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MicroRNA-145 promotes the epithelial-mesenchymal
transition in peritoneal dialysis-associated fibrosis by
suppressing fibroblast growth factor 10
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Peritoneal fibrosis is a common complication of long-term
peritoneal dialysis (PD) and the principal cause of ultrafiltra-
tion failure during PD. The initial and reversible step in PD-
associated peritoneal fibrosis is the epithelial-mesenchymal
transition (EMT). Although the mechanisms in the EMT have
been the focus of many studies, only limited information is
currently available concerning microRNA (miRNA) regula-
tion in peritoneal fibrosis. In this study, we aimed to charac-
terize the roles of microRNA-145 (miR-145) and fibroblast
growth factor 10 (FGF10) in peritoneal fibrosis. After induc-
ing EMT with transforming growth factor-g1 (TGF-B1) in
vitro, we found that miR-145 is significantly up-regulated,
whereas FGF10 is markedly down-regulated, suggesting a
close link between miR-145 and FGF10 in peritoneal fibrosis,
further confirmed in luciferase reporter experiments. Fur-
thermore, in human peritoneal mesothelial cells (i.e.
HMrSV5 cells), miR-145 mimics induced EMT, whereas miR-
145 inhibition suppressed EMT, and we also observed that
miR-145 suppressed FGF10 expression. In vivo, we found that
the exogenous delivery of an miR-145 expression plasmid
both blocked FGF10 and intensified the EMT, whereas miR-
145 inhibition promoted the expression of FGF10 and
reversed the EMT. In conclusion, miR-145 promotes the
EMT during the development of peritoneal fibrosis by sup-
pressing FGF10 activity, suggesting that miR-145 represents
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a potential therapeutic target for managing peritoneal
fibrosis.

It has been demonstrated that long-term peritoneal dialysis
(PD)* can contribute to morphologic changes in the perito-
neum, including the loss of mesothelial cells (MCs), accumula-
tion of extracellular matrix, and formation of fibrosis (1). Cur-
rently, PD is recognized as a home-based renal replacement
therapy; moreover, the improvements in clinical outcomes and
demonstration of the socioeconomic benefits of PD have led
several countries to adopt policies that favor the use of this
modality as the initial renal replacement therapy (2, 3). Recent
studies have reported that MCs play a critical role in the devel-
opment of peritoneal fibrosis through phenotype transition,
which disrupts the tight junction and results in MCs acquiring
a migratory and invasive phenotype with the production of
extracellular matrix (4—7). MCs are the first barrier to the solu-
tion used in PD, as they cover the surface of the peritoneal
membrane. Moreover, MCs regulate serosal homeostasis and
leukocyte trafficking through repairing after injury. If the nor-
mal repair functions break down, they will produce factors that
actively affect coagulation, such as profibrotic factors, cyto-
kines, and chemokines (8). At the beginning of peritoneal dial-
ysis, epithelial-mesenchymal transition (EMT) of MCs is a fre-
quent pathological change of the peritoneal membrane, which
is also related to the high solute transport status and will ulti-
mately cause ultrafiltration failure (9).

MicroRNAs (miRNAs) are small noncoding RNA molecules
that play a complex role in the regulation of post-transcrip-
tional expression by binding to 3'-untranslated regions (3'-
UTRs) of mRNA (10). Currently, emerging evidence indicates
that the regulation of post-transcriptional expression by miR-
NAs plays an important role in the pathogenesis of peritoneal

® The abbreviations used are: PD, peritoneal dialysis; 3'-UTR, 3'-untranslated
region; a-SMA, a-smooth muscle actin; Col1a1, collagen | « 1; ctrl inhibitor,
control miR-145 inhibitor; ctrl mimics, control miRNA mimics; E-cad, E-cad-
herin; EMT, epithelial-mesenchymal transition; FGF10, fibroblast growth
factor 10; FN1, fibronectin 1; MC, mesothelial cell; miR-145, microRNA-145;
miRNA, microRNA; PDF, peritoneal dialysis fluid; si-FGF10, FGF10 siRNA;
TGF-B1, transforming growth factor-B1; EMT-TFs, EMT-inducing transcrip-
tion factors; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HSC,
hepatic stellate cell; qPCR, quantitative PCR.
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fibrosis. For example, a recent study demonstrated that miR-
15a-5p suppresses the inflammatory and fibrotic activities of
peritoneal MCs induced by PD via inhibiting vascular endothe-
lial growth factor A directly (11). Moreover, both miR-199a-5p
and miR-214-3p were found to target claudin-2 and E-cadherin
(E-cad) mRNAs to promote high glucose—induced peritoneal
fibrosis in PD (12). In addition, human umbilical cord mesen-
chymal stem cells facilitate the up-regulation of miR-153-3p,
which is a critical molecule in attenuating methylglyoxal-in-
duced peritoneal fibrosis in rats (13). Specifically, miR-21 was
shown to promote the progression of peritoneal fibrosis
through activating the TGF-B/Smad signaling pathway in in
vivo and in vitro experiments (14). In fact, miR-129-5p was
reported to directly target the 3'-UTR of the Smad-interacting
protein 1 (SIP1) and SRY-box 4 (SOX4) genes and repress their
post-transcriptional activities to modulate the EMT and fibro-
sis in the setting of PD (15). Furthermore, it was shown that
miR-30a negatively regulates transforming growth factor-g81
(TGF-B1)-induced EMT and peritoneal fibrosis by targeting
Snail in vivo and vitro, with improvement of peritoneal dys-
function (16). miR-30b directly targeted and inhibited bone
morphogenetic protein 7 (BMP7) by binding to its 3'-UTR to
regulate methylglyoxal-induced EMT of peritoneal MCs in rats
(17).

Among these miRNAs, microRNA-145 (miR-145) is of sig-
nificant interest to our group because it can be up-regulated by
TGEF-B in fibrotic disease (18). In addition, microRNA-145
antagonism reverses the TGF-f inhibition of F508del cystic
fibrosis transmembrane conductance regulator correction in
airway epithelia (19). Furthermore, it was reported that miR-
145 was up-regulated in activated rat primary hepatic stellate
cells (HSCs) and TGF-B-treated HSCs, which contributed to
liver fibrosis (20). However, whether miR-145 regulates perito-
neal fibrosis in the development of PD remains unknown.

Fibroblast growth factor 10 (FGF10) has been found in all
examined vertebrates, and it is a multifunctional mesenchymal-
epithelial signaling growth factor that is essential for multior-
gan development and tissue homeostasis in adults (21, 22).
FGF10, a member of the family of fibroblast growth factors
(FGFs), was generated from a common ancestral gene during
the early evolution of vertebrates and retains similar amino acid
sequences and biochemical functions (23). It has been shown
that FGF10 activates key intracellular signaling pathways in
some cell types, contributing to cell proliferation, differentia-
tion, and migration during development and the modulation of
organ branching (24). Recent studies have shown that FGF10
reduces bleomycin-induced lung fibrosis, possibly through its
AT2-protective effects (25). Furthermore, FGF10/FGFR2 and
androgen receptor were reduced in renal fibrosis in adult male
rat offspring subjected to prenatal exposure to di-n-butyl
phthalate, but the concrete mechanism remains unclear (26).
However, little is known about the role of FGF10 in the patho-
genesis of peritoneal fibrosis in PD. Hence, the results of our
study provide a direct correlation between miR-145 and FGF10
in the pathogenesis of peritoneal fibrosis in PD in vivo and in
vitro.
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Results

miR-145 is elevated in TGF-B1-induced EMT in vitro and
PD-induced peritoneal fibrosis in vivo

To determine the function of miR-145 in peritoneal fibrosis,
we first determined whether there was a difference in the
expression of miR-145 between normal cells and TGF-B1-
induced HMrSV5 cells. Following stimulation with 10 ng/ml
external TGF-B1 for different times (0, 12, 24, and 48 h), miR-
145 expression was detected in HMrSV5 cells by RT-qPCR. We
found that miR-145 was significantly up-regulated with longer
stimulating times, and this effect became much more pro-
nounced at 24-and 48 h (Fig. 1A4). To further explore the plateau
phase of miR-145 expression, we extended the stimulation time
of TGF-B1 to 5 days and measured the miR-145 expression (Fig.
S1A). Compared with 2 days, we discovered that the expression
of miR-145 became higher at 3 days. There is no significant
expression difference of miR-145 between 3 and 5 days. There-
fore, the expression of miR-145 was considered to enter the
plateau at 3 days.

Next, we detected changes in EMT-related indicators to ver-
ify the occurrence of peritoneal fibrosis in HMrSV5 cells. In
general, the EMT process can be characterized using several
biomarkers, among which fibronectin 1 (FN1) and a-smooth
muscle actin (a-SMA) are acquired markers and E-cad is an
attenuated marker. A previous study found that the expres-
sion of collagen I & 1 (Colla1) was elevated during the EMT
of HMrSV5 cells (17). In our study, after the stimulation with
TGEF-B1, the expressions of FN1, a-SMA, and Collal (Fig. 1,
Band C) increased and E-cad (Fig. 1D) decreased in HMrSV5
cells. However, the expression of EMT markers seemed only
marginally affected by TGF-B1. To explore whether the
EMT was successfully induced, cell morphology was shot,
and the E-cadherin localization and induction of EMT-in-
ducing transcription factors (EMT-TFs) were examined by
immunofluorescence.

E-cad is an epithelial gene whose loss is a hallmark of EMT.
Cells lack of E-cad will show spindle-shaped mesenchymal
morphology and a loss of polarity. The silencing and transcrip-
tional repression of E-cad during EMT is mediated by EMT-
TFs, which contain the Snail (Snaill and Snail2), Zeb (ZEB1 and
ZEB2), and basic helix-loop-helix (PHLH and TWIST) families
(27, 28). After stimulating with TGF-1 for 48 h, we found that
the cells lost the original paving stone shape and gained the
spindle-shaped mesenchymal morphology feature (Fig. S1B).
We then further examined the HMrSV5 cells using immuno-
fluorescence. We discovered that the E-cad protein was located
mainly on the cell membrane. After TGF-B1 stimulation, the
protein level and localization of E-cad trended lower, whereas
ZEB1 nuclear translocation was enhanced. The Western blot-
ting examination of ZEB1 expression also showed an upward
trend after TGF-B1 stimulation. Thus, we are convinced that
TGEF-B is an effective factor to induce EMT in HMrSV5 cells
(Fig. S1, C-E).

We then examined the sequential events in miR-145,
a-SMA, and FGF10 per 3 h using RT-qPCR when the cells were
stimulated by TGF-B in the time interval between 12 and 24 h.
As aresult, miR-145 showed a significant increase at 15 h. After
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3 h of that, FGF10 mRNA began to decrease, and the mRNA of
a-SMA was decreased at 24 h (Fig. S1, F-H).

To determine whether a similar phenomenon occurred in an
animal model, we developed a mouse model of peritoneal fibro-
sis by daily injecting mice with 4.25% peritoneal dialysis fluid
(PDF) for 28 days. The expression of miR-145 in the visceral
peritoneum was examined by RT-qPCR. The results showed
that miR-145 was up-regulated significantly in the PD group
compared with the level in normal mice (Fig. 1E). Next, we
performed Masson’s trichrome staining on the parietal perito-
neum. The results showed that mice in the PD group developed
a thicker fibrous layer of the peritoneum (Fig. 1, F and G). The
expression of Collal in PD mice was significantly increased
according to the immunohistochemical staining (Fig. 1H). In
Western blotting results, FN1 (Fig. 1) expression increased,
whereas E-cad (Fig. 1J) was down-regulated after PD pro-
cessing. All of these results indicated that miR-145 plays a role
in the development of peritoneal fibrosis.

Overexpression of miR-145 effectively induced EMT in HMrSV5
cells

We first demonstrated that the expression level of miR-145
increased in TGF-B1-stimulated HMrSV5 cells and PDF-in-
duced mice. The up-regulation of miR-145 suggested that miR-
145 might be involved in the regulation of EMT in peritoneal
fibrosis. To further explore this role, HMrSV5 cells were trans-
fected with miR-145 mimics, and the transfection efficacy was
assessed using RT-qPCR. The results showed that miR-145 was
significantly elevated in HMrSV5 cells after the transfection of
miR-145 mimics (Fig. 2A4). Then we determined whether the
increase in miR-145 had an effect on peritoneal fibrosis. Immu-
nofluorescence assays were performed to show the expression
and localization of E-cad. As a result, we found that the cells
treated with miR-145 mimics showed significantly weaker sig-
nals on the cell membrane compared with the control group
(Fig. S2A). In addition, we had detected kinds of EMT-related
indicators using RT-qPCR and Western blotting. It turned out
that mesenchymally associated molecules (a-SMA and FN1)
were up-regulated at the mRNA level (Fig. 2C) and that the
protein expression of a-SMA, Collal, and FN1 increased (Fig.
2B), whereas the intercellular adhesion molecule E-cad was
down-regulated following the overexpression of miR-145 (Fig.
2D). We also knocked down miR-145 by transfecting an miR-
145 inhibitor into HMrSV5 cells (Fig. 2E). The RT-qPCR and
Western blotting analyses revealed opposite results in the
miR-145 mimic group: a-SMA and FN1 decreased at the
mRNA (Fig. 2F) and a-SMA, Collal, and FN1 decreased at
protein levels (Fig. 2G), whereas E-cad protein increased at
the protein level by Western blotting (Fig. 2H) and immuno-
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fluorescence analysis (Fig. S24). To determine whether miR-
145 is downstream of TGF-f3 signal, we transfected HMrSV5
cells with control inhibitor or miR-145 inhibitor and then
incubated the cells with TGF-B1 for 48 h. EMT markers and
Snaill were evaluated in the cells. The results showed that
the expressions of EMT makers and Snaill were altered by
TGEF-B1 in part (Fig. 2B). This illustrated that miR-145 is
downstream of TGF-f1 signal, and TGF-B1-mediated EMT
changes require the induction of miR-145. However, miR-
145 might not be the only pathway that could induce fibrosis
changes when stimulated by TGF-B1. In conclusion, overex-
pression of miR-145 promoted peritoneal fibrosis by induc-
ing EMT in HMrSV5 cells.

FGF10 was suppressed in both in vitro and in vivo peritoneal
fibrosis models: TGF-f1-induced HMrSV5 cells and PD-treated
mice

FGF10 belongs to the FGF family. The overexpression of
FGF10 can significantly attenuate both the inflammatory and
fibrotic phases, resulting in lung fibrosis (26). Moreover, it has
been reported that TGF-B1 inhibits FGF10 expression in lung
fibroblasts (29); however, little is known about the role of
FGF10 in peritoneal fibrosis. We first verified the expression of
FGF10 in the pathogenesis of peritoneal fibrosis in vitro and in
vivo. TGF-Bl-induced EMT in HMrSV5 cells resulted in the
marked down-regulation of FGF10 at both the mRNA (Fig. 34)
and protein levels (Fig. 3B). In an in vivo experiment, the
expression of FGF10 was suppressed in PD-induced peritoneal
fibrosis in mice at the mRNA (Fig. 3C) and protein levels (Fig. 3,
D and E). Immunohistochemical staining of the parietal perito-
neum of mice revealed a similar trend of FGF10 expression
between PD-treated mice and the normal group (Fig. 3F).
Taken together, we conclude that FGF10 may play a role in
peritoneal fibrosis.

Knockdown of FGF10 induced the procession of EMT in
HMTrSV5 cells

In the next series of experiments, we determined whether
FGF10 had an impact on peritoneal fibrosis and the effect of the
absence of FGF10. To answer these questions, two different
FGF10 siRNAs (si-FGF10s) and negative control siRNA were
separately transfected into HMrSV5 cells, and the efficiency of
knockdown was evaluated by RT-qPCR (Fig. 44 and Fig. S3A)
and Western blotting (Fig. 4B and Fig. S3B). Then the perito-
neal fibrosis in the si-FGF10 group was analyzed. The protein
levels of FN1, Collal, and a-SMA were significantly increased
compared with those in the control group (Fig. 4C), whereas the
protein level of E-cad decreased markedly by Western blot
analysis. (Fig. 4D). To determine whether FGF10 is down-

Figure 1. miR-145 is elevated in TGF-B1-induced EMT in vitro and PD-induced peritoneal fibrosis in vivo. The miR-145 expression level was
determined by RT-qPCR. EMT and peritoneal fibrosis were detected by Masson'’s trichrome staining, immunohistochemistry, Western blotting, and
RT-gPCR. A, miR-145 expression was examined in HMrSV5 cells treated with 10 ng/ml TGF-B1 for different times (0, 12, 24, and 48 h). B-D, HMrSV5 cells
were starved for 12 h and then treated with 10 ng/mI TGF-B1. After 24 h, cells were harvested, and the protein levels of FN1, Col1a1, a-SMA (B), and E-cad
(D) were evaluated by Western blotting. The mRNA level of a-SMA was evaluated by RT-gPCR (C). Male C57BL/6J mice were intraperitoneally injected
daily with 3 ml of 4.25% dextrose PD solution for 4 weeks before the parietal and visceral peritoneum tissues were collected. E, the miR-145 expression
level was analyzed by RT-qPCR. F and G, Masson’s trichrome staining of anterior abdominal walls (F). G, thickness of the peritoneal membrane. H,
immunohistochemistry was performed to analyze the expression of Col1a1 protein. | and J, Western blot analysis was used to detect the protein
expression levels of FN1 (/) and E-cad (J). Each bar shows the mean = S.D. (error bars) from three independent experiments. **, p < 0.01; ***, p < 0.001

versus the control group. Scale bar, 50 um.
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Figure 2. Overexpression of miR-145 effectively induced EMT in HMrSV
for 48 h.Then cells were harvested. The miR-145 expression level was analyz
(B) and E-cad (D) were evaluated by Western blotting. The mRNA level of FN

5 cells. A, HMrSV5 cells were transfected with miR-145 mimics or ctrl mimics
ed by RT-qPCR. B-D, the protein expression levels of FN1, Col1a1,and a-SMA
1 and a-SMA was evaluated by RT-qPCR (C). E, HMrSV5 cells were transfected

with miR-145 inhibitor or ctrl inhibitor for 48 h before cells were harvested. The miR-145 expression level was analyzed by RT-qPCR. F-H, the protein
expression levels of FN1, Col1a1, and a-SMA (F) and E-cad (H) were examined by Western blotting. The mRNA level of FN1 and a-SMA was evaluated by
RT-gPCR (G). Data are presented as the mean = S.D. (error bars) for three independent samples in each group. *, p < 0.05; **, p < 0.01; ***, p < 0.001

versus the control group.

stream of TGF-f signal, we transfected HMrSV5 cells with
FGF10siRNA or control siRNA for 24 h and then incubated the
cells with 10 ng/ml TGF-B1 for 48 h. EMT markers, Snaill, and
ZEB1 were evaluated by Western blotting. By comparing the
si-FGF10 group with the NC group, we verified that both of the
si-FGF10s induced EMT, and the EMT was slightly altered by
additional TGF-B1 stimulation. However, there is no difference
between TGF-f1 and si-FGF10+TGE- 1 group (Fig. S3, C and
D), illustrating that although FGF10 is downstream of miR-145
and TGF-1 signal, it may not be the only pathway of TGF-81
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that can induce fibrosis. These results are consistent with our
previous findings.

miR-145 targeted the 3'-UTR of FGF10

It has been confirmed that microRNAs regulate protein
translation by targeting the 3'-UTR region of mRNA (30). After
finding that miR-145 can induce EMT and peritoneal fibrosis,
we explored its downstream mechanism. We used the Target-
Scan online web servers (Whitehead Institute, Cambridge, MA)
to predict the target mRNAs. The computational predictions
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revealed that the nucleic acid sequence of the highly conserved
miR-145 contains binding sites on the 3'-UTR of FGF10 (Fig.
5A). To further confirm the interaction between miR-145 and
FGF10, we transfected miR-145 mimics into HMrSV5 cells.
The results indicated that the expression of FGF10 decreased at
both the mRNA (Fig. 5B) and protein levels (Fig. 5C) compared
with those in the control group. We then determined whether
miR-145 and FGF10 mRNA underwent direct base pair bind-
ing. Luciferase reporters containing the full-length 3’-UTR
(WT) of FGF10 or mutational vectors (mut) were constructed,
and HMrSV5 cells were transiently transfected with the differ-
ent reporters. The results indicated that cells cotransfected
with miR-145 mimics reduced luciferase activity of WT
3’'-UTR of FGF10 compared with that in cells transfected with
control mimics (Fig. 5D).

miR-145 promoted EMT and peritoneal fibrosis by targeting
FGF10in HMrSV5 cells

As stated earlier, we found that both the overexpression of
miR-145 and knockdown of FGF10 can induce EMT and
peritoneal fibrosis. Then luciferase reporter assays con-
firmed a direct binding effect between miR-145 and FGF10
mRNA. These results prompted us to further determine
whether knockdown miR-145 could promote the expression
of FGF10. After miR-145 inhibitor transfection for 48 h,
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HMrSV5 cells were collected to detect the expression of
FGF10. The experimental results revealed that both the
mRNA (Fig. 6A) and protein levels (Fig. 6B) of FGF10
showed a significant upward trend compared with those in
the control group. To confirm whether miR-145 promotes
EMT and peritoneal fibrosis through FGF10, we transfected
HMrSV5 cells with si-FGF10 and negative control siRNA for
48 h. Then the cells underwent a second transfection with
miR-145 mimics or miR-145 inhibitor. Interestingly, there
was no significant difference in fibrosis-related indicators,
such as FN1, a-SMA, Collal (Fig. 6C), and E-cad (Fig. 6D),
between the two groups.

FGF10 treatment suppressed miR-145-induced EMT in
peritoneal fibrosis

To further confirm the underlying anti-EMT effect of FGF10,
we transfected HMrSV5 cells with miR-145 mimics for 48 h
and then incubated the cells in medium containing 100
ng/ml human FGF10 for 24 h. The Western blotting results
indicated that the increased expression levels of a-SMA and
FN1 were reversed after FGF10 treatment (Fig. 7A). The
decreased expression of E-cad showed a certain degree of
recovery after FGF10 treatment (Fig. 7B) compared with that
in the miR-145 mimics group. Additional FGF10 treatment
can decrease the expression of a-SMA compared with the
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group.

control (ctrl) mimic group (Fig. S4B). Previous research dis-
covered that TGF-Bl-induced EMT accompanies IIIb-to-
IIIc isoform switching of FGFR (31), whereas FGF10 only
acts on the IIIb receptor. This phenomenon leads to the
insensitivity of cells to FGF10 stimulation. So we are very
curious why FGF10 treatment could still relieve peritoneal
fibrosis after transfection of miR-145. Thus, HMrSV5 cells
were transfected with miR-145 mimics for 48 h. FGFR2IIIb
expression was examined by conventional RT-PCR. We
found that FGFR2IIIb was only slightly decreased compared
with control group. The effect of isoform switching may be
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resisted by extra FGF10 treatment (Fig. S4C). To further
explore whether miR-145 has an effect on EMT, we increased
the concentration of miR-145 mimics used for transfection. We
used 50, 100, and 200 nM miR-145 mimics to transfect cells,
respectively. As a result, E-cad was suppressed to a greater
extent compared with other groups (Fig. S4E). This demon-
strated that miR-145 can indeed inhibit the expression of E-cad
and promote EMT, and as it increased in HMrSV5 cells, the
effect tended to be more pronounced. Taken together, these
results suggested that miR-145 can induce EMT and that
FGF10 has an inhibitory effect on peritoneal fibrosis.
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Exogenous delivery of miR-145 promoted peritoneal fibrosis in
an established PD model in vivo

We then determined the functional role of miR-145 in vivo.
First, the transfection efficiency of miR-145 mediated by ultra-
sonic microbubbles was determined by RT-qPCR. The results
showed that the PD mice treated with the miR-145 expression
plasmid exhibited significantly increased expression of miR-
145 in the peritoneal tissue compared with that in the control
group. In contrast, in PD mice, the miR-145 shRNA plasmid
exhibited a strong inhibitory effect on miR-145 in the perito-
neum (Fig. 84). Then we examined the peritoneal fibrosis by
Masson’s trichrome staining (Fig. 8B). The results showed that
the PD mice had thicker matrix deposition compared with the
normal group. This demonstrates that our peritoneal fibrosis
model was successfully developed. We also observed that the
peritoneal fibrosis caused by PD was further aggravated by the
miR-145 expression plasmid. Mice that underwent PD and
overexpression of miR-145 had the thickest peritoneal fibrous
layer among the five groups. However, in the group transfected
with the miR-145 shRNA plasmid, fibrosis was significantly
reduced compared with that in the NC group (Fig. 8C). Accord-
ingly, these histological changes were associated with the
change in peritoneal function determined by modified perito-
neal equilibration tests. Based on the statistical results, the
thickening of the peritoneal fibrous layer in the miR-145
expression plasmid group was related to the increased effi-
ciency of solute transport compared with that in the NC group,
which was characterized by a decrease in D/D,. In contrast,
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miR-145 knockdown alleviated the peritoneal dysfunction
caused by peritoneal fibrosis (Fig. 8D).

Overexpression of miR-145 aggravated peritoneal fibrosis in
vivo as determined by RT-qPCR, Western blotting, and
immunohistochemistry

Overexpression of miR-145 resulted in the gain of Collal
(Fig. 94) and a significant loss of FGF10 (Fig. 9B) compared
with levels in the NC group according to immunohistochemical
staining of the wall peritoneum. In the visceral peritoneum,
after transfecting miR-145 expression plasmid, FGF10 was
decreased at the mRNA level (Fig. 9C). There were also
increasing trends in the mRNA (Fig. 9D) and protein levels
(Fig. 9E) of mesenchymal markers (a-SMA, FN1, and
Collal) and a loss of the epithelial marker E-cad (Fig. 9F)
after overexpressing miR-145. miR-145 knockdown attenu-
ated peritoneal fibrosis, which suggests that it is a potential
therapeutic target. The increase in a-SMA and Collal
caused by PD was reversed, and E-cad and FGF10 returned to
normal levels following miR-145 knockdown.

Discussion

EMT can be divided into three general subtypes, among
which the type 2 EMT is involved in the response to persistent
inflammation and ultimately the induction of fibrosis (32). This
process involves profound epithelial cell plasticity and is a
reversible cellular program that transiently places epithelial
cells into quasi-mesenchymal cell states (33, 34). In this process,
the cells gradually lose polarity and adhesiveness and, finally,
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become migratory by gaining mesenchymal characteristics
while progressively losing epithelially associated markers, such
as E-cad (35). In particular, there is emerging evidence of EMT
being associated with the pathogenesis of peritoneal fibrosis
(36). It has been demonstrated that EMT is one of the earliest
mechanisms of peritoneal fibrosis, and MCs are known to
undergo EMT to become matrix-producing myofibroblasts
under pathologic conditions and participate in the pathogene-
sis of peritoneal fibrosis (37-39). The molecular mechanisms
underlying EMT and fibrosis in the peritoneum may also be
involved in clinical issues that are not related to PD, such as the
prevention of postoperative peritoneal adhesions and control
of peritoneal metastasis (40). MCs do not remain unchanged
during the clinical process of PD treatment, and during its
course, the cellular processes of EMT play a complex role in the
acute cellular stress response and cytoresistance of MCs (41).
Actually, TGF-B1 has been shown to play a significant role in
the initiation and development of EMT as well as peritoneal
fibrosis (42—44). It has been demonstrated that maternal expo-
sure to di-n-butyl phthalate induces the accumulation of
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TGF-B1 in the kidneys and regulates Snaill-mediated EMT of
tubular epithelial cells, which can strongly mediate EMT (45).
In this study, we also determined that EMT was obviously acti-
vated in TGF-B1-stimulated HMrSV5 cells and in an estab-
lished PD model in vivo. In fact, the pharmacological preven-
tion and/or reversal of EMT may represent a possible
therapeutic approach to peritoneal fibrosis; for example, intra-
peritoneal metformin decreases EMT and increases the ratio of
reduced to oxidized GSH and SOD expression, whereas it
decreases the expression of nitrotyrosine and 8-hydroxy-2'-de-
oxyguanosine (46).

Increasing evidence has demonstrated that miRNAs play
pivotal roles in the pathogenesis of peritoneal fibrosis in PD,
and miR-145 is of significant interest because it is up-regulated
by TGEF-p in fibrotic diseases (11, 18, 19). However, there are
significant differences in gene expression among fibroblasts
from different internal organs or dermal fibroblasts (47). For
example, it has been reported that miR-145 was down-regu-
lated in cardiac fibrosis as well as in keloid fibroblasts (48).
Nonetheless, whether miR-145 can regulate peritoneal fibrosis
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and the underlying mechanism remains unknown. We then
hypothesized that the increased expression of miR-145 may be
necessary for the progression of EMT and the pathogenesis of
peritoneal fibrosis in PD. Therefore, we assessed the potential
role of miR-145 in both TGF-B1-induced cell lines and a pre-
clinical mouse model of peritoneal fibrosis. In our study, we
found that miR-145 was up-regulated in the TGF-B1-
stimulated HMrSV5 cells in a time-dependent manner, and the
same trend was also found in the mouse model of PD-induced
peritoneal fibrosis. Interestingly, this expression trend of miR-
145 was consistent with the extent of EMT, indicating that the
abnormal expression of miR-145 may be involved in the patho-
genesis of peritoneal fibrosis. Moreover, transfection with miR-
145 mimics in HMrSV5 cells could promote peritoneal fibrosis
in HMrSV5 cells. In addition, our data on miR-145 gene trans-
fer showed the same trend in an established PD model, which
was highly consistent with the in vitro experiments. Conse-
quently, these data indicate that the overexpression of miR-145
could effectively promote EMT and peritoneal fibrosis in vitro
or in vivo.

FGF10, a multifunctional mesenchymal-epithelial signaling
growth factor (21), was identified as a target of miR-145 in our
study and decreased in TGF-B1-stimulated HMrSV5 cells, and
the same trend regarding the expression of FGF10 was found in
an established PD mouse model. Recent studies have shown
that FGF10 reduces bleomycin-induced lung fibrosis (25); how-
ever, little is known about the role of FGF10 in the pathogenesis
of peritoneal fibrosis in PD. Thus, combined with the results
stated above, it is possible that FGF10 may play an inhibitory
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role in the pathogenesis of peritoneal fibrosis. To further clarify
the role of FGF10 in the pathogenesis of peritoneal fibrosis, we
knocked down the expression of FGF10 via transfecting
si-FGF10 into HMrSV5 cells. Interestingly, the results indi-
cated that the expression levels of «-SMA, Collal, and FN1
markedly increased, whereas that of E-cad was decreased fol-
lowing the transfection, meaning that knocking down the
expression of FGF10 could significantly induce the process of
EMT. Moreover, we found that the transfection of miR-145
mimics into HMrSV5 cells decreased FGF10 expression in
vitro, supporting the targeting of FGF10 by miR-145 already
demonstrated in the luciferase reporter assay in our study.
Then we treated mice with PDF and found decreased expres-
sion levels of FGF10 in the peritoneal tissues, whereas we
observed a similar result when silencing the FGF10 gene, in
which FGF10 expression was also reduced by the up-regula-
tion of miR-145 in vivo. Therefore, our data indicate that
FGF10 is a target of miR-145. Correspondingly, we consid-
ered that the decreased expression of FGF10 was a sign of
peritoneal fibrosis.

Conclusion

In conclusion, we found that TGF-B1 can induce peritoneal
fibrosis by enhancing EMT, that the expression of miR-145 was
up-regulated in TGF-B1-stimulated HMrSV5 cells, and that
the overexpression of miR-145 promoted EMT by targeting
FGF10. Moreover, knocking down the expression of FGF10 sig-
nificantly accelerated the process of EMT. Furthermore, we
found that FGF10 expression was markedly reduced by the up-
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regulation of miR-145 in vivo. Taken together, our data suggest
that miR-145 promotes EMT and peritoneal fibrosis by target-
ing FGF10 in the pathogenesis of peritoneal fibrosis in PD and
implicate miR-145 as a potential therapeutic target for regulat-
ing peritoneal fibrosis in PD.

Materials and methods
Animal model

Male C57BL/6] mice (8 —10 weeks old) were purchased from
the Jinan Pengyue Laboratory Animal Breeding Co. Ltd. All
experimental procedures and animal care were approved by the
Southern Medical University Ethics Committee. The mice were
randomly divided into five groups (n = 10). They were keptin a
controlled environment and provided rodent chow and water.
Investigators were blinded to the experimental treatments. To
develop the mouse model, the mice were intraperitoneally
injected daily with 3 ml of 4.25% dextrose PD solution (Baxter
HealthCare, Deerfield, IL) for 4 weeks. Based on previous stud-
ies (42), we gave the mice ultrasound-microbubble-plasmid
treatment on days 0 and 14 over 28 days. The five groups of
mice were treated as follows: the normal group was fed without

15062 J Biol. Chem. (2019) 294(41) 15052-15067

any treatment, mice in the PD group received daily intraperito-
neal injections of 3 ml of 4.25% dextrose PDF for 4 weeks, and
the three other groups received both PDF and ultrasound-me-
diated miR-145 mimic/inhibitor/control plasmid gene transfer
treatment. After the 28-day PDF treatment, the mice were
killed. The visceral peritoneal tissues were collected and stored
at —80 °C for Western blotting and RT-qPCR. The anterior
abdominal wall was fixed in 4% paraformaldehyde solution for
Masson’s trichrome staining and immunohistochemistry.

Modified peritoneal equilibration test

Modified peritoneal equilibration tests were performed to
measure the ratio of glucose in the peritoneal dialysate and
determine the type of peritoneal solute transport. Before
being killed, the mice were intraperitoneally injected with 3
ml 0f4.25% dextrose PDF. Two hours later, dialysate samples
were collected. The concentrations of glucose in the dialy-
sate were measured using an automated chemistry analyzer
(Chemray240, Rayto, Shenzhen, China). We used D/D, to
represent glucose transport efficiency, where D is the glu-
cose concentration in the 2-h PDF solution, and D,, is the
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glucose concentration of PDF before instillation into the
abdominal cavity.

Transfer of the miR-145 gene into the peritoneum via an
ultrasound-microbubble-mediated system

We used the mmu-miR-145-5p overexpression plasmid to
overexpress miR-145 in peritoneal tissue. The mmu-miR-
145-5p shRNA plasmid was used to suppress miR-145 expres-
sion, and the ShNC vector was used as a control. The sequences
of the three plasmid insertion regions are shown in Sequence
S2—4. Three kinds of plasmid were designed by the GenePha-
rma Company (Shanghai, China) and amplified using the
GoldHi EndoFree Plasmid Maxi Kit (CW2104M, CWBIO, Bei-
jing, China) according to the manufacturer’s instructions.
Three types of plasmid (miRNA-mmu-145-5p mimic, miRNA-
mmu-145-5p inhibitor sponge, and ShNC vector) were each
mixed with sulfur hexafluoride microbubbles (SonoVue,
Bracco Diagnostics, Princeton, NJ) at a ratio of 1:1 (v/v). Then
the mixture containing 200 ug of plasmid in a total volume of 1
ml was injected into the abdominal cavity of mice. We then
applied the ultrasound probe (Sonitron 2000; Rich-Mar Corp.,
Inola, OK) vertical to the anterior surface of the abdominal skin
coated with ultrasound media. A pulse wave at 1 MHz input
frequency and 2 watt/cm? output intensity was applied to the
entire anterior abdominal wall to guide the ultrasound micro-
bubbles to reach the whole peritoneum.

Cell culture and treatment

HMrSV5 cells were obtained from the Key Laboratory of
Nephrology in the First Affiliated Hospital of Sun Yat-Sen Uni-
versity (Guangzhou, China). Cells were maintained in Dulbec-
co’s modified Eagle’s medium/F-12 culture medium (Gibco)
containing 10% heat-inactivated fetal bovine serum (Gibco)
and incubated at a constant temperature of 37 °C in a humidi-
fied incubator with 5% CO,. Before treatment with 10 ng/ml
TGF-B1 (R&D Systems, Minneapolis, MN), the HMrSV5 cells
were incubated without fetal bovine serum for 12 h. The char-
acteristics of the HMrSV5 cell line have been described in pre-
vious studies (49).

RNA transfection

miR-145 mimics (miR10000437), control miRNA mimics
(ctrl mimics) (miR01101), miR-145 inhibitor (miR20000437),
and control miR-145 inhibitor (ctrl inhibitor) (miR2N0000001-
1-5) were designed and synthesized by RiboBio (Guangzhou,
China). The sense strand sequence of miRNA-145 mimics was
5'-GUCCAGUUUUCCCAGGAAUCCCU-3’, and the anti-
sense strand sequence was 3'-CAGGUCAAAAGGGUCCUU-
AGGGA-5". The miR-145 inhibitor sequence was 5'-AGG-
GAUUCCUGGGAAAACUGGAC-3'. The si-FGF10-1 and
negative control siRNA were constructed by Shanghai GeneP-
harma (Shanghai, China). The sequence of the sense strand of
si-FGF10-1 was 5'-CGCUGGAGAAAGCUAUUCUTT-3/,

Table 1

Primer sequences used in RT-qPCR

The forward and reverse primer sequences of human a-SMA, human FN1, human
FGF10, human B-actin, GAPDH, human FGFR2IIIb, mouse a-SMA, mouse FN1,
mouse FGF10, and mouse B-actin were applied in this study.

Gene Primer sequences

Humana-SMA

Forward 5'-CAGCAGATGTGGATCACCAAGCAG-3’

Reverse 5'-CCATTGAGAAGATTCGTCGTCCTGAG-3'
Human FN1

Forward 5'-GAGAATAAGCTGTACCATCGCAA-3’

Reverse 5'-CGACCACATAGGAAGTCCCAG-3'
Human FGF10

Forward 5'-CGGCTGCTGCTGCTGCTG-3'

Reverse 5'-AGGAGAAGGAGGAGGAAGAAGAGTTG-3’

Human B-actin

Forward 5'-CATGTACGTTGCTATCCAGGC-3'
Reverse 5'-CTCCTTAATGTCACGCACGAT-3’
Human GAPDH
Forward 5'-GGCACCGTCAAGGCTGAGAAC-3’
Reverse 5'-GGTGGCAGTGATGGCATGGAC-3’
Human FGFR2IIIb
Forward 5'-CACTCGGGGATAAATAGTT-3'
Reverse 5'-ACTCGGAGACCCCTGCCA-3'
Mouse a-SMA
Forward 5'-GTCCCAGACATCAGGGAGTAA-3'
Reverse 5'-TCGGATACTTCAGCGTCAGGA-3'
Mouse FN1
Forward 5'-GATGTCCGAACAGCTATTTACCA-3’
Reverse 5'-CCTTGCGACTTCAGCCACT-3’
Mouse FGF10
Forward 5'-TGCTCTTCTTCCTCCTCGTCCTTC-3’
Reverse 5'-CCGCTGACCTTGCCGTTCTTC-3'

Mouse B-actin
Forward
Reverse

5'-GTGACGTTGACATCCGTAAAGA-3'
5-GCCGGACTCATCGTACTCC-3'

and the antisense strand sequence was 5'-AGAAUAGCUUU-
CUCCAGCGTT-3'. The siFGF10-2 was designed by RiboBio
(siQ0001). Its target sequence was 5'-ACCTATGCATCATT-
TAACT-3". A specific RNA fragment was transfected into
HMrSV5 cells using Lipofectamine 2000 Reagent (11668019;
Invitrogen) at the recommended concentration (miR-145
mimic, 50 nM; miR-145 inhibitor, 100 nMm; si-FGF10, 100 nm)
according to the manufacturer’s instructions.

RNA extraction and RT-PCR

Total RNA was isolated from cells or peritoneal tissues of
mice with TRIzol reagent (Takara, Dalian, China) according to
the manufacturer’s instructions. Then a reverse transcription
kit (RR047A, Takara) was used for the reverse transcription of
total RNA into cDNA. Afterward, the relative expression of
mRNA was determined by real-time fluorescent quantitative
PCR using SYBR Premix Ex Taq™ II (RR820A, Takara)
according to the manufacturer’s instructions, and the amplified
product was used in conventional RT-PCR. Primer pairs for the
detection of human B-actin and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) are used as the internal control
(Table 1). miR-145-specific PCR primers (MQP-0101, Ribo-
Bio) were used for the reverse transcription of miR-145 fol-

Figure 9. Overexpression of miR-145 aggravated peritoneal fibrosis in vivo, as determined by RT-qPCR, Western blotting, and immunohistochemis-
try. Aand B,immunohistochemistry was applied to assess the expression of Col1a1 (A) and FGF10 (B) in the anterior abdominal walls. Cand D, the mRNA levels
of FGF10 (C) and FN1 and a-SMA (D) were determined by RT-qPCR. E and F, Western blotting confirmed the expression of FN1, a-SMA, and Col1a1 (E) and E-cad
(F). The results are presented as the mean = S.D. (error bars) from three independent experiments. The -fold change is statistically significant. *, p < 0.05; **, p <

0.01; *** p < 0.001. Scale bar, 50 pm.
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lowed by normalization to U6 snRNA (MQP-0201, RiboBio).
The RT-qPCR kit for miR-145 was the same as that mentioned
above. The relative quantification of each gene was calculated
and normalized using the 2722 method.

Western blot analysis

A Western blotting assay was performed to measure proteins
in cells and peritoneal tissues. Total protein was lysed with
radioimmune precipitation assay lysis buffer (P0013B, Beyo-
time, Jiangsu, China) containing 1% phenylmethylsulfonyl fluo-
ride following the manufacturer’s protocol. The protein con-
centration was measured with a bicinchoninic acid (BCA)
protein assay (P011, GeneCopoeia Inc., Rockville, MD) before
denaturing at 99 °C for 5 min. Then the protein solution was
subjected to SDS-PAGE and transferred to a nitrocellulose
membrane (pore size 0.45 wm; Millipore). After blocking the
membrane in 5% skimmed milk in TBS-Tween (20 mm Tris-
HCI, 150 mm NaCl, and 0.1% Tween 20) for 1 h at room tem-
perature, the membrane was then incubated with primary anti-
body at 4 °C overnight. The antibodies used in this study were
as follows: mouse anti-B-actin (1:5000; E021020-02, Earthox),
rabbit anti-FN1 (1:5000; ab2413, Abcam, Cambridge, MA),
mouse anti-E-cad (1:2500; BD Biosciences), rabbit anti-Collal
(1:200; BA0325, Boster Bio-engineering Ltd. Co., Wuhan,
China), rabbit anti-a-SMA (1:1000; ab5694, Abcam), rabbit
anti-FGF10 (1:2000; 345-FG-025, R&D Systems, Minneapolis,
MN), rabbit anti-Snaill (1:1000; AF6032, Affinity Biosciences),
and rabbit anti-ZEB1 (1:500; DF7414, Affinity Biosciences).
The membrane was washed in TBST the next day and then
incubated in secondary antibody solution (1:5000; Earthox) for
1 h at room temperature. The bands’ signals were recorded by
Quantity One software (Bio-Rad) using a Pierce ECL substrate
kit (Millipore). B-Actin was used as the loading control.

Histopathological and immunohistochemical analyses

Mice were deeply anesthetized with pentobarbital, and the
anterior abdominal wall was isolated followed by fixing in 4%
paraformaldehyde. Then the tissues were dehydrated and
embedded in paraffin. Before being stained, the paraffin was
sliced and deparaffinized. The Masson’s trichrome stain kit
(G1006, Wuhan Servicebio Technology Co., Ltd., Wuhan,
China) was used as the staining reagent. The thickness of the
peritoneum was measured by randomly selecting five fields in
each stained slice using a micrometer under the microscope.
The means * S.D. were used to analyze peritoneum thickness.
Immunohistologically, paraffin sections (6 wm thick) were
deparaffinized in xylene and rehydrated in alcohol with
decreasing concentrations. Then the sections were immersed
in sodium citrate antigen retrieval solution (pH 6.0) and main-
tained at a sub-boiling temperature for 8 min by a microwave
oven (P70D20TL-P4, Glanze) to repair the antigen. After that,
3% H,O, was used to block the endogenous peroxidase of sam-
ples at room temperature for 15 min in a dark place. Sections
were then blocked with PBS containing 3% BSA for 30 min at
37 °C. After incubation with primary antibodies overnight at
4°C, the samples were incubated with secondary antibody
(GB23303, Servicebio) and counterstained with hematoxylin.
The primary antibodies used in this study were anti-Collal
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(1:500; ab34710, Abcam, Cambridge, MA) and anti-FGF10
(R&D Systems).

Immunofluorescence

For immunofluorescence, HMrSV5 cells were cultured on
the glass coverslips in 6-well plates. When covering the bottom
area of the 6-well plate by 60-70%, the cells were fixed in 4%
paraformaldehyde solution. About 30 min later, cells were
washed in PBS and then permeabilized with 0.3% Triton for 15
min. After that, the coverslips were blocked in 3% BSA in PBS-
Tween (PBST) for 30 min at room temperature and then incu-
bated with primary antibody at 4 °C overnight. The antibody
used in this experiment was rabbit anti-ZEB1 (1:500; GB11513,
Servicebio). The immunofluorescence of E-cad was performed
when cells were confluently covering the bottom area of the
6-well plate. Mouse anti-E-cad (1:50; BD Biosciences) was used
in the experiment. The coverslips were washed in PBST the
next day, followed by Cy3-conjugated goat anti-rabbit IgG
(1:300; GB21303, Servicebio) or FITC-conjugated goat anti-
mouse IgG (1:300; GB22301, Servicebio) incubation for 50 min
at room temperature. Finally, the nuclei were counterstained
with 4'6’-diamino-2-phenylindole dihydrochloride (G1012,
Servicebio). The fluorescence of ZEB1 was viewed with a Nikon
Eclipse C1 upright fluorescence microscope (Nikon, Tokyo,
Japan) and acquired using Nikon DS-U3 software. The E-cad
fluorescence imaging was performed with the use of confocal
laser-scanning microscopy (Leica SP8).

Luciferase reporter assay

To construct the luciferase reporter vectors, the nucleotide
sequence of the FGF10 3’-UTR region containing the miR-
145-binding sites was searched from a human cDNA library.
The sequence is shown as Sequence S1. This region, which con-
sists of 1451 bp, was amplified by RT-PCR. The sequence of
3'-UTR-specific primer was as follows: F-WT, 5'-
AAAGTTTAAACAGGAAGGCAACGTTTGTGG-3"  (with
Pmel restriction site); R-WT 5'- AAAGCGGCCGCGGCTTA-
TGTATTTATTTAGTGGAATAC-3" (with Notl restriction
site). The mutational constructs of FGF10 3'-UTR were
obtained by replacing 5 nucleotides in the miR-145—binding
site. Steps are as follows. First, primers containing mutated
nucleotide sequences were designed. The sequence of F-mut
was 5'-CGTAATACATGCAAGCATTTTGACCTAAGCAC-
3’, and the sequence of R-mut was 5'-ATGATATGACCCAA-
GTGCTTAGGTCAAAATGC-3'. We used F-WT and R-mut
primer to amplify a nucleotide sequence called fragment 1 and
then used F-mut and R-WT to obtain fragment 2. The final
mutated 3'-UTR of FGF10 was ligated from fragment 1 and
fragment 2. The WT and mut nucleotide sequences of 3'-UTR
were cloned into the psi-CHECK™™-2 vector (Promega, Madi-
son, WI) between the Pmel and Notl restriction sites (Fig. S4D).
After plating HMrSV5 cells in 24-well plates, the two kinds of
vectors were each cotransfected with ctrl mimics (25 pm) or
miR-145 mimics (25 pm) using Lipofectamine 2000 reagent
(11668019, Invitrogen). The luciferase activity was analyzed
using luciferase assay kits (E1910, Promega) 24 h later. Renilla
luciferase activity was normalized to that of firefly luciferase on
a luminometer.
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Statistical analysis

All data are expressed as the mean * S.D. from at least three
independent experiments. Statistical analysis was performed
using one-way analysis of variance, followed by a two-tailed
Student’s ¢ test with SPSS software. p < 0.05 was considered to
indicate a statistically significant difference.
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