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Abstract

Histone deacetylases (HDACs) are involved in many processes including tumor cell
growth and proliferation and regulation of gene expression. To clarify the role of
class lla HDACs in the metastasis of colon adenocarcinoma, we used the class lla
HDAC inhibitor TMP269 and found that it effectively inhibited the migration ability
of colon adenocarcinoma cells. Next, we silenced the member of class lla HDACs
and confirmed that the migratory ability of colon adenocarcinoma cells was signifi-
cantly inhibited by silencing HDAC5 or HDAC7. HDACS5 plays a variety of roles in
human cancers. Here, we examined the role of HDACS5 in colon adenocarcinoma. The
results indicated that HDACS5 was highly expressed in tumor tissues and negatively
correlated with the expression of miR-148a-3p. Moreover, the expression of HDAC5
was correlated with tumor progression. HDAC5 markedly increased the invasion and
migration of cancer cells in vitro, an effect that could be inhibited by overexpres-
sion of miR-148a-3p. Following an intraperitoneal injection of colon adenocarcinoma
cells in athymic nude mice, HDAC5 promoted tumor implant. Together, these find-
ings showed that HDACS5 overexpression in colon adenocarcinoma is consistent with
tumor progression and tumor cell migration and the impact of HDAC5 overexpression
is reduced by miR-148a-3p.
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1 | INTRODUCTION

Colon adenocarcinoma is one of the most common gastrointesti-
nal cancers worldwide, and both its incidence rates and mortality
rates are continuously increasing.1 Although improvements in the
surgical procedure have noticeably increased the 5-year survival
rate of patients with colon adenocarcinoma, the mortality rates
were still high due to metastasis or recurrence.?”* Therefore,
further explorations of the tumor metastasis mechanism are re-
quired to develop a more focused therapeutic strategy for colon
adenocarcinoma.

Histone deacetylases are a class of enzymes that deacetylate the
lysine side chain of histones and restore a positive charge, which
subsequently condense or close local chromatin structures and si-
lence local genetic transcription.s'7 HDACS5 belongs to the class lla
HDAC family, which contains a conserved deacetylation activation
domain at its carboxyl terminus and a protein-binding region to-
gether with phosphorylation sites at its amino terminus.®® HDAC5
predominantly mediates histone deacetylation, indicating that
HDACS plays a vital role in growth and development. According to
an increasing number of studies, HDACS5 is an oncogene in many
malignant tumors, such as breast cancer, neuroblastoma, and lung
cancer.” However, the particular functions of HDAC5 in colon ade-
nocarcinoma remain unclear.

MicroRNAs (miRNAs), a class of single-stranded RNAs with an
average length of 19-25 nucleotides, have been a major focus of
the field of cancer biology in the past 10years. They directly bind
to the 3’ untranslated region (3'UTR) of targeted messenger RNAs
(mRNAs) and limit their stability to regulate gene expression.'° The
abnormal expression of miRNAs is one of the signs of tumor pro-
gression.'* '3 Notably, miRNAs play important roles in regulating
many biological processes, and dysfunctional miRNA regulation
has been observed in numerous human diseases, including human
cancer.’® As shown in our previous study, microRNA-222-3p in-
hibits epithelial ovarian cancer cell growth and is associated with
favorable effects on total survival.!*'> Moreover, a miR-148a im-
balance is associated with breast cancer resistance.’® Although
miR-148a has been reported to be associated with a good prog-
nosis for patients with colon adenocarcinoma and miR-148a is as-
sociated with tumor metastasis, the specific mechanism of action
remains unclear.}”18

As shown in the present study, HDAC5 could promote the
migration of colon adenocarcinoma cells. HDAC5 was expressed
at higher levels in colon adenocarcinoma tissues than in adjacent
tissues, and the expression of HDACS5 in tumor tissues was re-
lated to tumor stage, differentiation, and the overall survival of
patients. Meanwhile, mirRNA-148a-3p expression displayed an op-
posite pattern to HDACS5. miR-148a-3p directly targeted HDAC5
and inhibited the expression of HDACS5. Based on these results,
HDACS5 potentially contributes to tumor cells migration, and the
miR-148a-3p/HDACS axis might be a novel therapeutic target for

colon adenocarcinoma.
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2 | MATERIALS AND METHODS

2.1 | Celllines and patient samples

HCT116 and SW480 cell lines were cultured in RPMI1640 (BI) con-
taining 10% fetal bovine serum (FBS, Bl), and HEK-293 cell line was
cultured in Dulbecco's Modified Eagle's Medium (DMEM) (BI) con-
taining 10% FBS. All cells were cultured at 37°C in a humidified 5%
CO, incubator.

Nineteen pairs of colorectal tumors and tumor-adjacent tissues
were obtained from the Department of Gastrointestinal Surgery
of Xiangya Hospital (Central South University, Changsha, China).
Paraffin-embedded tissues were obtained from other 94 patients
with colon adenocarcinoma paired with 43 tumor-adjacent tissue
samples. Systematic clinical and follow-up data were obtained from
the Department of Pathology, Xiangya Hospital. The study was ap-
proved by the Ethics Review Committee of Xiangya Hospital, Central
South University. All procedures involving human participants were
performed in accordance with the ethical standards of the institu-
tional and national research committee and with the 1964 Declaration

of Helsinki and its later amendments or comparable ethical standards.

2.2 | Western blot (WB)

The methods can be found in an earlier study.’’ The polyclonal anti-
body against HDACS5 was obtained from ABclonal (1:1000). GAPDH
(Utibody) was used as a control (1:5000, 60,004-1-1g, proteintech).

2.3 | Cell migration assay

The migration ability of the cells was determined by Transwell as-
says and wound-healing assay, which were carried out as previously
described.'’

2.4 | Cellinvasion assay

A total of 200ul of cells at a density of 2x10%cells/ml was placed
in the upper chamber coated with 30l of Matrigel (Clontech). Cells
in five randomly selected fields of view were counted under an in-

verted microscope.

2.5 | MIiRNA target prediction

Two miRNA target prediction databases, TargetScan (release 7.1,
http://www.targetscan.org/) and microRNA (http://www.micro
rna.org/) were used to predict miRNAs that might target HDACS5. A
colon adenocarcinoma tissue microarray (EMBL-EBI/ArrayExpress/
E-EGOE 54088) was analyzed to detect downregulated miRNAs in
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the colon adenocarcinoma tissues. The miRNAs that were downreg-

ulated in all three databases were selected as our potential targets.

2.6 | Plasmid construction

A long fragment of the HDAC5 CDS was amplified from cDNAs
extracted from HEK-293 cells and inserted into the pcDNA3.1 or
pEGFP-N1 vector. The 3’'UTR fragment of HDAC5 containing the pu-
tative miR-148a-3p binding site was amplified from human genomic
DNA. Then, the wild-type (WT) HDAC5 3’UTR was cloned into
the psi-CHECK™-2 vector. HDAC5 3'UTR mutant plasmids (MUT)
whose target binding sites were mutated were obtained using the
Mut Express-1l Fast Mutagenesis Kit (Vazyme).

The sequences of the PCR primers are shown in Table S2.

2.7 | Animal experiments

Animal care and experiments were performed in strict accordance
with the “Guide for the Care and Use of Laboratory Animals” and
the “Principles for the Utilization and Care of Vertebrate Animals”
and were approved by the Animal Research Committee of The
Third Xiangya Hospital Cancer Center. Five-week-old congenitally
athymic male nude mice were used in all tumor xenograft experi-
ments. Approximately 5 x 10 cells in 200yl of PBS was subperito-
neally injected into nude mice. Mice were euthanized at the end of

the experiment (60 days after cell inoculation).

2.8 | Statistical analysis

All assays were performed in triplicate. The statistical significance
of differences in data were calculated using a one-way ANOVA or
t test with SPSS PASW Statistics 18.0 or GraphPad Prism 7 soft-
ware. Survival curves were analyzed with the log-rank test using the
Kaplan-Meier method. The chi-square test was used to assess the
correlation between miR-148a-3p expression and various clinico-
pathological parameters. The correlation between miR-148a-3p and
HDACS5 expression was determined by calculating Pearson's correla-
tion coefficient. All results are presented as average values + SEM.
p<0.05 indicates a statistically significant difference.

3 | RESULTS

3.1 | The high expression of HDACS is positively
correlated with the clinicopathological characteristics
of colon adenocarcinoma

To clarify the effect of class lla HADCs on the migration ability of
colorectal cancer (CRC) cells, we first examined the expression of
HDAC4, HDAC5, HDAC7, and HDACS in CRC cell lines by gRT-PCR

and then selected SW480 cells for the next step of investigation
(Figure S1A). Next, we detected the changes of migration ability of
SW480 cells by using TMP269 (class lla HADCs inhibitor). The re-
sults show that TMP269 can effectively inhibit the migration ability
of SW480 cells (Figure 1A). To further determine which member of
class lla HADCs plays a major role in CRC cell migration, we spe-
cifically knocked down each member to detect its effect on cell mi-
gration ability (Figure S1B). The results showed that knockdown of
HDACS5 or HDACY7 effectively inhibited the migratory ability of the
cells, while the expression of HDAC4 or HADC?9 did not affect the
migratory ability of the cells (Figure 1B). The above results indicated
that HDACS5 or HDAC7 may be an important molecule in promoting
CRC cell migration. Therefore, we first selected HDAC5 as the focus
of this study.

We collected 19 pairs of matched fresh tumor and adjacent tis-
sue samples. The qRT-PCR analysis revealed that HDAC5 was sig-
nificantly upregulated in tumor tissue samples (Figure 1C). More
importantly, the WB results showed increased levels of the HDAC5
protein in tumor tissues (Figure 1D), which was consistent with the
mRNA levels.

Then, immunohistochemistry (IHC) analysis was used to fur-
ther examine HDACS5 expression in 43 adjacent noncancer tissue
samples and 94 colon adenocarcinoma tissue samples. As shown in
Figure 1E, we observed that the expression of HDAC5 was obviously
higher in tumor tissues than in the adjacent tissues.

Finally, we analyzed the potential associations between the
expression of HDAC5 and the clinicopathological characteristics
of colon adenocarcinoma patients. The results showed that the
expression of HDAC5 was positively correlated with histological
differentiation, clinical stage, T-classification, N-classification, M-
classification, and mortality during follow-up (Table S1). Kaplan-
Meier analysis revealed that patients with high HDAC5 expression
had worse clinical outcomes than those with low HDAC5 expres-
sion. (Figure 1F). Based on the results presented above, HDAC5 was
significantly upregulated in colon adenocarcinoma and positively
correlated with the clinicopathological features.

3.2 | HDACS5 promotes the motility, invasion, and
migration of colon adenocarcinoma cells in vitro

We examined the mRNA and protein levels of HDACS5 in colon ad-
enocarcinoma cell lines by gRT-PCR and WB assays, respectively.
As shown in Figure 2A-B, HDAC5 was expressed at higher levels in
a variety of colon adenocarcinoma cell lines, particularly in SW480
cells, than in NCM460 cells (normal human colonic epithelial cells).
Next, we transfected the siRNAs of HDACS into SW480 cells to
further explore the potential role of HDAC5 in tumorigenesis. We
examined the knockdown efficiency of HDAC5 by WB and gRT-PCR
analysis and observed a significant decrease in the levels of HDAC5
protein and mRNA (Figure 2C). Afterward, we assessed the role of
HDACS in cell migration and invasion. We found that HDAC5 knock-
down markedly impeded the migration and invasion of SW480 cells
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FIGURE 1 The relationship between HDAC5 expression and clinicopathological features of colon adenocarcinoma. (A), Transwell

assay was used to detect the effect of TMP269 on the migration ability of colorectal cancer (CRC) cells. (B), The effect of class lla histone
deacetylases (HDACs) member genes on the migration ability of SW480 cells was detected. (C), The expression of HDAC5 in 19 colon
adenocarcinoma tissues and 19 adjacent tissues was analyzed. (D), Western blot (WB) shows HDACS5 protein levels in colon adenocarcinoma
tissues and tumor-adjacent tissues. (E), Inmunohistochemistry (IHC) examination of HDACS5 expression in 94 colon adenocarcinoma samples
and 43 adjacent samples. (F), Kaplan-Meier overall survival curves for 94 patients with colon adenocarcinoma presenting high or low HDAC5

expression. *p <0.05, **p <0.01, and ***p <0.001

(Figure 2D). Moreover, the wound-healing ability of SW480 cells
was significantly inhibited after silencing the expression of HDAC5
(Figure 2E). Thus, we highly suspect that the aberrant expression
of HDACS is an important cause of colon adenocarcinoma cells mi-
gration. Furthermore, we transfected the full-length WT HDAC5
flag-tagged fusion vector into HCT116 cells (Figure 2F). We found
that the migration and invasion ability of HCT116 cells was greatly
enhanced due to the overexpression of HDACS5 (Figure 2G). At
the same time, overexpression of HDACS5 increased the motility
of HCT116 cells (Figure 2H). Thus, the above results suggest that
the migratory and invasive behaviors of colon adenocarcinoma cells
were modulated by HDACS5 in vitro, which suggests that HDAC5

may function as a potential oncogene in colon adenocarcinoma.

3.3 | Absence of nuclear localization signal of
HDACS5 leads to loss of migration and invasion ability

The localization of a gene in a cell often determines its function, so
we next wanted to know the localization of HDACS5. By using im-
munofluorescence and high-content system, we found that endog-
enous HDACS5 was expressed in both cytoplasm and nucleus (Figure
S2A). Also, we showed that the cellular localization of HDACS5 after
exogenous overexpression in SW480 was consistent with the cel-
lular localization of endogenously expressed HDACS5, both of which
were whole-cell localized (Figure S2B). We further examined the cel-
lular localization of HDACS5 by nuclear-cytoplasmic separation assay
and found that both endogenous HDAC5 and exogenous HDAC5
were expressed in the nucleus and cytoplasm of SW480 cells, and
the expression was higher in the cytoplasm (Figure 3A,B).

HDACS5 is a protein that can shuttle between the nucleus and the
cytoplasm, but it is not clear whether it functions in the nucleus or
in the cytoplasm. Therefore, we searched for the nuclear localization
signal of HDACS5 through the Motif Scan website (https://myhits.isb-
sib.ch/cgi-bin/motif_scan). The results showed that HDAC5 has two
nuclear localization signals, amino acids 256-271 and 284-298, re-
spectively (Figure S2C).

To investigate the functions played by HDACS5 in the nucleus,
we constructed HDACS5 nuclear localization signal deletion plas-
mids NLS-Del 1# (NLS-Delete 256-271), NLS-Del 2# (NLS-Delete
284-298), and NLS-Del-B (NLS-Delete 256-271 and 284-298)
(Figure S2D). The results of the high-content system showed that
green fluorescence was expressed in the cytoplasm after trans-
fection of NLS-Del 1#, NLS-Del 2#, and NLS-Del-B plasmids
in SW480, while green fluorescence in the nucleus was almost

absent; moreover, this phenomenon was most obvious in NLS-
Del-B. This indicates that HDAC5 cannot enter the nucleus after
the loss of nuclear localization signal and can only be expressed
in the cytoplasm (Figure S2E). To further determine the localiza-
tion of HDACS5 after deletion of the nuclear localization signal. We
performed nuclear-cytoplasmic separation assay in SW480 cells
transfected with the nuclear localization signal deletion plasmid
(Figure 3C). The results showed that HDACS5 lost its ability to enter
the nucleus and was retained in the cytoplasm when the cells were
transfected with plasmid mutated in HDAC5 nucleus localization
signal. This suggests that the nuclear entry signal peptide is vital
for the nuclear transports of HDAC5-GFP, and we also found that
transfection of NLS-Del 2# and NLS-Del-B plasmids had the sim-
liar effect on the nuclear transport. This suggests that the nuclear
localization signal at positions 284-298 is more important than
that at positions 256-271 in helping HDAC5 to enter the nucleus.
Afterward, we assessed whether the deletion of HDAC5 nuclear
localization signal affects cell migration and invasion ability. We
found that the deletion of nuclear localization signals resulted in
the loss of HDACS5's ability to promote migration (Figure 3D and
S3A) and invasion (Figure 3E).

3.4 | miR-148a-3p directly targets HDAC5

We hypothesized that miRNAs targeting HDAC5 may be down-
regulated in colon adenocarcinoma tissues, subsequently leading
to higher expression of HDACS in colon adenocarcinoma metasta-
ses. Based on this conjecture, we first downloaded microarray data
E-GEOD-54088 (https://www.ebi.ac.uk/arrayexpress/experiment
s/E-GEOD-54088) from the EBI website for colon adenocarcinoma
metastatic foci tissue samples. We analyzed the colon adenocarci-
noma tissue microarray to identify miRNAs whose expression was
reduced in colon adenocarcinoma liver metastasis samples. We ob-
tained 15 miRNAs, as shown in Figure 4A. The expression of these
miRNAs was reduced 20-fold in metastatic tissue samples compared
with the primary tumor. These miRNAs may directly or indirectly
regulate the expression of HDACS.

A common mechanism by which miRNAs target gene expres-
sion is to bind the 3'UTR. Next, we used two bioinformatics sites,
TargetScan (http://www.targetscan.org/vert_71/) and microRNA
(http://www.microrna.org/), to predict miRNAs that might directly
target HDACS. TargetScan predicted that 322 miRNAs directly
target HDACS5, and microRNA predicted that 874 miRNAs tar-
get HDACS. The two algorithms were superimposed to obtain an
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FIGURE 2 HDACS increased the motility, invasion, and migration of colon adenocarcinoma cells in vitro. (A), (B), HDACS5 expression

in colon adenocarcinoma cell lines. (C), SW480 cells were transfected with siRNAs. HDAC5 expression was detected using gRT-PCR and
Western blot (WB). (D), Transwell and invasion assays were used to detect SW480 cell migration and invasion. (E), The wound-healing assays
using cells transfected with siRNAs were captured at 0 and 72h and analyzed to determine the wound-healing ability. (F), HCT116 cells were
transfected with plasmids. HDAC5 expression was detected using qRT-PCR and WB. (G), Transwell assays were used to detect HCT116 cell
migration and invasion ability. (H), The wound-healing assays using cells transfected with plasmids were captured at 0 and 72 h and analyzed
to determine the wound-healing ability. *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001
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intersection of 110 candidate miRNAs that could potentially target
HDACS. Then, we performed a secondary analysis of the expression
of 15 of the 110 candidate miRNAs in the colon adenocarcinoma
tissue microarray (E-EGOE 54088) and obtained the overlapping
miRNAs miR-148a-3p and miR-4286 (Figure 4B). Therefore, we used
these two miRNAs as our candidate miRNAs.

We examined the expression levels of miR-148a-3p and miR-
4286. In colon adenocarcinoma cell lines, lower expression levels
of miR-148a-3p and miR-4286 were observed than in NCM460
cells. Moreover, among those colon adenocarcinoma cell lines, the
expression level of miR-148a-3p was relatively low in SW480 cells
with relatively high expression of HDACS5, and in contrast, its ex-
pression level was relatively high in HCT116 cells with relatively low
expression of HDAC5 (Figure 4C,D). Meanwhile, the differences in

miR-4286 expression levels were not significant in colon adeno-
carcinoma cell lines (Figure 4C,D). Furthermore, we cloned the WT
3’UTR of HDACS5 into the dual-luciferase reporter vector CHECK2
for in-depth verification of the prediction. The results showed that
only miR-148a-3p, but not miR-4286, markedly reduced luciferase
activity (Figure 4E). gRT-PCR and WB assays showed miR-148a-3p
significantly reduced the protein and mRNA levels of HDACS.
However, there was little effect of miR-4286 on HDACS5 expression
levels (Figure 4F,G).

Further, the luciferase reporter results showed that after mu-
tating the binding site, miR-148a-3p mimics were not able to affect
the luciferase activity (Figure 4H,1). This provides further support
for our hypothesis that miR-148a-3p directly targets the HDAC5
3’UTR. We also examined the expression of miR-148a-3p in colon
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adenocarcinoma tissues. gRT-PCR results showed that its expres-
sion was downregulated in cancerous tissues compared with normal
tissues. More importantly, correlation analysis showed that HDAC5
was inversely correlated with the expression level of miR-148a-3p
(Figure 3J,K).

Therefore, based on the evidence from both the bioinformatics
and molecular assays, it is reasonable to assume that miR-148a-3p
directly targets HDACS.

3.5 miR-148a-3p inhibits the motility,
invasion, and migration of colon adenocarcinoma cells

Next, we aimed to further explore the mechanism of miR-148a-3p
targeting HDACS in colon adenocarcinoma. First, we found that
miR-148a-3p mimic could inhibit HDAC5 expression in SW480 by
gRT-PCR and WB, while miR-148a-3p inhibitor could promote the
expression of HDACS5 (Figure 5A,B,E,F). Based on the finding that
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FIGURE 5 miR-148a-3p inhibited the motility, invasion, and migration of colon adenocarcinoma cells. (A), SW480 cells were transfected
with miR-148a-3p mimics, and the expression was detected using qRT-PCR. (B), The mRNA and protein levels of HADC5 in SW480 cells
after transfection with miR-148a-3p mimic were detected. (C), SW480 cell migration and invasion were detected. (D), The wound-healing
assay using transfected cells were captured at O and 72h. (E), HCT116 cells were transfected with miR-148a-3p inhibitor, and the expression
was detected. (F), The mRNA and protein levels of HADC5 in HCT116 cells after transfection with miR-148a-3p inhibitor were detected by
gRT-PCR and Western blot (WB). (G), (H), The motility, invasion, and migration ability were detected in HCT116 cells after transfection with

miR-148a-3p inhibitor. *p <0.05, **p <0.01, and ***p <0.001
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miR-148a-3p regulates the expression levels of HDAC5 in colon
adenocarcinoma cells, we speculated that miR-148a-3p may inhibit
the biological behavior of colon adenocarcinoma cells by regulat-
ing HDACS5 expression. Here, the overexpression of miR-148a-3p
induced by transfecting miR-148a-3p mimics into SW480 cells

Cancer Science N0 ane

significantly increased the invasion and migration of colon ad-
enocarcinoma cells (Figure 5C). Similarly, the transfection of miR-
148a-3p mimics into SW480 cells inhibited cell motility (Figure 5D).
Conversely, the inhibition of miR-148a-3p obviously inhibited the
ability of invasion and migration of colon adenocarcinoma cells
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FIGURE 7 The miR-148a-3p/HDACS axis is involved in the EMT pathway by modulating vimentin. A-D, The relationship of HDAC5 with
vimentin, CDH1, CDH2, and TWIST1 in TCGA database. E, The mRNA levels of four genes in SW480 cells after knockdown of HDAC5 were
detected by gPCR. F, The mRNA levels of the four genes in HCT116 cells after overexpression of HDAC5 were detected by gPCR. G, The
relative expression levels of four genes in SW480 cells after transfection with miR-148a-3p mimic were detected by qPCR. H, The relative
expression levels of four genes in HCT116 cells after transfection with miR-148a-3p inhibitor were detected by gPCR. |, After cotransfection
with HDACS5 siRNA and miR-148a-3p inhibitor in SW480 cells, the expression level of vimentin was detected by gqRT-PCR and Western blot
(WB). J, HCT116 cells were cotransfected with the HDAC5 overexpression plasmid and miR-148a-3p mimic, and the expression level of

vimentin was detected by qRT-PCR and WB



OUYANG ET AL.

EARRWATS ' Cancer SCience

® g ® =16 R=0.1443
118 R=0.2449 by ; P=0'00 49
216 , P<0.001 815 P g
. S 14
o 14 o .
= 913
=12 | y
£ =12
g1 =
E 8 T T T T T 1 0 11 Ll L] T T T 1
S 7 8 9 10 11 12 7 8 9 10 11 12

HDACS5(Log2(Val+1)) HDACS5(Log2(Val+1))

© _ ® -
=10 .R=0.3106 T 10 .R=0.2098
= B : S 8 ‘- . P<0.0001
= 2 e Lo
S 6 '-'§, 6
d 4 J 4
T 2 . g 2
8 Ol T T 'I T 1 E 0 Ll L} T L} T 1

7 8 9 10 11 12 7 8 9 10 11 12
HDACS5(Log2(Val+1)) HDACS5(Log2(Val+1))
(E) SW480 (F) HCT116
. mm HDACS
1= ShHBACS 32 ™ PEDNA3.1

O O = -
o ® O N
1 1 1

0.4+

S O
o N
1 1

HDACS5 Vimentin CDH1 CDH2 TWIST1

Relative mRNA expression level

(G) SW480

mm  mimic-NC
. miR-148a-3p mimic

Relative expression level

0

SW480

si-NC+inhibitor-NC
si-HDACS+inhibitor-NC
si-HDAC5+miR-148a-3p

inhibitor

HDACS

VlmentlnL- e
GAPDH M

Relative mRNA expression level

HDACS5 Vimentin CDH1

CDH2 TWIST1

Relative mRNA expression level

HCT116

H)

mmm  [nhibitor-NC
== mir-148a-3p inhibitor

e
=)
]

kkk

K
>
K
5 1.5
®
7]
(4]
5 1.0-
b3
Q
2 054
E v
[}
X 9.0-
¥
@, E Q \9
e 4\@ & o
&
HCT116
HCT116 N 5 oo™t
- ‘\\9‘\0 R il
B e smmieC S WO ¥ <«
HDAC5+miR-148a-3p ‘0 '\‘(\

504
401-

Relative mRNA expression level




OUYANG ET AL.

= 2571
Cancer Science R uii A

(Figure 5G). Moreover, the transfection of the miR-148a-3p inhibi-
tor into HCT116 cells increased cell migration and invasion as well
(Figure 5H). These results strongly suggested a tumor suppressor
role for miR-148a-3p. Thus, miR-148a-3p, in contrast to HDACS5, in-
hibits the motility, invasion, and migration of colon adenocarcinoma
cells.

3.6 | The miR-148a-3p/HDACS5 axis
inhibits the motility, invasion, and migration of colon
adenocarcinoma cells

We rescued HDACS5 expression by cotransfecting SW480 cells with
HDACS5 and miR-148a-3p inhibitors to further examine whether the
effects of miR-148-3p on colon adenocarcinoma cells would be al-
tered by HDACS. The results showed decreased levels of HDACS5
expression in cells transfected with HDAC5 siRNA compared with
the control group. However, cotransfection with HDAC5 siRNA
and miR-148a-3p inhibitor reversed the levels of the HDAC5 pro-
tein to the control level (Figure 6A,B). According to the results of
the transwell assays, the migration and invasion ability of the cells
transfected with HDAC5 siRNA were decreased compared with the
control group. However, the migration and invasion ability of the
cells cotransfected with HDAC5 siRNA and miR-148a-3p inhibitor
was restored to the control level (Figure 6C,D).

Furthermore, we rescued HDAC5 expression by cotransfected
HDACS5 overexpression plasmid (without 3'UTR) and miR-148a-3p
mimic in HCT116 cells. gqRT-PCR and WB assays showed increased
levels of the HDACS5 expression in cells transfected with the HDAC5
overexpression plasmid compared with the control group. However,
cotransfection with the HDAC5 overexpression plasmid and miR-
148a-3p mimics reversed the level of the HDACS5 protein to the
control level (Figure 6E,F). According to the results of the transwell
and wound-healing assays, the migration and invasion ability of the
cells transfected with the HDACS5 overexpression plasmid was de-
creased compared with the control group. However, the migration
and invasion ability of the cells cotransfected with HDAC5 overex-
pression plasmid and miR-148a-3p mimics returned to the control
level. Silencing mediated by miR-148a-3p mimics eliminated the
effects of HDACS5 overexpression on HCT116 cells (Figure 6G,H).
Based on these data, miR-148a-3p inhibited the motility, invasion,
and migration of colon adenocarcinoma cells by directly targeting
HDACS5. Therefore, miR-148a-3p affects colon adenocarcinoma cell

migration and scratch wound healing by targeting HDAC5.

3.7 | The miR-148a-3p/HDACS axis regulates
vimentin expression

The epithelial-mesenchymal transition (EMT) is inextricably linked
to colon adenocarcinoma. Therefore, we aimed to determine the
relevance of HDACS5 expression and EMT markers in colon adeno-
carcinoma tissues in TCGA. As shown in Figure 7A-D, TCGA data

validated the positive associations of HDAC5 expression with vi-
mentin, CDH1, CDH2, and TWIST1 expression. The results of gPT-
PCR showed that silencing HDAC5 downregulated the mRNA levels
of vimentin, CDH1, and TWIST1 in SW480 cells (Figure 7E), and the
overexpression of HDACS5 significantly upregulated the mRNA lev-
els of vimentin and CDH2 in HCT116 cells (Figure 7F). We also de-
tected the effect of miR-148a-3p on the expression levels of these
four genes in SW480 or HCT116 by gPCR. The result showed that
miR-148a-3p inhibited the expression of vimentin (Figure G-H).
Furthermore, when we silenced HDACS5, the level of the vimentin
protein and mRNA was reduced, but when we used miR-148a-3p in-
hibitor to restore the expression of HDACS5, the expression of vimen-
tin was restored (Figure 71). However, upon HDACS5 overexpression,
the level of the vimentin protein and mRNA was elevated, consist-
ent with the results of the correlation analysis of TCGA database
(Figure 7J). When we cotransfected the miR-148a-3p mimics and
HDACS5 overexpression plasmids in HCT116 cells, the expression of
vimentin was restored to the original level (Figure 7J). Therefore, ac-
cording to the result, the miR-148a-3p/HDACS5 axis could regulate

vimentin expression.

3.8 | Stable overexpression of HDAC5 promotes
seeding density of colon adenocarcinoma cells in vivo

A cell line stably overexpressing HDAC5 was established with
a vector containing HDAC5 CDS fused to a GFP reporter gene,
as determined based on GFP expression, to further confirm that
HDACS5 promoted cell migration. gRT-PCR and WB assays re-
vealed that HDACS5 expression was significantly increased in
the GFP-HDACS5 group compared with the GFP control group
(Figure 8A). Transwell assays also revealed increased migration
of cells in the GFP-HDACS5 group compared with the GFP group
(Figure 8B). We injected 1x 107 cells that stably overexpressed
GFP-HDACS5 or GFP into the peritoneal cavity of nude mice. At
8weeks post injection, HDAC5 overexpression promoted colon
adenocarcinoma seeding density compared with the control group
(Figure 8C). In the GFP-HDACS5 group, tumor cells implanted to
the diaphragm, peritoneum, and intestine, as well as the bound-
ary between nontumor tissues, while the abdominal cavity in the
control group showed no tumor implantation (Figure 8D). Based
on these results, the stable overexpression of HDAC5 promotes

tumor seeding density.

4 | DISCUSSION

HDAC5 is a member of the class lla HDAC family, which was
initially shown to deacetylate the Lys 9 and Lys 14 side chain of
histones.?° This characteristic has made it an important regula-
tor of cellular activity. Subtle changes in HDACS5 expression dic-
tate critical outcomes in tumor initiation and progression in vivo.

In hepatocellular carcinoma, HDACS5 expression is significantly
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increased compared with the adjacent tissues.’° CD13 pro-
motes the progression of HCC and induces sorafenib resistance
by interacting with HDAC5.%! In breast cancer, high expression
of HDACS5 affects the proliferation, invasion, and migration of
tumor cells.?? In NSCLC and medulloblastoma, high HDAC5 ex-
pression affects tumor initiation and progression.23 Similarly, our
IHC results revealed higher levels of HDAC5-positive staining in
cancer tissues than in the adjacent normal tissues. Additionally,
HDACS5 expression was positively correlated with tumor differen-
tiation, TNM staging, and total survival, suggesting that HDAC5
might represent a potential promoter for colon adenocarcinoma
progression. According to our data, HDAC5 expression was no-
ticeably increased in patients with distant metastasis compared
with patients without metastasis, suggesting that HDAC5 might
promote colon adenocarcinoma progression. HDACS5 significantly
increased the motility, invasion, and migration of colon adenocar-
cinoma cells. HDACS5 also promoted tumor seeding density in vivo.
Remarkably, recent research on lung cancer is consistent with our
results,?® and thus we postulate that HDAC5 plays a similar role in
colon adenocarcinoma.

MicroRNAs have also been reported to regulate HDAC5 expres-
sion. Importantly, the miR-2861-HDACS5 axis might also contribute
to the maintenance of the stemness of lung cancer stem cells.?* The
miR-124 and miR-9-HDACS5 axes also inhibit neurite elongation and
development.?®> The miR-589-3p-HDAC5 axis suppresses NSCLC
cell migration, invasion, and tumorigenicity.?® In the present study,
miR-148a-3p directly targeted HDACS5 and inhibited its expression.
The expression of miR-148a-3p has been reported to correlate with
multiple cancers. Unusually high miR-148a-3p expression is ob-
served in prostate cancer tissues compared with the surrounding
areas, implying a role in tumor development.?” The expression of
miR-148a-3p is downregulated in both patient tissues and epithelial
ovarian carcinoma (EOC) cell lines, and it can regulate the invasion
and proliferation ability of EOC cells by targeting c-Met.?® As shown
in a previous study, miR-148a-3p regulates ERBB3/AKT2/c-myc and
ERBB3/AKT2/Snail signaling to inhibit bladder cancer cell prolif-
eration and the EMT.?’ In our study, miR-148a-3p functioned as a
potential tumor suppressor in colon adenocarcinoma. By inhibiting
HDACS, the overexpression of miR-148a-3p impairs the motility,
invasion and migration of colon adenocarcinoma cells. We also ob-
served decreased miR-148a-3p expression in samples from patients
with colon adenocarcinoma. Therefore, our results indicated that
miR-148a-3p was negatively correlated with HDAC5 and was an in-
hibitor of HDACS5.

The EMT destroys the intracellular junctions of tumors, weak-
ens the adhesion between cells, and increases migration.*° This pro-
cess is associated with tumor invasion and distant metastasis.313?
Therefore, we used TCGA data to analyze the relationship between
the expression of HDAC5 and EMT markers. HDAC5 expression
positively correlated with vimentin, CDH1, CDH2, and TWIST1 ex-
pression. Although the correlations were very weak, we were still
very confused about the positive correlation between CDH1 and
HDACS5 expression. A subsequent RT-PCR analysis did not confirm
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the relationship between the miR-148a-3p/HDACS5 axis and CDH1
expression, and only vimentin expression was positively correlated
with HDACS5 expression. Thus, in our study, we can found that the
miR-148a-3p/HDACS5 axis regulated cell metastasis in CRC.

In the present study, HDAC5 promoted tumor cell migration and
tumor seeding density by functioning as an oncogene in colon ad-
enocarcinoma. HDAC5 was highly expressed in tumor tissues and
correlated with tumor progression. The effect of HDAC5 was res-
cued by the HDACS inhibitor miR-148a-3p in colon adenocarcinoma.
Moreover, the function of the miR-148a-3p/HDACS5 axis might be
correlated with the EMT. Thus, HDAC5 overexpression in colon ad-
enocarcinoma is consistent with tumor progression and tumor cells
migration, and the impact of HDACS5 overexpression is opposed by
miR-148a-3p. The miR-148a-3p/HDACS axis represents a potential

novel therapeutic target for colon adenocarcinoma.

ACKNOWLEDGMENTS

This study was supported by grants from the National Natural
Science Foundation of China (NO. 82173376); the National Key
Project R&D Program of Hunan of China, Stem Cell, and Translation
Research (NO. 2016YF0102000); the Key Project of Hunan Province
2016 (NO. 2016JC2036); and the Graduate Research Innovation
Project in Central South University (NO. 1053320180978).

DISCLOSURE

The authors have no conflict of interest.

ORCID
Gang Yin " https://orcid.org/0000-0003-3753-0753
REFERENCES

1. Siegel RL, Miller KD, Goding Sauer A, et al. Colorectal cancer statis-
tics, 2020. CA Cancer J Clin. 2020;70:145-164.

2. Mina LA, Sledge GW Jr. Rethinking the metastatic cascade as a
therapeutic target. Nat Rev Clin Oncol. 2011;8:325-332.

3. Andrejeva G, Rathmell JC. Similarities and distinctions of cancer
and immune metabolism in inflammation and tumors. Cell Metab.
2017;26:49-70.

4, GanY,LiY,LiT, ShuG,Yin G. CCNA2 acts as a novel biomarker in
regulating the growth and apoptosis of colorectal cancer. Cancer
Manag Res. 2018;10:5113-5124.

5. Hou Q, Hu K, Liu X, Quan J, Liu Z. HADC regulates the diabetic
vascular endothelial dysfunction by targetting MnSOD. Biosci Rep.
2018;38. do0i:10.1042/BSR20181042

6. Leipe DD, Landsman D. Histone deacetylases, acetoin utilization
proteins and acetylpolyamine amidohydrolases are members of an
ancient protein superfamily. Nucleic Acids Res. 1997;25:3693-3697.

7. Roccaro AM, Sacco A, Jia X, et al. microRNA-dependent modula-
tion of histone acetylation in Waldenstrom macroglobulinemia.
Blood. 2010;116:1506-1514.

8. de Ruijter AJ, van Gennip AH, Caron HN, Kemp S, van Kuilenburg
AB. Histone deacetylases (HDACs): characterization of the classical
HDAC family. Biochem J. 2003;370:737-749.

9. Yang J, Gong C, Ke Q, et al. Insights into the function and clini-
cal application of HDAC5 in cancer management. Front Oncol.
2021;11:661620.

10. Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat
Rev Cancer. 2006;6:857-866.


https://orcid.org/0000-0003-3753-0753
https://orcid.org/0000-0003-3753-0753
https://doi.org/10.1042/BSR20181042

ARRWATS'E Cancer SCience

11.
12.
13.
14.

15.
16.

17.

18.

19.

20.

21.
22.

23.

OUYANG ET AL.

Fu X, Li Y, Alvero A, et al. MicroRNA-222-3p/GNAI2/AKT axis
inhibits epithelial ovarian cancer cell growth and associates with
good overall survival. Oncotarget. 2016;7:80633-80654.

Wu Q, Ren X, Zhang Y, et al. MiR-221-3p targets ARF4 and inhib-
its the proliferation and migration of epithelial ovarian cancer cells.
Biochem Biophys Res Commun. 2018;497:1162-1170.

Liu S, Cui J, Liao G, et al. MiR-137 regulates epithelial-mesenchymal
transition in gastrointestinal stromal tumor. Tumour Biol.
2014;35:9131-9138.

Peng Y, Li Y, Li Y, et al. HOXC10 promotes tumour metastasis by
regulating the EMT-related gene slug in ovarian cancer. Aging
(Albany NY). 2020;12:19375-19398.

Fan L, Lei H, Zhang S, et al. Non-canonical signaling pathway of
SNAI2 induces EMT in ovarian cancer cells by suppressing miR-
222-3p transcription and upregulating PDCD10. Theranostics.
2020;10:5895-5913.

Chen MJ, Cheng YM, Chen CC, Chen YC, Shen CJ. MiR-148a
and miR-152 reduce tamoxifen resistance in ER+ breast can-
cer via downregulating ALCAM. Biochem Biophys Res Commun.
2017;483:840-846.

Baltruskeviciene E, Schveigert D, Stankevicius V, et al. Down-
regulation of miRNA-148a and miRNA-625-3p in colorectal cancer
is associated with tumor budding. BMC Cancer. 2017;17:607.

Tsai HL, Yang IP, Huang CW, et al. Clinical significance of
microRNA-148a in patients with early relapse of stage Il stage and
Il colorectal cancer after curative resection. Transl Res. 2013;162:
258-268.

Li Y, Liu J, Xiao Q, et al. EN2 as an oncogene promotes tumor pro-
gression via regulating CCL20 in colorectal cancer. Cell Death Dis.
2020;11:604.

Gu H, Fang Z, Cai X, et al. Highly expressed histone deacetyl-
ase 5 promotes the growth of hepatocellular carcinoma cells by
inhibiting the TAp63-maspin pathway. Am J Cancer Res. 2018;8:
462-475.

Hu B, Xu Y, Li YC, et al. CD13 promotes hepatocellular carcinogen-
esis and sorafenib resistance by activating HDAC5-LSD1-NF-«xB
oncogenic signaling. Clin Transl Med. 2020;10:e233.

Li A, Liu Z, Li M, et al. HDACS5, a potential therapeutic target and
prognostic biomarker, promotes proliferation, invasion and migra-
tion in human breast cancer. Oncotarget. 2016;7:37966-37978.
Zhong L, Sun S, Yao S, Han X, Gu M, Shi J. Histone deacetylase 5
promotes the proliferation and invasion of lung cancer cells. Oncol
Rep. 2018;40:2224-2232.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zhao M, Li L, Zhou J, et al. MiR-2861 behaves as a biomarker of lung
cancer stem cells and regulates the HDAC5-ERK system genes. Cell
Reprogram. 2018;20:99-106.

Gu X, Fu C, Lin L, et al. miR-124 and miR-9 mediated downregula-
tion of HDACS5 promotes neurite development through activating
MEF2C-GPM6A pathway. J Cell Physiol. 2018;233:673-687.

Liu C, Lv D, Li M, et al. Hypermethylation of miRNA-589 promoter
leads to upregulation of HDAC5 which promotes malignancy in
non-small cell lung cancer. Int J Oncol. 2017;50:2079-2090.

Dybos SA, Flatberg A, Halgunset J, et al. Increased levels of
serum miR-148a-3p are associated with prostate cancer. APMIS:
Acta Pathologica, Microbiologica, et Immunologica Scandinavica.
2018;126:722-731.

Wang W, Dong J, Wang M, et al. miR-148a-3p suppresses epithelial
ovarian cancer progression primarily by targeting c-met. Oncol Lett.
2018;15:6131-6136.

Wang X, Liang Z, Xu X, et al. miR-148a-3p represses proliferation
and EMT by establishing regulatory circuits between ERBB3/AKT2/
c-myc and DNMT1 in bladder cancer. Cell Death Dis. 2016;7:€2503.
Yilmaz M, Christofori G. EMT, the cytoskeleton, and cancer cell in-
vasion. Cancer Metastasis Rev. 2009;28:15-33.

Barriére G, Tartary M, Rigaud M. Metformin: a rising star to fight
the epithelial mesenchymal transition in oncology. Anticancer
Agents Med Chem. 2013;13:333-340.

Kahlert UD, Nikkhah G, Maciaczyk J. Epithelial-to-mesenchymal(-
like) transition as a relevant molecular event in malignant gliomas.
Cancer Lett. 2013;331:131-138.

SUPPORTING INFORMATION

Additional supporting information may be found in the online

version of the article at the publisher’s website.

How to cite this article: OuYang C, Shu G, Liu J, et al.
HDACS5, negatively regulated by miR-148a-3p, promotes
colon cancer cell migration. Cancer Sci. 2022;113:2560-2574.
doi: 10.1111/cas.15399


https://doi.org/10.1111/cas.15399

	HDAC5, negatively regulated by miR-­148a-­3p, promotes colon cancer cell migration
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Cell lines and patient samples
	2.2|Western blot (WB)
	2.3|Cell migration assay
	2.4|Cell invasion assay
	2.5|MiRNA target prediction
	2.6|Plasmid construction
	2.7|Animal experiments
	2.8|Statistical analysis

	3|RESULTS
	3.1|The high expression of HDAC5 is positively correlated with the clinicopathological characteristics of colon adenocarcinoma
	3.2|HDAC5 promotes the motility, invasion, and migration of colon adenocarcinoma cells in vitro
	3.3|Absence of nuclear localization signal of HDAC5 leads to loss of migration and invasion ability
	3.4|miR-­148a-­3p directly targets HDAC5
	3.5|miR-­148a-­3p inhibits the motility, invasion, and migration of colon adenocarcinoma cells
	3.6|The miR-­148a-­3p/HDAC5 axis inhibits the motility, invasion, and migration of colon adenocarcinoma cells
	3.7|The miR-­148a-­3p/HDAC5 axis regulates vimentin expression
	3.8|Stable overexpression of HDAC5 promotes seeding density of colon adenocarcinoma cells in vivo

	4|DISCUSSION
	ACKNOWLEDGMENTS
	DISCLOSURE
	REFERENCES


