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Abstract

HDACY plays a crucial role in cancers, and is the main drug target of several HDAC inhibitors. However, the role and
mechanism of HDACY in nasopharyngeal carcinoma (NPC) are still unclear. In this study, we observed that HDAC7 was
significantly upregulated in the NPC tissues relative to normal nasopharyngeal mucosa (NNM) tissues, HDAC7
expression levels were positively correlated with NPC progression and negatively correlated with patient prognosis,
and HDAC7 knockdown dramatically inhibited the in vitro proliferation, migration, and invasion of NPC cells, and the
growth of NPC xenografts in mice, indicating the HDAC7 promotes the oncogenicity of NPC. Mechanistically, HDAC7
promoted the in vitro proliferation, migration, and invasion of NPC cells by upregulating EphA2, in which miR-4465

potential therapeutic target for NPC.

mediated HDAC7-regulating EphA2, a direct target gene of miR-4465. We further showed that miR-4465 was
significantly downregulated in the NPC tissues relative to NNM tissues, and inhibited the in vitro proliferation,
migration, and invasion of NPC cells by targeting EphA2 expression. Moreover, we observed that the expressions of
HDAC7, miR-4465, and EphA2 in NPC tissues were correlated. The results suggest that HDAC7 promotes the
oncogenicity of NPC by downregulating miR-4465 and subsequently upregulating EphA2, highlighting HDAC7 as a

Introduction

Nasopharyngeal carcinoma (NPC) is a head and neck
cancer that shows a distinct endemic distribution with a
high prevalence in Southern China and Southeast Asia,
and remains one of the leading lethal malignancies in
these areas'. Radiotherapy is notably effective for control
early NPC. However, most of NPC patients are diagnosed
at advanced stages due to nonspecific symptoms, in which
tumor invasion, and regional and distant metastasis have
occurred, and the patients respond poorly to therapy, and
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their prognosis is dismal®. Therefore, it is imperative to
explore the underlying mechanism of carcinogenesis and
progression of NPC, which could offer novel therapeutic
targets.

Histone deacetylases (HDACs) are involved in cancer
development and progression. To date, eighteen HDACs
have been identified and divided into four classes: class I
HDACs (HDACI1-3, 8), class II HDACs (HDAC4-7,
9-10), class III HDACs (Sirtuinl1-7), and class IV HDAC
(HDAC11)**. Several HDAC inhibitors (HDACis) have
been approved for clinical treatment of hemolymphatic
tumors*~®. HDACis have also been demonstrated clinical
activities either alone or in combination with other agents
in solid tumors>®. It is reported that HDACis also possess
anti-NPC effects. HDACis, such as Vorinostat, Romi-
depsin, and MS-275, inhibit NPC cell proliferation, and
enhance bortezomib to kill NPC cells”~®, and Abexinostat
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sensitizes NPC cells to cisplatin and radiation'®. Our
previous study reveals that sodium butyrate, a HDAC
inhibitor, could induce autophagic death of NPC cells''.

HDAC?7 regulates cell proliferation, differentiation,
apoptosis, migration, and stemness in the physiological
and pathological condition'?. Aberrant expression of
HDAC7 has been observed in the lung'®'*, gastric'?,
breast'®!”, and ovarian cancer'’, glioma'®, and hemo-
lymphatic tumors'®*. High HDAC?7 expression is cor-
related with metastasis and poor prognosis'>'>*°,
Furthermore, HDAC7 is the main target of several
HDACis, such as Vorinostat®', valproic acid®*, and Tri-
chostatin A (TSA)**. However, the role and underlying
mechanism of HDAC?7 in NPC have not been explored.

Eph receptors are key regulators of both normal
development and disease**. Perturbation of Eph receptor
and its ligand system has been observed in the various
human cancers. EphA2 is the most frequently affected
Eph receptor in human cancers®®, and is overexpressed in
many human cancers, where it promotes tumor growth,
metastasis, and cancer stemness*®~>'. Approaches for
targeting downregulation of EphA2 have attracted con-
siderable interest as potential anticancer strategies®'. The
recent study revealed that upregulation of EphA2 by
HDAC2 and HDAC4 plays a crucial role in breast cancer,
and HDACs-EphA2 signaling axis is a promising ther-
apeutic target for advanced breast cancer’’. We also
found that EphA2 promotes NPC cell invasion, metas-
tasis, and stem properties®. But whether HDAC7 reg-
ulates EphA2 expression in cancer is unclear.

In the present study, we try to determine whether and
how HDAC?7 promotes the oncogenicity of NPC. We
found that HDAC7 was upregulated in NPC cell lines and
tissues, and increases the oncogenicity of NPC cells
in vitro and in vivo. Mechanistically, HDAC7 enhanced
the oncogenicity of NPC cells by downregulating miR-
4465 and subsequently upregulating its target gene
EphA2. Our findings suggest that HDAC?7 can serve as a
potential therapeutic target in NPC.

Results
HDAC7 expression is increased in the NPC tissues and
correlates with NPC progression and prognosis
Immunohistochemistry (IHC) was used to detect HDAC?
expression in the 107 NPCs and 20 normal nasopharyngeal
mucosa (NNM). The results showed that HDAC7 expres-
sion was significantly higher in the NPCs relative to NNMs
(Fig. 1a). Western blot showed that HDAC7 expression was
obviously higher in the additional four fresh NPCs than that
in the paired fresh NNMs (Fig. 1b), and in the five NPC cell
lines than that in the immortalized normal human naso-
pharynx epithelial cell line NP69 (Fig. 1c). Subsequently, we
analyzed the correlation of HDAC7 expression in the NPC
specimens with clinicopathological features and patient
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prognosis. As shown in Supplementary Table S1, HDAC7
expression was positively correlated with lymphonode and
distant metastasis and clinical TNM stage. The
Kaplan—Meier plot and Cox proportional hazards regres-
sion analysis showed that HDAC7 upregulation was an
unfavorable and independent factor for patient overall
survival (OS) and disease-free survival (DFS) (Fig. 1d,
Supplementary Table S2). Collectively, our data indicate
that HDAC?7 plays a crucial role in NPC.

HDAC7 promotes NPC cell proliferation, migration, and
invasion in vitro and growth in vivo

To explore the functions of HDAC7 in NPC, we first
established HK1 and 5-8F NPC cell lines with stable
knockdown of HDAC7 (HK1 shHDAC7 and 5-8F
shHDAC?7) by HDAC7 shRNA because both cell lines had
high HDAC?7 expression (Figs. 1c, 2a), and analyzed the
effects of HDAC7 knockdown on NPC cell proliferation,
migration, and invasion. CCK-8, plate colony formation,
and EdU incorporation labeling assay showed that HDAC7
knockdown significantly decreased NPC cell proliferation
(Fig. 2b—d). Scratch wound healing and transwell Matrigel
invasion assay showed that HDAC7 knockdown sig-
nificantly decreased NPC cell migration and invasion
in vitro (Fig. 2e, f). Moreover, we transfected HDAC7
expression plasmid into the NPC cells with the knockdown
of HDAC7? by siRNA targeting 3'UTR of HDAC?7, and
observed that reexpression of HDAC7 rescued cell pro-
liferation, migration, and invasion in the NPC cells with
HDAC?7 knockdown (Supplementary Fig. S1). Collectively,
these results demonstrate that HDAC7 promotes NPC cell
proliferation, migration, and invasion in vitro.

Subcutaneous tumor formation experiment was performed
to detect the effects of HDAC7 knockdown on the in vivo
growth of HK1 and 5-8F NPC cells. The results showed that
HDAC7? knockdown significantly decreased the growth of
NPC cells in nude mice as demonstrated by growth and
weight of xenografts (Fig. 2g). The result demonstrates that
HDACY7 increases the in vitro growth of NPC cells.

HDAC?7 upregulates EphA2 by suppressing miR-4465
expression in NPC cells

The recent study revealed that HDAC2 and HDAC4
promote the oncogenicity of breast cancer cells by upre-
gulating EphA2 expression and phosphorylation®”. We
also found that EphA2 expression and phosphorylation at
Ser897 is important for NPC cell invasion, metastasis, and
stem properties®. Therefore, we detected whether
HDAC?7 regulates EphA2 expression in the NPC cells.
Surprisingly, knockdown of HDAC7 by shRNA remark-
ably downregulated EphA2 at mRNA and protein levels in
the NPC cells (Fig. 3a), implying that decrease of EphA2
protein by HDAC7 knockdown may be attributed to its
mRNA downregulation. Moreover, EphA2 protein levels
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Fig. 1 HDAC7 overexpression is correlated with NPC progression and poor patient prognosis. a IHC showing the levels of HDAC7 and EphA2
in the NPCs and normal nasopharyngeal mucosa (NNM). Representative IHC images are shown on the top, and statistical analysis is presented on the
bottom (p < 0.001, Chi-squared test). b Western blot showing the levels of HDAC7 and EphA2 in the additional four paired fresh biopsies of NPC and
NNM. ¢ Western blot showing the levels of HDAC7 in the five NPC cell lines and immortalized normal human nasopharynx epithelial cell line NP&9.
d Kaplan—-Meier survival analysis for 107 NPC patients according to HDAC7 expression levels. NPC patients with high HDAC7 expression have a

significantly worse overall survival and disease-free survival than those with low HDAC7 expression. The log-rank test was used to calculate P value.
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in the NPC cells with HDAC7 knockdown were not
restored by either lysosome inhibitor chloroquine (CQ) or
proteasome inhibitor MG132 (Fig. 3b), indicating that
downregulation of EphA2 by HDAC7 knockdown was not
caused by impaired protein stability. These results suggest
that HDAC7 upregulates EphA2 by transcriptional or
posttranscriptional regulation in the NPC.

Transcriptional and posttranscriptional regulation could be
distinguished by detecting the levels of hnRNAs (hetero-
geneous nuclear RNA), the primary transcripts containing
intron sequences, which directly reflect the transcriptional
activity of the genes®. Therefore, we detected the level of
EphA2 hnRNA by qPCR using three pairs of specific primers
amplifying intron-1, -5, and -16 of EphA?2 respectively. The
result showed that no significant expression differences of
EphA2 hnRNA were observed between HDAC7 knockdown
and control NPC cells (Fig. 3c). The result indicate that
HDAC?7 regulates EphA2 expression by posttranscriptional
mechanism in the NPC cells.
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In the posttranscriptional regulation, miRNAs serve as a
core regulator to regulation gene expression®”. Therefore
we reasonably speculate that miRNAs mediate HDAC7-
regulating EphA2 levels in the NPC cells. For this reason,
the potential miRNAs, which could target EphA2, were
predicted by using Starbase 2.0, a database for evaluating
miRNA-target interaction based on large-scale CLIP-
sequence data®®. Three candidate miRNAs (miR-4465,
miR-1297, and miR-26b-5p) with the highest predicted
score were selected for experimental validation. The result
showed that miR-4465 and miR-26b-5p mimic but not
miR-1297 mimic remarkably reduced EphA2 protein
levels in NPC cells (Fig. 3d, and Supplementary Fig. S2).

Next, we analyzed the effect of HDAC7 on the expres-
sion of miR-4465 and miR-26b-5p in the NPC cells, and
observed that HDAC7 knockdown significantly upregu-
lated miR-4465 but not miR-26b-5p in the NPC cells (Fig.
3e, and Supplementary Fig. S3). The upregulation of miR-
4465 was also observed in xenografts generated from NPC



Li et al. Cell Death and Disease (2020)11:322

5-8F

]

HK1 5-8F

***P< 0.001; ns no significance.

Oh

24h

° @ §

= |

o
w

S
®

S

S

t e
1

Xenograft tumer weight(g) |

Xenograft tumer weight(g)

4
3
e
3

shNC

5-8F

Page 4 of 13
'd N\
a HK1 5-8F
& o & o
g g v v EE blank
FTE&FFTFLFFTFLSS e
' B S P o' B B B o B ShHDAC7 s .,
HDAC7 %8 98 | | s - 120KD H s
2l - - 2.
GAPDH M e S s SHID QS SIND S 361D E
<
=]
2
b . HKI . 58F
4 4
-e- blank -o~ blank
- shNC - shNC
3] = shHDAC7 3]+ shHDACT HK1 5-8F
£ £
= I |
=) =)
521 b B
a b B e EE blank
=} =} shNC
14 " == shHDAC7
IS skosksk
] nS g
0' T T TTrTr g T |
01234567 01234567 = | x
Days Days ;
shNC shHDAC7 E
=
HK1 5-8F
€
E 5-8F
=

shHDAC7

100pum

shHDAC7

Z1200 Tk
S
:E;mm
T 2 600
&
£
&0 300
S
=
S
T B T T T
shHDAC7 0 4 8 1216 20 24

Fig. 2 HDAC7 promotes NPC cell proliferation, migration, and invasion in vitro and growth in vitro. a Establishment of HK1 and 5-8F cell lines
with stable knockdown of HDAC7 by shRNA (shHDAC?) and their control cell lines (shNC). b-f HDAC7 knockdown inhibits NPC cell proliferation,
migration and invasion in vitro. CCK-8 (b), plate clone formation (c), and EdU incorporation (d) assay showing the proliferation of HK1 and 5-8F cells
with shHDAC7 and their control cells. e Scratch wound healing showing the migration of HK1 and 5-8F cells with shHDAC? and their control cells.
f Transwell Matrigel invasion assay showing the invasion of HK1 and 5-8F cells with shHDAC7 and their control cells. g Xenograft growth of HK1 and
5-8F cells with shHDAC7 and their control cells. (Top) The photography of xenograft tumors after 20 days subcutaneous implantation of the cells;
(bottom) growth and weight of the xenograft tumors. n =5 mice per group. Means, SDs, and statistical significance are denoted; *P < 0.05; **P < 0.01;
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cells with HDAC7 knockdown (Supplementary Fig. S4).
Accordingly, miR-4465 inhibitor but not miR-26b-5p
inhibitor could restore the levels of EphA2 protein in NPC
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cells with HDAC7 knockdown (Fig. 3f, Supplementary
Fig. S5). Moreover, we co-transfected a dual-luciferase
reporter plasmid with wild-type EphA2 or mutant EphA2
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Fig. 3 HDAC7 upregulates EphA2 by suppressing miR-4465 expression in NPC cells. a Western blot and gRT-PCR showing the levels of EphA2
protein and mRNA in the shHDAC7 HK1 and 5-8F cells and their control cells. b Western blot showing the levels of EphA2 in the shHDAC7 HK1 and
5-8F cells and control cells treated by 50 uM chloroquine (CQ) and 20 uM MG132, respectively. € QRT-PCR showing the levels of EphA2 hnRNAs in
the shHDAC7 HK1 and 5-8F cells and control cells. d Western blot showing the levels of EphA2 in the HK1 and 5-8F cells transfected with 100 nM
miR-4465 mimic or mimic control. @ QRT-PCR showing the levels of miR-4465 in the shHDAC7 HK1 and 5-8F cells and control cells. f Western blot
showing the levels of EphA2 in the shHDAC7 HK1 and 5-8F cells transfected with 200 nM miR-4465 inhibitor or inhibitor control. g 3’UTR dual-
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into HEK293 cells with control or miR-4465 mimic. The
results revealed a significant reduction in luciferase
activity in miR-4465 mimic-transfected cells compared
with control mimic-transfected cells, whereas miR-4465
mimic had no obvious effects on the luciferase activity of a
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dual-luciferase reporter plasmid with mutant EphA2 in
the miR-4465 binding site (Fig. 3g), confirming that
EphA2 is a direct target of miR-4465. Collectively, our
results reveal that HDAC7 upregulates EphA2 via sup-
pressing miR-4465 expression in the NPC cells.
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MiR-4465 functions as a tumor suppressor in NPC
Although the previous studies indicate that miR-4465
functions as a tumor suppressor in the ovarian clear cell
carcinoma and non-small cell lung cancer’>”?®, its function
is unclear in NPC. Therefore, we detected miR-4465
expression in the 107 NPCs and 20 NNM by using qRT-
PCR. We observed that miR-4465 expression was sig-
nificantly decreased in the NPC tissues as compared with
NNM (Fig. 4a). Next, we analyzed the effects of miR-4465
mimic on NPC cell proliferation, migration, and invasion.
CCK-8, plate clone formation, and EdU incorporation assay
showed that miR-4465 mimic dramatically inhibited in vitro
NPC cell proliferation (Fig. 4b—e), and scratch wound
healing and Transwell Matrigel invasion assay showed that
miR-4465 mimic dramatically inhibited in vitro NPC cell
migration (Fig. 4f) and invasion (Fig. 4g). Moreover,
expression of exogenous EphA2 could antagonize the
inhibitory effects of miR-4465 on NPC cell proliferation,
migration, and invasion (Fig. 4b—g). The results indicate
that miR-4465 functions as a tumor suppressor in NPC.

HDAC7 promotes NPC cell proliferation, migration, and
invasion by miR-4465 -EphA2 axis

First, we explored whether EphA2 mediates the NPC
promotion of HDAC7. We transfected EphA2 expression
plasmid into HK1 and 5-8F cells with HDAC7 knockdown,
and then cell proliferation, migration, and invasion were
detected. The results showed that restoration of EphA2
expression antagonized the inhibitory effects of HDAC7
knockdown on NPC cell proliferation (Fig. 5a—d), and
migration and invasion (Fig. 5e, f). The results suggest that
HDAC?7 exerts its oncogenic roles by upregulating EphA2 in
NPC cells.

Next, we explored whether miR-4465 mediates the NPC
promotion of HDAC? and EphA2. MiR-4465 inhibitor was
transfected alone or co-transfected with EphA2 siRNA
(siEphA2) into NPC cells with HDAC?7 knockdown, and
then cell proliferation, migration, and invasion were
detected. The results showed that miR-4465 inhibitor
antagonized the inhibitory effects of HDAC7 knockdown
on NPC cell proliferation (Fig. 6a—d), and migration (Fig.
6e) and invasion (Fig. 6f). Moreover, the antagonized effects
of miR-4465 inhibitor on HDAC7 knockdown cell pro-
liferation, migration, and invasion were abolished when
EphA2 was knocked down by siEphA2 (Fig. 6a—f). Collec-
tively, these results demonstrate that HDAC7 promotes the
oncogenicity of NPC cells by miR-4465-EphA2 axis.

Levels of HDAC7, miR-4465, and EphA2 are correlated in
human NPC biopsies

Since our data demonstrate that HDAC7 promotes the
oncogenicity of NPC cells by miR-4465-EphA2 axis, we
analyzed whether the levels of HDAC7, miR-4465, and
EphA2 are correlated in human NPC biopsies. IHC
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showed that the expression of HDAC7 and EphA2 was
significantly higher in NPCs than that in NNM (Fig. 1a).
QRT-PCR observed that miR-4465 expression was sig-
nificantly decreased in the NPC tissues as compared with
NNM (Fig. 4a). Spearman correlation analysis showed
that HDAC? expression was positively associated with
EphA2 level (r=0.616, P<0.001), whereas negatively
associated with miR-4465 level (r = —0.79, P < 0.001), and
miR-4465 level was negatively associated with EphA2
level (r=-0.59, P<0.001) (Fig. 6g). Together, these
results indicate that high HDAC?7 expression appears to
be associated with downregulation of miR-4465 and
upregulation of EphA2 in the NPC tissues, and these
misregulations might contribute to NPC development and
progression.

Discussion

HDAC7 is dysregulated in the many cancers'>™'?, is
correlated with metastasis and poor prognosis, and is the
main target of several HDACis>' ", Although several
HDACis have exhibited anti-NPC effects” %, the role and
underlying mechanism of HDAC?7 in NPC have not been
explored. In the present study, we observed that HDAC7
is upregulated in NPCs, and correlated with NPC pro-
gression and poor prognosis, and promoted the in vitro
proliferation, migration, and invasion and in vivo growth
of NPC cells, indicating that HDAC?7 functions as an
oncogene.

Several studies indicate that oncogenic roles of HDAC?
are dependent on upregulation of Stat3 and c-Myc'>'*3~*.,
However, we did not observe the effects of HDAC7
knockdown on the expression of c-Myc and Stat3 in NPC
cells (data not shown), suggesting that other factors
mediate the function of HDAC7 in NPC. It has been
reported that WW437, a novel HDACI, suppresses breast
cancer progression by downregulating EphA2 via a
HDAC2 and HDAC4 dependent manner®>. Our recent
study demonstrates that EphA2 and its phosphorylation at
S897 are essential for NPC cell migration, metastasis, and
stemness>>, For this reason, we explored whether HDAC7
also upregulates EphA2 in the NPC cells, and found that
HDAC? absolutely upregulates EphA2. HDAC2 and
HDAC4 transcriptionally upregulate EphA2 in the breast
cancer cells*’, however our results indicate that HDAC7
posttranscriptionally upregulates EphA2 in the NPC cells.
We found that EphA2 is a direct target of miR-4465 in the
NPC cells, and HDAC? upregulates EphA2 by inhibiting
miR-4465 expression. Moreover, our data further
demonstrate that HDAC7 promotes the oncogenicity of
NPC cells by inhibiting miR-4465 expression, and then
upregulating EphA2, suggesting that HDAC?7 is a poten-
tial therapeutic target for NPC. To our knowledge, it is the
first time report that HDAC7 upregulates EphA2, and
miR-4465 targets EphA2 expression in cancers.
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Fig. 5 HDAC7 promotes NPC cell proliferation, migration, and invasion by upregulating EphA2. a Western blot showing the levels of EphA2 in
the shHDAC7 HK1 and 5-8F cells transfected with EphA2 expression plasmid and their control cells. b—f Restoration of EphA2 expression antagonized
the inhibitory effects of HDAC7 knockdown on NPC cell proliferation, and migration and invasion in vitro. CCK-8 (b), plate clone formation (c), and
EdU incorporation (d) assay showing the proliferation of shHDAC7 HK1 and 5-8F cells transfected with EphA2 expression plasmid and their control
cells. e Scratch wound healing showing the migration of shHDAC7 HK1 and 5-8F cells transfected with EphA2 expression plasmid and their control
cells. f Transwell Matrigel invasion assay showing the invasion of shHDAC7 HK1 and 5-8F cells transfected with EphA2 expression plasmid and their
control cells. Means, SDs, and statistical significance are denoted; **P < 0.01; ***P < 0.001; ns no significance.
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significance are denoted; **P < 0.01; ***P < 0.001; ns no significance.

Fig. 6 HDAC7 promotes NPC cell proliferation, migration, and invasion by miR-4465-EphA2 axis. a Western blot showing the levels of EphA2
in the shHDAC7 HK1 and 5-8F cells transfected with miR-4465 inhibitor or co-transfected with miR-4465 inhibitor and EphA2 siRNA (siEphA2), and
their control cells. b—f The effects of miR-4465 inhibitor transfection or miR-4465 inhibitor and siEphA2 co-transfection on NPC cell proliferation, and
migration and invasion. CCK-8 (b), plate clone formation (c), and EJU incorporation (d) assay showing the proliferation of shHDAC7 HK1 and 5-8F
cells transfected with miR-4465 inhibitor or co-transfected with miR-4465 inhibitor and siEphA2, and their control cells. e Scratch wound healing
assay showing the migration of shHDAC7 HK1 and 5-8F cells transfected with miR-4465 inhibitor or co-transfected with miR-4465 inhibitor and

siEphA2, and their control cells. f Transwell Matrigel invasion assay showing the invasion of sShHDAC7 HK1 and 5-8F cells transfected with miR-4465
inhibitor or co-transfected with miR-4465 inhibitor and siEphA2, and their control cells. g Correlation analyses of HDAC7, miR-4465, and EphA2 in 107
NPC based on their expression levels. (Left) Spearman correlation analysis showing the positive correlation between HDAC7 and EphA2. (Right)

Spearman correlation analysis showing the negative correlation between miR-4465 and HDAC7, and miR-4465 and EphA2. Means, SDs, and statistical

HDAC?7 is overexpressed in the many cancers'®~'>?%%2,

Accumulated studies indicate that both transcriptional
and posttranscriptional regulators are involved in upre-
gulation of HDAC7. ZNF326, an oncogenic transcription
factor, promotes HDAC?7 transcription via binding to its
promoter in gliomals. Several miRNAs, such as miR-34a'®
and miR-489", suppress HDAC7 expression by targeting
HDAC7 mRNA degradation in the breast and colorectal
cancer cells respectively. It has been reported that miR-
34a, a negative regulator of HDAC7'®, downregulates in
the NPC and suppresses the malignant biological beha-
viors of NPC cells*~*, It is therefore plausible that miR-
34a is involved in HDAC?7 downregulation in NPC, which
needs further experimental validation.

MiR-4465 is one member of miR-26 family, however the
role of miR-4465 in cancer was rarely reported®”?®,
Therefore we explored whether miR-4465 is involved in
NPC, and found that miR-4465 expression was sig-
nificantly decreased in the NPC tissues as compared with
NNM, and miR-4465 mimic dramatically inhibited NPC
cell proliferation, migration, and invasion. Our data
indicate that miR-4465 functions as a tumor suppressor in
NPC, providing additional evidences for the tumor sup-
pressing function of miR-4465. Our results showed that
EphA2 also was a predictive target of miR-26b-5p, and
miR-26b-5p mimic remarkably decreased EphA2 protein
levels in NPC cells, supporting that EphA2 is a direct
target of miR-26b-5p in the cancers*”*®,

In summary, our data reveal that HDAC7 functions as
an oncogene in NPC, and promotes the oncogenicity of
NPC cells by inhibiting miR-4465 expression, and sub-
sequently upregulating EphA2, and miR-4465 functions as
a tumor suppressor in NPC. Our findings indicate that
HDACY is a potential therapeutic target in NPC.

Materials and methods
Patients and tissue samples

The one hundred and seven formalin-fixed and paraffin-
embedded archival NPC tissue specimens, and twenty
NNM between Jan 2010 and Dec 2012 were obtained
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from the Xiangya Hospital of Central South University at
the time of diagnosis before any therapy. In addition, four
paired fresh NPC and NNM biopsies were also collected.
On the basis of the 1978 WHO classification®>*’, all
tumors were histopathologically diagnosed as poorly dif-
ferentiated squamous cell carcinomas (WHO type III).
The clinical stage of the patients was classified and
reclassified according to the AJCC criteria as described in
the seventh edition of the AJCC cancer staging man-
ual®**®. All the patients received radiochemotherapy
according to a uniform guideline, and data on clin-
icopathological features and prognoses of the patients
were collected and analyzed retrospectively. The follow-
up period was 9-71(50 + 18.3) months. OS was defined as
the time from the initiation of primary therapy to the date
of cancer-related death or when censured at the latest
date if patients were still alive. DFS was calculated as the
time from the completion of primary radiotherapy to the
date of pathological diagnosis or clinical evidence of local
failure and/or distant metastasis. The clinicopathological
features of the patients used in the present study are
shown in Supplementary Table S3.

Cell lines and plasmids

Human NPC cell line HK1 was kindly gifted by Dr. Tao
of the Chinese University of Hong Kong, and human NPC
cell lines 5-8F, 6-10B, CNE1 and CNE2 and NP69, an
immortalized normal human nasopharynx epithelial cell
line, have been described previously by us*>***°. NPC
cells were cultured with RPMI-1640(BI, Israel) medium
supplemented with 10% fetal bovine serum (BI) at 37 °C in
5% CO,. NP69 cells were cultured with Defined
Keratinocyte-SFM medium (Thermo Fischer Scientific) at
37°C in 5% CO,. The cell lines were authenticated by
short tandem repeat profiling prior to use, and were
routinely tested negative for mycoplasma contamination
using 4,6-diamidino-2-phenylindole staining.

Lentiviral interfering plasmid GV248-shHDAC?7 and
scramble nontarget shRNA control plasmid GV248-shNC,
and a dual-luciferase reporter plasmid expressing wild-type
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EphA2 3’-UTR or mutant EphA2 3’-UTR in the predicted
miR-4465 binding site were established by Genechem Inc.
(Shanghai, China), and confirmed by sequencing. The core
target sequence of shHDAC7 was 5-GGCUGGAAACA-
GAAACCCA-3". pENTER-HDAC?7 expression plasmid and
control plasmid were purchased from Vigene bioscience
Inc. EphA2 expression plasmid and control plasmid have
been described previously by us>.

Establishment of NPC cell lines with HDAC7 knockdown

HK1 and 5-8F cells were infected with lentiviral
GV248-shHDAC7 and GV248-shNC particles respec-
tively, and were selected using puromycin for 2 weeks,
then HK1 and 5-8F cell lines with the stable knockdown
of HDAC?7, and their control cell lines were obtained.

Transient transfection

MiR-4465, miR-26b-5p and miR-1297 mimic, miR-4465
and miR-26b-5p inhibitor and their respective negative
control, and EphA2 and HDAC7 3'UTR (untranslated
region) siRNA and their respective control siRNA, which
were purchased from Ribobio Inc. (Guangzhou, China),
were transfected into the indicated cells using riboFect™
CP Transfection Kit (Ribobio Inc.) according to the
manufacturer’s instructions respectively. The target
sequence of EphA2 and HDAC7 siRNA was 5'-
CAGCCTTCGGACAGACATA-3, and 5-CAAG-
TAGTTGGAACCAGAGAA-3/, respectively. EphA2 and
HDAC?7 expression plasmid and their control plasmid
were transfected into the indicated cells by using Lipo-
fectamine™ 2000 (Thermo Fischer Scientific) according
to the manufacturer’s instruction respectively.

Western blot

Western blot was performed as described previously by
us3, Briefly, proteins were exacted from cells or tissues
using RIPA lysis buffer. An equal amount of protein in
each sample was subjected to SDS-PAGE separation,
followed by blotting onto a PVDF membrane. After
blocking, blots were incubated with rabbit anti-HDAC7
antibody (A7258, ABclonal; 1:500 dilution), mouse anti-
EphA2 antibody (sc-398832, Santa Cruz; 1:100 dilution)
overnight at 4°C, followed by incubation with HRP-
conjugated secondary antibody (Abcam, 1:5000 dilution)
for 1h at room temperature. The signal was visualized
with chemiluminescence detection reagent (Millipore).

RNA quantification

QRT-PCR was performed as described previously by
us*>®!. Briefly, total RNA was extracted from the indi-
cated NPC cells with Trizol reagent (Thermo Fischer
Scientific), or from the paraffin-embedded tissues of 107
NPCs and 20 NNMs with RecoverAll™ total nucleic acid
isolation kit (Ambion) according to the manufacturer’s
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instructions. For miRNA qRT-PCR, miDETECT A
Track™ miRNA qRT-PCR Starter Kit (RiboBio Inc.) was
used to reversely transcribe the total RNA to cDNA and
amplify the RT product according to the manufacturer’s
instructions. For EphA2 mRNA qRT-PCR, a RT kit and
Oligo dT primer (Promega) was used to reversely tran-
scribe the total RNA to cDNA, and the RT products were
amplified by real-time PCR using QuantiFast SYBR green
PCR kit (Qiagen) according to the manufacturer’s
instructions. The products were quantitated using 2>
method against 5S or GAPDH for normalization. The
primer sequences were synthesized by RiboBio Inc. and
summarized in the Supplementary Table S4. All assays
were performed three times in triplicate.

Luciferase activity assay

Dual-luciferase reporter system assay was performed as
described previously by us*. Briefly, a dual-luciferase
reporter plasmid with wild-type EphA2 3-UTR or mutant
EphA2 3/-UTR was co-transfected with miR-4465 mimic or
mimic control into HEK293 cells using Lipofectamine 2000
respectively. Cells were harvested 48 h after transfection, both
firefly luciferase and renilla luciferase activities were mea-
sured using the dual-luciferase reporter assay system (Pro-
mega) according to the manufacturer’s instructions, and
luciferase activity was estimated using a luminometer (Pro-
mega). The assay was performed three times in triplicate.

Cell Counting Kit-8 (CCK-8) assay

Cell proliferation was measured using a CCK-8 kit as
described previously by us**?. The assay was performed
three times in triplicate.

Plate clone formation assay

Plate colony formation assay was performed to detect
cell proliferation described previously by us****. The assay
was performed three times in triplicate.

5-ethynyl-2’-deoxyuridine (EdU) incorporation assay

EdU incorporation assay was performed to detect cell
proliferation as described previously by us***% The assay
was performed three times in triplicate.

Scratch wound healing and Transwell Matrigel invasion
assay

Scratch wound healing and matrigel invasion assay was
performed to detect cell migration and invasion as
described previously by us*>*®, All assays were performed
three times in triplicate.

Tumor formation assay in nude mice

Nude female Balb/c mice that were 4 weeks old were
obtained from the Laboratory Animal Center of Central
South University (Changsha, China) and were maintained
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under specific pathogen-free conditions. For tumor for-
mation experiment, 5 x 10° cells resuspended in 200 pl of
medium without serum were subcutaneously injected into
the flanks of mice (=05 mice each). The mice were
monitored daily for palpable tumor formation, and tumor
volume (in mm?®) was measured by a vernier caliper every
4 days and calculated by using the modified ellipse for-
mula (volume = length x width?/2). After 20 days, the
mice were killed by cervical dislocation, and their tumors
were excised, weighted, and embedded in paraffin.

Immunohistochemistry and staining evaluation

IHC were performed on the formalin-fixed and paraffin-
embedded tissue sections as described previously by
us®**73, Briefly, tissue sections were incubated with anti-
HDAC?7 antibody (D160484—0200, BBI Life Sciences; 1:50
dilution) or anti-EphA2 antibody (6997, CST; 1:200 dilu-
tion) overnight at 4 °C, and then incubated with biotinylated
secondary antibody followed by avidin-biotin peroxidase
complex (DAKO) at room temperature for 30 min. Finally,
tissue sections were incubated with 3/, 3/-diaminobenzidine
(Sigma-Aldrich) and counterstained with hematoxylin. In
negative controls, primary antibodies were replaced with a
normal mouse or rabbit IgG. Known immunostaining-
positive slides were used as positive controls.

Immunohistochemical staining was assessed and scored
by two independent pathologists who were blinded to the
clinicopathological data. Discrepancies were resolved by
consensus. Staining intensity was categorized: absent
staining as 0, weak as 1, moderate as 2, and strong as 3.
The percentage of stained cells (examined in at least 500
cells) was categorized as no staining = 0, <30% of stained
cells =1, 30-60% =2, and >60% = 3. The staining score
(ranging from 0 to 6) for each tissue was calculated by
adding the area score and the intensity score. A combined
staining score of <3 was considered to be low expression,
and >3 was considered to be high expression.

Statistical analysis

Statistical analysis was performed using IBM SPSS sta-
tistical software package 22. Data are presented as means
+ SD. Qualitative variables were compared by the Stu-
dent’s t test or Chi-square test. Kaplan—Meier survival
analysis was used to compare NPC patient survival by the
log-rank test. Cox proportional hazards regression ana-
lyses were used to analyze the effect of clinical variables
on patient survival. The Spearman rank correlation
coefficient was used to determine the correlation between
the two variables. All statistical tests were two-sided, and
the p values <0.05 were considered statistically significant.

Ethics statement

The use of human tissues was approved by the Ethics
Committee of Xiangya Hospital, Central South University. As

Official journal of the Cell Death Differentiation Association

Page 12 of 13

only archived tumor specimens were included in this study,
the ethics committee waived the need for consent and
patient records/information were analyzed anonymously. All
animal experimental procedures were performed in accor-
dance with the Guide for the Care and Use of Laboratory
Animals of Xiangya Hospital, Central South University, with
the approval of the Institutional Animal Ethics Committee.

Acknowledgements

This work was supported by the National Natural Science Foundation of China
(81874132, 81672687, 81702924) and the Natural Science Foundation of Hunan
Province of China (2019JJ40486, 2018JJ3811), and Shenzhen Science and
Technology Program of China (KQTD20170810160226082).

Author details

'Department of Otolaryngology Head and Neck Surgery, Xiangya Hospital,
Central South University, Changsha 410008, China. “Research Center of
Carcinogenesis and Targeted Therapy, Xiangya Hospital, Central South
University, Changsha 410008, China. *The Higher Educational Key Laboratory
for Cancer Proteomics and Translational Medicine of Hunan Province, Xiangya
Hospital, Central South University, Changsha 410008, China. “Institute of
Dermatology, Chinese Academy of Medical Sciences and Peking Union
Medical College, Nanjing 210042, China

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-020-2521-1).

Received: 1 December 2019 Revised: 17 April 2020 Accepted: 20 April 2020
Published online: 06 May 2020

References

1. Lo, KW, To, K F.&Huang, D. P. Focus on nasopharyngeal carcinoma. Cancer
Cell 5, 423-428 (2004).

2. Chan, A. T. Current treatment of nasopharyngeal carcinoma. Eur. J. Cancer 47
(Suppl 3), 5302-5303 (2011).

3. Falkenberg, K. J. & Johnstone, R. W. Histone deacetylases and their inhibitors in
cancer, neurological diseases and immune disorders. Nat. Rev. Drug Discov. 13,
673-691 (2014).

4. West, A. C. & Johnstone, R. W. New and emerging HDAC inhibitors for cancer
treatment. J. Clin. Investig. 124, 30-39 (2014).

5. Schizas, D. et al. Histone deacetylases (HDACs) in gastric cancer. an update of
their emerging prognostic and therapeutic role. Curr. Med. Chem. 26, 1-12
(2019).

6. Li, Y. & Seto, E. HDACs and HDAC inhibitors in cancer development and
therapy. Cold Spring Harb. Perspect. Med. 6, a026831 (2016).

7. Hui, K F. et al. Inhibition of class | histone deacetylases by romidepsin potently
induces Epstein-Barr virus lytic cycle and mediates enhanced cell death with
ganciclovir. Int. J. Cancer 138, 125-136 (2016).

8. Hui, K F. & Chiang, A. K. Combination of proteasome and class | HDAC
inhibitors induces apoptosis of NPC cells through an HDAC6-independent ER
stress-induced mechanism. Int. J. Cancer 135, 2950-2961 (2014).

9. Hui, K F, Lam, B.H, Ho, D. N, Tsao, S. W. & Chiang, A. K. Bortezomib and SAHA
synergistically induce ROS-driven caspase-dependent apoptosis of naso-
pharyngeal carcinoma and block replication of Epstein-Barr virus. Mol. Cancer
Ther. 12, 747-758 (2013).

10.  Gressette, M. et al. Treatment of nasopharyngeal carcinoma cells with the
histone-deacetylase inhibitor abexinostat: cooperative effects with cis-platin
and radiotherapy on patient-derived xenografts. PloS ONE 9, €91325 (2014).


https://doi.org/10.1038/s41419-020-2521-1
https://doi.org/10.1038/s41419-020-2521-1

Li et al. Cell Death and Disease (2020)11:322

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

Huang, W. et al. Sodium butyrate induces autophagic apoptosis of naso-
pharyngeal carcinoma cells by inhibiting AKT/mTOR signaling. Biochem. Bio-
phys. Res. Commun. 514, 64-70 (2019).

Parra, M. Class lla HDACs—new insights into their functions in physiology and
pathology. FEBS J. 282, 1736-1744 (2015).

Sang, Y. et al. Histone deacetylase 7 inhibits plakoglobin expression to pro-
mote lung cancer cell growth and metastasis. Int. J. Oncol. 54, 1112-1122
(2019).

Lei, Y. et al. Hdac7 promotes lung tumorigenesis by inhibiting Stat3 activation.
Mol Cancer 16, 170 (2017).

Yu, Y. et al. The expression of HDAC7 in cancerous gastric tissues is positively
associated with distant metastasis and poor patient prognosis. Clin. Transl.
Oncol 19, 1045-1054 (2017).

Wu, MY, Fu, J, Xiao, X, Wu, J. & Wu, R. C. MiR-34a regulates therapy resistance
by targeting HDAC1 and HDACY in breast cancer. Cancer Lett. 354, 311-319
(2014).

Witt, A. E. et al. Identification of a cancer stem cell-specific function for the
histone deacetylases, HDAC1 and HDAC7, in breast and ovarian cancer.
Oncogene 36, 1707-1720 (2017).

Yu, X, Wang, M, Wu, J, Han, Q. & Zhang, X. ZNF326 promotes malignant
phenotype of glioma by up-regulating HDAC7 expression and activating Wnt
pathway. J. Exp. Clin. Cancer Res. 38, 40 (2019).

Barneda-Zahonero, B. et al. The transcriptional repressor HDAC7 promotes
apoptosis and c-Myc downregulation in particular types of leukemia and
lymphoma. Cell Death Dis. 6, €1635 (2015).

Moreno, D. A. et al. Differential expression of HDAC3, HDAC7 and HDACY is
associated with prognosis and survival in childhood acute lymphoblastic
leukaemia. Br. J. Haematol. 150, 665-673 (2010).

Dokmanovic, M. et al. Histone deacetylase inhibitors selectively suppress
expression of HDAC7. Mol. Cancer Ther. 6, 2525-2534 (2007).

Kwiecinska, P, Wrobel, A, Tauboll, E. & Gregoraszczuk, E. L. Valproic acid, but
not levetiracetam, selectively decreases HDAC7 and HDAC2 expression in
human ovarian cancer cells. Toxicol. Lett. 224, 225-232 (2014).

Li, S, Wang, B, Xu, Y. & Zhang, J. Autotaxin is induced by TSA through HDAC3
and HDACY inhibition and antagonizes the TSA-induced cell apoptosis. Mol.
Cancer 10, 18 (2011).

Pasquale, E. B. Eph-ephrin bidirectional signaling in physiology and disease.
Cell 133, 38-52 (2008).

Pasquale, E. B. Eph receptors and ephrins in cancer: bidirectional signalling and
beyond. Nat. Rev. Cancer 10, 165-180 (2010).

Miao, H. et al. EphA2 promotes infiltrative invasion of glioma stem cells in vivo
through cross-talk with Akt and regulates stem cell properties. Oncogene 34,
558-567 (2015).

Zhovu, Y. et al. Crucial roles of RSK in cell motility by catalysing serine phos-
phorylation of EphA2. Nat. Commun. 6, 7679 (2015).

Miao, H. et al. EphA2 mediates ligand-dependent inhibition and ligand-
independent promotion of cell migration and invasion via a reciprocal reg-
ulatory loop with Akt. Cancer Cell 16, 9-20 (2009).

Song, W, Ma, Y, Wang, J, Brantley-Sieders, D. & Chen, J. JNK signaling med-
iates EPHA2-dependent tumor cell proliferation, motility, and cancer stem cell-
like properties in non-small cell lung cancer. Cancer Res. 74, 2444-2454 (2014).
Binda, E. et al. The EphA2 receptor drives self-renewal and tumorigenicity in
stem-like tumor-propagating cells from human glioblastomas. Cancer Cell 22,
765-780 (2012).

Tandon, M, Vemula, S. V. & Mittal, S. K. Emerging strategies for EphA2 receptor
targeting for cancer therapeutics. Expert Opin. Ther. Targets 15, 31-51 (2011).
Zhang, T. et al. Inhibition of HDACs-EphA2 signaling axis with WW437
demonstrates promising preclinical antitumor activity in breast cancer. £Bio-
Medicine 31, 276-286 (2018).

Official journal of the Cell Death Differentiation Association

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

51

53.

Page 13 of 13

Li, J. Y. et al. S897 phosphorylation of EphA2 is indispensable for EphA2-
dependent nasopharyngeal carcinoma cell invasion, metastasis and stem
properties. Cancer Lett. 444, 162-174 (2019).

DebRoy, S. et al. Transcriptional and post transcriptional control of enter-
ococcal gene regulation. In Gilmore, M. S, Clewell, D. B, Ike, Y. & Shankar, N.
(eds). Enterococci: From Commensals to Leading Causes of Drug Resistant
Infection, (Boston, Massachusetts Eye and Ear Infirmary, 2014).

Yamamura, S, Imai-Sumida, M, Tanaka, Y. & Dahiya, R. Interaction and cross-
talk between non-coding RNAs. Cell. Mol. Life Sci. 75, 467-484 (2018).

Li, J.H, Liu, S, Zhou, H, Qu, L. H. & Yang, J. H. starBase v2.0: decoding miRNA-
ceRNA, miRNA-ncRNA and protein-RNA interaction networks from large-scale
CLIP-Seq data. Nucleic Acids Res. 42, D92-D97 (2014).

W, Y. et al. Long non-coding RNA SNHG6 promotes cell proliferation and
migration through sponging miR-4465 in ovarian clear cell carcinoma. J. Cell.
Mol. Med. 23, 5025-5036 (2019).

Sun, J, Tian, X, Lu, S. Q. & Hu, H. B. MicroRNA-4465 suppresses tumor pro-
liferation and metastasis in non-small cell lung cancer by directly targeting the
oncogene EZH2. Biomed. Pharmacother. 96, 1358-1362 (2017).

Zhu, C. et al. The role of histone deacetylase 7 (HDAC?) in cancer cell pro-
liferation: regulation on c-Myc. J. Mol. Med. 89, 279-289 (2011).

Wang, S. et al. Control of endothelial cell proliferation and migration by VEGF
signaling to histone deacetylase 7. Proc. Natl Acad. Sci. USA 105, 7738-7743
(2008).

Peixoto, P. et al. HDACY inhibition resets STAT3 tumorigenic activity in human
glioblastoma independently of EGFR and PTEN: new opportunities for selec-
ted targeted therapies. Oncogene 35, 4481-4494 (2016).

Quaissi, M. et al. Further characterization of HDAC and SIRT gene expression
patterns in pancreatic cancer and their relation to disease outcome. PloS ONE
9, 108520 (2014).

Gao, S. et al. MiR-489 suppresses tumor growth and invasion by targeting
HDAC7 in colorectal cancer. Clin. Transl. Oncol. 20, 703-712 (2018).

Huang, G. et al. MiRNA-34a reversed TGF-beta-induced epithelial-
mesenchymal transition via suppression of SMAD4 in NPC cells. Biomed.
Pharmacother. 106, 217-224 (2018).

Long, Z, Wang, B, Tao, D, Huang, Y. & Tao, Z. Hypofractionated radiotherapy
induces miR-34a expression and enhances apoptosis in human nasophar-
yngeal carcinoma cells. Int. J. Mol. Med. 34, 1388-1394 (2014).

Song, P, Ye, L. F, Zhang, C, Peng, T. & Zhou, X. H. Long non-coding RNA XIST
exerts oncogenic functions in human nasopharyngeal carcinoma by targeting
miR-34a-5p. Gene 592, 8-14 (2016).

De Robertis, M. et al. Dysregulation of EGFR pathway in EphA2 cell sub-
population significantly associates with poor prognosis in colorectal cancer.
Clin. Cancer Res. 23, 159-170 (2017).

Wu, N. et al. Role of microRNA-26b in glioma development and its mediated
regulation on EphA2. PloS ONE 6, 16264 (2011).

Zheng, Z. et al. MiR-125b regulates proliferation and apoptosis of nasophar-
yngeal carcinoma by targeting A20/NF-kappaB signaling pathway. Cell Death
Dis. 8, €2855 (2017).

Yi, B. et al. Inactivation of 14-3-3 sigma by promoter methylation correlates
with metastasis in nasopharyngeal carcinoma. J. Cell. Biochem. 106, 858-866
(2009).

Li, X. H. et al. Integrated analysis of differential miRNA and mRNA expression
profiles in human radioresistant and radiosensitive nasopharyngeal carcinoma
cells. PloS ONE 9, e87767 (2014).

Xiao, T. et al. RACK1 promotes tumorigenicity of colon cancer by inducing cell
autophagy. Cell Death Dis. 9, 1148 (2018).

Zhu, J. F. et al. Annexin Al-suppressed autophagy promotes nasopharyngeal
carcinoma cell invasion and metastasis by PI3K/AKT signaling activation. Cell
Death Dis. 9, 1154 (2018).



	HDAC7 promotes the oncogenicity of nasopharyngeal carcinoma cells by miR-�4465-�EphA2 signaling axis
	Introduction
	Results
	HDAC7 expression is increased in the NPC tissues and correlates with NPC progression and prognosis
	HDAC7 promotes NPC cell proliferation, migration, and invasion in�vitro and growth in�vivo
	HDAC7 upregulates EphA2 by suppressing miR-4465 expression in NPC cells
	MiR-4465 functions as a tumor suppressor in NPC
	HDAC7 promotes NPC cell proliferation, migration, and invasion by miR-4465 -EphA2 axis
	Levels of HDAC7, miR-4465, and EphA2 are correlated in human NPC biopsies

	Discussion
	Materials and methods
	Patients and tissue samples
	Cell lines and plasmids
	Establishment of NPC cell lines with HDAC7 knockdown
	Transient transfection
	Western blot
	RNA quantification
	Luciferase activity assay
	Cell Counting Kit-8 (CCK-8) assay
	Plate clone formation assay
	5-ethynyl-2&#x02032;-deoxyuridine (EdU) incorporation assay
	Scratch wound healing and Transwell Matrigel invasion assay
	Tumor formation assay in nude mice
	Immunohistochemistry and staining evaluation
	Statistical analysis
	Ethics statement

	Acknowledgements




