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Mir-33 regulates cell proliferation
and cell cycle progression
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Cholesterol metabolism is tightly regulated at the cellular level and is essential for cellular growth. MicroRNAs (miRNAs),
a class of noncoding RNAs, have emerged as critical regulators of gene expression, acting predominantly at the
posttranscriptional level. Recent work from our group and others has shown that hsa-miR-33a and hsa-miR-33b, miRNAs
located within intronic sequences of the Srebp genes, regulate cholesterol and fatty acid metabolism in concert with
their host genes. Here, we show that hsa-miR-33 family members modulate the expression of genes involved in cell cycle
regulation and cell proliferation. MiR-33 inhibits the expression of the cyclin-dependent kinase 6 (CDK6) and cyclin D1
(CCND?), thereby reducing cell proliferation and cell cycle progression. Overexpression of miR-33 induces a significant G,
cellcyclearrestin Huh7 and A549 cell lines. Mostimportantly, inhibition of miR-33 expression using 2'fluoro/methoxyethyl-
modified (2'F/MOE-modified) phosphorothioate backbone antisense oligonucleotides improves liver regeneration after
partial hepatectomy (PH) in mice, suggesting an important role for miR-33 in regulating hepatocyte proliferation during
liver regeneration. Altogether, these results suggest that Srebp/miR-33 locus may cooperate to regulate cell proliferation
and cell cycle progression and may also be relevant to human liver regeneration.

Introduction

Intracellular cholesterol is obtained from plasma lipoproteins
or synthesized de novo from acetyl-CoA." As an essential com-
ponent of mammalian cell membranes, cells require cholesterol
for proliferation.”” In addition to its structural requirement,
cholesterol is important for other cell functions, such as bile
acid and hormone synthesis as well as during embryonic devel-
opment. The requirement of cholesterol for cell growth and
division of mammalian cells has been known for many years,>*
but whether this is just a consequence of its use for membrane
formation or whether it also plays a regulatory role in this pro-
cess has not been clarified. Cholesterol is also required for cell
cycle progression, and its deficiency leads to cell cycle arrest
in G,/M.° Moreover, other non-mevalonate derivatives are
essential for the G -S transition, thus confirming the relation-
ship between the cholesterol synthesis pathway and cell cycle
progression.”?

The intracellular cholesterol level is tightly controlled by feed-
back mechanisms that operate at both transcriptional and post-
transcriptional level. When cells accumulate excess sterols, the
activity of 3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMGCR), the rate-limiting enzyme of cholesterol biosynthesis,
declines by more than 90%, and the cell surface expression of low-
density lipoprotein receptor (LDLr) decreases. By contrast, upon
depletion of intracellular cholesterol, cells maintain a high activ-
ity of HMGCR and high expression of LDLr. This coordinated
process is regulated by ER-bound sterol regulatory element-bind-
ing proteins (SREBPs).”!? The SREBP family of basic-helix-loop-
helix leucine zipper (PHLH-LZ) transcription factors consist of
SRERP-1a, SREBP-1c and SREBP-2."2 The SREBPs differ in
their tissue-specific expression, target gene selectivity and the
relative potencies of their trans-activation domains.”*? SREBP-1c
targets genes that are involved in fatty acid metabolism, such
as fatty acid synthase (FASN). SREBP-2 regulates the expres-
sion of cholesterol-related genes, such as HMGCR and LDLr.
SREBP-1a targets both sets of genes. In addition to regulating
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lipid metabolism, these transcription factors have also been impli-
cated in the regulation of cell cycle.”® Bengoechea-Alonso et al.
have demonstrated that siRNA-mediated silencing of SREBP-1
in human Hela, U20S and MCF-7 cells leads to an accumula-
tion of cells in late G, phase, prior to the G//S transition."” By
contrast, SREBP-1a overexpression, activates the transcription of
p21WAFICIPL -3 universal cyclin-dependent kinase inhibitor, lead-
ing to cell growth inhibition and G, cell cycle arrest.'* In addition
to p21, SREBP-1a activation also increases the accumulation of
other cyclin-dependent kinase (CDK) inhibitors, including p27,
p21 and pl16, leading to reduced CDK2 and CDK4 activities and
hypophosphorylation of Rb protein.” Interestingly, SREBP-1a
transgenic mice exhibited impaired liver regeneration after par-
tial hepatectomy.”

In addition to classical transcriptional regulators, a class of
noncoding RNAs, termed microRNAs (miRNAs), has emerged
as critical regulator of gene expression acting predominantly at
the post-transcriptional level.' These short (22 nt) double-
stranded regulatory noncoding RNAs are mostly processed from
primary transcripts by the sequential actions of the endonucleases
Drosha and Dicer enzymes. In the cytoplasm, mature miRNAs
are incorporated into the cytoplasmatic RNA-induced silencing
complex (RISC) and bind to partially complementary target sites
in the 3'UTR of specific mRNA. miRNA targeting of mRNAs
inhibits their expression through mRNA destabilization, repres-
sion of translation or a combination of both processes.'*"

We and others provided the first identification of a highly con-
served miRNA family, m7R-33, within the intronic sequences of
the Srebp genes.*** Two miR-33 genes are present in humans:
miR-33b, which is encoded within intron 17 of the Srebp-1 gene
on chromosome 17, and miR-33a, which is expressed in intron 16
of the Srebp-2 gene on chromosome 22. In mice, however, there is
only one miR-33 gene, which is the ortholog of human miR-33a
and is located within intron 15 of the mouse Srebp-2 gene. miR-
33a and miR-33b are co-transcribed with its host genes, like
many intronic miRNAs, and they target genes involved in regu-
lating cholesterol homeostasis (Abcal, Abcgl and Npcl)**** and
fatty acid metabolism (Ampk, Cptia, Crot, Hadhb and Sirt6).>>*
These findings suggest that Srebp genomic loci, which encode
Srebp transcription factors and miR-33a/b may cooperate to regu-
late lipid metabolism. Of note, the inhibition of miR-33 using
different strategies increases plasma high-density lipoproteins
(HDL) in mouse and promotes the regression of atherosclerosis
in mice.z(l—zz,zs,z()

Similarly to Srebp/miR-33 locus, the o-myosin heavy chain
(alphaMHG) gene, in addition to encoding a major cardiac con-
tractile protein, regulates cardiac growth and gene expression in
response to stress and hormonal signaling through miR-208.%
Altogether, these observations suggest that intronic miRNAs
work in conjunction with host genes to regulate similar cellular
processes.

Since SREBDPs regulates cellular proliferation and cell cycle
progression, in the current study, we tested the role of miR-33 in
regulating these cellular functions. We identify putative bind-
ing sites for miR-33 in the 3'UTR of cyclin-dependent kinases
(Cdk6, Cdk8 and Cdkl19), Cendl and d2, p53, Pten, Myc and
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mitogen-activated protein kinases (Map3kl, Map3k7, Mapkl,
Mapk3, Mapk6, Mapkl0 and Mapkl4). We show that overex-
pression of miR-33 inhibits CDK6 and cyclinD1 expression,
reduces cell proliferation in different human cell lines and leads
to cell cycle arrest in G, phase. Conversely, endogenous inhibi-
tion of miR-33 increases cell proliferation in the human hepatic
cell line, Huh7. Furthermore, inhibition of miR-33 expression
using 2'fluoro/methoxyethyl-modified (2'F/MOE-modified)
phosphorothioate backbone antisense oligonucleotides improves
liver regeneration after partial hepatectomy (PH) in mice.
Altogether, these results suggest that Srebp/miR-33 may co-
operate to regulate cell proliferation and cell cycle progression.

Results

miR-33 regulates post-transcriptional CDK6 and CCNDI1
expression. To determine potential miR-33 targets involved in
cell proliferation and cell cycle, we used a combination of bio-
informatic tools for miRNA target prediction [TargetScan
(htep:/www.targetscan.org), miRanda (http:/www.microrna.
org), DIANAmt (http://diana.cslab.ece.ntua.gr), miRDB
(http://mirdb.org), miRWalk (http://www.ma.uni-heidelberg.
de/aps/zmf/mirwalk) and PITA (http://genieweizmann.ac.il)].
Interestingly, the 3'UTR of the cyclin-dependent kinases
(Cdk6, Cdk8 and Cdkl19), Cendl and d2, p53, Pten, Myc and
mitogen-activated protein kinases (Map3kl, Map3k7, Mapkl,
Mapk3, Mapk6, Mapkl0 and Mapkl4) have predicted bind-
ing sites for miR-33 (Table 1). Next, we wanted to determine
the effect of miR-33 on mRNA expression of CDK6, CDKS,
CDK19, CCNDI1, CCNMI. Transfection of Huh7 cells with
miR-33 (40-fold increase expression) significantly inhibited the
mRNA levels of CDK6 and ABCAI a previously identified target
of miR-33 (Fig. 1A, upper part). Similar results were observed
in A549 cells transfected with miR-33 (Fig. 1A, bottom part).
Notably, endogenous inhibition of miR-33 using anti-miR-33
oligonucleotides (2.5 fold decrease) increases mRNA expres-
sion of CDK6 and ABCAI in both cell lines (Fig. 1B). Since the
expression level of CCND1 and CCNM1 varies along the cell
cycle, we synchronized Huh7 and A549 cells in G, phase using a
double thymidine block, which arrested the cells in early S phase
(Fig. 1C). As seen in Figure 1D, transfection of Huh7 (upper
part) and A549 (lower part) with miR-33 significantly inhibits
CCNDI, CDK6 and ABCAI mRNA levels. Similar regulation of
these genes by miR-33 was also seen at the protein level (Fig. 2A
and B). Altogether, these results strongly suggest that miR-33
coordinates genes regulating cell cycle progression.

miR-33 directly targets the 3'UTR of Cdk6 and Ccendl.
The human Cdk6 and Cendl 3'UTR have three and one com-
putationally predicted miR-33 binding sites, respectively
(Fig. 3A and C). All the predicted binding sites are evolutionarily
conserved (Fig. S1). To directly assess whether miR-33 targets
Cdk6 and Cendl directly, we generated reporter constructs with
the luciferase coding sequence fused to the 3'UTR of these genes.
miR-33 markedly repressed the activity of the Cdk6 and Cendl
3'UTR constructs (Fig. 3B and D). Mutation of the miR-33 tar-
get sites relieved miR-33 repression of Cdk6 and Cendl 3'UTR
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Table 1. miR-33 predicted target genes
Gene DIANAMT
ABCA1 X X
CDK6 X
CDK8 X
CCND1
CCND2
MAP3K1
MAP3K7
MAPK1
MAPK3
MAPK6
MAPK10
MAPK14
p53
PIK3R3
PTEN
MYC X

miRanda

X X X X X X X X X
X X X X X X X X X X X X Xx

miRDB miRWalk PITA Targetscan
X X X X
X X X X
X X X
X X X
X X X
X X X X
X
X
X
X X X
X X
X X X X
X X X
X X X
X X X
X X X

Gene target prediction based on TargetScan, miRanda, DIANAmt, miRDB and PITA.

activity, consistent with the direct interaction of miR-33 with
these sequences (Fig. 3B and D).

miR-33 regulates cell proliferation and cell cycle progression.
To assess the role of miR-33 in regulating cell proliferation, we
transfected Huh7 and A549 cells with miR-33 and measured the
viable cell number at different time points. As seen in Figure 4A,
overexpression of miR-33 inhibited cell growth in both cell lines.
In another set of experiments, we stably overexpressed miR-33 in
HeLa and MCE-7 cells using lentivirus and monitored cell prolif-
eration using crystal violet staining and MTT assays. Consistent
with our data in Figure 4A, miR-33-transduced cells grew slower
compared with control-transduced cells (Fig. S2). In separate
experiments, antagonism of endogenous miR-33 increased cell
proliferation in Huh7 and A549 cells (Fig. 4B). We also used
our stably transfected HeLa cells to study the impact of miR-33
overexpression on the cellular response to mitogenic stimuli. To
accomplish this, we serum starved the cells for 72 h and then
reintroduced serum, as described in Methods. As expected, the
expression of CDK6 and CCNDI was induced when cells were
switched from BSA to serum, and the expression of both genes was
reduced in cells overexpressing miR-33 (Fig. S3). Intriguingly,
miR-33-dependent repression of these targets results in increased
mRNA levels of CDK4, CCND2 and CCND3 (Fig. S3). The
exact molecular events that lead to these compensatory changes
remain obscure, though. Nevertheless, these results demonstrate
that miR-33 regulates cell proliferation via targeting CDK6 and
CCNDIL.

Most of the mitogenic pathways result in the transcriptional
induction of D-type cyclins and the subsequent activation of
cyclin-dependent kinases (CDKs), such as CDK4 and CDKG6.
The active CDK4/6-cyclin D complexes then inactivate the reti-
noblastoma protein (pRB), leading to the EF-dependent tran-
scription of specific cell cycle genes and progression throughout
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the cell cycle. To assess the effect of miR-33 on cell cycle pro-
gression, we synchronized Huh7 cells in mitosis by treating with
nocodazole and then transfected with negative control mimic
(CM) or miR-33. As seen in Figure 5, cells transfected with
miR-33 were arrested in G, phase after their release from mitosis,
suggesting an important role of miR-33 in regulating the G /S
transition.

We next analyzed the kinetics of miR-33 mRNA expression
during cell cycle progression. To this end, we synchronized Huh7
cells with nocodazole and then analyzed miR-33 expression at
4, 8, 12 and 24 h after releasing them from mitotic arrest. As
shown in Figure 6A and B, miR-33a4, miR-33b, SREBPI and
SREBP?2 levels decreased after releasing the cells from mitosis.
Interestingly, miR-33 levels were inversely correlated with the
expression of CDK6, CCNDI (Fig. 6D) and ABCAI (Fig. 6C),
suggesting a functional role for miR-33 in regulating the expres-
sion of these genes. The inhibition of ABCAI and the increased
expression of genes involved in cellular cholesterol uptake [low-
density lipoprotein receptor (LDLr)] and cholesterol biosynthesis
[3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR)]
(Fig. 6E) results in an increase in cellular cholesterol levels
(Fig. OF).

Antagonism of miR-33 in mice promotes liver regenera-
tion. Finally, to analyze the role of miR-33 in a physiological
model of cellular proliferation, we studied whether anti-miR-33
therapy could improve liver regeneration in mice. To this end,
we performed 2/3 of partial hepatectomy (PH) as a model of
liver regeneration and assessed the expression of Ki67, a cellu-
lar marker for proliferation. As seen in Figure 7A, a significant
number of Ki67-positive cells were observed in sections of liv-
ers at 48 h following PH. Similar results were obtained when
we analyze the expression of PCNA in liver lysates by western
blot (Fig. 7B). Interestingly, the expression of m7R-33 correlated
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Figure 1. Post-transcriptional regulation of cell cycle genes and ABCA1 by miR-33. (A) Quantitative RT-PCR expression profile of selected miR-33
predicted target in human hepatic Huh7 cell line (upper part) and human lung A549 cell line (bottom part) after overexpressing miR-33 and (B) after
endogenous inhibition of miR-33 by using anti-miR-33 oligonucleotides. (C) Flow cytometry analysis of Huh7 cells (upper parts) and A549 cells (bot-
tom parts) synchronized using double thymidine block (right parts). (D) Quantitative RT-PCR analysis of selected miR-33 predicted targets in Huh7 and
A549 cells transfected with CM or miR-33 after thymidine block synchronization. Data are the mean + SEM and are representative of >3 experiments.

*p < 0.05.
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inversely with both the proliferative status of the
liver and the mRNA expression of CDK6 and
CCNDI, thus suggesting a role for miR-33 in reg-
ulating liver regeneration (Fig. 7C). To assess the

effects of inhibiting 7/R-33 in the PH model, we ABCAT
treated C57/BL/6 mice with 10 mg/Kg of 2'flu- CDK6
oro/methoxyethyl-modified (2'F/MOE-modified)
phosphorothioate backbone antisense oligonucle- | CCNDA1
otides every week for one month (Fig. 8A). This
antisense therapy has been used successfully in HSP90

mice to inhibit the function of various miRNAs
without apparent toxicity. To determine the effi-
cacy of the anti-miR-33 treatment, we measured
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the hepatic expression of miR-33 and its tar-
get genes after 4 weeks of treatment. Levels of
miR-33, detected by qRT-PCR, were decreased
by more than 50% in anti-miR-33-treated mice
compared with the mice treated with control anti-

X ) ) . ABCA1
miR. Consistent with these results, the expression
of ABCA1, CDK6 and CCNDI1 were increased CDK6
in the livers of the mice treated with anti-miR-33
(Fig. 8B). Interestingly, the expression of the CCND1
proliferative marker PCNA was also increased in
mice treated with anti-miR-33 (Fig. 8B). Next, HSP90

we investigated the effects of anti-miR-33 oli-
gonucleotides in liver regeneration after PH. To
this end, we calculated the regeneration index

Inh-miR-33

relative density (A.U.)

N ©
IOPRCIR
& P>

as the increase in the liver-to-body mass ratio, as
described in Methods. As seen in Figure 8C, mice

treated with anti-miR-33 oligonucleotides showed
an accelerated liver regeneration, suggesting that
anti-miR-33 therapy might be useful for treating

Figure 2. MiR-33 inhibits CDK6 and CCND1 protein expression. Western blot analysis of
CDK6, CCND1 and ABCA1 expression from Huh? cells transfected with CM and miR-33
(A) or Cl and anti-miR-33 (B). Data are the mean + SEM and are representative of more
than or equal to three experiments. *p < 0.05.

liver disease. Altogether, these results suggest that
miR-33 is involved in cell cycle progression and
cellular proliferation in coordination with regulating multiple

proteins (Fig. S4).
Discussion

The most salient feature of this paper is the identification of the
role of miR-33 in regulating cell proliferation, cell cycle progres-
sion and liver regeneration. We and others provided the first iden-
tification of a highly conserved miRNA family, miR-33, within
the intronic sequences of the Srebp genes in organisms, ranging
from Drosophila to humans. miR-33 targets multiple genes regu-
lating cholesterol homeostasis, including Abcal, Abcgl and Npcl.
In addition to the role in maintaining cholesterol metabolism, we
have also demonstrated that miR-33 coordinates genes regulat-
ing fatty acid and glucose metabolism. This work opens a new
window for the miR-33 family, whose members repress genes
involved in cell proliferation and cell cycle progression. Notably,
we show that miR-33 negatively regulates CDK6 and CCNDI,
which results in cell cycle arrest in G, phase. miR-33 overexpres-
sion reduces cell proliferation and retarded cell cycle progres-
sion from the late G, phase into the S phase in human hepatic
cells (Huh7). Furthermore, this study also shows that in vivo
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inhibition of miR-33 using antisense oligonucleotides improves
liver regeneration after partial hepatectomy.

The recovery of liver function after partial hepatectomy is
promoted by a variety of signals that lead to the prompt re-estab-
lishment of liver mass by upregulating cell growth and/or prolif-
eration.”®? Interestingly, several proteins involved in regulating
cell cycle progression play a key role during hepatocyte replication
and liver growth.’*3? Indeed, transient expression of CCNDL is
sufficient to promote hepatocyte replication and liver growth in
vivo.”! D- and E-type cyclins and their CDK partners (CDK4/6)
regulate cell cycle progression through G, to S phase.” Activation
of the CCND1/CDK6 complex phosphorylates and inactivates
the retinoblastoma protein (Rb), a transcriptional repressor that,
in turn, inhibits the E2F transcription factors and recruits chro-
matin-remodeling complexes that lead to the repression of spe-
cific targeted genes.

In normal adult liver, hepatocytes are highly differentiated and
rarely undergo cell division, but they retain a remarkable abil-
ity to proliferate in response to acute or chronic injury. Previous
studies have suggested that CCNDI is a critical mediator of G,
progression in hepatocytes. Similarly, CDK4/CDKG6 regulates
cell cycle progression in hepatoma cells. Accordingly, Huh7 and
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Figure 3. MiR-33 specifically targets the 3'UTR of Cdké6 and Ccnd1. (A) Sequence
alignment of the human hsa-miR-33 mature sequence with the binding sites of

the human Cdké 3'UTR and (B) human Cend1 3'UTR. Luciferase reporter activity
in COS-7 cells transfected with CM or miR-33 of the (C) Cdk6 and (D) Cend1
3'UTR containing the indicated point mutations (PM) in the miR-33 target sites.
Data are expressed as mean % of the 3'UTR activity of control miR + SEM and
are representative of >3 experiments. *p < 0.05.
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HepG2 cells treated with PD-0332991, a potent inhibitor
of these kinases, arrested the cells in G, phase.*

Here we demonstrate that miR-33 targets CCNDI and
CDKG6 and regulates hepatocyte proliferation. In addition
to CCNDI and CDKG6, it has previously been reported
that miR-33 also targets p53.% p53 activates the transcrip-
tion of genes that induce cell cycle arrest, apoptosis and
senescence in response to several stress conditions, includ-
ing DNA damage. In our work, we did not find differences
in the number of apoptotic cells when we overexpressed or
inhibited miR-33, suggesting that the effect of miR-33 on
p53 and cell viability may be cell type-specific. On the other
hand, Thomas M et al. have recently shown that miR-33
also targets the serine/threonine-protein kinase Pim-1 and
inhibits proliferation in K562 and LS174T cells.?®

In addition to miR-33, many miRNAs have been shown
to play a role in regulating proliferation and cell cycle pro-
gression.”” The mir-15a-16-1 cluster may induce cell cycle
arrest at the G, phase by targeting critical cell cycle regula-
tors such as CDK1, CDK2 and CDKG6 as well as cyclins
(D1, D3 and E1).** Indeed, these major cell cycle kinase
complexes are regulated by several other miRNAs. Thus,
CDK6 mRNA is also targeted by miR-24, miR-34a,
miR-124, miR-125b, miR-129, miR-137, miR-195,
miR-449 and let-7 family members. The levels of D-type
cyclins are downregulated by let-7, miR-15 family, miR-17,
miR-19a miR-20a and mir-34.%

The overall impact of miRNAs on liver regeneration
has been studied by generating mice with hepatocyte-spe-
cific miRNA deficiency. Interestingly, these mice are viable
and developed normally into adulthood. However, whereas
miRNA-deficient hepatocytes readily exited the G phase
of the cell cycle, they failed to transition into S phase by
36 h after PH, suggesting a key role for miRNA in regulat-
ing liver regeneration.

The whole process of liver regeneration has three clearly
distinct phases: an initiation stage, a proliferation stage
and a termination stage.”! Most research has focused on the
first two stages. However, the participants at the stage of
termination have not been well characterized so far. Most
of the studies have focused on the anti-proliferative role of
TGFR1. However, the fact that transgenic mice displayed
a complete liver regeneration (although delayed) suggests
that other mediators must be involved in this process.”* In
this context, our results support the idea that miR-33 may
have a significant role as a termination signal in the process
of liver regeneration. These new findings could open new
therapeutic perspectives to stimulate liver regeneration
in chronic liver disease or after liver resection in patients
affected by hepatocellular carcinoma.

Materials and Methods
Mice. Six-week-old male C57BL/6 mice were randomized

into three groups (n = 20 mice): no treatment (PBS, n = 4),
control-ASO (n = 8) or miR-33-ASO (n = 8) (Jackson
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Figure 4. MiR-33 inhibits cell proliferation. Time-course analysis of the effects of (A) overexpression or (B) inhibition of miR-33 on cell proliferation.
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Laboratory). The mice received a weekly subcutaneous injection
of 10 mg/Kg control-ASO, miR-33-ASO or PBS for 4 weeks.
All animals were kept under constant temperature and humidity
in a 12 h controlled dark/light cycle. Mice were fed ad libicum
on a standard pellet diet. All animal experiments were approved
by the Institutional Animal Care Use Committee of New York
University Medical Center.

Materials. Chemicals were obtained from Sigma unless oth-
erwise noted. Mouse monoclonal antibodies against CDK6
(1:1,000) and PCNA (1:1,000), rabbit monoclonal antibody
against CCND1 (1:1,000) and cleaved caspase 3 (Asp 175)
(1:500) were purchased from Cell Signaling. Mouse monoclo-
nal HSP-90 (1:1,000) antibody was from BD Bioscience. Mouse
monoclonal ABCAI (1:1,000) antibody was purchased from
Abcam. Secondary fluorescently-labeled antibodies were from
Molecular Probes (Invitrogen).

Cell culture. A549, Hela, Huh7 and COS-7 cells were
obtained from American Type Tissue Collection. A549, Hela,
Huh7 and COS-7 cells were maintained in Dulbecco’s modi-
fied Eagle medium (DMEM) containing 10% FBS, 100 U/ml
penicillin and 100 pg/ml streptomycin. Cells were treated with
Nocodazole (250 ng/ml, Sigma) 24 h post-transfection or with
2 mM Thymidine for 18 h as indicated in figure legends. Stable
cell lines were generated upon transduction with lentiviral vectors
and selection with puromycin (2 ug/mL). Briefly, murine miR-33
was amplified from genomic DNA and cloned into pSicoR, as
described in Marquart el al. (PNAS 2010); the GFP cassette in
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pSicoR was then swapped with a puromycin resistance cassette.
Lentiviruses were obtained by cotransfection in HEK293 cells of
empty or miR-33 pSicoR-Puro, with vectors providing gag, pol
and vsv-G. Supernatants were collected 48 h after transfection
and used to transduce a variety of cell lines.

Cell cycle analysis. Synchro=nous cells were cultured in
DMEM supplemented with antibiotics (100 units of penicil-
lin/ml and 100 pg/ml of streptomycin) at 37°C in a humidified
atmosphere containing 5% CO,. At the end of the incubation
the cells were washed twice with ice-cold phosphate-buff-
ered saline (PBS), fixed in 70% cold ethanol, treated with
100 pg/mL ribonuclease A (Roche) and labeled with 50 g/
mL propidium iodide (PI) for 1 h at 37°C. The cells were ana-
lyzed by flow cytometry (FACScalibur, Becton-Dickinson)
using selective gating to exclude the doublets of cells and sub-
jected to MODFIT analysis (Verity Software House, Inc.).
Cells were treated with 250 ng/ml Nocodazole (Sigma) 24 h
post-transfection.

Surgical procedure. All operations were performed under
Isoflurane anesthesia. A 70% partial hepatectomy (PH) was
performed according to the technique described by Higgins and
Anderson. The abdomen was opened via a midline incision. Two
thirds of the liver (median and left lobes) were removed. After
the PH, the weights of regenerating liver were measured and the
hepatic tissue was preserved for future processing at the follow-
ing time points: 3, 8, 24 and 48 h in the case of untreated mice
and and 5 d in the case of treated mice. The percentage of liver
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Figure 5. MiR-33 induces G, arrest. Cell cycle distribution of A549 cells transfected with CM or miR-33 and synchronized in G,/M with nocodazole.
After 24 h of treatment with nocodazole, cells were washed and released from the G,/M cell cycle arrest. At the indicated times, cells were stained with
propidium iodide and analyzed by flow cytometry. 2N, cells have diploid DNA content (G,/G, phase); 4N (G,/M), cells have tetraploid DNA content. Data
correspond to a representative experiment among three that gave similar results. FL2-A corresponds to the fluorescence emitted by propidium iodide
bound to DNA, which is measured by cytometry in channel 2 (FL2). To avoid the eventual presence of doublets, among the parameters given by the

cytometer area (FL2-A) is preferred in order to quantify the amount of DNA present in the cell.

regeneration was calculated following the formula (weight of non
removed lobes/weight of total liver) and normalized by total body
weigh of mice.

Western blot analysis. Cells were lysed in ice-cold buf-
fer containing 50 mM TRIS-HCI, pH 7.5, 125 mM NaCl,
1% NP-40, 5.3 mM NaF, 1.5 mM Na P O, and 1 mM
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orthovanadate, 175 mg/ml octylglucopyranoside and 1 mg/ml

of protease inhibitor cocktail (Roche) and 0.25 mg/ml AEBSF
(Roche). Cell lysates were rotated at 4°C for 1 h before the
insoluble material was removed by centrifugation at 12,000x g
for 10 min. After normalizing for equal protein concentration,
cell lysates were resuspended in SDS sample buffer before sepa-
ration by SDS-PAGE. Following transfer of the proteins onto
nitrocellulose membranes, the membranes were probed with the
indicated antibodies, and protein bands were visualized using
the Odyssey Infrared Imaging System (LI-COR Biotechnology).
Densitometry analysis of the gels was performed using Image]
software.

RNA isolation and quantitative real-time PCR. Total RNA
was isolated using TRIzol reagent (Invitrogen) according to
the manufacturer’s protocol. from the NIH (http://rsbweb.nih.
gov/ij/). For mRNA quantification, cDNA was synthesized using
Taqman RT reagents (Applied Biosystems), following the manu-
facturer’s protocol. Quantitative real-time PCR was performed

www.landesbioscience.com

in triplicate using iQ SYBR green Supermix (BioRad) on iCy-
cler Real-Time Detection System (BioRad). mRNA levels were
normalized to GAPDH as a housekeeping gene. The primer
sequences used were:

ABCAL, 5-GGT TTG GAG ATG GTT ATA CAA TAG
TTG T-3"and 5'-CCC GGA AAC GCA AGT CC-3';

ABCGI, 5“TCA CCCAGT TCT GCA TCC TCT T-3' and
5-GCA GAT GTG TCA GGA CCG AGT-3';

GAPDH, 5-AAC TTT GGC ATT GTG GAA GG-3' and
5'-ACA CAT TGG GGG TAG GAA CA-3';

SREBP2, 5-GCG TTC TGG AGA CCA TGG A-3" and
5-ACA AAG TTG CTC TGA AAA CAA ATC A-3';

SREBP1, 5-ACT TCC CTG GCC TAT TTG ACC-3' and
5-GGC ATG GAC GGG TAC ATC TT-3';

HMGCR 5-CTT GTG GAA TGC CTT GTG ATT G-3'
and 5-AGC CGA AGC AGC ACA TGA T-3;

CDKG6, 5-ACC TTC GAG CAC CCC AAC GT-3' and
5'-ACC ACA GCG TGA CGA CCA CT-3';

CDKS, 5-GCC AGT TCA GTT ACC TCG GGG A-3"and
5-GGG CAA AGC CCA TGT CAG CAA T-3';

CDK19, 5-TTT GCC GGC TGCCAG ATT CC-3' and
5-AGG CGA GAACTG GAG TGC TGA-3';

CyclinD1, 5"TCG TTG CCC TCT GTG CCA CA-3' and
5-AGG CAG TCC GGG TCA CAC TT-3"
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Figure 6. Mir-33 expression levels correlate inversely with its predicted target genes during cell cycle progression. (A-E) Quantitative RT-PCR analysis
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the mean + SEM and are representative of three experiment which gave similar results.

CyclinM1, 5-CAC CCG CTT CTA CAA CCG GC-3' and
5-AGG GCT CCACTT CTG TGG CC-3".

For miRNA quantification, total RNA was reverse transcribed
using the RT2 miRNA First Strand Kit (SABiosciences). Primers
specific for human miR-33a, miR-33b, miR-16 (SABiosciences)
were used and values normalized to human SNORD38b as
housekeeping gene.

miR-33 and anti-miR-33 transfection. A549, Hela and
Huh7 cells were transfected with 40 nM miRIDIAN miRNA
mimics (miR-33) or with 60 nM miRIDIAN miRNA inhibi-
tors (inh-miR-33) (Dharmacon) utilizing Oligofectamine
(Invitrogen). All experimental control samples were treated
with an equal concentration of a non-targeting control mimic
sequence (CM) or an inhibitor negative control sequence
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(CI) to control for non-sequence-specific effects in miRNA
experiments.

3'UTR luciferase reporter assays. cDNA fragments corre-
sponding to the entire 3'UTR of CendI and the three predicted
miRNA target sites of Cdk6 were amplified by RT-PCR from
total RNA extracted from A549 cells with Xhol and NotI link-
ers. The PCR products were directionally cloned downstream of
the Renilla luciferase open reading frame of the psiCHECK2™
vector (Promega) that also contained a constitutively expressed
firefly luciferase gene, which is used to normalize transfections.
Point mutations in the seed region of predicted miR-33 sites
within the 3'UTR of Cendl and Cdk6 were generated using
Multisite-Quickchange (Stratagene) according to the manufac-
turer’s protocol. All constructs were confirmed by sequencing.
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Figure 7. Liver regeneration after PH causes a rapid induction of CCND1
expression and miR-33 downregulation. (A) Time-course analysis of
Ki67-positive cells from liver sections of mice subjected to PH. The com-
puted assisted quantification of the proliferating cells (red) vs. the total
number of cells (blue) is shown at the graph. (B) Western blot analysis
of PCNA and cleaved caspase 3 expression from liver lysates of mice
subjected to PH. (C) Time-course mRNA expression analysis of miR-33,
SREBP-2, CDK6 and CCND1 from liver samples of mice subjected to PH.
Data are the mean + SEM (n = 6 mice).

COS-7 cells were plated into 12-well plates (Costar) and co-
transfected with 0.5 g of the indicated 3'UTR luciferase reporter
vectors and the miR-33 mimic or negative control miRNA mimic
(CM) (Dharmacon) using Lipofectamine 2000 (Invitrogen).
Luciferase activity was measured using the Dual-Glo Luciferase
Assay System (Promega). Renilla luciferase activity was normal-
ized to the corresponding firefly luciferase activity and plotted
as a percentage of the control (cells co-transfected with the cor-
responding concentration of control mimic). Experiments were
performed in triplicate wells of a 12-well plate and repeated at
least three times.

Cell proliferation assay. Huh7 and A549 cells were grown
in DMEM supplemented with 10% lipoprotein-deficient serum
(LPDS) and transfected with CM, miR-33, control miRNA
inhibitor (CI) and antisense inhibitor of miR-33 (inh-miR-33).
At the indicated times, the viable cells were counted by trypan
blue dye exclusion using a hemocytometer.

Crystal violet method. After treatment, the medium was
removed, and 24-well dishes were washed with PBS, fixed with
1% glutaraldehyde for 15 min, washed twice with PBS and
stained with 100 pl of 0.1% aqueous crystal violet for 20 min.
Dishes were rinsed four times in tap water and allowed to dry. If
cell mass estimation was desired, 100 pl of 10% acetic acid was
added, and the content of each well was mixed before reading the
absorbance at 595 nm.

Immunohistochemistry. For the histological and the immu-
nohistochemistry experiments, liver samples were fixed in
4% paraformaldehyde (PFA) at 4°C, cryoprotected overnight
in 30% sucrose solution and embedded in OCT (Tissue-Tek®
O.C.T™ Compound, SAKURA) embedding compound and
frozen on dry ice. Next, 8-pum frozen sections were rehydrated
and lipid droplets deposition was detected by Oil Red-O (Sigma)
staining. Sections were rinsed with 60% isopropanol and stained
for 20 min with filtered Oil Red O solution (0.5% in isopropanol
followed by a 60% dilution in distilled water). After two rinses
with 60% isopropanol and distilled water, slides were coun-
terstained with hematoxylin for 4 min, rinsed with water and
mounted. Digital images were taken with a Leica DM 4000B
microscope.

Immunohistofluorescence. Tissues were fixed with 4% PFA,
cryoprotected overnight in a 30% sucrose solution and embed-
ded in OCT. Frozen sections of 8 pm were rehydrated, blocked
with 5% normal goat serum (NGS) and incubated with mouse
anti-Ki67 (1:100, Abcam). Controls without primary antibod-
ies were used as negative controls. Binding sites of the primary
antibodies were revealed with Alexa-597 goat-anti-mouse IgG
(1:1,000, Invitrogen). Samples were analyzed with a fluores-
cence microscope (Nikon Eclipse E600).

Statistics. Data are presented as the mean + standard error of
the mean (SEM) (n is noted in the figure legends). The statistical
significance of differences was evaluated with the Student t-test.
Significance was accepted at the level of p < 0.05.
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