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Metadherin (MTDH) is a well-established oncogene in various cancers including Hepatocellular Carcinoma (HCC). However, the
precise mechanism through which MTDH promotes cancer-related signaling pathways in HCC remains unknown. In this study, we
identified DDX17 as a novel binding partner of MTDH. Furthermore, MTDH increased the protein level of DDX17 by inhibiting its
ubiquitination. We confirmed that DDX17 was a novel oncogene, with dramatically upregulated expression in HCC tissues. The
increased expression of DDX17 was closely associated with vascular invasion, TNM stage, BCLC stage, and poor prognosis. In vitro
and in vivo tests demonstrated that DDX17, a downstream target of MTDH, played a crucial role in tumor initiation and progression.
Mechanistically, DDX17 acted as a transcriptional regulator that interacted with Y-box binding protein 1 (YB1) in the nucleus, which
in turn drove the binding of YB1 to its target epidermal growth factor receptor (EGFR) gene promoter to increase its transcription.
This in turn increased expression of EGFR and the activation of the downstream MEK/pERK signaling pathway. Our results identify
DDX17, stabilized by MTDH, as a powerful oncogene in HCC and suggest that the DDX17/YB1/EGFR axis contributes to

tumorigenesis and metastasis of HCC.
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INTRODUCTION

Liver cancer is the sixth most common malignancy and the third
leading cause of cancer-related death worldwide [1]. Hepatocel-
lular carcinoma is the most common primary liver cancer, which is
mainly related to HBV infection, HCV infection, alcohol abuse, and
nonalcoholic fatty liver disease [1]. Despite substantial progress in
HCC treatment, it still has a very low five-year survival owing to its
high recurrence and metastasis rate [2]. Thus, it is necessary to
further investigate molecular mechanisms underlying the initia-
tion and progression of HCC to hopefully develop novel
therapeutic strategies.

MTDH is originally identified as a HIV-inducible gene in human
fetal astrocytes [3, 4]. The human MTDH gene is located on
chromosome 8q22. It contains 12 exons/11 introns and encodes a
protein of 582 amino acids [4]. It is widely distributed in the cell
membrane, cytoplasm, nucleus and endoplasmic reticulum, there-
fore, suggesting that MTDH may have multiple physiological
functions in different cellular contexts [4]. Numerous studies
reported that MTDH played critical roles in the progression of
various cancers. MTDH was a powerful oncogene that was
overexpressed and correlated with tumor progression in HCC
[5, 6], breast cancer [7, 8], gastric cancer [9], prostate cancer [10],

and non-small cell lung cancer [11]. In breast cancer, MTDH
expression was found to be highly correlated with tumor
metastasis. MTDH acted as a transmembrane protein that
promoted the metastasis from breast to lung via its lung homing
domain [12]. Additionally, MTDH was also found to promote tumor
formation and metastasis in a transgenic mouse model though
binding to SND1 [8]. In HCC patients, high expression of MTDH was
closely correlated with microvascular invasion, pathological
satellites, TNM stage, and poor prognosis [13]. MTDH was reported
to promote tumor growth [14], epithelial-mesenchymal transition
[13], anoikis resistance [15], drug resistance [16], metastasis [17],
and tumorigenesis [5, 18] in HCC. MTDH was also found to be
involved in multiple oncogenic signaling pathways, including NF-
KB [19], AKT [14], Wnt-B-catenin [20] and MAPK [4, 6]. Interaction of
MTDH with NF-kB and CBP promoted NF-kB mediates transcription
[19] and activated the Wnt-B-catenin pathway via upregulating
LEF1 expression or indirectly activating ERK42/44 [6]. However, the
direct mechanism through which MTDH activated the ERK pathway
remains poorly understood. The identification of various interact-
ing partners may help us understand the direct mechanism
through which MTDH promotes tumor progression and reveal new
therapeutic targets for the treatment of HCC.
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DDX17, together with its ortholog DEAD-box helicase 5 (DDX5),
belongs to the DEAD box family of RNA helicases, which
participates in a range of different genetic processes, including
transcription, RNA metabolism, and miRNA biogenesis [21, 22].
Recently, new evidence has shown that DDX17 may be involved in
cancer progression. DDX17, as well as its ortholog DDX5,
interacted with B-catenin to induce transcription of its target
genes in colorectal cancer (CRC) [23]. Knocking down both of
these RNA helicases (DDX17 and DDXS5) significantly inhibited the
proliferation of tumor cells in vitro [23]. In breast cancer, DDX17
was configured with ER-a and this interaction was crucial for the
regulation of estrogen-responsive genes and estrogen-stimulated
tumor cell growth [24]. Although a previous study reported that
knockdown of DDX17 inhibited the migration and invasion of HCC
cells [25], the precise role of DDX17 in tumor progression and
tumorigenesis remained largely unknown.

The effects of MTDH on proliferation, apoptosis, metastasis, and
tumorigenesis in HCC are relatively well understood, but the direct
mechanisms mediating these effects are poorly defined. In order
to obtain a better picture, we aimed to identify the direct target of
MTDH that mediates these cancer-promoting effects. We dis-
covered that MTDH interacted with DDX17 and increased its
protein level by inhibiting its ubiquitination. We then validated the
effects of DDX17 on HCC tumor proliferation, cell cycle, metastasis,
and tumorigenesis. Moreover, we clarified the direct mechanism
underling the cancer-promoting effect of DDX17. Finally, we
demonstrated that DDX17 mediated the effect of MTDH on HCC
progression via the EGFR-pERK signaling pathway and inferred its
clinical significance.

RESULTS

DDX17 is a novel MTDH interaction partner in HCC

To elucidate the specific molecular mechanism through which
MTDH promoted HCC progression, MTDH interaction partners
were identified using immunoaffinity purification combined with
LC-MS/MS (Supplementary Figure 1A and Supplementary Table 1).
After excluding proteins that overlap with the IgG group, a total of
24 proteins (unique peptides = 4) were detected in the HA-MTDH
group. To identify the top ten proteins, we removed non-specific
proteins including ribosomal proteins and heat shock proteins.
Finally, we focused on three proteins, i.e, SND1, DDX17 and
PAPBC1. Since SND1 was previously reported as a binding partner
of MTDH [8], we validated whether MTDH was bound to DDX17
and PAPBC1. PAPBC1 showed a weak binding affinity to MTDH
(Supplementary Figure 1B). However, DDX17 with 6 matching
peptides was identified as a potential interaction partner to MTDH.
In the co-immunoprecipitation (CO-IP) assays, Flag-DDX17 was
pulled down by HA-MTDH and vice versa (Fig. 1A) in
HEK293T cells. Moreover, interaction between endogenous
DDX17 and endogenous MTDH was confirmed by Co-IP in HLF
cells and HCCLM3 cells (Fig. 1B, C). Immunofluorescence (IF)
staining showed that MTDH and DDX17 mainly co-localized in the
nucleus (Fig. 1D). Domain mapping analysis revealed that the
amino terminal region of MTDH (aa: 1-291) was responsible for the
binding between MTDH and DDX17 (Fig. 1E). Additionally,
deletion of the helicase C-terminal domain (aa: 405-553) of
DDX17 almost completely abolished the interaction between
MTDH and DDX17 (Fig. 1F, G). However, DDX5, the ortholog of
DDX17, did not interact with MTDH in HEK293T cells, and MTDH
knockdown had little effect on the expression of DDX5 in HCCLM3
and HLF cells (Supplementary Figure 1C, D). These data suggested
that DDX17 interacted with MTDH.

MTDH increases the protein level of DDX17 by inhibiting its
ubiquitination

We next investigated whether there was regulation between
MTDH and DDX17. As shown in Fig. 2A, overexpression of MTDH

SPRINGER NATURE

increased the protein level of DDX17 in Huh7 cells, while MTDH
knockdown decreased DDX17 expression in HCCLM3 cells.
However, MTDH overexpression or knockdown had little effect
on DDX17 mRNA expression (Fig. 2B). By contrast, DDX17
knockdown or overexpression had little effect on the mRNA and
protein levels of MTDH (Supplementary Figure 2A, B). When
HEK293T cells were transfected with different concentrations of
plasmid expressed with MTDH, protein expression of DDX17 was
increased, while the mRNA level was not changed (Fig. 2C, D).
These results suggested that MTDH might increase the protein
level of DDX17 at the post-transcriptional stage. Thus, we
hypothesized that MTDH may stabilize DDX17 by inhibiting its
degradation via the ubiquitin-proteasome pathway. Expression of
DDX17 was markedly increased in MTDH-deficient HLF and
HCCLM3 cells when the proteasome inhibitor MG132 was added
(Fig. 2E). A cycloheximide (CHX) chase assay was, then, used to
investigate the effect of MTDH on stability of DDX17. Over-
expression of MTDH significantly increased the half-life of DDX17,
while knockdown of MTDH destabilized expression of endogen-
ous DDX17 (Fig. 2F, G). Furthermore, an in vitro deubiquitination
assay showed that MTDH reduced the polyubiquitination of
DDX17 (Fig. 2H). Consistently, knockdown of MTDH dramatically
increased ubiquitination of DDX17 in HCCLM3 cells (Fig. 2I),
whereas the ectopic expression of MTDH in Huh7 cells signifi-
cantly decreased its polyubiquitination (Fig. 2J). These data
suggested that MTDH increased the protein level of DDX17 by
repressing its polyubiquitination.

DDX17 promotes the growth and metastasis of HCC

We next verified the physiological function of DDX17 in HCC. First,
we detected the expression of DDX17 and MTDH in HCC cell lines
(Supplementary Figure 3A). To explore the oncogenic role of
DDX17 in HCC progression, endogenous DDX17 was reliably
knocked down using lentivirus-expressed short hairpin RNAs in
HLF and HCCLM3 cells (referred to as HLF-shDDX17#1-3 and
HCCLM3-shDDX17#1-3, respectively) and exogenous DDX17 was
overexpressed in Huh7 cells (referred to as Huh7-DDX17) (Fig. 3A).
DDX17 knockdown or overexpression had no effect on the
expression of its homologous protein DDX5 (Fig. 3A). Cell counting
kit 8 (CCK8) and colony formation assays were performed to
determine the effect of DDX17 on cell proliferation. The results
showed that DDX17 knockdown inhibited the proliferation of HLF
and HCCLM3 cells, whereas DDX17 overexpression enhanced the
proliferation of Huh7 cells (Fig. 3B, C, and Supplementary Fig. 3B).
The cell cycle assay showed that DDX17 knockdown increased the
percentage of cells in the G2-M phase, but decreased it in the GO-
G1 phase (Fig. 3D and Supplementary Figure 3C). By contrast,
overexpression of DDX17 had the opposite effect on Huh7 cells
(Fig. 3D and Supplementary Fig. 3C). Next, we tested the effect of
DDX17 knockdown on HCC xenograft growth in vivo. HLF-
shDDX17#1 or corresponding control cells were subcutaneously
injected into the right flank of nude mice. The growth of xenograft
tumors was significantly inhibited in the shDDX17-injected group
compared to the shNC-injected control group, as reflected in the
tumor growth curve, tumor volume and final tumor weigh
(Fig. 3E). Moreover, IHC staining of the xenograft tumors showed
that the expression of DDX17 and the proliferation marker, Ki-67,
were significantly decreased in the shDDX17 group compared to
the shNC group (Fig. 3F). These results suggested that DDX17
promoted HCC cell proliferation in vitro and in vivo.

We next investigated the effect of DDX17 on the mobility and
metastasis of HCC cells. The transwell migration and invasion
assay showed that knockdown of DDX17 significantly impaired
the ability of cell migration and invasion compared to its shNC
control, while the ectopic expression of DDX17 enhanced the
migration and invasion ability compared to the vector control (Fig.
3G and Supplementary Fig. 3D). We further examined the role of
DDX17 in HCC metastasis using an in situ intrahepatic metastasis
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model and ectopic tumor metastasis model. HLF-shDDX17 cells HLF-shNC, HLF-shDDX17#1 and HLF-shDDX17#2 cells into the tail
and the shNC control cells were injected into the left outer lobe of vein, respectively. The mice were sacrificed after 8 weeks. The
the liver. The metastatic foci in the liver were significantly number of lung metastatic nodules was counted using H&E
decreased in the shDDX17 group compared to the shNC group staining. The results showed that DDX17 knockdown in either
(Fig. 3H). Next, nude mice were injected with HCCLM3-shNC, HCCLM3 or HLF cells reduced the number of metastatic foci and
HCCLM3-shDDX17#1 and HCCLM3-shDDX17#2 cells, as well as decreased the metastasis rate in the lungs compared to the shNC
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Fig. 1

DDX17 is a novel MTDH-binding protein in HCC. A HEK293T cells were transfected with vectors expressing Flag-DDX17 and HA-

MTDH, followed by immunoprecipitation and immunoblotting using antibodies against Flag and HA, respectively. B Immunoprecipitation
analysis of DDX17 and MTDH in HLF cells. C Immunoprecipitation analysis of DDX17 and MTDH in HCCLM3 cells. D MTDH colocalized with
DDX17 in the nucleus of HLF cells. Endogenous DDX17 and MTDH were stained by anti-DDX17 (green) and anti-MTDH (red) antibodies,
respectively. Scale bar, 10 pm. E HEK293T cells were co-transfected with vectors expressing Flag-tagged full length MTDH or its truncation
mutants and HA-DDX17. The cell lysates were immunoprecipitated with Flag antibody, followed by immunoblotting with the indicated
antibodies. F HEK293T cells were co-transfected with vectors expressing Flag-tagged full length DDX17 or its truncation mutants and HA-
MTDH. The cell lysates were immunoprecipitated with Flag antibody, followed by immunoblotting with the indicated antibodies.
G HEK293T cells were co-transfected with vectors expressing Flag-tagged full length DDX17 or its truncation mutants and HA-MTDH.

Immunoprecipitation analysis of Flag and HA in indicated cells.

control (Supplementary Figs. 4A-H). Taken together, the results
confirmed that DDX17 promoted the mobility and metastasis of
HCC cells in vitro and in vivo.

DDX17 promoted the tumorigenesis of HCC

To investigate the possible role of DDX17 in HCC development,
DDX17* mice (DDX17"" mice) and conditional liver DDX17
knockout mice (DDX17"M-Alb-Cre mice, referred to as DDX17 "/~
mice for sake of brevity) were injected with 80 mg/kg of the
hepatic carcinogen diethylnitrosamine (DEN) at 4 weeks of age
and fed a high-fat diet (HFD) (Fig. 4A). DDX17 expression in the
liver was effectively diminished in DDX17~/~ mice compared to
DDX17** mice (Fig. 4B). The mice were sacrificed after 52 weeks
following DEN treatment. DDX17”~ mice exhibited decreased HCC
tumorigenesis with fewer tumors and smaller tumor diameters
(Fig. 4C, D). Additionally, the expression of the cell proliferation
marker Ki67 was lower in DDX17 '~ mice than in the control,
which further supported the idea that DDX17 contributes to HCC
tumorigenesis (Fig. 4E). Furthermore, the number of lung
metastatic foci was significantly decreased in DDX17 ™/~ mice
compared to DDX17** mice (Fig. 4E). Subsequently, we tested
the effect of DDX17 knockout on the classical signaling pathways
in mice, and found that the tissues from DDX17 /~ mice showed
less phosphorylation in ERK, compared to pAKT, pP38 and pJNK
(Fig. 4F). Taken together, these results suggested that DDX17
promoted HCC tumorigenesis in vivo.

RNA sequencing identify EGFR as a downstream effector of
DDX17

We next explored the specific mechanism through which DDX17
contributed to the tumorigenesis and progression of HCC. Since
DDX17 acted as a transcription cofactor, we conducted mRNA
sequencing to identify its downstream target genes in HLF-shNC
versus HLF-shD1 cells and HCCLM3-shNC versus HCCLM3-shD1 cells
(Fig. 5A and supplementary Figure 5A). Compared with the
respective controls, a total of 214 genes were up- and 640 genes
were downregulated in HCCLM3-shD1 cells, whereas 402 genes were
up- and 553 genes were downregulated in HLF-shD1 cells (p < 0.05
and Foldchange>2.0) (supplementary Fig. 5B). A Venn diagram
showed that 138 genes were downregulated and 25 genes were
upregulated in both DDX17-silenced cell lines compared to the
respective control cells (supplementary Figure 5C, D, Supplementary
Table 2). Among the 138 downregulated genes, EGFR was selected
for further study for three reasons. First, it was a well-established and
powerful oncogene that contributed to tumor initiation and
progression. Second, EGFR was enriched in multiple signaling
pathways such as pathways in cancer, focal adhesion, MAPK
signaling pathway and regulation of actin cytoskeleton according
to KEGG pathway analysis (Fig. 5B and supplementary Fig. 5E). Third,
as the most important downstream modulator of EGFR, pERK
expression was significantly decreased in DDX17 '~ mice compared
to DDX17 " mice.

RT-PCR and immunoblotting analysis were performed to
validate the mRNA sequencing results. The mRNA and protein
expression of EGFR were significantly decreased after knockdown
of DDX17 in HLF and HCCLM3 cells (Fig. 5C, E), whereas their
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expression were markedly increased by ectopic DDX17 expression
in Huh7 cells (Supplementary Fig. 6A, C). Consistent with the
results in transgenic mice, the phosphorylation of ERK down-
stream of EGFR was also influenced by DDX17 in HCC cell lines
(Fig. 5E and Supplementary Fig. 6C). Moreover, the transcriptional
activity of the EGFR promoter was decreased or enhanced in
response to DDX17 knockdown or overexpression, respectively
(Fig. 5D and Supplementary Fig. 6B). In vivo, EGFR expression was
obviously downregulated in DDX17~/~ mice compared to
DDX17" mice (Fig. 5F). Additionally, we assessed the expression
of DDX17 and EGFR in HCC tissue samples, and the results showed
that DDX17 expression was positively correlated with EGFR
expression in HCC (cohort I) (Supplementary Fig. 6D, E).
Additionally, TCGA analysis confirmed these results (Supplemen-
tary Figure 6F). We subsequently treated DDX17-deficient cells
and control cells with EGF for the indicated duration and detected
the phosphorylation sites of EGFR at Y1068, Y1173 and Y845
which assisted in the binding of downstream anchor proteins and
promoted the activation of downstream pathways. And results
showed that the phosphorylation sites of EGFR at Y1068, Y1173
and Y845 were significantly reduced in DDX17 deficient cells
compared to control cells after EGF treatment (Fig. 5G).
Consistently, DDX17 knockdown impaired the EGF-induced
migration and invasion of HLF cells compared to the HLF-shNC
control (Fig. 5H). Taken together, these results revealed that EGFR
was a vital downstream modulator of DDX17.

DDX17 interacts with YB1 and enhances the transcription of
EGFR

The underlying mechanism of EGFR regulated by DDX17 was
further investigated. DDX17 played an important role in transcrip-
tion regulation [21, 22] and the above results showed that DDX17
upregulated transcription of EGFR. Hence, we hypothesized that
DDX17 may enhance EGFR expression by binding to an unknown
transcription factor (TF). We performed CO-IP followed by LC-MS/
MS analysis to detect the possible TFs binding to DDX17, and the
three TFs Y-box binding protein 1(YB1), Y-box binding protein 3
(YB3) and zinc finger protein 326 (ZNF326) were found to bind
DDX17 (Supplementary Fig. 7A and Supplementary Table 3). With
23 detected peptides, YB1 showed stronger binding to DDX17
than the other two identified interaction partners (Supplementary
Fig. 7A and B). Moreover, YB1 was reported to regulate EGFR
transcription in breast cancer [26]. We therefore hypothesized that
DDX17 might interact with YB1 to induce EGFR transcription in
HCC. To validate this hypothesis, we first investigated whether
there was an interaction between DDX17 and YB1. HEK293T cells
were co-transfected with vectors expressing Flag-DDX17 and HA-
YB1, followed by a Co-IP assay, which showed that ectopically
expressed DDX17 and YB1 interact with each other (Fig. 6A).
Additionally, DDX5 was also found to interact with YB1 in
HEK293T cells. However, DDX5 knockdown had little effect on
EGFR expression (Supplementary Fig. 7C, D). The interaction
between endogenous DDX17 and YB1 was also detected in HLF
and HCCLM3 cells (Fig. 6B). IF staining showed the co-localization
of endogenous DDX17 and YB1 in the nucleus (Fig. 6C). To
determine which domain was required for interaction, Co-IP

Oncogene (2023) 42:169-183
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assays were performed. The results revealed that YB1 mainly
bound to the C-terminal region of DDX17 (aa: 553-729) (Fig. 6D),
and the C-terminal domain (CTD) of YB1 was responsible for the
binding to DDX17 (Fig. 6E).

Since DDX17 acted as a transcription coactivator, we hypothe-
sized that DDX17 interacted with YB1 to activate the transcription
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of EGFR. To determine whether DDX17 cooperated with YB1 to
enhance the transcription of EGFR, we transfected HEK293T cells
with constructs expressing DDX17, YB1, or DDX17 and YB1, along
with an EGFR promoter reporter construct, and then measured the
luciferase reporter activity. We found that ectopic co-expression of
DDX17 with YB1 synergistically enhanced the promoter activity of
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Fig.2 MTDH stabilizes and deubiquitinates DDX17. A Immunoblotting analysis of DDX17, MTDH and GAPDH in MTDH-expressing or vector
control Huh7 cells, or in shNC control and DDX17 deficient HCCLM3 cells. B RT-PCR analysis of MTDH and DDX17 in MTDH-overexpressing or
vector-control Huh7 cells, or in shNC control and DDX17 deficient HCCLM3 cells. C HEK293T cells were transfected with the indicated
concentrations of HA-MTDH for 48 h, after which immunoblotting analysis of DDX17, HA and GAPDH was performed. D HEK293T cells were
transfected with the indicated concentrations of HA-MTDH for 48 h, after which RT-PCR analysis of DDX17 and MTDH was performed.
E MTDH-deficient HLF and HCCLM3 cells and its shNC control were treated with or without 10 yM MG132, followed by immunoblotting
analysis of DDX17 and GAPDH. F MTDH-expressing and vector control Huh7 cells were treated with CHX for the indicated time, followed by
immunoblotting analysis of DDX17, MTDH and GAPDH. The lower panel shows the DDX17 protein levels quantified densitometrically using
Image) software. G MTDH-deficient HLF and HCCLM3 cells and its shNC control were treated with CHX for indicated time, Immunoblotting
analysis of DDX17, MTDH and GAPDH. The lower panel shows the DDX17 protein levels quantified densitometrically using ImageJ software.
H HEK293T cells were co-transfected with vectors expressing Flag-DDX17, Myc-MTDH and HA-ub for 48 h, followed by treatment with 10 uM
MG132 for 6 h. The cell lysates were immunoprecipitated with Flag antibody and then subjected to immunoblotting with the indicated
antibodies. | MTDH-deficient HCCLM3 cells and the corresponding shNC control cells were treated with 10 pM MG132 for 6 h. The cell lysates
were immunoprecipitated with DDX17 antibody and then subjected to immunoblotting with the indicated antibodies. J MTDH-
overexpressing Huh7 cells and vector control cells were treated with 10 pM MG132 for 6 h. The cell lysates were immunoprecipitated with
DDX17 antibody and then subjected to immunoblotting with the indicated antibodies. The data represent the means + SEM from three

independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

EGFR (Fig. 6F). A previous study showed that YB1 upregulated
EGFR transcription by binding to its promoter at four binding sites
(named EGFR1b, EGFR2a, EGFR2b and EGFR3) [26]. To confirm this,
we performed a chromatin immunoprecipitation (CHIP) assay in
Huh7-DDX17 cells using a Flag antibody. We observed that Flag-
DDX17 was enriched in the same region of the EGFR promoter as
that of the YB1 binding sites, especially the binding site EGFR2a
and EGFR2b (Fig. 6G). These results suggested that DDX17
interacted with YB1 and enhanced the transcription activity of
YB1 on the EGFR promoter.

In addition, we intended to confirm whether DDX17 regulated
other YB1 downstream genes in addition to EGFR. CCNA2, MET
and MDR1, known to be regulated by YB1 [27], were chosen for
validation. The mRNA expression of these genes was significantly
decreased by DDX17 knockdown in HCCLM3 cells (Supplementary
Fig. 8A), whereas DDX17 overexpression had the opposite effect in
Huh?7 cells (Supplementary Fig. 8B). Luciferase reporter assays
showed that the transcription activity of the CCNA2, MDR1 and
MET promoters was inhibited by DDX17 knockdown (Supplemen-
tary Fig. 8C). Moreover, the protein levels of these factors were
also reduced after DDX17 knockdown in HCCLM3 cells (Supple-
mentary Fig. 8D). Furthermore, TCGA data analysis revealed that
DDX17 expression was positively correlated with CCNA2 and MET
(Supplementary Fig. 8E). These results suggest that DDX17 may
also regulate multiple downstream genes of YB1 by enhancing its
transcriptional activity.

Consequently, we investigated whether YB1 mediated the
DDX17-induced upregulation of EGFR expression and tumor
progression in vitro. DDX17 knockdown had little effect on the
expression of YB1 in HLF and HCCLM3 cells (Supplementary Fig.
9A). We knocked down YB1 using siRNA in Huh7 cells, in the
presence of DDX17 overexpression. YB1 silencing dramatically
reduced the mRNA and protein expression of EGFR induced by
DDX17 overexpression (Supplementary Fig. 9B, C). Moreover,
PERK, the downstream effector of EGFR, was also reduced after
YB1 knockdown in Huh7-DDX17 cells (Supplementary Fig. 9Q).
Furthermore, YB1 silencing dramatically impaired the proliferation,
migration and invasion capacity of Huh7 cells, which was induced
by DDX17 overexpression (Supplementary Fig. 9D, E). Taken
together, these results suggested that YB1 was essential for
DDX17-induced EGFR upregulation and oncogenic function.

DDX17 partially mediates the effect of MTDH on HCC
progression via the EGFR-pERK pathway

After showing that DDX17 acted as a downstream effector of
MTDH, we assessed whether MTDH-induced tumor progression
was mediated by increased DDX17 expression, by overexpressing
DDX17 in HLF and HCCLM3 cells with a knockdown of
endogenous MTDH (designated as HLF-shMTDH/DDX17 and
HCCLM3-shMTDH/DDX17, respectively). We observed that MTDH
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significantly inhibited the proliferation, migration and invasion of
HLF and HCCLM3 cells, and this effect was restored by DDX17
overexpression (Fig. 7A-C). Moreover, an in vivo metastasis assay
revealed that overexpression of DDX17 in HLF-shMTDH cells
significantly promoted ectopic lung metastasis compared to the
vector control in HLF-shMTDH cells (Fig. 7D). Furthermore,
immunoblotting analysis revealed that DDX17 overexpression
rescued the inhibition of the EGFR-pERK signaling pathway due to
MTDH knockdown (Fig. 7E). These data indicates that DDX17 at
least partially mediates the cancer-promoting effect of MTDH via
the EGFR-pERK signaling pathway.

EGFR signaling pathway is critical to the development and
progression of HCC and Targeting EGFR is able to overcome
sorafenib resistance [28]. Hence, we investigated whether target-
ing DDX17 may enhance the inhibitory effect of sorafenib in HCC.
We inoculated the shNC and shDDX17 HLF in the right flank of
nude mice, respectively. When tumors became palpable at day 14,
mice were treated with or without sorafenib for another 20 days.
Results showed combined sorafenib treatment and DDX17
knockdown inhibited tumor growth by about 75% in terms of
tumor volume and tumor weigh compared to sorafenib treatment
alone (Fig. 7F, G). These findings suggest that targeting
DDX17 sensitizes HCC cells to sorafenib treatment possibly by
down-regulating EGFR expression.

The above results showed that both YB1 and DDX17 regulated
EGFR expression in HCC cells. Then we wanted to study whether
targeting both YB1 and DDX17 further enhanced the sensitivity of
HCC cells to sorafenib. HLF cells with shDDX17, shYB1 and a
double knock down of YB1/DDx17 were inoculated in the right
flank of nude mice. Then the mice were treated with sorafenib for
20 days. We found that the tumors with shYB1 and a double-
knockdown of YB1/DDx17 were markedly reduced by sorafenib
treatment compare to shDDX17 group (Supplementary Fig.
10A-C). Knockdown of YB1 and double-knockdown of YB1 and
DDX17 had almost no significant difference in the downregulation
of EGFR (Supplementary Fig. 10D).

This showed that the regulation of EGFR by DDX17 almost no
longer existed in the absence of YB1. Moreover, the regulation of
EGFR by YB1 was even partly due to the fact that it also
downregulated the expression of DDX17 (Supplementary Fig.
10D).

DDX17 is upregulated and positively correlate with MTDH in
HCC

Finally, we measured the expression of MTDH and DDX17 in a
cohort of 122 paired HCC tissues and adjacent non-tumor tissues
(cohort Il). IHC analysis showed that MTDH and DDX17 were both
upregulated in HCC tissues compared to adjacent non-tumor
tissues (p <0.001) (Fig. 8A and Supplementary Fig. 11A). Addi-
tionally, immunoblotting analysis was performed to measure
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Fig.3 DDX17 promotes the growth and metastasis of HCC. A The efficiency of knockdown or overexpression of DDX17 in the indicated cells
was validated by immunoblotting, respectively. B The indicated cells were subjected to the CCK8 assay. C The indicated cells were subjected
to the colony formation assay. D The indicated cells were subjected to the cell cycle assay. E Subcutaneous tumors composed of HLF-
shDDX17#1 cells and control cells were shown in the left panel. The tumor volume growth curve was shown in the middle panel. The tumor
weight was shown in the right panel. F IHC staining for DDX17 and Ki-67 expression in xenograft tumors of different groups (left panel).
Statistical comparison of the DDX17 IHC scores of the indicated groups (right panel). G The indicated cells were subjected to transwell
migration and invasion assays. H Orthotopic liver tumors derived from HLF-DDX17#1 and the shNC control cells were showed in the left
panel. HE staining for orthotopic tumors in the liver from the indicated groups was shown in middle panel. Statistical comparisons of the
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Fig. 4 DDX17 promotes the tumorigenesis of HCC. A Schematic representation of the DEN-HFD-induced HCC model. For week-old mice
were intraperitoneally injected with DEN (80 mg/kg) and 2 weeks later were placed on a high-fat diet (HFD, 60% fat) for 52 weeks (n = 10).
B Immunoblotting analysis of liver tissues from DDX17*'" and DDX17~/~ mice. C. Gross morphology (top) of livers of the DDX17+'* and
DDX17 /" mice described in A. Scale bars, 0.5 cm. D Quantification of total tumor number, number of tumors bigger than 3 mm, and maximal
tumor diameters. E Ki67 staining of liver tumors from DDX17 " and DDX17 '~ mice (left panel). H&E staining of sections for lung metastases
was performed (left panel). Statistical comparisons of the indicated groups were showed in the right panel. F. Inmunoblotting analysis of the
indicated proteins in the liver tumors derived from DDX17"* and DDX17~/~ mice (left panel). The levels of the indicated proteins were
quantified densitometrically using ImageJ software. The data represent the means £ SEM from three independent experiments. *P < 0.05,
**P <0.01, ***P < 0.001.

DDX17 expression in a cohort of 92 paired HCC tissues and analysis also revealed that MTDH and DDX17 were high expression
adjacent non-tumor tissues (cohort I). The results showed that in HCC tissues compared to normal liver tissues (Supplementary
DDX17 expression was much higher in HCC tissues than adjacent Fig. 11B, C). In addition, MTDH expression was positively correlated
non-tumor tissues (Fig. 8B and Supplementary Fig. 6D). TCGA with DDX17 expression in HCC tissues (Fig. 8C, D).
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Fig. 5 RNA sequencing identifies EGFR as a downstream effector of DDX17. A Heatmap showing the differentially expressed genes
modulated by DDX17 knockdown (left panel), Scatterplot showing the differentially expressed genes modulated by DDX17 knockdown in HLF
cells compared to HLF-shNC cells (right panel). B KEGG pathway analysis of the mRNA sequencing data. C RT-PCR analysis of DDX17 and EGFR
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DDX17 and GAPDH in the indicated cells. F Immunoblotting analysis of EGFR and GAPDH in liver tumors derived from the indicated
transgenic mice. G HLF DDX17-deficient or HCCLM3 DDX17-deficient cells, together with corresponding shNC control cells, were treated with
10 pg/mL EGF for the indicated time periods. Then, immunoblotting analysis for the indicated proteins was performed. H HLF DDX17-deficient
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To further investigate the clinicopathological correlates and
prognostic value of DDX17 in HCC, we performed a tissue
microarray-based IHC study of DDX17 in 122 HCC tissue samples
with comparable clinicopathological features and follow-up data
(12 of these patients were lost in follow-up). These patients were

Oncogene (2023) 42:169-183

C. Jin et al.

piie [ D3sNe
3 shMTDH

3 3001 . =3 shMTDH/VEC
g ——— g shMTDH/DDXI17
S 2001
<
=3 S
o
z

1001 ﬂ
0

5004
*kok O shne
—
shMTDH/DDX17 . 4001 . =3 shMTDH
- " 2 — =3 shMTDH/VEC

w
S
S

[ shMTDH/DDX 17

NO. of coloni
- N
=3 =3

= 8 B

migration

migration

3 shNC - Ak JshNC
[ shMTDH ” — [IshMTDH
ShMTDH/VEC 51000 EIshMTDH/VEC
B shMTDH/DDX17 ’§ EmshMTDH/DDX17
a —
= 500
&)
0 . o
invasion
dkk 500
[== EON *an i C3shne
3 shMTDH 2 4004 = | [CIshMTDH
EIhMIDHVEC 8 EshMTDH/VEC
N shMTDH/DDX 17 § 300 EshMTDH/DDX 17
= 2004 —
o
100
(B

invasion

@
2
=1
=
=]
=
2
g
17
s
S
7}
=
15
G *okok
—
=) - —
o . sk
; 0.5 . —
£ 5
& o0l— - —e
shNC shDDX17 Sorafenib shDDX17
+Sorafenib

Tumor volume (mm?)

shNC shDDX17 Sorafenib shDDX17
+Sorafenib

categorized according to their immunostaining scores into high
(score 2-3) or low (score 0-1) DDX17 expression groups
(Supplementary Fig. 11D). High expression of DDX17 was closely
associated with vascular invasion (p=0.008), TNM stage
(p =0.039) and BCLC stage (p =0.030) (Supplementary Table 4).
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Fig.7 DDX17 mediates the effect of MTDH on HCC progression through the EGFR-pERK pathway. A MTDH-deficient HLF and HCCLM3 cells
were transfected with a vector expressing DDX17 or an empty control. The indicated cells were subjected to the CCK8 assay. B MTDH-deficient
HLF and HCCLM3 cells were transfected with a vector expressing DDX17 or an empty control. The indicated cells were subjected to a colony
formation assay. Representative images are shown in the left panel and statistical comparisons of the indicated groups are shown in the right
panel. C MTDH-deficient HLF and HCCLM3 cells were transfected with a vector expressing DDX17 or an empty control. The indicated cells
were subjected to the transwell migration and invasion assay. Representative images are shown in the left panel and statistical comparisons of
the indicated groups are shown in the right panel. D MTDH-deficient HLF cells were transfected with a vector expressing DDX17 or an empty
control and injected into nude mice for the ectopic lung metastasis assay. Representative images were showed in the left panel, HE staining of
the liver tissues was showed in the middle panel, and statistical comparisons of the lung tumor number in the indicated groups were showed
in the right panel. E MTDH-deficient HLF and HCCLM3 cells were transfected with a vector expressing DDX17 or an empty control.
Immunoblotting analysis for the indicated proteins was performed. F Knockdown DDX17 sensitized HCC cells to sorafenib treatment.
Representative images of subcutaneous tumors in HLF-shNC and HLF-shDDX17 cells treated with or without sorafenib. G Statistical
comparisons of tumor weigh and tumor volume from indicated groups were shown. The data represent the means = SEM from three

independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
<

Additionally, our results revealed that elevated expression of
MTDH or DDX17 in clinical HCC specimens was correlated with
poorer OS and disease-free survival (DFS) (Fig. 8E, cohort II).
Additionally, multivariate Cox regression analysis revealed that
DDX17 was an independent risk factor for OS (Hazard ratio
[HR] = 2.675, 95% Confidence interval [Cl], 1.230-5.815; p = 0.013)
and DFS (HR=1.917, 95% Cl, 1.091-3.368, p =0.024) in HCC
patients (Supplementary Table 5). These findings indicated that
increased expression of DDX17 was significantly associated with a
poor prognosis in HCC patients.

DISCUSSION

In the present study, we identified DDX17 as a novel partner of
MTDH in HCC. The helicase C-terminal domain (aa: 405-553) of
DDX17 was mainly responsible for the binding to MTDH.
Furthermore, MTDH increased the protein levels of DDX17 by
inhibiting its ubiquitination. Subsequently, the enhanced expres-
sion of DDX17 resulted in its binding to YB1 via the C-terminal
region of DDX17 (aa: 553-729), which in turn drove the binding of
YB1 to the EGFR gene promoter to increase its transcription
(Fig. 8F).

Accumulated evidence from functional studies has established
MTDH as a key regulator of tumor proliferation [29], metastasis
[12], angiogenesis [30], EMT [13], and anoikis resistance [15] in
various cancers. It is convincing that MTDH may regulate its
downstream genes by interacting with diverse binding partners.
For example, MTDH was found to interact with p65 in the nucleus
to facilitate NF-kB-mediated transcription [19]. In the cytoplasm,
MTDH associates with CBP and SND1 to increase their protein
levels [8, 31]. In the present study, we identified DDX17 as a novel
binding partner of MTDH in HCC. Moreover, MTDH could increase
the protein levels of DDX17 in the nucleus by preventing its
polyubiquitination and degradation. The prevention of ubiquitin-
mediated degradation of DDX17 by MTDH may also involve an E3
ubiquitin ligase, which needs to be further investigated in the
future.

DDX17 acts as a transcriptional co-regulator which either
promotes or suppresses gene transcription by binding to certain
TFs. Thus, we conducted mRNA sequencing to identify the
possible downstream effectors of DDX17 in HCC. KEGG enrich-
ment analysis of the mRNA sequencing results indicated that
DDX17 was involved in multiple pathways related to cancer
progression and metastasis, including the KEGG categories
pathways in cancer, focal adhesion, MAPK signaling pathway,
and regulation of actin cytoskeleton, in both HLF and HCCLM3
cells. EGFR, which is involved in all these four signaling pathways,
was found to be regulated by DDX17 in HCC cells. EGFR is a
member of the ErbB family of receptor tyrosine kinases (RTKs) and
is overexpressed in different types of human cancers, including
HCC [32]. EGFR dysregulation can activate multiple signaling
pathways, including Ras-Raf-MEK-ERK, PI3K-AKT, STAT and Src
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[32, 33]. The aberrant activation of EGFR signaling promotes cell
proliferation, apoptosis resistance, metastasis, angiogenesis, drug
resistance and tumorigenesis in multiple cancers [34, 35]. In the
present study, we confirmed that DDX17 upregulated the mRNA
and protein expression of EGFR. Moreover, we confirmed that
DDX17 expression was positively correlated with EGFR expression
in clinical HCC tissue samples. Furthermore, as a downstream
effector of EGFR, pERK was activated by DDX17 in this context,
while pAKT was not. This suggested that the EGFR-pERK axis
possibly mediated the effect of DDX17 in HCC, but not the EGFR-
pAKT pathway.

There is emerging evidence that DDX17/DDX5 acts as a
transcriptional regulator that can mediate either the activation
or suppression of gene expression [22, 36]. DDX17, together with
its ortholog DDX5, was found to interact with ERa, B-catenin, and
MyoD to enhance their transcriptional activity [37]. However,
DDX17 also played an important role in transcription regulation
independent of DDX5. Lambert et al. revealed that DDX17
enhanced REST-mediated transcriptional suppression by interact-
ing with it [38]. Thus, we proposed that DDX17 possibly regulated
EGFR expression through the same mechanism. In the study, we
identified three TFs by screening the interaction partners of
DDX17. Among them, YB1 came to our attention because it was
known to regulate the transcription of EGFR as a TF. YB1 was a
well-established oncogene which regulated various genetic
processes, including transcription, pre-mRNA splicing and mRNA
translation [39]. Since YB1 was able to bind to four putative YB-1-
responsive elements (YRE) in the EGFR promoter to enhance its
MRNA expression [26], we proposed that DDX17 may up-
regulated the expression of EGFR by binding to YB1. Our results
demonstrated that DDX17 could be recruited to the EGFR
promoter to induce its transcription by binding to YB1. Sook Shin
et al. showed that DDX17 increased the transcriptional activity of
-catenin by interacting with a domain spanning approximately
200 amino acids at its C-terminal domain [23]. Correspondingly,
we also found that DDX17 associated with YB1 via its C-terminal
domain in our context. These evidences suggest that the
C-terminal domain of DDX17 may be essential for regulating the
transcriptional activity of TFs. Notably, YB1 can both promote and
inhibit transcription, upregulating a subset of genes including
MET, MDR1, MVP, PDGFB, cyclin A2, and smad7, while down-
regulating many targeted genes such as P21, P53, MMP12, MMP13
and VEGF [27]. In our study, we found that DDX17 also promoted
the transcription of MET, MDR1 and CCNAZ2 in addition to EGFR.
This suggested that DDX17 may be recruited to the promoters of
multiple YB1-targeted genes to regulate their expression. Despite
this, the specific mechanism through which DDX17 regulates the
transcriptional activity of YB1 remains to be elucidated. A previous
study reported that DDX17 deficiency may inhibit the binding of
REST to the promoters of its targeted genes [38], suggesting that a
similar mechanism might exist in our study. However, we could
not verify this conclusion due to a lack of appropriate YB1 CHIP
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Fig. 8 DDX17 is upregulated and positively correlates with MTDH in HCC. A DDX17 expression in tumors and adjacent normal tissues of
HCC patients as detected by immunohistochemistry in cohort Il. Scale bar, 300 pm (upper panel), 50 pm (lower panel). Statistical comparisons
of IHC scores in the indicated groups were showed in the right panel. B DDX17 expression in tumors and adjacent normal tissues of HCC
patients was detected by immunoblotting in cohort I. C Representative images of IHC staining for MTDH and DDX17 in HCC tissues. Scale bar,
300 pm (upper panel), 30 um (lower panel). D Correlations of IHC data for high or low expression of MTDH relative to the level of DDX17.
E Kaplan-Meier analyses of HCC patients with tumors with high or low expression levels of MTDH or DDX17. F A schematic diagram illustrating
the proposed molecular mechanisms through which the MTDH-DDX17-EGFR axis promotes the initiation and progression of HCC. The data
represent the means + SEM from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

antibodies. Taken together, these results suggest that DDX17
interacts with YB1 and recruits it to the promoter on its target

genes to enhance their transcription.

EGFR is highly expressed in 60-80% of human HCC cases, while
EGFR mutations appear to be rare [40]. Sorafenib was a first-line
systemic treatment for advanced HCC, while EGFR overexpression
contributed to drug resistance of EGFR-positive cells to sorafenib

Oncogene (2023) 42:169-183

[41, 42]. Our results revealed that DDX17 knockdown markedly
reduced EGFR expression in HCC cells. Furthermore, DDX17 was

positively correlated with EGFR expression in HCC tissues. Notably,

DDX17 enhanced the EGF-induced EGFR signaling pathway,
suggesting that DDX17 strengthened EGFR signaling in HCC,
making tumor resistant to sorafenib treatment. In addition, we
found that DDX17 also downregulated the expression of MDR1,
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which was strongly related with multidrug resistance. Thus,
targeting DDX17 may abrogate the DDX17-induced resistance to
sorafenib or other chemotherapeutic drugs.

In conclusion, our results demonstrate that MTDH interacts with

and stabilizes DDX17 by inhibiting its ubiquitination. We identify
DDX17 as a powerful oncogene using in vivo and in vitro
experiments. DDX17 interacts with YB1, which in turn binds to the
EGFR-promoter to activate its transcription and downstream EGFR-
PERK signaling pathway in HCC. Our findings suggest that the
DDX17/YB1/EGFR axis contributes to HCC metastasis and could be
a potential therapeutic target for the treatment of HCC.

MATERIALS AND METHODS

Available in supplementary information

DATA AVAILABILITY
The datasets used and analysed during the current study are available from the
corresponding author upon reasonable request.
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