed significant enrichment in inflammatory
response, and KEGG pathway enrichment analysis showed Ras sig-
naling pathway, ErbB signaling pathway, and EGFR tyrosine kinase
inhibitor resistance were remarkably correlated. These results in-
dicated that dysregulated HOXA family genes are possibly playing
crucial roles in the cross-talk of ESCC with TME.

To further elucidate the specific roles of HOXA genes in ESCC,
the most significantly dysregulated HOXA7 was chosen to undertake
the immune infiltration analysis. According to TIMER scoring system,
HOXAY7 expression was significantly associated with macrophage in-
filtration in ESCC (Figure 1F). Moreover, based on the Quantiseq scor-
ing algorithm, we observed that HOXA7 was negatively correlated
with tumor-suppressive M1 macrophages (Figure 1G) and was posi-
tively related to carcinogenic M2 macrophage infiltration (Figure 1H).

3.2 | Overexpression of HOXA7 in ESCC correlates
with poor prognosis

Previous studies have reported that HOXA7 was overexpressed
in numerous human malignancies, including glioma,19 leukemia,*®
ovarian cancer,?® and hepatocellular cancer.!® According to gene
expression profiles through TCGA, we found that HOXA7 was over-
expressed in breast carcinoma, head and neck squamous cell carci-
noma, and thymoma (Figure 2A). HOXA7 expression profiles based
on histology type was screened out and the expression of HOXA7
was significantly overexpressed in ESCA, and even higher in ESCC
(Figure 2B).

To further determine the overexpression of HOXA7 in ESCC, a
TMA consisting of 100 paired ESCC tissue samples was analyzed by
IHC. Notably, HOXA7 was clearly upregulated in ESCC tissues and
IHC results showed that the average expression score of HOXA7
was significantly higher in ESCC tissues than in adjacent nontumor
tissues (Figure 2C,D). Based on HOXA7 expression, patients were
divided into HOXA7-high (n=41) and HOXA7-low groups (n=59;
cut-off value =6), and incomplete clinical and pathological data were
excluded from the analysis. The relationship between clinicopatho-
logic features and HOXA7 expression is shown in Table S3. Kaplan-
Meier survival analysis showed that HOXA7-high patients had poorer
clinical outcomes than HOXA7-low patients (log-rank p=0.0059;
Figure 2E). The correlation analysis between the progression (stage
1-1V) of ESCC and the expression of HOXA7 was carried out, and
results showed that HOXA7 expression elevated in consistent with

ESCC tumor stages (Figure 2F). Then HOXA7 expression was ex-
amined and we consistently detected significantly higher expression
levels of HOXA7 ESCC tissue samples than in paired normal ones
(Figure 2G,H). In addition, the expression of HOXA7 in ESCC cell
lines and normal esophagus epithelial cell line Het-1A was evaluated
using RT-gPCR and western blotting. The results showed elevated
expression of HOXA7 in ESCC cell lines (Figure 21,J).

3.3 | HOXA7 overexpression correlated with
macrophage infiltration in ESCC tissues and
xenograft tumors

To analyze the correlation between HOXA7 and TAMs, IHC stain-
ing of HOXA7 and pan-macrophage markers CD163 and CD206 was
carried out. Our results indicated that more CD163* and CD206"
M2 macrophages infiltrated the tumor stroma in tumor tissues
where HOXA7 was highly expressed, which indicated that HOXA7
might be capable of regulating the infiltration of M2 macrophages
(Figure 3A,B).

To further investigate whether HOXA7 and macrophage infiltra-
tion is positively correlated in vivo, a nude mouse xenograft tumor
model was established to investigate the effect of HOXA7 knock-
down. The results showed that the tumors generated by shHOXA7
cells exhibited smaller volume and size (Figure 3C,D). Moreover, the
tumor tissues were collected and analyzed with IHC and IF. In the
shHOXA7 group, M2-TAM marker CD206 (Figure 3E) and murine
oriented pan-macrophage marker F4/80 (Figure 3F,H) were remark-
ably decreased. Immunohistochemical staining of Ki-67 showed re-
duced numbers of proliferating cells in shHOXA7 tumors compared
to shNC tumors (Figure 3G,l).

3.4 | HOXA7 regulates expression of CCL2

The C-C motifs are macrophage chemotactic factors that are cru-
cial messengers mediating the cross-talk between tumor cells and
TAMs, and play pivotal roles in the recruitment, polarization, and ex-
ertion of TAMs.?! In order to explore whether HOXA7 can regulate
macrophage chemotactic factors, expression levels of 24 chemokine
CCLs in ESCA were analyzed according to the TCGA database
(Figure 4A). Based the expression patterns of 24 CCLs in TCGA, nine
CCL genes that turned out to be highly expressed in ESCA (CCL2, 3,
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FIGURE 7 Homeobox A7 (HOXA7) modulates epidermal growth factor receptor (EGFR) to facilitate the chemokine (C-C motif)

ligand 2 (CCL2)/epidermal growth factor (EGF)/EGFR axis. (A) Representative EAU immunofluorescence staining images of short hairpin
RNA-negative control (shNC) or shHOXA7 tumor cells stimulated by CCL2 treated conditioned medium of MO macrophages (M-CM) or
recombinant EGF (20ng/mL). (B) Quantification of (A). (C) Transwell migration assay on shNC or shHOXA7 tumor cells in response to CCL2
treated M-CM or recombinant EGF (20ng/mL). (D) Quantification of (C). (E) Western blotting indicating the protein levels of AKT, p-AKT,
ERK1/2, p-ERK1/2, JNK, and p-JNK expressions in shNC or shHOXA7 tumor cells in response to CCL2 treated M-CM. (F) Protein levels of
AKT, p-AKT, ERK1/2, p-ERK1/2, JNK, and p-JNK expressions in response to CCL2 treated M-CM or EGF in shNC or shHOXA7 cells were
measured by western blot. (G) Image of subcutaneous tumors formed by ECA109/control (Ctrl) and ECA109/HOXA7-overexpression (OE)
cells together with treatment with bindarit (B; CCL2 inhibitor) and cetuximab (C; EGFR inhibitor). (H) Statistical analysis of tumor volume

(mm®) and weight (g). *p <0.05, **p <0.01, ***p <0.001.

4,5,18, 19,20, 21, and 28) were taken into consideration. The knock-
down efficiency of shHOXA7#1 and shHOXA7#2 was confirmed by
RT-gPCR (Figure 4B). Our results showed that depletion of HOXA7
consistently resulted in reduction in CCL2 mRNA levels in ESCC cell
lines, which was the most significant among the nine selected CCLs
(Figure 4C,D). This phenomenon was further confirmed by ELISA
and western blot (Figure 4E,F). To determine whether the direct
regulation of CCL2 by HOXA7Y is a possible regulation pathway, we
assessed the binding of HOXA7 to the CCL2 promoter, which was
predicted to contain three putative binding sites at region 1 (-239
to-232), region 2 (-1240 to-1233), and region 3 (-1487 to-1480) in
the JASPAR database (Figure 4G). Analysis with ChIP-qPCR showed
that HOXAY7 binds directly to region 2 (Figure 4H). Collectively, our
data reveal that HOXA7 functions as a key transcriptional regulator
of CCL2.

3.5 | HOXA7 induces TAM infiltration and M2
polarization by promoting CCL2 secretion

We established a coculture system with ESCC tumor cells and MO
macrophages. To verify the hypothesis that HOXA7 is responsible
for TAM infiltration, Transwell migration assays of tumor-stimulated
MO macrophages were carried out. The results showed that the
number of migrated macrophages remarkably decreased after 48h
of incubation of shHOXA7 tumor CM compared with the control
group, whereas migration of macrophages could be recovered after
pretreatment of recombinant rhCCL2 protein (Figure 5A). We sub-
sequently used recombinant rhCCL2 protein to determine its func-
tion in inducing MO macrophage migration and found that CCL2
could promote macrophage infiltration in a dose-dependent way
(Figure 5B).

Similarly, MO macrophages were incubated with CM collected
from different ESCC cell lines, and the expression of TAM polar-
ization markers was analyzed by flow cytometry. Results showed
that the percentage of M2 macrophages (CD206"/CDé68%) was de-
creased when MO macrophages were cultured with shHOXA7 tumor
CM. Moreover, the ability to induce M2 polarization was restored
when MO macrophages were treated with shHOXA7-CM together
with addition of rhCCL2 (Figure 5C).

C-C motif chemokine ligand 2 has previously been reported to

be capable of inducing macrophage recruitment and polarization,22

and we showed that HOXA7 directly regulates the expression of
CCL2. Additionally, HOXA7 exerts the function to induce MO mac-
rophage polarization toward M2 type. Hence, we hypothesized that
HOXA7 induces macrophage recruitment and M2-like polarization
by promoting CCL2 secretion. Furthermore, MO macrophages were
treated with recombinant CCL2 in different concentrations. The re-
sults of flow cytometry confirmed that CCL2 induced M2-like mac-
rophage polarization in a dose-dependent manner (Figure 5D).

In addition, M2 macrophage markers CD206 and CD163 (an-
other M2 macrophage-specific marker) were analyzed by RT-qPCR.
The results showed that shHOXA7 tumor cells induced evidently
lower expression levels of CD163 and CD206 (Figure 5E). In con-
trast, elevated levels of CD206 and CD163 were observed when
macrophages were treated with rhCCL2 (Figure 5E,F).

3.6 | Macrophage secretion of EGF induced by
CCL2 promotes ESCC tumor growth

M2 macrophages secrete tumor-promoting factors including Argil,
TGF-B, vascular endothelial growth factor, and EGF, which are stimu-
lative in ESCC progression.?® Real-time qPCR was undertaken in MO,
Ctrl, and shHOXA7 tumor cells and CCL2-induced MO macrophages
to detect the expression of molecules that were secreted by mac-
rophages. The results of RT-qgPCR and ELISA showed that the ex-
pression and secretion of EGF was most significantly upregulated by
CCL2 (Figure 6A), suggesting that EGF is a key macrophage-secreted
factor that regulates tumor cell proliferation. This result coordinates
with previous study which demonstrated that CCL2 not only drives
the chemotaxis of macrophages but also stimulates macrophage
expression of EGF.?* RT-gPCR and ELISA showed shHOXA7 condi-
tioned medium from tumor cells significantly reduced EGF secretion
but can be restored after addition of CCL2 (Figure 6B,C).

To explore the tumor-promoting effects of TAMs, M-CM stim-
ulated by CCL2 was collected to stimulate ESCC tumor cells. The
CCK-8 cell proliferation assay was carried out on macrophage stim-
ulated cells and nontreated ones. The results showed that M-CM
significantly contributed to tumor cell proliferation. Nevertheless,
we discovered that the growth-enhancing function of M-CM could
be evidently abrogated by shHOXA7 (Figure 6D), and similarly,
shHOXA7 attenuated the growth-stimulative functions of EGF on
ESCC cells (Figure 6E).
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3.7 | HOXA7 modulates EGFR to facilitate the
CCL2/EGF/EGFR axis through MAPK/ERK1/2 and
PI3BK/AKT pathways

Previous studies have shown that HOXA7 increases cell proliferation
by upregulating EGFR expression in human granulosa cells.?® Given
the research above, we suppose that HOXA7Y is a key transcription
factor to facilitate TAM and tumor cell interaction through regulating
the CCL2/EGF/EGFR axis. To verify the function of sShHOXA7 in ab-
rogating macrophage stimulation by modulating EGFR, the expression
level of EGFR in ESCC cells in shHOXA7 and shNC cells was detected
at both mRNA and protein levels. Knockdown of HOXA7 in ESCC cells
significantly reduced EGFR expression (Figure 6F,G). The ChIP-gPCR
analysis was undertaken to identify the direct combination of HOXA7
on the EGFR promoting region and three putative binding sites at re-
gion 1 (-243 to -236), region 2 (-434 to -427), and region 3 (-683
to -676) were predicted by the JASPAR database (Figure 6H). The
ChIP-gPCR analysis showed that HOXA7 binds directly to regions 2
and 3 (Figure 6l). This result validated that EGFR was upregulated by
HOXA?7 to facilitate the CCL2/EGF/EGFR axis in order to promote
tumor-macrophage interaction and tumor growth in ESCC.

To further confirm that M-CM and EGF stimulate ESCC cell acti-
vation, EdU proliferation staining and Transwell migration assay were
carried out. Compared with controls, shHOXA7 notably attenuated
ESCC cell proliferation stimulated by M-CM and EGF (Figure 7A,B),
suggesting that HOXA?7 is a key regulator of TAM-ESCC cross-talk
in the CCL2/EGF/EGFR axis. Moreover, after treating with CM
from CCL2-stimulated macrophages and EGF, the migration rate of
KYSE30 and ECA109 cells was remarkably elevated compared with
the control group, while the migration rate of HOXA7 knockdown
cells was significantly attenuated (Figure 7C,D).

Previous studies reported that EGF derived from M2 macro-
phages facilitates cancer cell proliferation through EGFR- (specific
receptor of EGF) mediated MAPK/ERK and PI3K/Akt activation.?%%’
Western blot analysis showed that M-CM and EGF stimulated the
phosphorylation of Akt and ERK1/2, while shHOXA7 abrogated the
impact and significantly reduced phosphorylation levels of ERK1/2
and Akt (Figure 7E). However, the JNK signaling pathway did not
exert significant changes in phosphorylation after M-CM stimulation
or HOXA7 knockdown (Figure 7F), indicating that MAPK/ERK and
PI3K/Akt are dominating pathways taking part in growth-enhancing
functions stimulated by M-CM and EGF, and HOXA7 is the key regu-
lator of the CCL2/EGF/EGFR axis in TAM-ESCC cross-talk.

To further investigate the cross-talk of ESCC cells and TAMs
in vivo, HOXA7 was overexpressed and HOXA7 and EGFR mRNA
expression in transplanted tumors was analyzed by RT-qPCR
(Figure S1A). The biological functions of HOXA7-OE tumor cells
were also assessed (Figure S1B-D). Bindarit (CCL2 inhibitor) and
cetuximab (EGFR inhibitor) was applied for in vivo targeted inhi-
bition. As shown in Figure 7G,H, tumor weight and volume were
significantly increased in the HOXA7-OE group but could be re-
duced through treatment with bindarit or cetuximab. Combined
treatment with bindarit and cetuximab showed a significantly

synergistic effect on tumor weight and volume. Moreover, M2
macrophage infiltration was analyzed by CD206 immunofluores-

cence (Figure S1E).

4 | DISCUSSION

The family of homeodomain-containing transcription factors
are known to be key regulators of embryonic development.28
Moreover, the HOXA family has been reported to be associ-
ated with TME and the cross-talk with tumor cells.”?° However,
the functions of HOXA genes in ESCC remains largely unknown.
Here we report that HOXA7 was the most significant dysregulated
HOXA gene in ESCC and was correlated with TAM infiltration. In
further experiments, we verified that HOXA7 is frequently upreg-
ulated in ESCC tissues compared with adjacent nontumor coun-
terparts and provided the first evidence that HOXA7 expression is
negatively correlated with prognosis of ESCC patients, as HOXA7
expression is significantly higher in the advanced ESCC than in
the early stages. These results suggest that HOXA7 could possibly
participate in ESCC carcinogenesis.

The results of IHC staining also verified our bioinformatic anal-
ysis as the M2-macrophage markers CD163 and CD206 were posi-
tively correlated with HOXA7Y in expression levels. Tumor-associated
macrophages are myeloid-derived immune suppressive cells, and
contribute to tumor development and metastasis in various ways.%°
Tumor-associated macrophages exert immunosuppressive effects
on tumor-infiltrating lymphocytes and secrete anti-inflammatory
cytokines and chemokines including Arg1,%! interleukin-10,%? and
TGF-p,3® which strongly contribute to tumor proliferation and mi-
gration. HOXA?7 has been reported to be responsible for upregulat-
ing chemokines to draw myeloid-derived immune suppressive cells
into the TME.%?? Consistently, our results found that HOXA7Y recruits
TAMs through upregulation of CCL2, which has been reported to
shape macrophage polarization under the influence of macrophage
colony-stimulating factor®* and promotes TAM recruitment through
its receptor CCR2.% Our results showed that knockdown of HOXA7
significantly attenuated CCL2 secretion instead of other CCLs, thus
inhibiting TAM infiltration and polarization. These findings under-
score the importance of the HOXA7-CCL2 axis in interactions be-
tween ESCC cells and TAMs.

It has been reported that CCL2 derived from keratinocytes trig-
gers infiltrated macrophage expression of EGF, which in turn ac-
tivates basal epidermal keratinocyte proliferation.?* Additionally,
CCL2/EGF formed a positive feedback loop between head and
neck squamous cell carcinoma and macrophages‘36 Nevertheless,
it is still unclear whether ESCC cell-derived CCL2 can stimulate
TAM secretion of EGF. In this study, we first showed CCL2 played
facilitative roles in triggering TAM production of EGF, and in turn
accelerated ESCC progression. However, surprisingly, we dis-
covered that knockdown of HOXA7 also attenuated tumor cell
proliferation activated by EGF. A previous study confirmed that
HOXA7 upregulates EGFR in human granulosa cells,?® suggesting
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that EGFR is a downstream effector of HOXA7. In agreement with
the aforementioned findings, we identified that HOXA7 directly
transcriptionally controls EGFR in ESCC cells, thereby shaping a
HOXA7/CCL2/EGF/EGFR feedback loop. Intracellular signaling
plays predominant roles in regulating tumor malignant features.’’
In ESCC, EGF-induced activation of PI3K/AKT and ERK1/2 path-
ways was well elucidated.®®% Our results are consistent with
the findings of previous studies, demonstrating that these inter-
cellular signaling pathways were under the regulation of HOXA7
both in vitro and in vivo. Taken together, our data indicate that
the HOXA7/CCL2/EGF/EGFR feedback loop mediates reciprocal
interactions between ESCC cells and TAMs (Figure 8), providing a
promising therapeutic target for ESCC patients.

Our research found that HOXA7 transcriptionally activates
CCL2, which was described as a member of the CCL family, and was
reported to induce TAM infiltration and polarization.??2 Meanwhile,
CCL2 was also reported to exert essential functions on tumor-
activated neutrophils*® and regulatory T cells.** Thus, future inves-
tigations would be interesting to identify whether HOXA7/CCL2/
EGF/EGFR causes other cancer features in ESCC, such as chemo-
resistance, autophagy, and immune escape, which are of great re-
search value. As EGFR inhibitors have not been certified for the
treatment of ESCC based on the results of several clinical trials, we

hope our study could provide evidence for further clinical research.
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