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Abstract

Background: HOXD9, a Hox family member, is involved in cancer growth and
metastasis. But, its regulation mechanism at the molecular level particularly in colo-
rectal cancer (CRC), is mostly unknown.

Methods: The HOXD?9 protein expression levels were analyzed using immunofluo-
rescence, immunohistochemistry (IHC) assays, and western blot. The in vivo and in
vitro roles of HOXDO9 in CRC were determined using colony formation and EdU in-
corporation, CCK-8, wound scratch and transwell invasion assay, and animal models.
Results: Expression of HOXD9 was higher in CRC than in matched healthy tissues.
High expression of HOXD9 has significantly associated with the American Joint
Committee on Cancer (AJCC) stages, tumor differentiation, lymph node metastasis,
and other serious invasions, and it had a poor prognosis. In vitro, HOXD9 encour-
aged proliferation, movement and EMT processes in cells of CRC. Also, TGF-f1
promoted the expression of HOXDY and this effect was dependent on the dose and
downregulation of HOXD? repressed TGF-f1 -induced EMT. In vivo, HOXD?9 pro-
moted the invasive and metastasis of CRC cells via orthotopic implantation.
Conclusions: The ectopic expression of HOXD9 promoted the invasion metastasis

in cells of the colorectal tumor by induction of EMT in vitro and vivo.

Abbreviations: AJCC, American Joint Committee on Cancer; CRC, colorectal cancer; EMT, epithelial-mesenchymal transition; HOX, homeobox; IHC,

immunohistochemical staining; RT-PCR, reverse transcriptase polymerase chain reaction; TMA, tissue microarray.
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1 | INTRODUCTION 2 | MATERIALS AND METHODS
Colorectal cancer (CRC) has been a public health concern for 2.1 |  Cell culture and reagents

years, and it accounts for approximately 9% of all cancer in-
cidence rates, this represents more than 1.4 million new cases
yearly.! The disease is the third most commonly occurring
malignant tumor in the world. It is the fourth most frequent
cause of mortality with an oncological origin. Although sev-
eral treatment options are available, such as a blend of surgery,
chemotherapy, and radiation therapy, close to 50% of the cases
progress to recurrent and distant disease. Thus, it is very cru-
cial to investigate the molecular mechanisms at play in CRC
development, which may probably lead to new and practical
antitumor approaches for patients with metastatic CRC.

The HOX genes are classified under the superfamily of
homeobox genes, which encode for transcription factors with
crucial roles in development.z’3 The HOX genes comprise a
conserved 183 bp sequence and encode nuclear proteins known
as homeoproteins. The HOX proteins regulate various cellular
processes by controlling the expression of several downstream
target genes.“’5 Hence, it is common for a single homeoprotein
to cause pleiotropic effects on cell behavior, such as alterations
in survival, invasion, proliferation, and migration.

The HOX genes belong to a family of 39 transcription fac-
tors. These factors are further separated into groups, which
include HOXA, HOXB, HOXC, and HOXD.®® The groups
are found occurring in tandem on separate chromosomes.
The HOXD9Y gene is an example of HOXD genes that are
located close to the 3’ end of a chromosome. It plays a role in
the development and progression of cancer. 1011 Studies have
suggested that HOXD?9 is highly expressed in most squa-
mous cell carcinomas of the human esophagus. It assists in
cell survival and proliferation. It has been recently shown
that HOXD9 encourages epithelial-mesenchymal transition
(EMT) and the spread of cancer by regulation of ZEB1.'°
In contrast, knockdown of ZEB1 hinders the induction of
HOXD9 invasion and EMT in carcinoma cells of the liver.''
Moreover, HOXD9 has been implicated as a tumor-inducing
factor in gastric cancer.'? But, the function of HOXD9 genes
in the development and growth of CRC is yet to be revealed.

The current study suggested that increased expression of
HOXD? is associated with proliferation, invasion, and spread
of the tumor and indicates poor prognosis in patients suf-
fering from CRC. Moreover, ectopic expression of HOXD9
improved EMT and was induced by TGF-. Taken together,
our results reported for the first time that high expression of
HOXD9 could enhance the formation of aggressive charac-
teristics of colorectal tumor cells.

A non-tumourigenic immortalized adult human colon epithelial
cell line, FHC, was obtained from the ATCC. The colon cancer
cell lines SW620, LoVo, SW1116, SW480, HT-29, DLD1, and
LS174T cells were grown in RPMI 1640 containing 10% fetal
bovine serum (GIBCO), 1% glutamine (Life Technologies),
penicillin G (100 w/mL) and streptomycin (100 pg/mL) (Sigma-
Aldrich). All the cell cultures were maintained as a monolayer
culture at 37°C in a humidified atmosphere containing 5% CO,.

Recombinant human TGF-1 (240-B) and monoclonal
anti-TGF-B1 antibody was purchased from R&D Systems.
Rabbit antibodies against HOXD9 (SAB4200029-200UL),
E-cadherin (20874-1-AP), AKT (9272S) and ErK1/2 (#4695S),
or mouse antibodies against CDK4 (#2906S) and CDK6
(#3136S) were purchased from Cell Signaling. Mouse anti-
body against vimentin (60330-1-1g) was purchased from pro-
teintech. Mice antibodies against Cyclin B1 (sc-245), Cyclin
D1 (sc-8396), MMP-9 (sc-21733) were purchased from Santa
Cruz Biotechnology. Mouse antibody against pB-tubulin was
purchased from Ray Antibody Biotech. Alexa Fluor ®488—
Conjugated Goat anti- Rabbit IgG (conjugated to red fluores-
cent dyes, ZF-0511)and Alexa Fluor ®488—Conjugated Goat
anti-Mouse IgG (conjugated to green fluorescent dyes, ZF-
0512) were purchased from ZSGB-BIO, China.

2.2 | Tissue microarray (TMA) and
immunohistochemical (IHC) analysis

Tissue microarray (TMA) CRC tissues of human and
matched colonic noncancerous tissues were procured from
Superchip (NO. HColA180Sul0, Shanghai, China). In the
current study, all tissues (100 in number) were adenocarcino-
mas derived from 100 patients with CRC who underwent sur-
gery between April 2008 and December 2008. All cases were
surgically removed and confirmed by pathological examina-
tion. The HOXD9 expression was spotted using IHC in TMA
slides. Tumor staging was defined by following the standards
for histological classification as outlined by the International
Union against Cancer (UICC). In the IHC assay, paraffin-
embedded, formalin-fixed, sections of the tissues (5 pm)
were cleaned off paraffin using xylene and dried using gradi-
ent concentrations of molecular grade ethanol. The endoge-
nous activity of peroxidase was stopped (0.35% H,0, in PBS
buffer), and antigens were recovered by warming utilizing a
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microwave (350 W). Blocking of nonspecific binding was
achieved by 1% bovine serum albumin dissolved in PBS
buffer. The Sections were incubated together with primary
antibodies then incubated with peroxidase-conjugated anti-
rabbit secondary antibody (Dako) (1:100). To visualize ex-
pression levels of HOXD9, 1 mg/mL 3, 3'-diaminobenzidine
counterstained using hematoxylin was used. Independent
scoring of tissue slides was conducted by two investiga-
tors. The cancer cell staining intensity was scored as zero
(negative), one (light yellow, weak expression), two (yellow,
moderate expression), and three (yellowish-brown, strong
expression). A score of >2 and at least 50% of protein-pos-
itive cells were regarded as high expression/overexpression
and a score of <2 with <50% of protein-positive cells was
considered low expression. This study was authorized by the
human ethics committees of the applicable institutions.

2.3 | DNA constructs

The RT-PCR method was used to obtain complementary
DNA (cDNA) of a healthy human, which corresponded to
the complete-length of HOXD9 gene. The products obtained
after PCR were subcloned into the pPENTER-FLAG mamma-
lian expression vector (ViGene Biosciences). A previously
described method which involves using the same selection
process and plasmid was used to obtain populations of pEN-
TER and pENTER HOXD?9 stable transfectants.'?

2.4 | Cell cycle analysis

The HOXD9 shRNA/scramble shRNA infected cells were
gathered and rinsed two times using ice-cold phosphate-buft-
ered saline (PBS), and then fixed using ice-cold ethanol (70%).
The cells were left to stand overnight in the fixative. They were
subsequently dried using PBS at 4°C for 30 minutes, and sam-
ples were then stained in the dark for 30 minutes using 400 pg/
mL propidium iodide (Sigma-Aldrich) comprising of 125 W/
mL protease-free RNase, a flow cytometer (FACS Calibur,
Becton Dickinson) was used to analyze the samples. Analysis
of the cell cycle was conducted with FlowJo software.

2.5 | RT-PCR analysis
Colorectal mucosa tissues, including cell lines, were used
for total RNA extraction using Trizol reagent kit (Invitrogen,
USA). Total RNA (1 pg) reverse transcription of RNA to
cDNA was achieved by using the PrimeScript™ II kit (Gibco
BRL) as outlined in the manufacturer's guidelines.

Applied Biosystems Sequence Detection System 7900
(ABI Prism 7900HT, Applied Biosystems Company, USA)

was used to perform qPCR. The reaction included a 10 pL
mix composed of Power SYBR GREEN PCR Master Mix
(Applied Biosystems, Foster City, CA, USA), 300 ng of cDNA
template, and 500 nmol of both forward and reverse primer.
The following PCR conditions were used: Initial denaturation
for 5 minutes at 94°C; and 30 rounds of denaturation at 94°C
for 30 seconds, annealing at 55°C for 30 seconds, and elon-
gation at 72°C for 1 minute. In each qRT PCR performed,
each cDNA sample was prepared in duplicate, and the mean
relative fold mRINA expression levels were evaluated with the
2‘AACttechnique using GAPDH as the internal control.

The following are the primer sequences for RT-PCR:
E-cadherin forward 5-TGCCCAGAAAATGAAAAAGG-3'
and reverse 5'-GTGTATGTGGCAATGCGTTC-3' (200 bp);
GAPDH forward 5'-GTCAACGGATTTGGTCGTATTG-3'
and reverse 5'-CTCCTGGAAGATGGTGATGGG-3' (204 bp).

2.6 | Western blot analysis

To conduct western blot analysis, cancer tissue which was
previously frozen (30 mg), treated cells, or adjacent healthy
tissues were lysed using RIPA lysis buffer comprising of 1%
protease inhibitor cocktail (Cwbiotech). The same quanti-
ties of protein (approximately 30 pg) were resolved by gel
electrophoresis (SDS-PAGE) and relocated onto a polyvi-
nylidene fluoride (PVDF) membrane. The PVDF membrane
was then incubated with primary antibodies after blocking
using skimmed milk (5%). The membrane was washed thrice
with Tris-buffered saline comprising of tween 20, and the
membrane was subsequently incubated at room temperature
with horseradish peroxidase-conjugated secondary antibody
for one hour. Visualization of the protein bands was achieved
using an ECL detection kit (Millipore, Billerica, MA).

2.7 | Colony-forming and cell
proliferation assays

To evaluate cell proliferation, cancerous cells were seeded
at 5 x 10° cells per well in plates having 96-wells and then
incubated for three days at 37°C. Subsequently, an aliquot
(10 pL) of Cell Counting Kit-8 (CCK-8) reagent (Dojindo,
Japan) was pipetted to the cells. After three hours of incu-
bation, the spectrophotometer (Bio-Rad, USA) was used to
measure the absorbance at 450 nm. To conduct the colony-
forming assay, plating of four transfectant cell lines was
performed at 100 cells/wells in plates having 6-wells. The
plates were subsequently incubated for 14 days in RPMI-
1640. After the incubation, the plates were stained with
crystal violet. Colonies were counted from the images of
the stained plates after they were captured. Every treatment
was conducted thrice.



LIU ET AL

2.8 | EdU incorporation assay

Six-well dishes were used to seed the cells of CRC at a den-
sity of 1 x 10° cells/mL. The cells were allowed to stick for
12 hours, after which they were incubated for four hours with
5-ethynyl-2’-deoxyuridine (EdU) before detection. The Cell-
Light EdU Cell Proliferation Detection kit (RiboBio) was
used to evaluate the rate of cell proliferation according to the
guidelines of the manufacturer.

2.9 | Invasion and wound scratch assays

The wound scratch assay and trans well chamber assay was
used to test the cell migration and invasion abilities. Assay
for wound healing was conducted to detect the cell move-
ment. Six-well plates were used to culture the transfectant
cells until confluent. An aseptic tip was used to injure the
cell layer. The cells were treated with 10 pg/mL of mito-
mycin C during the culture period to inhibit cell prolifera-
tion, and this was done after 48 to 72 hours of incubation.
Photomicrographs were taken using a phase-contrast micro-
scope. Each experiment was performed thrice.

Trans well chamber culture system (Becton Dickinson)
was used to detect the migratory ability of the CRC cells.
The cells were moved into the upper chamber of the wells
having growth medium devoid of serum (1 X 10° cells/well
of 24-well 8 mm transwell) after 48 hours of incubation at
37°. A chemoattractant comprising of growth medium with
FBS (10%) was incorporated into the lower chamber. After
24 hours of incubation at 37°, cotton swabs were used to
move the cells (nonmigratory cells), which were in the upper
surface of the upper chamber. The cells on the lower surface
were fixed using a fixative, followed by staining using the
Giemsa stain. A light microscope (Leica, Germany) was used
to count the number of cells invaded.

210 | Immunofluorescence

Coverslips were seeded with cells followed by 24-36 hours
of culture. The PBS was used to rinse cells before they were
fixed using PFA (4%) at room temperature for 15 minutes.
Subsequently, 1% Triton X-100/1% bovine serum albumin in
PBS was used to induce permeabilization of the cells. Cells
were incubated with the primary antibodies (anti-E-cadherin
and anti-vimentin) for 4 hours, then incubated with Texas Red
(TR, excitation wavelengths: 589 nm)-conjugated or fluores-
cein isothiocyanate (FITC, excitation wavelengths: 488 nm)-
conjugated secondary antibodies and left to stand for 1 hour at
room temperature. The immunofluorescence complexes were
visualized with an Olympus (FV1000 Spectral) microscope.
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To determine the F-actin cytoskeleton, CRC cells were
cultured on glass coverslips for 24 hours. Cells were subse-
quently permeabilized and fixed as earlier described; this was
followed by staining using FITC-conjugated phalloidin at 1:50
in PBS. Nuclei were stained using 1 pg/mL Hoechst 22 358,
and cells were observed with a fluorescence microscope.

2.11 | Construction of lentivirus

Genechem (Shanghai, China) was used to construct lentivirus
expressing HOXD9 (LV-HOXD9)/EGFP by employing Ubi-
MCS-3FLAG-CBh-gcGFP-IRES-puromycin vector. The Ubi-
MCS-3FLAG-CBh-gcGFP-IRES-puromycin empty vectors
(ShanghaiGenechemCo.Ltd,China)servedascontrols.Double-
stranded oligonucleotides encoding human HOXD9-vshRNA:
(NM_014213: CCGGCAGCAACTTGACCCAAACATCAA
GAGTGTTTGGGTCAAGTTGCTGTTTTTG). Selected pools
of overexpressing and knockdown cells were used to conduct
succeeding experiments.

2.12 | In vivo metastatic model and
bioluminescent imaging

Mice (Female nude) [BALB/c nu/nu],
4-6 weeks old, were individually kept in ventilated enclo-
sures under aseptic conditions as recommended by the in-
stitutional guidelines for animal care. All mice experiments
in the current study were authorized by the Committee
on the Use of Live Animals in Teaching and Research,
Southern Medical University (Guangdong, China). A sus-
pension consisting of single cells of 5 X 10° LoVo/EGFP/
vector or LoVo/EGFP/HOXD9 -transduced cells in 100 pL
of PBS was inoculated into the cecal wall as described in
literature.'* The growth of the cancer cell was checked
after 45 days using bioluminescent imaging (BLI) with the
IVIS100 Imaging System (Kodak, Rochester, NY, USA).
Mice were sacrificed, and analysis of the metastatic tissues
was conducted by qRT-PCR and hematoxylin and eosin
staining, IHC.

which were

2.13 | Statistical analysis

SPSS software (version 20.0 PSS) was used for data analy-
sis and presentation. And numerical data were presented as
mean + SD. Logistic regression was conducted. Kaplan-
Meier and log-rank tests were used to analyze survival
rates. Quantitative data were analyzed with Student's ¢
test (two-tailed) and P < .05 was considered statistically
significant.
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3 | RESULTS

3.1 | Upregulation of HOXD9 protein in
CRC tissues

We previously reported that HOXD9 is highly expressed
in GC,"” we determined whether HOXD9 has any effect
on GC proliferation, invasion, and metastasis. Firstly, we
analyzed HOXD9 levels in fresh CRC samples. The result
showed that, relative to paired adjacent noncancerous tissues,
HOXD9 was markedly increased in the eleven tumor speci-
men (Figure 1A). Secondly, HOXD?9 levels were examined
in CRC cell lines. Figure 1B shows that HOXD9 protein was

remarkably highly expressed in the CRC cell compared to the
healthy human colon cell line (FHC).

Thirdly, we have performed to examine the protein level
of HOXD?9 inpatient using high throughput tissue microar-
ray immunohistochemistry (TMA-IHC). The results revealed
that HOXD9 was markedly upregulated in CRC tissues but
was only marginally detectable in healthy colon tissues, as
exemplified in Figure 1C. Moreover, Cancer tissues showed
higher HOXD9 expression relative to adjacent healthy colon
mucosa samples by semiquantitative scoring (Figure 1D).

According to the median expression level, HOXD9 was
grouped into low and high expression groups, and these
groups were used to determine the relationship between

A Case 1 Case 2 Case 3 Case4 Case5 Case 6 Case 7 Case 8 Case9 Case 10 Case 11
N T N T N T N T N T N T N T N T N T N T N T
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2.2 08
R
2 g 04
0
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FIGURE 1

HOXD?9 expression in colorectal cancer (CRC) is higher compared to healthy cells. A, Western blot results of HOXD9 protein

levels in 11 CRC tissues. Comparative levels of protein expression were measured by evaluating the greyscale of each band with Quantity One
Software. B, Whole lysates of SW620, FHC, SW1116, SW480, DLDI1,LoVo, LS174T, and HT29 cells were gathered, and HOXD9 was detected
by western blot using b-tubulin as the internal control. C, HOXD9 expression in CRC and healthy tissues was evaluated using a TMA. D,

Semiquantitative scoring of proteins (HOXD9) in the cancerous colon and healthy tissues. ****P < .001 between cancer and healthy tissues. Scale

bars in C represent 25 pm
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HOXD9 and the clinical characteristics and prognosis.
Statistical analyses revealed that HOXDY levels were not
related to the age (< 60 years vs. >60, P = .115), gender
(P = .788) or tumor size (<5 cm vs. 25 cm, P = .592) but
were highly related to lymph node metastasis (P = .034), dif-
ferentiation (P = .000), AJCC stage (I/II vs. II/IV, P = .032),
and extra serious invasion (P = .020) (Table 1). Furthermore,
HOXD?9 expression was higher in patients with stage T3-T4
stage than those with stage T1-T2 (Figure 2A).

Furthermore, the log-rank test and Kaplan-Meier survival
analyses confirmed that high expression of HOXD9 was
strongly related to shortened overall patient survival based on
the TMA data (Figure 2B and C).

Together, our dataset indicated that increased HOXD9
levels are positively related to poor outcome, metastasis, and
progression in patients with CRC.

3.2 | HOXD?9 enhances CRC cell
proliferation

To investigate the mechanism by which HOXD6 contrib-
utes to colorectal cancer progression, we constructed stable
transfectants using HOXD9-sense plasmids or knockdown of

TABLE 1
HOXD? protein expression and the

Correlation between

clinicopathological parameters of colorectal Characteristics

cancer (CRC) Age (years)

<60

>60
Gender

Male

Female
Differentiation

Well

Moderate

Poor
AJCC stage

vl

v

Lymph node metastasis

No
Yes
Tumor size
<5cm
>5cm
Extra serous invasion
No
Yes
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HOXD9 with shRNA in LoVo and SW1116 cells and was
confirmed by western blot analysis (Figure 3A). To explore
the function of HOXD9 on cell growth, CCK-8, colony for-
mation, and EdU incorporation assays were performed to
evaluate the influence on proliferation. The CCK-8, showed
that HOXD9 overexpression accelerated spread compared
to the control group. In contrast, down-regulated HOXD9
showed the opposite result (Figure 3B). Figure 3C shows that
HOXD?9 promoted colony formation ability but that HOXD9
knockdown inhibited CRC cell growth.

Moreover, the EAU incorporation assay revealed distinct
differences in the proliferation of CRC cell lines (Figure 3D).
Also, cell cycle profiles were evaluated by FACS analysis.
The knock-down of HOXDO9 increased the number of cells
entering GO-G1 phase, accompanied with a reduction in the
quantity of cells at S phase relative to cells transfected with
an empty vector (Figure 3E).

We subsequently assessed the expression of proteins as-
sociated with cell proliferation. This revealed that the protein
expression of CDK4, CDK6, and Cyclin D was suppressed by
knockdown of HOXD9. However, the quantities of Cyclin B1
were not altered following HOXD9 knock-down (Figure 3F).
These results suggested that HOXD?9 is involved in mediating
the transition of cells through the G1-phase.

HOXD?9 expression (%)

Case Low expression High expression P values
24 7 (29.2%) 17 (70.8%) .007
76 10 (13.2%) 66 (86.8%)
59 11 (18.6%) 48 (81.4%) 798
41 6 (14.6%) 35 (85.4%)
17 6 (35.3%) 11 (64.7%) .386
74 10 (13.5%) 64 (86.5%)

9 1(11.1%) 8 (88.9%)
51 13 (25.5%) 38 (74.5%) .000
49 4 (8.2%) 45 (91.8%)
52 13 (25%) 39 (75%) .023
48 4 (8.3%) 44 (91.7%)
36 5(13.9%) 31 (86.1%) .163
64 12 (18.8%) 52 (81.2%)
71 16 (22.5%) 55 (77.5%) .024
29 1 (3.4%) 28 (96.6%)
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FIGURE 2 HOXD9 was higher in advanced stages and associated with poor prognosis. A, In cancerous tissues, the level of HOXD9 in
advanced (stages 3-4) colorectal cancer (CRC) was higher compared to that in early (stages I-1I) CRC; ****P < .001. B, The HOXD?9 protein
expression analysis of CRC by IHC. Immunoreactivity in staining of HOXD9 was confined in cells as follows: (a) No expression; (b) mild

expression; (c) average expression; and (d) high expression in CRC. C, Kaplan-Meier survival analysis of overall survival in all patients according to
the expression of HOXD?9. P values were calculated by the log-rank test. Hazard ratio = 3.39, 95% CI = 1.77-6.493. Scale bars in B represent 25 pm

Overall, these findings show that HOXD9 has pivotal
roles in promoting proliferation in CRC cells in vitro.

3.3 | HOXD9 promotes CRC cell
migration and invasion through
enhancing EMT

Enhances cell invasion and migration ability are up-regulated
in tumors with high metastatic activity. Thus, the impact of
forced upregulation of HOXD9 on the migration and inva-
sion of CRC tumors was examined. Results revealed that
HOXDO upregulation in CRC increased the migration ability
by wound scratch assay. The migration index of the ectopic
expression of HOXD?9 cells was increased by 45% and 38% at
24 and 48 in LoVo cells, by 48% and 27% in SW1116 cells, re-
spectively (Figure 4A). Moreover, overexpression of HOXD9
in CRC cells enhanced the number of invaded cells by tran-
swell invasion assay. After HOXD9 over-expression, the in-
vasiveness of CRC cells was decreased by 61.5% and 70.6%
as compared with the vector cells (Figure 4B). Furthermore,
we measured the level of HOXD9 metastatic cells of lymph
nodes with IHC. The HOXD9 protein was highly expressed
in metastatic lymph nodes tissues of CRC from 21/23 pa-
tients, as exemplified in two patients (Figure 4C).

In human cancer, the activation of EMT process relates to
worse prognosis and advanced disease.'® Therefore, the effect

of ectopic HOXD9 in the EMT process of CRC cells was in-
vestigated. Results showed that forced expression of HOXD9
acquired a spindle-shaped fibroblast-like appearance and
generally lost intercellular connectivity, a key feature of EMT
(Figure 4D). Because previous studies have suggested that
remodeling of actin regulates EMT in metastasizing tumor
cells,' the F-actin cytoskeleton was visualized by phalloidin
staining. Figure 4E, transfection of CRC cells with HOXD9
led to a fibroblastic spindle-like morphology, and HOXD9
was showed uniform distribution at the rim zone of the pro-
trusion and in cytosol compared to cells transfected with
empty vector. Ectopic overexpression of HOXD9 in LoVo
and SW1116 cells also resulted in higher vimentin levels but
lower E-cadherin levels based on immunofluorescent assay
(Figure 4F). The changes in the EMT process were evidenced
by the transition epithelial biomarkers (E-cadherin) to mes-
enchymal biomarkers (MMP9 and vimentin) by Western blot
analysis (Figure 4G).

Together, the results described reveal that overexpression
of HOXD?9 induces EMT and facilitates CRC cell invasion.

3.4 | HOXD9 mediates TGF-p-triggered
EMT and invasion in CRC cells

Several lines of evidence suggest that TGF-p1 contributes
to tumor progression by promoting EMT.""? Therefore, we
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FIGURE 3 The expression of HOXD9 controls the cell cycle and proliferation of colorectal cancer (CRC) cells in humans. A, Vector,
HOXD9, HOXD9 shRNA or scrambled (Scr) shRNA CRC cells were analyzed using Western blot, and b-tubulin was used as the internal control.
B, Cells seeded in triplicate in plates (96-well) were gathered 24, 48- and 72-h post-seeding and analyzed using the CCK-8 assay. (n = 3);

*P > .05; #*P < .05; ***P < .01 and ****P < .001. C, Cells were plated in dishes (used for tissue culture) with full culture medium. Two weeks
after plating, the cell colonies stained using 0.005% crystal violet and visualized. *P < .05; ***P < .01. D, DNA synthesis by the cells of CRC

was determined by using an EdU incorporation assay following the indicated transfections at 48 hours. ***P < .01 and ****P < .001, vector vs.
HOXD9; **P < .05 and ***P < .01, Scr shRNA vs. HOXD9 shRNA. E, Analysis of the cell cycle was examined in LoVo and SW1116 cells using
FACScan. RNAi-mediated suppression of HOXD9 expression controlled the checkpoint of GO/G1. F, Preparation of whole-cell lysates of parental
cells of CRC was performed, and expression of the protein was detected using the western blot technique. The pictures represent three different

experiments with similar results. scale bars in D represent 100 pm

tested whether TGF-f- induced EMT affects HOXD9 expres-
sion in CRC. First, results revealed that TGF-p1 treatment
significantly enhanced the quantity of HOXDO9 at the pro-
tein level in CRC cells, an effect that varied with the time
and dose. In addition, the treatment with TGF-P1 increased
the levels of vimentin, and decreased E-cadherin levels,
(Figure 5A and B). Second, we showed that inhibition of
TGF-f1 using a neutralizing antibody markedly reduced en-
dogenous HOXD9 levels and TGF-f-triggered HOXD9 ex-
pression in CRC (Figure 5C).

Thirdly, we examined whether knockdown of HOXD9
by siRNA interference prevents TGF-f-induced invasion.
As shown in 5D, the TGF-f-treated cells promoted cell
invasion by approximately 2-fold compared to the control
cells. In contrast, the repression of HOXD9 in CRC cells re-
versed invasive ability stimulated by TGF-p. Consistently,
the HOXD9 knockdown resulted in altered morphologi-
cal changes (Figure 5E). Also, the repression of HOXD9
decreased the level of vimentin, whereas it increased the
quantity of E-cadherin, revealed by Western bolt assay
(Figure 5F).

Taken together, these data demonstrated that HOXD9 is
involved in TGF-B1-induced EMT.

3.5 | HOXD? is essential for the
metastasis of CRC in vivo

To determine the effect of HOXD?9 in vivo, LoVo cells which
expressed lentivirus LV-HOXD9 and (LV)-vector, were im-
planted into the cecum terminus, and organs were subsequently
scanned for metastasis by a visualization system. Metastatic
lesions were present in the intestine and liver. Larger intestinal
or hepatic metastatic nodules were discovered in LV-HOXD9
groups compared to the LV-vector group (Figure 6A and B).
Histological examination confirmed the existence of CRC me-
tastases into the liver and intestine tissues (Figure 6C). Mice
treated with LV-HOXD9 showed a higher number of hepatic
or intestinal metastatic lesions relative to those treated with
LV-vector cells (Figure 6D). Also, the intestinal or hepatic
metastatic tumor volumes in the LV-HOXD9 group were sig-
nificantly larger than those in the vector group (Figure 6E).
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FIGURE 4 HOXD9 enhances the migration and invasion of colorectal cancer (CRC) cells by promoting the EMT process. A, The migration

of CRC cells with high expression of HOXD9 was evaluated using a wound-healing assay. **P < .05 and ***P < .01, vector vs. HOXD9. B, Cell
invasion of CRC cells showing high expression of HOXD9 was evaluated using a Matrigel invasion chamber. The invaded cells of CRC were recorded.
%P < .01 and **¥*P < .001, vector vs. HOXD9. C, The results of IHC staining for detection of HOXD?9 in CRC tissues and lymph node metastatic
tumor tissues. D, Morphology of expression levels of HOXDO in vector or HOXDO cells as visualized by the use of phase-contrast microscopy. E,

Vector or HOXD?9 stable transfectants were stained using rhodamine-phallotoxin, and F-actin filaments were visualized using fluorescence microscopy.

F, IF staining of E-cadherin and vimentin in the indicated CRC cells. G, The EMT biomarkers expression which included vimentin, E-cadherin, and

MMP9, was detected using western blotting at 48 h post-transfection. Scale bars represent 100 pm in C; 50 pm in D and E; 20 pm in F

To test HOXD9 contributes to EMT in CRC in vivo, or-
thotopic xenograft tumors were evaluated by IHC and qPCR.
E-cadherin protein levels were suppressed in cancer tissues
in comparison to that in adjacent normal intestinal and liver
(Figure 6F). Furthermore, HOXD?9 upregulation caused a reduc-
tion in E-cadherin in cancer tissues by g-PCR assay (Figure 6G).

Taken together, these findings suggested that the HOXD9
may be involved in cell invasion, metastasis in vivo by induc-
ing EMT.

4 | DISCUSSION

The HOXD9 encourages proliferation and invasion/ migra-
tion of cervical, esophageal, glioma, liver, and tumor cells.
But, the primary function of HOXD9 in CRC remains a mys-
tery. The current study indicated the vital task of HOXD9
in CRC. Firstly, HOXD9 was upregulated in CRC patients
and these were significantly associated with poor clini-
cal outcomes. Secondly, HOXD9 was able to regulate cell
cycle progression in CRC cells. Thirdly, HOXD9 encouraged
migration of cells including invasion with improved EMT.

Fourthly, the expression of HOXD9 was fueled by trans-
forming growth factor (TGF)-f1. Finally, HOXD9 boosted
the spread of tumors through in vivo orthotopic implantation.
These results suggested that HOXD9 has a crucial role in me-
tastasis and the development of CRC.

In malignant tumors, aberrant expression of homeobox
(HOX) genes is frequently found. Lately, the function of ho-
meobox genes in tumor growth and proliferation has been
backed by several studies that have reported that many ho-
meobox genes influence the tumors especially those of the
digestive system.ﬂ'24 Knight et al demonstrated by RNA-seq
analysis that expression of HOXD9 in normal-appearing mu-
cosa is significantly higher in the sigmoid colon compared to
the rectum.” But, the expression of HOXD9 in CRC is yet
to be studied. It was demonstrated in this study that there is a
significant relationship between high expression of HOXD9
and CRC. Also, Tabuse et al showed that HOXD? is highly
expressed more in gliomas.?® Additionally, the current study
showed that overexpression of HOXDY in tissues of CRC
was linked with differentiation, lymph node metastasis, extra
serious invasion, and AJCC stage. A new investigation es-
tablished that HOXA1 which is a homeobox (HOX) gene, is
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FIGURE 5 HOXD?9 gene is essential for TGF-B1 -induced EMT and migration of cells in colorectal cancer (CRC). A and B, Expression
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highly expressed in oral squamous cell carcinomas. Its ex-
pression is associated with poor progrlosis.27 The overall sur-
vival rate of patients with higher expression of HOXD9 was
shorter compared to those with lower expression of the gene,
suggesting that the HOXD9 gene presents an independent
prognostic aspect for CRC patients. It's crucial to note that
the repression of HOXDO resulted in the significant arrest of
G1/GO0, with an associated decrease of CDK4/CDKG6 expres-
sion was evident. Thus, HOXD9 may be involved in cellular
proliferation and regulation of the cell cycle.

The function of the HOXD9Y gene in regulating tumor growth
and metastasis has attracted limited attention. Lv et al were able
to demonstrate that high expression of HOXD9 is highly cor-
related with the metastatic incursion of HCC.!" The results of
the present study agree with the investigation, suggesting that
HOXD? has a strong influence on the movement and incursion
of in vitro tumor cells. Furthermore, overexpression of HOXD9
facilitated by actin depolymerization reduced the E-cadherin ex-
pression and at the same time, improved vimentin (a mesenchy-
mal marker) expression. Ectopic expression of HOXD?9 in cells
caused functional and molecular characteristics of EMT which
exhibited scattering of cells. This phenomenon agreed with the
earlier theory that EMT is vital for cancer cells to spread from
adjacent tissues and form new tumors in remote areas of the

body.zg'30 These findings suggested that HOXD9 influences
the invasion and migration of cells through the regulation of
EMT. To further understand upstream regulatory elements
controlling HOXD9 expression, we analyzed the HOXD9 pro-
moter (>2000 bp) using the jaspar software (http://jaspar.gener
eg.net/) and found several binding sequence transcription fac-
tors involved in EMT. Five potential hif-1a-binding sites, seven
potential twist] -binding sites, one potential slug -binding sites
and ten potential snail-binding sites were found in the HOXD9
promoter. Further studies are needed on the transcriptional reg-
ulatory mechanism of the HOXD9 gene in GC cells.

The signaling pathway of TGF-f has essential roles in var-
ious developmental processes and the pathogenesis of several
diseases, such as cancer.”?! The TGF-B1 is able to either hin-
der or encourage the growth of tumors, and this depends on
the direction of tumor progression. During the early stages of
tumorigenesis, TGF-B1 signaling hampers the proliferation of
tumors by inducing arrest of cell cycle and programmed cell
death.*> However, at later stages of cancer, it encourages
tumor invasion and spread via EMT. Many members of the ho-
meobox gene family have recently been shown to help in facil-
itating TGF-B-induced EMT. DIx-2 has also been shown to be
involved in TGF-p and Wnt-induced EMT in cancers.** Also,
HOXD3 supports the progression of lung cancer to a certain
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extent through TGF-p-induced EMT."” Among the HOX pro-
teins, TGF-P1 induction of EMT in CRC cells was correlated
with a significant rise in expression of HOXD9. When the ex-
pression of HOXD9 was silenced, TGF-p1 induction of the
EMT phenotype was abolished, and the expression of HOXD9
was also reduced. These findings suggested that HOXD9 could
serve as a co-stimulator in TGF-f1-induced EMT in CRC.

In conclusion, the current study suggests that HOXD9
is overexpressed in CRC and increases tumorigenicity and
tumor proliferation. Also, ectopic HOXD9 expression in-
fluences EMT and tumor spread both in vivo and in vitro.
Therefore, the HOXD9 gene could act as an assuring ther-
apeutic approach for treating patients suffering from CRC.
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