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ABSTRACT

The reduced expression levels and functional impair-
ment of global miRNAs are related to various human
diseases, including cancers. However, relatively lit-
tle is known about how global miRNA function may
be upregulated. Here, we report that global miRNA
function can be enhanced by Rho-associated, coiled-
coil-containing protein kinase (ROCK) inhibitors.
The regulation of miRNA function by ROCK in-
hibitors is mediated, at least in part, by poly(A)-
binding protein-interacting protein 2 (PAIP2), which
enhances poly(A)-shortening of miRNA-targeted mR-
NAs and leads to global upregulation of miRNA func-
tion. In the presence of a ROCK inhibitor, PAIP2 ex-
pression is enhanced by the transcription factor hep-
atocyte nuclear factor 4 alpha (HNF4A) through in-
creased ROCK1 nuclear localization and enhanced
ROCK1 association with HNF4A. Our data reveal an
unexpected role of ROCK1 as a cofactor of HNF4A in
enhancing PAIP2 transcription. ROCK inhibitors may
be useful for the various pathologies associated with
the impairment of global miRNA function.

INTRODUCTION

MicroRNAs (miRNAs) are endogenous ~22-nucleotide
RNAs that mediate important gene-regulatory events by
base-pairing with mRNAs, directing their repression (1)
and leading to decreased translational efficiency and de-
creased mRNA levels. Destabilization of target mRNAs is

a major means by which protein expression of the targeted
mRNAs is reduced by miRNAs (2).

While the precise molecular mechanisms of mammalian
miRNA-mediated mRNA decay have not been fully uncov-
ered, recognition of mRNAs by miRNA-induced silencing
complexes results in rapid deadenylation of target mRNAs
(3-5). Among the miRNA-induced silencing complexes,
Argonaute (Ago) and TNRC6 (also known as GW182) are
key proteins that induce deadenylation catalyzed by CAF1-
CCR4-NOT deadenylase complexes, followed by Dcpl-
Dcp2-complex-directed decapping. TNRC6 interacts with
poly(A)-binding protein (PABP), which is required for the
deadenylation and decay of miRNA targets (5-9). PABP
antagonizes miRNA silencing, partly due to the antag-
onism of target mRNA deadenylation, without affecting
bulk protein synthesis (10). Consistently, elevated levels of
PABP-interacting protein 2 (PAIP2), which negatively reg-
ulates PABP function (11,12), enhance miRNA efficacy
(10). While the exact role of PABP in miRNA-directed
deadenylation remains controversial (13), studies indicated
that poly(A) shortening is important in miRNA-directed
mRNA decay (14-16).

Although specific miRNAs can function as tumor sup-
pressors or oncogenes, a general reduction in miRNA ex-
pression and impaired miRNA processing are commonly
observed in human and experimental cancers (17-19). Mu-
tations in Dicer, a ribonuclease (RNase) III enzyme re-
quired for the production of mature miRNAs in the cyto-
plasm, were clinically identified in tumors (20-22). A het-
erozygous Dicerl null mutation in mice leads to oncogenesis
via reduced expression of miRNAs (23), consistent with the
notion that globally reduced expression or function of miR-
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NAs may be related to tumorigenesis. Thus, enhancers of
miRNA function may be useful for the treatment of patho-
logical conditions caused by reduced function of miRNAs.

We screened a comprehensive drug library and identi-
fied a Rho-associated, coiled-coil-containing protein kinase
(ROCK) inhibitor as an enhancer of overall miRNA func-
tion. Enhancement of miRNA function by a ROCK in-
hibitor was found to be mediated by shortening the poly(A)
length of targeted mRNAs by miRNAs. We showed that
use of a ROCK inhibitor enhances the interaction between
ROCKI1 and HNF4A, a transcription factor involved in
PAIP2 transcription. Our results reveal a new way of en-
hancing miRNA function, which may help prevent the
pathological conditions caused by reduced miRNA func-
tion.

MATERIALS AND METHODS
Cells and reagents

Details of the cells and reagents used are provided in the
Supplementary Materials and Methods.

Primers

Primers used in this study are listed in Supplementary Table
S1.

Plasmids, viral transduction, transfection, luciferase assays
and drug screening

Plasmid construction, lentiviral transduction and drug
screening are described in the Supplementary Materials and
Methods. Transfection and dual luciferase assays were per-
formed as described previously (24).

RNA isolation, qRT-PCR and northern blotting

RNA isolation and qRT-PCR analysis were performed as
described previously (24). All values were normalized to the
mRNA level of the housekeeping gene, GAPDH, the ex-
pression of which was unaffected by ROCK inhibition in the
cDNA microarray analyses. Relative expression was calcu-
lated according to the AACt method: AACT = ACrsample
- ACtgappu- Construction of Tet-regulated B-globin plas-
mids with three let-7 recognition sites (let-7wt) or mu-
tated let-7 recognition sites (let-7mut) in the 3'-UTR was
described previously (4). miRNAs bound to Ago2 pro-
tein were purified by immunoprecipitation using an Ago2-
microRNA Isolation Kit (Wako, Osaka, Japan). The north-
ern blotting procedure is described in the Supplementary
Materials and Methods. Northern blot analyses of miRNAs
were performed as described previously (24).

c¢DNA oligoarrays and miRNA microarrays

cDNA microarray analysis to determine transcriptional
changes after ROCK inhibitor treatment was performed
using cDNA oligo chips (Toray Industries, Tokyo, Japan).
Data were deposited in a public database (GEO; accession
number GSE32024). miRNA microarray analysis was per-
formed using miRNA oligo chips (Toray Industries). The
data were deposited in a public database (GEQO; accession
number GSE33876).

Subcellular fractionation and western blot analysis

Western blotting was performed as described previously
(24). Protocols for subcellular fractionation and the anti-
bodies used are described in the Supplementary Materials
and Methods.

mRNA degradation assay

mRNA degradation was determined as described previ-
ously (25). Briefly, cells were pretreated with 10 wM Y27632
in phosphate-buffered saline (PBS) or PBS only (negative
control), which was added to cells for 6 h, then treated with
Actinomycin D for 0, 3, 6 or 12 h to block transcription.
mRNA degradation was determined by qRT-PCR.

EMSA, ChIP and FACS

Nuclear extracts were prepared as described previously (26).
Electrophoretic mobility shift assay (EMSA), ChIP and
FACS methods are described in detail in the Supplementary
Materials and Methods.

Transcription factor search

The search for possible transcription factors was conducted
using the MATCH (Matrix Search for Transcriptional Fac-
tor Binding Sites) database (http://www.gene-regulation.
com) (27).

Immunoprecipitation, in vitro binding assay and immunocy-
tochemistry

Detailed protocols for immunoprecipitation, binding assay
and immunocytochemistry are provided in the Supplemen-
tary Materials and Methods.

Statistical analysis

Significant differences between groups were determined by
Welch’s ¢-test. P-values <0.05 were considered to indicate
statistical significance.

RESULTS
ROCK inhibition enhances miRNA function

We used cell-based reporter systems for in vitro moni-
toring of miRNA function to identify compounds that
enhance miRNA-mediated gene silencing. Two tandem
miR-122 binding sites were inserted into the 3' UTR of
the CMV promoter-driven firefly luciferase gene. This re-
porter construct was transiently co-transfected with miR-
122-precursor-overexpressing plasmids into 293T cells. Lu-
ciferase values were monitored to determine whether a
given compound enhanced or inhibited miRNA-mediated
gene suppression. After three rounds of initial screening
using a chemical library containing 1280 compounds, we
selected 30 compounds that reduced the relative luciferase
values by at least 75% or to less than one-quarter of the
original value as potential enhancers of miRNA function
(Supplementary Table S2). Further analysis revealed that


http://www.gene-regulation.com

most of these compounds caused cell death or inhibited cell
growth, with the exceptions of Y27632, a ROCK inhibitor,
and MNS, a Src and Syk kinase inhibitor (Supplementary
Table S2). Similar screening was performed using another
independent chemical library containing 322 compounds;
we again selected potential enhancers of miRNA function
and identified four ROCK inhibitors (Supplementary Ta-
ble S3). Although H1152, a ROCK inhibitor, had slightly
negative effects on cell viability, no significant effects of
Y27632 were observed (Supplementary Table S3). To con-
firm these results in other cell lines, additional screening
was performed using transiently transfected human colon
cancer Caco? cells, with reporter constructs containing let-
7-binding sites and a let-7-precursor-expressing plasmid.
ROCK inhibitors exhibited reproducible enhancement of
miRNA function (Supplementary Table S4). Finally, we ex-
amined the selected compounds in HCT116 cells, another
colon cancer cell line, with the let-7 reporter and precursor-
expressing constructs, and confirmed the effects of ROCK
inhibition on miRNA function (Supplementary Table S4).
The ROCK inhibitor Y27632, which consistently enhanced
miRNA function without affecting cell viability, was used
to confirm enhanced miRNA-mediated gene expression by
testing its effects on inhibition mediated by various miR-
NAs (Figure 1A). The response was miRNA-dependent
since it was not observed in Dicer-knockout Mouse Em-
bryonic Fibroblasts (MEFs) (Figure 1B and Supplementary
Table S5). The effect of the ROCK inhibitor was found in
all cell lines tested regardless of whether or not the reporter
mRNA was targeted by overexpressed miRNAs or endoge-
nous miRNAs (Figure 1C and D, and Supplementary Ta-
ble S5). We also analyzed the effect of ROCK inhibition on
levels of the endogenous protein CAT-1, whose expression
is regulated mainly by endogenous miR-122 (28). ROCK
inhibition reduced the expression of CAT-1 in Huh7 cells,
likely by enhancing miRNA-122 function (Figure 1E). To
confirm that inhibition of ROCK was responsible for the
enhancement of miRNA function we assessed another clin-
ically used ROCK inhibitor, fasudil, and found that it also
enhanced miRNA-mediated repression of gene expression
without appreciable effects on cell viability (Supplementary
Figure S1).

ROCK inhibition enhances the deadenylation of miRNA-
targeted mRNAs

To determine the mechanisms by which ROCK inhibition
enhances miRNA function, we examined the expression of
the miRNA pathway-related molecules Drosha, DGCRS,
Dicer, Ago2, Gemin3 (DDX20), Gemin4d and KSRP in
the presence or absence of Y27632; no significant differ-
ences in protein expression were evident (Figure 2A). Next,
we examined the expression and maturation of miRNAs
and found no ROCK-inhibitor-induced changes in the ex-
pression levels of mature endogenous let-7b, miRNA-122,
miRNA-140-5p or miRNA-185 by quantitative RT-PCR
(Supplementary Figure S2A). Northern blotting of over-
expressed miR-122 confirmed these findings (Figure 2B).
Comprehensive miRNA microarray analysis showed that
ROCK inhibition did not significantly alter the expression
levels of mature miRNAs (Supplementary Figure S2B).
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We determined the effect of ROCK inhibition on
the loading of miRNAs onto RNA-induced silencing
complexes (RISCs). We isolated Ago2-containing RISCs
through immunoprecipitation from ROCK inhibitor-
treated or non-treated 293T, Huh7 and Caco2 cells and
quantified miRNAs associated with Ago2 (Supplementary
Figure S2C and D). qRT-PCR revealed that when similar
amounts of Ago2 protein were immunoprecipitated, the
amount of miRNA associated with Ago2-containing
RISCs was not altered by Y27632 (Supplementary Figure
S2D), suggesting that ROCK inhibition does not affect the
loading of miRNAs onto RISCs.

Finally, we examined whether ROCK inhibition affected
the stability of miRNA-targeted mRNAs. mRNA expres-
sion of the miR-122-targeted gene CAT-1 was reduced by
~50% after treatment with ROCK inhibitor for 12 h (Sup-
plementary Figure S2E), correlating with the reduction in
CAT-1 protein level (Figure 1E). To exclude the possibil-
ity that ROCK inhibitor treatment affects CAT-1 promoter
activity, we measured the CAT-1 mRNA decay rate in the
presence or absence of Y27632. Actinomycin D (ActD) was
used to stop all cellular transcription after preincubation
with Y27632 for 6 h. CAT-1 mRNA decay was enhanced
by Y27632 in miR-122-overexpressing HepG?2 cells (Fig-
ure 2C). In contrast, Y27632 had no effect on the stability
of CAT-1 mRNA in non-miR-122-overexpressing HepG2
cells, suggesting that the effect of Y27632 was miR-122-
dependent, consistent with reported data that HepG2 cells
express only trace levels of miR-122 (29) (Supplementary
Figure S2F). The enhanced effect was also Dicer-dependent
because miR-122-targeted luciferase reporter mRNA de-
cay was unaffected by Y27632 in Dicer-knockout MEFs
(Figure 2D), and, more importantly, the reporter carry-
ing mutations in miR-122-target sequences was unaffected
by Y27632 (Supplementary Figure S2G). An endogenous
let-7-targeted LIN28B reporter mRINA was also analyzed
in wild-type and Dicer-/- MEFs (Figure 2E). Y27632 in-
creased the decay of LIN28B mRNA in a Dicer-dependent
manner. Thus, our data suggest that ROCK inhibition pro-
motes miRNA-mediated degradation of mRNA targets.

Deadenylation of target mRNAs plays an initial role
in miRNA-mediated mRNA decay (3,4,15,30). To moni-
tor miRNA-mediated deadenylation and mRNA decay, we
used a construct with a tetracycline (Tet)-promoter-driven
B-globin open reading frame (ORF) containing three let-7
recognition sites in its 3'-UTR (4) (Figure 2F). After trans-
fection of this construct into HeLa-Tet-off cells, addition
of Tet derivative doxycycline (Dox) to the cells resulted in
rapid and complete cessation of transcription from this con-
struct, but did not affect the cell viability or expression
of other genes (Supplementary Figure S2H and I). North-
ern blotting showed that Y27632 increased deadenylation
and mRNA decay in cells treated with Dox (Figure 2G).
These effects were let-7-dependent because mutation of let-
7 recognition sites in the globin 3’-UTR (Figure 2F) ab-
rogated ROCK-inhibitor-mediated enhancement of dead-
enylation (Figure 2H). Similar tendencies were identified in
the changes in poly(A) length of HMGA2 mRNA, an en-
dogenous let-7 target gene (Supplementary Figure S2J), by
a ligation-mediated poly(A) test assay. These results suggest
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Figure 1. ROCK inhibition enhances miRNA function. (A) ROCK inhibitor Y27632 enhanced miRNA-mediated gene expression-suppressive effects. A
reporter containing let-7-responsive elements was transfected together with a let-7-precursor overexpression plasmid into 293T cells. A reporter containing
mutated let-7-responsive elements, which principally do not respond to let-7, was also included as a control. The values shown represent firefly luciferase
values divided by those of renilla luciferase to normalize for transfection efficiency. Data represent the means & S.D. of three experiments. *P < 0.05.
Similar trends were observed when using miR-122, miR-140-5p or miR-185. (B) The effects of Y27632 were miRNA-dependent. The enhancement of
miRNA function by Y27632 was observed in Dicer (+/+) MEFs, but not in Dicer (—/—) MEFs. Relative luciferase activity was calculated by adjusting the
value (firefly luciferase value divided by renilla luciferase value) from the control sample as ‘1°. Data represent the means =+ S.D. of three experiments. * P
< 0.05. White bars, control; black bars, Y27632 treatment. (C, D) The effects of Y27632 on endogenous cellular miRNA function. Cells were transfected
with reporter constructs to determine the effects of Y27632 on endogenous miRNA function. A let-7 reporter (C) and miR-122 reporter (D) were used.
Because miR-122 was expressed only in Huh7 cells, its effects were evident only in this cell line (D). Relative luciferase values were calculated as described
in (B). Data represent the means + S.D. of three experiments. *P < 0.05. White bars, control; black bars, Y27632 treatment. (E) Protein expression of
CAT-1, a miR-122 target gene, was suppressed by Y27632 treatment in Huh7 cells. Huh7 cells were treated with Y27632 for the indicated times. CAT-1
protein expression was determined by western blot analysis. Representative images from three independent experiments are shown.
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Figure 2. ROCK inhibition enhances deadenylation of miRNA-targeted mRNAs. (A) Huh7 cells were treated with Y27632. Western blotting results shown
are representative of two independent experiments. Similar results were obtained using Caco?2 cells. (B) Levels of mature miR122 and pre-miR-122 were
measured by northern blotting and normalized to U6 snRNA levels. Total RNA from lysates of non-transfected Huh7 cells or Huh cells transfected with a
miR-122 precursor-expressing plasmid were used. nt, nucleotides. The results shown are representative of three independent experiments. (C) HepG2 cells
were transfected with a miR-122 precursor-expressing plasmid. Y27632 was applied either simultaneously or 6 h before treatment with ActD. Levels of
CAT-1 mRNA after ActD treatment were determined at the indicated time points by qRT-PCR. Data represent the means + S.D. of three experiments. * P
< 0.05. (D) The depression of miRNA target mRNA expression by Y27632 was miRNA-dependent. Levels of luciferase mRNA expressed from a luciferase
reporter construct with miR-122-responsive elements in its 3’-UTR were determined after transfection with a miR-122 precursor-expressing plasmid into
Dicer (—/-) (left panel) and Dicer (+/+) (right panel) MEFs as described in (C). Data represent the means + S.D. of three experiments. *P < 0.05. (E)
The effects of Y27632 were detected using natural target sites and endogenous miRNA. A luciferase reporter construct carrying a region of the 3’-UTR of
Lin28B mRNA targeted by let-7 was transfected; luciferase mRNA levels were determined as described in (D). Data represent the means & S.D. of three
experiments. *P < 0.05. (F) Constructs used to determine the kinetics of deadenylation. B-globin ORFs with three wild-type let-7 target sites (let-7 wt) or
mutated let-7 target sites (let-7 mut) were used. The transcription of these constructs in HeLa-Tet-off cells was regulated by doxycycline. (G, H) Northern
blots showing deadenylation and decay of let-7 wt (G) and let-7 mut (H) B-globin constructs after transcription was stopped in cells that were pretreated
(or not) with Y27632. Cells were treated with Y27632 for 6 h and then transcription from the constructs was stopped using doxycycline. B-actin mRNA
levels were used for normalization. Representative blotting images are shown. Plots below the blotting images show the poly(A) shortening by indicating
the distances from the position of poly(A)~ and the B-globin reporter mRNA levels after normalization. Poly(A)~ RNA was prepared in vitro by treating
the RNA sample with oligo(dT) and RNase H. Data represent the means + S.D. of five independent experiments. *P < 0.05.
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that Y27632 selectively enhances deadenylation of miR NA-
targeted mRNAs, but not non-targeted reporter mRNAs.

Increased PAIP2 expression is involved in ROCK inhibitor-
mediated mRNA deadenylation

To date, there is no information on the relationship between
ROCK inhibition and miRNA function. We noticed that
prolonged pretreatment with Y27632 was required to detect
increased decay of miRNA-targeted mRNA when ActD
was used to block global transcription (Figure 2C). Y27632
had no detectable effect when applied simultaneously with
ActD. One possibility is that ROCK inhibition induces de
novo protein synthesis and that newly synthesized proteins
function to enhance miRNA-targeted mRNA degradation.
To evaluate this, we compared the decay of a B-globin re-
porter mRNA driven by a Tet-off promoter after addition
of Dox or ActD with or without Y27632. When transcrip-
tion of a B-globin reporter mRNA containing wild-type let-
7 binding sites was blocked by Dox, the ROCK inhibitor en-
hanced mRNA decay; however, when transcription was in-
hibited by ActD, the ROCK inhibitor had no detectable ef-
fect (Figure 3A). Thus ROCK inhibitors most likely require
de novo protein synthesis to enhance miRNA function.

Microarray analysis was performed to identify genes
whose expression in 293T cells changed 3 and 6 h after
ROCK inhibitor treatment. Of the 24 267 genes examined,
369 were more than 2-fold upregulated and 371 were at
least 2-fold downregulated 3 or 6 h after ROCK inhibi-
tion (GEO accession number GSE32024). Analysis of these
369 genes revealed that PABP-interacting protein 2 (PAIP2)
was a candidate participant in ROCK-inhibitor-mediated
enhancement of miRNA function (please see the Supple-
mentary Text). As PAIP2 stimulates mRNA deadenylation
by displacing PABP from poly(A) tails (11,12), its induc-
tion by Y27632 could be involved in Y27632-mediated en-
hancement of mRNA deadenylation. We first confirmed
that ROCK inhibitor Y27632 treatment increased PAIP2
expression, PAIP2 mRNA and protein levels in 293T and
Caco? cells (Figure 3B and C, and Supplementary Figure
S3A).

To assess the involvement of PAIP2 in miRNA func-
tion, we established stable PAIP2-knockdown 293T and
Caco?2 cells (Figure 3D and Supplementary Figure S3B).
Enhancement of miRNA function by Y27632 was almost
completely lost in PATP2-knockdown cells, irrespective of
the miRNA species examined (Figure 3E and F, and Sup-
plementary Figure S3C and D), suggesting that PAIP2 is
a key player in ROCK-inhibitor-enhanced miRNA func-
tion. Another PAIP2 knockdown construct showed simi-
lar results in Caco? cells, excluding the possible off-target
effects of knockdown constructs (Supplementary Figure
S3E-G). Results from the PAIP2-knockdown experiments
in Hela-Tet-off cells also demonstrated the same impor-
tance of PAIP2 in ROCK-inhibitor-mediated enhancement
of deadenylation and reporter mRNA decay (Supplemen-
tary Figure S4A and B). We did not detect an interaction
between PAIP2 and Ago2 (Supplementary Figure S4C),
suggesting that PAIP2 does not function via interaction
with RISC complex. While the increase in PAIP2 expression
was modest (Figure 3B and C), PAIP2 overexpression at a

level comparable to that observed in Y27632-treated Caco2
cells indeed enhanced miRNA function to a level similar to
Y27632 treatment (Supplementary Figure S4D and Supple-
mentary Table S5). These results are consistent with previ-
ous reports that PAIP2 affects miRNA function by enhanc-
ing deadenylation of miRNA-targeted mRNAs (10).

HNF4A participates in ROCK-inhibition-enhanced PAIP2
expression

To determine the mechanisms by which ROCK inhibi-
tion increases PAIP2 expression, we examined PAIP2 pro-
moter activity by analyzing nucleotides —1754 to +100 of
the PAIP2 promoter. Deletion construct analysis showed
that the region from —1223 to —727 was responsible for
Y27632-induced enhancement of PAIP2 promoter activity
(Figure 4A and B). A computational search revealed that
four transcriptional factors, hepatocyte nuclear factor 4A
(HNF4A), cut homeobox 1 (CUXI1), organic cation trans-
porter 1 (Octl) and aryl hydrocarbon receptor/aryl hydro-
carbon receptor nuclear translocator (AhR/Arnt), likely
participate in the regulation of PAIP2 expression (Sup-
plementary Figure S5A). An EMSA showed that a shift
of only the HNF4A-binding sequence was enhanced by
Y27632 (Figure 4C, and Supplementary Figure S5B and
C). To determine whether DNA binding of the protein
was increased by HNF4A, probes with artificial HNF4A-
targeting sequences were used in a gel-shift assay, confirm-
ing that Y27632 enhanced the binding of HNF4A to DNA
(Figure 4D). The binding was HNF4A-specific, because no
shifted bands were observed using PAIP2 promoter probes
with mutations at possible HNF4-binding sites (Supple-
mentary Figure S5D). Additionally, binding of HNF4A to
PAIP2 promoter regions was confirmed by chromatin im-
munoprecipitation (Figure 4E). HNF4A knockdown ex-
periments further confirmed that HNF4A is a mediator of
ROCK inhibition, because HNF4A knockdown cells did
not exhibit enhanced miRNA function upon ROCK inhibi-
tion (Supplementary Figure SSE and Supplementary Table
S5). Since levels of HNF4A were not affected by Y27632
treatment in the tested cells (Supplementary Figure SS5F),
we next examined the molecular mechanisms underlying the
effect of ROCK inhibition on the transcriptional activity of
HNF4A.

ROCK inhibition enhances the binding of HNF4 and ROCK1

Both phosphorylation and lysine acetylation of HNF4A af-
fect its transcriptional activity (31-33). Therefore, we first
examined changes in post-translational modifications of
HNF4A after ROCK inhibition, but detected no changes
in such modifications under our experimental conditions
(Supplementary Figure S6A). Next, to determine the mech-
anism by which the transcriptional ability of HNF4A is
enhanced by ROCK inhibition, we investigated the inter-
action between HNF4A and two ROCK paralogs by im-
munoprecipitation of overexpressing flag-tagged HNF4A.
There was a clear interaction between HNF4A and cel-
lular endogenous ROCK 1 and not ROCK?2 (Figure 5A).
Moreover, the interaction between HNF4A and ROCK1
was significantly enhanced upon treatment with the ROCK
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Y27632 with Dox or ActD treatment. Data represent the means &+ S.D. of three experiments. *P < 0.05. (B) PAIP2 mRNA levels in 293T cells were
determined by qRT-PCR at 6 h after Y27632 treatment. Data represent the means & S.D. of three experiments. *P < 0.05. Similar results were obtained
using Caco?2 cells. (C) PAIP2 protein levels in Caco2 cells treated with Y27632 were determined at the indicated time points by western blotting. (D)
Confirmation of reduced PAIP2 protein levels in PAIP2-knockdown Caco?2 cells. (E, F) Y27632 did not enhance miRNA function in PAIP2-knockdown
Caco?2 cells. Cells were transfected with a reporter construct and the corresponding miRNA precursor-expressing plasmid [let-7 in (E) and miR-122 in (F)]
and the effect of Y27632 was determined. Data represent the means + S.D. of three experiments. *P < 0.05.

inhibitor (Figure 5A). To confirm the binding between
HNF4A and ROCK1, we used HCT116 cells transfected
with a halo-tagged ROCK1-expressing plasmid and flag-
tagged HNF4A-expressing plasmid. Endogenous ROCK 1
and halo-tagged ROCKI1 proteins were co-precipitated by
immunoprecipitation of the flag-tagged HNF4A protein.
Consistent with the data shown in Figure 5A, the inter-
action between HNF4A and ROCK1 was enhanced upon
treatment with the ROCK inhibitor (Figure 5B).

HNF4A is a member of the nuclear receptor fam-
ily of transcriptional factors and has conserved domains:
A/B (including activation function), C (DNA binding),
D (hinge), E (ligand binding) and F (negative regulatory)
(34,35). To identify the regions in HNF4A responsible
for binding with ROCKI1 protein, we constructed flag-
tagged deletion constructs of HNF4A-protein-expressing
plasmids (Figure 5C). Cellular ROCK1 protein was co-
immunoprecipitated with the full-length HNF4A protein
or the HNF4A protein containing the A/B and C regions,
but not with HNF4A protein containing only the A/B re-
gions (Figure 5D). This suggests that ROCK1 binds to the
C region of HNF4A protein, which may enhance HNF4-
DNA binding (please see below), similar to the interaction
between CBP and HNF4A, which increases HNF4A DNA
binding (33).

ROCKI1 protein is localized mainly in the cytoplasm
(36,37), whereas HNF4A is mainly in the nucleus (33);
therefore, it is possible that these two molecules rarely inter-

act naturally within cells. Thus, we re-examined the precise
subcellular localization of these two molecules using confo-
cal microscopy. HNF4A was located exclusively in the nu-
cleus whereas ROCK 1 was located mainly in the cytoplasm
but detectable in the nucleus (Supplementary Figure S6B).
Furthermore, upon treatment with the ROCK inhibitor,
nuclear-localized ROCK1 increased, and co-localization of
ROCK1 and HNF4A was detected in some cells (Sup-
plementary Figure S6B). These localization changes were
confirmed by western blotting using subcellular-fractioned
lysates (Figure SE). These results suggest that inhibition of
ROCK enhances its translocation into the nucleus, which in
turn could result in increased binding between HNF4A and
ROCKI.

To further examine the effects of ROCK inhibition on
the interaction between HNF4A and ROCK, purified flag-
tagged HNF4A and ROCKI1 proteins were mixed in vitro
with or without the ROCK inhibitor and immunoprecip-
itated using an anti-flag antibody. ROCKI1 binding with
HNF4A was enhanced in the presence of the ROCK in-
hibitor (Figure 5F), suggesting that a structural change
within ROCKI1, upon binding with its inhibitor, facili-
tates the ROCKI1-HNF4A interaction. Furthermore, the
amount of HNF4A protein bound to PAIP2 promoter
DNA was increased slightly in the presence of ROCK1 pro-
tein, but increased significantly upon addition of the ROCK
inhibitor, as determined by gel-shift assay using purified
HNF4A and ROCKI proteins (Figure 5G). The effects of
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ROCK inhibition were ROCK I-specific because there was
no effect when only HNF4A protein was used (lanes 2 and 3
in Figure 5G). Collectively, our results suggest that HNF4A
and ROCKI interact in nuclei and that this interaction is
enhanced by ROCK inhibition by both increasing the intra-
nuclear levels of ROCKI protein and enhancing the binding
affinity of ROCK 1 to HNF4A.

Effects of ROCK inhibition are independent of its kinase ac-
tivity

To further test whether the effects of ROCK1 on HNF4A
by ROCK inhibition are dependent on its kinase activity, we
tested a kinase-dead construct of ROCK1 (ROCK1-KA)
(38), which showed a similar defect of kinase activity to that
of wild-type ROCKI treated with the ROCK inhibitor (Fig-
ure 6A and B). The binding of ROCK1 and HNF4A, as
well as HNF4A and the PAIP2 promoter, was similar to that
of wild-type ROCK 1 when using the ROCK-KA construct
(Figure 6C and D); ROCK inhibition still enhanced these
effects (Figure 6C and D), suggesting that the observed ef-
fects are independent of kinase activity.

Next, to determine whether nuclear localization of
ROCKI1 is the sole cause of the effects on HNF4A, we
constructed nuclear-localizing ROCK 1 (ROCK 1-m9) (Fig-
ure 6E) by fusing a nuclear localizing signal (m9) to its
C-terminus (39). Although PAIP2 promoter activity was
higher when expressing ROCK1-m9, it was further en-

hanced by ROCK inhibition (Figure 6F). These results con-
firm that ROCK inhibition enhances the effects of ROCK 1
on HNF4A, in addition to changing its subcellular localiza-
tion.

DISCUSSION

ROCK is a downstream kinase of RhoA (40) but here we
show that ROCK inhibition enhances miRNA-mediated
gene repression. We found that ROCK interacts with tran-
scription factor HNF4A and ROCK inhibitors enhance
this interaction. HNF4A acts as an effector of the ROCK
inhibitor to enhance the expression of the deadenylation-
related protein PAIP2, which promotes the degradation of
miRNA-targeted mRNAs.

ROCK is known to mediate RhoA signaling in regulating
various cellular functions, including smooth muscle con-
traction, cell adhesion and motility, cytokinesis and gene ex-
pression. Y27632 is widely used as a representative ROCK
inhibitor. Y27632, developed as a pyridine derivative, is
highly specific (41), and such specificity was confirmed in
a subsequent study (42). In addition, structural studies
have revealed that Y27632 binds to the inter-subdomain
cleft where the substrate ATP is known to bind, and that
Y27632-bound Rho kinase undergoes an induced-fit con-
formational change, providing the structural basis for its
high selectivity (43). Results indicating that ROCK inhi-
bition enhances miRNA-mediated gene repression found
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in this study were surprising. During the preparation of
this manuscript, ROCK activity was reported to be impor-
tant for the expression of a number of miRNA transcripts
(44). However, in our microarray study, we detected no
changes in mature miRNA expression levels due to ROCK
inhibition. Rather, we found that ROCK inhibitors func-
tion by increasing HNF4A-dependent PAIP2 expression
and enhanced miRNA-targeted mRNA deadenylation. Be-
cause PAIP2 displaces PABPs from poly(A) tails (11,45), it
will be interesting to see if ROCK inhibitors may regulate
the degradation of other decay pathway such as AU-rich
element-mediated mRNA decay.

Consistent with our results, there is a report that PAIP2
knockdown and PABP overexpression diminished miRNA
function, and the elevated levels of endogenous PAIP2 en-
hanced miRNA efficacy (10). However, whether PABP sta-
bilizes mRNA adenylation is still controversial, and there
are contradicting reports that PABP is required for CCR4-
mediated deadenylation (46-48).

In addition, the specificity of enhanced miRNA-
mediated mRNA decay upon increased PAIP2 expression
without affecting most mRNAs, regardless of miRNAs,
remains a major question. Previous studies using PABP
knockdown or PAIP2 expression also reported no signifi-
cant reduction in bulk protein synthesis (10,45), suggesting
that changes in PABP or PAIP2 expression levels may
retain some specificity in gene expression regulation. While
we can assume that miRNA-mediated mRNA decay may
be more sensitive to increased PAIP2 expression levels
than non-miRNA-targeted, nonspecific mRNA decay, the
precise mechanisms of this specificity await further exami-
nation. Nontheless, although there is still some debate over
the role of PABP in the deadenylation of miRNA-targeted
mRNAs (9,10,13,14,49), our results, along with those from
a previous report (4), suggest that inhibition of PABP ac-
tivity upon increased PAIP2 expression augments miRNA
silencing, due at least in part to enhanced deadenylation of
target mRNA.

Transcription of PAIP2 was enhanced by increased bind-
ing of HNF4A, a transcription factor, to the PAIP2 pro-
moter. Post-translational modifications of HNF4A affect
its transcriptional activity (50,51) and ROCKI1, as a ki-
nase, may be involved in post-translational modification of
HNF4A. Therefore, we examined these modifications, but
found that they did not appear to play a major role. Rather,
we found that ROCK1 binds to HNF4A, which enhances
HNF4A binding to its target consensus DNA and PAIP2
promoter regions. HNF4A has a nuclear receptor domain
organization composed of five domains (34,52). Our re-
sults indicate that ROCK1 binds to the DNA-binding do-
main (C domain), which may affect DNA-binding affinity
(53). It has been reported that binding to this domain by
some proteins such as protein arginine methyltransferase
1 (PRMT1) augments DNA-binding affinity (54). Our re-
sults suggest that the binding of ROCK1 to the C domain
of HNF4A promotes binding to target DNA regions, simi-
lar to PRMT1. While the precise conformational changes of
HNF4A due to ROCK1 docking remain to be elucidated,
the importance of conformational changes induced by co-
factors in the nuclear receptor family is currently under in-
vestigation (34).
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HNF4A is a nucleoprotein and ROCK1 is normally
present in the cytoplasm. However, in some circumstances,
such as under TGFb stimulation, ROCK translocates into
the nucleus (55,56). Translocation into the nucleus has been
reported even under normal conditions, but more signif-
icantly upon application of a ROCK inhibitor, as in this
study. Translocation was not observed in all cells, suggest-
ing that it may depend on the cell cycle or other factors.
Structural solutions of ROCK1 complexes with inhibitors,
such as Y27632, fasudil and H-1152, should provide cru-
cial insight into the understanding of ROCKI1 inhibitor
induced structural changes in ROCK1 (43,57). Moreover,
since the binding of ROCKI1 with HNF4A can be en-
hanced by a ROCK inhibitor in vitro, in addition to in-
creased translocation of ROCK1 into the nucleus, ROCK
inhibitors should also be able to enhance the binding affin-
ity of ROCK1 for HNF4A. Both of these effectors could
be mediated by ROCK inhibitor-induced conformational
changes in ROCK1.

Our results suggest that ROCK inhibitors enhance
miRNA function by promoting miRNA-mediated mRNA
decay. These effects may be similar for any type of miRNA.
As we and others have reported, a global reduction in
miRNA levels is a general trait of human cancers and plays
a causal role (17-19). Although failure of eyelid and ven-
tral body wall closure were reported in ROCK 1-knockout
mice (58,59), these are related to embryonic developmen-
tal processes. The ROCK inhibitor fasudil is used clinically
for the treatment of cerebral vasospasms; thus, its safety
has already been demonstrated. The effects of the ROCK
inhibitor-induced increase in global miRNA activity, in ad-
dition to the inhibitory effects on cell-autonomous promo-
tion of tumor cell invasion and metastasis (57), may be use-
ful for preventing carcinomas or other pathological condi-
tions caused by a global reduction in, or insufficient activity
of, miRNAs.
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