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The tumor suppressor p21 acts as a cell cycle inhibitor and has also been shown to regulate gene expression by functioning as a
transcription corepressor. Here, we identified p21-regulated microRNAs (miRNAs) by sequencing small RNAs from isogenic
p21�/� and p21�/� cells. Three abundant miRNA clusters, miR-200b-200a-429, miR-200c-141, and miR-183-96-182, were down-
regulated in p21-deficient cells. Consistent with the known function of the miR-200 family and p21 in inhibition of the epitheli-
al-mesenchymal transition (EMT), we observed EMT upon loss of p21 in multiple model systems. To explore a role of the miR-
183-96-182 cluster in EMT, we identified its genome-wide targets and found that miR-183 and miR-96 repressed common
targets, including SLUG, ZEB1, ITGB1, and KLF4. Reintroduction of miR-200, miR-183, or miR-96 in p21�/� cells inhibited
EMT, cell migration, and invasion. Conversely, antagonizing miR-200 and miR-183-96-182 cluster miRNAs in p21�/� cells in-
creased invasion and elevated the levels of VIM, ZEB1, and SLUG mRNAs. Furthermore, we found that p21 forms a complex with
ZEB1 at the miR-183-96-182 cluster promoter to inhibit transcriptional repression of this cluster by ZEB1, suggesting a recipro-
cal feedback loop.

MicroRNAs (miRNAs) are small noncoding RNAs (�22 nu-
cleotides [nt]) that function in diverse biological processes,

including cellular proliferation, apoptosis, and differentiation (1–
4). miRNAs promote mRNA decay and/or reduce translation by
base pairing to partially complementary sequences in the 3= un-
translated region (UTR) of target mRNAs (3, 5–9). Altered
miRNA expression is frequent in human cancers. Dysregulation
of miRNAs in cancer may occur via several mechanisms, includ-
ing genetic or epigenetic alterations, defects in miRNA processing,
or deregulation of miRNA-regulating transcription factors (10).
miRNAs, including let-7, miR-34a, and miR-16 (11–15), act as
tumor suppressors; others, such as miR-21 and the miR-17�92
cluster (16, 17), are oncogenic. Some miRNAs (miR-200, miR-31,
and miR-10b) regulate metastasis through genes involved in the
epithelial-mesenchymal transition (EMT) (18–22). The EMT
program is promoted by transcription factors including SNAIL,
SLUG, and TWIST and the transcription repressors ZEB1 and
ZEB2 (22–24). During EMT, the epithelial marker E-cadherin
(CDH1) is downregulated, and the mesenchymal marker vimen-
tin (VIM) is upregulated, resulting in loss of cell-cell contact, in-
creased cell migration, invasion, and metastasis.

p21 (p21Cip1/WAF1) is a cyclin-dependent kinase (CDK) inhib-
itor that suppresses proliferation by inhibiting CDK2 and CDK1
activity at the G1/S and G2/M transitions (25–28). During the
stress response, p21 is transcriptionally upregulated by p53 or by
other transcription factors such as E2F1 and MYC (29, 30). p21
acts as a CDK inhibitor, but it can also regulate gene expression.
Overexpression of p21 decreases the expression levels of cell cycle
progression genes and upregulates senescence-inducing genes
(31, 32). Because p21 is a not a bona fide transcription factor,

changes in gene expression mediated by p21 can be explained, in
part, by its inhibition of CDKs. However, multiple lines of evi-
dence suggest that p21 acts as a transcription cofactor to directly
regulate the activity of important transcription factors, including
E2F1 and MYC (25, 33).

In addition to its role in cell cycle control, p21 has been shown
to inhibit EMT in cell lines and in mouse models (34–36). How-
ever, the molecular mechanism(s) by which p21 inhibits EMT is
not fully understood. In this study, we identified miRNAs regu-
lated by p21 and show that depletion of p21 results in downregu-
lation of several miRNAs, including miR-200 and the miR-183-
96-182 (miR-183) cluster, to inhibit EMT, cell migration, and
invasion. These findings expand our knowledge about the cell
cycle-independent functions of p21 and indicate a key role of a
p21-ZEB1 complex in inhibition of EMT through the miR-183
cluster.
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MATERIALS AND METHODS
Cell culture, transfections, and constructs. The isogenic colorectal can-
cer cell lines HCT116-p21�/� and HCT116-p21�/� were provided by
Bert Vogelstein and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS). MCF10A-p21�/�

and MCF10A-p21�/� cells were previously generated (34) and main-
tained in DMEM–F-12 medium (Invitrogen) supplemented with insulin
(10 �g/ml), epidermal growth factor (EGF) (20 ng/ml), hydrocortisone
(500 ng/ml), and cholera toxin (100 ng/ml). All cell lines were maintained
in a humidified atmosphere containing 5% CO2 at 37°C and routinely
checked for mycoplasma contamination.

On-Target smartPool small interfering RNAs (siRNAs) against p21,
p53, and ZEB1 and miR-200a and miR-200b mimics were purchased from
Dharmacon. Control (CTL) (cel-miR-67), miR-183, miR-96, and miR-
182 mimics were purchased from Sigma. All miRNA mimic and siRNA
transfections were performed by reverse transfection at a final concentra-
tion of 20 nM using Lipofectamine RNAiMAX (Invitrogen) as directed by
the manufacturer. Control antisense oligonucleotide and anti-miRNAs
against miR-200a, miR-183, miR-96, and miR-182 were purchased from
Ambion and used at a final concentration of 100 nM.

The pGL3-miR-183 promoter luciferase construct was generated by
PCR amplification from genomic DNA using gene-specific primers (see
Table S8 in the supplemental material), and PCR fragments were digested
with NheI and BglII and subcloned into the pGL3-promoter vector (Pro-
mega). 3=UTR luciferase constructs were generated by PCR amplification
of ZEB1 and SLUG 3=UTRs from genomic DNA with gene-specific prim-
ers (see Table S9 in the supplemental material). PCR fragments were
cloned into the Renilla luciferase 3= UTR of psiCHECK-2 (Promega).

RNA isolation, RT-qPCR, and miRNA analysis. Total RNA from cul-
tured cells was isolated by using the miRNeasy isolation kit (Qiagen) as
directed by the manufacturer. For quantitative reverse transcription-PCR
(RT-qPCR) analysis, 500 ng of total RNA was reverse transcribed by using
an iScript RT kit (Bio-Rad), and qPCR was performed by using SYBR
green (Applied Biosystems) as described by the manufacturer. Primer
sequences are listed in Table S9 in the supplemental material. Mature
miRNAs were quantitated by using TaqMan miRNA assays according to
the manufacturer’s instructions (Applied Biosystems). U6 snRNA was
used as an internal control.

Immunoblotting. Whole-cell lysates were prepared by using radioim-
munoprecipitation assay (RIPA) buffer containing protease inhibitors
(Roche), and proteins were quantified by using a bicinchoninic acid
(BCA) protein quantitation kit (Thermo Scientific). Ten micrograms of
whole-cell lysate per lane was used for immunoblotting. The following
antibodies were used: anti-CDH1 (Abcam) and anti-VIM (Abcam) at
1:1,000 dilution; anti-p21 (Cell Signaling), anti-ZEB1 (Cell Signaling),
and anti-SLUG (Cell Signaling) at 1:2,000 dilution; and antitubulin
(Sigma), anti-p53 (DO-1; Santa Cruz), and anti-�-actin (Sigma) at
1:5,000 dilution.

Deep sequencing of small RNAs. Total RNA was isolated by using the
miRNeasy Minikit (Qiagen), and RNA integrity was evaluated with a 2100
BioAnalyzer (Agilent). The small RNA fraction (18 to 30 nt) was enriched
from 10 �g total RNA by using 15% denaturing Tris-borate-EDTA (TBE)
urea polyacrylamide gel electrophoresis (PAGE). Purified small RNAs
were ligated to proprietary 3= and 5=RNA adapters (Illumina) and used as
templates for cDNA synthesis. PCR amplification was performed by using
adapter-specific primers (12 cycles), purified by using TBE-PAGE, and
diluted to 8 pM for cluster generation and sequencing on an Illumina
GAII instrument. Adapter sequences were clipped and subsequently ana-
lyzed by using BWA. Coordinates of mature miRNAs were downloaded
from miRBase (v18), and tag densities were counted and averaged over
the length of the mature miRNA.

Microarray analysis. HCT116-p21�/� cells were reverse transfected
with CTL (cel-miR-67), miR-183, miR-96, or miR-182 mimics; 48 h later,
total RNA was isolated by using an RNeasy minikit (Qiagen). Samples for
microarray were labeled by using an IlluminaTotalPrep RNA amplifica-

tion kit (Applied Biosystems) as recommended by the manufacturer. Mi-
croarrays were performed by using a HumanHT-12 v4 Expression Bead-
Chip kit (Illumina) and analyzed by using the R/Bioconductor packages
(lumi.limma).

Retrovirus packaging and stable transductions. Retroviruses ex-
pressing short hairpin RNA (shRNA) against p21 (shp21) or luciferase
(shCTL) were generated by using an HEK293T (293T) cell-based trans-
fection packaging system. HCT116 cells were transduced with shp21- or
shCTL-expressing retroviruses, and 24 h after infection, 1 �g/ml of puro-
mycin (Invitrogen) was added to select stably transduced cells. Stable
single clones were generated by using a limitation dilution method and
maintained in 0.5 �g/ml puromycin for further analysis.

Cell proliferation, migration, and invasion assays. Cell proliferation
assays were performed after seeding 1,500 cells/well of a 96-well plate and
using Cell Counting Kit-8 (catalog number 96992; Fluka). For wound-
healing assays, HCT116-p21�/� cells were reverse transfected with CTL,
miR-200a, miR-200b, miR-183, miR-96, or miR-182 mimics. Forty-eight
hours later, cells were scraped with a p200 pipette tip, and pictures were
taken at the indicated time points by using a Zeiss Axiovert 200 micro-
scope. For Transwell migration assays, cells were grown in serum-reduced
medium (1% FBS) for 5 h, after which 5 � 104 cells/well were plated onto
the top chamber with a noncoated membrane (24-well insert, 8-�m pore
size; BD Biosciences). For invasion assays, Matrigel (BD Biosciences) was
coated onto Transwell inserts for 5 h and incubated at 37°C. A total of 2 �
105 cells/well were transfected with the indicated miRNA mimics and
plated onto the top chamber in medium with 1% FBS. In both assays, the
lower chamber was filled with 0.7 ml medium containing 10% FBS, used
as a chemoattractant. After 48 h of incubation, the cells that did not mi-
grate or invade through the pores were removed by using a cotton swab.
Cells on the lower surface of the membrane were stained with crystal
violet, pictures were taken by using a digital camera, and migrated or
invaded cells were counted and analyzed by using ImageJ.

Luciferase reporter assays. For promoter luciferase assays, cells were
grown in 24-well plates and transfected by using Lipofectamine 2000.
pGL3 or pGL3-183-S was cotransfected with pRL-TK (internal control),
and luciferase activity was measured 48 h later by using a dual-luciferase
reporter assay (Promega). For siRNA knockdown experiments, HCT116-
p21�/� cells were reverse transfected with CTL or ZEB1 siRNAs for 72 h
and then with the promoter constructs and pRL-TK. Luciferase activity
was measured 48 h after the second transfection. For 3= UTR luciferase
assays, HeLa cells were cotransfected with miRNA mimics and psi-
CHECK2 constructs; 48 h later, luciferase activity was measured and nor-
malized to firefly luciferase activity (internal control).

Chromatin immunoprecipitation assays. Chromatin immunopre-
cipitation (ChIP) was performed by using an Active Motif ChIP assay kit
(Active Motif) as directed by the manufacturer. Briefly, HCT116-p21�/�

cells were grown in a 10-cm plates. Chromatin was cross-linked with 1%
formaldehyde, and cells were lysed and sonicated. Protein-DNA com-
plexes were immunoprecipitated with control IgG or anti-ZEB1 antibody
(Cell Signaling). The immunoprecipitation (IP) material was washed and
heated at 65°C overnight to reverse the cross-links. The ChIP DNA was
column purified (Qiagen), and qPCR was performed by using primers
designed to flank the consensus ZEB1 binding sites in the miR-183 cluster
promoter (see Table S9 in the supplemental material).

In vitro-biotinylated DNA pulldown assays. Biotinylated double-
stranded DNA (dsDNA) was generated by PCR with biotin-PCR primers
(see Table S9 in the supplemental material). PCR products were purified
by using a Qiagen PCR purification kit. One hundred twenty nanograms
of biotinylated DNA was incubated with 200 �g of whole-cell lysate pre-
pared from 293T cells transfected with hemagglutinin-ZEB1 (HA-ZEB1)
or FLAG-p21 for 30 min at room temperature. DNA-protein complexes
were then incubated with 20 �l streptavidin Dynabeads for 1 h. Beads
were washed 4 times with lysis buffer, and DNA-protein complexes were
eluted by the addition of SDS-PAGE sample buffer. Protein samples (in-
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put and eluted proteins) were subjected to SDS-PAGE followed by immu-
noblotting with anti-ZEB1 or anti-p21 antibody.

Immunoprecipitation of Ago2-associated miRNAs. Cytoplasmic ex-
tracts were prepared from HCT116 cells as described previously (14).
Ago2 IPs were performed with cytoplasmic extracts by using a monoclo-
nal Ago2 antibody, provided by Zissimos Mourelators. Briefly, HCT116-
p21�/� cells were transfected with miRNA mimics (20 nM) for 48 h, and
cytoplasmic extracts containing protease inhibitors (Roche) and RNase-
OUT (Invitrogen) were used directly for immunoprecipitation (IP).
Ago2-miRNA complexes were subjected to IP with a control IgG or Ago2
antibody for 4 h at 4°C. RNA bound to the beads was isolated by phenol-
chloroform extraction (Ambion) followed by ethanol precipitation, as
previously described (14). Ago2-bound miRNAs were detected by Taq-
Man RT-qPCR analysis.

TGF-� treatment. MCF10A-p21�/� and MCF10A-p21�/� cells were
cultured in MEGM medium (Lonza) containing 5% horse serum. For
transforming growth factor � (TGF-�) treatment, cells were seeded into a
6-well plate (about 50% confluence) with MEBM basal medium contain-
ing 5% horse serum for 24 h and then treated with TGF-� (5 ng/ml) for 6
days. At day 3, the medium was changed, and fresh TGF-� was added.
Pictures were taken by using a Zeiss Axiovert 200 microscope, and RNA
was isolated after 6 days of TGF-� treatment.

Mutant MRE constructs. ZEB1 3= UTR and SLUG 3= UTR miRNA
recognition element (MRE) mutants were generated by GeneScript.
Briefly, using full-length ZEB1 3= UTR or SLUG 3= UTR constructs in
psiCHECK2 as the template, PCR products containing the designed mu-
tant MRE sequences were restriction enzyme digested and inserted into
psiCHECK2. Mutant 3= UTRs were confirmed by DNA sequencing.

RESULTS
Loss of p21 alters the levels of several miRNAs, including the
miR-200 and miR-183 clusters. To identify miRNAs regulated by
p21, we sequenced small RNAs from the colorectal cancer cell line
HCT116 (HCT116-p21�/�) and from isogenic HCT116-p21�/�

cells (28). As expected, p21 was expressed only in HCT116-
p21�/� cells (Fig. 1A). To identify p21-regulated miRNAs, we
used an arbitrary cutoff of 1.50-fold (�500 reads) and found 29
upregulated and 36 downregulated miRNAs in p21�/� cells (see
Tables S1 and S2 in the supplemental material). We performed
TaqMan miRNA RT-qPCR for 13 of these candidate miRNAs for
follow-up validation (Table 1). In HCT116-p21�/� cells, levels of
miR-34a, miR-205, and miR-503 were consistently higher (�3- to
25-fold) (Fig. 1B). Significant downregulation (Fig. 1C and D) was
observed for 8 out of 9 miRNAs (miR-200a, miR-200b, miR-200c,
miR-183, miR-96, miR-182, miR-9, miR-192, and miR-10a).
miR-9 was the only miRNA that could not be validated. miR-16
levels did not change significantly, and therefore, miR-16 was used
as an internal control (Table 1).

Among the above-mentioned p21-responsive miRNAs, miR-
34a, miR-200 family, and miR-183 cluster miRNAs were shown
recently to be p53 targets (11, 37, 38). It is known that p53 is
upregulated in HCT116-p21�/� cells due to downregulation of
MDM2 (32, 39). Indeed, we found elevated levels of p53 and its
targets PUMA and PIG3 in HCT116-p21�/� cells (Fig. 1E and F).
Although silencing of p53 in HCT116-p21�/� cells with siRNAs
reduced levels of the p53-regulated miR-34a and miR-143, the
abundance of miR-200 and the miR-183 cluster did not change
significantly (Fig. 1G and H). In this experiment, pri-miR-34a was
downregulated, but the primary transcript for the miR-183 clus-
ter, as assessed by 3 sets of primers that span the primary transcript
region corresponding to miR-183 (pri-miR-183), miR-96 (pri-
miR-96), and miR-182 (pri-miR-182), did not change, suggesting

that p53 does not regulate miR-200 and miR-183 cluster miRNAs
in p21�/� cells (Fig. 1I).

In this study, we focused on the miR-200 family and the miR-
183 clusters for two main reasons. First, these miRNAs were abun-
dant (�6,600 to 173,000 reads) in parental HCT116 cells (Table 1)
and significantly downregulated in HCT116-p21�/� cells, sug-
gesting that they may contribute to p21-regulated gene expres-
sion. Second, the miR-200 family and miR-183 clusters encode 8
miRNAs (from 3 clusters) that can potentially regulate common
targets that contribute to the biological function of p21. The miR-
200 family consists of 2 clusters that have similar seed sequences:
one cluster encodes miR-200a, miR-200b, and miR-429, and the
other cluster expresses miR-200c and miR-141. The miR-183
cluster encodes miR-183, miR-96, and miR-182, which have sim-
ilar seed sequences and may therefore target an overlapping set of
genes.

To further validate the sequencing results, we silenced p21 by
transfecting HCT116 cells with control (CTL) or p21 siRNAs and
measured miRNA expression after 48 h. Silencing of p21 signifi-
cantly downregulated p21, miR-200a, miR-200b, miR-183, miR-
96, and miR-182 (Fig. 2A), and miR-205 was upregulated (Fig.
2B). Moreover, downregulation of these miRNAs and the miR-
183 cluster primary transcript was also observed upon the stable
knockdown of p21 with a p21 shRNA in HCT116 cells (Fig. 2C
and D). This result also suggested that the loss of p21 decreases
miR-183 cluster transcription. Furthermore, regulation of these
miRNAs by p21 was not cell type specific because downregulation
of miR-200 and the miR-183 cluster was also observed upon the
targeted deletion of p21 in MCF10A cells (mammary epithelial cell
line) (34) (Fig. 2E). Reintroduction of p21 by transient transfec-
tion of HCT116-p21�/� cells with a p21-expressing construct sig-
nificantly elevated miR-200a, miR-200b, miR-183, miR-96, and
miR-182 levels and the expression level of the miR-183 cluster
primary transcript (Fig. 2F and G). Because the miR-200 family
has been shown to regulate ZEB1, a master regulator of EMT, we
next looked at the effect of p21 overexpression on ZEB1 protein
levels. As shown in Fig. 2H, overexpression of p21 in HCT116-
p21�/� cells decreased ZEB1 protein levels, indicating that in-
creased expression of miR-200 upon p21 overexpression may
downregulate ZEB1 expression. These results suggest that p21
plays a role in regulating the expression of multiple miRNAs, in-
cluding the miR-200 and miR-183 clusters.

ZEB1 inhibits miR-183 cluster transcription. p21 can regu-
late gene expression by (i) indirectly inhibiting E2F activity
through regulation of retinoblastoma (Rb) phosphorylation or
(ii) functioning as a transcription corepressor to directly inhibit
the activity of transcription factors such as STAT3, MYC, and E2F
(25, 33). The loss of p21 may therefore activate these transcription
factors to enhance miRNA transcription. Because the miR-183
cluster was downregulated upon the loss of p21, we hypothesized
that p21 may instead inhibit a transcription repressor to directly
inhibit transcription of the miR-183 cluster. It has been shown
that the miR-200 family is directly repressed by ZEB1, a transcrip-
tion repressor that has been shown to play an important role in
EMT. We therefore hypothesized that ZEB1 represses miR-183
cluster transcription in HCT116-p21�/� cells. Indeed, significant
downregulation (�2-fold) of the miR-183 cluster primary tran-
script was observed in HCT116-p21�/� cells, suggesting that tran-
scription of the miR-183 cluster was repressed in p21�/� cells (Fig.
3A). To investigate a potential role of ZEB1 in regulation of the
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miR-183 cluster, we transfected HCT116-p21�/� cells with CTL
or ZEB1 siRNAs for 48 h. ZEB1 knockdown was confirmed by
immunoblotting, and as expected, CDH1 protein was upregu-
lated, whereas VIM was downregulated upon ZEB1 silencing

(Fig. 3B). Changes in CDH1 and VIM protein expression levels
were associated with increased CDH1 mRNA (3-fold) and de-
creased VIM mRNA (�30%) levels (Fig. 3C). Moreover, silencing
of ZEB1 significantly elevated the levels of miR-183 cluster pri-

FIG 1 Depletion of p21 alters the expression levels of several miRNAs. (A) p21 protein levels in isogenic HCT116-p21�/� and HCT116-p21�/� cells were
measured by immunoblotting using actin as loading control. (B to D) Deep sequencing results for 8 miRNAs were validated by RT-qPCR. (E) Levels of p53
protein in isogenic HCT116-p21�/� and HCT116-p21�/� cells were measured by immunoblotting using actin as a loading control. (F) The mRNA levels of the
p53 target genes PIG3 and PUMA in HCT116-p21�/� and HCT116-p21�/� cells were measured by RT-qPCR. The housekeeping gene UBC was used as a
negative control. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (G) HCT116-p21�/� cells were transfected with a control siRNA (CTL) or p53 siRNAs
for 48 h and p53 knockdown was measured by immunoblotting (top), and the effect of silencing of p53 on the p53-regulated miRNAs miR-34a and miR-143 was
measured by RT-qPCR (bottom). (H and I) The effect of silencing of p53 in HCT116-p21�/� cells on the levels of mature and primary transcripts of
p21-regulated miRNAs was measured by RT-qPCR. Error bars represent means 	 standard deviations of three independent experiments. �, P 
 0.05; #, P 
 0.01;
��, P 
 0.005; ##, P 
 0.001.
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mary transcripts and upregulated mature miR-183 and miR-182
levels (Fig. 3D and E). Conversely, overexpression of HA-ZEB1 by
transient transfection of HCT116 cells for 72 h enhanced the levels
of miR-200a, miR-200b, miR-183, and miR-96 (Fig. 3F). Surpris-
ingly, miR-182 levels did not change under these conditions, and
this needs further investigation. Taken together, these results sug-
gest that ZEB1 inhibits transcription of the miR-183 cluster.

p21 associates with ZEB1 to inhibit ZEB1-mediated tran-
scriptional repression of the miR-183 cluster. The human miR-
183 cluster is intergenic and located on chromosome 7. Although
its transcription start site has not been identified, we found several
histone acetylation marks (indicative of active chromatin) in a
1-kb DNA region upstream of miR-183 (bp 4470 to 5470) using
the UCSC genome browser (data not shown). When this 1-kb
DNA region (183-S) was inserted into the pGL3 promoter vector
and luciferase assays were performed, we consistently observed
increased luciferase activity in 293T, HeLa, and HCT116 cells
upon transfection with the pGL3-183-S reporter for 48 h (Fig.
4A). Moreover, the luciferase expression level driven by 183-S was
significantly higher in HCT116-p21�/� than in HCT116-p21�/�

cells, indicating that the 183-S promoter region of the miR-183
cluster is transcriptionally repressed in p21�/� cells (Fig. 4B). We
also found two ZEB1 binding motifs (22) in the 183-S DNA frag-
ment, located 3,800 and 5,100 bases upstream of miR-183 (Fig.
4C). Both ZEB1 motifs were significantly enriched in chromatin
immunoprecipitation (ChIP) assays with HCT116-p21�/� cells
by using an anti-ZEB1 antibody (Fig. 4C). Furthermore, knock-
down of ZEB1 in HCT116-p21�/� cells enhanced luciferase ex-
pression driven by the 183-S DNA fragment, suggesting that the
183-S region is transcriptionally repressed by ZEB1 in p21�/� cells
(Fig. 4D). These results suggest that ZEB1 binds to the miR-183
cluster promoter and may repress its transcription in p21�/� cells.

p21 is not a transcription factor per se, but it can bind to select
transcription factors to inhibit their activity (25). We therefore
hypothesized that p21 may directly regulate miR-183 cluster tran-
scription by interacting with ZEB1 to inhibit its activity. To test
this, we immunoprecipitated ZEB1 from whole-cell lysates pre-
pared from HCT116-p21�/� cells. As shown in Fig. 4E, we ob-
served enrichment of p21 in ZEB1 IPs, suggesting that p21 inter-
acts with ZEB1. Conversely, we were able to pull down ZEB1 in

p21 IPs, further confirming this interaction (Fig. 4E). Further-
more, DNase treatment did not affect the association of p21 and
ZEB1, indicating that p21 may interact directly with ZEB1 (Fig.
4F). To determine whether the p21-ZEB1 complex binds to the
miR-183 promoter, we performed ChIP-qPCR assays with
HCT116-p21�/� and HCT116-p21�/� cells. As shown by the re-
sults from a representative ChIP-PCR experiment, both ZEB1
motifs were significantly enriched in the p21 and ZEB1 ChIPs
from HCT116-p21�/� cells (Fig. 4G). As expected, p21 did not
bind to the miR-183 promoter in HCT116-p21�/� cells. The level
of binding of ZEB1 to the miR-183 promoter was significantly higher
in p21�/� cells than in p21�/� cells, suggesting that p21 inhibits ZEB1
promoter occupancy on the miR-183 promoter (Fig. 4G). Moreover,
binding of RNA polymerase II (Pol II) and H3K4Me3 to these motifs
was significantly reduced upon the loss of p21, suggesting that miR-
183 cluster transcription is repressed in p21�/� cells (Fig. 4H).

To determine whether ZEB1 and/or p21 may bind directly to
the ZEB1 motifs, we performed in vitro DNA-protein binding
assays as previously described (40). Whole-cell lysates prepared
from 293T cells transfected with constructs expressing HA-ZEB1
or FLAG-p21 were incubated with biotinylated miR-183 DNA
motifs (ZEB1 motifs 1 and 2) generated by PCR, and biotinylated
DNA-protein complexes were pulled down by using streptavidin
beads. Binding of FLAG-p21 or HA-ZEB1 to the ZEB1 motifs was
determined by immunoblotting with the eluted material. As
shown in Fig. 4I, we were able to detect specific binding of HA-
ZEB1 to both biotin–miR-183 motifs, whereas FLAG-p21 did not
bind. Taken together, these results indicate that p21 associates
with the miR-183 cluster promoter through ZEB1 and that the
interaction of p21 with ZEB1 inhibits ZEB1 binding to the miR-
183 cluster promoter.

Depletion of p21 induces EMT to enhance cell migration and
invasion. We and others have shown that p21 inhibits EMT (34–
36). Consistent with data reported in the literature, we observed
morphological changes reminiscent of EMT upon depletion of
p21 in HCT116 cells (Fig. 5A). The loss of p21 resulted in a more
fibroblast-like morphology with a loss of cell-cell contact. Deple-
tion of p21 upregulated the mRNA levels of multiple mesenchy-
mal genes, including VIM, CDH2, ZEB1, and SLUG, and down-
regulated the epithelial cell marker CDH1 in HCT116 and
MCF10A cells (Fig. 5B to D). Downregulation of CDH1 and up-
regulation of VIM and ZEB1 proteins upon the loss of p21 were
validated by immunoblotting (Fig. 5E). To determine whether
induction of EMT upon p21 depletion resulted in increased cell
migration and invasion, we performed wound-healing assays with
HCT116-p21�/� and HCT116-p21�/� cells. Strikingly, unlike
HCT116-p21�/� cells, HCT116-p21�/� cells migrated toward the
wound within 4 h, and complete wound closure was observed in
24 h (Fig. 6A). Increased cell migration was also associated with
enhanced invasion (�5-fold), as assessed by Matrigel invasion
assays (Fig. 6B), and these phenotypes were not due to altered
proliferation (Fig. 6C). Next, we performed Transwell migration
assays with isogenic MCF10A-p21�/� and MCF10A-p21�/� cells
after treatment of the cells with TGF-� for 24 h. Consistent with
the known tumor-suppressive function of TGF-�, migration of
MCF10A-p21�/� cells was inhibited upon TGF-� treatment. Loss
of p21 significantly enhanced (�2.5-fold) the migration of
MCF10A cells in response to TGF-� (Fig. 6D), further suggesting
a function of p21 in inhibiting cell migration.

To examine the role of p21-regulated miRNAs in EMT in a

TABLE 1 Numbers of normalized reads of 12 candidate p21-regulated
miRNAs and the control miRNA miR-16

miRNA

No. of normalized readsa

Fold change
(p21KO/WT)WT p21KO

miR-200a 13,609 1,444 0.11
miR-200b 23,964 2,550 0.11
miR-200c 61,071 47,718 0.78
miR-141 173,843 88,230 0.51
miR-429 6,652 856 0.13
miR-183 10,520 7,668 0.73
miR-96 31,469 17,298 0.55
miR-182 34,607 16,777 0.48
miR-10a 8,648 2,799 0.32
miR-34a 1,628 6,078 3.73
miR-205 3 528 175.93
miR-503 165 976 5.91
miR-16 53,426 48,345 0.90
a WT, wild type; p21KO, p21 knockout.
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FIG 2 Loss of p21 downregulates miR-200 and miR-183 cluster miRNAs in HCT116 and MCF10A cells. (A) HCT116 cells were transfected with CTL or p21
siRNAs for 48 h. p21 knockdown was confirmed by immunoblotting (top), and downregulation of p21-regulated miRNAs was assessed by RT-qPCR (bottom).
(B) Increased miR-205 expression upon p21 knockdown (A) was validated by RT-qPCR. (C) HCT116 cells were transduced with a control shRNA (shCTL) or
a p21 shRNA (shp21). p21 silencing was confirmed by immunoblotting (top), and expression of p21-regulated miRNAs was assessed by RT-qPCR (bottom). (D)
The effect of stable knockdown of p21 on the miR-183 cluster primary transcript in HCT116 cells was assessed by RT-qPCR. (E) The expression of p21 protein
in MCF10A-p21�/� and MCF10A-p21�/� cells was measured by immunoblotting (top), and downregulation of p21-regulated miRNAs was measured by
RT-qPCR (bottom). (F and G) HCT116-p21�/� cells were transfected with an empty vector (CTL) or a FLAG-p21-expressing construct for 48 h. p21 overex-
pression was measured by immunoblotting (F, top), and the effect on p21-regulated miRNAs (F, bottom) and the miR-183 cluster primary transcript (G) was
assessed by RT-qPCR. (H) The effect of p21 overexpression on ZEB1 protein expression was assessed by immunoblotting. Error bars represent means 	 standard
deviations of three independent experiments. �, P 
 0.05; #, P 
 0.01; ��, P 
 0.005; ##, P 
 0.001.
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more physiological setting, we looked at changes in expression
levels of EMT markers (CDH1 and VIM) and p21-regulated
miRNAs in the MCF10A isogenic cell lines after treatment of the
cells with TGF-�. These experiments were performed with
MCF10A cells instead of HCT116 cells because HCT116 cells have
mutations in the TGF-� receptor (TGFBR2) and, as a result, do
not respond to TGF-�. As shown in Fig. 6E, we observed EMT in
MCF10A-p21�/� cells as early as 6 days after TGF-� treatment,
and this morphological change was also associated with decreased

CDH1 and increased VIM mRNA levels, as measured by RT-qPCR
(Fig. 6F). Induction of EMT in MCF10A-p21�/� cells was also
associated with substantial decreases (�80%) in miR-200a and
miR-183 levels (Fig. 6G). Taken together, these results suggest an
important physiological function of p21-regulated miRNAs in the
inhibition of EMT.

Overexpression of miR-200 or miR-183 cluster miRNAs in
p21-deficient cells inhibits cell migration and invasion. We next
investigated whether the induction of EMT upon the loss of p21

FIG 3 ZEB1 inhibits transcription of the miR-183 cluster. (A) The effect of targeted deletion of p21 on the transcription of the miR-183 cluster was evaluated by
measuring the primary transcript levels spanning miR-183 (pri-miR-183), miR-96 (pri-miR-96), and miR-182 (pri-miR-182) by RT-qPCR in HCT116-p21�/�

and HCT116-p21�/� cells. (B, top) Immunoblotting was performed to confirm ZEB1 knockdown 48 h after transfection of HCT116-p21�/� cells with CTL or
ZEB1 siRNAs. (Bottom) The effect of ZEB1 knockdown on the EMT markers CDH1 and VIM was assessed by immunoblotting. (B to E) HCT116-p21�/� cells
were transfected with CTL or ZEB1 siRNAs, and 48 h later, RT-qPCR was performed to determine the effect of ZEB1 silencing on ZEB1, CDH1, and VIM mRNAs
(C), 3 segments of the miR-183 cluster primary transcript (D), and mature miR-183, miR-96, miR-182, and miR-200b levels (E). (F) HA-ZEB1 was transiently
transfected into HCT116 cells. Immunoblotting was used to validate HA-ZEB1 expression (top), and the effect of HA-ZEB1 overexpression on p21-regulated
miRNAs in HCT116 cells was measured by RT-qPCR (bottom). Error bars represent means 	 standard deviations of three independent experiments. �, P 
 0.05;
#, P 
 0.01; ��, P 
 0.005; ##, P 
 0.001.
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could be mediated, in part, by downregulation of the miR-200
family. HCT116-p21�/� cells were transfected with CTL, miR-
200a, or miR-200b mimics, and the abundance of ZEB1 mRNA
was examined by RT-qPCR after 48 h. Consistent with previous

reports (18, 22, 41), miR-200a or miR-200b overexpression
downregulated ZEB1 (�5-fold) and upregulated CDH1 (�5-
fold) (a transcriptional target of ZEB1) mRNAs and proteins
(Fig. 7A and B). miR-200 also had a modest but reproducible

FIG 4 p21 interacts with ZEB1 and inhibits ZEB1 binding to the miR-183 cluster promoter. (A and B) Luciferase assays were performed with 293T, HeLa, and HCT116
cells (A) or HCT116-p21�/� and HCT116-p21�/� cells (B) 48 h after transfection of the cells with a control vector (pGL3) or pGL3 containing the 1-kb region upstream
of miR-183 (pGL3-183-S). (C) Schematic diagram (top) showing a 1-kb region (183-S) upstream of miR-183 that has several histone acetylation marks. Two ZEB1 mo-
tifs in the 183-S DNA fragment are shown. ChIP assays were performed to pull down ZEB1-DNA complexes from HCT116-p21�/� cells using an anti-ZEB1 antibody,
and fold enrichment of the two ZEB1 motifs (motifs 1 and 2) was determined by qPCR (bottom). (D) HCT116 p21�/� cells were transfected with CTL or ZEB1 siRNAs;
72 h later, the cells were transfected with pGL3 or pGL3-183-S, and luciferase assays were performed after 48 h. (E) Association of p21 with ZEB1 was determined by
immunoprecipitating ZEB1 with anti-ZEB1 (top) and p21 with anti-p21 (bottom) from whole-cell lysates prepared from HCT116-p21�/� cells. (F) Whole-cell lysates
from HCT116 cells were prepared and divided into 2 parts. One part was treated with DNase for 30 min. ZEB1 was pulled down from these lysates, and immunoblotting
was performed to determine whether the p21-ZEB1 interaction was DNA independent. (G and H) Enrichment of p21 and ZEB1 (G) and Pol II and H3K4Me3 (H) at the
ZEB1 motifs in the miR-183 promoter region (183-S) was assessed by ChIP-qPCR. (I) 293T cells were transfected with a construct expressing HA-ZEB1 or FLAG-p21,
and binding of biotin–183-S DNA motif 1 or 2 was assessed by incubating the lysates with beads only (�) and by immunoblotting after streptavidin pulldowns. Error bars
represent means 	 standard deviations of three independent experiments. �, P 
 0.05; #, P 
 0.01; ��, P 
 0.005; ##, P 
 0.001.

Li et al.

540 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


effect on VIM mRNA levels. To determine whether enhanced mi-
gration and invasion of p21�/� cells could be mediated partly by
downregulation of miR-200, we transfected HCT116-p21�/� cells
with CTL, miR-200a, or miR-200b mimics and performed
wound-healing and Matrigel invasion assays after 48 h. The intro-
duction of miR-200a or miR-200b significantly inhibited migra-
tion (Fig. 7C) and invasion (Fig. 7D) of HCT116-p21�/� cells, and
these phenotypes were not due to reduced proliferation or altered
cell viability (data not shown). These results suggest that down-
regulation of the miR-200 family may play a role in inducing EMT
upon the loss of p21.

The role of the miR-183 cluster in EMT is not fully understood.
This miRNA cluster has been shown to inhibit or promote EMT
depending on the cell type (42–45). Therefore, we next examined
the functional consequences of downregulation of the miR-183
cluster upon the loss of p21. We transfected HCT116-p21�/� cells
with CTL, miR-183, miR-96, or miR-182 mimics (20 nM) for 48 h
and performed wound-healing and Matrigel invasion assays. Re-
introduction of miR-183 or miR-96 but not miR-182 significantly
inhibited cell migration (Fig. 7E) and invasion (Fig. 7F), and these
phenotypes were not caused by reduced proliferation (Fig. 7G).
These results suggest that decreased miR-183 and miR-96 levels in

HCT116-p21�/� cells may play a role in enhancing cell migration
and invasion.

Concurrent knockdown of miR-200 and the miR-183 cluster
upregulates expression of mesenchymal markers and enhances
invasion of p21-proficient cells. Although miRNA mimics are
commonly used for miRNA overexpression experiments, they can
result in dramatic increases in miRNA expression levels and may
therefore raise concerns regarding the physiological significance
of the results. To determine the proportion of the transfected
miRNA that is functional, we first immunoprecipitated Ago2
from HCT116-p21�/� cytoplasmic extracts using an antibody
that specifically recognizes Ago2 (46) (Fig. 8A). The abundance of
miR-183 cluster miRNAs in the IP material from isogenic
HCT116 cells was assessed by RT-qPCR. Consistent with the
downregulation of the miR-183 cluster in p21�/� cells, we ob-
served decreased enrichment of miR-183 cluster miRNAs in
p21�/� cells compared to p21�/� cells (Fig. 8B). As a negative
control, the association of Ago2 to miR-16, a miRNA whose ex-
pression level did not change upon the loss of p21 (Table 1), was
unchanged. We next transfected HCT116-p21�/� cells with CTL,
miR-183, or miR-96 mimics (20 nM) and performed Ago2 IPs
after 48 h. Despite the fact that the mimics resulted in �1,000-fold

FIG 5 Targeted deletion of p21 induces EMT. (A) Phase-contrast microscopy shows that loss of p21 in HCT116 cells leads to changes in cellular morphology
similar to induction of EMT. (B) The mRNA levels of CDH1 (left) and VIM (right) in isogenic HCT116 cells (p21�/� or p21�/�) were measured by RT-qPCR.
(C and D) Expression levels of EMT-associated genes in HCT116-p21�/�, HCT116-p21�/�, MCF10A-p21�/�, and MCF10A-p21�/� cells were determined by
RT-qPCR. (E) The effect of targeted deletion of p21 in HCT116 cells on CDH1 or VIM protein levels was assessed by immunoblotting. Error bars represent
means 	 standard deviations of three independent experiments. #, P 
 0.01; ##, P 
 0.001.

p21 Regulates EMT through MicroRNAs

February 2014 Volume 34 Number 3 mcb.asm.org 541

http://mcb.asm.org


FIG 6 Targeted deletion of p21 increases cell migration and invasion. (A) Wound-healing assays were performed with HCT116 -p21�/� or -p21�/� cells at the indicated
time points. Results from a representative experiment are shown (top), and results from 3 independent wound-healing assays (24 h) with HCT116 -p21�/� or -p21�/�

cells were quantified by using ImageJ (bottom). (B, top) Representative picture of invading cells at the 48-h time point in Matrigel invasion assays of HCT116-p21�/�

and HCT116-p21�/� cells. (Bottom) Fold change in invasion from 3 independent experiments quantified by using ImageJ. (C) Rates of proliferation of HCT116-p21�/�

and HCT116-p21�/� cells were measured by using Cell Counting Kit-8. (D) The effect of p21 loss on migration of MCF10A -p21�/� or -p21�/� cells was assessed by
Transwell migration assays in the presence and absence of TGF-� (24 h). (E and F) MCF10A -p21�/� or -p21�/� cells were treated with TGF-� (6 days), and induction
of EMT in p21�/� cells was observed by morphological changes (E) and decreased CDH1 and increased VIM mRNA levels (F). RT-qPCR results from two independent
experiments are shown. (G) Induction of EMT in MCF10A-p21�/� cells 6 days after TGF-� treatment was associated with decreased miR-200a and miR-183 levels, as
measured by RT-qPCR. Error bars represent means 	 standard deviations of three independent experiments. #, P 
 0.01; ��, P 
 0.005; ##, P 
 0.001.
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increases in total miR-96 or miR-183 levels (Fig. 8C), the enrich-
ment of miR-183 increased by only 2-fold (from �20-fold to
�40-fold) (Fig. 8D). Likewise, the enrichment of miR-96 in the
Ago2 IPs increased by only �8-fold (from �25-fold to �200-

fold) (Fig. 8E). These results therefore suggest that although trans-
fection of HCT116-p21�/� cells with miR-183 or miR-96 mimics
increases the abundance of these miRNAs to very high levels, the
incorporation into Argonaute is within physiological levels and

FIG 7 Overexpression of miR-200, miR-183, or miR-96 inhibits migration and invasion in p21 knockout cells. (A) The effect of miR-200a or miR-200b overexpression
in HCT116-p21�/� cells on the levels of ZEB1, CDH1, and VIM mRNAs was assessed by RT-qPCR after transfecting CTL, miR-200a, or miR-200b mimics for 48 h. The
housekeeping gene UBC was used as a negative control. (B) Immunoblotting of ZEB1 and CDH1 after 48 h of transfection of CTL, miR-200a, or miR-200b mimics in
HCT116-p21�/� cells. (C) Wound healing was monitored at the indicated time points in HCT116-p21�/� cells transfected 48 h earlier with CTL, miR-200a, or
miR-200b mimics (top), and results from 3 experiments were quantitated by using ImageJ (bottom). (D, top) Representative pictures of invading HCT116-p21�/� cells
48 h after transfection with CTL, miR-200a, or miR-200b mimics. (Bottom) Results from 3 invasion assays were quantitated by using the ImageJ program. (E and F)
Forty-eight hours after transfection of HCT116-p21�/� cells with CTL, miR-183, miR-96, or miR-182 mimics, the effect on cell migration (E) or invasion (F) was
examined at the indicated time points by wound-healing assays (E) or Matrigel invasion assays (F). (G) The effect of introducing miR-183 cluster miRNAs on cell
proliferation was determined by using Cell Counting Kit-8 from HCT116-p21�/� cells transfected with CTL, miR-183, miR-96, or miR-182 mimics. Error bars represent
means 	 standard deviations of three independent experiments. �, P 
 0.05; #, P 
 0.01; ��, P 
 0.005; ##, P 
 0.001.
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FIG 8 Concurrent knockdown of miR-200 and miR-183 cluster miRNAs increases invasion. (A) Immunoblotting from IPs performed from HCT116-p21�/�

cytoplasmic extracts shows specific enrichment of Ago2 in the Ago2 IP. HC corresponds to the antibody heavy chain. (B) Enrichment of miR-183 cluster miRNAs and
miR-16 (a control miRNA) in Ago2 IPs performed in duplicate from cytoplasmic extracts of HCT116 -p21�/� and -p21�/� cells was measured by RT-qPCR of pulldown
RNA. IgG IP was used as a negative control. (C) HCT116-p21�/� cells were transfected with CTL, miR-183, or miR-96 mimics for 48 h, and miR-183 and miR-96 levels
were measured by RT-qPCR. (D) HCT116-p21�/� cells were transfected in duplicate with CTL or miR-183 mimics for 48 h, and enrichment of miR-183 and miR-16
in Ago2 IPs from cytoplasmic extracts was measured by RT-qPCR normalized to U6. (E) HCT116-p21�/� cells were transfected with CTL or miR-96 mimics in duplicate
for 48 h, and enrichment of miR-96 in Ago2 IPs from cytoplasmic extracts was measured by RT-qPCR normalized to U6. IgG IP was used as a negative control. (F)
Parental HCT116 cells were transfected in duplicate for 48 h with a control antisense oligonucleotide or a pool of antisense oligonucleotides (miR inhibitor pool)
targeting miR-200a, miR-183, miR-96, and miR-182, and knockdown efficiency of miR-183 and miR-182 was assessed by RT-qPCR. (G) Parental HCT116 cells were
transfected with a control antisense oligonucleotide or the miR inhibitor pool targeting miR-200a, miR-183, miR-96, and miR-182 for 48 h, and the effect on invasion
was assessed by Matrigel invasion assays. (H) RT-qPCR was performed with HCT116 cells transfected with the miR inhibitor pool to determine changes in mRNA levels
of EMT markers. The housekeeping gene UBC was used as a negative control. (I) Immunoblotting was performed with HCT116 cells transfected with the miR inhibitor
pool to determine changes in SLUG protein levels. Error bars represent means 	 standard deviations of three independent experiments. #, P 
 0.01; ##, P 
 0.001.
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does not significantly influence the levels of the negative-control
miRNA miR-16 in the Ago2 IPs. Similar results for miRNA mimic
overexpression have been reported recently for multiple miRNAs
by using the same Ago2 antibody (47).

To further confirm the role of miR-200 and the miR-183 clus-
ter in inhibition of invasion, we performed Matrigel invasion as-
says with HCT116-p21�/� cells after knocking down individual
members of this cluster using antisense oligonucleotides. Al-
though knockdown of individual members of the miR-183 cluster
or miR-200a alone did not affect invasion, significant increases in
invasion (Fig. 8F and G) and mRNA expression levels of the EMT
markers VIM, ZEB1, and SLUG (Fig. 8H) were observed when
parental HCT116 cells were transfected with a pool of miRNA
inhibitors targeting miR-200a, miR-183, miR-96, and miR-182
(miR inhibitor pool). Immunoblotting from whole-cell lysates
transfected with the CTL or miR inhibitor pool confirmed signif-
icant upregulation of SLUG protein upon the concurrent knock-
down of miR-200 and miR-183 cluster miRNAs (Fig. 8I). The
effect on ZEB1 protein could not be evaluated because ZEB1 was
undetectable in HCT116-p21�/� cells (Fig. 5E). These results are
consistent with the known mechanism by which miRNAs func-
tion and indicate functional redundancy between miR-200 and
miR-183 cluster miRNAs.

miR-183 and miR-96 repress common targets, including the
3=UTRs of SLUG and ZEB1. To understand the mechanism(s) by
which reintroduction of the miR-183 cluster in p21�/� cells in-
hibited migration and invasion, we identified the genome-wide
mRNAs downregulated by each miRNA of this cluster using mi-
croarrays (Fig. 9A and B). Although genes regulated exclusively at
the level of mRNA translation will be missed by using this ap-
proach, we and others have successfully employed this strategy to
identify a majority of targets of specific miRNAs (11, 48, 49).
Therefore, we transfected HCT116-p21�/� cells with CTL, miR-
183, miR-96, or miR-182 mimics and performed microarrays af-
ter 48 h. Using a cutoff of 2-fold (P 
 0.01) (Fig. 9B; see also Tables
S3 to S5 in the supplemental material) or 1.5-fold (P 
 0.01),
miR-182 repressed less than half as many genes as miR-183 or
miR-96, indicating that miR-96 and miR-183 may inhibit the ex-
pression of an overlapping set of genes to exert common func-
tions. Moreover, a substantial proportion of the genes downregu-
lated by the miR-183 cluster miRNAs were also predicted by
TargetScan (Fig. 9C), and their 3=UTRs were significantly enriched
for an exact match to the hexamer or heptamer sequence comple-
mentary to the seed region of the miR-183 cluster miRNAs, suggest-
ing that many genes downregulated by the miR-183 cluster miRNAs
are direct targets (Fig. 9D).

Our microarray results suggested that the miR-183 cluster
miRNAs strongly reduced the expression levels of key genes in-
volved in regulating migration, invasion, and metastasis. In par-
ticular, miR-183 and miR-96 significantly downregulated the
mRNAs encoding the fibronectin receptor integrin �-1 (ITGB1)
and the transcription factor KLF4 (Fig. 9E). ITGB1 is a known
target of miR-183 (42) and plays a crucial role in tumor invasion
(50). KLF4 is a direct regulator of p21 transcription (51) and func-
tions as an oncogene or a tumor suppressor depending on the p21
status (52). These mRNAs were also upregulated in HCT116-
p21�/� cells (Fig. 9F). In agreement with the microarray results,
overexpression of miR-183 or miR-96 in HCT116-p21�/� cells
downregulated ITGB1 and KLF4 mRNAs (�2- to 10-fold), as as-
sessed by RT-qPCR (Fig. 9G), indicating that downregulation of

the miR-183 cluster in p21�/� cells may contribute to the upregu-
lation of these mRNAs upon the loss of p21.

According to our microarray results, miR-183 and miR-96 sig-
nificantly increased (�2.5-fold) CDH1 mRNA levels (Fig. 9E; see
also Tables S3 and S4 in the supplemental material). We therefore
searched for alterations in the expression levels of genes that reg-
ulate CDH1 transcription and found significantly decreased (�2-
fold) SNAI2 (SLUG) mRNA levels in the microarrays (Fig. 9E), a
result that was confirmed by RT-qPCR (Fig. 9G). Although ZEB1,
a known repressor of CDH1 transcription, was not identified as a
miR-183 cluster target in our microarrays (Fig. 9E), ZEB1 mRNA
and protein were consistently downregulated by miR-183 or miR-
96, as measured by RT-qPCR (Fig. 9G) and immunoblotting (Fig.
9H), suggesting that downregulation of the miR-183 cluster upon
the loss of p21 may play a role in enhancing the expression of these
genes. 3= UTR luciferase reporter assays suggested that ZEB1 and
SLUG 3= UTRs were repressed by miR-183 and miR-96 (Fig. 10A
and B). Consistent with the downregulation of SLUG mRNA and
protein by miR-182 (Fig. 9G and H), miR-182 repressed the 3=
UTR of SLUG mRNA (Fig. 10B). To identify the miRNA recogni-
tion elements (MREs) for the miR-183 cluster miRNAs in the 3=
UTR of ZEB1 and SLUG mRNAs, we used PITA, as previously
described (48) (see Table S7 in the supplemental material). To
determine if these MREs were responsive to the miR-183 cluster
miRNAs, we inserted the putative MREs into the 3=UTR of Renilla
luciferase of psiCHECK2 and performed luciferase assays after
cotransfecting the reporters with mimics corresponding to the
miR-183 cluster miRNAs. This approach identified one ZEB1
MRE each for miR-183 and miR-96 (ZEB1-MRE2 and -MRE4),
one MRE for miR-183 in the SLUG 3=UTR (SLUG-MRE1), and 2
MREs for miR-96 and miR-182 in the SLUG 3=UTR (SLUG-
MRE2 and -MRE3) (data not shown). Point mutations in the seed
region of these MREs in the 3= UTRs of ZEB1 and SLUG mRNAs
decreased the repression by the miR-183 cluster miRNAs (Fig.
10C to E; see also Table S7 in the supplemental material). These
results further confirm that ZEB1 is a direct target of miR-183 and
miR-96, whereas SLUG is a direct target of miR-183, miR-96, and
miR-182.

The results from this study together with those of our previous
studies where we demonstrated a feedback loop between ZEB1
and miR-200 (22, 53) indicate that p21 forms a complex with
ZEB1 to regulate the expression of the miR-183 cluster and miR-
200 family to modulate the expression of SLUG, ZEB1, ITGB1,
and KLF4 mRNAs to inhibit EMT, cell migration, and invasion.

DISCUSSION

p21 functions as a downstream effector of several tumor suppres-
sors, including p53 (26–28). Our present findings suggest that in
addition to its role in cell cycle control during the stress response,
loss of p21 induces EMT, an effect partly mediated by downregu-
lation of the miR-200 family and the miR-183 cluster through
activation of ZEB1. Identification of miR-183 cluster targets sug-
gested that miR-183 and miR-96 repressed an overlapping set of
genes that control cell migration, invasion, or EMT, including
ITGB1, KLF4, SLUG, and ZEB1. In addition, our results indicate
that transcription of the miR-183 cluster is repressed directly by
ZEB1 in p21 knockout cells, suggesting the existence of a recipro-
cal feedback loop.

p21 has been implicated in regulation of gene expression (25,
32, 33, 54) by inhibiting transcription factors such as E2F1 (55),
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STAT3 (56), MYC (57), NRF2 (58), and p300 (59). Because these
transcription factors also regulate miRNA expression (60–62), we
sought to identify miRNAs under p21 control. We identified sev-
eral p21-regulated miRNAs and showed that activation of p53 (32,

39) is responsible for the upregulation of miR-34a (11) and miR-
143 (63) in p21�/� cells. Because p21 is known to inhibit E2F1,
MYC, and STAT3, it is possible that in addition to p53, the expres-
sion of a subset of the upregulated miRNAs is attributable to the

FIG 9 miR-183 and miR-96 downregulate common targets involved in EMT. (A) Sequence of mature miRNAs from the miR-183 cluster. The heptamer seed
sequence is shown in red. (B) Venn diagram showing the overlap between genes downregulated �2-fold (P value of 
0.01) in the microarrays (see Table S3 to
S5 in the supplemental material) for HCT116-p21�/� cells 48 h after transfection with CTL, miR-183, miR-96, or miR-182 mimics. (C) Table showing the
overlap between TargetScan predictions and the genes downregulated by the miR-183 cluster miRNAs. (D) Table showing the enrichment of the sequence
complementary to the hexamer region (nt 2 to 7) and heptamer (nt 2 to 8) of miR-183, miR-96, or miR-182 in the 3= UTR of the transcripts that were
downregulated �2-fold (P value of 
0.01) in the microarrays (see Tables S3 to S5 in the supplemental material). (E) Table showing fold changes in expression
of CDH1 and select miR-183 cluster target mRNAs (involved in cell migration and invasion) in the microarrays. (F) Effect of p21 deletion on the expression of
ITGB1 and KLF4 mRNAs was measured by RT-qPCR for HCT116-p21�/� and HCT116-p21�/� cells. (G) HCT116-p21�/� cells were transfected with CTL,
miR-183, miR-96, or miR-182 mimics for 48 h, and RT-qPCR was performed to measure changes in levels of miR-183 cluster-regulated and CDH1 mRNAs. (H)
The effect of miR-183 cluster miRNAs on ZEB1, CDH1, and SLUG protein levels was assessed by immunoblotting from HCT116-p21�/� cells 48 h after
transfection with CTL, miR-183, miR-96, or miR-182 mimics. Error bars represent means 	 standard deviations of three independent experiments. �, P 
 0.05;
#, P 
 0.01; ��, P 
 0.005; ##, P 
 0.001.
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activation of these transcription factors in the absence of p21. Our
results also identified a novel interaction between p21 and ZEB1.
However, further studies with recombinant proteins are necessary
to determine whether p21 interacts directly with ZEB1 or whether
this interaction is mediated via other proteins. Although our pa-
per focused on regulation of the miR-183 cluster through a p21-
ZEB1 complex, it is possible that the p21-ZEB1 complex regulates
the expression of other miRNAs.

In this study, we focused on understanding how the miR-200
and miR-183 clusters were downregulated in p21�/� cells and the
downstream consequences. Consistent with recent studies estab-

lishing a role of the miR-200 family and p21 in inhibition of EMT
(22, 34–36, 64, 65), we observed induction of EMT upon the de-
pletion of p21. The expression of many EMT regulators, including
CDH1, ZEB1, and SLUG, was altered upon the depletion of p21 in
both HCT116 and MCF10A cells. Induction of EMT in p21
knockout HCT116 and MCF10A cells enhanced cell migration
and invasion, indicating that p21 inhibits cell migration and inva-
sion by suppressing EMT. Our results support a role for p21 in
inhibiting EMT in breast and colorectal cancer and are consistent
with previous studies that demonstrated a role of p21 in inhibition
of EMT (34–36).

FIG 10 miR-183 and miR-96 directly repress the 3=UTRs of SLUG and ZEB1 mRNAs. Luciferase assays were performed with HeLa cells 48 h after cotransfection
of the cells with psiCHECK2 (V) or psiCHECK2 containing the wild-type (WT) or mutant (MUT) 3=UTR of ZEB1 or SLUG mRNAs and CTL, miR-183, miR-96,
or miR-182 mimics. Sequences of wild-type and mutant MREs are shown in Table S7 in the supplemental material.
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Among the 3 miRNAs of the miR-183 cluster, miR-183 and
miR-96 but not miR-182 inhibited cell migration and invasion
when these miRNAs were reintroduced into HCT116-p21�/�

cells. Consistent with these phenotypic effects, we found that miR-
183 and miR-96 share more targets with each other than with
miR-182. Interestingly, miR-182 and miR-96 have the same hexa-
mer seed sequence (UGCCAA), whereas the seed sequence of
miR-183 (UGCCAU) differs by only one nucleotide. Therefore,
sequences beyond the hexamer seed region may play a role in gene
silencing by these miRNAs. In addition to the miR-183 cluster,
reintroduction of miR-200a or miR-200b in p21�/� cells down-
regulated ZEB1 (a known target of miR-200) and increased CDH1
expression levels to reduce migration and invasion. Our miRNA
knockdown experiments suggest that the enhanced migration and
invasion upon p21 loss are mediated, in part, by downregulation
of the miR-200 family and the miR-183 cluster. Functional redun-
dancy between these 3 miRNA clusters may ensure that aberrant
expression of one of these clusters does not deregulate their targets
to inhibit EMT and prevent tumor progression.

Our results are consistent with recent evidences which indicate
that miR-183 or miR-96 inhibits migration, invasion, and metas-
tasis (42, 43, 66, 67). However, some studies have shown that
miR-183 or miR-96 promotes migration and invasion (44, 45).
Likewise, the miR-200 family has also been shown to function as a
tumor suppressor by inhibiting EMT (22, 38, 65, 68), but it can
also exert oncogenic effects by promoting metastatic colonization
(41, 69). These findings indicate that the miR-200 family and the
miR-183 cluster miRNAs have context-dependent functions. In
summary, our findings are indicative of a mechanism by which
p21 inhibits EMT through the miR-200 and miR-183 clusters. It
remains to be seen if p21-regulated miRNAs also play a role in
other phenotypes regulated by p21.
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