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Positive regulation of cell proliferation by the
miR-1290-EHHADH axis in hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the second most com-
mon cancer and the third leading cause of cancer-related
death worldwide [1]. Recently, HCC incidence and mor-
tality rates have further increased due to changes in the
global social environment and dietary habits [2]. HCC is
treated by surgical resection or combination chemother-
apy, but the overall survival rate of HCC patients has
not improved, and the recurrence rate is still high due to
strong invasiveness and resistance to chemotherapy [3].
Therefore, it is necessary to understand the pathogene-
sis of HCC and identify novel diagnostic biomarkers and
therapeutic targets for the treatment of HCC. Recently,
microRNA-1290 (miR-1290) has been reported to regulate
the progression of many types of malignant cancers, such
as colorectal cancer [4], lung cancer [5],and HCC [6]. How-
ever, research on the therapeutic targets of miR-1290 is still
needed. Thus, in this study, we will use HCC patient sam-
ples to assess the potential of miR-1290 as both a diagnostic
marker and a therapeutic target, and we will demonstrate
its oncogenic properties through functional and mechanis-
tic studies. The methods and materials were described in
Supplementary Materials and Methods.

To discover HCC development-specific microRNAs
(miRNAs), we performed NanoString-based miRNA
expression profiling in 5 steatohepatitis cirrhosis (SHC)
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tissues and 5 early-stage HCC tissues. Eleven miRNAs
were discovered to be differentially expressed between
SHC and HCC tissues (Figure 1A). Among them, miR-
1290 was upregulated in HCC compared to SHC and was
selected based on its cell proliferation and differentiation
function in cancers [7, 8]. In a subsequent validation
step, the miR-1290 was found to be significantly elevated
in HCC tissues compared to either SHC (P = 0.043) or
normal healthy liver tissues (NT) (P = 0.019) (Figure 1B).
In addition, miR-1290 expression was significantly upreg-
ulated as the TNM stage increased in an independent
cohort of 111 HCC patients (Figure 1C; ANOVA test P
= 0.002). To demonstrate the clinical relevance of miR-
1290 expression in patients with HCC, we determined the
association between miR-1290 expression and various clin-
icopathological variables in a cohort of 111 HCC patients
(Supplementary Table S1). The expression of miR-1290
was associated with factors reflecting disease progression,
such as T stage (P < 0.001), M stage (P = 0.011), TNM
stage (P = 0.003), and BCLC stage (P < 0.001). Moreover,
the 5-year overall survival rate was significantly lower in
high miR-1290-expressing HCC patients (log-rank P <
0.001) (Figure 1D). Next, the Univariate Cox proportional
hazards analysis (Supplementary Table S2) revealed that
T stage (HR 4.60; 95% CI 2.76 to 7.66; P < 0.001), N stage
(HR 3.21; 95% CI 1.52 to 6.78; P = 0.002), M stage (HR
5.66; 95% CI 2.73 to 11.72; P < 0.001), BCLC stage (HR 5.93;
95% CI 3.64 to 9.65; P < 0.001), AFP expression (HR 2.80;
95% CI 1.73 to 4.53; P < 0.001), and high expression of
miR-1290 (HR 3.16; 95% CI 1.95 to 5.14; P < 0.001) were
associated with a poor prognosis. In the multivariate
analysis, T stage (HR 2.26; 95% CI 1.12 to 4.57; P = 0.024),
BCLC stage (HR 2.59; 95% CI 1.21 to 5.55; P = 0.014), and
high expression of miR-1290 (HR 2.05; 95% CI 1.15 to
3.67; P = 0.016) were significantly associated with poor
survival, while AFP expression was not associated with
prognosis. Since miR-1290 expression was associated with
M stage, we also examined the association of miR-1290
expression with HCC metastasis. Univariate logistic
regression analysis (Supplementary Table S3) revealed
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miR-1290 is a potential therapeutic and diagnostic marker for HCC. (A) Eleven differentially expressed HCC-specific

microRNAs between SHC and HCC tissues in NanoString analysis (white; middle-expression, red; high-expression, blue; low-expression). (B)
Expression status of miR-1290 in NT, SHC tissues, and HCC tissues. The gray horizontal bars represent mean expression levels. The RNU6B is
used as a reference in miR-1290 expression analysis; *P < 0.05, student ¢-tests. (C) Expression level of miR-1290 in different TNM stages (I-IV)
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that T stage (OR 8.84; 95% CI 1.08 to 72.13; P = 0.042)
and high expression of miR-1290 (OR 5.09; 95% CI 1.32
to 19.58; P = 0.018) were significantly associated with
distant metastasis. In the multivariate analysis, only high
expression of miR-1290 (OR 12.90; 95% CI 1.17 to 142.08; P
= 0.037) was independently able to predict metastasis in
HCC patients. Furthermore, we validated the expression
of exosomal-miR-1290 in sera from patients with SHC
and HCC. The levels of exosomal-miR-1290 showed a
significant gradual increase as the disease progressed
(ANOVA test, P < 0.001) (Figure 1E). Taken together, these
data provide strong evidence that miR-1290 could be a
useful biomarker for predicting HCC progression as well
as distant metastasis.

Next, to assess the function of miR-1290 in HCC cell
growth, we used the control-mimic (NC) and miR-1290
mimic. After treatment with miR-1290 mimic and NC,
we performed CCK-8 assays and observed an increase in

cell growth in Hep3B and Huh7 cell lines (Figure 1F).
In gene ontology (GO) analysis with RNA-seq results,
Figure 1G showed that morphogenesis-, development- and
differentiation-related GO terms were enriched by miR-
1290 mimic treatment. To identify the direct target of
miR-1290, we focused on the downregulated genes after
miR-1290 mimic treatment compared to mimic-NC treat-
ment, and we selected the 247 downregulated genes (cut
off >2-fold) in RNA-seq results (Figure 1H). By compar-
ing the TargetScan results of miR-1290, we finally selected
the enoyl-CoA, hydratase/3-hydroxyacyl CoA dehydroge-
nase (EHHADH) [9] as a direct target of miR-1290. In a
luciferase assay using wild-type (wt) and mutant (mut)
miR-1290 binding sites in the 3’ untranslated region (UTR)
of EHHADH, we observed that mutation of the EHHADH
3’ UTR did not change the luciferase activity compared
to wt (Figure 1I). In prognosis analysis using the RNA-
seq result from The Cancer Genome Atlas (TCGA) portal,

of HCC (n = 111) in the 8th editions of the AJCC TNM staging system. The RNUG6B is used as a reference in miR-1290 expression analysis;

P =0.002, ANOVA. (D) Kaplan-Meier overall survival analysis based on miR-1290 expression in HCC patients (n = 111; P < 0.001, log-rank
test). (E) Expression status of exosomal-miR-1290 in sera from SHC patients, TNM stage I of HCC patients, and TNM stage IV of HCC
patients. The gray horizontal bars represent mean expression levels. The synthetic cel-miR-39 is added for spike-in during RNA extraction in
serum samples, which is used as a reference in exosomal-miR-1290 expression analysis; *P < 0.05, student ¢-test. (F) CCK-8 solution was
added to the culture medium, and the cells were incubated for 5 min at 37°C. Cell growth was assessed by detecting the absorbance with a
microplate reader (450 nm). The mean =+ SD of three independent experiments are shown, and P-values were calculated using Student’s
t-tests (**P < 0.01). (G) GO pathway term enrichment networks. GO pathway term networks in the miR-1290-mimic and control groups were
functionally grouped by ClueGO. Terms in the functionally grouped networks were cut off at P-values > 0.05. (H) Heatmap of RNA-seq data
in the control and miR-1290 mimic groups. (I) Construction of a dual luciferase reporter vector including normal seed match sequences (WT)
or mutant sequences (MUT) of the miR-1290 binding site in the EHHADH 3’ UTR (upper). Luciferase reporter assay of the 3° UTR of
EHHADH in HEK293T cells transfected with miR-1290 mimic and the luciferase reporter vector. The mean + SD of three independent
experiments are shown, and P-values were calculated using Student’s t-tests (** P < 0.01, n.s. not significant). (J) Kaplan-Meier plot of overall
survival for HCC patients in the TCGA cohort. The survival rate of the high EHHADH group was significantly increased compared with that
of the low EHHADH group (P = 0.02). (K) CCK-8 solution was added to the culture medium, and the cells were incubated for 5 min at 37°C.
Cell growth was assessed by detecting the absorbance with a microplate reader (450 nm). The mean + SD of three independent experiments
are shown, and P-values were calculated using Student’s ¢-tests (***P < 0.001). (L) Western blot analysis after transfection with miR-1290 (left)
and siEHHADH (right) using anti-EHHADH, anti-c-JUN, anti-phospho-c-Jun (Ser63), and anti-ACTB antibodies. ACTB was used as the
internal control in Hep3B cells. (M) qRT-PCR analysis of HMGALI expression after transfection with miR-1290 (left) and siEHHADH (right).
The mean + SD of three independent experiments are shown, and P-values were calculated using Student’s ¢-tests (***P < 0.001). (N) Scatter
plots of HMGA1 and EHHADH in the TCGA portal. Each dotted line indicates a linear regression line of the expression of HMGA1 and
EHHADH. P-values and correlation coefficients (r) between two genes were obtained using the Pearson correlation method. (O) The 3D
spheroid formation assay. Hep3B cells transfected with miR-1290 or mimic-NC were loaded onto ULA plates and incubated until 48 h when
the spheroids were photographed under a microscope, scale bar, 500 um. (P) 3 X 10° Huh7 cells with mimic-NC or miR-1290 mimic were
subcutaneously injected into NOG mice. After cell injection, the tumor volume and body weight of mice were measured every 2-3 days. The
mean + SEM from four independent experiments is shown, with P-values calculated using Two-way ANOVA (*P < 0.05) (below graph).
Eighteen days after cell injection, all tumors were isolated from mice (upper picture). (Q) Western blot analysis after miR-1290 and mimic-NC
transfection using anti-EHHADH, anti-HMGAL1, anti-c-JUN, anti-phospho-c-Jun (Ser63), and anti-ACTB antibodies. ACTB was used as the
internal control in Hep3B spheroids.

Abbreviations: ACTB, -actin; ANOVA, Analysis of Variance; AT-hook 1; c-JUN, Jun Proto-Oncogene protein; CCK-8, Cell Counting Kit-8;
EHHADH, enoyl-CoA, hydratase/3-hydroxyacyl CoA dehydrogenase; GO, gene ontology; HCC, hepatocellular carcinoma; HMGAL1,
high-mobility group AT-hook 1; M stage, distant metastasis according to the International Union Against Cancer; miR-1290, microRNA-1290;
mimic-NC, control-mimic; NT, normal healthy liver tissues; N stage, lymph node metastasis according to the International Union Against
Cancer; SD, Standard Deviation; SHC, steatohepatitis cirrhosis; T stage, tumor depth according to the International Union Against Cancer;
TCGA, The Cancer Genome Atlas; ULA, ultralow attachment; UTR, untranslated region.
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low expression of EHHADH in HCC indicated a poor
prognosis (Figure 1J). Also, EHHADH downregulation by
siEHHADH showed induction of cell growth in HCC cell
lines (Figure 1K). Thus, our results clearly suggest that
EHHADH could be a direct target for miR-1290 in HCC.

GO analysis showed enrichment in the term positive
regulation of JUN kinase activity after treatment with
the miR-1290 mimic (Supplementary Figure S1A). Addi-
tionally, a phosphor-array after treatment with miR-1290
mimic or siEHHADH clearly showed that the serine 63
phosphorylation of c-JUN was increased compared to
that in the mimic-NC or siCont (siControl RNA) group
(Supplementary Figure S1B). Thus, we suggest that the
induction of cell growth by miR-1290 is related to the
activation of c-JUN via downregulation of EHHADH.
To confirm the induction of phosphorylated c-JUN, we
found the induction of serine 63 phosphorylation by miR-
1290 mimic or siEHHADH compared to mimic-NC or
siCont, respectively (Figure 1L). In addition, to assess
how the miR-1290-EHHADH axis activated c-JUN, we
identified a down-target using RNA-seq results after treat-
ment with miR-1290 mimic or siEHHADH, and finally,
we selected high-mobility group AT-hook 1 (HMGALI) [10]
and observed HMGALI1 upregulation in qRT-PCR results
(Figure 1M). Furthermore, correlation analysis using HCC
TCGA results (n = 374) showed a negative correlation
(R? = -0.56) between EHHADH and HMGAL expression
(Figure 1N). To verify the relationship between EHHADH
and HMGAL1 in cell growth, we performed recovery analy-
sis after cotreatment with siEHHADH and siHMGAL1 and
found that a single treatment with siEHHADH induced
an increase in c-JUN phosphorylation, while cotreatment
group decreased c-JUN phosphorylation (Supplementary
Figure S2A and B). In the 3D spheroid model and in
vivo xenograft mouse model, we observed an increase
in the size of the 3D spheroids and tumors following
treatment with the miR-1290 mimic (Figure 10 and 1P,
Supplementary Figure S3). Furthermore, the phosphory-
lation of c-JUN was significantly promoted by miR-1290
mimic treatment in 3D spheroid models (Figure 1Q).
Thus, we verified that c-JUN is activated by the miR-1290-
EHHADH-HMGALI axis using a 3D culture model.

This study demonstrates the potential role of miR-1290
as a biomarker for predicting HCC progression and dis-
tant metastasis. We discovered HCC-specific upregulation
of miR-1290 by comparing cirrhosis and HCC tissue sam-
ples. Through a validation step using several large and
independent HCC patient cohorts, we determined that
miR-1290 was upregulated in HCC compared with normal
liver, and its level increased in a TNM stage-dependent
manner along with HCC progression. In addition, one of
the unique strengths of our study is that we successfully
elucidated the potential role of miR-1290 expression as a

novel biomarker for HCC. Patients with high miR-1290
expression had a poor survival rate in the 5-year follow-up
analysis. Notably, high miR-1290 expression in HCC was a
significant indicator of HCC prognosis and metastasis and
performed better than AFP.

In conclusion, using HCC and normal clinical samples,
we identified overexpression of miR-1290 and suggested
EHHADH as a direct target of miR-1290 via a luciferase
assay. Additionally, the negative regulation of EHHADH
by miR-1290 induced c-JUN activation via HMGA1 upreg-
ulation. Thus, we suggest that the miR-1290-EHHADH-c-
JUN activation axis plays an important role in HCC cell
proliferation and that miR-1290 is a novel marker of prog-
nosis and metastasis risk for HCC (Supplementary Figure
S4).
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