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MicroRNA-7 (miR-7)has been characterized as an anti-onco-
genic microRNA (miRNA) in several cancers, including hepato-
cellular carcinoma (HCC). However, the mechanism for the reg-
ulation of miR-7 production in tumors remains unclear. Here,
we identified nuclear factor 90 (NF90) and NF45 complex
(NF90-NF45) as negative regulators of miR-7 processing in
HCC. Expression of NF90 and NF45 was significantly elevated in
primary HCC tissues compared with adjacent non-tumor tis-
sues. To examine which miRNAs are controlled by NF90-NF45,
we performed an miRNA microarray and quantitative RT-PCR
analyses of HCC cell lines. Depletion of NF90 resulted in ele-
vated levels of mature miR-7, whereas the expression of primary
miR-7-1 (pri-miR-7-1) was decreased in cells following knock-
down of NF90. Conversely, the levels of mature miR-7 were
reduced in cells overexpressing NF90 and NF45, although pri-
miR-7-1 was accumulated in the same cells. Furthermore,
NF90-NF45 was found to bind pri-miR-7-1 in vitro. These
results suggest that NF90-NF45 inhibits the pri-miR-7-1 pro-
cessing step through the binding of NF90-NF45 to pri-miR-7-1.
We also found that levels of the EGF receptor, an oncogenic
factor that is a direct target of miR-7, and phosphorylation of
AKT were significantly decreased in HCC cell lines depleted of
NF90 or NF45. Of note, knockdown of NF90 or NF45 caused a
reduction in the proliferation rate of HCC cells. Taken together,
NF90-NF45 stimulates an elevation of EGF receptor levels via
the suppression of miR-7 biogenesis, resulting in the promotion
of cell proliferation in HCC.

MicroRNAs (miRNAs)2 are non-coding small RNAs that
function as repressors for gene expression by binding to the

3�-untranslated regions (3�UTRs) of target mRNAs (1). This
binding causes degradation and/or translational inhibition of
target mRNAs, depending upon the degree of sequence com-
plementarity between miRNAs and the 3�UTRs of target
mRNAs. miRNAs regulate the expression of many genes that
are involved in cell proliferation, apoptosis, development, and
differentiation, as well as tumorigenesis (2– 6). In mammals,
miRNA genes are initially transcribed by RNA polymerase II as
long primary miRNAs (pri-miRNAs). The pri-miRNAs are first
processedintoprecursormiRNAs(pre-miRNAs)byamicropro-
cessor complex in the nucleus. The microprocessor complex
contains the RNase III enzyme Drosha and a double-stranded
RNA-binding protein DGCR8 (7). The pre-miRNAs are
exported from the nucleus to the cytoplasm by exportin-5 and
RanGTP transporter. In the cytoplasm, pre-miRNAs are then
processed to miRNA duplex forms by a cytoplasmic RNase III
enzyme Dicer and a double-stranded RNA-binding protein
TRBP (8). Following this processing, one strand of the miRNA
duplex is incorporated into the RNA-induced silencing com-
plex. The single strand of miRNA (mature miRNA) guides the
RNA-induced silencing complex to the target mRNA with
sequence complementarity, which leads to either mRNA deg-
radation or to translational repression (9). In the first pro-
cessing step, the function of the microprocessor complex is
negatively regulated by many RNA-binding proteins, including
Lin28B, Hu antigen R, and nuclear factor 90 (NF90, also
referred to as ILF3, NFAR1, and DRBP76) and nuclear factor 45
(NF45) complex (10 –12).

NF90 is a double-stranded (ds) RNA-binding protein that
forms a heterodimeric complex with NF45 (13). NF90 protein
contains two dsRNA-binding motifs, a nuclear localization sig-
nal, and a single nucleic acid-binding RGG motif. NF90 is
known to participate in transcription, mRNA stability, transla-
tional inhibition, and RNA export (14 –18). In addition, we pre-
viously demonstrated that the NF90-NF45 complex negatively
regulates the pri-miRNA processing step, resulting in a reduc-
tion of mature miRNA production (12, 19).
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In recent studies, a prevailing feature observed in cancers is
the global decrease in miRNA expression compared with adja-
cent normal tissues (20 –22). It is believed that miRNAs that are
down-regulated in cancers function as tumor suppressors.
These miRNAs are referred to as anti-oncogenic miRNAs (anti-
oncomirs). Therefore, inhibition of anti-oncomir expression
has potential as a therapeutic target in cancers. However, the
detailed molecular mechanism of anti-oncomir biogenesis
remains unclear. Until now, it has been reported that NF90
expression is elevated in breast, non-small lung, epithelial ovar-
ian cancer, and also hepatocellular carcinoma (HCC) (23–27).
As mentioned above, NF90-NF45 is known to function as a
negative regulator in miRNA biogenesis (12). Therefore, we
hypothesized that the NF90-NF45 complex plays a role in the
promotion of tumorigenesis via suppression of anti-oncomir
expression.

Here, we found that the processing pathway of an anti-on-
comir, miR-7, was repressed by high expression of NF90-NF45.
Epidermal growth factor receptor (EGFR), an oncogenic factor,
is known to be a direct target of miR-7 (28, 29). Furthermore,
downstream of EGFR signaling is the AKT signaling pathway,
which is involved in cell proliferation and apoptosis resistance
(30, 31). We observed that EGFR expression was significantly
decreased in cells depleted of NF90 or NF45, resulting in down-
regulation of AKT signaling. In addition, knockdown of NF90
or NF45 resulted in significant proliferation retardation in
HCC cell lines. These findings support the idea that a complex
of NF90-NF45 facilitates tumorigenesis through the repression
of anti-oncomir biogenesis.

Results

Expression of NF90 and NF45 Is Elevated in the Majority of
HCC Tissues—To address our working hypothesis that the
NF90-NF45 complex plays a critical role in the promotion of
tumorigenesis via suppression of anti-oncomir biogenesis, we
first measured the expression levels of NF90 and NF45 in 18
pairs of primary HCC tumor tissues versus adjacent non-tumor
tissues by immunoblotting. NF90 and NF45 expression was ele-
vated by more than 2-fold in 72.2% (13/18) of the HCC tumor
tissues, respectively, compared with adjacent matched non-tu-
mor tissues (Fig. 1A). The expression levels of NF90 and NF45
in the tumor tissues were obviously higher than that in the
paired non-tumor tissues in the majority the cases (Fig. 1B).
These results were consistent with recent findings (27) and
support the hypothesis that overexpression of NF90-NF45
enhances tumorigenesis through repression of anti-oncomiR
biogenesis.

NF90-NF45 Complex Functions as a Negative Regulator in
miR-7 Biogenesis—Our previous study demonstrated that the
NF90-NF45 complex inhibits miRNA biogenesis through neg-
ative regulation of the pri-miRNA processing step (12, 19). To
examine miRNA biogenesis suppression by NF90-NF45 in
HCC, we performed an miRNA microarray analysis using Huh7
HCC cells that had been depleted of NF90. When siRNAs tar-
geting NF90 were transfected into Huh7 cells, NF90 expression
was markedly decreased (Fig. 2A). GAPDH was used as an
internal control (Fig. 2A). In the miRNA microarray analysis,
we noted miRNAs that had adequate signaling levels. Conse-

quently, seven miRNAs levels were elevated by 2-fold in NF90-
knockdown cells compared with control cells (Table 1 and GEO
accession number GSE67411). Among the up-regulated
miRNAs in NF90-knockdown cells, we focused on miR-7, which is
known as an anti-oncomir targeting EGFR, IGF-1R, and mTOR
(28, 32, 33). To confirm reliability of the microarray analysis, we
measured levels of mature miR-7 and pri-miR-7-1 in Huh7 and
Hep3B cells depleted of NF90. Knockdown of NF90 exhibited
significant increments in mature miR-7, although the amount
of pri-miR-7-1 was decreased in cells in which NF90 had been
knocked down (Fig. 2, C–F). In addition, we measured the levels
of mature miR-21 and pri-miR-21 in the NF90-knockdown
cells as a negative control to confirm the specific effect on
miR-7 biogenesis by NF90-NF45 because there was no signifi-
cant difference in the level of miR-21 between control cells and
the NF90-knockdown cells (supplemental Table S1, sheet 2). As

FIGURE 1. HCC exhibits high levels of NF90 and NF45 expression. A,
expression levels of NF90 and NF45 were examined in 18 HCC tissues or adja-
cent non-tumors by immunoblotting. GAPDH was used as an internal control.
T, tumor tissues in HCC; N, adjacent non-tumor tissues in HCC. B, intensities of
immunoreactive bands were measured by densitometry and are presented
as dot plots. GAPDH was used as an internal control and for normalization of
data. **, p � 0.005 relative to adjacent non-tumor tissues by a two-tailed
Student’s t test.
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shown in Fig. 2, H and I, knockdown of NF90 did not signifi-
cantly influence the levels of both mature miR-21 and pri-miR-
21. These results together with our previous findings (12, 19)
suggest that the regulation of pri-miRNA processing by NF90-
NF45 would be coupled with the production of mature miRNA.
To verify the inhibitory effect on pri-miR-7 processing by
NF90-NF45, we measured the level of pre-miR-7 in the NF90-
knockdown cells using Northern blotting analysis. As shown in
Fig. 2G, knockdown of NF90 induced the reduction of pre-
miR-7 level, whereas the level of mature miR-7 was elevated in
the NF90-knockdown cells compared with the control cells.
These results suggest that NF90-NF45 would inhibit the pro-
cessing of pri-miR-7 to pre-miR-7 in HCC cell lines. To further
confirm the negative regulation of miR-7 biogenesis by NF90-
NF45, we generated Huh7 cell lines stably expressing NF90
and/or NF45. Overexpression of NF90 and/or NF45 in the sta-
ble cell lines was confirmed by immunoblotting (Fig. 3A). qRT-
PCR analysis demonstrated that mature miR-7 levels were sig-
nificantly reduced in both NF90- and NF45-overexpressing
cells compared with control cells and cells transfected with
NF90 or NF45 plasmids (Fig. 3B). Moreover, pri-miR-7-1 levels
were significantly elevated in cells overexpressing both NF90
and NF45 compared with control cells and NF90 or NF45 alone
overexpressing cells (Fig. 3C). Taken together, these findings
suggest that the generation of mature miR-7 is generally
repressed by NF90-NF45 through inhibition of the pri-miR-7
processing step in HCC cell lines. Subsequently, to examine
whether or not NF90-NF45 directly binds pri-miR-7-1, we per-
formed an electrophoresis mobility shift assay (EMSA) with
pri-miR-7-1 probe using recombinant human NF90 (rNF90)
and recombinant human NF45 (rNF45). We found a shifted

band in the presence of rNF90 and rNF45 (see asterisk in Fig.
4A, lane 2). To investigate whether the shifted band was a result
of the association of rNF90-rNF45 with pri-miR-7-1, we per-
formed a supershift assay using anti-NF90 and anti-NF45 anti-
bodies. Addition of NF90 antibody resulted in the formation of
a supershifted complex (see arrow in Fig. 4A, left panel, lanes 3
and 4), whereas the band of NF90-NF45 binding pri-miR-7-1
was diminished in the presence of NF45 antibody (see asterisk
in Fig. 4A, left panel, lanes 5 and 6). These results indicated that
the shifted band shown in Fig. 4A (left panel, lane 2) resulted
from the association of rNF90-rNF45 with pri-miR-7-1. In
addition, we performed EMSA probed with pri-miR-21 as a
negative control, because there was no significant difference in
the level of mature miR-21 between the siNTC-transfected
Huh7 cells and the NF90-knockdown cells on our miRNA
microarray analysis (supplemental Table S1, sheet 2). As shown
in Fig. 4A, the rNF90-rNF45 complex exhibited much lower
binding activity for pri-miR-21 (less than 50%) than pri-miR-7
(right panel, asterisk, compare lane 11 to lane 13). A supershift
assay using anti-NF90 antibody also revealed that the major
band indicated by an asterisk was supershifted by the anti-NF90
antibody (Fig. 4A, right panel, an arrow), showing that the
major band is the complex of NF90-NF45 and pri-miRNAs.
Furthermore, the binding activity of rNF90-rNF45 to pri-miR-
7-1 was found to be higher than that of rNF90 alone (see asterisk
in Fig. 4B, compare lanes 4 and 6). NF45 alone did not bind to
pri-miR-7-1 (Fig. 4B, lane 5). To confirm the data shown in Fig.
4 in vitro, we carried out RNA immunoprecipitation assay using
WCEs from Huh7 cells transfected with either mock vectors or
both the mammalian expression vectors, including TARGET-
tagged NF90 gene or NF45 gene. As shown in Fig. 5, pri-miR-7
was detected by immunoprecipitation of TARGET-tagged
NF90-NF45, but not by mock-immunoprecipitation, whereas
�-actin mRNA was not identified in the immunoprecipitates of
both mock and TARGET-tagged NF90-NF45, indicating that
NF90-NF45 associates with endogenous pri-miR-7-1 in vivo.
These findings, together with Figs. 2 and 3, suggest that the
robust association of NF90-NF45 complex with pri-miR-7-1
promoted the reduction of mature miR-7 production in HCC
cells.

NF90 and NF45 Regulate EGFR-AKT Signaling in HCC Cell
Lines—Several reports have indicated that miR-7 inhibits EGFR
expression and suppresses AKT signaling, which is a down-
stream signal of EFGR (28, 33). To examine whether NF90-
NF45 regulates EGFR-AKT signaling through the control of
miR-7 biogenesis, we measured EGFR expression levels and
activation of AKT in two HCC cell lines (Huh7 and Hep3B)
depleted of NF90 or NF45. Immunoblot analysis revealed that
EGFR expression was significantly reduced in NF90 or NF45
knockdown cells compared with control cells (Fig. 6). More-

FIGURE 2. Knockdown of NF90 induces elevation of mature miR-7 and repression of primary miR-7 in HCC cells. A and B, Huh7 and Hep3B cells were
transfected with the indicated siRNAs. Expression levels of NF90 and NF45 were detected by immunoblotting. GAPDH was used as an internal control. C–F, RNA
levels of mature miR-7 (C and D) and pri-miR-7-1 (E and F) in Huh7 and Hep3B cells, respectively, transfected with the indicated siRNAs were analyzed by
qRT-PCR. RNAU6B and �-actin were used as internal controls and for normalization of the data. siNTC, non-targeting control siRNA, siNF90 –1, -2, and -3, siRNAs
targeted to NF90; siNF90, mixed three different siRNAs targeted to NF90. Data are expressed as means � S.D. (n � 3 per group). *, p � 0.05, and ** p � 0.01,
relative to control by a two-tailed Student’s t test. G, expression levels of pre-miR-7 and mature miR-7 in Huh7 cells transfected with the indicated siRNAs were
detected by Northern blotting analysis. U6 snRNA was used as an internal control. H and I, RNA levels of mature miR-21 (H) and pri-miR-21 (I) in Huh7 cells
transfected with the indicated siRNAs were analyzed by qRT-PCR. RNAU6B and �-actin were used as internal controls and for normalization of the data.

TABLE 1
Up-regulated miRNAs (>2-fold change) in NF90-knockdown Huh7
cells compared with cells transfected with non-targeting control
siRNA (siNTC)

miRNA
-Fold change

(siNF90 –2/siNTC)
-Fold change

(siNF90 –3/siNTC)
Target
gene Ref.

has-mir-7 4.16 4.68 EGFR 28, 29, 37–39
RAF1 28, 39
IGF1R 32, 36
FAK 35, 48
IRS-1 29
IRS-2 29
BCL-2 3
PIK3CD 33
mTOR 33
p70S6K 33
ACK1 39
KLF4 40
PAK1 49

has-mir-513a-5p 3.00 5.58 XIAP 50
B7-H1 51

has-mir-629* 2.83 6.40 Unclear
has-mir-671–5p 2.31 4.62 SMRCB1 52
has-mir-768–5p 2.19 3.95 Unclear
has-mir-135a* 2.16 3.89 Unclear
has-mir-513b 2.11 3.48 Unclear
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over, phosphorylation of AKT at Ser-473 and Thr-308, which
results in the active form of AKT, was decreased in cells with
knockdown of NF90 or NF45 (Fig. 6, A and C). Transfection of
miR-7 mimic also reduced EGFR expression and AKT phos-
phorylation (Fig. 6). As shown in Figs. 2 and 3, NF90-NF45
functions as a negative regulator in the miR-7 biogenesis.
Therefore, these findings suggest that overexpression of NF90-
NF45 would promote increased EGFR expression via suppres-
sion of miR-7 biogenesis, followed by activation of AKT
signaling.

NF90 and NF45 Are Involved in Proliferation of HCC Cells—
We next examined whether NF90-NF45 has a role in the pro-
liferation of HCC cell lines through regulation of the EGFR-
AKT pathway. MTS assays demonstrated that knockdown of
NF90 or NF45 resulted in significant inhibition of Huh7 and
Hep3B cell proliferation (Fig. 7, A, B, and D). Proliferation rates
were also reduced in Huh7 and Hep3B cells transfected with
miR-7 mimic (Fig. 7, C and D). Moreover, an addition of miR-7
inhibitor recovered the growth retardation by the knockdown of
NF90 or NF45 (Fig. 7, E and F). These results indicate that NF90-
NF45 would control the proliferation of HCC cell lines through
the regulation of mature miR-7 production by these proteins.

Discussion

miR-7 has been characterized as an anti-oncomir in several
cancers and suppresses cancer cell proliferation, survival,
migration, invasion, and tumor metastasis (34). Indeed, miR-7
levels are significantly decreased in breast (35) and gastric can-
cers (36). Fang et al. (33) also demonstrated that 7 of 10 clinical
HCC samples exhibited a reduction in miR-7. miR-7 inhibits
expression of oncogenic regulatory factors, including EGFR
(28, 29, 37–39), RAF-1 (28, 39), IGF1R (32, 36), BCL-2 (3),
KLF-4 (40), PI3KCD, mTOR, and p70S6K (33) through its bind-
ing to the 3�UTRs of these mRNAs (Table 1). Thus, reduction of
miR-7 induces enhancement of oncogene expression, resulting
in tumorigenesis. However, the molecular mechanism for
miR-7 down-regulation in tumors remains unclear. Previous
studies show that quaking isoforms and the Hu antigen R (Hu
antigen R)-Musashi homolog 2 (MSI2) complex regulate neu-
ronal cell proliferation and differentiation, respectively, by
repressing the processing of pri-miR-7 (41, 42). However, these
factors have not been reported to be involved in tumorigenesis.

In this study, we demonstrated that knockdown of NF90 led
to an elevation in mature miR-7 levels and down-regulation of
pri-miR-7-1 levels in HCC cells (Fig. 2), although overexpres-

FIGURE 3. Overexpression of NF90-NF45 results in accumulation of pri-miR-7-1 and suppression of mature miR-7 in HCC cells. A, Huh7 cells were
transfected with stable NF90 and/or NF45 expression plasmids. Expression levels of NF90 and NF45 were detected by immunoblotting. GAPDH was used as an
internal control. B and C, RNA levels of mature miR-7 (B) and pri-miR-7-1 (C) in cells transfected with the indicated expression plasmids were analyzed by
qRT-PCR. RNAU6B and �-actin were used as internal controls and for normalization of data. Data are expressed as means � S.D. (n � 3 per group). *, p � 0.05
relative to control by a two-tailed Student’s t test.
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sion of NF90-NF45 caused a reduction in mature miR-7 levels
and an accumulation of pri-miR-7-1 (Fig. 3). Furthermore,
RNA-EMSA showed that rNF90-rNF45 directly bound to pri-
miR-7-1 (Fig. 4). In addition, it has been apparent that NF90-
NF45 is associated with endogenous pri-miR-7-1 (Fig. 5). We
have previously reported that the binding of NF90-NF45 to
pri-miRNAs would impair access of the microprocessor com-
plex, which plays a pivotal role in processing of pri-miRNAs to
pre-miRNAs, resulting in the inhibition of mature miRNA pro-
duction (12). These findings, together with our previous find-
ings (12), suggest that NF90-NF45 is a novel negative regulator
of miR-7 biogenesis through inhibition of the pri-miR-7-1 pro-
cessing step in HCC.

EGFR is a member of the HER/ErbB family of receptor tyro-
sine kinases. The EGF family, which belongs to a group of pep-
tide growth factors, binds EGFR, inducing dimerization of
EGFR. Dimerized EGFR causes activation of intracellular signal
transduction, including the PI3K-AKT and RAS-RAF-MEK-
MAPK pathways. These pathways are involved in cellular pro-
cesses, including cell proliferation, survival, differentiation, and
tumorigenesis (43, 44). Of note, numerous human solid tumors
exhibit a high level of EGFR, which is related to poor prognosis

(45). Intriguingly, miR-7 is known to inhibit EGFR expression,
resulting in repressive activity of the downstream EGFR path-
way in several cancer cell lines such as head and neck (39), lung,
breast, and prostate (28). In this study, we show that knock-
down of NF90 or NF45 leads to reduced EGFR expression,
downstream AKT phosphorylation, and cell proliferation, as
well as elevation of miR-7 in HCC cell lines (Figs. 2, 6, and 7).
These findings imply that the NF90-NF45 complex regulates
cell proliferation by alteration of EGFR expression through the
control of miR-7 biogenesis.

We demonstrated that the expression of NF90 and NF45 was
markedly increased in HCC tumor tissues compared with adja-
cent non-tumor tissues (Fig. 1). Furthermore, deletion of NF90
or NF45 caused a significant reduction in the proliferation rate
of HCC cell lines, Huh7 and Hep3B (Fig. 7). Other groups have
reported that the expression levels of NF90 are elevated in non-
small lung, epithelial ovarian, breast cancers, and HCC (23–27).
In addition, proliferation of cervical and breast cancer cell lines
was depressed by knockdown of NF90 (12, 13, 23). Recently,
NF90 was found to enhance hypoxia-mediated metastasis via
regulation of NF90 protein stability by long non-coding RNA
low expression in tumor and cell proliferation through regula-

FIGURE 4. NF90-NF45 complex is bound to pri-miR-7-1 in vitro. A, RNA-EMSA performed with pri-miR-7-1 or pri-miR-21 probes and rNF90-rNF45 protein.
Anti-NF90 antibody (lanes 3, 4, and 11), anti-NF45 antibody (lanes 5 and 6), or normal rabbit IgG (lanes 7 and 8) were incubated with the recombinant proteins
in binding buffer prior to the addition of probe. The position of protein-RNA complex and supershifted complex was indicated by an asterisk and an arrow,
respectively. B, RNA-EMSA performed with pri-miR-7-1 probe and rNF90 alone, rNF45 alone, or both rNF90 and rNF45 proteins at the indicated concentrations.
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tion of cyclin E1 mRNA stability in HCC (26, 27). These obser-
vations, together with our findings in this study, suggest that
NF90-NF45 or NF90 function as oncogenic factors in various
tumors and raise the possibility that inhibitors of these proteins
are novel therapeutic agents for several cancers.

In this report, we reveal that NF90-NF45 enhances the pro-
liferation rates of tumor cells through repression of miR-7 bio-
genesis. Besides cell proliferation, the malignancy of tumor cells
is tightly associated with cell migration and invasion. We per-
formed whole-genome expression microarray analysis of the
NF90-knockdown Huh7 cells (GEO accession no. GSE83589).
In consequence, we found that the expression of 41 genes was
decreased by less than 1⁄2-fold in the NF90-knockdown cells
compared with the siNTC-treated cells. Among the 41 genes,
we attempted to explore predicted targets of miR-513a-5p,

miR-629 –3p, miR-671–5p, miR-135a-3p, and miR-513b-5p,
whose expressions were significantly increased by more than
2-fold in the NF90-knockdown cells compared with the siNTC-
transfected cells (Table 1), using TargetScan Release 7.1, a com-
putational tool for miRNA target prediction. Finally, we found
several predicted targets of miR-513a-5p, miR-629-3p, miR-
671-5p, miR-135a-3p, and miR-513b-5p. The predicted targets
of each miRNAs were listed as follows: predicted miR-513a-5p
targets: OLR1, VPS13C, ARL6IP1, ZSWIM6, AGXT, RHOBTB1,
LMLN, STMN3, UGT2B10/11, and ILF3; predicted miR-
629-3p targets: EYA3, ALDH1L2, LGSN, C7, VPS13C, ARL6IP1,
ZSWIM6, RHOBTB1, SLCO1B3, and ILF3; predicted miR-
671-5p targets: EYA3, ARL6IP1, ZSWIM6, RHOBTB1, and
LMLN; predicted miR-135a-3p targets: PIGL, ALDH1L2,
LGSN, C7, ZNF563, ARL6IP1, and ZSWIM6; predicted miR-

FIGURE 5. NF90-NF45 complex is bound to endogenous pri-miR-7-1. WCEs from Huh7 cells transfected with indicated TARGET-tagged NF90 and NF45 were
immunoprecipitated with anti-TARGET tag antibody. A, target-tagged NF90 and NF45 in the immunoprecipitates (IP) were detected by immunoblotting
probed with anti-NF90, anti-NF45, anti-TARGET tag, and anti-GAPDH antibodies. 20% of WCEs was used as input. B, RNAs were isolated from precipitates and
analyzed by qRT-PCR with specific primers for pri-miR-7-1 or �-actin. 4% of WCEs was used as input. RT� was negative control of reverse transcription. Data are
expressed as the mean � S.D. of triplicate PCRs with ranges and are representative of three independent experiments.
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513b-5p targets: PIGL, LGSN, C7, VPS13C, ARL6IP1, ZSWIM6,
CXCL5, RHOBTB1, LMLN, and ILF3.

Subsequently, we performed gene ontology analysis of the
above-mentioned targets. This analysis indicated that the pos-
sibility that OLR1, ZSWIN6, and CXCL5 may be involved in cell
migration (data not shown). Elucidation of involvements of
these factors in the development of HCC will be of interest to
examine whether NF90-NF45 is involved in the cell migration
in HCC, but it will require extensive work to address this issue
in the future.

Experimental Procedures

Human Tissues Samples—Tumor and surrounding tissues
from 18 cases of HCC were surgically resected at Kyoto Univer-
sity Hospital. Informed consent was obtained from all patients.
Clinical information on the patients is listed in Table 2. The

resected tissue samples for protein extraction were immedi-
ately frozen in liquid nitrogen and stored at �80 °C until use.

Immunoblot Analysis—Immunoblot analysis was performed
as described previously (46). Anti-NF90 rabbit polyclonal anti-
body was prepared as described previously (12). Anti-NF45
antibody was produced by immunizing New Zealand White
rabbits with a full-length His-NF45 recombinant protein as
described previously (47). The following primary antibodies
were obtained: anti-EGFR, anti-GAPDH, anti-AKT, anti-phos-
pho-AKT Ser-473, and Thr-308 (catalog nos. 4267, 5174, 4691,
4060, and 2965, respectively; Cell Signaling Technology).
Images were captured, and the intensities of specific bands were
measured using an Las-4000 mini imaging system (Fuji Film).

Cell Culture—Human hepatocellular carcinoma cell lines
Huh7 and Hep3B were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum

FIGURE 6. NF90-NF45 regulates EGFR expression and AKT signaling. A, Huh7 cells were transfected with siNTC, siNF45, siNF90, or miR-7 mimic. EGFR, AKT, and
phosphorylated AKT in cells transfected with the indicated siRNAs or mimic RNA were detected by immunoblotting. B, intensities of the specific bands shown in A were
measured by densitometry and are presented as a graph. GAPDH was used as an internal control and for normalization of data. Data are expressed as means�S.D. (n�
3 per group). *, p � 0.05; **, p � 0.005 relative to siNTC by a two-tailed Student’s t test. C, Hep3B cells were transfected with siNTC, siNF45, siNF90, or miR-7 mimic. EGFR,
AKT, and phosphorylated AKT in cells transfected with the indicated siRNA or miRNA mimic were detected by immunoblotting. D, intensities of the specific bands
shown in C were measured by densitometry and are presented as a graph. GAPDH was used as an internal control and for normalization of data. Data are expressed
as means � S.D. (n � 3 per group). *, p � 0.05; **, p � 0.005 relative to siNTC by a two-tailed Student’s t test.
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and 4500 mg/liter glucose. To generate NF90 and/or NF45 sta-
ble cell lines, Huh7 cells were transfected with pEBMulti-Neo-
NF90b and pEBMulti-Hyg-NF45. Three days after transfection,

cells were exposed to 2000 �g/ml neomycin (Nacalai Tesque)
and 1500 �g/ml hygromycin B (Wako) for 11 days.

Plasmids—To construct an expression plasmid of NF45, full-
length NF45 cDNA was obtained by PCR of cDNA from Huh7
cells and subcloned into KpnI and XhoI sites of pEBMulti-Hyg
vector (Wako Biochemicals). Full-length NF90b was obtained
from pcDNA3.1-NF90b plasmid (provided by M. B. Mathews,
University of Medical and Dentistry of New Jersey, Newark,
NJ), and was inserted into KpnI and BamHI sites of the pEB-
Multi-Neo vector and pEBMulti-Neo TARGET tag vector
(Wako Biochemicals).

qRT-PCR—Total RNA was isolated from Huh7 cells using
TRIzol (Invitrogen), and contaminating genomic DNA was
removed using DNA-free (Ambion). cDNA was synthesized
using SuperScript III first-strand synthesis system (Invitrogen)
and oligo(dT) primer according to the manufacturer’s instruc-
tions (Invitrogen). For qRT-PCR, PCR samples composed of
dilution cDNA (1:10), SYBR Green PCR master mix (Applied
Biosystems), and 0.5 �M each of forward and reverse primers in
a total volume of 10 �l were prepared. �-actin was used as an
internal control. qRT-PCR for the detection of mature miRNA

FIGURE 7. Knockdown of NF90 or NF45 promoted reduced HCC cell proliferation. A–C, proliferation of Huh7 cells transfected with siRNAs targeted to NF90
(A) or NF45 (B) and miRNA mimic (C) was analyzed by MTS assay. D, proliferation of Hep3B cells transfected with siRNAs targeted to NF90 or NF45 and miRNA
mimic was analyzed by MTS assay. E and F, proliferation of Huh7 cells transfected with siRNAs targeted to NF90 (E) or NF45 (F) with or without miR-7 inhibitor
was analyzed by MTS assay. After the indicated days of culture, the assay was performed according to the manufacturer’s instructions, and absorbance was
measured at 490 nm. Data are expressed as means � S.D. (n � 3 per group). *, p � 0.05 relative to control by a two-tailed Student’s t test.

TABLE 2
Clinical features of HCC patients with hepatocellular carcinoma
enrolled in this study

Sample no. Age Sex Stage Differentiationa

01 74 Male IV P
02 66 Male III W
03 57 Male III P
04 76 Male III W
05 70 Male III W
06 56 Male II W
07 67 Male III W
08 64 Male II P
09 59 Male III P
10 77 Female II P
11 76 Male IV P
12 67 Male I W
13 74 Female II P
14 73 Male III P
15 73 Male III W
16 60 Male III P
17 58 Male III P
18 77 Female I P

a W and P indicate well and poorly differentiated tumors, respectively.
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was carried out using a TaqMan miRNA assay kit (Applied
Biosystems) and TaqMan gene expression master mix (Invitro-
gen) according to the manufacturer’s protocol. A human
RNU6B small nuclear RNA (RNU6B) was used as an internal
control to normalize RNA input.

Transfection—Huh7 cells were transfected with NF90 and
NF45 plasmids using X-tremeGENE HP DNA transfection re-
agent according to the manufacturer’s instructions (Roche
Applied Science). Huh7 cells were transfected with miR-7
mimic and miR-7 inhibitor at a final concentration of 6.7 nM

using Lipofectamine RNAi Max according to the manufactur-
er’s instructions (Invitrogen). An hsa-miR-7 mimic oligonucle-
otide and an hsa-miR-7-5p LNA inhibitor were obtained from
Thermo Scientific (catalog no. C-300546-07-0005) and Exiqon
(catalog no. 4100814-000), respectively. Stealth RNAi negative
control (Invitrogen) was used as a negative control.

Northern Blotting—5 �g of total RNA was resolved on a 12%
acrylamide, 7 M urea gel and blotted onto Hybond N� (Amer-
sham Biosciences). The blotted membrane was hybridized with
a miRCURY LNA miR-7 detection probe (Exiqon 38485-00)
and DNA oligonucleotide of U6 snRNA detection probe,
5�-CAC GAA TTT GCG TGT CAT CCT T-3�, as a control.
These probe were end-labeled with [�-32P]ATP by T4 polynu-
cleotide kinase (New England Biolabs). The probes were
washed once for 5 min at 47.8 °C in 2� SSC, 0.1% SDS, followed
by washing four times for 5 min at 47.8 °C in 1.5� SSC, 0.1%
SDS. the pre-miR-7, mature miR-7, and U6 snRNA were visu-
alized by autoradiography.

RNA Interference—RNA interference analysis was performed
as described previously (12). Stealth RNAi duplexes for NF90
and NF45 were obtained from Invitrogen. Stealth RNAi nega-
tive control (Invitrogen) was used as a negative control.

miRNA Microarray—Total RNA was isolated from Huh7
cells depleted of NF90 and labeled with Cy3 using an miRNA
complete Labeling Reagent and Hyb kit (Agilent Technologies)
according to the manufacturer’s instructions. The labeled RNA
was hybridized on Human miRNA Microarray Version 2 (Agi-
lent Technologies). The array was scanned using a microarray
scanner (Agilent Technologies) to measure the intensities of
the microarray spots. The intensities of the spots were normal-
ized by GeneSpring GX. All microarray data have been depos-
ited in the Gene Expression Omnibus (GEO) database, acces-
sion no. GSE67411.

RNA-EMSA—RNA-EMSA analysis was performed as de-
scribed previously (12). The pri-miR-7-1 was amplified from
HEK293T cDNA by PCR with specific primers. The PCR products
were subcloned into the pGEM-T-easy vector (Promega). These
plasmids were linearized with PstI restriction enzyme and used for
in vitro transcription to generate 32P-labeled probes.

RNA Immunoprecipitation Assay—WCEs from the Huh7
cells, transiently transfected with either mock vectors or both
pEBMulti-Neo TARGET tag-NF90b vector and pEBMulti-
Hyg-NF45 vector, were prepared with lysis buffer (50 mM Tris-
HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 0.1
mM PMSF, proteinase inhibitor mixture (Nakalai Tesque)). The
WCEs were immunoprecipitated with anti-TARGET tag anti-
body-conjugated beads (Wako Biochemicals). After the immuno-
precipitates were digested by proteinase K, the coprecipitated

RNAs were extracted with phenol/chloroform and ethanol pre-
cipitation. The precipitated RNA was annealed with oligo(dT)
primer and reverse-transcribed with the SuperScript III first-
strand synthesis system (Invitrogen). cDNA was amplified by
qRT-PCR using specific primers for pri-miR-7-1 and �-actin
mRNA.

MTS Assay—At 3 days post-transfection, siRNA- or miRNA
mimic-transfected Huh7 and Hep3B cells were seeded at a den-
sity of 1,000 cells/well in 96-well plates. Cell viability following
0 – 4 days of culture was assayed using a CellTiter 96 Aqueous
One Solution cell proliferation assay kit (Promega), and the
absorbance was measured at 490 nm.

Sequences of all oligonucleotides are available upon request.
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