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MiR-23b Regulates CDK-activating Kinase complex through
Cyclin H Repression to Modulate Endothelial Transcription and
Growth under Flow

Kuei-Chun Wang", Phu Nguyen®, Anna Weiss”, Yi-Ting Yeh*, Hou Su Chien®, Alicia Lee",
Dayu Teng”, Shankar Subramaniam®, Yi-Shuan Li**, and Shu Chien™*

*Department of Bioengineering and Institute of Engineering in Medicine, University of California,
San Diego, La Jolla, CA

Abstract

Objective—The site-specificity of endothelial phenotype is attributable to the local
hemodynamic forces. The flow regulation of microRNAs (miRNAS) in endothelial cells (ECs)
plays a significant role invascular homeostasis and diseases. The objective of this study is to
elucidate the molecular mechanism by which the pulsatile shear flow (PS)-induced miR-23b
exerts anti-proliferative effects on ECs.

Approach and Results—We used a combination of a cell perfusion system and experimental
animals to examine the flow regulation of miR-23b in modulating EC proliferation. Our results
demonstrated that PS induces the transcription factor KLF2 to promote miR-23b biosynthesis; the
increase in miR-23b then represses cyclin H to impair the activity and integrity of CDK-activating
kinase complex (CAK). The inhibitory effect of miR-23b on CAK exerts dual actions to (1)
suppress cell cycle progression, and (2) reduce basal transcription by deactivating RNA
polymerase Il. While PS regulates the miR-23b/CAK pathway to exert anti-proliferative effects on
ECs, oscillatory shear flow (OS) has little effect on the miR-23b/CAK pathway and hence does
not cause EC growth arrest. Such flow pattern-dependent phenomena are validated with an in vivo
model on rat carotid artery: the flow disturbance induced by partial carotid ligation led to a lower
expression of miR-23b and a higher EC proliferation in comparison to the pulsatile flow regions of
the unligated vessels. Local delivery of miR-23b mitigated the proliferative EC phenotype in
partially ligated vessels.

Conclusions—Our findings unveil a novel mechanism by which hemodynamic forces modulate
EC proliferative phenotype through the miR-23b/CAK pathway.
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Introduction

Hemodynamic forces play a pivotal role in modulating the physiological and pathological
behaviors of vascular endothelial cells (ECs)?. Pulsatile shear flow (PS), which exists in the
straight part of arterial tree with a high shear stress and a clear forward direction, is
associated with quiescent ECs presenting the athero-protective phenotypes?. In contrast, the
disturbed oscillatory shear flow (OS), which exists at vascular curvatures and bifurcations
and has no clear flow direction, converts ECs toward a more active state associated with
pro-inflammatory phenotypes with high EC turnover and atherogenic gene expressionss.
Recent studies have demonstrated that microRNAs (miRNAS) participate in the flow
regulation of endothelial functions® ®, but the feedback regulation of signaling molecules at
post-transcriptional level remains to be established.

Comprehensive analyses of miRNA expression profiling in vascular ECs reveal that a series
of miRNAs are differentially expressed, both in vitro and in vivo, in response to different
patterns of flow* & 7. The transcription factor Kriippel-like Factor 2 (KLF2) is a major
mediator for flow-regulation of EC functions® 9; overexpression of KLF2 leads to the
expression of several miRNAs, including miR-23b10. Our previous studies demonstrated
that PS up-regulates KLF2,miR-23b, and miR-19a to suppress EC proliferation* 1. 12 and
confer the athero-protective effect of PS. Conversely, other miRNAs, such as miR-21,
miR-663, and miR-712 can mediate the pro-inflammatory response of ECs induced by
0S°: 13,14 Recent studies demonstrate the differential miRNAs expression in different
locations of the arterial tree, e.g., a higher expression of miR-10a and a lower expression of
miR-92a at the descending thoracic aorta with athero-protective flow, in comparison to the
internal curvature of aortic arch with athero-prone flow’. These studies support the
important roles of miRNAs in regulating endothelial phenotypes under physiological and
pathophysiological conditions.

Recent studies, including ours, have shown the important roles of miR-23b in cell

growth® 15.16 ‘angiogenesis’, and stem cell differentiationl8. More than twenty putative
targets of miR-23b have been reported; and these have been confirmed in a variety of
contexts by the pairing of the seed sequence and mRNA 3’ UTRs. For instance, Zhou et
al.1” demonstrated the pro-angiogenic role of miR-23b by targeting sprouty2; Zhang et al.1®
reported that miR-23b represses cancer cell proliferation and migration by regulating a
cohort of pro-metastatic genes. We previously reported that inhibition of miR-23b reversed
the PS-induced E2F1 reduction and Rb hypo-phosphorylation, and attenuated the PS-
induced EC growth arrest®. The direct target of miR-23b that mediates these processes,
however, remains unclear.

Herein, we report that the PS-induced miR-23b modulates cell cycle regulatory networks
through the posttranscriptional repression of cyclin H (CCNH). Importantly, CCNH
repression impairs CDK-activating kinase (CAK) complex to deactivate CDK2, CDK4, and
RNA polymerase Il (Pol 1), thus further attenuating the transcription of cell cycle regulators
that lead to EC growth arrest. Moreover, the in vivo studies performed on rat carotid arteries
showed that, similar to our in vitro findings, different flow patterns differentially regulate
EC proliferation through the miR-23b/CAK pathway. We thus demonstrate that miR-23b is
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a mechano-sensitive miRNA both in vitro and in vivo. Our findings elucidate the molecular
mechanism by which miR-23b modulates mechano-transduction and vascular homeostasis.

Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Results

PS induces the expression of miR-23b cluster through KLF2

To explore the dynamic regulation of miR-23b, we examined the temporal expression
profiles of primary (pri-miR-23b) and mature miR-23b in ECs exposed to PS over 24 h.
gRT-PCR analyses revealed that PS increased expressions of both pri-miR-23b and miR-23b
over 24 h, with the pri-miR-23b level peaking at 12 h (Fig. 1A) and the mature miR-23b
level being sustained over 24 h (Fig. 1B). A KLF2 binding motif (CACCC) was identified in
the miR-23b promoter region (Online Fig. 1A), suggesting the involvement of this shear-
sensitive transcription factor in regulating miR-23b biosynthesis. The temporal expression
profile showed that KLF2 was induced by PS within 1 h and sustained over 24 h (Fig. 1C).
To verify that KLF2 mediates the PS-induction of miR-23b, KLF2 was knocked down with
KLF2-specificsiRNA (siKLF2) transfection in ECs prior to being subjected to PS. The
results showed that siKLF2 attenuated the PS-induced increases in pri-miR-23b and mature
miR-23b (Figs. 1D and E, tested at their respect 4 and 24 h peaks). Overexpression of KLF2
with adenovirus induced both pri-miR-23b and mature miR-23b (Fig. 1F). Furthermore, the
putative promoter region of miR-23b (~700 bp flanking sequence upstream of miR-23b
precursor) containing a KLF2 binding motif, as suggested by Yeung et al.1%, was subcloned
into pGL2 luciferase reporter vector (Pro23b) for promoter activity assay. Overexpression of
KLF2 increased the luciferase activity of the Pro23b construct. Mutation of KLF2 binding
motif (Pro23bmt) blocked the KLF2-dependent activation (Online Fig. IB). Taken together,
these findings strongly indicate that KLF2 is a direct upstream transcription factor for PS-
induction of miR-23b in ECs.

PS-Induced miR-23b modulates the expressions and activities of cell cycle regulatory
proteins, as well as cell cycle progression

To examine the temporal effect of PS on EC proliferation, we performed the BrdU-
incorporation assay with ECs subjected to various durations of PS. As shown in Online Fig.
I1A, PS transiently increased the number of BrdU-positive cells over the ST control at 4 h,
but caused the ECs to enter a quiescent state later (12 and 24 h). In addition, PS regulated
the expressions of cell cycle regulators as shown by Western blot analyses. The exposure of
ECs to 24-h PS resulted in the hypo-phosphorylation state of Rb and downregulations of
CCNA, CCNE, CDK1, CDK2, and CDK4, and up-regulation of the CDK inhibitor p27,
compared with the ST control (Online Fig. 11B). The temporal changes of these G1/S-related
cyclins and CDKs agreed with the BrdU-incorporation assay (Online Fig. I1A). In
comparison to the control group, knockdown of miR-23b with Anti-miR-23b (AM23b)
attenuated the PS-induced EC growth arrest (Fig. 2A). Transfection of AM23b partially
reversed the PS-suppressions of P-Rb, CCNE, P-CDK2, P-CDK4, CDK2 and CDK4 (Fig.
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2B), which may in turn promote EC entry into the synthetic phase of cell cycle. The effect of
AM23b on expression levels of CDK2 and CDK4,but not CCNE, was confirmed at the
MRNA level with gRT-PCR; AM23b had no significant effects on other cell cycle regulators
(CCNA, CCND1, CDKZ1, and p27) (Fig. 2C). However, based on the miRNA target
prediction?%, neither CDK2 nor CDK4 mRNAs contain miR-23b binding sequence in their
3’UTRs. Since AM23b transfection attenuated the PS-reductions of CDK2 and
CDKA4activities, we examined the miR-23b targets among the upstream regulators of CDK2
and CDK4, and found the miR-23b binding sequence in the 3’UTR of CCNH mRNA, which
is highly conserved among human, chimpanzee, mouse, rat, and dog (Online Fig.111). CCNH
has been demonstrated to form the CDK-activating kinase complex (CAK) with CDK7 to
phosphorylate CDK1, CDK2, and CDK42!, We found that PS indeed downregulated CCNH
and that transfecting ECs with AM23b attenuated the PS-downregulation of CCNH, but did
not have significant effects on CDK7 (Figs.2D-E). These results indicate that CCNH may
play a role in themiR-23b-mediated reductions of expressions and activities of CDK2 and
CDK4, and hence the cell cycle progression under PS.

CCNH is a direct target of miR-23b in regulating EC proliferation under PS

To determine whether CCNH is a direct target of miR-23b in ECs, we constructed reporters
containing the luciferase cDNA fused to either the wild-type or mutant 3’'UTR of CCNH
mRNA (Fig. 3A, CCNH-3’UTR-wt and -mt, respectively) and tested their activities in ECs.
Transfection of Pre-miR-23b (PM23b) repressed the luciferase activity of CCNH-3’UTR-
wit; the repression was not observed with empty vector or CCNH-3’UTR-mt (Fig. 3B). In
comparison with the ST condition, PS reduced the reporter activity of CCNH-3’UTR-wt, but
did not have significant effect on the mutant (Fig.3C). To verify the association of miR-23b
and CCNH mRNA in the miRISC complex, we performed RNA immunoprecipitation?2,
using the anti-pan-argonaute (AGO) antibody. The miR-23b and CCNH transcripts in
miRISC were found to increase under PS in comparison to ST (Fig.3D). These results
indicate that PS induced the association of CCNH and miR-23b in miRISC and that the
CCNH modulation by PS involves a miRNA-dependent mechanism. In addition,
overexpression of miR-23b with PM23b in ECs decreased CCNH expression (at both
protein and mRNA levels, as shown in Figs.3E and 3F), and reduced the number of BrdU-
positive cells (Fig. 3G). To further assess the role of CCNH in regulating EC proliferation,
we performed gain- or loss-of-function experiments of CCNH in EC proliferation. As
expected, knockdown of CCNH decreased the number of BrdU-positive cells (Online
Fig.IVA), while overexpression of CCNH attenuated the PS-induced EC growth arrest
(Online Fig. IVB).

PS-induced miR-23b suppresses basal transcription by targeting CAK

The CAK complex (CCNH-CDKT7) regulates basal transcription by phosphorylating the C-
terminal domain (CTD) of Pol 1123, in addition to regulating the activities of CDKs. The
CTD consists of 52 repeats of the highly conserved sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser,
and the Ser residues at positions 2 and 5 are known targets for CAK phosphorylation.
Western blot analyses showed that the CTD was highly phosphorylated at Ser5 in ECs kept
under ST condition for 24 h, and that prolonged PS (12 and 24 h) led to dephosphorylation
at Ser5 below the ST level (Fig. 4A). Interestingly, in contrast to Ser5, the phosphorylation
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level of Ser2 was very low in static ECs at 24 h; after showing transient increases at 1 and 4
h under PS, the Ser2 phosphorylation decreased to the low ST level. These results indicate
that the reduction of phosphorylation of Ser5, rather than Ser2, is a consequence of
prolonged PS. Together with the results that the prolonged PS decreased expression levels of
CCNH/CDKT7(Figs. 2E-F and 4A), these findings indicate that PS downregulates the CAK
pathway to modulate Pol 11 activities. To further confirm the effect of PS on the CTD
phosphorylation, we performed immunofluorescence staining with the antibody recognizing
the Ser5 phosphorylation, and the results agreed with Western blot analyses (Online Fig. V).

To investigate whether miR-23b mediates the PS-regulation of CAK activity and the CTD
phosphorylation, ECs were transfected with either AM23b or AM-Ctrl and then subjected to
24-h PS or kept as ST. As shown in Fig. 4B, AM23b transfection reversed the PS-induced
Ser5 dephosphorylation, but not Ser2 phosphorylation nor the level of Pol Il. In ECs under
PS. AM23b transfection also restored the integrity and activity of the CAK complex as
indicated by the increased presence of CDK?7 in the immunocomplex with CCNH and the
increases of GST-CTD phosphorylation, respectively (Fig. 4C). Immunostaining (Fig. 4D)
also showed that AM23b transfection increased Ser5 phosphorylation of the CTD in EC
nuclei under PS. Furthermore, our results revealed that overexpression of CCNH reversed
the PS-suppression of CTD phosphorylation, and that knocking down CCNH decreased the
CTD phosphorylation (Online Fig. VI). Taken together, these data indicate that miR-23b
mediated the PS-induced downregulation of CCNH expression and hence the decrease in
CAK activity, which in turn reduced Ser5 phosphorylation of the CTD.

To examine the effects of altered the CTD phosphorylation on transcription controls of the
cell cycle regulatory proteins (CDK1, CDK2, and CDK4), chromatin-immunoprecipitation
(ChlIP) assays were performed using antibodies againstSer5phosphorylation of the CTD and
total Pol 11. The immunocomplexes were analyzed using gRT-PCR with primers specific to
the proximal regions of the transcription start sites (TSS) of CDK1, CDK2, and CDK4. PS
significantly decreased both the phospho-CTD (Ser5) and total Pol Il occupancy in the TSS
of these genes (Fig. 4E & 4F), consistent with the PS reductions of CTD phosphorylation
and Pol Il expression. As expected, AM23b transfection attenuated the reductions of
phospho-CTD occupancy in the TSS of these genes, but had no significant effects on the
total Pol 11 binding; these findings are consistent with the findings that miR-23b is involved
in Ser5 phosphorylation of the CTD but not Pol Il expression (Fig. 4B). Notably, although
AM23b enhanced the phospho-CTD binding at CDK1 TSS (Fig. 4E), its mRNA level was
not affected (Fig. 2E), indicating that the increase of initiation complex at TSS may not be
sufficient to progress through the subsequent transcription events.

Differential regulation of miR-23b by flow patterns

PS and OS differentially regulate EC gene expression and functions. As shown in Fig. 5A,
PS significantly increasedKLF2 and miR-23b expressions in comparison with the levels
under OS and static conditions. The fluorescence in situ hybridization (FISH) with miR-23b-
LNA probe showed that miR-23b staining in the nuclear and peri-nuclear regions was much
stronger under PS than OS (Online Fig. VII), which is consistent with the qRT-PCR results
(Fig. 5A). Furthermore, in comparison to PS, Ser5 phosphorylation of the CTD and
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expressions of CAK components were significantly higher under static and OS conditions
(Fig. 5B). Under ST and OS conditions, overexpression of miR-23b decreased the CCNH
expression and CAK complexes to levels similar to those under PS (Fig. 5B). Along the
same line, the number of BrdU-positive cells under OS was significantly reduced, and that
miR-23b overexpression significantly attenuated the EC proliferation under OS (Fig. 5C).
These findings indicate that PS but not OS exerts strong anti-proliferative effect on ECs
through the miR-23b/CAK pathway (Fig. 5D).

Flow disturbance reduces miR-23b expression and promotes EC proliferation in partial
carotid ligation in vivo

To validate our in vitro findings, the flow-regulation of miR-23b and EC proliferation was
studied in the rat carotid partial ligation model24. Three branches of the left carotid artery
(LCA) were surgically ligated (PL) or left intact (sham). Ultrasonographic study confirmed
that the partial carotid ligation created a disturbed flow with low shear stress in PL, while
the flow in the sham group was maintained as pulsatile flow with high shear stress (Online
Fig VIII). The effects of blood flow disturbance on the expression levels of miR-23b were
examined one-week post-operation. Intima RNA was extracted from the segments of LCAs
by perfusion with TRIzol and subjected to gRT-PCR analyses. In agreement with our in
vitro studies, the expressions of KLF2 and miR-23b in PL were significantly lower than
those in sham, and the levels of CCNH and proliferation marker Ki67 in PL were higher
than those in sham (Fig. 6A). Western blot analyses of intima proteins extracted from LCAs
showed that Ser5 phosphorylation of the CTD and the expression of CCNH were higher in
PL than sham (Fig. 6B). Furthermore, the immunofluorescence staining of the cross-sections
of LCA segments revealed that PL group had a reduced level of miR-23b (Fig. 6C) and a
strong proliferative phenotype (Fig. 6D) in endothelium (as indicated by detection of vVWF-
positive and CD45-negative cells in Online Fig. 1X), in comparison to sham group. To
further determine the effect of miR-23b on EC proliferative phenotype in response to flow
disturbance, we locally introduced miR-23b into the segments of LCAs with PM23b-loaded
pluronic F127 thermo-gel immediately after partial ligation of LCAs. As shown in Figs. 6E—
H, local delivery of miR-23b attenuated PL-inductions of CCNH, Ki67, as well as Ser5
phosphorylation of the CTD, in comparison with those of PL receiving control RNA. These
outcomes are consistent with our in vitro results and strongly support that miR-23b is critical
in regulating endothelial proliferation in response to flow disturbance.

Discussion

MiR-23b has been shown to play important roles in tumor and cardiovascular biology.
Recent studies demonstrated that miR-23b is down-regulated in various tumor types when
compared to the normal tissues and that it functions as a tumor suppressor to repress
malignant growth of the cell lines tested® 16.25 Qur previous report* and present findings
also support the anti-proliferative role of miR-23b in vascular ECs responding to
hemodynamic force with a clear direction. As summarized in Fig. 5D, we have
demonstrated a novel mechanism by which flow patterns modulate EC phenotypes through
miR-23b. Our data suggest that PS-induction of miR-23b is dependent on flow-sensitive
transcription factor KLF2. The KLF2-dependent elevation of miR-23b in response to PS
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leads to the decrease of CCNH, which impairs the integrity and activity of the CAK
complex to lead to dual actions: 1) the reductions of CDK2 and CDK4 activities, and 2) the
attenuation of CTD phosphorylation of Pol 11, which reduces CDK2/4 transcription. These
actions result in Rb hypo-phosphorylation and hence the anti-proliferative/quiescent EC
phenotype under prolonged PS. Our findings also demonstrate that exposure of ECs to
disturbed flow leads to down-regulation of miR-23b and the augment of CAK pathway and
proliferative phenotype and that overexpression of miR-23b attenuated these effects caused
by disturbed flow, both in vitro and in vivo.These findings establish the roles of a flow-
sensitive miRNA in regulating endothelial phenotypes and vascular pathophysiology
involving local hemodynamics.

KLF2 has been shown as an athero-protective transcription factor in ECs that modulates
~70% of the genes that are responsive to shear stress8. The flow induction of KLF2 is
believed to regulate many endothelial functions, including EC proliferation8: 9. Indeed, our
results demonstrate that KLF2 overexpression is sufficient to reduce the BrdU-incorporation
of ECs, and that knocking down KLF2 significantly increases the percentage of BrdU-
positive ECs under both ST and PS conditions, in comparison to control transfection (Online
Fig. X). However, there was a lack of a clear understanding of the mechanism that mediates
this anti-proliferative effect of KLF2 on ECs. Recent studies reported that KLF2 itself is
regulated at the posttranscriptional level?6 and that endothelial overexpression of KLF2
induces the expression and secretion of miRNAs19. Our data demonstrate that KLF2
overexpression leads to inductions of primary and mature miR-23b and that knocking down
KLF2 blocks the PS-induction of miR-23b. Thus, our present findings provide a consistent
line of evidence that not only confirms the anti-proliferative role of KLF2, but also
identifiesmiR-23b as a novel modulator forKLF2-regualted EC phenotype.

We further examined the molecular mechanism by which miR-23b modulates cell cycle
regulatory proteins. Although miR-23b mediates PS suppressions of CDK2 and CDK4
expression and phosphorylation, the lack of miR-23b binding site in the 3’UTR of these
CDKSs suggests that the miR-23b regulation of these proteinsis not through direct targeting.
We have identified CCNH in the CAK complex as a direct target for miR-23b (Fig.3); the
CAK complex possesses the dual capabilities of modulating basal transcription and
phosphorylating the T-loop of CDKs that controls cell cycle progression?’.In addition
toCDK2/4 phosphorylation, CAK activity is known to modulate the initiation event of
transcription through phosphorylating the Ser5 residues of the CTD of Pol Il (Online Fig.
XI). A recent study has demonstrated that 6h-laminar shear increases Ser2 but not Ser5
phosphorylation of the CTD and its recruitment to eNOS gene?8. In agreement with this
finding, our present study shows that short-term PS (1 and 4 h) increases the CTD
phosphorylation at Ser2 but not Ser5, where as prolonged PS (12 and 24 h) causes a
reduction in the phosphorylation of both Ser2 and Ser5. The temporal changes of CTD
phosphorylation are in agreement with the downregulation of CAK components in ECs
under PS. Along the same line, overexpression of KLF2 mimicking PS condition led to the
decreases of Ser5 phosphorylation of the CTD and CCNH expression (Online Fig. XII).
Most importantly, AM23b restores Ser5 phosphorylation of the CTD and its recruitment to
the TSS of CDK2 and CDK4, validating that PS-regulation of CAK activity is mediated by
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miR-23b. In this respect, the PS-induced miR-23b exerts the anti-proliferative effects on
ECs through both inactivation and transcriptional suppression of cell cycle regulatory
proteins.

Studies with culture ECs in flow chamber have shown that laminar flow with high shear
stress causes ECs to be in a quiescent state whereas disturbed flow patterns increase EC
turnover29-3L, In agreement with these observations, our results have shown that BrdU-
incorporation in ECs is significantly less under PS than OS. Our in vitro findings indicate
that PS and OS cause differential effects on miR-23b expression, which acts through CAK
pathway to cause opposite changes in EC proliferation in response to these two flow
patterns. These results reflect the in vivo conditions that ECs in the arterial tree exposed to
PS are primarily quiescent, and that the increase of EC turnover is usually associated with
athero-prone sites where the blood flow is disturbed3. The disturbed flow created by partial
carotid ligation has been reported to cause carotid intima-media thickening32 and advanced
lesion development32. Using this partial ligation model, we have shown the differential
effects of pulsatile flow vs. disturbed flow on the expression levels of miR-23b and CCNH,
as well as EC proliferation, in rat carotid arteries. Thus, in comparison to sham with high
shear stress, the ECs in PL exposed to low and oscillatory shear stress have lower miR-23b
expression and higher CCNH expression, CTD phosphorylation, and EC proliferation.
Furthermore, our study demonstrates the therapeutic role of miR-23b by showing that the
pathological effects (e.g. CAK activation and EC proliferative phenotype) after partial
carotid ligation can be suppressed by local delivery of miR-23b. These findings validate the
significance of the “miR-23b — CAK/Pol Il — cell proliferation” pathway in regulating
vascular functionsin vivo.

In summary, we used in vitrocell perfusion systems and anin vivo partial-carotid-ligation
animal model to demonstrate the functional role of miR-23b in effecting anti-proliferative
actions by modulation of cell cycle regulatory proteins and inhibition of basal transcription.
Our findings also implicate the flow-sensitive miR-23b as a potential therapeutic target for
maintaining ECs homeostasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EC endothelial cell

PS pulsatile shear flow

(OX] oscillatory shear flow

KLF2 Krippel-like Factor 2

Pri-miR-23b primary transcript of miR-23b

AM23b synthetic Anti-miR of miR-23b

PM23b synthetic Pre-miR of miR-23b

BrduU bromodeoxyuridine

Rb retinoblastoma protein

CCN cyclin

CDK cyclin-dependent kinase

3’UTR 3’ untranslated region

miRISC miRNA-induced silencing complex

CAK CDK-activating kinase

CTD carboxyl-terminal domain
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Significance

MiR-23b is a mechano-sensitive miRNA that mediates the quiescent phenotype of
endothelial cells in response to pulsatile shear stress. The current study demonstrates that
the induction of miR-23b by pulsatile shear stress is mediated by the athero-protective
transcription factor KLF2 and that miR-23b represses CDK-activating kinase and
downstream functional targets to suppress cell cycle progression and basal transcription.
These findings elucidated the molecular mechanisms by which pulsatile shear stress
exerts anti-proliferative effect on endothelial cells. The in vitro results were validated by
the in vivo findings that local hemodynamics in rat carotid artery modulate the levels of
KLF2, miR-23b, and endothelial proliferation via the same mechanism. This study
demonstrates a novel role of miR-23b in regulating the athero-protective phenotypes of
endothelial cells.
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Figure 1. PS induces the expressions of miR-23b through KLF2
ECs were subjected to PS for indicated durations or kept as static control (ST). Temporal

expression levels of A. pri-miR-23b, B. miR-23b, and C. KLF2 were determined with qRT-
PCR (n=4 each, *P < 0.05 vs. ST). ECs were reversely transfected with siKLF2 or scramble
control (siCtrl) for 48 h and then subjected to either 4- or 24-h PS. The relative levels of D.
pri-miR-23b (4-h PS) and E. miR-23b (24-h PS) were determined with gRT-PCR (n=4,
*P<0.05 vs. Ctrl/ST; #P<0.05 vs. Ctrl/PS). F. ECs were transduced with adenovirus carrying
KLF2 (Adv-KLF2) or GFP (Adv-Ctrl) cDNA for 72 h. The expression levels of KLF2, pri-
miR-23b, and miR-23b were determined with qRT-PCR (n=4, *P<0.05 vs. Adv-Ctrl).
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Figure 2. MiR-23b regulates PS-induced EC growth arrest through modulating the expressions
and activities of cell cycle regulatory proteins

ECs were reversely transfected with AM-Ctrl or AM23b and then subjected to 24-h PS or
kept as ST. A. BrdU was added into the media during the last 4 h of the periods. ECs were
stained with anti-BrdU and subjected to flow cytometry analysis. Knockdown of miR-23b
significantly attenuated the PS-induced EC growth arrest (n=4, *P<0.05 vs. Ctrl/

ST; #P<0.05 vs. Ctrl/PS). B-E. Effects of miR-23b knockdown on the expression of cell
cycle regulators were determined by Western blot (B and D, representatives of triplicate
experiments with similar results) and quantified by qRT-PCR analyses (C and E). The bar
graphs in B and D are the results of densitometry analyses of the Western blot experiments
normalized to internal protein levels and presented as the ratio of PS/ST (n=4 each, *P<0.05
vs. AM-Ctrl).
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Figure 3. CCNH is a direct target of miR-23b.A
Luciferase reporters containing the CCNH 3’UTR (3’UTR-wt) or the mutated CCNH

3’UTR (3’UTR-mt) sequences were constructed. B. ECs were transfected with the reporter
constructs together with CMV-B-gal, and PM23b or PM-Ctrl. The transfection of PM23b
attenuated CCNH3’UTR-wt luciferase activity under ST condition. The luciferase activities
are normalized to B-gal and presented as the ratio between PM23b and PM-Ctrl (n=5, *P <
0.05 vs. empty vector; #P<0.05 vs. 3°UTR-mt). C. 24-h PS reduced luciferase activities of
3’UTR-wt, but not 3’'UTR-mt (n=4, *P < 0.05 vs. ST; #P<0.05 vs. 3’'UTR-mt/PS). D. 24-h
PS increased miR-23b and CCNH in miRISC. miRISCs were immuno-precipitated with
anti-pan-AGO, and the levels of miR-23b and CCNH mRNA were determined with gRT-
PCR (n=4, *P < 0.05 vs. ST). E-G. PM23b transfection decreased CCNH mRNA (E) and
protein (F), as well as the percentage of BrdU-positive cells (G) (n=4, *P<0.05 vs. PM-
Ctrl). The Western blot results in F. are representative of triplicate experiments with similar
results, and the bar graph is the results of the densitometry analyses normalized to internal
protein levels.
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Figure 4. PS-induced miR-23b modulates the integrity and activity of CAK complex, which
mediates basal transcription of CDK2 and CDK4

ECs were subjected to PS or kept under ST for indicated times. A. PS-regulation of the
phosphorylation of CTD (P-CTD) at Ser5 and Ser?2 residues, and the expressions of total Pol
I, CCNH, CDK?7, and B-actin. B-C. AM23b reversed the PS-reduction of Ser5 and Ser2
phosphorylation of CTD (B), and CAK integrity and activities (C). CAK complex was
immunoprecipitated with CCNH antibody, and the CAK activities was determined by kinase
assays using GST-CTD as the substrate; the CAK integrity was determined by the presence
of CCNH and CDKY7 in the complex. D. AM23b reversed PS-reduction of phospho-Serb
was confirmed by immunofluorescence staining. Scale bar, 20 um. E-F. Effects of AM23b
on PS-regulation on Pol Il recruitment to the TSS of CDKs. Chromatin
Immunoprecipitations (ChlP) were performed with antibodies against the phospho-Ser5
CTD (E) or total Pol 11 (F), and the levels of enriched TSS of CDK1, CDK2, and CDK4
were determined with gqRT-PCR. Results were normalized to corresponding inputs and
presented as the ratio of PS/ST (n=5, *P<0.05 vs. AM-Ctrl/PS). Results in A-D are
representative images of four experiments with similar results.
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Figure 5. Flow patterns differentially regulate miR-23b/CAK pathway and EC proliferation
A. Differential regulation of miR-23b and KLF2 under 24-h PS and OS. The expression

levels were normalized to the internal controls and presented as the ratio of PS/ST or OS/ST
(n=4, *P<0.05 vs. PS). B. PM23b decreased the CCNH expression and CTD
phosphorylation (Ser5) under ST (Lanes 1 vs. 4) and OS (Lanes 3 vs. 6), but not PS (Lanes 2
vs. 5). Images represent three experiments with similar results, and the bar graph is the
densitometry analyses of Western blot (n=3, *P<0.05 vs. PM-Ctrl/ST; #P<0.05 vs. PM-
Ctrl/PS; 8P<0.05 vs. PM-Ctrl/OS).C. PM23 further reduced the percentage of BrdU-positive
cells under OS (black bars), but had little effects on PS condition (grey bars). The results
were quantified by flow cytometry analyses (n=5, *P<0.05).D. Schematic representation of
the proposed mechanism by which miR-23b mediates the flow regulation of EC cell cycle
progression.
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Figure 6. Flow disturbance reduces miR-23b expression and promotes EC proliferation in vivo
A. The expression levels of miR-23b, KLF2, CCNH, and Ki67 in rat left carotid arteries

(LCAs) with partial ligation (PL) or sham surgery (sham) were determined with gRT-PCR.
Endothelial RNA samples were extracted from LCA by perfusing TRIzol through the
carotid intima (n=4 each, *P<0.05: PL vs. sham). B. Total intima proteins were extracted
from LCAs of PL and sham, and the levels of CTD phosphorylation, Pol Il and CCNH were
determined by Western blot. C. The decrease in miR-23b in PL was confirmed by FISH
staining (red) in frozen sections. D. The increase in Ki67 in PL was demonstrated by
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immunofluorescence staining of Ki67 (red) in frozen sections. The Ki67 index: the number
of Ki67-positive ECs / the number of ECs (n=4 each, 10 sections per sample, *P<0.05 vs.
sham). Effects of PM23b treatment on E. the expression levels of miR-23b, CCNH, and
Ki67 in intimal RNA extracted from PL LCAs with local delivery of PM-Ctrl (PM-Ctrl/PL)
or PM23b (PM23b/PL) (n=4 each, *P<0.05: PM-Ctrl/PL vs. PM23b/PL; and F. the levels of
CTD phosphorylation, Pol Il, and CCNH in PM-Ctrl/PL and PM23b/PL were determined by
Western blot. G. PM23b treatment reduced Ki67 staining in PL. EL: elastic lamina (green),
DAPI: nuclear staining (blue). Ki67 index (n=4 each, 10 sections per sample, *P<0.05 vs.
PM-Ctrl/PL). White arrows indicate the positive staining of miR-23b or Ki67 in
endothelium. Results in B-D and F-G are representative images from four animals with
similar results. Scale bar, 20 um.
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