
MOLECULAR AND CELLULAR BIOLOGY, Apr. 2008, p. 2167–2174 Vol. 28, No. 7
0270-7306/08/$08.00�0 doi:10.1128/MCB.01977-07
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

MicroRNAs in the miR-106b Family Regulate p21/CDKN1A and
Promote Cell Cycle Progression�†

Irena Ivanovska,* Alexey S. Ball, Robert L. Diaz, Jill F. Magnus, Miho Kibukawa, Janell M. Schelter,
Sumire V. Kobayashi, Lee Lim, Julja Burchard, Aimee L. Jackson,

Peter S. Linsley, and Michele A. Cleary
Rosetta Inpharmatics LLC, Seattle, Washington 98109

Received 1 November 2007/Returned for modification 10 December 2007/Accepted 7 January 2008

microRNAs in the miR-106b family are overexpressed in multiple tumor types and are correlated with the
expression of genes that regulate the cell cycle. Consistent with these observations, miR-106b family gain of
function promotes cell cycle progression, whereas loss of function reverses this phenotype. Microarray profiling
uncovers multiple targets of the family, including the cyclin-dependent kinase inhibitor p21/CDKN1A. We show
that p21 is a direct target of miR-106b and that its silencing plays a key role in miR-106b-induced cell cycle
phenotypes. We also show that miR-106b overrides a doxorubicin-induced DNA damage checkpoint. Thus,
miR-106b family members contribute to tumor cell proliferation in part by regulating cell cycle progression
and by modulating checkpoint functions.

Changes in microRNA expression levels are correlated with
and contribute to cancer development (7, 25, 33), but the
cellular mechanisms by which microRNAs influence aberrant
cell growth are poorly understood. Recent evidence suggests
that microRNAs can act as either tumor suppressors or onco-
genes. For example, microRNAs in the let-7 family may act as
tumor suppressors by repressing certain oncogenes, including
those encoding Ras family members and HMGA2, thereby
inhibiting tumor growth (22, 28, 34). The miR-16 family also
shows antiproliferative activity by negatively regulating cell
cycle progression (32) and inducing apoptosis as a result of
BCL2 silencing (12, 32). Moreover, we and others have shown
that the miR-34 family plays a role in TP53 tumor suppressor
function and causes cell cycle arrest and apoptosis (4, 9, 18, 37,
46, 47). Consistent with a tumor-suppressive role, let-7, miR-
16, and miR-34 families of microRNAs are often deleted or
down-regulated in cancers (6). microRNAs, including miR-21,
miR-155/BIC, miR-372, and miR-373, may also have onco-
genic properties. These microRNAs are often overexpressed
or amplified in cancer and drive tumor progression in mouse
models (14, 23, 41, 48, 51). Other oncogenic microRNAs in-
clude the miR-17-92 and miR-106a-363 polycistronic clusters.
Ectopic expression of the miR-17-92 cluster, which is amplified
in B-cell lymphomas, accelerates tumor growth in mice (19).
The miR-106a-363 cluster is a site of retroviral insertion in a
mouse T-cell lymphoma (24). These microRNA clusters con-
tain multiple members of a microRNA family with seed region
homology that we refer to here as the miR-106b family. Be-
cause they share a seed region (nucleotides 1 to 8), which
largely dictates target mRNA recognition (30), these family

members likely promote tumor growth through related, though
poorly understood cellular mechanisms.

microRNAs regulate gene expression by inhibiting protein
translation or by triggering cleavage of the target mRNAs.
Each microRNA has the potential to target hundreds of genes
with seed region complementary sites in their 3� untranslated
regions (UTRs) (31). For many microRNAs, a single key tar-
get has been put forth as the underlying cause of the observed
phenotypes (20, 35, 44). Although individual targets responsi-
ble for the phenotypes elicited by miR-16 and miR-34a have
been proposed, it is likely that these microRNAs function through
cooperative down-regulation of multiple targets (8, 18, 32).

To better understand how the miR-106b family regulates
oncogenesis, we investigated the functional properties of these
microRNAs. We show that, consistent with a role in cancer,
expression of the miR-106b family is correlated with expres-
sion of genes involved in cell proliferation, and our phenotypic
studies indicate a role for this family in regulating the G1-to-S
cell cycle transition.

MATERIALS AND METHODS

Functional annotation of microRNAs and microRNA levels in tumor samples.
microRNA levels in a collection of five different solid tumors (breast, colon,
kidney, gastric, and lung) and adjacent noninvolved tissues obtained from 29
tumor and 28 normal adjacent samples were measured. The tissue blocks were
from Genomics Collaborative, Inc. Each sample was pulverized and split into two
tubes. One tube was used for RNA extraction with the RNEasy kit (Qiagen).
Purified total RNA was profiled on 25,000-transcript human Agilent microarrays.
Samples were hybridized against pooled normal samples from the same tissue.
The other tube was used in Trizol RNA extraction protocols that preserve small
RNAs. microRNA levels were measured as described previously (38). We looked
at microRNAs in the signatures of 10 or more tumor samples and annotated sets
of �100 mRNAs correlating with microRNAs at r values �0.4 or ��0.4. There
was no cutoff for signature size.

Microarray analysis. HCT116 Dicerex5 cells were transfected with microRNAs
in six-well plates, and RNA was isolated 10 h after transfection. Microarray
analysis was performed as described previously (21). Genes identified by expres-
sion arrays were validated using quantitative reverse transcription PCR (qRT-
PCR). Transcripts containing the miR-106b family hexamers in their 3� UTRs
were identified as previously described (32). 3� UTRs were analyzed because
miRNA binding sites are easier to distinguish from background in the 3� UTR
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(see, for instance, reference 31), although a small number of targets probably
have coding region sites.

mRNA and protein levels. mRNA levels were measured by qRT-PCR on an
Applied Biosystems instrument. Protein levels were measured with antibodies
against p21 (Cell Signaling) in an immunohistochemistry analysis in accordance
with the manufacturer’s instructions. Anti-HSP70 antibodies (Santa Cruz Bio-
technology) were used to test for equal loading.

Cell cycle analysis. Human mammary epithelial cells (HMECs) immortalized
by stable integration of human telomerase (42) were obtained from J. Roberts
(Fred Hutchinson Cancer Research Center) and were used in all experiments
unless indicated otherwise. Tumor-derived human color cancer cell lines
HCT116 p21�/� and HCT116 p21�/� were obtained from B. Vogelstein (Johns
Hopkins University School of Medicine). HCT116 Dicerex5 cells were previously
described (13a). A549 lung epithelial cells were obtained from ATCC.

RNA duplexes corresponding to mature microRNAs were designed as previ-
ously described (31). The mutant miR-106b duplex contains changes in nucleo-
tides 2 and 3 of the miR-106b seed region. miRNAs (10 nM) and anti-miRs (50
nM; Exiqon) were transfected using Lipofectamine RNAiMax (Invitrogen). For
small interfering RNA (siRNA)-mediated target knockdown, three siRNAs (ob-
tained from Sigma-Proligo) designed with an algorithm that increases silencing
efficiency and decreases off-target effects (21) were pooled and transfected at 25
nM of each duplex. Subsequently, the siRNA pools were deconvolved and each
siRNA was transfected at 25 nM, unless otherwise indicated. The control siRNA
used in all experiments targets the firefly luciferase gene, which is not present in
these cells.

Transfections were performed as described previously (32). Cells were plated
24 h prior to transfection with microRNA mimics or siRNAs in six-well plates.
Transfection efficiency for each cell line was optimized for greater than 85%
efficiency using siRNAs against known genes. Where indicated (see the legends
to Fig. 2C, 3A, 4D, and 5B), nocodazole (100 ng ml�1; Sigma Aldrich) was added
24 h after transfection for 16 to 48 h. Doxorubicin (500 nM) was added for 48 h.
The supernatant from each well (floating cells) was combined with cells har-
vested by trypsinization (adherent cells), and cells were fixed with 95% ethanol
at �20°C for 1 h. Cell cycle distributions were measured by staining with pro-
pidium iodide as described previously (32), followed by analysis on a FACSCali-
bur flow cytometer (Becton Dickinson). A total of 10,000 events were counted
for each sample. Data were analyzed with FlowJo software (Tree Star). In each
instance, flow cytometry was performed at least twice, and a representative
experiment is shown in each figure.

For bromodeoxyuridine (BrdU) incorporation analysis, 48 h after transfection,
HMECs were pulsed with BrdU for 1 h (BD Bioscience). Cells were fixed and
stained with fluorescein isothiocyanate-conjugated anti-BrdU antibody and the
DNA dye 7-amino-actinomycin D in accordance with the manufacturer’s instruc-
tions (BD Biosciences).

Dual-luciferase assay. The 3� UTR from the human p21 gene was cloned into
a vector containing the luciferase open reading frame (pSGG_3UTR; Switch-
Gear Genomics). Seed regions were mutated to remove complementarity to the
miR-106b by using the QuikChange II XL mutagenesis kit (Stratagene). Specif-
ically, two miR-106b-complementary sites, with sequence gcaCTtt, were changed
to gcaGAtt (mutated nucleotides are capitalized) (nucleotides 1057 to 1063 and
1738 to 1744 in NM_000389). HCT116 Dicerex5 cells were cotransfected with the
reporter construct and microRNAs using Lipofectamine 2000 (Invitrogen). Cells
were lysed 24 h after transfection, and ratios between firefly luciferase and
Renilla luciferase activity were measured with a dual-luciferase assay (Promega).

RESULTS

Expression of the miR-106b family of microRNAs is corre-
lated with the expression of cell cycle genes. We classified
microRNAs by correlating their levels with the expression of
�40,000 transcripts (Fig. 1A) in human tumors and adjacent
normal tissue samples. To functionally classify correlated tran-
scripts, we annotated them with Gene Ontology (GO) biolog-
ical process terms (1). Our rationale was that transcripts cor-
related with the expression of individual microRNAs and
enriched for genes in known cellular pathways could indicate
roles for the microRNAs in those pathways. Figure 1B depicts
a heat map of the expectation (E value) of enrichment for GO
biological process terms in sets of transcripts that were corre-
lated with a subset of microRNAs. Several members of the

miR-106b family (Fig. 1C) correlated with cell cycle-related
transcripts (Fig. 1B). Specifically, miR-106b, miR-106a, miR-
20, and miR-17-5p were correlated with transcripts involved in
DNA replication and mitosis, whereas miR-93 was correlated
with regulators of DNA replication. Several microRNAs with
known functions were correlated with transcripts with the ex-
pected annotation. For example, miR-133b (as well as miR-1
and miR-133a [not shown]) levels correlated with transcripts
annotated for muscle development (10). Also, consistent with
previous studies (14, 23), miR-155 (B-cell integration cluster),
a leukemogenic microRNA, correlated with transcripts regu-
lating the immune response. Despite its association with tu-
morigenesis, miR-155 did not correlate significantly with cell
cycle transcripts. Thus, the correlation of the miR-106b family
members with cell cycle-related transcripts suggests a role for
these microRNAs in cell cycle progression.

Correlation with cell cycle transcripts predicted that the
miR-106b family expression levels may be elevated in highly
proliferative tissues and cancer samples. microRNAs in the
miR-17-92 locus are overexpressed in B-cell lymphomas with
chromosomal amplifications of this locus (19) and in some lung
cancer cell lines (16). We extended these findings and com-
pared a panel of tumor samples from several tissues. We found
that miR-106b family members were overexpressed in tumor
samples from five tissues compared with expression in adja-
cent, normal samples (Fig. 1D). Overexpression of miR-106b
family members in tumor samples suggests that high levels of
these microRNAs may contribute to the highly proliferative
nature of the tumors. The correlation with cell cycle terms and
the high levels in proliferative tissues suggest that the miR-
106b family may influence tumor growth by promoting cell
proliferation.

miR-106b affects cell cycle progression. To study the effects
of the miR-106b family on cell cycle progression, we trans-
fected synthetic RNA duplexes (to mimic the microRNAs) or
anti-miRs (to inhibit the microRNAs) into asynchronously
growing HMECs immortalized by stable integration of human
telomerase (42). The miR-106b duplex promoted cell division
compared with a control duplex (Fig. 2A), whereas anti-miR-
106b had no effect (data not shown).

We also analyzed cell cycle effects by flow cytometry and
measurement of BrdU incorporation. Gain of function of miR-
106b and miR-106a following transfection of RNA duplexes
resulted in an increase in the population of cells that are in S
phase by 14 to 15% in three independent experiments. Figure
2B shows a representative experiment in which 17.7% of con-
trol-treated cells were in S phase, whereas miR-106b- and
miR-106a-treated cultures had 31.8% and 31.0% S-phase cells,
respectively. Comparable results were observed in A549 lung
carcinoma cells (see Fig. S1 in the supplemental material).
microRNA mimics with unrelated seed regions (miR-18, miR-
19, and miR-92; data not shown) did not cause an increase in
S phase. We also failed to observe an S-phase increase with
miR-93 and miR-372 mimics, suggesting that these miR-106b
family members have more-subtle effects. These results indi-
cate that select miR-106b family microRNAs specifically affect
cell cycle progression during either G1 or S phase.

To investigate effects on cell cycle progression that may be
too subtle to observe in asynchronously cycling cultures, we
treated cells with the microtubule-depolymerizing drug no-
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codazole, which blocks cell cycle progression at G2/M (Fig.
2C). Compared with control-treated cells (Fig. 2C, top left),
miR-106b, miR-106a, miR-20b, and miR-17-5p mimics sub-
stantially and consistently reduced the G1 population by 15 to

17% in three independent experiments, indicating that they
function as positive regulators of the G1-to-S transition (Fig.
2C, middle). This phenotype is dependent on seed region
complementarity, as mutating nucleotides 2 and 3 in miR-106b

FIG. 1. The miR-106b family. (A) A method for assigning functional annotation to microRNAs. RNA was extracted from a panel of tumor and
adjacent normal tissues, and the endogenous expression levels of microRNAs and mRNA transcripts were profiled. For each microRNA, a set of
transcripts whose expression levels correlated with the expression of the microRNA was identified. The correlated transcripts were annotated for GO
biological process functional gene sets. A significant gene set overlap indicates that the microRNA-correlated transcripts were enriched for a particular
biological process and is expressed as the E value for enrichment. (B) miR-106b family expression levels are correlated with cell cycle functional
annotation in a human tumor atlas. microRNA levels measured in human tumor samples were correlated with mRNA levels in the same samples. Shown
is a heat map depicting a two-dimensional cluster of E-value enrichment for the most common GO biological process terms (x axis) associated with
microRNAs (y axis). The E value is a Bonferroni-corrected P value that takes into account that multiple sets were tested. (C) Sequence alignment of the
miR-106b family. This is one of the largest families of microRNAs, with 18 members (not shown are four additional miR-520 and four additional miR-519
variants). �, seed region. miR-106b, miR-106a, miR-20a, miR-20b, and miR-17-5p share seed region identity. miR-93, miR-372, miR-520, miR-526*, and
miR-519 have seed regions that are offset by one nucleotide, and miR-18 has a seed region with one divergent base (underlined). (D) The miR-106b
family is overexpressed in tumors. microRNA levels in tumor and adjacent normal tissues from a tumor atlas were measured (38). Shown are log2 values
for ratios of miR-106b family levels in tumor and normal samples to average levels of the same microRNAs in the corresponding normal tissues (normal pool).
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abrogated the effect, indicating that the phenotype is depen-
dent on target recognition by the microRNA (Fig. 2C, top
right). As with the BrdU assay described above, miR-93 and
miR-372 mimics had more-subtle effects (see Fig. S2 in the
supplemental material). Therefore, we concentrated on the
four microRNAs with the most robust phenotypes for further
study.

Inhibition of miR-106b family members causes accumula-
tion of cells in G1. To address whether the cell cycle function
of the miR-106b family reflects the intrinsic activity of the
microRNAs or an ectopic gain of function of nonphysiological
levels, we used locked-nucleic-acid-based anti-miRs to sup-
press the endogenous microRNAs. If the miR-106b family is
required for progression from G1 to S, then a disruption of
mature microRNA levels by anti-miRs should result in an
accumulation of cells in G1. We found that anti-miR-106b,
anti-miR-106a, anti-miR-20, and anti-miR-17-5p produced a
greater percentage of G1 cells after treatment with nocodazole
(Fig. 2C, bottom). Even after prolonged exposure to nocoda-
zole (72 h), a subpopulation of cells remained blocked in G1,
suggesting that the miR-106b family is required for the G1-to-S

transition (see Fig. S3 in the supplemental material). This
observation is consistent with the results of our gain-of-func-
tion analysis and indicates that, endogenously, these micro-
RNAs function at the G1-to-S transition.

The miR-106b family targets cell cycle regulators. The pos-
itive effects of the miR-106b family on the cell cycle likely
result from down-regulation of a gene(s) that negatively regu-
lates cell cycle progression. To identify targets of the miR-106b
family, we performed mRNA expression profiling after trans-
fection of microRNA mimics. By microarray analysis, 103 tran-
scripts that contained miR-106b family complementary hexamers
in their 3� UTRs were down-regulated by miR-106b, miR-
106a, miR-20b, and miR-17-5p within 10 h of transfection (see
Table S1 in the supplemental material), indicating that these
transcripts are likely direct targets of miR-106b. Previously
identified single targets of the miR-106b family (20, 35, 44)
were not regulated in our experimental system, whereas tran-
scripts from the reported miR-106b signature (8, 32) were
represented in this set (see Fig. S1 in the supplemental mate-
rial).

To identify the targets that mediate the cell cycle function of

FIG. 2. Gain of function of the miR-106b family promotes cell cycle progression; knockdown reverses the phenotype. (A) miR-106b promotes
cell division. A growth curve measuring cell numbers following transfection of a control duplex or miR-106b into HMECs shows that miR-106b
promotes cell division. Error bars represent coefficients of variation. (B) miR-106b and miR-106a gain of function led to an increase in S-phase
cells. HMECs were transfected with the indicated microRNA or control duplex (luciferase). BrdU incorporation was analyzed using flow
cytometry. Shown are scatter plots of fluorescence intensities of BrdU incorporation (y axis) against DNA content (x axis). Magenta gates capture
the S-phase populations (positive for BrdU incorporation), and the numbers depict percentages of cells in S phase. 7-AAD, 7-amino-actinomycin
D. (C) The miR-106b family is required for the G1-to-S transition. HMECs were transfected with control duplex (luciferase, top left), microRNAs
(middle), or anti-miRs (bottom) and treated with nocodazole for 16 h. “miR-106b mutant” has mutations in positions 2 and 3 of the seed region
(top right). Cell cycle profiles were analyzed using flow cytometry. Shown are histograms of cell numbers (y axis) against DNA content (determined
by measuring fluorescence intensity; x axis).
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the miR-106b family of microRNAs, we tested whether down-
regulation of individual targets phenocopied miR-106b gain of
function. A subset of 88 targets that included genes down-
regulated in two cell lines were tested. The miR-106b family
signature contained 14 genes annotated as belonging to the
“cell cycle” category by GO biological processes (see Table S2
in the supplemental material). To test whether suppression of
these genes can phenocopy miR-106b family gain of function,
we targeted them with siRNAs. The gene encoding the cyclin-
dependent kinase inhibitor p21/CDKN1A was the target
whose silencing fully reflected the phenotype (Fig. 3A and B;
see Fig. S4A in the supplemental material). In addition, partial
silencing of p21 to levels comparable to silencing by miR-106b
(see below) produced the same phenotype (see Fig. S5 in the
supplemental material). Silencing of the additional 74 targets
did not reveal any that strongly phenocopied miR-106b (data
not shown). Given the robust miR106b-like phenotype gener-
ated by silencing of p21 along with the well-characterized role
of p21 in G1-to-S progression (reviewed in reference 40), we
explored further the relationship between p21 and miR-106b.

p21 is a direct target of miR-106b. We tested whether en-
dogenous p21 mRNA and protein levels fluctuate upon miR-
106b gain of function and knockdown. miR-106b reduced p21
mRNA levels by 38% (Fig. 4A) and p21 protein levels by 46%,
as usually observed for microRNA-mediated target down-reg-
ulation (2). Multiple miR-106b family members do not syner-

gize to further decrease the levels of p21 (data not shown).
Anti-miR-106b increased p21 protein levels by 53% (Fig. 4B),
consistent with p21 being a direct target of miR-106b.

The p21 mRNA 3� UTR contains two hexamers comple-
mentary to the miR-106b family seed region. To test for
direct effects on the p21 transcript by miR-106b micro-

FIG. 3. p21/CDKN1A silencing phenocopies the miR-106b family
gain of function. (A) siRNA silencing of p21/CDKN1A led to reduc-
tion in G1-phase cells upon treatment with nocodazole as seen for
miR-106b gain of function. Cell cycle profiles were analyzed using flow
cytometry. Shown are histograms of cell numbers (y axis) against DNA
content (determined by measuring fluorescence intensity; x axis).
Numbers above the 2N peaks represent the percentages of G1 cells, as
captured by the indicated gates. The experiment was repeated three
times, and representative data are shown. (B) p21 knockdown results
in an increase in S phase. HMECs were transfected with control duplex
(luciferase; left), miR-106b (middle), or p21 (right) siRNAs. BrdU
incorporation was analyzed using flow cytometry. Shown are scatter
plots of fluorescence intensities of BrdU incorporation (y axis) against
DNA content (x axis). Magenta gates capture the S-phase populations
(positive for BrdU incorporation), and the numbers depict percentages
of cells in S phase. 7-AAD, 7-amino-actinomycin D.

FIG. 4. p21 is a direct, in vivo target of miR-106b. (A) Endogenous
p21 mRNA levels were reduced by miR-106b gain of function. HMECs
were treated with miR-106b or a luciferase control, and p21 mRNA
levels were measured by qRT-PCR. Shown are relative levels normal-
ized against the human �-glucuronidase gene (a housekeeping gene).
(B) p21 protein levels were reduced by miR-106b overexpression and
increased by anti-miR-106b. HMECs were treated with luciferase con-
trol, miR-106b, anti-miR-106b, or a p21 siRNA, and p21 protein levels
were measured by immunoblotting. Shown is a Western blot with
anti-p21 and anti-HSP70 antibodies. Numbers above lanes represent
relative levels normalized against HSP70 (a housekeeping protein).
(C) miR-106b family members modulate a p21 mRNA 3� UTR re-
porter plasmid. The luciferase open reading frame was fused to the
entire p21 mRNA 3� UTR. Cotransfection of this construct with miR-
106b family duplexes resulted in down-regulation of luciferase activity
(gray bars), compared to a construct in which the miR-106b seed
region complementary sites were mutated (black bars). Averages and
standard deviations were calculated from two independent experi-
ments. (D) p21 is required for the anti-miR-106b phenotype. HMECs
were transfected with a control duplex (luciferase), anti-miR-106b, p21
siRNAs, or anti-miR-106b and p21 siRNAs and were treated with
nocodazole for 24 h. Cell cycle profiles were analyzed using flow
cytometry. Shown are histograms of cell numbers (y axis) against DNA
content (determined by measuring fluorescence intensity; x axis).
Numbers denote the percentages of cells in G1.
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RNAs, we used a luciferase reporter carrying the complete
p21 mRNA 3� UTR. As shown in Fig. 4C, mimics of multiple
members of the miR-106b family down-regulated the re-
porter. This effect depends on the seed region hexamer
complements in the p21 mRNA 3� UTR, as mutations in
these sequences rendered the reporter irresponsive to micro-
RNA transfection (Fig. 4C). In contrast, the effects of miR-
106b family members do not appear to result from indirect
effects on p21 gene transcription as a p21 gene promoter
reporter did not respond to miR-106b transfection (data not
shown). Because several miR-106b family members behaved
comparably in this assay, we concentrated on miR-106b as a
representative for further studies.

To further establish a functional connection between miR-
106b and p21, we tested whether p21 is required for the anti-
miR-106b phenotype. If the anti-miR-106b phenotype (Fig.
2C) depends on increased levels of p21 (Fig. 4C), then the
absence of p21 should abrogate the effect. When we silenced
p21 with an siRNA, anti-miR-106b no longer elicited an accu-
mulation in G1 (Fig. 4D). This phenotype is not due to com-
petition between the p21 siRNA and anti-miR-106b, as similar
results were obtained with HCT116 p21�/� cells (data not
shown). These results show that p21 is required for the anti-
miR-106b phenotype and that the observed increase in p21
protein levels in anti-miR-106b-treated cells is not a secondary
consequence of increased numbers of cells in G1.

miR-106b modulates the p21-mediated checkpoint. Cells re-
spond to DNA damage by arresting at G1 and G2/M to allow

repair or to initiate cell death if the damage cannot be repaired
(50). Activation of TP53 and p21 mediates the G1 checkpoint
block (49). To test whether miR-106b affects the checkpoint
functions of p21, we induced DNA damage with doxorubicin
after transfection of miR-106b mimics. As shown in Fig. 5A,
miR-106b prevented a DNA damage-induced G1 block (mid-
dle panel), reflecting a p21 loss-of-function phenotype (right
panel). These observations suggest that miR-106b gain of func-
tion is sufficient to override a DNA damage-induced check-
point.

p21 and TP53 also function to prevent G2/M-arrested cells
from entering an unscheduled S phase and endoreduplicating
into polyploid cells (Fig. 5B) (13, 26, 43). miR-106b gain of
function and p21 knockdown both led to an accumulation of
polyploid (8N) cells upon prolonged nocodazole block in G2/M
(Fig. 5B). The miR-106b phenotype (15% 8N) is less pro-
nounced than that elicited by the p21 siRNA (43% 8N), likely
because more p21 protein remains in the microRNA-treated
cells than in siRNA-treated cells (Fig. 4B). In this assay, miR-
106b gain of function and p21 silencing were additive (Fig. 5B,
right), indicating that additional miR-106b targets contribute
to the phenotype. We also observed endoreduplication in
HCT116 cells treated with miR-106b and/or null for p21 (see
Fig. S4B in the supplemental material) (5, 43). In summary,
miR-106b gain of function overrides the cell cycle checkpoint
established by the TP53-p21 pathway, presumably due to p21
silencing.

FIG. 5. miR-106b modulates the p21-mediated checkpoint. (A) miR-106b overrides a DNA damage-induced G1 arrest. HMECs were trans-
fected with a control duplex (luciferase), miR-106b, or p21 siRNAs and were treated with doxorubicin for 48 h. Cell cycle profiles were analyzed
using flow cytometry. Shown are histograms of cell numbers (y axis) against DNA content (determined by measuring fluorescence intensity; x axis).
Numbers denote the percentages of cells in G1 and G2/M, respectively. (B) miR-106b and p21 loss promote endoreduplication in nocodazole-
blocked cells. HMECs were transfected with a control duplex (luciferase), miR-106b, p21 siRNAs, or miR-106b and p21 siRNAs and were treated
with nocodazole for 48 h. Cell cycle profiles were analyzed using flow cytometry. Shown are histograms of cell numbers (y axis) against DNA
content (determined by measuring fluorescence intensity; x axis). Numbers denote the percentages of cells with 8N DNA content.

2172 IVANOVSKA ET AL. MOL. CELL. BIOL.



DISCUSSION

We demonstrate an efficient approach for determining micro-
RNA function comprising functional annotation (i.e., correla-
tion of microRNA expression and GO annotations), pheno-
typic analysis to identify cellular functions, and expression
profiling to select putative targets relevant to the observed
phenotypes. Thus, starting with the indication that expression
of miR-106b family members is related to that of cell cycle
genes, we formulated and tested the hypothesis that these
microRNAs play a functional role in cell cycle progression.
The results of our in vitro studies have shown that the miR-
106b family promotes the G1-to-S transition and targets the
CDK inhibitor p21.

MicroRNA phenotypes are a result of regulation of cellular
programs (8, 32) or key targets (20, 22, 28, 34, 35, 44). Con-
sistent with the first model, the miR-106b family down-regu-
lates multiple targets (Fig. 3A). In addition, miR-106b gain-
of-function and p21 silencing have an additive effect on
endoreduplication (Fig. 5B), indicating that miR-106b down-
regulation of additional targets contributes to this phenotype.
Nevertheless, individual silencing of other targets did not phe-
nocopy miR-106b gain of function, whereas silencing of p21 to
levels reflecting miR-106b-mediated knockdown recapitulated
several microRNA phenotypes (Fig. 3 and 5 and data not
shown). Thus, p21 is a key target for the cell cycle function of
the miR-106b family.

Our phenotypic analyses revealed that the miR-106b family
promotes exit from G1 and entry into S phase. These data are
consistent with a model in which the miR-106b family accel-
erates the G1-to-S transition, as has been observed in cells
depleted of negative regulators of S-phase entry (e.g., Rb [39]).

Similar to our findings, the cyclin-dependent kinase inhibitor
p27Kip1 is regulated by miR-221 and miR-222 (15, 29). Down-
regulation of p27Kip1 by miR-221/222 promotes cancer cell
proliferation (15, 29), whereas down-regulation of miR-221/
222 by anti-miRs arrests the cell cycle, indicating a dependence
on elevated miR-221/222 levels for cancer cell proliferation.
Indeed, miR-221 is often upregulated in cancer cell lines and
tumor samples (11, 17, 27, 36). Thus, an emerging common
theme is that microRNAs that down-regulate negative regula-
tors of cell cycle progression are overexpressed in tumors.

The miR-106b family is emerging as an important compo-
nent of the cellular networks relevant to oncology. The pres-
ence of high microRNA levels in tumor samples suggests a
causal relationship between microRNA abundance and pro-
motion of cell division. Two miR-106b family members, miR-
17-5p and miR-20a, reside in an oncogenic microRNA poly-
cistron (16, 19, 35, 45). Our findings suggest that regulation of
the cell cycle by these microRNAs contributes in part to the
mechanism by which they drive tumor progression. Thus, the
oncogenic properties of the miR-106b family of microRNAs
may stem from combined positive regulation of the cell cycle
and additional functions.
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