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MicroRNAs (miRs) can regulatemany cellular functions, but their roles
in regulating responses of vascular endothelial cells (ECs) to mechan-
ical stimuli remainunexplored.Wehypothesize that thephysiological
responses of ECs are regulated by not only mRNA and protein
signaling networks, but also expression of the corresponding miRs.
EC growth arrest induced by pulsatile shear (PS) flow is an important
feature forflowregulation of ECs.miR profiling showed that 21miRs
aredifferentiallyexpressed (8up- and13downregulated) in response
to 24-h PS as compared to static condition (ST). ThemRNA expression
profile indicates EC growth arrest under 24-h PS. Analysis of differ-
entially expressed miRs yielded 68 predicted mRNA targets that
overlapped with results of microarray mRNA profiling. Functional
analysis of miR profile indicates that the cell cycle network is highly
regulated. The upregulation of miR-23b and miR-27b was found to
correlatewith the PS-induced EC growth arrest. Inhibition ofmiR-23b
using antagomir-23b oligonucleotide (AM23b) reversed the PS-
induced E2F1 reduction and retinoblastoma (Rb) hypophosphoryla-
tion and attenuated the PS-induced G1/G0 arrest. Antagomir AM27b
regulated E2F1 expression, but did not affect Rb and growth arrest.
Ourfindings indicate that PS suppresses EC proliferation through the
regulation of miR-23b and provide insights into the role of miRs
in mechanotransduction.
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Hemodynamic forces, e.g., stretch and shear stress, act con-
stantly on the vascular endothelial cells (ECs) tomodulateEC

signaling, gene expression, and physiological functions (1). Athe-
rosclerotic lesions in the arterial tree are found mainly at branch
points, where blood flow is disturbed with a limited forwarding
direction, but are generally spared at the straight parts of the
arterial tree, where the flow is laminar with a large forwarding
direction (2). Exposure of ECs to 24 h of steady laminar shear flow
at 12 dyn/cm2 (approximating the hemodynamic force in straight
parts of arteries) leads to antiproliferative (3) and antiin-
flammatory (4) responses. In contrast, ECs exposed to disturbed
flow, mimicking the hemodynamic force at branch points, exhibit
opposite responses (5, 6). The laminar shear-induced EC growth
arrest involves the expression of CDK inhibitors (e.g., p21cip,
p27kip), tumor suppressor p53, and retinoblastoma (Rb) hypo-
phosphorylation (3, 7). Whereas there is considerable knowledge
on mechanotransduction at protein and mRNA levels, there is
little information on the role ofmicroRNAs (miRs) in this process.
miRs are small noncoding RNAs (∼21–25 nucleotides) that reg-

ulate gene expression by binding to target mRNAs to cause their
degradation or translational repression (8). It is estimated thatmiRs
regulate∼30%ofhumanprotein-coding genes.More than800miRs
have been identified in the human genome and registered in the
SangermiRBase.These small RNAs provide a powerfulmechanism
for posttranscriptional control of gene expression at the mRNA
level. There is growing evidence that miRs are involved in many
biological processes in health and disease, including cell pro-
liferation and differentiation, oncogenesis, and angiogenesis (9–12),
as well as cardiovascular homeostasis (13, 14). In ECs, knockdown

of dicer (a key molecule in biogenesis of miRs) altered the expres-
sionof genes affectingECbiology and reducedECproliferation and
angiogenesis in vitro (15). When both Dicer and Drosha (another
important molecule in miR biogenesis) were knocked down in ECs,
capillary sprouting and tube-forming activity were significantly
reduced (16). Thus, the global reduction of miRs through the
knockdown of Dicer and/or Drosha significantly affects EC func-
tions in vitro and in vivo, suggesting the important roles of miRs in
regulating vascular functions (16–19).
We investigated the role of miRs in regulating EC gene

expression and functions in response to pulsatile shear (PS) flow
with a significant forwarding direction. The results indicate that
miR-23b plays an important regulatory role in the inhibition of EC
proliferation by PS.

Results
Long-Term Pulsatile Laminar Flow Keeps Vascular Endothelium in a
Quiescent State. In agreement with previous studies on steady and
pulsatile laminar shear stresses (3, 7, 20), we found that human
umbilical veinendothelial cells (HUVECs) subjected to 24-hPShad
a significant reduction in proliferation rate in comparisonwith static
condition (ST). Twenty-four-hour PS led to a substantial reduction
of BrdU-positive cells (Fig. 1A, Top). Flow cytometry (Fig. 1A,
Bottom) showed that ECs subjected to 24-h PS had a significant
increase in percentage of cells in G0/G1 phase (72.43 ± 2.46%)
compared to ST (55.8 ± 4.32%). PS also significantly reduced per-
centage of cells in S phase (4.18 ± 1.12%) vs. ST (18.99 ± 4.35%),
but there isno significant difference for cells inG2/Mphase between
PS (24.13 ± 4.31%) and ST (22.57 ± 3.2%). Thus, 24-h PS causes
growth arrest by preventing ECs from entering the S phase.

Expression Profiling Analysis of mRNA in ECs Under PS and ST. We
investigated genomewide mRNA expression profile in relation to
EC growth arrest under PS in three independent biological experi-
ments.The resultswereanalyzedusing theGeneSpringGXsoftware
(Agilent). Gene expression ratios from each experiment were cal-
culated by using the average normalized intensities (Materials and
Methods). Determination of differential gene expressions between
PS and ST with a cutoff at changes ≥1.75-fold and P-value <0.01
yielded 1,227 genes, of which 569 (46%) were up- and 658 (54%)
were downregulated by PS.
The up- and downregulated gene lists were submitted toDAVID

online tool (http://david.abcc.ncifcrf.gov/home.jsp) (21, 22) for gene
ontology (GO) annotation (23) and pathway enrichment analysis.
GO terms are grouped into three categories: biological process,
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cellular component, and molecular function. Table 1 lists the GO
terms (top) representing biological process that have the highest
enriched score andmost significant P-value. The top five GO terms
under biological process are all cell cycle related, including cell
cycle,mitotic cell cycle, cell division,DNAreplication, and cell cycle
check point. The GO terms representing cellular compartment and
molecular function are listed in Table S1. Functional classification
of the differentially expressed mRNA transcripts by KEGG path-
way database (24, 25) (Table 1, lower) also shows that the down-
regulated genes are highly associated with cell cycle, p53 signaling,
and DNA synthesis pathways, whereas the upregulated genes are
mostly associatedwithmetabolic pathways.Unsupervised clustering
of the expression profile for cell cycle genes in ECs under PS vs. ST
is shown inFig. 1B.Most cell cycle-related genes are downregulated
(e.g., CDK2,CDK4,most cyclins, andE2F1),whereas growth arrest
genes are unchanged (e.g., p53, Rb) or upregulated (e.g., p21cip,
p27kip) in PS vs. ST.
These results indicate that 24-h PS prevents ECs from entering

the S phase by downregulating key proteins in the cell cycle
network and upregulating CDK inhibitors.

miR Expression Profiles in ECs Under PS and ST. To examine the
involvement of miRs in PS-regulated gene expression and growth
arrest, we analyzed miR profiles in ECs under PS and ST with LC
Sciences μParaflo microfluidic miRNA microarray, which contains
quadruplicate probes for 856 humanmiRs with the SangermiRbase
sequence database (release 12.0). After filtering out the signals
below the threshold level for detection and applying the criteria of
fold change ≥1.25 and P < 0.01, the data of three independent bio-
logical experiments revealed that 21 miRs were differentially regu-
lated in PS vs. ST (Fig. 2A), with 8 up- and 13 downregulated. PS
caused theupregulationofmiR-23b cluster (miR-23bandmiR-27b),
and the downregulations of miR-17–92 cluster (miR-17, -19b, -20a,
-20b, -92a), miR-16 cluster (miR-15b and -16), and miR-221 cluster

(miR-221 and -222) (Fig. 2B). We selected 9 miRs on the basis of
functional interest for validation withRT-PCR, which showed that 7
of them (miR-23b, -27b, -923, -16, -106, -26b, and let-7)matched the
microarray data, but 2 (miR-19b and -221) did not (Table S2).
We searched for potential mRNA targets of the 21 differentially

expressed miRs by using the algorithms TargetScan and PicTar
(26–29). By taking the consensus targets selected by both, we
identified 1,073 putative targets. Among these, 68 genes (5.5% of
the putative targets) were differentially expressed in ECs at the
mRNA level under PS vs. ST (Fig. S1). The overlapping GO terms
(representing biological process) between the predicted targets
and the differentially expressed genes are listed in Table S3, and
cell cycle-related processes are among the top list.

Correlation of miR Levels with Functional Gene Sets. To investigate
the functional roles of the PS-regulated miRs, we calculated the
correlation coefficients between PS-induced miRs and differ-
entially expressed genes (1,227 mRNAs) and ranked and used
them to perform the gene set enrichment analysis (GSEA) (30,
31). A total of 394 functional gene sets (FGSs) were identified
from the curated gene sets in the c.2 collection representing the
functional pathways in the GSEA database. The associations of
miRs with these FGSs were generated, hierarchically clustered,
and plotted as a matrix on the basis of the statistical significance
(P-value) of the enrichment score obtained from GSEA analysis.
We identified the potential associations between miRs and the
FGSs (Fig. 3A); the strongest associations are shown in the
boxed region. We extracted protein-coding genes from these
FGSs and performed GO analysis. Among the top 10 GO terms
(Fig. 3B), cell cycle-related ones are again highly enriched and
strongly associated with the miR expression profile. The miR-
23b cluster (miR-23b and -27b) is negatively associated with
these functional categories. Integration of miR and mRNA
expression profiles, together with computational bioinformatics
approaches, revealed the potential roles of miR-23b and -27b in
regulating the PS-induced EC growth arrest.

Blockade of miR-23b, but Not miR-27b, Attenuated the PS-Induced
Growth Arrest. The abundance of miR-23b and miR-27b in

Fig. 1. Twenty-four-hour PS reduces cell proliferation and regulates cell
cycle-related gene expression. (A) HUVECs were subjected to 24-h PS, with
BrdU added during the last 4 h. Cells were fixed and stained (Upper) with
anti-BrdU and 7-AAD (for DNA staining). Flow cytometry (Lower) showed a
significant increase of cell number in G0/G1 phase and a significant decrease
in S phase. The number of cells in G2 + M was not significantly changed. (B)
Hierarchical clustering of differentially expressed genes in cell cycle under PS
vs. ST. Biological repeats are shown at the Upper. Right column lists the
selected gene symbols. Color of each band reflects fold change of mRNA in
PS vs. ST. Red bands represent increase, and green bands decrease. Exemplar
mRNAs representing cell cycle components are shown in this heat map.

Table 1. Gene ontology and KEGG pathway analysis of up- and
down-regulated genes in ECs under PS vs. ST

Gene ontology analysis

GO* Biological process Enriched score P value

GO:0007049 Cell cycle 42.17 2.20E-56
GO:0000278 Mitotic cell cycle 42.17 6.20E-43
GO:0051301 Cell division 42.17 1.10E-41
GO:0006260 DNA Replication 12.14 1.10E-10
GO:0000075 Cell cycle check point 11.42 1.00E-08

KEGG pathway analysis

Pathway Count P value

Up Glutathione metabolism 9 9.30E-03
Up Arachidonic acid metabolism 10 2.50E-02
Up Biosynthesis of steroids 6 3.50E-02
Up Glycerolipid metabolism 9 3.80E-02
Down Cell cycle 47 7.10E-22
Down p53 signaling pathway 20 1.10E-06
Down Pyrimidine metabolism 20 6.60E-05
Down Purine metabolism 27 9.40E-05
Down DNA polymerase 9 4.30E-04

*Only the top five GO terms representing biological process are listed in
the table.
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HUVECs and their upregulation by 24-h PS (Fig. 2) indicate that
themiR-23b cluster may play significant roles in EC growth arrest.
Therefore, we tested whether their antagomirs can reverse the
growth arrest effect of PS.
HUVECs were transfected with antagomir-23b (AM23b),

antagomir-27b (AM27b), or anti-miR negative control (Neg. AM)
and subjected to 24-h PS/STwith BrdU labeling during the last 4 h.
Transfection with Neg. AM did not affect the growth arrest
induced by PS (Figs. 1 and 4). AM23b partially reversed the PS-
induced cell cycle arrest; under 24-h PS, the cell number in S phase
was markedly higher at 9.87 ± 0.79% in AM23b + PS than 4.88 ±
0.96% in Neg. AM+ PS (Fig. 4). AM27b, however, did not block
the growth arrest caused by 24-h PS. Thus, the antiproliferative
response of HUVECs under 24-h PS is partially regulated by
mechanisms mediated by miR-23b, but not miR-27b.

Roles of miR-23b and mir-27b in Modulating the Signaling Molecules
that Mediate PS-Induced Growth Arrest. To investigate the signaling
molecules that mediate the effects of miR-23b cluster on the 24-h
PS suppression of EC growth, we examined the actions of AM23b
and AM27b on several cell cycle proteins regulating G1-to-S
transitionunderPS.Ourprevious study showed that steady laminar
shear causes dephosphorylation of Rb protein (3). Rb in its hypo-

phosphorylation state binds to E2F family proteins and suppresses
cell proliferation by inhibiting the cell cycle progression through
G1 into S phase and preventing DNA synthesis (32, 33). Twenty-
four-hour PS decreased Rb phosphorylation without affecting the
total Rb expression (Fig. 5A), and this Rb hypophosphorylation
would inhibit EC proliferation. The PS-induced Rb hypo-
phosphorylation was prevented by AM23b, but AM27b had no
significant effect. BothAM23b andAM27b reversed the reduction
of E2F1 expression caused by 24-h PS (Fig. 5B), but did not affect
the expressions of p53 and p27kip (CDKN1B) (Fig. S2). These
results suggest that miR-27b plays a role in downregulating EC
expression of E2F1, but not sufficiently to modulate the PS-
induced EC growth arrest without the accompanied Rb hypo-
phosphorylation. In contrast, the PS-induced miR-23b expression
can cause growth arrest through downregulation of E2F family
proteins and Rb hypophosphorylation.

Discussion
The differential effects of flow patterns on ECs form the fluid
mechanical basis of the predilection of regions of disturbed flow to
atherosclerosis and the atheroprotection in regions of laminar flow
with a significant forwarding direction. There have been many
studies on the effects of different flow patterns on EC gene

Fig. 2. miRNA expression profile under PS vs. ST. Expression levels of 856 human miRs (Sanger miRBase 12.0) in ECs under PS and ST were measured with miR
microarray (n = 3). (A) Unsupervised hierarchical clustering analysis of miR expression profile. Heat map shows PS vs. ST miR log2 ratios with a threshold of
1.25-fold and P < 0.05. Red bands represent upregulated miRs and green bands, downregulated miRs. (B) Differential expression of miR clusters. miRs are
considered to belong to the same cluster if they are located in close proximity to each other in the genome. PS upregulates the miR-23b cluster in chro-
mosome 9 and downregulates miR-17–92, -16, and -221 clusters in chromosomes 13, 3, and X, respectively. The images of chromosomes are copied from http://
genomics.energy.gov.

Fig. 3. Association matrix of miR levels with functional gene sets under PS vs. ST. (A) Columns represent 394 functional gene sets, and rows represent flow-
regulated miRs. Functional categories are positively (red bands), negatively (blue bands), or not (white bands) associated with miR expression profiles under
PS vs. ST. The boxed region shows high associations between functional categories and miRs. The genes extracted from the functional gene sets in the box
were used to perform the gene ontology analysis. (B) The −log (P values) of top 10 GO terms are plotted.
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expression at the mRNA level (34–36). Following the recent dis-
covery that miRs provide a powerful mechanism for post-
transcriptional control of gene expression and that they are
involved in many biological processes, it is logical and timely to
investigate the role of miRs in the laminar shear-induced anti-
proliferative action on ECs.
Besides the steady laminar and disturbedflows that are commonly

studied in the literature, there is evidence that thepulsatility imposed
on the laminar flow due to heart beats may also contribute to the
regulation of vascular cell functions (37, 38). In the present study the
effects of PS with a significant forwarding direction (12 ± 4 dynes/
cm2) in modulating miR expression was studied, and the miR
modulationwas related tomRNAexpressionbyusingbioinformatics
analyses. The results led to the discovery that miR-23b plays a sig-
nificant role in mediating the PS-induced suppression of several cell
cycle genes and the consequent growth arrest.
We found that application of 24-h PS to HUVECs causes (a)

growth arrest and (b) downregulation of cell cycle genes (mRNA
microarray); thus, PS and steady laminar have the same anti-
proliferation effects. The findings on PS-regulated gene expres-
sion correspond well with the cell cycle network shown in the red
boxes of Fig. S3. Determination of the miR expression profile of
ECs show that PS vs. ST causes differential regulation of miRs,
with the upregulation of miR-23b cluster (miR-23b and miR-27b)
and downregulations ofmiR-17–92,miR-16, andmiR-221 clusters
in ECs. The differential expressions of these miR clusters in
response to PS provide an example of the potential roles of miRs
in mechanotransduction.

Searching of potential mRNA targets of the 21 differentially
expressed miRs by using the algorithms TargetScan and PicTar
(26–29) led to the identification of 1,073 putative targets that
were in common with both algorithms, but only 68 of these genes
(5.5%) were differentially expressed in ECs at the mRNA level.
This finding indicates that the computational prediction can
generate many false positives and that it needs validation with
experimental approaches. It is also possible that miR regulation
is through the inhibition of translation, which would not be
reflected in miR target prediction. Analysis shows that the
overlapping GO terms (representing biological process) between
the predicted targets and the differentially expressed genes are
highly enriched with cell cycle-related terms.
By ranking the correlation coefficients between the PS-induced

miRs and the differentially expressed 1,227 mRNAs and using the
GSEA, we found that 12 of the FGSs that represent cell cycle had
the strongest association (Fig. 3A). miR-23b and miR-27b were
negatively associated with these FGSs. Integration of miR and
mRNA expression profiles, together with computational
approaches, revealed the potential roles of miR-23b and -27b in
regulating the PS-induced EC growth arrest.
Both miR-23b and miR-27b are highly conserved and lie

within 0.5 kilobases (kb) of each other on human chromosome 9,
and both are upregulated under PS vs. ST (Fig. 2). We showed
that AM23b reversed the EC growth arrest under PS; this is in
concert with the finding that miR-23b overexpression decreases
hepatocelluar carcinoma cell proliferation (39). Although both
AM23b and AM27b can regulate E2F1 expression, only AM23b

Fig. 4. Antagomir against miR-23b attenuates the flow-induced EC growth
arrest. (A) Flow cytometry for cells transfected with anti-miR negative control
(Right), AM23b (Center), and AM27b (Left) in ST (Upper) vs. 24-h PS (Lower).
R1, R2, and R3 region gates denote cells in G1/G0, G2 + M, and S phases,
respectively. (B) The bar graph summarized the percentage of cells in G1/G0,
G2/M, and S phases under PS and STwith antagomir transfection. *,P< 0.05 in
comparison with the corresponding data for negative AM transfection under
static condition. #, P < 0.05 in comparison with the corresponding data for
negative AM transfection under PS condition.

Fig. 5. Effects of miR-23b and 27b on cell cycle proteins. HUVECs were trans-
fected with Neg. AM, AM23b, and AM27b. Twenty-four-hour posttransfection,
cells were subjected to PS or ST for 24 h. Western blot analysis of cell cycle reg-
ulatory proteins, including (A) phosphorylation levels of Rbprotein and (B) E2F1
expressions on total cell extracts, were determined with antibodies against
phospho-Rb (BD Biosciences), Rb, and E2F1 (Santa Cruz). Blots shown here are
representativeof three independent experimentswith similar results. *,P< 0.05
in comparison with the corresponding data for neg. AM transfection under ST.
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significantly reduced the PS-induced Rb hypophosphorylation
and cell cycle arrest. It is known that increases of Rb protein
inhibits cell cycle progression and that Rb activities depend on its
phosphorylation status (40). The hypophosphorylated Rb binds
to E2F family proteins in a cell cycle-dependent manner to
modulate proliferation (32, 33). Blocking Rb–E2F interaction
with its endogenous genes has been reported to prevent the Rb-
mediated growth arrest (41), and this probably involves the
recruitment of other repressors (e.g., HDAC) to the Rb–E2F
complex (42). It seems that the decrease of E2F1 per se is not
sufficient to cause growth arrest, but the hypophosphorylation of
Rb with E2F1 binding plays an important role in regulating EC
growth. Both AM23b and AM27b did not have any effect on the
PS-induced expressions of p53 and p27kip; hence these molecules
may not mediate the effects of miR-23b on growth arrest.
The overall effects of miR-23b in mediating the PS-induced

growth arrest of ECs is summarized in Fig. 6. In this figure, we
propose a unique mechanism by which PS causes upregulation of
miR-23b, which in turn decreases Rb phosphorylation, leading to
growth arrest. Because the regulatory mechanisms through miRs
generally involve a network, there must be other miRs that also
mediate this PS-induced effect. It is most likely that miR-23b
regulates EC proliferation through more complicated mecha-
nisms than that shown in Fig. 6, including the interplays among
different miRs and mRNAs. The incomplete blockade of the PS
actions by AM23b is in keeping with this line of thinking. Rb
phosphorylation is also modulated by cyclins, CDKs, p53, and
p27. Our mRNA microarray results demonstrated that CDKs 1
and 4 and cyclins A, B, and E are downregulated (Fig. S3), which
may contribute to Rb hypophosphorylation. Although we found
that miR-23b did not significantly modulate p53, p27, CyclinD1,
and CDK4, the effects of miR-23b on other cyclins and CDKs
remain to be determined. The GO analysis of predicted miR
targets and mRNA data indicates that the regulation of kinase
activities is an important feature for EC gene signature in
response to shear (Table S3); hence the signaling pathways may
also involve kinase/phosphatase cascades. Moreover, the mech-
anism by which PS regulates miR-23b expression remains
unclear. Recent study indicated that c-Myc, a known stimulator
for cell proliferation, suppresses miR-23b expression in prostate
cancer cells (43). Further investigations will be needed to
determined the role of myc in the PS regulation of miRs.

The miR regulation of gene and protein expressions not only
involves a spatial network, but also temporal dynamics. In Qin
et al. (44), miR profiles were deteremined in HUVECs under
steady laminar flow at 12 and 24 h. The results indicate that 12-h
shearing caused a significant expression of miR-19a, but not after
24-h shearing. In contrast, miR-23b was induced under 24-h
shearing, which is the duration in this study, but not at 12 h.
Whereas miR-23b is shown in this study to regulate EC growth
through the modulation of E2F expression and Rb phosphor-
ylation, Qin et al. (44) found that the regulation of EC growth by
miR-19a is mediated mainly through the modulation of cyclin D1
at 24 h. The downregulation of cyclin D1 may also contribute to
the Rb dephosphorylation and lead to the cell growth arrest.
However, preliminary tests showed that combined uses of
AM23b and AM19a did not have any synergistic affect on EC
growth arrest. There is a need for further investigations on the
interactions between different miRs on EC functions. These two
studies together show the participation of two miRs in regulating
the PS-induced growth arrest with different temporal dynamics
and different signaling pathways. These findings exemplify the
complexity of the miR-mediated regulation of cellular functions.
In conclusion, our findings indicate that the 24-h PS-induced

EC growth arrest is partially mediated through the regulation of
miR-23b. Twenty-four-hour PS significantly increases the miR-
23b level, which decreases the expression level of E2F1 and
causes Rb hypophosphorylation. These results provide unique
insights into the role of miRs in mechanotransduction. It is
suggested that miRs may act as a master switch to modulate
various posttranscriptional processes in human ECs. Our find-
ings have demonstrated that the PS-induced miR signature and
the corresponding mechanisms are important for the under-
standing of the mechanisms of regulation of cardiovascular
homeostasis in health and disease.

Materials and Methods
Cell Culture and Antagomir Transfection. HUVECs were obtained from Cell
Application and used before passage 7. Antagomirs against miR-23b
and -27b, as well as anti-miR negative control molecule, were purchased
from Ambion. The oligonucleotides were individually transfected with
siPort NeoFx reagent (Ambion) at the final concentration of 50 nM,
24-h posttransfection.

Shear Experiments. An in vitro circulating flow system was used to impose PS
stress to cultured HUVECs. Before the shear experiment, HUVECs were seeded
on a collagen I (BD Biosciences) -coated glass slide, which was assembled into
theflow chamber and exposed to PS at 12± 4 dyn/cm2 at 1 Hz for 24 h, and the
cells obtained from concurrent unsheared sample were used as the ST.

miR and mRNA Microarray Analyses. Total RNA was isolated from ECs with
mirVana kit (Ambion) after PS or ST. Five micrograms of total RNA of each
sample was sent to LC Sciences for miR profiling. The samples were enriched
for small RNAs, labeled with fluorescent dyes, and hybridized to μParaFlo
microfluidic chips, which contain 856 mature human microRNA probes
(miRBase version 12.0). The raw data were normalized to the control probes
on individual chips. Significantly regulated miRs were selected by using a
cutoff of 1.25-fold change and P < 0.01.

ThecDNAmicroarrayexperimentswereperformedbytheGenomicCoreFacility
inUniversity of California, SanDiego (BiomedicalGenomics Laboratory, Biogem);
10 μg of total RNA was hybridized on Agilent 44K oligonucleotide microarrays
(Agilent). Three biological repeats were performed for all array studies.

miR Real-Time PCR. PCR was performed with miR-specific primers from the
TaqMan miR assays (Applied Biosystems) in the 7900HT real-time PCR
machine (Applied Biosystems) according to manufacturer’s protocol. Three
biological replicates were used for analysis and all reactions were run in
triplicates. The relative expression levels of miRs in ECs were determined
with ΔΔCT method and compared with internal controls.

BrdU Incorporation Assay and Flow Cytometry. HUVECs were pulse labeled
with 10 mM BrdU during the last 4 h of shearing and static incubation. After
labeling, the HUVECs were assayed using Cell Cycle Analysis kit (BD Bio-

Fig. 6. Schematic representation of the role of miR-23b in flow regulation of
ECgrowth. PS increases theexpressionofmiR-23b (bold),which alters Rb intoa
hypophosphorylated state to complex with E2F family proteins and suppress
EC growth. The upregulation of miR-27b (gray letters) also decreased the
expression of E2F1, which is not sufficient for cell growth arrest without
modulating Rb status. Qin et al. (44) show that miR-19 (italics) regulates cyclin
D1 expression to cause EC growth arrest in response to steady laminar flow,
and this effect may also be mediated via Rb hypophosphorylation.
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science) according to the manufacturer’s protocol. The cells were subjected
to flow cytometric analysis with FACScan (BD Bioscience).

Statistical Analysis. Data are expressed as mean ± SEM and compared among
separate experiments. For comparisons between two groups, statistical
analyses were performed using the two-sample independent groups t test.
Comparison of multiple mean values was made by one-way ANOVA, and
statistical significance among multiple groups was determined by post hoc

analysis (for pairwise comparisons of means between PS and ST. P < 0.05 was
considered statistically significant.
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