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Abstract

Cumulative evidence suggests that microRNAs (miRNAs) promote gene expression in cancers. However, the
pathophysiologic relevance of miRNA-mediated RNA activation in hepatocellular carcinoma (HCC) remains to be
established. Our previous miRNA expression profiling in seven-paired HCC specimens revealed miR-93-5p as an HCC-
related miRNA. In this study, miR-93-5p expression was assessed in HCC tissues and cell lines by quantitative real-time
PCR and fluorescence in situ hybridization. The correlation of miR-93-5p expression with survival and clinicopathological
features of HCC was determined by statistical analysis. The function and potential mechanism of miR-93-5p in HCC were
further investigated by a series of gain- or loss-of-function experiments in vitro and in vivo. We identified that miR-93-5p,
overexpressed in HCC specimens and cell lines, leads to poor outcomes in HCC cases and promotes proliferation, migration,
and invasion in HCC cell lines. Mechanistically, rather than decreasing target mRNA levels as expected, miR-93-5p binds to
the 3’-untranslated region (UTR) of mitogen-activated protein kinase kinase kinase 2 (MAP3K2) to directly upregulate its
expression and downstream p38 and c-Jun N-terminal kinase (JNK) pathway, thereby leading to cell cycle progression in
HCC. Notably, we also demonstrated that c-Jun, a downstream effector of the JNK pathway, enhances miR-93-5p
transcription by targeting its promoter region. Besides, downregulation of miR-93-5p significantly retarded tumor growth,
while overexpression of miR-93-5p accelerated tumor growth in the HCC xenograft mouse model. Altogether, we revealed a
miR-93-5p/MAP3K?2/c-Jun positive feedback loop to promote HCC progression in vivo and in vitro, representing an RNA-
activating role of miR-93-5p in HCC development.

Introduction

Hepatocellular carcinoma (HCC), accounting for 75-85%
These authors contributed equally: Xuan Shi, Tao-Tao Liu, Xiang- of primary liver cancers [1], arises from a continuous
Nan Yu accumulation of gain-of-function mutations in oncogenes
and loss-of-function mutations in tumor suppressors. It is
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postoperative recurrence. Notably, microRNAs (miRNAs)
and miRNA-mediated regulatory networks can be promis-
ing candidates in the prevention and treatment of HCC.
Despite extensive investigation on these “dark matters” [2],
there is still a limited insight into the underlying pathogenic
mechanisms linking miRNA to HCC.

miRNAs are a family of small non-coding RNAs of 20-24
nucleotides in length that have been traditionally thought to
contribute to cancer either by inducing the sequence-specific
degradation of complementary mRNA or by repressing
translation. Several miRNAs are aberrantly expressed in
HCC, and their deregulation is linked to malignant pheno-
types of HCC, such as cell proliferation, invasiveness, and
metastasis [3]. Our previous study and others demonstrated
that miR-93-5p, derived from the miR-106b-25 cluster, is
amplified in breast cancer [4], lung cancer [5], and HCC [6].
It could promote cell proliferation, migration, and invasion in
HCC through posttranscriptional silencing of target genes,
including PTEN [7], p21 [8], and PDCD4 [9]. Recently, the
evidence is accumulating that miRNA can increase gene
expression by binding to the sequences in the promoter [10],
enhancer [11], 5’-untranslated region (UTR) [12], or 3’-UTR
[13] of target genes. However, neither the pathophysiologic
relevance nor the mechanism of miRNA activation has been
previously investigated in HCC.

The mitogen-activated protein kinase (MAPK) pathway
is one of the most frequently oncogenic pathways in human
cancers [14, 15] and, therefore, is regarded as attractive
therapeutic targets for treating cancers. Several miRNAs,
like miR-520a-3p in lung cancer [16], miR-34c-3p in breast
cancer [17], and miR-302a in HCC [18], have been pro-
posed to negatively regulate mitogen-activated protein
kinase kinase kinase 2 (MAP3K2), a component of the
MAPK pathway. Nevertheless, whether MAP3K?2, along
with downstream signaling molecules, can be positively
regulated by miRNA remains elusive.

In this study, we use an integrated method to identify
MAP3K2 as a direct target of miR-93-5p in HCC. We
validate the oncogenic role of miR-93-5p in a series of
in vivo and in vitro studies. In addition, we also demon-
strate a novel miR-93-5p-driven positive feedback loop,
which, if perturbed, promotes HCC growth. Thus, our work
defines a bona fide RNA-activating role of miR-93-5p in
HCC oncogenesis.

Results

miR-93-5p is frequently upregulated in human HCC
tissues and cell lines

Recently, our miRNA expression profiling revealed fre-
quent overexpression of miR-93-5p in seven-paired HCC

specimens (fold change =2.59, P <0.001) [6], which is in
accordance with a previous report [19]. To gain insight into
the biological significance of miR-93-5p, we quantified the
expression level of miR-93-5p and its precursor by quan-
titative PCR (qPCR), and analyzed its correlation with
clinical parameters in 73 pairs of human HCC and matched
non-tumor tissues. Mean miR-93-5p level in HCC tissues
was 1.9-fold higher than that in matched non-tumor tissues
(73 cases; Fig. la), which is similar to the data from the
cancer genome atlas (TCGA; Fig. 1b). Also, relative to non-
tumor tissues, miR-93-5p precursor was upregulated in
paired HCC tissues (29 cases; Supplementary Fig. 1),
consistent with a prior study [20]. The miR-93-5p level was
positively correlated with tumor volume (3> = 3.963, P =
0.047), TNM stage (y>=3.984, P=0.046) and alpha-
fetoprotein (AFP) level (> =7.602, P=0.006; Supple-
mentary Table 1). Fluorescence in situ hybridization (FISH)
was subsequently carried out to determine miR-93-5p
expression patterns in HCC specimens. The results
demonstrated that miR-93-5p was mainly clustered in the
nuclear fraction, and expressed at higher levels in HCC
tissues compared with matched non-tumor tissues (Fig. 1c).

As higher tumor volume, TNM stage, and AFP level
contribute to HCC-related mortality, we speculated that
upregulated miR-93-5p may be linked to HCC survival.
Kaplan—Meier survival analysis in TCGA cohort showed
that HCC cases with high miR-93-5p were correlated with
shorter overall survival (P=0.045; Fig. 1d) [21] and
disease-free survival (P =0.011; Fig. le) than those with
low miR-93-5p in the first 3 years. Thus, highly expressed
miR-93-5p is associated with poor HCC prognosis.

Furthermore, consistent with human data, the expression
level of miR-93-5p in all tested HCC cell lines, including
SK-Hep-1, HepG2, BEL-7402, Hep3B, MHCC-97L,
MHCC-97H, and HCC-LM3, was higher than that in nor-
mal hepatocyte LO2 (Fig. 1f). Collectively, these results
suggest that upregulated miR-93-5p expression is a frequent
event and may play an oncogenic role in HCC.

miR-93-5p modulates cell proliferation, migration,
and invasion in vitro

To investigate the oncogenic role of miR-93-5p in HCC, we
performed both inhibition studies using miR-93-5p inhibitor
and overexpression studies using miR-93-5p mimics (Sup-
plementary Fig. 2a). We confirmed that inhibition of miR-
93-5p decreased cell proliferation and blocked G1 to S
phase transition in MHCC-97H and HCC-LM3 cells, as
shown by CCKS8 and fluorescence-activated cell sorting
(FACS) assays, while overexpression of miR-93-5p had the
opposite effect in HepG2 and SK-Hep-1 cells (Fig. 2a, b).

To further characterize miR-93-5p effect on cell pro-
liferation through CCKS8, colony formation and BrdU
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Fig. 1 miR-93-5p is frequently upregulated in HCC specimens and
cell lines. a miR-93-5p level in paired HCC and non-tumor specimens
(n=173). *P<0.05 by Student’s ¢ test. b Relative miR-93-5p level in
HCC tissues (n = 372) and partially paired non-tumor tissues (rn = 50)
obtained from TCGA. ****P <(0.0001 by Student’s ¢ test. ¢ Fluores-
cence in situ hybridization images showing miR-93-5p expression in
human HCC and non-tumor tissues. Scale bars represent 25 um. d
Kaplan—Meier curves for overall survival curve (n = 344) or e disease-

assays, HCC cells stably transfected with recombinant
lentiviral particles containing miR-93-5p sponge or miR-93-
Sp were carried out (Supplementary Fig. 2b). Knockdown
of miR-93-5p obviously decreased cell growth and colony
formation capability, along with cells in S phase as a con-
sequence of G1 phase block in MHCC-97H cells. Con-
versely, overexpression of miR-93-5p markedly increased
these parameters in SK-Hep-1 cells (Supplementary Fig. 3).
Thus, miR-93-5p increased cell proliferation through facil-
itating G1 to S phase transition. Both the results from
transient and persistent alteration were consistent with the
clinicopathologic role of miR-93-5p in HCC tissues.

Also, we investigated the role of miR-93-5p on cell
migration and invasion, the critical determinants of malig-
nant progression and metastasis. We found that miR-93-5p
inhibitor decreased migration and invasion using wound-
healing and Transwell assays in MHCC-97H and HCC-
LM3 cells, whilst overexpression of miR-93-5p increased
migration and invasion in HepG2 and SK-Hep-1 cells (Fig.
2c, d). These results support a functional role for miR-93-5p
in mediating cell proliferation, migration, and invasion in
HCC cells, and suggest a mechanism by which over-
expression of miR-93-5p may contribute to HCC
progression.
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free survival curve (n = 365) stratified according to high or low miR-
93-5p expression in HCC patients. The median expression level of
miR-93-5p derived from TCGA was used as the cutoff value. P values
calculated by the log-rank test. f miR-93-5p expression in HCC cell
lines (including SK-Hep-1, HepG2, BEL-7402, Hep3B, MHCC-97L,
MHCC-97H, and HCC-LM3) compared with normal hepatocytes L02
as revealed by qPCR. Data represent mean + s.d. in a, b, and f. DAPI
4/ 6-diamidino-2-phenylindole.

miR-93-5p directly activates MAP3K2 expression by
targeting its 3’-UTR

To explore the molecular mechanism by which miR-93-5p
promotes HCC growth, we identified candidate targets of
miR-93-5p using online prediction tools, including miRDB,
TargetScan, and miRTarBase (Supplementary Fig. 4).
Validation by qPCR identified MAP3K2 as the primary
target. Inhibition of miR-93-5p reduced the mRNA level of
MAP3K2 by 23% in MHCC-97H cells and 49% in HCC-
LM3 cells, while overexpression of miR-93-5p upregulated
MAP3K2 by nearly threefold in HepG2 and SK-Hep-1 cells
(Fig. 3a).

Next, we measured the correlation between MAP3K2
mRNA level and miR-93-5p by qPCR in 34 pairs of HCC
and matched non-tumor specimens. A positive correlation
of MAP3K2 mRNA level with miR-93-5p expression was
seen in almost all 34 cases of human HCC tissues (P =
0.0006; Fig. 3b). Moreover, Western blot consistently
confirmed the same result at the protein level in four HCC
cell lines (Fig. 3c). These results indicate that miR-93-5p is
involved in the activation of MAP3K?2, but whether miR-
93-5p directly or indirectly targets MAP3K2 remains
unknown.
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Fig. 2 miR-93-5p induces cell proliferation, migration, and inva-
sion in human HCC cells. a CCK8 assay for viability, b FACS for
cell cycle progression, ¢ wound-healing assay, and d transwell assay
for migration or invasion in MHCC-97H and HCC-LM3 cells

transfected with miR-93-5p inhibitor or NC, along with HepG2 and
SK-Hep-1 cells transfected with mimics or NC. Data represent mean +
s.d. (n=3), *P<0.05, **P<0.01, ***P<0.001 by Student’s 7 test.
NC negative control.
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Fig. 3 miR-93-5p directly targets MAP3K2. a MAP3K2 mRNA
expression in HCC cells transfected with miR-93-5p inhibitor or
mimics, and corresponding NC. Data represent mean +s.d. (n = 3),
*P<0.05, **P<0.01 by Student’s ¢ test. b Scatter plot showing a
positive correlation of miR-93-5p and MAP3K2 in 34 pairs of
human HCC specimens by qPCR. P =0.0006 by Spearman rank
correlation. ¢ Ectopic miR-93-5p regulated protein expression of
MAP3K2, and its downstream targets (including MKK4, p-MKK4,
p38, p-p38, INK, p-JINK, ATF2, p-ATF2, c-Jun, p-c-Jun, and p21)
in four HCC cell lines by Western blot. d miR-93-5p and its five
putative complementary binding sites on MAP3K2 promoter,
5'-UTR, CDS 1, CDS 2, and 3’-UTR, as well as mutant 3’-UTR
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with a mutated binding sequence in miR-93-5p seed site. e Dual-
luciferase reporter assay showing the effect of overexpressed
miR-93-5p on MAP3K2 promoter/5’-UTR or CDS/3’-UTR reporter
activity in SK-Hep-1 cells. f Dual-luciferase reporter assay showing
the effect of overexpressed miR-93-5p on MAP3K2 CDS or 3’-UTR
reporter activity in SK-Hep-1 and HEK-293T cells. g Effect of
overexpressed miR-93-5p on mutant and wild-type 3’-UTR reporter
activity in SK-Hep-1 cells, as well as effect of repressed miR-93-5p
on mutant and wild-type 3’-UTR reporter activity in MHCC-97H
cells. Data represent mean=s.d. (n=3), *P<0.05, **P<0.01,
**¥%%P <(0.0001 by one-way ANOVA. NC negative control, mut
mutant, wt wild-type.
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Since direct upregulation of genes by miRNAs is rare,
we first sought to identify a potential intermediate that
mediates the effect of miR-93-5p on MAP3K2. Presumably,
the candidate intermediate should be directly targeted by
miR-93-5p and function as upstream of the MAPK path-
way. An extensive search through several protein databases
(including IntAct, STRING, and MINT) resulted in a set of
putative intermediates, including Ras, Rho, PTPNs, PTPRs,
TRIM32, HCCS, GNA12, TOLLIP, CASPs, and XIAP
(Supplementary Fig. 5a). However, none of these pro-
spective candidates was bona fide target of miR-93-5p in
the validation assay (Supplementary Fig. 5b, c).

Previous studies indicated that miRNAs could modulate
gene expression through their direct interaction with the
complementary sequences in the promoter [10], 5-UTR
[12], coding sequence (CDS) [22], and 3’-UTR [13] of
targets. Notably, the suggestion of direct interaction
between miR-93-5p and MAP3K2 was also supported by
argonaute-crosslinking and immunoprecipitation (AGO-
CLIP) assay (Supplementary Table 2) [23, 24]. A search in
the UCSC genome browser and miRBase database revealed
five putative complementary binding sites on MAP3K2
promoter, 5'-UTR, CDS, and 3’-UTR of miR-93-5p,
wherein the 3’-UTR of MAP3K2 best matches the miR-93-
S5p sequence (Fig. 3d). We next determined the exact
binding sequence using dual-luciferase reporter assay. First,
we constructed vectors containing either MAP3K2 pro-
moter/5’-UTR or CDS/3’-UTR, each of which was co-
transfected with miR-93-5p mimics in SK-Hep-1 cells.
miR-93-5p significantly increased MAP3K2 CDS/3’-UTR-
driven luciferase activity, but not MAP3K2 promoter/5’-
UTR or control, suggesting that the binding site is located
within CDS or 3’-UTR of MAP3K2 (Fig. 3e). Next, we
looked at the luciferase activity of CDS or 3’-UTR in both
SK-Hep-1 and HEK-293T cells. miR-93-5p only stimulated
MAP3K?2 3’-UTR — induced luciferase activity in both cell
types, further narrowing down the binding site within
MAP3K?2 3’-UTR (Fig. 3f). Finally, to pinpoint the exact
binding sequence in the MAP3K2 3/-UTR, we constructed a
mutant 3’-UTR that abrogates its complementarity with
miR-93-5p (Fig. 3d). Importantly, miR-93-5p mimics failed
to induce luciferase activity of mutant 3’-UTR in SK-Hep-1
cells. Consistently, miR-93-5p inhibitor failed to reduced
luciferase activity of mutant 3’-UTR in MHCC-97H cells,
thus defining the 3’-UTR of MAP3K2 as the target of miR-
93-5p. Moreover, altered miR-93-5p expression modulated
the luciferase activity of wild-type 3’-UTR in both SK-Hep-
1 and MHCC-97H cells (Fig. 3g). These results indicate that
miR-93-5p directly regulates MAP3K2 through its partial
binding to the 3’-UTR of MAP3K2. Also, the binding
sequence, 5-GCACT TT-3’ (265-271), in MAP3K2 3'-
UTR is highly conserved between human, mouse, chim-
panzee, and sheep (Supplementary Fig. 6).

MAP3K2 phosphorylates and activates MAPK kinases
(MKXKSs), while the latter in turn phosphorylate and activate
MAPKSs. Activated MAPKSs, including p38 and c-Jun N-
terminal kinase (JNK), then phosphorylate various sub-
strates, including c-Jun and activating transcription factor 2
(ATF2) [25]. To identify possible downstream effectors of
MAP3K?2 responsive to miR-93-5p, the total protein level,
and the phosphorylation state of downstream targets in the
MAPK signaling pathway were analyzed by western blot.
The results showed that perturbation of miR-93-5p drama-
tically affects the phosphorylation level of MKK4, p38,
INK, ATF2, and c-Jun without changing the total protein
level, suggesting that miR-93-5p modulates the p38 and
JNK pathways through kinase function of MAP3K2.
Moreover, miR-93-5p negatively modulated the protein
level of p21, which is reported as a target of c-Jun and plays
arole in G1 to S phase arrest (Fig. 3c) [26]. Taken together,
these results reveal that miR-93-5p regulates the MAP3K2/
p38-INK/p21 signaling pathway by binding to the 3’-UTR
of MAP3K?2, thereby affecting the proliferation, migration,
and invasion of HCC.

miR-93-5p acts through MAP3K2 to promote HCC
cell proliferation

To clarify the tumorigenic role of MAP3K2 in HCC, we
performed either knockdown of MAP3K2 in MHCC-97H
and HCC-LM3 cells or overexpression of MAP3K2 in
HepG2 and SK-Hep-1 cells. Knockdown of MAP3K2
reduced cell proliferation and blocked G1 to S phase tran-
sition in MHCC-97H and HCC-LM3 cells, while over-
expression of MAP3K2 promoted G1 to S phase transition
in HepG2 and SK-Hep-1 cells (Fig. 4a, b). We also found
that knockdown of MAP3K2 decreased migration and
invasion via wound-healing and transwell assays in MHCC-
97H and HCC-LM3 cells (Supplementary Fig. 7).

In addition, we inspected components in the p38 and
JNK pathways regulated by MAP3K2 by western Blot.
MAP3K2 positively modulated the phosphorylation state
rather than the total protein level of MKK4, JNK, p38,
and c-Jun, while p21 protein level was negatively controlled
by MAP3K2 (Fig. 4c). We next assessed the MAP3K2
protein level in 15 pairs of human HCC tissues. Compared
with non-tumor tissues, MAP3K2 was significantly over-
expressed in HCC tissues (Fig. 4d). These data were con-
sistent with the function of miR-93-5p, based on which we
infer that miR-93-5p-activated MAP3K2 facilitates cell
proliferation, migration, and invasion via regulating the
p38-INK/p21 pathway in HCC.

Next, we looked at whether miR-93-5p induced HCC
cell proliferation is mediated by MAP3K2. We treated
MHCC-97H cells with miR-93-5p inhibitor or lentiviral
particles carrying miR-93-5p sponge, and then with
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of miR-93-5p in MHCC-97H cells. Moreover, we treated
SK-Hep-1 cells with miR-93-5p mimics or lentiviral parti-
cles carrying miR-93-5p, and then with small interfering
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Fig. 4 miR-93-5p regulation is mediated by MAP3K2. a CCK8
assay for viability in MHCC-97H and HCC-LM3 cells transfected
with siRNA against MAP3K2, and its NC. b FACS for cell cycle
progression in MHCC-97H and HCC-LM3 cells transfected with
siRNA against MAP3K2 and its NC, in HepG2 and SK-Hep-1 cells
transfected with plasmid carrying MAP3K2 and its NC. ¢ Ectopic
MAP3K2 modulated protein level of MAP3K2, MKK4, p-MKK4,
INK, p-JNK, p38, p-p38, c-Jun, p-c-Jun, and p21 in HCC cells.
d MAP3K?2 expression in 15 pairs of human HCC and non-tumor
tissues. e Effects of ectopic miR-93-5p acting through MAP3K2 on
cell cycle and f on protein level of MAP3K2, p-JNK, p-c-Jun, and p21
in HCC cells. Data represent mean +£s.d. (n=3), *P<0.05, **P<
0.01, ***P<0.001, ****P <0.0001 by Student’s ¢ test. NC negative
control, sSiMAP3K2 small interfering RNA against MAP3K2, T and P
tumor and paratumor tissue.

RNA against MAP3K2. Consistently, downregulation of
MAP3K?2 inhibited the INK pathway, and impeded G1 to S
phase progression and proliferation capability stimulated by
miR-93-5p overexpression in SK-Hep-1 cells (Fig. 4e, f and
Supplementary Fig. 8). Therefore, miR-93-5p functions
through MAP3K2 to modulate the JNK pathway and HCC
cell proliferation, reinforcing that MAP3K2 is a direct target
of miR-93-5p.

c-Jun enhances miR-93-5p transcription by targeting
its promoter

c-Jun is the major downstream substrate of the JNK path-
way that has been proposed to play a critical role in
tumorigenesis [25]. It is also reported that TGF-f1 activates
c-Jun to promote the transcription of miR-106b in breast
cancer [27]. As a member of the miR-106b-25 cluster,
miR-93-5p may also be regulated by c-Jun. We used the
UCSC database to identify the promoter region of miR-93-
5p, and the JASPAR database to predict possible c-Jun
binding motif on the miR-93-5p promoter. Three putative
binding regions were revealed, site 1: 5-GGAAT GATCC
CAG-3' (—2426 to —2414), site 2: 5-TCCAC GAGGT
CAT-3’ (—2149 to —2137) and site 3: 5'-GTAGT GATCT
CAG-3' (—1291 to —1279; Fig. 5a).

Next, we probed whether c-Jun plays a role in mod-
ulating miR-93-5p. Indeed, suppression of c-Jun decreased
miR-93-5p expression in MHCC-97H cells, while over-
expression of c-Jun increased miR-93-5p expression in
HepG2 cells (Fig. 5b). Moreover, downstream targets of
miR-93-5p, including MAP3K2 and p-JNK, were also
positively influenced by c-Jun in MHCC-97H and HepG2
cells (Fig. 5c).

To further illustrate whether c-Jun promotes miR-93-5p
expression through its interaction with three putative bind-
ing motifs, we performed chromatin immunoprecipitation
(ChIP) in HepG2 cells, which indicated that c-Jun is
recruited to all three binding regions (Fig. 5d). We further
conducted dual-luciferase reporter assay in HEK-293T and

HepG2 cells. c-Jun overexpression enhanced the luciferase
activity of wild-type miR-93-5p promoter, and the effect
was significantly attenuated when site 1, site 2, or site 3 was
mutated in HepG2 cells. However, the effect of site 1
mutation was retained in HEK-293T cells (Fig. Se), indi-
cating that site 2 and site 3 are conserved functional motifs
in response to c-Jun activation. In conclusion, c-Jun acti-
vates miR-93-5p transcription through its direct interaction
with the promoter region. Hence, a positive feedback loop
including miR-93-5p, MAP3K2, and c-Jun is established.

miR-93-5p promotes HCC cell proliferation by
targeting MAP3K2 in vivo

To confirm the observations from in vitro studies, we
examined the in vivo relevance of miR-93-5p-mediated
regulation of HCC growth by using a xenograft mouse
model bearing tumors originating from MHCC-97H and
SK-Hep-1 cells. MHCC-97H and SK-Hep-1 cells were
stably transfected with recombinant lentiviral particles
containing miR-93-5p sponge and miR-93-5p, respectively.
In line with our in vitro studies, treatment with miR-93-5p
sponge markedly decreased tumor growth, tumor weight,
and tumor volume, while overexpression of miR-93-5p had
the reverse effect (Fig. 6a). At the molecular level, miR-93-
5p sponge suppressed miR-93-5p expression and inacti-
vated the MAP3K2/p-JNK/p21 pathway, while over-
expression of miR-93-5p enhanced miR-93-5p expression
and activated the MAP3K2/p-INK/p21 pathway (Fig. 6b).
Furthermore, immunohistochemistry (IHC) analysis showed
that miR-93-5p sponge reduced the level of proliferating
cell nuclear antigen (PCNA), Ki-67, MAP3K2, p-JNK, and
increased the level of p21, whereas overexpressed miR-93-
Sp displayed the opposite pattern (Fig. 6¢). Collectively,
these data support a crucial role for miR-93-5p in promoting
HCC growth via the MAP3K2/JNK/p21 pathway in vivo.

Discussion

The onset and development of HCC is a multistep process
involving the progressive accumulation of molecular
alterations and cellular events. There is emerging evidence
supporting the importance of miRNAs and miRNA-
mediated regulatory networks in providing a supportive
role to promote or to prevent HCC onset and development.
Our previous miRNA expression profiling in seven-paired
HCC specimens suggested that miR-93-5p is an HCC-
related miRNA [6]. Intriguingly, our present study corro-
borates a novel, but still poorly understood, phenomenon
termed as RNA activation (RNAa) for miR-93-5p that has
been ignored thus far in human HCC. Furthermore, we
identify that miR-93-5p forms a regulatory feedback loop
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Fig. 5 Transcription factor c-Jun directly improves miR-93-5p
transcription by binding its promoter. a Three putative binding
motifs of c-Jun on the miR-93-5p promoter and their mutation.
b Ectopic c-Jun level positively regulated miR-93-5p expression in
MHCC-97H and HepG2 cells. ¢ Effect of ectopic c-Jun level on
protein expression of MAP3K2, JNK, and p-JNK in MHCC-97H
and HepG?2 cells. d The amplification of three putative binding sites

with MAP3K2 and its downstream genes, including MKK4,
JNK, and c-Jun, to regulate cell proliferation, migration, and
invasion in HCC using a combination of in vitro and in vivo
methods.

miR-93-5p regulates diverse cellular pathways via reg-
ulation of multiple target genes, including PTEN [4], RhoC
[28], and PDCD4 [29]. miR-93-5p, together with miR-106b
and miR-25, belongs to an oncogenic miR-106b-25 cluster.
Elevated expression of these miRNAs has been observed in
gastric cancer [30], breast cancer [31], and prostate cancer
[32]. Despite expression of the miR-106b-25 cluster is sig-
nificantly increased in HCC [6], we find that only miR-93-
5p, but not miR-106b — 5p or miR-25 — 3p (Supplementary
Fig. 9), markedly upregulates MAP3K2 protein expression
in HCC cells, which is an upstream kinase of the MAPK
signaling pathway and acts as an oncogene through mod-
ulating cellular proliferation, apoptosis, and metastasis [33].

One of the key questions addressed here is whether miR-
93-5p-mediated HCC progression is directly related to the
induction of MAP3K2 expression. This finding is buttressed
by five lines of evidence. Firstly, there is a miR-93-5p
binding site in the 3’-UTR of MAP3K2. MAP3K2 3’-UTR-
driven luciferase activity, rather than MAP3K2 promoter,
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was confirmed by PCR after ChIP in HepG2 cells. e Luciferase
reporter activity of wild-type or mutant promoter vectors in HEK-
293T and HepG2 cells transfected with c-Jun plasmid or its
control. Data represent mean +s.d. (n=3), *P<0.05, **P<0.01,
***P <(0.001, ****P<(0.0001 by Student’s ¢ test. mut mutant, si-
con small interfering RNA control, si-c-Jun small interfering RNA
against c-Jun.

5’-UTR and CDS regions, is specifically responsive to miR-
93-5p. Secondly, transfection of miR-93-5p increases
MAP3K2 mRNA and protein levels, while inhibition of
miR-93-5p has the opposite effect. Thirdly, restoration of
MAP3K?2 partially recovers the phenotype and protein
levels of the JNK pathway suppressed by miR-93-5p inhi-
bition, while suppression of MAP3K2 impedes these
induced by miR-93-5p overexpression. Fourthly, several
studies using AGO-CLIP assay verify the direct crosstalk
between miR-93-5p and MAP3K2. Finally, the binding
sequence of miR-93-5p seed site in MAP3K2 3/-UTR is
highly conserved in many species, including human,
chimpanzee, mouse, sheep, cat, and X. tropicalis. All the
evidence presented above supports that miR-93-5p directly
targets 3’-UTR of MAP3K2.

RNAa, wherein miRNA unconventionally activates gene
transcription or translation, has been reported for STAT3 in
ovarian cancer [10], p21 in renal cell carcinoma [34], and
CCNBI1 in prostate adenocarcinoma [35]. However, to date,
there has been no evidence of it involved in HCC. Moreover,
several lines of evidence revealed that miRNA directly pro-
motes gene expression through binding to its promoter,
enhancer, 5’-UTR or 3/-UTR. The 3’-UTR contains sequences
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or structural regions affecting mRNA translation and stability,
such as AU-rich elements (AREs), miRNA response elements
(MREs), and poly(A) tail [13, 36]. A previous study sug-
gested that miR369-3 directly targeted the ARE in TNF-o
mRNA to promote translation with the help of AGO and
FXR1 [13]. In our study, there is a potential ARE sequence,
5-AATTT TTTAT ATT-3' (172-184), within 100bp
upstream of the target sequence, 5'-GCACT TT-3’ (265-271),
in 3’-UTR of MAP3K2 mRNA identified by AREsite2
database [37]. Through binding to the target sequence, miR-
93-5p may influence the neighbor ARE to modulate ARE-
binding proteins, like TTP, HuR, and AUF1 [37], thus
reinforcing the activation of MAP3K2. Also, regulation
complex may directly bind to the target sequence in an ARE-
independent manner. AGO, a potent component in the RNA-
induced silencing complex, is also reported to participate in
RNAa by directly binding to enhancer [11] and promoter [10]
of target genes. Besides, several miRNAs directly upregulated
target mRNA translation via binding to its 3’-UTR in a
GRSF1-dependent manner [38, 39]. Thus, further investiga-
tions are warranted to explore the exact mechanism of the
3/-UTR-induced activation in miR-93-5p-driven HCC.

In addition, we observed that miR-93-5p activates
MAP3K2 and its downstream JNK/c-Jun pathway, which
subsequently weakens p21 transcription to promote hepa-
toma cells G1 to S phase transition. The JNK pathway also
reported to enhance G1 to S phase transition through
reducing p53 [40] and inducing cyclin D1 [41]. Moreover,
miR-93-5p can directly inhibit p21 via binding to p21
mRNA 3’-UTR [42]. To conclude, these mechanisms all
demonstrate that miR-93-5p exerts an effect on HCC pro-
liferation. Moreover, activator protein (AP)-1 complex,
composed of c-Jun and c-Fos heterodimers, has involved in
cancer cells apoptosis, differentiation, and metastasis, sug-
gesting that miR-93-5p influences HCC migration and
invasion via c-Jun [25]. However, no obvious antiapoptotic
effect of miR-93-5p was detected in MHCC-97H and SK-
Hep-1 cells (Supplementary Fig. 10).

As a downstream transcription factor in the JNK path-
way, c-Jun enhances miR-106b transcription by targeting its
promoter in breast cancer [27]. Our study illustrates that c-
Jun targets miR-93-5p promoter to activate its transcription,
which yields a miR-93-5p/MAP3K2/c-Jun positive feed-
back loop. Thus, miR-93-5p induced c-Jun enhances the
carcinogenesis role of miR-93-5p in HCC. Given that miR-
106b and miR-93-5p comprised miR-106b-25 cluster,
another cluster member miR-25, and its host gene MCM7
may also be regulated by c-Jun.

In conclusion, miR-93-5p exerts its functional role in
regulating MAP3K2 expression through a positive feedback
circuitry. Furthermore, the positive feedback regulation of
miR-93-5p on MAP3K2, by targeting downstream onco-
genic p-MKK4, p-JNK, and p-c-Jun, is distinguishable from
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other miRNAs that target MAP3K2 by negatively regulat-
ing MAP3K2 expression (Fig. 6d). With the identification
of more miR-93-5p targets in HCC, we believe that this
study will lead to a better understanding of the mechanisms
involved in miR-93-5p-mediated development and pro-
gression of this deadly disease, and offers the implications
for designing novel therapeutic interventions based on the
components of the loop in HCC.

Materials and methods
Clinical specimens and cell lines

Human HCC and adjacent non-tumor tissues were collected
from patients undergoing hepatectomy in 2014 at Zhong-
shan Hospital of Fudan University. The specimens were
histopathologically confirmed as HCC. Approval of the
study was obtained from the Ethics Committee of Zhong-
shan Hospital, Fudan University. Written informed consent
was obtained from all individuals.

Human HCC cell lines, including HepG2, BEL-7402,
Hep3B, MHCC-97L, MHCC-97H, and HCC-LM3, along
with normal hepatocyte L02, were provided by Liver
Cancer Institute, Zhongshan Hospital of Fudan University.
SK-Hep-1 and HEK-293T cell lines were obtained from
Cell Bank, Chinese Academy of Sciences (Shanghai,
China). All cells were incubated in Dulbecco’s modified
eagle medium (Corning, NY) with 10% fetal bovine serum
(Corning) and 5% CO, at 37 °C.

Fluorescence in situ hybridization (FISH)

FISH assay was performed with the ISH kit from Qiagen
(Valencia, CA). The slides were deparaffinized, rehydrated,
processed by H,0O,, digested by proteinase K, and then
incubated with 100nM 5’ and 3’ digoxigenin-labeled
meRCURY LNA miRNA detection probe (Qiagen) at
51 °C for 1h. After blocked by 1% bovine serum albumin
(Sigma-Aldrich, St. Louis, MO) for 30 min, the tissues were
incubated with horseradish peroxidase-conjugated anti-
digoxigenin antibody (Abcam, Cambridge, UK; Supple-
mentary Table 3) at 4 °C overnight. Fluorescence was
detected after the tyramide-signal amplification reaction
for 15 min.

Cell transfection

miR-93-5p inhibitor or mimics (RiboBio, Guangzhou, China),
and small interfering RNA against MAP3K2 or c-Jun
(GenePharma, Shanghai, China) were transiently transfected
using INTERFERin (Polyplus-transfection, Illkirch, France;
Supplementary Table 4). Plasmid vector overexpressed
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MAP3K2 or c-Jun (GenePharma) was transiently transfected
using Lipofectamine 3000 (Invitrogen, Carlsbad, CA). Stably
transfected cells were established by lentiviral particles car-
rying miR-93-5p or miR-93-5p sponge (GenePharma).

Cell function assays

Cell proliferation was detected by Cell counting kit 8
(CCKS8; Beyotime, Shanghai, China), BrdU (CST, Boston,
MA) and colony formation assays [34]. To measure cell
cycle, cells stained with propidium iodide (PI) were ana-
lyzed on a FACSAriall (BD Biosciences, San Jose, CA) and
data were analyzed by FlowJo (Tree Star, Inc., Ashland,
OR). To measure cell apoptosis, cells stained with annexin
V/PI were analyzed by FACS (BD Biosciences). Cell
invasion or migration ability was assessed by established
Transwell (Corning) assay covered with or without Matrigel
(BD Biosciences) [43]. Cell migration was also valued by
wound-healing assay [44].

Real-time quantitative PCR

Total RNA was extracted using RNAiso Plus (TaKaRa,
Dalian, China). Total RNA products for miRNA analysis
were reversed using the miRcute Plus miRNA First-Strand
cDNA Synthesis Kit, and real-time qPCR was conducted
using the miRcute Plus miRNA qPCR Detection Kit (SYBR
Green; TIANGEN, Beijing, China). Total RNA products for
mRNA analysis were reversed using the PrimeScript RT
reagent Kit with gDNA Eraser, and qPCR was conducted
using SYBR Premix Ex Taq (TaKaRa). The reverse tran-
scription was performed using the ProFlex PCR system and
gPCR was performed using the 7500 real-time PCR system
(Applied Biosystems, Waltham, MA). PCR analysis of
miR-93-5p precursor was performed as described pre-
viously [20]. Primers for miR-93-5p and U6 were obtained
from TIANGEN. Other primer sequences were listed in
Supplementary Table 5.

Western blot

Western blot was performed as described previously [45].
Cells or tissues were lysed in RIPA (Beyotime) supple-
mented with Protease Inhibitor Cocktail (Sigma-Aldrich).
Proteins were separated by 10% SDS-PAGE (Beyotime),
transferred to polyvinylidene fluoride membrane (Millipore,
Bedford, MA), blocked by 5% bovine serum albumin
(Sigma-Aldrich) for an hour, and immunoblotted with pri-
mary antibodies overnight at 4 °C, followed by corre-
sponding secondary antibodies (Supplementary Table 3) for
an hour at room temperature. The membrane was detected
by enhanced chemiluminescence (Millipore). Western blot
bands were quantified by relative densitometry using Image

J (version 1.50i), and normalized to the loading control and
then to the negative control.

ChipP

ChIP was conducted following the manufacture’s instruc-
tion (Millipore). HepG2 cells transfected with a plasmid
carrying c-Jun or control were treated with formaldehyde to
cross-link protein to DNA. Then cross-link chromatin was
sheared into 200-1000-bp fragments by sonication, fol-
lowed by immunoselection using a c-Jun antibody (CST;
Supplementary Table 3). After cross-links reverse, the
purified DNA was detected by PCR and then by sequen-
cing. PCR primers for sites 1, 2, and 3 (Supplementary
Table 5) were used to detect enrichment of c-Jun-binding
regions on the miR-93-5p promoter.

IHC

IHC was performed using EnVision Detection Systems
(Dako, Carpinteria, CA). The primary antibodies used are
shown in Supplementary Table 3.

Plasmid construction and luciferase reporter assay

MAP3K2 promoter/5’-UTR was cloned into pGL3-Basic
luciferase reporter vector (Promega, Madison, WI). CDS/3’-
UTR, CDS, 3’-UTR, wild-type 3/-UTR, and mutant 3’-UTR
of MAP3K?2 were separately cloned into pmirGLO-Basic
luciferase reporter vectors (Promega). Wide-type miR-93-
5p promoter and miR-93-5p promoter with mutant binding
site 1, site 2, or site 3 were separately inserted into PHY-
803 luciferase reporter vectors (Promega). Luciferase
activity was detected using the Dual-Luciferase Reporter
Assay System (Promega).

HCC xenograft models

Animal experiments were approved by the Animal Ethics
Committee of Zhongshan Hospital, Fudan University, and
carried out according to the “Guide for the Care and Use of
Laboratory Animals” (NIH publication 86-23, revised
1985). Mouse experiments were performed as described
previously [46]. Four- to five-week-old male nude mice
(BALB/c) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd (Beijing, China)
and maintained in pathogen-free conditions with autoclaved
water and irradiated food. Mice were completely randomly
allocated into four groups with four mice per group, that is,
miR-93-5p overexpression, miR-93-5p knockdown and
corresponding control groups. miR-93-5p overexpressed
SK-Hep-1 cells or miR-93-5p knockdown MHCC-97H
cells and controls were subcutaneously injected at a density
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of 5 x 10° cells per mouse. During the 18-day growth, mice
body weight and tumor size were measured. Tumor
volume = (length x width?)/2.

Statistical analysis

All data were analyzed using IBM SPSS Statistics V20.0
(SPSS Inc., Chicago, IL) or GraphPad Prism 7 (GraphPad
Software, San Diego, CA) and presented as mean + standard
deviation (s.d.), repeated from three independent experi-
ments. Survival data were calculated using Kaplan—-Meier’s
and log-rank tests. Frequencies of categorical variables were
analyzed by the Chi-squared test. The mutual association
was detected by Spearman rank correlation. Continuous
parametric data were analyzed by Student’s ¢ test or one-
way ANOVA. A two-tailed P <0.05 represented statisti-
cally significant.
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