
Cell Death & Differentiation (2019) 26:1750–1765
https://doi.org/10.1038/s41418-018-0242-0

ARTICLE

A DHX9-lncRNA-MDM2 interaction regulates cell invasion
and angiogenesis of cervical cancer

Xiangya Ding 1,2,3
● Xuemei Jia4 ● Cong Wang5

● Jingyun Xu3
● Shou-Jiang Gao3,6,7

● Chun Lu1,2,3

Received: 24 February 2018 / Revised: 7 October 2018 / Accepted: 7 November 2018 / Published online: 5 December 2018
© ADMC Associazione Differenziamento e Morte Cellulare 2018

Abstract
Cervical cancer (CC) is the third most common carcinoma and the fourth leading cause of cancer-associated mortality in
women. Here, we report that MDM2-DHX9 interaction mediates CC motility and angiogenesis in a long noncoding RNA-
dependent fashion. A long noncoding RNA, named lnc-CCDST, is significantly downregulated in CC tissues, and binds to
pro-oncogenic DHX9. DHX9 is upregulated in CC tissue, and promotes CC cell motility and angiogenesis. The lnc-CCDST
and DHX9 interaction promotes DHX9 degradation through the ubiquitin proteasome pathway. Furthermore, DHX9 bound
to E3 ubiquitin ligase MDM2, and this interaction is enhanced by lnc-CCDST. Thus, lnc-CCDST promotes DHX9
degradation by serving as a scaffold to facilitate the formation of MDM2 and DHX9 complexes. Moreover, HPV oncogenes
E6 and E7 abolish the expression of lnc-CCDST resulting in the increase of DHX9. Our results have revealed a novel
mechanism by which high-risk HPVs promote motility and angiogenesis of CC by inhibiting expression of lnc-CCDST
to disrupt MDM2 and DHX9 interaction, and DHX9 degradation, and identified a potential therapeutic target for CC.

Introduction

Although the incidence and mortality rate of cervical cancer
(CC) have continued to decline in recent years, CC remains
as the third most common carcinoma and the fourth leading
cause of cancer-associated mortality in females worldwide.
According to the WHO datum, 528,000 new cases of CC
were diagnosed and 266,000 patients died of the cancer in
2012. CC may be completely free of symptoms in the early
stages but may be present in the abdomen, lungs, or
elsewhere in advanced disease, particularly in metastatic
stage [1]. Although early screening programs have reduced
the mortality rates of CC patients, tumor metastasis con-
tinues to occur and negatively impact survival even for
some diagnosed in early stage [2]. While many studies have
focused on CC, the molecular mechanisms underlying the
progression of CC remain unclear.

Human papillomavirus (HPV) infection causes more
than 90% of CC cases [3]. Globally, high-risk HPV 16 and
18 are the causes of 75% of CC cases with the remaining
cases associated with other high-risk HPVs [3]. HPV
oncoproteins E6 and E7 are directly linked to the process of
malignant progression [4, 5]. E6 and E7 have evolved
numerous strategies to alter cell cycle and apoptosis control,
and evade host immuno-surveillance while maintain viral
persistence.
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Long noncoding RNAs (lncRNAs) are non-protein
coding transcripts, which are longer than 200 nucleo-
tides. They have been implicated in human cancers,
including CC [6]. Mounting evidence show that lncRNAs
can regulate cell functions in different aspects, for exam-
ple, the imprinted X-chromosome in female placental
mammals is regulated by one of the best characterized
lncRNA, Xist [7]. An earlier study has found that a
lncRNA in the antisense direction of the Apolipoprotein
A1 (APOA1) regulates the transcription of APOA1
through epigenetic modifications [8]. In addition to reg-
ulating gene transcription, lncRNAs control many aspects
of post-transcriptional processes, such as RNA splicing
[9], mRNA translation [10], lncRNA-microRNA axis [11],
and so on. Additionally, lncRNAs can function as scaf-
folds to regulate protein–protein interactions [12].

Although the lnc-CC3 promotes epithelial–mesenchymal
transition [13] and lncRNA RSU1P2 serves as a competi-
tive endogenous RNA (ceRNA) to counter let-7a in CC
[14], the specific molecular mechanism on how lncRNAs
regulate cervix cell phenotypes remains largely unknown.
Because HPV infection is critical for cancer development
and progression, it could be interesting to further investigate
on how lncRNAs mediate HPV-induced carcinogenesis.
The mechanism by which lncRNAs mediate E6- and E7-
induced carcinogenesis remains to be further explored.

In this study, we report an important role of a lncRNA
named cervical cancer DExH-box helicase 9 (DHX9)
suppressive transcript (abbreviated as CCDST), which is
significantly downregulated in CC tissues. We have
examined the negative effect of lnc-CCDST on cell
migration, invasion, anchorage-independent growth, and
angiogenesis in HPV-positive cell lines. Mechanistically,
lnc-CCDST binds to DHX9 and causes its degradation
through the ubiquitin proteasome pathway by recruiting E3
ubiquitin ligase MDM2. The HPV oncoproteins E6 and E7
decrease the expression of lnc-CCDST resulting in
increased DHX9 expression. These results provide insights
into the role of a cellular lncRNA in the pathogenesis of CC
and identify DHX9-lncRNA-MDM2 as an important
functional interaction, which could serve as a potential
therapeutic target for HPV-associated malignancies.

Results

Lnc-CCDST is downregulated in CC tissues

To acquire the transcriptional profile for lncRNAs in CC,
three HPV+CC tissues (n= 3) and three paired normal
tissues (n= 3) were analyzed using ArrayStar lncRNA
microarray. When the criteria P < 0.05 and fold change > 2.0
were accepted, we found similar numbers of lncRNAs that

were significantly upregulated or downregulated in CC tis-
sues compared with the matched normal tissues. The
screening identified eight candidate lncRNAs (Fig. 1a) that
differed significantly between cancer and paired normal
tissues. Some of these lncRNAs have previously been
investigated in other types of cancer, however, there is no
report in cancer on lncRNA ENST00000429352, which we
named lnc-CCDST. We examined lnc-CCDST expression in
72 paired clinical CC and normal tissues. The results showed
downregulation of lnc-CCDST in cancer tissues compared
with matched normal tissues (Fig. 1b). To compare the lnc-
CCDST level between the established cell lines of CC and
normal tissues, the lnc-CCDST expression was examined in
HT-3, C-33 A, HeLa, and SiHa cells. The lnc-CCDST
exhibited a decreased expression in the established cell lines
compared with the normal tissues (Fig. 1b). Interestingly, the
lnc-CCDST levels in HT-3 and C-33 A (both are HPV-
negative cells) were higher than those in HeLa and SiHa
(both are HPV-positive cells) (Fig. 1b). Nuclear and cyto-
plasm fraction was isolated from HeLa cells, as shown in
Fig. 1c, the isolated nuclear fraction displayed a higher level
of lnc-CCDST than the cytoplasmic fraction.

Lnc-CCDST inhibits cell migration, invasion,
anchorage-independent growth, and angiogenesis

To determine the function of lnc-CCDST, we transduced
CC cells with different multiplicities of infection (MOIs) of
a lentiviral lnc-CCDST. The RT-qPCR results revealed that
lnc-CCDST was successfully overexpressed in CC cells
(Supplementary Fig. 1a). To obtain a physiological lnc-
CCDST expression level, we chose the indicated MOIs
based on the differences between the cell lines and normal
tissues for the subsequent experiments (Fig. 1b; Supple-
mentary Fig. 1a). Compared with cells transduced with the
vector control (pCDH), HeLa cells transduced with lnc-
CCDST had no effect on proliferation (Supplementary
Fig. 1b). However, expression of lnc-CCDST inhibited
HeLa and SiHa cell migration (Fig. 2a, b) and invasion
(Fig. 2c, d). lnc-CCDST also inhibited the motility of C-33
A cells (Supplementary Fig. 2a). We further evaluated the
role of this lncRNA in in vitro oncogenicity. The colony
formation assay in soft agar showed that lnc-CCDST sig-
nificantly reduced the sizes of the colonies of CC cells
(Fig. 2e, f, Supplementary Fig. 2b). To determine if lnc-
CCDST might regulate cancer angiogenesis, we incubated
human umbilical vein endothelial cells (HUVECs) with
conditioned medium collected from HeLa or SiHa cells
expressed either lnc-CCDST or the vector control, and
examined capillary tube formation. Compared with the
vector control, conditioned medium from HeLa or SiHa
cells overexpressing lnc-CCDST significantly inhibited
capillary tube formation (Supplementary Figs. 3a, b).
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We further evaluated the angiogenesis effect of lnc-
CCDST in vivo. Overexpression of lnc-CCDST sig-
nificantly inhibited angiogenesis induced by HeLa and SiHa
cells in a chicken chorioallantoic membrane (CAM) assay
(Supplementary Figs. 3c–e). We then employed a mouse
Matrigel plug angiogenesis assay. Mice were sub-
cutaneously injected with Matrigel plugs containing HeLa
or SiHa cells expressed either lnc-CCDST or vector control.
As expected, overexpression of lnc-CCDST significantly
reduced the angiogenic activity of HeLa or SiHa cells
compared with the vector control cells, as shown by the
redness of the plugs (Fig. 2g) and the hemoglobin content
(Fig. 2h, i). H&E staining showed that there were less
extensive dense neovascularization and hemorrhagic
necrotic foci in plugs containing HeLa or SiHa cells
expressing lnc-CCDST than the vector control (Supple-
mentary Fig. 3f). Taken together, these results indicated that
lnc-CCDST inhibited cell migration, invasion, anchorage-
independent growth, and angiogenesis of CC cells.

Lnc-CCDST interacts with DHX9 and inhibits its
expression

To investigate the mechanism of lnc-CCDST’s inhibitory
functions, we hypothesized that lnc-CCDST might bind to a
protein that mediates these effects. To identify such a pro-
tein, we first incubated in vitro-transcribed biotinylated lnc-

CCDST sense or antisense RNA with cell lysate, and then
performed pulldown with streptavidin beads. Silver staining
revealed that there were more lnc-CCDST pulldown pro-
teins than those of antisense RNA (Fig. 3a). The isolated
proteins were subjected to mass spectrometry. We found
that DHX9 (also known as RHA), hnRNPAB, and eEF1A1
were enriched in the lnc-CCDST pulldown proteins. To
confirm that lnc-CCDST indeed interacted with DHX9, we
incubated lnc-CCDST and an unrelated RNA with cell
lysates of HeLa and SiHa cells, and then performed pull-
down with streptavidin beads. The pulldown proteins were
subjected to western blotting. As shown in Fig. 3b, DHX9
rather than hnRNPAB or eEF1A1 interacts with lnc-
CCDST. DHX9 did not interact with the unrelated RNA
or the beads alone. Next, we performed RNA immunopre-
cipitation (RIP) with a DHX9 antibody. The DHX9 anti-
body instead of the control antibody successfully pulled
down lnc-CCDST as detected by polymerase chain reaction
(PCR) (Fig. 3c) and quantitative PCR (qPCR) (Fig. 3d).

To identify the consequence of lnc-CCDST and DHX9
interaction, we measured the DHX9 protein expression in
lnc-CCDST overexpressed cells. We found that the DHX9
protein level was significantly decreased after lnc-CCDST
overexpression (Fig. 3e). Because lnc-CCDST was down-
regulated in CC tissues, we examined the expression of
DHX9 in CC tissues. We found that there were more
DHX9-positive cells in CC tissues than in normal tissues
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Fig. 1 Lnc-CCDST is downregulated in CC tissues. a The heatmap of
the representative result of lncRNAs in CC tissues analyzed by
microarray. The three HPV+ CC tissues and paired adjacent normal
cervical tissues were subjected to the lncRNAs microarray analysis
and pseudo-color represented the intensity scale of cancer tissue group
vs. normal cervical tissue group. The color “green” and “red” denote
low and high expression, respectively. b Lnc-CCDST is decreased in
CC tissues and CC cell lines. The lnc-CCDST expression levels were
examined in 72 paired CC and adjacent normal cervical tissues by RT-
qPCR, data are presented as mean ± SD. Every point in the normal or
cancer tissue group contains three technical replicates, only the aver-
age lnc-CCDST level of each tissue was used to analyze the lnc-
CCDST expression difference between the two groups; two tailed

paired Student’s t test for lnc-CCDST analysis between the tissues was
used, ***P < 0.001. The lnc-CCDST expression levels were also
examined in HPV-negative cells (HT-3 and C-33A) and HPV-positive
cells (HeLa and SiHa) by RT-qPCR. β-actin was used as an internal
control for normalization. Every point in the CC cell group indicates
one technical replicate, and data are presented as mean. Two-tailed
unpaired Student’s t test for the lnc-CCDST analysis was used. ***P
< 0.001. c Lnc-CCDST is enriched in HeLa nuclear fraction. Levels of
lnc-CCDST, β-actin, and U3 RNA in purified HeLa nuclear and
cytoplasm fractions were detected by RT-qPCR. Data are presented as
mean ± SEM, determined from three independent experiments (n= 3),
two-tailed unpaired Student’s t test. ***P < 0.001
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(Fig. 3f, g, Supplementary Fig. 4). These results were in line
with those reported in lung cancer [15].

Lnc-CCDST promotes DHX9 degradation through the
ubiquitin proteasome pathway by enhancing
MDM2-DHX9 interaction

Since lnc-CCDST reduced the DHX9 protein level in HeLa
and SiHa cells, we determined whether overexpression of
lnc-CCDST could affect the DHX9 mRNA level. The results
of qPCR indicated that overexpression of lnc-CCDST did
not alter the level of DHX9 mRNA (Fig. 4a). Examination
of a database (The Cancer Genome Atlas, TCGA,
http://www.cbioportal.org/) revealed that there was no sig-
nificant dysregulation of DHX9 mRNA in 307 CC cases.

We further determined whether lnc-CCDST might
reduce DHX9 protein level by promoting its degradation.
HeLa and SiHa cells were overexpressed with either lnc-
CCDST or the vector control and then treated with

cycloheximide (CHX) to inhibit de novo protein synthesis.
We found that compared with the vector control, lnc-
CCDST reduced the stability of DHX9 protein in both HeLa
and SiHa cells (Fig. 4b, c). However, lnc-CCDST-mediated
degradation of DHX9 was completely inhibited by the
proteasome inhibitor MG132 (Fig. 4d, e) but not NH4Cl and
3-methyladenine (3-MA), which are inhibitors for the
lysosome and autophagosome pathways, respectively
(Supplementary Fig. 5). Furthermore, we observed
increased DHX9 ubiquitination following lnc-CCDST
overexpression in both HeLa and SiHa cells compared
with the vector control (Fig. 4f–i). Collectively, these results
suggested that lnc-CCDST might destabilize DHX9 protein
by promoting its proteasome-mediated ubiquitination and
degradation.

To identify the ubiquitin ligase that might target DHX9
for degradation in CC cells, we searched candidate DHX9
ligases in the Human Protein Reference Database (www.
hprd.org). The MDM2 LC/MS/MS results were uploaded in
the Supplementary data, which identified DHX9 as a can-
didate MDM2 interaction protein [16]. Indeed, we detected
interaction of endogenous DHX9 and MDM2 in HeLa cells
by immunoprecipitation (Fig. 5a). Importantly, knockdown
of MDM2 with shRNAs increased the DHX9 protein level
(Fig. 5b, Supplementary Fig. 6), while overexpression of
MDM2 reduced the DHX9 protein level (Fig. 5c). As
expected, increased DHX9 ubiquitination was observed
following MDM2 overexpression (Fig. 5d). We further
examined the role of lnc-CCDST in MDM2-mediated
DHX9 degradation. Overexpression of lnc-CCDST
enhanced the interaction of DHX9 and MDM2 (Fig. 5e).
To validate the lnc-CCDST–DHX9-MDM2 interaction in
the nucleus, the HeLa nucleus fraction was extracted and
subjected to lnc-CCDST RNA pulldown assay. Both DHX9
and MDM2 interacted with lnc-CCDST in the cell nucleus
(Fig. 5f). To determine whether DHX9 could affect lnc-
CCDST–MDM2 interaction, the DHX9 was knocked down
with two shRNAs in HeLa and SiHa cells (Fig. 5g). The
cells were then subjected to anti-MDM2 RIP assay. qPCR
results indicated that knockdown of DHX9 significantly
impaired the lnc-CCDST–MDM2 interaction (Fig. 5h).
Taken together, these results revealed that lnc-CCDST
promoted DHX9 degradation by serving as a scaffold to
bring MDM2 and DHX9 together.

Lnc-CCDST inhibits DHX9 promotion of cell
migration, invasion, and anchorage-independent
growth

DHX9 has been reported to promote cell survival in dif-
ferent human cells [17]. However, the role of DHX9 in CC
is still unclear. We found that knockdown of DHX9
expression with shRNAs in HeLa and SiHa cells

Fig. 2 Lnc-CCDST inhibits cell migration, invasion, anchorage-
independent cell growth, and angiogenesis. a Transwell migration
assay reveals that lnc-CCDST inhibits cells migration. Transwell
migration assays were performed in HeLa/SiHa transduced with lnc-
CCDST or the empty vector control cells. The representative images
were captured at 6 and 12 h after seeding 104 cells in the upper
chamber as described in the “Materials and methods” section. Scar
bars, 40 μm. b Quantification of the results in a. Data are mean ± SEM
determined from three independent experiments (n= 3), with each
experiment containing six technical replicates. Two-tailed unpaired
Student’s t test was used. *P < 0.05, **P < 0.01. c. Transwell invasion
assay demonstrates that lnc-CCDST inhibits cell invasion. Matrigel
invasion assays were performed in HeLa/SiHa cells transduced with
lnc-CCDST or the empty vector control cells. The representative
images were captured at 12 and 24 h after seeding 5 × 104 cells in the
upper chamber as described in the “Materials and methods” section.
Scar bars, 40 μm. d Quantification of the results in c. Data are pre-
sented as mean ± SEM determined from three independent experi-
ments (n= 3), with each experiment containing six technical
replicates, and two-tailed unpaired Student’s t test was used. *P < 0.05,
**P < 0.01. e Soft agar colony formation assay shows that lnc-CCDST
inhibits anchorage-independent cell growth. HeLa/SiHa were trans-
duced with lnc-CCDST or the empty vector; and the representative
images were captured at day 14 after seeding 1 × 104 cells per well into
a 6-well plate as described in the “Materials and methods” section.
Scar bars, 40 μm. f Quantification of the results in e. The areas of the
colonies were scanned by the Image J, with the untreated group
considered as 100%. Data are presented as mean ± SEM determined
from three independent experiments (n= 3); and each experiment
contains six technical replicate, and two-tailed unpaired Student’s t test
was used. *P < 0.05, **P < 0.01. g Representative photographs
showing lnc-CCDST inhibition of angiogenesis in the Matrigel Plug
assay. HeLa or SiHa cells were examined for their proangiogenic
effects in the Matrigel plug assay in nude mice as described in the
“Materials and methods” section. Representative photographs showing
extent of angiogenesis are presented. Scar bars, 1 cm. h, i. Statistical
analysis of hemoglobin protein levels in different plugs in g. Data are
mean ± SD, and each group contains eight tumors (n= 8). Two
independent experiments were performed and similar results were
obtained. Two-tailed unpaired Student’s t test was used
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significantly inhibited cell migration (Fig. 6a, Supplemen-
tary Fig. 7a). Knockdown of DHX9 also inhibited cell
invasion (Fig. 6b, Supplementary Fig. 7b), anchorage-
independent growth (Fig. 6c, Supplementary Fig. 7c), and

in vitro (Fig. 6d) and in vivo angiogenic activities (Fig. 6e–
g). Similar results were also observed in C-33A cells
(Supplementary Fig. 8). Since cell migration, invasion,
anchorage-independent growth, and angiogenesis were
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regulated by both lnc-CCDST and DHX9, and lnc-CCDST
decreased the level of DHX9, we examined whether DHX9-
mediated lnc-CCDST regulated inhibition of these pheno-
types. We expressed DHX9 in lnc-CCDST overexpressing
HeLa and SiHa cells (Supplementary Fig. 9). We found that
overexpression of DHX9 significantly rescued lnc-CCDST-
inhibited cell migration (Fig. 6h), invasion (Fig. 6i), and
anchorage-independent growth (Fig. 6j), suggesting that
lnc-CCDST-mediated inhibition of DHX9 expression was
an important mechanism by which lnc-CCDST exerted its
inhibitory effect on these biological processes.

HPV regulates lnc-CCDST and DHX9 expression

Because lnc-CCDST was decreased in HPV-positive cells
(HeLa and SiHa) compared with HPV-negative cells (HT-3
and C-33A) (Fig. 1b), and lnc-CCDST negatively regulated
DHX9 expression (Fig. 3e), we examined DHX9 and
MDM2 expression level in these cells. As expected, DHX9
was increased and MDM2 was decreased in HeLa and SiHa
cells when compared with HT-3 and C-33 A cells (Fig. 7a).
To determine whether HPV oncoproteins E6 and E7 might
downregulate lnc-CCDST, we performed knockdown of E6

and E7 with a pool of siRNAs. Significantly, knockdown of
E6 and E7 dramatically increased the level of lnc-CCDST
in HeLa and SiHa cells (Fig. 7b). More importantly, the
DHX9 protein level was reduced following knockdown of
E6 and E7 proteins (Fig. 7c). Similarly, DHX9 was induced
and lnc-CCDST was decreased when we overexpressed
HPV E6 and E7 proteins in HPV-negative C-33 A CC cells
(Fig. 7d, e). We then examined the incidence of HPV
infection in 72 CC patients. A total of 56 (78%) patients
were identified as HPV16/18 positive. We evaluated the
lnc-CCDST expression difference between HPV-positive
and HPV-negative groups. The results showed that lnc-
CCDST was significantly decreased in the HPV-positive
group compared with the HPV-negative in both normal and
cancer tissues (Fig. 7f, g).

Discussion

The lncRNA was initially described as the “dark matter” of
the genome and transcriptional noise. It is now apparent that
a subset of these lncRNAs is functional. The functions of
lncRNAs include signaling of protein metabolism, recruit-
ment of chromatin modifiers, and regulation of cell cycle
control, and cellular functions [18]. In this study, we have
reported that lnc-CCDST (ENST00000429352), a 397 nt
intergenic non coding RNA located at chromosome 1:
152,205,858–152,207,057, is downregulated in most CC
patients. Overexpression of lnc-CCDST inhibits cell
migration, invasion, anchorage-independent growth, and
angiogenesis, implying that this lncRNA might play an
important role in the development and progression of CC.

Recent studies have indicated that lncRNAs interact with
proteins to modulate protein function, regulate protein–
protein interactions, or directly localize within cellular
compartments to regulate cellular functions [19]. Our results
have shown that lnc-CCDST decreases DHX9 protein level
via direct interaction. DHX9, a member of the DEAH-
containing family of RNA helicases, has many regulatory
roles in a broad range of cellular processes. As a multi-
domain protein, DHX9 is capable of unwinding DNA,
RNA, and complex polynucleotide structures [20]. Its
functions include regulation of DNA replication [21],
transcription [22], RNA transport [23], translation [24],
microRNA and circular RNA processing [25], and genome
maintenance [26]. There are increasing evidence that DHX9
might be involved in various human cancers. Intriguingly,
DHX9 is hijacked by numerous viruses, including HIV-1
[27], HCV [28], HEV [29], HCMV [30], and influenza A
virus [31] to enhance infection efficiency. To our knowl-
edge, this is the first report of DHX9 regulation through
ubiquitination post-translational modification. More impor-
tantly, we have shown that DHX9 ubiquitination is

Fig. 4 Lnc-CCDST destabilizes DHX9 via ubiquitin proteasome
pathway. a Lnc-CCDST has no effect on DHX9 mRNA level. DHX9
mRNA expression was detected by RT-qPCR in lnc-CCDST-
transduced HeLa and SiHa cells. The values of RNA expression
levels following normalization to GAPDH were shown. Data are
mean ± SEM determined from three independent experiments (n= 3),
and two-tailed unpaired Student’s t test was used. b Lnc-CCDST
promotes DHX9 degradation. Lnc-CCDST transduced HeLa and SiHa
or control cells were treated with CHX at 20 μg ml−1 for 0, 4, 8, 12,
and 16 h, and then the DHX9 expression level was examined by
western blotting using the indicated antibodies. c Quantification of the
results in b. Data are mean ± SEM, n= 3, and two-tailed unpaired
Student’s t test was used. ***P < 0.001. d Lnc-CCDST mediates
degradation through the ubiquitin proteasome pathway. Lnc-CCDST
transduced HeLa and SiHa or control cells were treated with protea-
some inhibitor MG132 at 5 μM for 4 h, and then the DHX9 expression
level was examined by western blotting. e Quantification of the results
in d. Data are mean ± SD, n= 3, and two-tailed unpaired Student’s t
test was used. ***P < 0.001. f The pCDH- and lnc-CCDST-transduced
HeLa cells were transfected with HA-Ub plasmid and then treated with
5 μM MG132 for 4 h, then the cell lysates were examined by western
blotting. g Increased DHX9 ubiquitination is observed after over-
expression of lnc-CCDST. For denaturing, the cell lysates in f were
heated at 95 °C for 5 min in the presence of 1% SDS, followed by 10-
fold dilution with lysis buffer (to 0.1% SDS) and sonication (the
same denaturing treatment was used in other ubiquitination assays).
Then the cell lysates were subjected to co-immunoprecipitation
with the antibody against DHX9 (IP: DHX9) followed by Western
blotting using the indicated antibodies. h Cell lysates of pCDH- and
lnc-CCDST-transduced SiHa cells transfected with HA-Ub plasmid
and treated with 5 μM MG132 for 4 h were examined by western
blotting. i Increased DHX9 ubiquitination is observed after over-
expression of lnc-CCDST. The cell lysates in h were subjected to co-
immunoprecipitation with the antibody against DHX9 (IP: DHX9)
followed by western blotting using the indicated antibodies
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regulated by a cellular lncRNA and HPV oncoproteins
E6 and E7.

MDM2 has oncogenic properties, and is able to
immortalize mouse NIH3T3 and primary mouse embryonic
fibroblasts cells, and accelerate the growth of human
fibroblasts [32]. Several in vivo models have revealed
MDM2’s oncogenic roles. For instance, MDM2 over-
expression could induce sarcoma or lymphomas, and car-
cinoma [33]. In CC, MDM2 T309G polymorphism has

been suggested to be a risk factor for carcinogenesis
[34]. However, IHC staining did not detect significant
difference of MDM2 expression between CC and normal
tissues [35], suggesting alternative mechanism might
regulate its function. Nevertheless, MDM2 promotes
cervix cell proliferation [36] and migration [37, 38]. In
this study, we have shown that lnc-CCDST can act
as a scaffold structure to allow MDM2 to bind and desta-
bilize with DHX9.
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Infection by high-risk HPVs is the risk factor for CC.
HPV16 and HPV18 cause more than two thirds of the
world’s CC burden while other high-risk HPVs, such as
HPV31, HPV33, HPV45, and HPV58 are predominantly
associated with the remaining CC. HPV encodes two
oncoproteins, E6 and E7, which directly contribute to
the development and progression of HPV-induced carci-
nogenesis. HPV E6 and E7 jointly regulate various
cellular functions, including cell cycle and apoptosis,
leading to cell immortalization and malignant proliferation.
The combined action of HPV E6 and E7 is important
for HPV-induced malignancies. However, how lncRNAs
mediate E6- and E7-induced carcinogenesis remains
unclear. We showed that knockdown of E6 and E7 led
to an increase of lnc-CCDST expression and a decrease
of DHX9. Hence, E6 and E7 inhibit the expression of
lnc-CCDST to increase the level of pro-oncogenic DHX9.
Although E6 strongly induces DHX9 than E7 (Fig. 7d),
lnc-CCDST is preferentially decreased by E7 (Fig. 7e).
These paradoxical results imply that E6/E7 may regulate
DHX9 expression by other unknown manners, such as
by modulating promoter activity, mRNA translation effi-
ciency, protein degradation, and signal transduction.
Moreover, how E6 and/or E7 regulate lnc-CCDST is
unclear and it is worth further investigations. It is possible

that E6 and/or E7 might reduce the activities of transcription
factors bound to the lnc-CCDST’s promoter, or accelerate
the degradation of lnc-CCDST.

Our results have revealed that lnc-CCDST might have
a tumor suppressor function. In the normal cervix tissues,
it is likely that high levels of lnc-CCDST serve as scaffolds
to recruit MDM2 to DHX9, hence increasing DHX9
degradation, and suppressing the oncogenic function of
DHX9. Upon infection by high-risk HPVs, E6 and E7
decreased the level of lnc-CCDST relieving the binding
of MDM2 to DHX9, hence leading to a higher level of
DHX9 and oncogenicity. DHX9 was reported to decrease
p53 level in the mouse and human diploid fibroblasts
model [39, 40], and we also observed similar results
when we knocked down DHX9 in HeLa cells (data not
shown). However, we found that overexpression of lnc-
CCDST had no effect on p53 protein level (data not
shown). We assume that other p53 regulators may also be
controlled by lnc-CCDST to offset the negative effect of
DHX9 on p53 expression. It is well established that
p53 is degraded by MDM2, and MDM2 is transcriptional
activated by p53 [41–43]. However, MDM2 is not
responsible for p53 degradation in HPV-positive cells [44],
though p53 may still have the ability to promote MDM2
transcription. These results are consistent with the obser-
vations that both p53 and MDM2 were increased after
HPV E6 knockdown [35, 45], as well as our results that
DHX9 was upregulated (Fig. 7a), and p53 [46, 47] and
MDM2 (Fig. 7a) were downregulated in HPV-positive cells
compared with the HPV-negative cells. However, the
mechanism of MDM2 downregulation in HPV-positive
cell lines remains unclear. Therefore, our working model is
that HPV E6/E7 inhibits lnc-CCDST by an unknown
mechanism, which reduces the effect of MDM2 targeting
DHX9 for degradation, hence promoting malignant cell
proliferation and tumorigenesis in HPV-infected cells
(Fig. 7h). Nevertheless, the mechanism of HPV and, more
specifically, E6/E7 induce deregulation of lnc-CCDST
and DHX9, and other possible relationship between lnc-
CCDST and DHX9 remain to be further investigated. Our
findings have identified novel potential therapeutic targets
for CC. Future studies should examine the mechanism by
which HPV oncoproteins regulate lnc-CCDST expression
and the specific lysine(s) of DHX9 protein ubiquitinated
by MDM2.

Materials and methods

Clinical samples

Fresh frozen CC tissues and their adjacent normal tissues
were obtained from the First Affiliated Hospital of Nanjing

Fig. 5 Lnc-CCDST enhances binding of E3 ubiquitin ligase MDM2 to
DHX9. a HeLa is subjected to co-immunoprecipitation with an anti-
body against immunoglobulin G (IgG), or DHX9 or MDM2 followed
by western blotting using the indicated antibodies. Experiments were
independently repeated three times with similar results and results
from a representative experiment were shown. b, c. Results of
knockdown (b), or overexpression MDM2 (c) showing that MDM2
negatively regulates DHX9 expression. DHX9 and MDM2 were
examined by western blotting in HeLa or SiHa transduced with
shMDM2 or transfected with MDM2-Flag plasmid. d MDM2 pro-
motes DHX9 ubiquitination. HeLa cells were transfected with MDM2-
Flag or its control pCMV, after treated with 5 μM MG132 for 4 h, the
cells were subjected to co-immunoprecipitation with the antibody
against DHX9 (IP: DHX9) followed by western blotting using the
indicated antibodies. e Lnc-CCDST promotes MDM2 binding to
DHX9. Cell lysates from HeLa cells transduced with lentiviral lnc-
CCDST or its control pCDH and treated with 5 μM MG132 for 4 h
were subjected to co-immunoprecipitation with the antibody against
MDM2 (IP: MDM2) followed by Western blotting using the indicated
antibodies. f Lnc-CCDST binds to nuclear MDM2 and DHX9. The
nuclear proteins from HeLa cells were subjected to the lnc-CCDST
pulldown assay as described in the “Materials and methods” section.
The lnc-CCDST-MDM2-DHX9 interaction was examined by western
blotting using the indicated antibodies. g. Western blotting reveals that
DHX9 is successfully knocked down by the two shRNAs. HeLa and
SiHa cells transduced with DHX9 shRNAs or its control mpCDH were
examined for the knockdown efficiencies by Western blotting.
h Knockdown of DHX9 impairs the lnc-CCDST-MDM2 interaction.
HeLa or SiHa cells were transduced with DHX9 shRNAs or the empty
vector. Then the cells were subjected to the anti-MDM2 RIP assay as
described in the “Materials and methods” section. Data are mean ±
SEM determined from three independent experiments (n= 3), and
two-tailed unpaired Student’s t test was used. ***P < 0.001
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Medical University and Affiliated Gynecology and Obste-
trics Hospital of Nanjing Medical University. The samples
were taken within 10 min after tumor excision, and imme-
diately stored at −80 °C until application in the experi-
ments. Written informed consents were acquired from all
patients and this study was approved by the Ethics Com-
mittee of the hospitals.

Microarray analysis

Total RNA of three CC tissues and paired adjacent normal
tissues were extracted, and the expression profile of 30,584

human lncRNAs was conducted with the Arraystar Human
LncRNA Microarray V3.0. Volcano plot filtering, set at a
threshold of ≥ 2.0 folds, was used to screen for lncRNAs
that exhibited significantly different (P < 0.05; unpaired
t test) expression levels in the two study groups.

Preparation of nuclear and cytoplasmic extracts

The nuclear and cytoplasmic fraction of cells was extracted
using a RNA Subcellular Isolation Kit (Active motif,
25501). Cells were washed three times with PBS on ice
followed by centrifugation at 300 g for 5 min. Cell pellets
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were resuspended in cell fraction buffer from the RNA
Subcellular Isolation Kit, incubated on ice for 10 min, and
then centrifuged at 500 g for 5 min at 4 °C. Nuclear and
cytoplasmic pellets were homogenized with the cell dis-
ruption buffer from the RNA Subcellular Isolation Kit.

Cell culture, treatment, plasmids, transfection,
and lentiviral transduction

HeLa, SiHa, C-33 A, HT-3, HUVECs, and HEK 293 T cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), and 1% penicillin/streptomycin (pen/strep). All cell
lines were cultured in an atmosphere of 5% CO2, 99%
relative humidity at 37 °C.

For cell treatment, 20 μg ml−1 CHX (Sigma-Aldrich)
were incubated with cells for the indicated periods of
time. Cells were treated with proteasome inhibitor MG132
(Selleckchem) at 5 μM for 4 h. Plasmid and siRNA trans-
fections were performed using Lipofectamine 2000 (Life
Technologies). Lnc-CCDST was cloned into green fluor-
escent protein (GFP) based lentiviral transferring plasmid
pCDH-CMV-MCS-EF1-copGFP (abbreviated as pCDH)
to generate recombinant pCDH-Lnc-CCDST. The shRNA
plasmids (shDHX9, shMDM2) were constructed in the
modified pCDH vector (mpCDH), which contains miR-30
precursor stem-loops sequence. The pCDH/mpCDH
plasmids were co-transfection with psPAX2 and pMD2.G
to generate indicated lentiviruses. The pCMV3-HA-DHX9,
pCMV3-Flag-MDM2 plasmids were purchased from
Sino Biological Inc. (Beijing, China). siRNA oligonucleo-
tides targeting HPVs E6/E7 and non-targeting siRNA were
purchased from GenePharma. The short hairpin RNA
(shRNA) expressing lentiviral vector was constructed
as previously described [48]. The sequences of siRNAs
and shRNAs used in this study are summarized in Sup-
plementary Table 1.

RNA extraction and RT-qPCR analysis

Total RNA from the cervical tissue specimens and cell
lines used in this study was extracted with TRIzol reagent
(Life Technologies). We synthesized cDNA by using the
HiScript II Q RT SuperMix for qPCR (Vazyme Biotech).
Relative RNA levels determined by RT-qPCR were mea-
sured on a Roche lightcycler 96 by using the ChamQ SYBR
qPCR Master Mix (Vazyme Biotech); the sequences for
the gene-specific primers used are listed in Supplementary
Table 2. GAPDH or actin was employed as an internal
control for quantification of lnc-CCDST and the mRNA
levels of other genes. The relative expression of RNAs
was calculated using the comparative Ct method.

Western blotting and antibodies

Western blotting and immunoprecipitation were performed
as previously described [49]. Briefly, protein extracts
from cells or immunoprecipitation samples were prepared
using detergent-containing lysis buffer. Total protein

Fig. 6 DHX9 promotes cell migration, invasion, angiogenesis, and
anchorage-independent cell growth, and is involved in the lnc-
CCDST-mediated phenotypes. a Transwell migration assay for HeLa
and SiHa transduced with two DHX9 shRNAs or empty vector. The
images were captured at 6 and 12 h post seeding at 104 cells in the
upper chamber as described in the “Materials and methods” section.
Data are mean ± SEM determined from three independent experiments
(n= 3), each containing six technical replicates. Two-tailed unpaired
Student’s t test was used. *P < 0.05, **P < 0.01. b Transwell invasion
assay for HeLa and SiHa cells transduced with two DHX9 shRNAs or
empty vector. The images were captured at 12 and 24 h following
seeding of 5 × 104 cells in the upper chamber as described in the
“Materials and methods” section. Data are mean ± SEM determined
from three independent experiments (n= 3), each contains six tech-
nical replicates. Two-tailed unpaired Student’s t test was used. *P <
0.05, **P < 0.01. c Quantification of the results of soft agar colony
formation assay for HeLa and SiHa transduced with two
DHX9 shRNAs or an empty vector mpCDH. The representative
images were captured at day 14 after seeding a total number of 1 × 104

cells into a 6-well plate as described in the “Materials and methods”
section. Data are represented with mean ± SEM determined from three
independent experiments (n= 3), each with six technical replicates.
Two-tailed unpaired Student’s t test was used. **P < 0.01, ***P <
0.001. d Quantification of the results of tubule formation assay for
HeLa and SiHa transduced with two DHX9 shRNAs or empty vector.
Data are mean ± SEM determined from three independent experiments
(n= 3), each with five technical replicates. Two-tailed unpaired Stu-
dent’s t test was used. *P < 0.05. e. Representative photographs
showing angiogenesis in the Matrigel Plug assay of cells with
knockdown of DHX9. HeLa or SiHa cells were examined for their
proangiogenic effects in a Matrigel plug assay in nude mice as
described in the “Materials and methods” section. Representative
photographs showing extent of angiogenesis are presented. Scar bars,
1 cm. f, g The statistical analysis of hemoglobin protein levels in two
shDHX9 groups and control group. Data are mean ± SD, each with
eight or nine tumors (n= 9). Two independent experiments were
performed and similar results were obtained. Two-tailed unpaired
Student’s t test was used. h Transwell migration assay for HeLa and
SiHa transduced with lentivirus-mediated lnc-CCDST or empty vector
followed by co-transfection with DHX9 or its control pCMV plasmids,
respectively. The images were captured at 6 and 12 h post seeding 104

cells in the upper chamber as described in the “Materials and methods”
section. Data are mean ± SEM determined from three independent
experiments (n= 3), each with six technical replicates. Two-tailed
unpaired Student’s t test was used. *P < 0.05, **P < 0.01. i Transwell
invasion assay for cells treated as in h. The images were captured at 12
and 24 h post seeding of 5 × 104 cells per well in the upper chamber as
described in the “Materials and methods” section. Data are mean ±
SEM determined from three independent experiments (n= 3), each
with six technical replicates. Two-tailed unpaired Student’s t test was
used. *P < 0.05, **P < 0.01. j Soft agar colony formation assay for
cells treated as described in h. Cells were seeded at 1 × 104 into a 6-
well plate as described in the “Materials and methods” section and the
images were captured at day 14. Data are mean ± SEM determined
from three independent experiments (n= 3), each with six technical
replicates. Two-tailed unpaired Student’s t test was used. *P < 0.05,
**P < 0.01
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(60 μg) was subjected to SDS-PAGE and transferred to
0.45 μm PVDF membrane (Millipore). Antibodies against
DHX9 (Abcam, ab26271), MDM2 (Abcam, ab16895),
ubiquitin (Cell Signaling Technology, 3936), HPV16 E6+
HPV18 E6 (Abcam, ab70), HPV16 E7 (Santa Cruz
Biotechnology, sc-6981), HPV18 E7 (Abcam, ab100953),
Tubulin (Santa Cruz Biotechnology, sc-23948), and
GAPDH (Santa Cruz Biotechnology, sc-137179) were
used. Membranes were incubated overnight at 4 °C with
primary antibody diluted 1:1, 000–1:10, 000 according
to manufactures’ instructions, and proteins were detected
with a peroxide lumiglo reagent (Cell Signaling Technol-
ogy, 7003).

Analysis of cell migration, invasion, angiogenesis

Cell migration, invasion, and angiogenesis were performed
as previously described [25, 50, 51]. In total, 1 × 104 cells
were added to the upper 8-μm pore inserts (Millipore) in
serum-free medium. We added DMEM containing 10%
FBS to the lower chambers as a chemoattractant. After
indicate time, cultured at 37 °C in an incubator at 5% CO2,
cells that migrated through the inserts were fixed with
methanol and stained with crystal violet. Cell numbers
were counted in six random fields. The invasion assay was
conducted in a similar fashion with coating the filters
with 30 μg of Matrigel (BD Biosciences), and 5 × 104 cells
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were added to the upper inserts. After incubating for 48 h,
the conditioned medium was collected from the same
number of cells. Then the conditioned medium was added
to 7 × 103 HUVECs, the capillary tubes were measured after
3 h incubation.

Soft agar colony formation assays

A bottom layer was prepared consisting of a 0.8% agarose
(BD Biosciences) solution mixed with culture medium in
six-well plates. HeLa or SiHa cells (1 × 104) suspended in
0.4% top agarose solution mixed with culture medium were
placed on top of the bottom agarose. The plates were
incubated at 37 °C with 5% CO2. Random five fields were
chosen and photographed, and the colony areas were
counted by NIH Image J software.

Cell proliferation assay

Cell Count Kit-8 was purchased from Dojindo Molecular
Technologies (Tokyo, Japan) and used to examine cell
proliferation according to the manufacturer’s instructions.

Immunohistochemistry (IHC)

The CC tissue specimens and the normal provided by
different hospitals were applied for hematoxylin and
eosin (H&E) and immunohistochemistry (IHC) staining. All
the samples were formalin-fixed, paraffin-embedded, and
immunostained with DHX9 antibodies. Three random fields
were photographed under the microscope.

RNA pulldown and mass spectrometry analysis

In vitro transcription of lnc-CCDST was performed with
primers containing the T7 promoter sequence. RNA pull-
down assay was performed according to the manufacturer’s
instructions. Briefly, a single biotinylated desthiobiotiny-
lated cytidine was attached to RNA 3′ terminus by using
T4 RNA ligase. The biotinylated lnc-CCDST was incubated
with cellular protein extracts from HeLa or SiHa cells,
and streptavidin beads were then added. Recovered proteins
associated with lnc-CCDST or control were resolved by
gel electrophoresis and silver staining. The eluted solutions
were accomplished by mass spectrometry analysis (Shang-
hai Applied Protein Technology Co., Ltd) on Q Exactive
mass spectrometer (Proxeon Biosystems, now Thermo
Fisher Scientific).

RNA immunoprecipitation (RIP)

RIP experiments were performed using the Magna RIP
RNA-Binding Protein Immunoprecipitation kit (Millipore,
17–700). HeLa and SiHa cells were lysed and the whole-
cell lysates were incubated with protein A+G magnetic
beads, which were conjugated using 5 μg of DHX9 anti-
bodies (Abcam, ab26271) or control IgG at 4 °C for over-
night. The immunoprecipitated RNA was purified and
detected by RT-qPCR.

Chicken chorioallantoic membranes assay (CAM)

The CAM assay was performed as previously described
[50]. Fertilized White Leghorn chicken eggs were incubated
at 37 °C under conditions of constant humidity. A window
was opened on the shell above the air sac on day 9. The
opening on the eggs was sealed with paraffin. The cells
were suspended in a medium containing 50% High Con-
centration Matrigel (BD Biosciences). Aliquots (0.2 ml) of
the mixture were then applied onto the CAMs of 9-day-old

Fig. 7 HPV E6/E7 decreases lnc-CCDST level and elevates DHX9
expression. a DHX9 protein level is increased while MDM2 protein
level is decreased in HPV-positive cells. DHX9 and MDM2 in HPV-
negative cells (HT-3 and C-33A) and HPV-positive cells (HeLa
and SiHa) were examined by Western blotting using the indicated
antibodies. b Lnc-CCDST level is upregulated after E6/E7 knock-
down. Lnc-CCDST was detected by RT-qPCR in HeLa and SiHa
cells transfected with an E6/E7 siRNA pool. GAPDH served
as internal control for normalization. Data are mean ± SEM
determined from three independent experiments (n= 3), each with
four technical replicates. Two-tailed unpaired Student’s t test was
used. ***P < 0.001. c DHX9 protein level was decreased after E6/E7
knockdown. Western blotting analysis of DHX9 protein was per-
formed in HeLa and SiHa transfected with an E6/E7 siRNA pool.
d DHX9 protein level was increased in C-33 A cells transducing with
E6/E7. HPV-negative C-33 A cells were transfected with HPV E6
and E7 plasmids. DHX9, E6, and E7 proteins were examined by
Western blotting using the indicated antibodies. e Lnc-CCDST
level was decreased in E6/E7 transducing C-33A cells. lnc-CCDST
in C-33A cells transfected with E6 and E7 plasmids was detected by
RT-qPCR. GAPDH was used as an internal control for normalization.
Data are mean ± SEM determined from three independent experiments
(n= 3), each with four technical replicates. Two-tailed unpaired
Student’s t test was used. *P < 0.05, **P < 0.01, ***P < 0.001. f In
normal tissues, the level of lnc-CCDST is significantly lower in
HPV16/18-positive group than in HPV16/18-negative group. The lnc-
CCDST expression levels were examined in HPV16/18-positive or
-negative cervical normal tissues. β-actin was used as an internal
control for normalization. Data are mean ± SD, and two-tailed
unpaired Student’s t test was used. *P < 0.05. g In cancer tissues,
lnc-CCDST is significantly lower in HPV16/18-positive group than in
HPV16/18-negative group. The lnc-CCDST expression levels were
examined in HPV16/18-positive or -negative CC tissues. β-actin was
used as an internal control for normalization. Data are mean ± SD, and
two-tailed unpaired Student’s t test was used. *P < 0.05. h A schematic
model of this work. Our results (the black arrows) indicate that HPV
E6/E7 decreases lnc-CCDST level by an unknown mechanism in
cervical cells, which stabilizing DHX9 by reducing the MDM2/DHX9
interaction. We extend the HPV knowledge in the literature (the red
arrows) that HPV E6 degrades p53 through E6-AP rather than MDM2,
and p53 possesses the ability to transcriptionally activate MDM2,
which might explain why E6 also inhibits MDM2 expression in HPV-
infected cells. p53 is also inhibited by DHX9 in CC cells but the
mechanism remains unclear
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embryos. The implanted Matrigel was photographed
4–5 days post-implantation, and the blood vessels were
counted by two observers in a double-blind fashion.

The Matrigel plug assay in nude mice

All animal care and procedures were executed on the basis
of standards established by Laboratory Animal Manage-
ment Regulations approved by the State Council of People’s
Republic of China. Nanjing Medical University Experi-
mental Animal Welfare Ethics Committee approved the
animal experiments (IACUC-1705037). The plug assay was
performed as previously described [25, 51, 52]. Female
BALB/c nude mice of 4-week-old were purchased from the
Charles River Laboratories and maintained under pathogen-
free conditions. The cells were resuspended in serum-free
medium. In total, 0.2 ml cell aliquots were mixed with
0.2 ml of High Concentration Matrigel (BD Biosciences),
and the mixture was immediately injected into the flanks of
nude mice subcutaneously. Matrigel plugs were removed
from the mice after the mice were killed 14 days post-
injection. The hemoglobin level of the plugs was analyzed
using Drabkin’s reagent kit (Sigma-Aldrich) according to
the manufacturer’s instructions. The final hemoglobin con-
centration was detected at 540 nm and calculated from a
standard calibration curve.

Statistical analysis

For the cell functional analyses, results are presented
as mean ± SEM, unless otherwise stated; the comparison
of means between two groups was conducted using
Student’s t test, P < 0.05 is considered significant. All the
experiments were repeated at least three times, unless
otherwise stated.
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