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Cyclin D1 induction of Dicer governs microRNA
processing and expression in breast cancer
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Cyclin D1 encodes the regulatory subunit of a holoenzyme that phosphorylates the pRB
protein and promotes G,/S cell-cycle progression and oncogenesis. Dicer is a central regulator
of miRNA maturation, encoding an enzyme that cleaves double-stranded RNA or stem-loop-
stem RNA into 20-25 nucleotide long small RNA, governing sequence-specific gene silencing
and heterochromatin methylation. The mechanism by which the cell cycle directly controls
the non-coding genome is poorly understood. Here we show that cyclin D1/~ cells are
defective in pre-miRNA processing which is restored by cyclin D1a rescue. Cyclin D1 induces
Dicer expression in vitro and in vivo. Dicer is transcriptionally targeted by cyclin D1, via a cdk-
independent mechanism. Cyclin D1 and Dicer expression significantly correlates in luminal A
and basal-like subtypes of human breast cancer. Cyclin D1 and Dicer maintain hetero-
chromatic histone modification (Tri-m-H3K9). Cyclin D1-mediated cellular proliferation and
migration is Dicer-dependent. We conclude that cyclin D1 induction of Dicer coordinates
microRNA biogenesis.
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icroRNAs (miRNAs), a class of non-coding small RNA,

are initially transcribed to primary-miRNA (pri-

miRNA), which are then cleaved by the endonuclease
Drosha and its partner DGCR8 to generate hairpin-folded pre-
miRNAs of 60-70 nucleotides in length!. Following transport to
the cytoplasm by Exportin-5, pre-miRNAs are processed by Dicer
with its partner TRBP ((HIV-1 transactivating response (TAR)
RNA-binding protein) to generate the 20-22 nucleotide mature
miRNAs!™. Mature miRNAs then associate with Argonaute
(Ago) proteins to regulate target mRNA expression through the
RNA-induced silencing complex. miRNAs regulate gene
expression through base-pair binding to the complementary
sequence in the 3’ untranslated region (3’ UTR) of mRNA.
miRNAs contribute to the timing of development, apoptosis, cell-
cycle progression, cellular proliferation, stem cell self-renewal,
cancer initiation and metastasis>S. The expression of miRNA is
regulated during cell-cycle transition and cellular contact in part
via active degradation’. Aberrant expression of miRNAs or
mutations of miRNA genes have been described in many types
of tumours, including mammary tumours'?.

The RNase III endoribonuclease Dicer cleaves long double-
stranded RNA or stem-loop-stem structured pre-miRNA to
form mature miRNAs. RNAi-mediated knockdown of Dicer in
human cells led to defects in both miRNA production and
shRNA-mediated RNAi'"'2, Drosophila Dicer mutant germline
stem cells are delayed in the G;-S transition and are defective
in cell-cycle control'3. Dicer expression is induced during
keratinocyte differentiation via MITF (micropthalmia-associated
transcription factor (TE))4, Tissue-specific knockout of Dicer
demonstrated a role in murine cellular §rowth, differentiation,
development and stem cell maintenance!”.

Initially cloned as a breakpoint rearrangement in parathyroid
adenoma, the cyclin D1 gene encodes the regulatory subunit of the
holoenzyme that phosphorylates and inactivates both the pRb
tumour suppressor and the key inducer of mitochondrial biogenesis
NREF-1 (refs 16,17). In addition, a DNA bound form of cyclin DI
regulates gene expression'820, Cyclin DI expression is induced
during mammary gland and retinal differentiation, and deletion of
the murine cyclin DI gene resulted in failed terminal alveolar breast
bud development and retinal degeneration. Diverse biological
functions regulated by cyclin DI include the induction of cellular
proliferation, angiogenesis, cellular migration, DNA damage repair,
mitochondrial biogenesis, stem cell maintenance and miRNA
expression®?!. Cyclin D1 was shown to regulate the miR-17/20
locus and found to bind the miR-17/20 regulatory region (3).

In this study, in order to determine further the mechanism
by which cyclin D1 regulates non-coding RNA, we conducted
studies of miRNA processing. We established cyclin D1~/
mouse embryonic fibroblasts (MEFs) cells and cyclin D1<ockdown
(KD) MCF-7 human breast cancer cells. miRNA analysis indicated
an induction of mature miRNA expression in cyclin DI over-
expressing cells. Analysis of the miRNA-processing regulators
demonstrated the selective induction of Dicer expression by cyclin
D1. In cyclin D1~/ cells, the reduction of Dicer abundance was
accompanied by the impairment of pre-miRNA to mature miRNA
processing, which was restored with cyclin D1 rescue. Transient
transgenic expression of cyclin D1 in the mouse mammary gland,
or sustained transgenic expression of cyclin DI-induced
mouse mammary gland tumours, recapitulated the induction of
Dicer expression. Cyclin D1 and Dicer expression were correlated
in luminal A and basal-like human breast cancer. Cyclin
D1 regulation of cellular proliferation and migration was
dependent upon Dicer. By demonstrating cyclin D1-induced Dicer
abundance and function in tissue culture and in vivo,
we provide evidence for crosstalk between the cell-cycle and
non-coding miRNA biogenesis.

2

Results

Cyclin D1 induces Dicer expression. In our prior studies
demonstrating cyclin D1 induction of the miR-17/20 locus??, we
observed altered abundance of miR-17/20 precursor versus
mature miRNA abundance in breast cancer cell lines associated
with altered expression of cyclin D1. In addition, miRNA analysis
in cyclin D1/~ and cyclin D1 restored MEF cells demonstrated
the induction of miRNA abundance by cyclin Dla?%. We
examined the possibility that cyclin Dla may regulate miRNA
biogenesis. Key regulators for each step of miRNA processing
were analysed in wild-type (WT) and cyclin D1 siRNA-treated
MCEF-7 human breast cancer cells (Fig. 1a). Drosha and DGCRS,
two essential components of the pri-miRNA processing
complex?3, Ago2, a key component of the siRNA/miRNA-
induced gene silence complex, and Exportin 5, which mediates
nuclear export of pre-miRNAs to cytoplasm? did not show
regulation by cyclin DI (Fig. 1a,b). Dicer was downregulated in
cyclin D1-deficient MCF-7 cells (Fig. 1a,c). In order to determine
whether cyclin DI induces Dicer in vivo, we examined the Dicer
mRNA and protein level in the mammary gland from
tetracycline-inducible MMTV-cyclin D1 transgenic mouse. The
transient induction of the mammary epithelial cell-targeted cyclin
DI transgene expression for 1 week was sufficient for the
induction of Dicer expression (~4-fold, N=3 separate mice)
(Fig. 1d,e). MMTV-cyclin DIl-induced mouse mammary gland
tumours also showed increased Dicer mRNA abundance (Fig. 1f).
Dicer promoter luciferase reporter assays combined with
knockdown of endogenous cyclin DI in MCF-7 cells or
overexpression of cyclin D1 in 293T cells demonstrated
activation of the Dicer promoter by cyclin Dla (Fig. 1gh).
Moreover, this induction of Dicer was cyclin DI kinase-binding
domain independent as expression of the cyclin DI KE mutant,
which lacks the ability to activate cyclin D1-dependent kinase
activity, induced Dicer promoter luciferase activity to a similar
level as WT cyclin Dla (Fig. 1h). As a negative control, the basic
luciferase reporter vector backbone lacking the Dicer promoter
did not show significant change in the luciferase activity upon
co-transfection of expression vectors for either cyclin Dla or
cyclin D1 KE (Fig. 1h).

Recent studies had demonstrated a DNA bound form of cyclin
D1 which participated in gene regulation!®. In order to identify
candidate cyclin Dl-associated regions of the Dicer gene, we
reinterrogated ChIP-Seq analysis conducted of cyclin DI/~
MEFs transduced with a retroviral vector encoding FLAG-tagged
cyclin D1 (ref. 19). We first examined the cyclin D1-associated
chromatin of the Top2a gene, which had been identified in
chromosomal immuno-precipitation (ChIP) as a target of cyclin
Dl-induced gene expression'® (Supplementary Fig. S1A). The
Dicer regulatory region analysis demonstrated a similar
enrichment of cyclin D1-binding in chromatin by ChIP-Seq
(supplementary Fig. S1B). We therefore examined at a high level
of resolution the maximal region of enrichment for cyclin D1
chromatin association within the Dicer regulatory region. The
region of — 728 to — 655 demonstrated a 20-fold enrichment of
cyclin D1 association in the context of chromatin compared with
other regions (Fig. 1i). The cyclin D1-associated region of the
Dicer promoter includes several cis elements for TF binding.
Many of these TF sites were also identified in the minimal cyclin
D1 binding region of the miR-17/20 promoter (Supplementary
Fig. S1C). In order to determine the importance of the P2 region
to Dicer promoter activity in MCF-7 cells, comparison was made
of Dicer promoter activity upon deletion of the P2 region. The
relative activity of the Dicer promoter was reduced 2-fold upon
deletion of the P2 region (Supplementary Fig. S2).

In order to define further the role of the cyclin D1-associated
kinase activity and the domains of cyclin D1 required for the
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Figure 1 | Endogenous cyclin D1 maintains Dicer expression. (a) Western blot showing decreased Dicer abundance in the cyclin D1 siRNA-treated MCF-7
cells. Antibodies are directed to the miRNA biogenesis proteins Dicer, Ago2, DGCR8 and Drosha. (b) Real-time PCR analysis of Exportin 5 mRNA in MCF-7
cells treated with cyclin D1 siRNA or control siRNA. Values are equal to mean *s.e.m. (N=3). No significant difference between two samples by

the standard two-tailed Student's t-test. (¢) Real-time PCR demonstrating decreased cyclin D1 and Dicer mRNA level in the cyclin D1 siRNA-treated MCF-7
cells. Values are equal to mean +s.e.m. of N=3 separate experiments. **P=0.0013 (cyclin D1) and 0.0026 (Dicer). Statistical significance was
determined by the standard two-tailed Student's t-test. (d) Dicer mRNA abundance induced in the mammary gland of tet-inducable MMTV-cyclin D1a
transgenic mice treated with doxycycline for 1 week. Data are mean *s.e.m. for N =3 separate transgenic mice *P = 0.0334 (standard two-tailed Student’s
t-test). (e) Dicer protein level in mammary gland tumours of tet-inducible MMTV-cyclin D1a transgenic mice treated with doxycycline. (f) Dicer mRNA in
mammary gland tumours of MMTV-cyclin D1a transgenic mice with comparison to age matched mammary gland. Data are mean % s.e.m. for three separate
transgenic tumours and three normal mammary glands. *P = 0.0308 (standard two-tailed Student's t-test). (g) Luciferase activity for the Dicer promoter in
MCEF-7 cells. Cells were treated with control and cyclin D1 siRNA as indicated. Data are mean +s.e.m. for triplicates in N =3 separate transfections
normalized to B-galactosidase reporter activity. **P<0.001. (h) Relative luciferase activity of the Dicer promoter and vector control in the presence of an
expression vector for either cyclin D1 or a kinase-defective mutation (cyclin D1 KE). Data are shown as mean *s.e.m. for N=3 separate transfections.
**P=0.0083 (cyclin D1a) and 0.0033 (cyclin D1KE). Statistical significance was determined by the standard two-tailed Student'’s t-test. (i) Cyclin D1 ChIP
analysis revealed the specific binding to a region (—728 to — 655) of the Dicer promoter. Both IgG IP to cyclin D1-overexpressing cells and cyclin
D1-Flag IP to control cells were performed as negative control.

induction of Dicer abundance, cyclin DI~/~ MEFs were antibody directed to the N-terminal FLAG tag of the cyclin D1
transduced with cyclin D1 WT and a mutant encoding a deletion  expression vectors demonstrated that the N1 mutant was
of the C-terminus (N1) (Supplementary Fig. S3). Western blot expressed ~2-fold better than the cycdin D1 WT
demonstrated an increase in Dicer abundance in the WT cells and ~ (Supplementary Fig. S3B). The N1 mutant was capable of
a 60% reduction in the induction of Dicer by the N1 mutant of enhanced binding to Cdk4 compared with WT cyclin D1
cyclin D1 (Supplementary Fig. S3B). Western blot with an (Supplementary Fig. S3C). Together these studies suggest that
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the Cdk-binding domain of cyclin D1 can be dissociated from its
ability to induce the expression of Dicer.

Cyclin D1 restores pre-miRNA processing. Dicer has a key role
in the conversion of pre-miRNA to mature miRNA. Northern blot
analysis was therefore conducted to examine representative exam-
ples of pre-miRNA and mature miRNA in WT and Dicer ~/~ cells,
as well as in WT and cyclin DI =/~ cells. Comparison of miRNA
processing was made between Dicer ~/~, cyclin D1~/ and cyclin
D1 restored cells. The HCT116 Dicer ~/~ cells encode a targeted
disruption of Dicer exon5 (ref. 24). In Dicer ~ /= cells, conversion of
pre-miRNA (pre-miR-16, pre-let-7a, pre-miR-17 and pre-miR-20a)
to mature miRNA (miR-16, let-7, miR-17 and miR-20a) was
compromised (Fig. 2a). Similarly, pre-miR-16 processing was
compromised in cyclin DI =/~ cells (Fig. 2b lane 2 versus 1), which
was rescued by either cyclin D1 restoration or Dicer re-expression
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(Fig. 2b lanes 3 and 4 versus 2). The defect in processing of other
representative  miRNAs, including let-7, miR-17 and
miR-20a, was observed in Dicer ~/~ (Fig. 2a) and cyclin D1 =/~
cells (Fig. 2c—e). In order to further demonstrate the induction of
miRNA expression and processing by cyclin D1a via Dicer, a vector
expressing the human Dicer gene was used (Supplementary Fig.
S4A). We conducted Dicer and cyclin D1 rescue of cyclin DI =/~
MEFs. Dicer or cyclin D1 transduction of cyclin D1/~ cells was
sufficient to restore expression and processing of representative
miRNAs (Fig. 2b-e).

The rescue of Cyclin D1 ~/~ cells via transduction with a
cyclin D1 expressing retrovirus (Supplementary Fig. S4B)
increased the conversion of pre-miRNA to mature miRNA
(Fig. 2f-1 and Supplementary Fig. S5). Transduction of cyclin
D1~/ cells with a retroviral expression vector encoding cyclin
D1a restored processing of pre-miR-16 to mature miR-16 (Fig. 2b
lane 4 versus lane 2 and Fig. 2f lane 1 versus lane 3). Similarly,
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Figure 2 | Dicer or cyclin D1 expression rescues the processing of pre-miRNA to mature miRNA in cyclin D17~ cells. (a) Northern blot analysis of
representative miRNAs (miR-16, let-7, miR-17 and miR-20a) in WT and Dicer =/~ HCT116 cells. (b-e) Northern blot analysis of pre-miR-16, pre-let-7a,
pre-miR-17 and 20a to mature miRNA processing in cyclin D11t/ +, cyclin D1~/ ~ and cyclin D1/~ MEFs reintroduced with Dicer or cyclin Da.

(f-i) Northern blot detection of pre-let-7a, pre-miR-16, 17 and 20a and mature let-7a, miR-16, 17 and 20a in cyclin D1a (lane 1) and cyclin D1b (lane 2)
rescued cyclin D1~/ = MEFs (lane 3). (j) Quantitative analysis of pre-let-7a, pre-miR-16, 17 and 20a to mature let-7a, miR-16, 17 and 20a processing in
cyclin D1/~ and cyclin D1t/ + MEFs. Values are equal to mean +s.e.m. (n=3). *P=0.0075 (miR-16), *P=0.0143 (let-7a), 0.05012 (miR-17) and
0.0472 (miR-20a). Statistical significance was determined by the standard two-tailed Student's t-test. tRNA serves as a loading control for northern blot.
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increased processing of pre-let-7a, pre-miR-17 and pre-miR-20a
was observed in the cyclin Dla rescued cells (Fig. 2c-e lane 4
versus lane 2 and Fig. 2g-i lane 1 versus lane 3).

Consistent with the reduction in Dicer abundance, the relative
conversion of pre-let-7a, pre-miR-16, 17 and 20a to mature let-7a,
miR-16, 17 and 20a was reduced in cyclin DI /= cells. The ratio
of mature form to precursor form of the detected miRNAs
was 3-5-fold higher in cyclin D11/ cells than in cyclin D1 =/~
cells (Fig. 2j).

Cyclin D1 and Dicer maintain histone tri-methylation. In
Schizosaccharomyces pombe, Dicer regulates small RNA from
pericentric repeats that initiate histone H3 lysine (H3K9)
methylation and heterochromatin formation at these domains.

Dicer 1-deficient mouse embryonic stem cells have decreased
H3K9 trimethylation and decreased DNA methylation®>26, In
order to examine further the functional significance of cyclin D1-
dependent induction of Dicer, we examined the hetero-chromatic
histone modification previously attributed to Dicer?®. Consistent
with prior findings in Dicer '~ ES cells, HCT116 Dicer '~
cells demonstrated reduced tri-m-H3K9 immunofluorescence
(Fig. 3a). Cyclin DI siRNA treatment of HCT116 resulted in a
similar reduction in tri-m-H3K9 immunofluorescence as
observed with Dicer]l genetic deletion (Fig. 3a). Cyclin D1
siRNA treatment of Dicer =/~ HCT116 cells resulted in a further
reduction in tri-m-H3K9 immunofluorescence (Fig. 3a).
Consistent with the reduction in Dicer abundance in cyclin
DI~/~ MEFs, the tri-m-H3K9 immunofluorescence was
reduced in cyclin DI~/~ MEFs (Fig. 3b). Similarly, reduced
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Figure 3 | Dicer and cyclin D1 govern heterochromatic H3K9 trimethylation. (a) HCT116 cells were stained with an antibody specific for trimethyl-H3K9
and DAP1 strained for nuclei. H3K9 trimethylation was assessed in Dicer /' versus Dicer /= HCT116 cells treated with cyclin D1 siRNA or control. Quantitative
analysis of trimethyl-H3K9 induction by Dicer and cyclin D1 was indicated. Scale bars, 10 um. mean = s.e.m. representing H3K9-Tri-me staining spots in 10
randomly selected cells. **P=0.0015 for WT HCT116, and 0.0078 for Dicer /'~ HCT116. The experiments were repeated independently for three times.
Statistical significance was determined by the standard two-tailed Student’s t-test. (b) H3K9 trimethylation was assessed in cyclin D11/ versus cyclin D1~/ ~
MEFs. Scale bars, 10 um. (¢) Western blot for trimethyl-H3K9 in control and cyclin D1 siRNA treated MCF-7 cells. (d) Western blot for Dicer in WT and
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tri-m-H3K9 expression was observed in cyclin D1 knockdown
MCEF-7 cells (Fig. 3c), where Dicer expression was reduced
(Fig. 1a). The Dicer loss in Dicer /= HCT116 cells and cyclin
D1 loss in cyclin DI~/ MEFs were demonstrated by western
blot analyses (Fig. 3d.e).

Cyclin D1 mediates proliferation and migration via Dicer.
Cyclin D1 enhances cellular proliferation and cyclin D1 siRNA
reduced HCT116 cellular proliferation assessed using the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) assay
(Fig. 4a). Cyclin DI siRNA had no effect on cellular proliferation in
Dicer~/~ HCT116 cells (Fig. 4a), suggesting a requirement for
Dicer in cyclin D1-induced cellular proliferation.

Dicer has cell-type-specific effects on migration as Dicer
knockdown enhanced invasiveness of LKR13 cells?’, Dicer had a
dose-dependent effect in enhancing or inhibiting migration of
MDA-MB-231 cells, and Dicer enhanced migration of T cells®®.
Cyclin D1 promotes cellular migration in a variety of cell types?*3°,
We examined the role of Dicer and cyclin D1 in HCT116 cell
migration. Cyclin D1 knockdown reduced the rate of wound closure
in HCT116 cells but had no effect on Dicer =/~ HCT116 cells
(Fig. 4b-d). In addition, Dicer—/~ HCT116 cells demonstrated a
reduced rate of wound closure compared with WT HCT116 cells
(Fig. 4b-d). Thus cyclin D1-mediated cellular migration occurs
through a mechanism that appears to require Dicer. These findings
are consistent with prior studies demonstrating a role for miRNA in
cyclin D1-mediated cell migration?2.

Cyclin D1 correlates with Dicer expression in breast cancer. In
order to analyse the association between Dicer and cyclin DI
expression in the context of breast cancer, a breast cancer
microarray data set compiled>! from the public repositories Gene
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) and
Array Express (http://www.ebi.ac.uk/arrayexpress/) was used to
evaluate expression levels of Dicer and cyclin D1 in the context of
mRNA clinical subtypes’! (Accession codes: E-TABM-158,
E-TABM-276, E-TABM-66, GSE10797, GSE11121, GSE11965,
GSE12093, GSE12306, GSE12763, GSE12917, GSE13671,
GSE1456, GSE1561, GSE3494, GSE4922, GSE5460, GSES5462,
GSE5764, GSE5847, GSE6532, GSE6596, GSE6883, GSE7390,
GSE7904, GSE8193, GSE8977, GSE9195, GSE9574). Elevated
Dicer expression and high cyclin D1 expression were significantly
correlated with the luminal A subtype of breast cancer (Fig. 5a,
P<0.01, y>-square test). Reduced Dicer expression and low level
of cyclin Dla were significantly correlated with the basal-like
breast cancer subtype (Fig. 5b, P<0.05, y>-square test).

The current studies extend our prior findings that cyclin D1
regulates selected miRNAs at the transcriptional level in breast
cancer® (Fig. 6a), by demonstrating that cyclin D1 induces Dicer
expression and thereby governs pre-miRNA processing in human
breast cancer (Fig. 6b,c).

Discussion

The studies herein identify a novel mechanism governing Dicer
abundance via transcriptional induction by cyclin D1. Transient
or sustained expression of a cyclin DI transgene targeted to the
mammary gland in vivo was sufficient to induce Dicer] mRNA
and protein abundance. Herein, Dicer promoter activity was
induced by a mutant of cyclin D1 incapable of recruiting an active
kinase complex. Cyclin D1 regulates the expression of genes via
kinase-dependent and  kinase-independent mechanisms?!.
Phosphorylation and derepression of pRB, activates E2F-
dependent signalling, whereas kinase-independent signalling
involves binding of cyclin D1 through associated DNA
sequence-specific binding transcription factors>!®1°. In the
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Figure 4 | Dicer-dependent cyclin D1-induced cellular proliferation and
migration. (a) Cellular proliferation was assessed using MTT assays on
HCTN6 Dicert/+ and HCT116 Dicer ~/~ cells upon treatment with cyclin D1a
siRNA or control siRNA as indicated. (b,c) Cellular migration assessed using
wounding healing assays on Dicer /= (b) or Dicer t/* (€) HCT116 cells upon
treatment with cyclin D1 siRNA or control siRNA as indicated. Scale bars,

10 um. (d) Quantitative analysis of the cellular migration assayed in b and

c. a, Data are mean +s.e.m. representing three separate experiments with
triplicate for each (N=9). **P<0.001. d, Data are mean ts.em. for N=3
separate experiments. **P=0.0032 for 24h, P<0.001 for 48h.

current studies cyclin D1 enrichment was identified at the
Dicer regulatory region, with enrichment by ChIP at — 728 to
— 655 region. This site does not contain an E2F site. The cyclin
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D1 binding region of the Dicer and miR-17/20 cluster promoter
regulatory region were remarkably enriched for common TF-
binding sites (SOX10, FOXD3, FOXA1l, FOXA1l, ZNF354C,
ELK1, ELE5, ETS1, MafB, ZEB1)3. Previous studies demonstrated
the cyclin D1-DNA bound form occupies the regulatory region of
genes involved in DNA replication!® and the miR-17/20 cluster
promoter regulatory region’. The current studies extend prior
studies by showing that cyclin D1 regulates the rate-limiting step
in miRNA biogenesis (Fig. 6a,b).

Herein cyclin D1 had a crucial role in Dicer-mediated
functions including histone tri methylation, cellular proliferation
and migration. Dicer —/~ HCT116 cells (Dicer KO) or cyclin D1
siRNA treated HCT116, demonstrated reduced tri-m-H3K9

immunofluorescence as shown in Dicer =/~ ES cells?>%,
Cyclin D1 siRNA further reduced tri-m-H3K9, suggesting an
additional Dicer-independent function for cyclin D1. This finding
is consistent with previous publications in which cyclin D1
recruited the H3K9 histone methyltransferase Suv39 together
with HP1 to chromatin in chromatin immune precipitation
assays. Although cyclin D1 KD or cyclin DI knock out, resulted in
a partial reduction in Dicer abundance and would not therefore
be expected to generate a geno- or phenocopy of Dicer deletion,
the ability of cyclin D1 to induce cellular proliferation and cellular
migration, was co-dependent upon Dicer, as cyclin D1 KD failed
to reduce cellular proliferation or cellular migration in Dicer ~/~
HCT116 cells.
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Figure 6 | Hypothetical Mechanisms for cyclin D1 regulation of miRNA
abundance. Schematic representation of the hypothetical molecular
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miRNA to mature miRNA processing. In turn, Dicer may involve in the
regulation of cell proliferation and migration by cyclin D1 (¢).

What might be the biological function for cyclin D1-mediated
induction of miRNA biogenesis via induction of Dicer abun-
dance? Dicer expression is regulated by multiple signalling
cascades. Although Dicer is ubiquitously expressed, regulation
of its expression may control miRNA biogenesis in specific
cellular contexts. Control of Dicer expression by TRBP, MITF!4,
PACT (double-stranded RNA dependent kinase (PKR) activator),
KH type splicing regulatory protein (KSRP), and herein cyclin
D1, may contribute to controlling miRNA biogenesis in local
microenvironments. As cyclin D1 is a labile growth factor and
oncogene-inducible protein, the relative abundance of cyclin D1
may transduce oncogenic and growth factor signalling to control
miRNA biogenesis in these local microenvironments. Dicer
expression is altered in a tumour type specific manner®2, and
herein was increased in luminal A breast cancer correlating with
increased cyclin D1. As Dicer is essential for miRNA processing,
the reduction in Dicer expression with reduced cyclin D1 levels in
basal-like breast cancer may alter processing of pre-miRNA.

Regulatory feedback loops between oncogenes and miRNAs
control cell-cycle progression. In some cases miRNAs cooperate
with transcription factors to regulate target gene expressmn33 34,
The cyclin Dla isoform’s 3’ UTR contains miRNA binding sites
responsible for attenuation of cyclin Dla abundance by multiple
miRNAs including miR-17 and miR-20 (ref. 3). The expression of
cell-cycle regulator genes including CDKs, myc, E2F and cyclin
D1, are also regulated by miRNA. Collectively the current studies
extend the repertoire of functions for the cyclin D1 gene from the
previously described regulation of the coding genome products to
coordinating biogenesis of the non-coding genome products.

Methods

Transgenic mice. Cyclin DI/~ mice were maintained in our lab on a mixed
C57B1/6 x 129/Sv] background. MMTV-Cyclin DI transgenic mice were made by
Dr Emmett V. Schmidt’s lab. The tetracycline inducible mammary epithelial cell-
targeted cyclin Dla transgenic mice were established on FVB strain in our lab.
MMTV-rtTA transgenic mice were made by Dr Lewis Chodosh’s lab. Eight to ten-
weeks-old female mice was used for in vivo experiments. All mouse experiments
were done in accordance with the guidelines for the care and use of laboratory
animals at Thomas Jefferson University.

Cell culture. The cyclin D1 +/ " and cyclin D1/~ MEFs were derived from WT
and cyclin D1 knockout mice®. Dicer ~/~ HCT116 cells were originally from
Dr Bert Vogelstein at Johns Hopkins University. MCF-7 cells were originally from
ATCC, and maintained in our lab. All cells were cultured in DMEM containing
penicillin and streptomycin (100 mg of each/l) and supplemented with 10% fetal
bovine serum.

Vectors. The Dicer luciferase reporter'%, Dicer expression vector>® and cyclin D1
expression vectors®” were obtained from labs as referenced. Basic-pGL3 luciferase
reporter vector was from Promega. Human cyclin Dla, Cyclin D1b and cyclin D1
KE complementary DNAs (cDNAs) were cloned into the mouse stem cell virus-
internal ribosome entry site-green fluorescent protein retrovirus vector at the EcoRI
site. The ecotropic packaging vector, pSV-}y"E-MLV which provides ecotropic
packaging helper function, was used with retrovirus to infect cells.

SiRNA transfection. All siRNAs were from Qiagen. Target sequence for cyclin D1
siRNA was AACAAGCTCAAGTGGAACCTG. The target sequence for negative-
control siRNA was AATTCTCCGAACGTGTCACGT; Lipofectamine RNAiMax

(Invitrogen) was used to transfect siRNA following the manufacturer’s instructions.

Gene reporter assays. For cellular transfection with reporter DNA, actively
growing cells were seeded on 12-well plates at a density of 1 x 10° cells per well.
The next day, cells were co-transfected using lipofectamine 2000 (Invitrogen) with
0.5 ug of pGL3 and 0.1 ug of CMV/8-galactosidase plasmid. Twenty-four hours
after transfection, luciferase activities were measured by AutoLumat and normal-
ized with 83-galactosidase.

miRNA northern blot analysis. Briefly, total RNA (10-20 pg per lane) was loaded
on a 15% denaturing polyacrylamide gel and electophoresed at 200 V until the
bromophenol blue approached the bottom. The RNA was transferred from the gel
to Hybond-N 4+ membrane using a semi-dry transfer apparatus. DNA oligonu-
cleotide probes (20-23 nt) were 5 end labelled with [y-3%P]-ATP and hybridization
was carried out using Rapid-Hyb buffer following the manufacturer’s instructions
(Amersham, Piscataway, NJ). All DNA probes were synthesized by Integrated
DNA Technologies. The probe sequences for miRNA northern analysis were as
follows: miR-16: 5'-CGCCAATATTTACGTGCTGCTA-3'; let-7a: 5'-AACTATAC
AACCTACTACCTCA-3'; miR-17-5p: 5'-ACTACCTGCACTGTAAGCACT
TTG-3; miR-20a: 5'-CTACCTGCACTATAAAGCACTTTA-3'.

Cell proliferation assay. 4 x 10> cells per well were seeded into 96-well plate. At
the indicated time points, MTT was used to stain cells for measuring cell
proliferation.

Wound-healing assay. Cells were counted and plated in equal numbers in 12-well
tissue culture plates to achieve 95% confluence. Thereafter, a vertical wound was
created using a 0.1 pl pipette tip. The wounded wells were cultures in serum-
reduced medium (0.5% fetal bovine serum). Images were captured at designated
times to assess wound closure.

Quantitative reverse-transcription PCR. Total RNA was extracted with Trizol
reagent (Life Technologies). For mRNA quantitative reverse-transcription PCR, the
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synthesized cDNA was reverse-transcribed with SuperScript II (Life Technologies) 6. Tili, E. et al. miRNAs and their potential for use against cancer and other

using random primer. For miRNA quantitative reverse-transcription PCR, first diseases. Future Oncol. 3, 521-537 (2007).

strand cDNA of miRNAs was prepared using the miRCURY LNA™ Universal 7. Gangaraju, V. K. & Lin, H. MicroRNAs: key regulators of stem cells. Nat. Rev.

cDNA S’YI:IthESiS Kit (Pr(.)duct no: 203300) 'from Exiqon f'ollowing'the manu- Mol. Cell Biol. 10, 116-125 (2009).

facturer’s instruction. Primer sets for real—tlmg PCR of miR-16, miR-17, mlR-2F)a, 8. Lipchina, L. ef al. Genome-wide identification of microRNA targets in human

let-7a and 55 rRNA_Were purChased from Exiqon. The SYBR Green MaSt_er Mix ES cells reveals a role for miR-302 in modulating BMP response. Genes Dev. 25,

was ABI p;oc}ructh(Lllfe Tec)hnologlez).fThe ABI 7900 HT1 Seque;éeRDetectl(;n 2173-2186 (2011).

System (Life Technologies) was used for quantitative real-time assay. Primer . . e

equences: Dicer, F: 5 TGTGATCCAGAGGAATTGGA ¥, R: 5 ACGGTCCAC Rissland, O, 8, Hong, 8. J. & Bartel, D B, MicroRNA destabilization enables

AGTCTACCACA 3 CCNDL, F: 5 CAGAGGCGGAGGAGAACAAA 3, R: ynamic regulation of the miR-16 family in response to cell-cycle changes. Mol.

5' ATGGAGGGCGGATTGGAA 3'; Exportin 5, F: 5 GAAGATGAGGCTGCAGA Cell 43, 993-1004 (2011). S o o

TGA 3, R: 5 CCCTTCTTTGAAACACAGCA 3; $-actin, F: 5 TGACGGCCAG 10. Png, K. J. et a'l. M1croRNA-3§5 1nh1b1ts' tum('Jr reinitiation and is silenced

GTCATCACCATT 3, R: 5 CTTGATCTTCATTGTGCTGG 3. through genetic and epigenetic mechanisms in human breast cancer. Genes

Dev. 25, 226-231 (2011).
11. Hutvagner, G. et al. A cellular function for the RNA-interference enzyme Dicer

Analysis of transcript co-expression within public microarray. Gene expression in the maturation of the let-7 small temporal RNA. Science 293, 834-838

profiles were median-centered, scaled to unitary standard deviation and 2D-scatter (2001).

plots were produced for Dicer versus cyclin DI transcript expression in the luminal 12. Paddison, P. J., Caudy, A. A., Bernstein, E., Hannon, G. J. & Conklin, D. S.

A subtype of breast cancer. The number of samples bound in each of the four Short hairpin RNAs (shRNAs) induce sequence-specific silencing in

quadrants around x=0 and y =0 was used to build a contingency table. The mammalian cells. Genes Dev. 16, 948-958 (2002).

observed number of samples in each the four quadrants was assessed for 13. Hatfield, S. D. et al. Stem cell division is regulated by the microRNA pathway.

significance by comparing against the expected distribution - the total number of Nature 435, 974-978 (2005).

samples in each quadrant, using a y>-square test. 14. Levy, C. et al. Lineage-specific transcriptional regulation of DICER by MITF in

melanocytes. Cell 141, 994-1005 (2010).

Western blot analysis and immunohistochemical staining. Whole-cell lysates 15. Teta’, M. et “l', Indumble.deletlo'n of epldermal‘ Dicer and Drosha reveals

(50 pg) were separated by 8-10% SDS-PAGE, and the proteins were transferred to multiple functions for miRNAs in postnatal skin. Development 139, 1405-1416

nitrocellulose membrane using a semi-dry transfer apparatus (Bio-Rad). After (2012). . ) )

being blocked in 5% milk (w/v) at room temperature for 1h, the membranes were 16. Kato, ]., Matsushime, H., Hiebert, S. W., Ewen, M. E. & Sherr, C. J. Direct

incubated at 4 °C overnight with primary antibodies. Following 1XPBST washing binding of cyclin D to the retinoblastoma gene product (pRb) and pRb

for three times (10 min per time), the membranes were incubated with secondary phosphorylation by the cyclin D-dependent kinase CDK4. Genes Dev. 7,

antibodies at room temperature for 1h followed by same washing procedure and 331-342 (1993).

ECL (enhanced chemiluminescence) staining. The original blots for all western 17. Wang, C. et al. Cyclin D1 repression of nuclear respiratory factor 1 integrates

blots are shown in Supplementary Figs S6-S13. The following antibodies were used nuclear DNA synthesis and mitochondrial function. Proc Natl Acad Sci USA

for western blotting: anti-cyclin D1 (Ab3) from Neomarker (1:2,000); anti-Dicer 103, 11567-11572 (2006).

(sc-136979,1:1,000), anti-B-actin (sc-47778, 1:3,000) and anti-B-tubulin (sc-9104, 18. Fu, M. et al. Cyclin D1 represses p300 transactivation through a cyclin-

1:2,000) were from Santa Cruz Biotechnology; anti-DGCR8 (no. 10996, 1:1,000) dependent kinase-independent mechanism. J. Biol. Chem. 280, 29728-29742

from Proteintech; anti-Argonaute 2 (C34C6, 1:1,000) from Cell Signaling; anti- (2005).

Drosha (A301886, 1:1000) from Bethyl; and anti-M2 Flag from Sigma (1:2,000). 19. Casimiro, M. C. et al. ChIP sequencing of cyclin D1 reveals a transcriptional

Anti-Histone H3 (tri methyl K9) from Abcam was used in western blot (1:2,500) role in chromosomal instability in mice. J. Clin. Invest. 122, 833-843

and in immunohistochemistry (1:100), with 4,6-diamidino-2-phenylindole (2012).

co-staining. 20. Fu, M. et al. Cyclin D1 inhibits peroxisome proliferator-activated receptor

gamma-mediated adipogenesis through histone deacetylase recruitment. J. Biol.

ChIP assay. ChIP DNA was prepared using ChIP assay kit (Upstate Chemicon) Chenm. 208, 1693471,6941 (2005). . L .

following the manufacturer’s instruction. Briefly, three 10-cm plates of MCF-7 cells 21. Fu, M., Wang, C, Li, Z, Sal'<amak1, T. &. Pestell, R. G. Minireview: Cyclin D1:

transduced with retroviral vector encoding cyclin D1 or control were fixed for normal and abpormal funct1oqs. }?n-docrmology. 145{ 5439-5447 (2004). )

10 min with 37% paraformaldehyde (final concentration 1%). Unreacted for- 22. Yu, Z. et al. microRNA 17/2Q 1nh1b1t§ cellular invasion and t}lmor metastasis

maldehyde was quenched with glycine. The cells were washed twice with ice-cold in breast cancer by heterotypic signaling. Proc. Natl Acad. Sci. USA 107,

PBS and the pellets harvested in 3 ml of PBS with protease inhibitor cocktail. DNA 8231-8236 (2010).

fragmentation was achieved by sonicating for 35 cycles of 20s each at maximum  23. Han, J. et al. The Drosha-DGCR8 complex in primary microRNA processing.

speed using OMNI-Ruptor 4000 (OMNI International, Inc). Immuno-precipitation Genes Dev. 18, 3016-3027 (2004).

(IP) was performed with 10 pug of anti-Cyclin D1 (SC-20044, Santa Cruz) and 24. Cummins, J. M. et al. The colorectal microRNAome. Proc. Natl Acad. Sci. USA

equivalent amount of mouse IgG as negative control. Precipitated DNA was 103, 3687-3692 (2006).

analysed by quantitative real-time PCR using human Dicer promoter-specific 25. Benetti, R. et al. A mammalian microRNA cluster controls DNA methylation

primers: P1, F: 5-AAGAAACACGGTTGCAGTTG-3/, R: 5-TGGCTGGCTTAA and telomere recombination via Rbl2-dependent regulation of DNA

AGAACATCT-3; P2, F: 5-CTGGAGACAGAGTGAGACTCC-3/, R: 5'-TGAGGT methyltransferases.. Nat. Struct. Mol. Biol. 15, 268-279 (2008).

AGGTGCTGAAACTGC-3'; P3, F: 5'-AACAGGAAGCAGGCTGGGTA-3', R: 26. Kanellopoulou, C. et al. Dicer-deficient mouse embryonic stem cells are

5'-CGATTTCTGACCTTGTCATC-3'; P4, F: 5'-CTTATTTAACGCCCACC defective in differentiation and centromeric silencing. Genes Dev. 19, 489-501

GAT-3, R: 5'-CCTGGCAGACCCATGTATTT-3; P5, F: 5'-ACAAAGGGCATAT (2005).

CTTGGCT-3/, R: 5-TGTCCCTCACACCTGTCCTA-3'; P6, F: 5'-AAACAAACC 27. Kumar, M. S, Lu, J., Mercer, K. L., Golub, T. R. & Jacks, T. Impaired

AGCAAGTGGAG-3, R: 5-TGGCTACACAGTCATTTATTGAG-3'. microRNA processing enhances cellular transformation and tumorigenesis.

Nat. Genet 39, 673-677 (2007).
Statistical analysis. Data are presented as mean * s.e.m. The standard two-tailed 28. Zha{xg, N. M.J. Dicer contro'ls CD8 + T-cell activation, migration, and
Student’s t-test was used for analysis and P<0.05 was considered significant. Sl,lw ival. Proc. Natl. Acm'il‘ Sci. USA. 107"2'1629721634 (2010). Lo
29. Li, Z. et al. Alternate cyclin D1 mRNA splicing modulates p27KIP1 binding and
cell migration. J. Biol. Chem. 283, 7007-7015 (2008).
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