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RNA Processing and Modification Protein, Carbon Catabolite
Repression 4 (Ccr4), Arrests the Cell Cycle through
p21-dependent and p53-independent Pathway”
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Background: The carbon catabolite repression 4 (Ccr4) family is implicated in RNA processing and modification.
Results: Ccr4d inhibits cell proliferation and induces G, arrest by binding to p2I mRNA 3'-UTR and stabilizing p27 mRNA.
Conclusion: Ccr4d functions as an anti-proliferating protein through induction of cell cycle arrest via a p21-dependent and

p53-independent pathway.

Significance: Ccrdd might have significant pathophysiological functions in carcinogenesis.

Ccr4d is a new member of the Ccr4 (carbon catabolite repres-
sion 4) family of proteins that are implicated in the regulation of
mRNA stability and translation through mRNA deadenylation.
However, Ccr4d is not believed to be involved in mRNA dead-
enylation. Thus, its biological function and mechanistic activity
remain to be determined. Here, we report that Ccr4d is broadly
expressed in various normal tissues, and the expression of Ccrd4d
is markedly down-regulated during cell cycle progression. We
showed that Ccr4d inhibits cell proliferation and induces cell
cycle arrest at G, phase. Our experiments further revealed that
Ccr4d regulates the expression of p21 in a p53-independent
manner. Mechanistic studies indicated that Ccrdd strongly
bound to the 3’-UTR of p21 mRNA, leading to the stabilization
of p21 mRNA. Interestingly, we found that the expression of
Ccr4d is down-regulated in various tumor tissues. Collectively,
our data indicate that Ccrdd functions as an anti-proliferating
protein through the induction of cell cycle arrest via a p21-de-
pendent and p53-independent pathway and suggest that Ccr4d
might have an important role in carcinogenesis.

The G, phase of the cell cycle is a crucial integrator of inter-
nal and external cues, allowing cells to grow, process outside
information, or repair damages before entering S phase (1). G,
phase progression is controlled by a set of cyclin-dependent
kinases (CDKs),? which are activated by associated cyclins but
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inhibited by two classes of CDK inhibitors. One group is the
INK4 family, including p16™%*, p15™K# p1gNKie and
p19™K4d which specifically target CDK4 and CDK6 (2, 3). The
other group is the CIP/KIP family, including p21%2f/<iPt
p27P! and p57""P2, which inhibit a broad spectrum of CDKs
(2, 3). p21 Waf/CiPt (hereafter named p21) is a major mediator of
the p53 signaling in controlling cell cycle transition from G, to
Sand G, to M (4). In addition to the transcriptional regulation
by the p53 family, the level of p21 is found to be controlled by
post-transcriptional mechanisms (5). Particularly, growing evi-
dence suggests that p21 mRNA stability is regulated by a family
of RNA-binding proteins that contain an RNA recognition
motif and have an affinity to the 3’-untranslated region (3'-
UTR) (6, 7). For example, HuD is the first RNA-binding protein
that was found to regulate p21 mRNA stability (8). HuD belongs
to the Elav (embryonic lethal, abnormal vision)-like protein
family consisting of HuB, HuC, HuD, and HuR (9-11). All of
them carry several RNA recognition motifs and are known to
bind the AU-rich element-containing transcripts, including the
p21 transcript (8). Apart from the Elav/Hu family of proteins,
RNPC1 (also called RBM38), a RNA-binding protein with one
RNA recognition motif domain, is shown to be required for the
maintenance of the stability of the basal and stress-induced p21
transcript (12, 13). Interestingly, hnRNP K binds to the CU-rich
elements in p21 3'-UTR and represses p21 translation (14),
whereas AUF1 (hnRNP D) binds to p21 3'-UTR and decreases
p21 mRNA stability (15). RBM42, a binding partner of hnRNP
K, coordinates with hnRNP K in the maintenance of cellular
ATP level under stress conditions by blocking p27 mRNA deg-
radation (16). Moreover, NF90, a component of the spliceo-
some that contains double-stranded RNA binding motifs, is
predominantly localized in the nucleus. Similar to HuR, NF90 is
translocated from the nucleus to the cytoplasm and stabilizes
p21 mRNA via binding to p21 3'-UTR (17).

Accurate gene expression requires a precise control of
mRNA levels, which are determined by the relative rate of
nuclear pre-mRNA synthesis and processing and cytoplasmic
mRNA turnover. Deadenylation, the process of removing the
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poly(A) tail, is a rate-limiting step in mRNA turnover (18-20),
which involves several deadenylases, including components of
the Ccr4-Not complex. The Ccr4-Not complex controls mRNA
metabolism through multiple mechanisms, including repres-
sion and activation of mRNA initiation, control of mRNA elon-
gation as well as deadenylation, and subsequent degradation of
mRNA (21-23). In yeast, the Ccr4-Not complex consists of
nine core subunits: Ccr4 (carbon catabolite repression 4), Cafl
(CCR4-associated factor 1), Caf40, Caf130, and Notl to -5. The
deadenylation is catalyzed by the Ccr4 subunit in yeast but by
the orthologs of both Ccr4 and Cafl in other eukaryotes (19).
These subunits can be divided into two subgroups: 1) proteins
that contain DNase I-like domains of the exonuclease-endonu-
clease-phosphatase (EEP) superfamily, such as CNOT6 and
CNOT6L, and 2) proteins that contain RNase D-like domains
belonging to the DEDD family, such as CNOT7 and CNOT8
(19). The homologues Cafla (CNOT7) and Caflb (CNOTS) of
Cafl, identified as components of the human Ccr4-Not com-
plex, possess deadenylase activity mediated by DEDD nuclease
domains and have overlapping roles in modulating cell prolif-
eration (24), whereas a more distant homologue, hCaflz (also
named TOE1), forms a separate nuclear complex involved in
mRNA metabolism (25).

Five Ccr4 homologues have been identified in human cells,
including Ccr4a (CNOT6), Ccrdb (CNOT6L), Ccrdc (noc-
turnin, Ccn4L), Ccrdd (ANGEL2), and Ccrde (ANGEL1). Of
them, Ccr4a and Ccr4b share 74% amino acid identity with each
other and contain leucine-rich repeats required for interactions
with Cafla/Caflb (26). Both play a role in deadenylation and
contribute to the prevention of cell death and senescence (27).
Ccr4c is the ortholog of the deadenylase nocturnin, which has
been characterized in mice and Xenopus laevis and is proposed
to play a role in circadian function (28).

Ccrdd (ANGEL2) is a member of the EEP family based on
sequence homology. It is more divergent from yeast Ccrdp and
contains no leucine-rich repeat or leucine zipper. It is reported
that Ccr4d, as a nucleocytoplasmic shuttling protein, mainly
resides in the nucleus. Although exogenously expressed hCaflz
was shown to stimulate deadenylation and decay of reporter
mRNAs, and Ccr4d interacts with hCaflz, no significant effects
on deadenylation and mRNA turnover of reporter mRNAs
were observed upon exogenously expressed Ccr4d (25). There-
fore, the cellular function and biological significance of Ccrdd
remain to be determined.

In the current report, we found that Ccrdd is broadly
expressed in various normal tissues, and its expression mark-
edly decreased in cell cycle progression. Ectopic expression of
Ccr4d resulted in the inhibition of cell proliferation and cell
cycle arrest in G, phase, and depletion of Ccr4d promoted cell
growth and cell cycle progression. We further showed that
depletion of Ccr4d led to a significant inhibition of p21 expres-
sion in a p53-independent manner. We demonstrated that
Ccr4d bound to the 3'-UTR of p21 mRNA and showed that
ectopic expression of Ccrdd resulted in an increase whereas
Ccrdd knockdown led to a decrease in the activity of p21
3’-UTR luciferase reporter. Finally, we found that Ccr4d is
down-regulated in a broad spectrum of tumor samples.

21046 JOURNAL OF BIOLOGICAL CHEMISTRY

EXPERIMENTAL PROCEDURES

Bioinformatics—The open reading frame, conserved
domains, and chromosomal location of Ccrdd were analyzed
using the NCBI databases (available on the World Wide Web).
RNA binding sites were predicted by the BindN program (29).
The theoretical molecular weight and isoelectric point of Ccrdd
were calculated using the Expacy Web site. Homologous align-
ment was analyzed by the ClustalW program (version 1.60)
(30), and phylogenetic analysis was performed using the Jotun
Hein method (31).

Northern Blotting—Human adult multiple tissue Northern
blots (Clontech) or cancer profiling array (Clontech) were used,
and a 500-bp probe of human ccr4d cDNA was labeled by ran-
dom priming with [a->P]dCTP (Amersham Biosciences).
Hybridization was performed in ExpressHyb hybridization
solution (Clontech) according to the manufacturer’s instruc-
tions. The filter was exposed for autoradiography at —80 °C
after stringent washing.

RNA Interference—siRNAs were synthesized by Shanghai
Genepharma Co., Ltd. The sequences were as follows: non-
silencing siRNA, UUCUCCGAACGUGUCACGU; ccrdd
siRNA-1, GGACCCUGAAUACUCUGAUTT; ccrdd siRNA-2,
AAACCUGAUGGCUGUGCUAUUTT; ccrda siRNA, GGAC-
CCUGAAUACUCUGAUTT; ccr4b siRNA, GGCCAUGGAU-
UACAUUAAATT; ccrdc siRNA, GGAGCCCAUUGAUC-
CUAAATT. siRNAs were transfected into cells using
Lipofectamine™ RNAIMAX (Invitrogen) according to the
manufacturer’s instructions.

Western Blotting—Western blotting was performed as
described previously (32, 33). Antibodies used in this experi-
ment were as follows: af-actin, a-tubulin, aCyclin D1, and
aFLAG from Sigma-Aldrich; «E2F1, aCdkl, aCdk2, aCdk4,
aCdc25a, aCyclin A, aCyclin Bl, aCyclin E, and apl6 from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); ap53 (DO-1),
ap2l, and ap27 from MBL; and aPUMA from Cell Signaling
Technology. Polyclonal antibody against Ccrd4d was raised
using synthetic peptide in rabbits.

Colony Formation Assay—MCE-7 cells transfected with con-
trol vector or FLAG-Ccr4d construct were maintained in cul-
ture medium supplemented with 1 mg/ml G418 for 14 days.
The cells were stained with crystal violet for colony counting.

Cell Proliferation Assays—For the MTT assay, MCF-7 cells
were treated with control siRNA or Ccr4d siRNA and seeded
into 96-well plates. On the day of harvest, 5 mg/ml MTT was
added into every well, and plates were incubated at 37 °C for 4 h.
Cell viability was determined by measuring the absorbance of
converted dye at a wavelength of 490 nm.

For analysis of BrdU incorporation, cells were transfected
with FLAG-Ccr4d or Ccr4d siRNA for 48 or 72 h. 10 um BrdU
was incorporated for 1 h before cell fixation. DNA was dena-
tured with 2 N HCI, 0.5% Triton X-100 for 20 min, and BrdU
signal was detected with anti-BrdU antibody and Alexa Fluoro
488 goat anti-mouse IgG. Cells (n = 10,000) were collected
using FACSCalibur (BD Biosciences) and analyzed with ModFit
LT 3.0 (Verity Software House Inc., Topsham, ME).

Cell Growth Assay—U20S cells were seeded into 24-well
plates and treated with control siRNA or Ccr4d siRNA. Cul-
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tures in the well plates were measured at different time points
by the CloneSelect™ Imager system (Genetix Ltd., New Mil-
ton, UK) and returned to the incubator.

Cell Synchronization and Flow Cytometry—MCE-7 cells
were synchronized at the G,/G; phase by serum starvation.
Briefly, after cells were transfected with FLAG-Ccr4d con-
structs or siRNA for 24 h, cells were switched to conditioned
medium without serum for 48 h. The synchronized cells were
then cultured in medium containing 10% FBS for 24 —27 h and
were collected for cell cycle profile analysis by flow cytometry.
Flow cytometry was performed as previously described (34).
Briefly, cells were trypsinized and fixed in 70% ethanol at 4 °C
overnight. After being washed with phosphate-buffered saline
(PBS), cells were incubated with RNase A in PBS for 30 min at
37 °C and then stained with 50 mg/ml propidium iodide. Cell
cycle data were collected using FACSCalibur (BD Biosciences)
and analyzed with ModFit LT 3.0 (Verity Software House Inc.).

Real-time Reverse Transcription (RT)-PCR—Power SYBR
Green PCR Master Mix and the ABI PRISM 7300 sequence
detection system (Applied Biosystems, Foster City, CA) were
used for real-time RT-PCR experiments. The primer pairs used
were as follows: ccr4d forward primer (GCCAGACATCTTT-
GATTCATCTC) and reverse primer (TTCCCAATTCCGCT-
TTATCA); p21 forward primer (TGAGCCGCGACTGTG-
ATG) and reverse primer (GTCTCGGTGACAAAGTCGAA-
GTT); GAPDH forward primer (GAAGGTGAAGGTCGGA-
GTC) and reverse primer (GAAGATGGTGATGGGATTC);
ccrda forward primer (CTTTGTGATAAATATGCGACCC)
and reverse primer (CGTTTCAACCTCCTGAAGAC); ccréb
forward primer (CAATCTCGCAGTTCATCCAG) and reverse
primer (ACATAACCGTGAATGATGCT); ccrdc forward prim-
er (GAGGACGGATTGCCCTAGTA) and reverse primer (GTA-
GGCCAGGATTTCTTCCA).

Luciferase Reporter Assay—Luciferase activity was measured
using a dual luciferase kit (Promega, Madison, W1) according to
the manufacturer’s protocol. Reporters used in this assay were
the full-length p21 3'-UTR-Luc construct from Dr. Bryan R.
Cullen (Duke University) and the pWWP-Luc (p21-Luc) con-
struct from Dr. Bert Vogelstein (Johns Hopkins University).

RNA-binding Pull-down Assays—cDNA was used as a tem-
plate for PCR amplification of different p21 UTRs and coding
regions (CR). All forward primers contained the T7 promoter
sequence (T7), CAGAGATGCATAATACGACTCACTATA-
GGGAGA. To prepare 5'-UTR and CR-A transcript (positions
1-570), forward primer (T7)GCCGAAGTCAGTTCCTTGT
and reverse primer TTAGGGCTTCCTCTTGGAG were used.
To prepare the 3'-UTR-B transcript (positions 571-1118), for-
ward primer (T7)TCCGCCCACAGGAAGC and reverse
primer ACCCTGCCCAACCTTAGA were used. To prepare
3'-UTR-C transcript (positions 1119-2109), forward primer
(T7)GACCCTGAAGTGAGCACAG and TTTTTTTAAAGT-
CACTAAGAATCATT were used. For the biotin pull-down
assay, PCR-amplified DNA was used as a template to transcribe
biotinylated RNA by using T7 RNA polymerase in the presence
of biotin-UTP and was purified as described previously (35). 2
ug of biotinylated transcripts were incubated with 60 ug of total
cell lysates for 30 min at room temperature. Complexes were
isolated with paramagnetic streptavidin-conjugated Dyna-
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beads (Dynal, Oslo, Norway), and pull-down material was ana-
lyzed by Western blotting.

RNA-binding Protein Immunoprecipitation (RIP) Assay—
RIP assay was performed according to the Magna RIP™ manu-
facturer’s protocol (Millipore). Briefly, H1299 cells were trans-
fected with FLAG-Ccr4d for 48 h, and total cell lysates were
used for immunoprecipitation in the presence of excess anti-
FLAG antibody or mouse normal IgG. The precipitated Ccr4d-
RNA complexes were treated with RNase-free DNase to
remove trapped genomic DNAs. The precipitated RNAs were
purified by TRIzol reagent for cDNA synthesis, followed by
RT-PCR amplification using sequence-specific primers. RNA
inimmunoprecipitated material was used in RT-PCRs to detect
p21 mRNA by using different primers. The primer pairs used
were 5'-UTR forward primer (GCCGAAGTCAGTTCCTT-
GTG) and reverse primer (GGCGCCTCCTCTGAGTGCQC),
3’-UTR-1 forward primer (TGTACCCTTGTGCCTCGC) and
reverse primer (GAGAAGATCAGCCGGCGT),and 3'-UTR-2
forward primer (CAAAGGCCCGCTCTACATC) and reverse
primer (GCCCAGCACTCTTAGGAACQ).

RESULTS

Cloning and Characterization of Ccr4d—The molecular
mechanism of tumorigenesis has been one of the primary
research focuses in our laboratory (36 —40). In an effort to iden-
tify more cell cycle regulators, we cloned a gene, ccr4d in Gen-
Bank™ (ID NM_144567), from a mammary cDNA library
(Clontech) through functional screening. The cDNA of ccr4d is
4,668 bp in length and contains an open reading frame encod-
ing for a protein of 544 amino acids. Bioinformatics analysis
indicates that Ccr4d harbors an EEP domain (amino acids 169 —
542), thus belonging to the EEP family (Fig. 1A, EEP). This fam-
ily of proteins includes magnesium-dependent endonucleases
and a large number of phosphatases involved in intracellular
signaling. BindN analysis indicates that Ccr4d harbors putative
RNA binding sites (amino acids 119-129) (29). Amino acid
sequence alignment revealed that human Ccr4d shares 100.0%
identity with its Pan troglodytes homologue. The similarity of
the amino acid sequence of Ccr4d to homologues in other organ-
isms is 93.8% in Canis lupus, 91.7% in Bos taurus, 87.2% in Rattus
norvegicus, 85.5% in Mus musculus, 69.2% in Gallus gallus, 58.0%
in Danio rerio, 39.2% in Caenorhabditis elegans, and 35.7% in Ara-
bidopsis thaliana (Fig. 1B). Phylogenetic analysis also indicates
that Ccr4d is evolutionarily well conserved (Fig. 1C).

Northern blotting with human multiple tissue blots and
mRNA extracted from different cell lines demonstrated that
the ccrdd gene primarily transcribes a ~4.6-kb message in var-
ious tissues (Fig. 1D, left) and cell lines (Fig. 1D, right), although
an additional transcript was detected in some tissues, such as
pancreas and skeletal muscle (Fig. 1D, left). We focused on the
~4.6-kb transcript because it is the transcript that we initially
cloned, and it is the transcript that exhibits a broad tissue dis-
tribution and expresses at a high level.

Western blotting analysis in MCF-7 breast carcinoma cells
that were transfected with FLAG-tagged Ccr4d expression con-
struct (FLAG-Ccr4d) using a monoclonal antibody against
FLAG and in a collection of cell lines using polyclonal antibod-
ies against Ccr4d, which we generated with synthetic Ccrdd
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Ccrdd Inhibits Cell Proliferation—To gain insights into the

regions. C, phylogenetic analysis of evolutionary relationships among homologues of Ccr4d proteins from different species. D, Northern blotting analysis of
biological function of the Ccr4d protein, we first examined the

ccr4d mRNA expression in normal human tissues and in various tumor cell lines. B-actin was used as a loading control. E, Western blotting analysis of Ccr4d
protein expression. Left, MCF-7 cells were transfected with empty vector or FLAG-Ccr4d constructs. Cellular proteins were prepared, and Western blotting was
performed with anti-FLAG or anti-Ccr4d antibody. Right, Ccr4d expression in a collection of tumor cell lines was analyzed using anti-Ccr4d antibody. B-actin was
peptide, indicated that Ccr4dd is expressed as a protein of ~65 growth was examined by colony formation assays. It was dem-
cells. To this end, we created MCEF-7 cell clones that stably 2B). The overexpression and knockdown of Ccr4d were con-

used as a loading control.
kDa (Fig. 1E, left) and that endogenous Ccr4d is broadly

expressed in a collection of cell lines (Fig. 1E, right).
express FLAG-Ccr4dd. These clones were expanded, and their

effect of Ccrdd on the proliferation of MCF-7 breast carcinoma
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FIGURE 2. Inhibition of cell proliferation induced by Ccr4d. A, colony formation assays. Left, MCF-7 cells stably expressing Ccr4d were maintained in culture
medium for 14 days in the presence of 1 mg/ml G418 and stained with crystal violet. The number of colonies in each condition was counted and expressed as
mean * S.D. from triplicate experiments. A presented profile is shown on the right. B, induction of cell proliferation upon Ccr4d knockdown. MCF-7 cells were
transfected with control siRNA or Ccr4d siRNA. The growth curve of the cells was measured by MTT assays. Bars, mean = S.D. (error bars) for triplicate
experiments. C, confirmation of Ccr4d overexpression and knockdown used in colony formation assays and MTT assays by Western blotting. f-actin was used
as a loading control. D, BrdU incorporation assays. Two left panels, MCF-7 cells were transfected with FLAG-Ccr4d or Ccr4d siRNA for 48 or 72 h, and then BrdU
was incorporated for 1 h. Cells (n = 10,000) were collected, and the percentage of BrdU-positive cells was measured by flow cytometry. Bars, mean = S.D. (error
bars) for triplicate experiments. A representative profile is shown in the three right panels. The cells without BrdU incorporation were used as a negative control
for flow cytometry analysis. E, induction of cell proliferation of U20S cells upon Ccr4d knockdown. Left, U20S cells were transfected with control siRNA or Ccr4d
siRNA. The percentage of cell confluence was measured every 24 h by the CloneSelect™ Imager system. Bars, mean =+ S.D. (error bars) for triplicate experiments.
Right, BrdU incorporation assays. U20S cells were transfected with control siRNA or Ccr4d siRNA for 72 h, and then BrdU was incorporated for 1 h. Cells (n =
10,000) were collected, and the percentage of BrdU-positive cells was measured by flow cytometry. Bars, mean = S.D. (error bars) for triplicate experiments.

To further determine the function of Ccr4d in cell prolif- of BrdU-positive cells was decreased by about 12% (p < 0.05)
eration, we employed a BrdU incorporation assay, a more in MCF-7 cells upon ectopic expression of Ccr4d, and con-
sensitive and specific method. It was shown that the number versely, the number of BrdU-positive cells was increased by
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about 1.5-fold (p < 0.05) in Ccr4dd-deficient MCF-7 cells
(Fig. 2D).

Next, human osteosarcoma U20S cells were used to test the
inhibitory effect of Ccr4d on cell proliferation. We found that
knockdown of Ccr4d resulted in an increase in cell proliferation
of U20S cells (Fig. 2E, left), as measured by the CloneSelect™
Imager system, an image-based visualization system for cell
growth assessment. Further, it was shown that the number of
BrdU-positive cells was increased by about 2.3-fold (p < 0.05)
in Ccr4d-deficient U20S cells (Fig. 2E, right) by a BrdU incor-
poration assay. Collectively, these results support the notion
that Ccr4d has an inhibitory activity on cell proliferation.

To determine whether the growth-inhibitory effect of Ccrdd
represented a general inhibition of growth or a cell cycle phase-
specific inhibition, synchronized MCEF-7 cells that were trans-
fected with FLAG-Ccr4d or with Ccrdd siRNA were released by
refeeding serum. Cell cycle profiling was analyzed using pro-
pidium iodide staining and flow cytometry. We found a signif-
icant decrease (from 37.1 £ 2.1 to 29.7 * 2.8%) in the popula-
tion of cells in the S phase upon overexpression of Ccr4d (Fig.
3A), with a concomitant accumulation (from 54.7 = 2.1 to
62.8 = 1.6%) of the cell population in G, phase; the cell popu-
lation in G,/M phases was essentially unaffected (Fig. 34). On
the other hand, cell population increased in S phase from
12.0 £ 2.2 to 19.5 = 1.4% and decreased in G, phase from
81.0 £ 1.1 to 72.2 £ 2.0% upon Ccr4d knockdown (Fig. 3B).
Therefore, it appeared that Ccr4d inhibits the proliferation of
MCE-7 cells by blocking the G,-to-S transition of the cell cycle.

In order to further support this argument, we next measured
the expression of Ccr4d during cell cycle progression. For this
purpose, MCE-7 cells were first cultured in serum-free medium
for 48 h and were then fed with fresh medium containing 10%
serum. Collection of cells at different time points and measure-
ment of the expression of ccr4d mRNA by real-time RT-PCR
showed that the expression of endogenous Ccrdd gradually
declined with the cell cycle progression, reaching the lowest
point after serum feeding for 21 h (Fig. 3C). The expression of
cyclin D1 was also measured as a control for cell cycle progres-
sion. The cell cycle progression was also validated at the corre-
sponding time by propidium iodide staining and flow cytom-
etry (Fig. 3C). Further, collection of cells at different time points
and measurement of the expression of Ccr4dd protein by West-
ern blotting showed that the protein expression of endogenous
Ccr4d also gradually declined with the cell cycle progression
(Fig. 3D). The expression of cyclin D1 was measured as a con-
trol for cell cycle progression. The expression profiling of Ccrdd
during cell cycle progression supports the argument that Ccrdd
exerts its growth-inhibitory effect by arresting cells in G, phase.

Ccréd Inhibits Cell Cycle through Regulation of Cell Cycle
Inhibitor p21 in p53-independent Manner—As stated earlier,
although a unified mechanistic model is still lacking, the Ccr4
proteins are believed to be involved in proper processing of
target mRNAs. To explore the molecular mechanism underly-
ing Ccr4d-induced G, arrest of MCF-7 cells and to identify the
potential mRNA targets for Ccrdd, the expression of a collec-
tion of proteins, including E2F1, cyclin D1, Cdk4, Cdc25a,
cyclin E, Cdk2, cyclin B1, Cdk1, p16, p21, and p27, whose func-
tions are closely related to cell cycle control was first examined
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by Western blotting upon overexpression and knockdown of
Ccrdd. Our results indicated that the expression of none of
these proteins was significantly affected by overexpression or
knockdown of Ccr4d, except for p21, whose protein level was
significantly up-regulated upon overexpression of Ccr4d and
down-regulated upon Ccr4d knockdown (Fig. 44).

Because p53 is the major regulator of p21, we tested whether
the expression of p53 and its other target proteins was altered
under similar conditions. Interestingly, the expression of p53
and PUMA, another downstream target of p53 (41), was not
changed upon Ccrdd knockdown (Fig. 4B). Furthermore, in
p53-negative H1299 lung cancer cells, knockdown of Ccrdd was
also associated with a decreased expression of p21, as measured
by Western blotting (Fig. 4C). Moreover, knockdown of Ccr4d
in H1299 cells also resulted in a decrease in cell population in
G, phase from 61.9 * 4.4 to 45.7 * 8.6% and an increase in cell
population in the S phase from 22.3 = 3.3 to 34.9 * 6.5%,
whereas the cell population in G,/M phases was essentially
unaffected (Fig. 4D).

To strengthen the argument that Ccr4dd regulates p21 in a
p53-independent manner, various p53*/" and p53 /" isogenic
cell lines, including human osteosarcoma U20S cells (p53 wild
type), human colon cancer HCT116 (p53*/*") cells, and
HCT116 (p53~/7) cells were used to test the expression of p21
upon Ccrdd knockdown. It was demonstrated that knockdown
of Ccrdd was also associated with a deceased expression of p21,
as measured by Western blotting (Fig. 4E). These data suggest
that the regulation of p21 by Ccr4d is independent of p53.

Ccrdd Up-regulates p21 Expression through Binding to
3'-UTR of p21 mRNA and Stabilizing p21 mRNA—To further
explore the molecular mechanism governing the regulation of
p21 by Ccrdd, MCE-7 cells were transfected with Ccrdd siRNA,
and the expression of p21 mRNA was measured by real-time
RT-PCR. The results indicated that knockdown of Ccr4d led to
asignificant down-regulation of p21 mRNA (Fig. 5A). However,
subsequent reporter assays in H1299 cells with p21 promoter-
driven luciferase revealed that p21 transcription was not
affected by Ccrdd overexpression, suggesting that the regula-
tion of p21 by Ccr4d did not occur at the transcriptional level
(Fig. 5B). Therefore, we next measured the rate of p21 mRNA
clearance by real-time RT-PCR in MCF-7 cells that were
treated with Ccr4d siRNA in the presence of actinomycin D, a
transcription inhibitor. These experiments revealed that Ccrdd
depletion led to a marked decrease in the stability of p21
mRNA, with a half-life of ~9.1 hin untreated cellsand ~4.9 hin
treated cells (Fig. 5C).

3'-UTRis a key regulatory element involved in the regulation
of mRNA stability (42). Indeed, it was reported that several
RNA-binding proteins regulate mRNA stability by directly
binding to the 3'-UTR of p21 mRNA (13, 43). Therefore, to
characterize Ccr4d-regulated p21 expression, we next investi-
gated whether Ccr4d could be functionally and physically asso-
ciated with p21 mRNA 3'-UTR. For this purpose, H1299 cells
that were overexpressed with Ccrdd or treated with Ccrdd
siRNA were transfected with a p21 3'-UTR-driven luciferase
reporter construct. Forty-eight hours after transfection, cellu-
lar lysates were prepared and analyzed for luciferase activity. As
shown in Fig. 5D, overexpression of Ccrdd was associated with
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FIGURE 3. Ccr4d induces cell cycle arrest in G, phase. A, inhibition of cell cycle progression by Ccr4d. After the cells were transfected with vector or
FLAG-Ccr4d construct for 24 h, MCF-7 cells were switched to conditioned medium without serum for 24 h. The cells were then cultured in medium containing
10% FBS for 24-27 h and were collected for cell cycle analysis by flow cytometry. The data represent three independent experiments in the left panel. A
representative profile is shown in the right panel. B, Ccrdd knockdown promotes cell cycle progression. After MCF-7 cells were transfected with control siRNA
or Ccr4d siRNA for 24 h, the cells were switched to conditioned medium without serum for 48 h. The cells were then cultured in medium containing 10% FBS
for 24-27 h and were collected for cell cycle analysis by flow cytometry. The data represent three independent experiments in the left panel. A representative
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amarked elevation of the p21 mRNA 3’-UTR-driven luciferase
reporter activity, and Ccr4d knockdown was accompanied by a
drastic repression of the reporter activity.

We then examined whether or not Ccr4d could bind to p21
mRNA 3’-UTR by a RIP assay. In these experiments, H1299
cells were transiently transfected with the FLAG-Ccr4d con-
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struct. Total proteins were extracted and immunoprecipitated
with an anti-FLAG antibody or normal mouse IgG. The precip-
itated Ccrdd-RNA complexes were treated with RNase-free
DNase to remove trapped genomic DNAs, and the precipitated
RNAs were purified by TRIzol reagent for cDNA synthesis, fol-
lowed by RT-PCR amplification using sequence-specific prim-
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cell lines. Cells were transfected with control siRNA and Ccr4d siRNA for 72 h, and cellular lysates were prepared for Western blotting analysis with antibodies
against the indicated proteins. B-actin was used as a loading control.

ers. Ccrdd was found to be able to bind 3'-UTR but not 5'-UTR  3’-UTR. The results of the experiments showed that Ccrdd
of p21 mRNA, and a significant amount of 3'-UTR PCR prod-  bound strongly to the 3'-UTR-B transcript and slightly weakly
uct was amplified from anti-FLAG-precipitated materials (Fig. to 3'-UTR-C transcript (Fig. 5F). RNA-binding protein HuR
5E). RNA pull-down assays were also performed using various was used as a positive control, which only bound to the B tran-
biotinylated transcripts of p2I from the 5'-UTR and CR or scriptof p213’-UTR. a-Tubulin was used as a negative control.
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normalization to GAPDH transcript levels, the percentage of p21 transcript levels compared with untreated cells was plotted as mean = S.D. from
triplicate measurements. B, effect of Ccr4d on p27 promoter-driven luciferase reporter activity. H1299 cells were co-transfected with p27 promoter-
driven luciferase constructs and different amounts of FLAG-Ccr4d constructs, and then cells were collected, and luciferase activity was measured and
normalized to that of Renilla. Bars, mean = S.D. for triplicate measurements. C, assay of p27 mRNA stability. MCF-7 cells were transfected with Ccr4d
siRNA and were treated with 5 um actinomycin D for different times. The data were normalized against the expression of GAPDH. Each point represents
the mean = S.D. for triplicate measurements. D, effect of Ccrdd on p21 3’-UTR-driven luciferase reporter activity. H1299 cells were co-transfected with
p21 3'-UTR-driven luciferase constructs and FLAG-Ccr4d constructs or Ccr4d siRNA, and then cells were collected, and luciferase activity was measured
and normalized to that of Renilla. Bars, mean = S.D. for triplicate measurements. E, binding of Ccr4d to p27 mRNA 3’-UTR. Top, RIP assay was performed
using total protein extracts from H1299 cells that were transiently transfected with FLAG-Ccr4d constructs for 48 h, and endogenous target transcripts
of the corresponding immunoprecipitated materials were detected by an RT-PCR assay using p21 sequence-specific primers. PCR products correspond-
ing to p27 mRNA were visualized on agarose gel. The PCR product of GAPDH served as a negative control. Bottom, Ccr4d overexpression used in RIP
assays was confirmed by Western blotting. F, binding assay of Ccr4d to p27 mRNA 3’-UTR by RNA pull-down. Top, schematic drawing of the full-length
p21 cDNA and various transcripts A, B, and C derived from the 5'-UTR and CR and the 3’-UTR used in this study. Bottom, RNA pull-down assay was
performed using biotinylated transcripts of p27, and proteins of RNA pull-down were detected by Western blotting with anti-FLAG antibody. Binding of
HuR to p21 transcript was taken as a positive control, and a-tubulin was used as a negative control.

Taken together, these data support an argument that Ccrdd
up-regulates p21 expression through its binding to p27 mRNA
3’-UTR and stabilizing p21 mRNA.

We carried out a number of experiments to address whether
other members of Ccr4 could also regulate p21 expression and
affect cell cycle progression. First, we analyzed the effect of
Ccr4 family members on p21 mRNA expression in MCEF-7 cells
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by real-time RT-PCR and Western blotting. We found that,
different from Ccr4d, other members of Ccr4 (e.g. Ccréa, -b,
and -c) have no significant effect on expression of p21 mRNA
(Fig. 6A), although the protein level of p21 was increased upon
Ccr4a knockdown but not upon Ccr4b knockdown or Ccréc
knockdown (Fig. 6B). Next, the effect of Ccr4 family members
on the cell cycle of MCE-7 cells were tested by flow cytometry
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27 h and were collected for cell cycle analysis by flow cytometry.

assay. It was shown that cell cycle arrest was induced at G,
phase upon Ccr4a knockdown, and no significant changes were
observed in the cell cycle of MCF-7 cells upon Ccr4b or Ccréc
knockdown compared with control (Fig. 6C).

Expression of Ccrdd Is Down-regulated in Human Tumor
Samples—The positive regulation of p21 by Ccr4d and growth-
inhibitory effect of Ccr4d suggest that Ccr4d could be impli-
cated in carcinogenesis. In order to support this, we compared
the expression profiles of Ccrdd in tumor samples versus nor-
mal tissues using a cancer profiling array (Clontech) by North-
ern blotting. The results indicated that the expression of ccr4d
mRNA was down-regulated in cancers originating from a broad
spectrum of tissue, including kidney, bladder, vulva, prostate,
thyroid, skin, small intestine, and pancreas (Fig. 7A). The data
from the cancer profiling array were quantified and shown in
Fig. 7B. Further bioinformatics analysis of the cancer microar-
ray ONCOMINE data base (Compendia Bioscience) (44 —46)
yielded a similar result (Fig. 7C). Although these analyses are
still preliminary, together with our observations of the positive
regulation of p21 by Ccr4d and the growth-inhibitory effect of
Ccrdd, they nevertheless support a role of Ccrdd in
carcinogenesis.

DISCUSSION

In this study, we showed that ectopic expression of the endo-
nuclease/exonuclease/phosphatase  family protein Ccrdd
resulted in inhibition of colony formation and that knockdown
of this protein promoted cell growth in MCF-7 breast cancer
cells. We demonstrated that ectopic expression of Ccrdd
induced G, arrest, whereas Ccr4d knockdown promoted cell
cycle progression in both MCE-7 breast cancer cells and H1299
lung cancer cells. In agreement with these observations, we
showed that mRNA level of endogenous Ccrdd markedly
declined during cell cycle progression of MCE-7 cells. These
results suggest that Ccr4d functions as an anti-proliferating fac-
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tor by induction of cell cycle arrest in G, phase and that sup-
pression of Ccr4d expression might be a prerequisite for cells to
reenter S phase.

Significantly, we showed that Ccr4d positively regulates the
expression of p21, a direct mediator of cell cycle arrest at G;
phase. Although its expression is under p53-mediated tran-
scriptional control, an increasing body of literature documents
that p21 expression is also subject to post-transcriptional mod-
ulations. For example, the stability of p27 mRNA is regulated by
HuR in response to UV light, epidermal growth factor, or pros-
taglandin A2 treatment (43, 47, 48). HuR is predominantly a
nuclear protein. Upon these treatments, HuR is translocated
from nucleus to cytosol, where it binds to the 3'-UTR of p21
transcript and enhances its stability (43, 47, 48). It was also
shown that RNPCla regulates the stability of basal and stress-
induced p21 transcript through its binding to the 3'-UTR of the
p21 transcript (12). Interestingly, RNPCla is also capable of
inducing cell cycle arrest in G, (13). In this report, we showed
that Ccr4d is yet another factor that binds to the 3'-UTR of p21
transcript and regulates the stability of p21 mRNA. Whether or
not cooperative or antagonistic actions exist for different pro-
teins in the regulation of the stability of p21 mRNA is currently
unknown and will be an interesting subject for future
investigations.

p21 expression increases following exposure to a wide variety
of stress agents, including genotoxins, oxidants, and metabolic
perturbations, and increased p21 expression is believed to be
associated with growth arrest (5). In this regard, it is interesting
to note that Ccr4d expression was also induced in response to
DNA damage (49). In addition, testicular germ cell tumors
responded well to cisplatin-based chemotherapy and showed a
low incidence of acquired resistance compared with most
somatic tumors (49). Microarray analysis has shown that the
expression of ANGEL2 (Ccr4d) increased significantly in tes-
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FIGURE 7. Expression of ccr4d mRNA decreased in tumor tissues. A, expression profile of Ccr4d in human tumors. A cancer profiling array containing cDNA
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breast carcinoma (13); 4, invasive tubular and lobular carcinoma (4); 5, invasive ductal breast carcinoma (158); 6, medullary breast carcinoma (2); 7, mucinous
breast carcinoma (2).

ticular germ cell lines after cisplatin treatment (49). These has been associated with human diseases, including cancer,

observations are consistent with our results that Ccr4d displays
a growth-inhibitory activity and is functionally connected to
p21.

mRNA stability is one of the key regulators in controlling the
expression of many proteins. Dysregulation of mRNA stability

“BSENEN
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inflammatory disease, and Alzheimer disease (50). In this sense,
our finding that Ccr4d positively regulates the stability of p21
mRNA indicates that Ccr4d might have significant pathophys-
iological functions. Indeed, we showed that the expression of
Ccr4d is deregulated in human cancers from various tissue ori-
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gins. Future investigations are warranted to further delineate
the cellular activity of Ccr4d.
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