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p21, a cyclin-dependent kinase inhibitor, is transcriptionally regulated by the p53 family to induce cell cycle
arrest. p21 is also regulated post-transcriptionally upon DNA damage in a p53-dependent manner, but the
mechanism is uncertain. Here, we found that RNPC1, an RNA-binding protein and a target of the p53 family,
is required for maintaining the stability of the basal and stress-induced p21 transcript. Specifically, we showed
that RNPC1 is induced by the p53 family and DNA damage in a p53-dependent manner. The RNPC1 gene
encodes at least two alternative spliced isoforms, RNPC1a and RNPC1b, both of which contain an intact RNA
recognition motif. Interestingly, we found that RNPC1a, but not RNPC1b, induces cell cycle arrest in G1,
although both isoforms are expressed in the nucleus and cytoplasm. In addition, we found that while both
isoforms directly bind to the 3� untranslated region in p21 transcript, only RNPC1a is able to stabilize both
the basal and stress-induced p21 transcripts. Conversely, RNPC1a knockdown destabilizes p21 transcript.
Finally, we found that RNPC1a is required to maintain the stability of p21 transcript induced by p53.
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Mutations of p53 tumor suppressor occur in >50% of
human cancer, and loss of p53 function is known to play
a central role in cancer development (Vogelstein et al.
2000). The importance of p53 in this process is under-
scored by the ability of p53 as a transcription factor (Ko
and Prives 1996). Upon activation, p53 induces a number
of genes (Harms et al. 2004), such as p21(WAF1/CIP1)
(el-Deiry et al. 1993), MDM2 (Barak et al. 1993; Wu et al.
1993), IGFBP3 (Buckbinder et al. 1995; Harms and Chen
2005), PIDD (Lin et al. 2000), and Killer/DR5 (Wu et al.
1997), which mediate the diverse biological functions of
p53, including cell cycle arrest and apoptosis (Vousden
and Lu 2002).

RNA-binding proteins have been shown to post-tran-
scriptionally regulate gene expression, such as polyade-
nylation, RNA splicing, transport, stability, and transla-
tion, all of which are emerging as critical mechanisms
for gene regulation in mammalian cells (Krecic and
Swanson 1999). In addition, an increasing number of
RNA-binding proteins have been identified and found to
be altered in a variety of genetic disorders, such as fragile

X mental retardation and myotonic dystrophy (Siomi et
al. 1993; Timchenko et al. 1996). In general, RNA-bind-
ing proteins contains one or more RNA-binding motifs,
such as RNA recognition motif (RRM), hnRNP K homol-
ogy motif, RGG box, and dsRBD motif (Dreyfuss et al.
1993, 2002; Krecic and Swanson 1999). Among these
RNA-binding motifs, RRM is the most prevalent type of
eukaryotic RNA-binding motifs (Dreyfuss et al. 1993).
RRM is composed of two submotifs, RNP1 and RNP2
(Dreyfuss et al. 1993). Among the RRM-containing pro-
teins are the Elav-like RNA-binding protein family
(Myer et al. 1997), which consist of HuB, HuC, HuD, and
HuR (Gorospe 2003).

p21 is shown to be the major mediator of p53 to regu-
late the cell cycle transition from G1 to S (el-Deiry et al.
1993; Harper et al. 1993; Xiong et al. 1993). p21 is also
regulated by other p53 family proteins; that is, p63 and
p73 (Kaghad et al. 1997; Yang et al. 1998; Zhu et al.
1998). In addition to the transcriptional regulation by the
p53 family, the level of p21 is found to be regulated by
post-transcriptional mechanisms. For example, the sta-
bility of p21 transcript is found to be increased in cells
irradiated with ultraviolet C (UVC) in a p53-dependent
manner (Gorospe et al. 1998) and in cells treated with
various agents, such as tumor necrosis factor � (Shiohara
et al. 1996), epidermal growth factor (EGF) (Giles et al.

1Corresponding author.
E-MAIL xchen@uab.edu; FAX (205) 934-0950.
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.1463306.

GENES & DEVELOPMENT 20:2961–2972 © 2006 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/06; www.genesdev.org 2961



2003), prostaglandin A2 (Gorospe and Holbrook 1996),
and phorbol myristate acetate (Liu et al. 1996). Upon
exposure to UVC or treatment with EGF and prostaglan-
din A2, HuR is translocated from nucleus to cytosol,
which binds to the 3� untranslated region (UTR) in p21
transcript and enhances its stability (Wang et al. 2000;
Giles et al. 2003; Yang et al. 2004). Interestingly, the
subcellular shuttling of HuR protein following UVC ir-
radiation is p53 independent (Wang et al. 2000). Simi-
larly, HuD, a neuronal member of the Elav-like family, is
necessary for nerve growth factor-mediated neural differ-
entiation, binds to and stabilizes p21 transcript (Joseph
et al. 1998). Recently, Msi-1, a member of the musashi
RNA-binding protein family, is found to repress p21
translation via directly binding to p21 transcript (Battelli
et al. 2006).

Here we presented evidence that the RNPC1 gene,
which encodes at least two isoforms of an RNA-binding
protein through alternate splicing at the C terminus, is
induced by the p53 family and by DNA damage in a
p53-dependent manner. While both isoforms contain one
RRM motif and bind to the 3� UTR in p21 transcript, the
large isoform, RNPC1a, is capable of inducing G1 arrest
and regulating the stability of p21 transcript. Further-
more, we provided evidence that RNPC1a is required for
the maintenance of the stability of p21 transcript in-
duced by p53. Together, we concluded that RNPC1 is a
target of the p53 family and serves as a mediator of the
p53 family to regulate p21 post-transcriptionally.

Results

RNPC1 is a direct target of the p53 family

p21 is known to be regulated by the p53 family, and
serves as a major mediator of the family to induce cell
cycle arrest in G1. However, it is possible that other
genes that are regulated by the p53 family participate in
such a process. To do this, we performed a microarray
study to identify potential common target genes for the
p53 family. Among the genes up-regulated by various
p53 family proteins in MCF7 cells, RNPC1 appears to be
a common target of the p53 family (Chen et al. 2003). To
further address this, Northern blot analysis was per-
formed. We showed that RNPC1 was induced by wild-
type p53 but not mutant p53(R249S) in both MCF7 and
H1299 cells (Fig. 1A). The induction of p21 was mea-
sured as a positive control and the level of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) measured as
a loading control. Similarly, RNPC1 was induced by
p63�, �Np63�, and p73� in both MCF7 and H1299 cells
(Supplementary Fig. 1A).

DNA damage stabilizes and activates p53, leading to
induction of p53 target genes. We reasoned that RNPC1,
as a p53 target gene, is likely to be induced by DNA
damage in cells that carry an endogenous wild-type p53
gene. To this end, we used RKO, HCT116, and MCF7
cell lines in which endogenous p53 is wild-type. We also
used RKO-p53-KD and HCT116(p53−/−), in which endog-

enous wild-type p53 was knocked down and knocked
out, respectively (Bunz et al. 1998; Liu and Chen 2006).
We found that RNPC1 was induced in RKO, HCT116,
and MCF7 cells treated with DNA-damaging agent doxo-
rubicin or camptothecin (Fig. 1B, RNPC1 panel). Simi-
larly, p21 was induced (Fig. 1B, p21 panel). However,
little if any induction of RNPC1 and p21 was detected in
RKO-p53-KD and HCT116(p53−/−) cells treated with
doxorubicin or camptothecin (Fig. 1B).

Next, we determined whether an increase in RNPC1
transcript correlates with an increase in RNPC1 protein.
RNPC1 is expressed as at least two alternative spliced
isoforms, RNPC1a and RNPC1b. Polyclonal antibody
against histidine-tagged RNPC1 fusion proteins was
made in rabbits and found to recognize HA-tagged
RNPC1a, but not HA-tagged RNPC1b (Supplementary
Fig. 1B). We found that the level of RNPC1a was signifi-

Figure 1. RNPC1 is induced by p53. (A) Northern blots were
prepared with RNAs purified from MCF7 and H1299 cells that
were uninduced (−) or induced (+) to express p53 or p53(R249S).
The blots were probed with cDNAs derived form the RNPC1,
p21, and GAPDH genes, respectively. (B) Northern blots were
prepared with RNAs purified from RKO, RKO-p53-KD,
HCT116, HCT116(p53−/−), and MCF7 cells that were mock-
treated (−) or treated (+) with 0.4 µg/mL doxorubincin (DOX) or
300 nM camptothecin (CPT) for 20 h. The blots were analyzed
as in A. (C,D) Western blots were prepared using extracts from
MCF7 cells that were uninduced (−) or induced (+) to express
HA-tagged wild-type p53 or p53(R249S) or extracts from RKO or
RKO-p53-KD cells that were untreated (−) or treated (+) with 0.4
µg/mL doxorubincin (DOX). HA-tagged wild-type p53 and
p53(R249S) in MCF7 cells were detected by anti-HA and endog-
enous p53 in RKO cells detected by anti-p53 monoclonal anti-
bodies. p21, RNPC1, and actin were detected by their respective
antibodies.

Shu et al.

2962 GENES & DEVELOPMENT



cantly increased in MCF7 cells by wild-type, but not
mutant, p53(R249S) (Fig. 1C, cf. lanes 2,4 and 1,3, respec-
tively) and in RKO cells treated with doxorubicin in a
p53-dependent manner (Fig. 1D, cf. lanes 2,4 and 1,3,
respectively). Levels of p21 were measured as a positive
control, whereas levels of actin measured as a loading
control. Similarly, we found that the levels of RNPC1a
were increased in MCF7 cells by p63�, �Np63�, p63�,
p73�, and �Np73�, but not �Np63� (Supplementary Fig.
1C). To make certain that RNPC1b is induced by the p53
family, RT–PCR was performed and showed that the lev-
els of RNPC1b transcript were increased by p53, p63�,
p73�, and �Np73� (Supplementary Fig. 1D).

p53 transactivates its target gene through binding to
specific DNA sequences in the promoter or intron. Thus,
we searched for p53-responsive elements (p53REs) in the
genomic locus encoding the RNPC1 gene and found two
potential binding sites: one located at nucleotides −3351
to −3330 in the promoter with the sequence of
AGCCTGGCTCCCAGCCTAGTCT, disignated as
p53RE-1; and the other located at nucleotides +519 to
+546 in intron 1 with the sequence of GGGCAAGTC
CAGGCGGCCCCCCAAGCTC, disignated as p53RE-2.
Upon alignment with the consensus p53RE (el-Deiry et
al. 1992), we found three mismatches each in both
p53RE-1 and p53RE-2 (Fig. 2A, top panel; lowercase let-
ters represent mismatches).

To examine p53RE-1, we cloned a promoter fragment
containing p53RE-1 from nucleotides −3424 to +85 and a
shorter fragment lacking p53RE-1 from nucleotides
−1215 to +85 into pGL2 luciferase reporter, respectively
(Fig. 2A, bottom panel at the left). We found that p53 was
able to increase the luciferase activity under the control
of the RNPC1 promoter fragment from nucleotides
−3424 to +85, but not under the control of the promoter
fragment lacking the potential p53RE-1 from nucleotides
−1215 to +85 (Fig. 2B). In contrast, mutant p53(R249S)
was inert (Fig. 2B). Similarly, the RNPC1 promoter con-
taining p53RE-1 was responsive to p63�, �Np63�, p63�,
�Np63�, p73�, and �Np73� (Supplementary Fig. 2A).

To examine p53RE-2, a 379-base-pair (bp) fragment
(nucleotides +373 to +751) from intron 1 (Fig. 2A, bottom
panel at the right) was cloned upstream of the minimal
c-fos promoter and a luciferase reporter in O-Fluc (Johan-
sen and Prywes 1994). In addition, a deletion mutant
(�520–546) that deletes the entire p53RE-2 and a point
mutant (C522A) that alters one of the critical nucleo-
tides in p53RE-2 were also cloned into O-Fluc (Fig. 2A).
We showed that the luciferase activity under the control
of the fragment +373/+751, but not the deletion mutant
(�520–546) or point mutant (C522A), was substantially
increased by wild-type p53, p63�, p63�, and p73�, and
little, if any, by mutant p53(R249S) (Fig. 2C; Supplemen-
tary Fig. 2B, respectively).

To further analyze p53RE-1 and p53RE-2 in the
RNPC1 gene, we performed chromatin immunoprecipi-
tation (ChIP) assay with primers shown in Figure 2D.
The binding of the p53 family proteins to p53RE-1 in the
p21 promoter was also determined as a positive control
(Fig. 2D). To analyze the binding of p53, RKO cells were

untreated (−) or treated (+) with doxorubicin to activate
p53 followed by cross-linking with formaldehyde and
immunoprecipitation with anti-p53 antibody or anti-HA
antibody as a control. We found that p53 bound to both
p53RE-1 and p53RE-2 in the RNPC1 gene as well as to
p53RE-1 in the p21 gene (Fig. 2E). To analyze the binding
of p63 or p73, MCF7 cells were uninduced (−) or induced
(+) to express Myc-tagged p63� or HA-tagged p73� and
then used for ChIP assay. The p63–DNA complexes were
immunoprecipitated with anti-Myc antibody along with
anti-HA as a control. The p73–DNA complexes were im-
munoprecipitated with anti-HA antibody along with
anti-Myc as a control. We found that both p63� and p73�
bound to p53RE-1 and p53RE-2 in the RNPC1 gene as
well as to p53RE-1 in the p21 gene (Supplementary Fig.

Figure 2. Identification of potential p53REs in the RNPC1
gene. (A) Schematic presentation of the RNPC1 locus and lucif-
erase reporter constructs along with two potential p53REs lo-
cated in the promoter and intron I (p53RE-1 and p53RE-2). (B,C)
The p53REs in the RNPC1 gene are responsive to p53 but not
mutant p53(R249S). The luciferase assay was performed as de-
scribed in Materials and Methods. (D) Schematic presentation of
the RNPC1 promoter, intron 1, and the p21 promoter with the
location of the p53REs and PCR primers used for ChIP assay. (E)
p53 binds directly to the p53REs in the RNPC1 and p21 genes in
vivo. ChIP assay was performed as described in Materials and
Methods.
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2C). In sum, these data suggest that RNPC1 is likely to
be a direct target of the p53 family.

RNPC1 is an RNA-binding protein

According to the published sequence (GenBank
#BC018711), the RNPC1 gene encodes two RNPC1 iso-
forms, designated RNPC1a with 239 amino acids and
RNPC1b with 121 amino acids (Fig. 3A; Supplementary
Fig. 3A). The sequence in RNPC1b is identical to the
N-terminal region in RNPC1a. Both isoforms contain a
canonical RRM (amino acids 35–107) (Supplementary
Fig. 3A). Sequence alignment of RRMs among RNPC1
and other RRM-containing proteins indicated that the
two submotifs, RNP-1 and RNP-2, are highly conserved,
matching all the consensus residues (Supplementary Fig.
3A). The phylogenic analysis showed that RNPC1 be-
longs to a family of RNA-binding proteins that consists
of musashi, HuR, U2AF65, and nucleolin (Supplemen-
tary Fig. 3B).

Intracellular localization of RNPC1

As an RNA-binding protein, RNPC1 may be shuttling in
and out of the nucleus along with its cargos, RNA tran-
scripts. To test this, immunofluorescence microscopy
was performed with an anti-RNPC1 antibody and
showed that endogenous RNPC1 was primarily localized
in the cytosol, but a minute amount of it was also de-
tected in the nucleus (Supplementary Fig. 4A, top panel).
To determine the cellular localization of RNPC1a and
RNPC1b, both isoforms were HA-tagged at the N termi-

nus, which was then inducibly expressed in RKO cells
under the control of a tetracycline-inducible promoter.
Two representative cell lines each that can inducibly
express HA-tagged RNPC1a or RNPC1b were shown in
Figure 3B. Immunofluorescence microscopy showed that
like endogenous RNPC1, RNPC1a and RNPC1b were
localized primarily in the perinuclear membrance and/or
cytosol (Supplementary Fig. 4A, middle and bottom pan-
els). To further confirm this, whole-cell extracts and ex-
tracts from the cytosol and nucleus were prepared in
RKO cells inducibly expressing HA-RNPC1a or HA-
RNPC1b. Consistent with the immunofluorescence as-
say, both RNPC1a and RNPC1b were expressed in both
the cytosol and nucleus (Supplementary Fig. 4B). How-
ever, the fraction of RNPC1b in the cytosol was more
than that in the nucleus (Supplementary Fig. 4B, cf. lanes
8 and 12).

RNPC1a is capable of inducing cell cycle arrest
when overexpressed

To determine the biological activity of RNPC1, RKO cell
lines that inducibly express either RNPC1a or RNPC1b
(Fig. 3B) were used for growth rate analysis. We found
that cell proliferation was suppressed by RNPC1a, but
not RNPC1b, over a 6-d testing period (Fig. 3C,E). Next,
to determine whether the growth suppression is due to
cell cycle arrest, apoptosis, or both, DNA histogram
analysis was performed. We showed that cells were ar-
rested primarily in G1 by RNPC1a (Fig. 3D), but not by
RNPC1b (Fig. 3F).

To rule out the possibility that the effect of RNPC1a is
cell type specific, we generated MCF7, HCT116,

Figure 3. Overexpression of RNPC1a, but not
RNPC1b, inhibits cell proliferation and induces
cell cycle arrest in G1. (A) Schematic presenta-
tions of the RNPC1 locus and the usage of exons
for RNPC1a and RNPC1b. (B) Generation of
RKO cell lines that inducibly express HA-tagged
RNPC1a or RNPC1b. The levels of HA-RNPC1a
and RNPC1b were quantified with anti-HA. (C,E)
The growth rate of RKO cells that were unin-
duced or induced to express HA-tagged RNPC1a
(C) or RNPC1b (E) was measured over a 6-d pe-
riod. (D,F) RKO cells were uninduced (−) or in-
duced (+) to express HA-RNPC1a or HA-RNPC1b
for 2 or 4 d and then stained with propidium io-
dide for DNA histogram analysis as described in
Materials and Methods.
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HCT116(p53−/−), and HCT116(p21−/−) cell lines that in-
ducibly express HA-tagged RNPC1a (Fig. 4A,D,F,H). We
showed that cell proliferation was inhibited by RNPC1a
in MCF7 and HCT116 cell lines (Fig. 4B,E). In addition,
we showed that RNPC1a was able to suppress cell pro-
liferation in p53- and p21-independent manners, since
p53 and p21 were somatically knocked out in
HCT116(p53−/−) and HCT116(p21−/−), respectively (Fig.
4G,I). Furthermore, DNA histogram analysis showed

that MCF7 cells were arrested in G1 upon induction of
RNPC1a (Fig. 4C).

RNPC1 directly binds to p21 mRNA and enhances
its stability

As an RNA-binding protein, RNPC1 is likely to exert its
activity by regulating the function of a protein directly
involved in the cell cycle regulation. Since p21 is the
most well-defined mediator of the p53 family in G1 ar-
rest, we explored the possibility that the function of
RNPC1a is linked to that of p21. Thus, we performed
Western blot analysis and showed that the level of p21
protein was significantly increased in RKO cells upon
induction of RNPC1a in a time-dependent manner (Fig.
5A, p21 panel, cf. lanes 1,3,5,7 and 2,4,6,8, respectively).
Similarly, the level of p21 was markedly increased in
MCF7, HCT116, and HCT116(p53−/−) cells upon induc-
tion of RNPC1a (Fig. 5B,C, p21 panels). However,
RNPC1b had no effect on the level of p21 (Fig. 5D, p21
panel, cf. lanes 1,3,5,7 and 2,4,6,8, respectively). These
data suggest that the effect of RNPC1a on p21 is not cell
type specific. We also examined several other proteins,
such as p53, PCNA, and p27 and found that none of these
proteins were significantly affected (Fig. 5A–C).

To determine whether RNPC1a is able to further in-
crease the extent of p53 induction of p21, the level of p21
was examined in RKO cells uninduced (−) or induced (+)
to express RNPC1a for 3 d along with treatment of 0.4
µg/mL doxorubicin (Fig. 5E) or 5 µM Nutlin-3 (Fig. 5F) for
0, 4, 8, 12, or 24 h. Nutlin is an inhibitor of Mdm2, which
activates p53 without causing DNA damage (Vassilev et
al. 2004). We showed that RNPC1a was expressed upon
induction (Fig. 5E,F, RNPC1 panel), whereas p53 was
accumulated upon treatment with 0.4 µg/mL of doxoru-
bicin within 8 h (Fig. 5E, p53 panel) or 5 µM Nutlin
within 4 h (Fig. 5F, p53 panel). Interestingly, the levels of
p21, but not mdm2, were further increased by RNPC1a,
although both p21 and mdm2 were induced upon p53
activation (Fig. 5E,F, p21 and mdm2 panels).

As an RNA-binding protein, RNPC1 may directly bind
to p21 mRNA and then increase its stability. Thus,
Northern blot analysis was performed and showed that
the levels of p21 were increased in RKO cells upon in-
duction of RNPC1a in a time-dependent manner (Fig.
6A, p21 panel). To further test this, an RNA immuno-
precipitation assay was performed using extracts from
RKO cells that transiently express HA-RNPC1a, HA-
RNPC1a (F37S), or HA-RNPC1b. RNPC1a (F37S) carries
a serine instead of phenylalanine at codon 37, which is
located in the RNP2 submotif of the RRM and predicted
to be critical for RNA binding (Supplementary Fig. 3A).
Western blot analysis showed that all the proteins were
expressed in RKO cells (Fig. 6B). Next, an anti-HA anti-
body was used to immunoprecipitate potential RNPC1–
RNA complexes, whereas an anti-Flag antibody was used
as control. The precipitated RNPC1–RNA complexes
were treated with RNase-free DNase to remove trapped
genomic DNAs, and then the pull-down RNAs were pu-
rified by Trizol reagent for cDNA synthesis. Five per-

Figure 4. RNPC1a-mediated growth suppression is not cell
type specific, and can be independent of p53 and p21. (A,D,F,H)
Generation of MCF7, HCT116, HCT116(p53−/−), and
HCT116(p21−/−) cell lines that inducibly express HA-RNPC1a.
The level of HA-RNPC1a was quantified with anti-HA.
(B,E,G,I) The growth rate of MCF7, HCT116, HCT116(p53−/−),
and HCT116(p21−/−) cells that were uninduced or induced to
express HA-RNPC1a was measured over a 6-d period. (C) MCF7
cells were uninduced (−) or induced (+) to express HA-RNPC1a
for 2 or 4 d and then stained with propidium iodide for DNA
histogram analysis.
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cent of cell extracts were used directly for RNA extrac-
tion as an input control. Upon RT–PCR amplification,
p21 transcripts were found to associate with RNPC1a
and RNPC1b, but not RNPC1a (F37S) (Fig. 6C, HA-IP
panel). No p21 transcripts were found to be immunopre-
cipitated by control anti-Flag antibody (Fig. 6C, Flag-IP
panel). In addition, GAPDH transcripts were not found
to interact with RNPC1 (Fig. 6C, GAPDH column).

Next, we wanted to identify the region in p21 tran-
script that is responsive to RNPC1a. To test this, we
performed a luciferase assay using pGL3 reporter that
contains various regions from the 3� UTR in the p21
transcript (Fig. 6D, left column; Giles et al. 2003). We
found that upon cotransfection with RNPC1a, a signifi-
cant increase of luciferase activity was observed for
pGL3-1/7, pGL3-2/7, and pGL3-6/7, but not for the con-
trol pGL3, pGL3-1/6 and pGL3-1215 (Fig. 6D, right col-
umn). These data suggest that p21 mRNA stability is
likely controlled via a potential cis-element located
within nucleotides 879–1512 in the 3� UTR in p21 tran-

script, but not the previously identified AU-rich region
within nucleotides 571–829 bound by HuR and HuD (Jo-
seph et al. 1998; Wang et al. 2000; Giles et al. 2003; Yang
et al. 2004) or GTAGT within nucleotides 1819–1823
bound by Msi (Battelli et al. 2006).

To further explore how RNPC1a increases the level of
p21 mRNA, Northern blot analysis was performed to
measure the decay rate of p21 transcript in the presence
or absence of RNPC1a. Upon inhibition of new RNA
synthesis with actinomycin D, the relative half-life for
p21 mRNA was more than doubled by RNPC1a from
∼2.5 to 5.3 h (Fig. 6E,F).

RNPC1 is required for maintaining the stability
of the basal and stress-induced p21 mRNA

To demonstrate the physiological relevance for the regu-
lation of p21 by RNPC1a, we generated MCF7 cell lines
in which endogenous RNPC1a can be inducibly knocked
down. Two representative cell lines were shown in Fig-

Figure 5. RNPC1a increases the level of p21
expression in multiple cell types, which can
be independent of p53. (A–C) The level of p21
protein is increased by RNPC1a. Western
blots were prepared using cell extracts from
RKO (A), MCF7 (B), HCT116 (C, lanes 1–8),
and HCT116(p53−/−) (C, lanes 9–16) that were
uninduced (−) or induced (+) to express HA-
RNPC1a for 12–72 h. HA-RNPC1a, p21, p53,
p27, PCNA, and actin were quantified with
anti-HA, anti-p21, anti-p53, anti-p27, anti-
PCNA, and anti-actin, respectively. (D)
RNPC1b has no effect on the level of p21 pro-
tein. The experiment was performed as in
A–C except that RKO cells were uninduced or
induced to express HA-RNPC1b. (E,F) The
levels of p21 protein induced by p53 are fur-
ther increased by RNPC1a. Western blots
were prepared with extracts from RKO cells
uninduced (−) or induced (+) to express
RNPC1 for 3 d along with treatment of 0.4
µg/mL doxorubicin (E) or 5 µM Nutlin (F) for
0, 4, 8, 12, or 24 h. HA-RNPC1a, p21, p53,
mdm2, and actin were quantified with anti-
HA, anti-p21, anti-p53, anti-mdm2, and anti-
actin, respectively.
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ure 7A. Upon induction of small interfering RNA
(siRNA) against RNPC1a for 2 or 3 d, the levels of
RNPC1a transcript were markedly reduced and the lev-
els of p21 transcript were concomitantly decreased (Fig.
7A, RNPC1a and p21 panels, cf. lanes 1,3,5,7 and 2,4,6,8,
respectively). Next, we examined the decay rate of p21
transcript and found that the relative half-life for p21
mRNA was decreaed from ∼2.7 to ∼2.2 h (Fig. 7B,C). We
also examined the levels of p21 protein upon knockdown
of RNPC1a for 24–72 h. We found that the levels of p21
protein, but not p53 and Mdm2, were decreased (Fig. 7D,
cf. lanes 1,3,5 and 2,4,6, respectively). These data indi-
cated that the stability of p21 transcript at a normal con-
dition is controlled by RNPC1a.

Since p53 induction of p21 is enhanced by overexpres-
sion of RNPC1a (Fig. 4E,F), we wanted to determine
whether p53 induction of p21 is attenuated by RNPC1a
knockdown. To test this, two representative MCF7
clones (#36 and #62) were treated with doxorubicin, Nut-
lin, and camptothecin for 0–12 h in the presence or ab-
sence of RNPC1a knockdown. We found that p53 accu-
mulation was detected upon treatment with doxorubi-
cin, Nutlin, and camptothecin, regardless of the status of

RNPC1a knockdown (Fig. 7E–G; Supplementary Fig.
5A,B, p53 panels). However, upon treatment with Nutlin
and camptothecin, p53 accumulation in one MCF7 clone
(#36) was slightly attenuated in the absence of RNPC1a
within the first 3 h, but not at the later time points (Fig.
7F,G, p53 panels, cf. lanes 3 and 4). Nevertheless, while
p21 was increased following p53 accumulation, the ex-
tent of the p21 increase was substantially less in the
presence of RNPC1a knockdown than in the absence of
RNPC1a knockdown during the testing period (Fig. 7E–
G; Supplementary Fig. 5A,B, p21 panels, cf. lanes 6,8,10
and 5,7,9, respectively). Interestingly, p53 induction of
Mdm2 and PolH, both of which are regulated by p53
(Barak et al. 1993; Wu et al. 1993; Liu and Chen 2006),
was not substantially affected by RNPC1a knockdown
(Fig. 7E–G; Supplementary Fig. 5A,B, Mdm2 and PolH
panels). Taken together, these data suggest that RNPC1a
is required for maintaining the stability of p21 induced
by p53.

Discussion

Many p53 family target genes have been identified, but
to our knowledge, RNPC1 is the only common p53 fam-

Figure 6. RNPC1 directly binds to the 3� UTR
in p21 transcript and enhances p21 mRNA sta-
bility. (A) RNPC1a increases the level of p21
mRNA. Northern blots were prepared using
RNAs purified from RKO cells that were unin-
duced (−) or induced (+) to express HA-RNPC1a
for 6–72 h. The blots were probed with cDNAs
derived from p21 and GAPDH, respectively. (B)
Expression of HA-RNPC1a, HA-RNPC1a (F37S),
and HA-RNPC1b. A Western blot was prepared
using extracts from RKO cells that were tran-
siently transfected with a pcDNA3 vector ex-
pressing HA-RNPC1a, HA-RNPC1a (F37S), or
HA-RNPC1b. The blot was probed with anti-
HA. (C) HA-RNPC1a and HA-RNPC1b, but not
HA-RNPC1a (F37S), bind directly to p21, but not
GAPDH, transcripts. p21 and GAPDH tran-
scripts were detected by RT–PCR from potential
RNPC1–p21 mRNA complexes immunoprecipi-
tated with anti-HA, or a control complex immu-
noprecipitated with anti-Flag as described in
Materials and Methods. (D) The 3� UTR between
nucleotide 879 and 1512 in the p21 transcript is
responsive to RNPC1a. H1299 cells were co-
transfected with 200 ng of pGL3 control reporter
or pGL3 reporter carrying various regions from
the 3� UTR in p21 transcript along with empty
pcDNA3 or pcDNA3 expressing HA-RNPC1a.
Luciferase assay was carried out as described in
Materials and Methods. (E) The half-life of p21
transcript is enhanced by RNPC1a. The levels of
p21 and GAPDH transcripts were measured by
Northern blot analysis using RNAs purified
from RKO cells that were uninduced (−) or in-
duced (+) to express HA-RNPC1a for 20 h, fol-
lowed by treatment with 7.5 µg/mL of actino-

mycin D (Act D) for 0, 2, 4, 6, or 8 h. (F) The relative half-life of p21 transcript in the absence or presence of RNPC1a. Upon
normalization with the level of GAPDH transcript, the relative half-life of p21 transcript was calculated from three separate experi-
ments.
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ily target gene that encodes an RNA-binding protein.
Here we showed that all the p53 family members can
directly transactivate RNPC1. Interestingly, when over-
expressed, RNPC1a is capable of inducing cell cycle ar-
rest in G1 at least in part via binding to and stabilizing
p21 transcript. Conversely, RNPC1a knockdown de-
creases the stability of p21 transcript. More importantly,
we provided evidence that RNPC1a is required for the
maintenance of the stability of p21 transcript induced by
p53, and overexpression of RNPC1a further increases the
extent of p53 induction of p21. While the stability of p21
transcript can be regulated by HuR following UVC irra-
diation, the activity of HuR is controlled by its subcel-
lular shuttling from nucleus to cytosol, which is p53
independent (Wang et al. 2000). Thus, HuR is unlikely to
mediate p53-dependent stabilization of p21 transcript.
As a p53 target gene, we hypothesize that RNPC1 is
responsible for p53-dependent stabilization of p21 tran-
script, and therefore serves as both an effecter and a me-
diator of the p53 family in inducing cell cycle arrest in
G1 (Fig. 8).

The 3� UTR in p21 transcript has been shown to con-
tain several recognition sequences for a group of RNA-

binding proteins. For example, HuR and HuD were found
to recognize the AU-rich elements located within
nucleotides 571–829 (Joseph et al. 1998; Wang et al.
2000; Giles et al. 2003; Yang et al. 2004) and Msi was
found to recognize GTAGT within nucleotides 1819–
1823 (Battelli et al. 2006). CP1 was also reported to bind
to the 3� UTR (Giles et al. 2003), but its binding site has
not been mapped. Here, we found that the binding region
for RNPC1 is located between nucleotide 879 and 1512,
which contains several C-rich elements but lies outside
the AU-rich (HuR and HuD) elements and the Msi-bind-
ing site. However, the precise nucleotide sequence re-
mains to be determined. Since HuR and AUF1 bind to
many common AU-rich target mRNAs, including p21,
and exert opposing influence on target mRNA stability
(Lal et al. 2004), it is possible that RNPC1 may compete
and/or cooperate with other RNA-binding proteins, in-
cluding HuR and Msi, to bind to their respective recog-
nition sequences, and consequently, control the out-
come for p21 mRNA stability.

We showed that both RNPC1a and RNPC1b can bind
to the p21 mRNA. This is not surprising since both iso-
forms contain an intact RNA-binding domain, RRM. In-

Figure 7. RNPC1 is required for maintaining
the stability of the basal and stress-induced
p21 mRNA. (A) Generation of two MCF7 cell
lines in which endogenous RNPC1a is induc-
ibly knocked down using a tetracycline-in-
ducible H1 promoter. Northern blots were
prepared using RNAs purified from MCF7
cells that were uninduced (−) or induced (+) to
express siRNA against RNPC1a for 2 d and
3 d, respectively. The blots were probed with
cDNAs derived from RNPC1, p21, and
GAPDH, respectively. (B,C) The half-life of
p21 transcript is decreased by RNPC1a
knockdown. The levels of p21 and GAPDH
transcripts were measured by Northern blot
analysis using RNAs purified from MCF7
cells that were uninduced (−) or induced (+) to
knock down RNPC1a for 2 d, followed by
treatment with 7.5 µg/mL of actinomycin D
(Act D) for 0, 1, 2, 4, or 6 h. (D) RNPC1a
knockdown decreases the basal level of p21
protein in MCF7 cells. Western blots were
prepared using extracts from MCF7 cells that
were uninduced (−) or induced (+) to knock
down RNPC1a for 24, 48, or 72 h. The blots
were probed with antibodies against p21,
Mdm2, p53, and actin, respectively. (E–G)
RNPC1a is necessary for the maintenance of
the levels of p21 protein induced by p53 in
MCF7-RNPC1a-KD-36. Western blots were
prepared using extracts from MCF7 cells that
were uninduced (−) or induced (+) to knock
down RNPC1a for 48 h, followed by treat-
ment with 0.4 µg/mL of doxorubincin (DOX)
(E), 5 µM Nutlin (F), or 300 nM camptothecin
(CPT) (G) for 0–12 h. The blots were probed
with antibodies against p53, p21, Mdm2,
PolH, and actin, respectively.
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terestingly, we also showed that RNPC1a, but not
RNPC1b, is capable of inducing cell cycle arrest and in-
creasing the stability of p21 transcript. One possible ex-
planation is due to the intracellular localization of these
two isoforms: While both isoforms are expressed both in
the nucleus and cytosol, the level of RNPC1b in the
cytosol appears to be higher than that in the nucleus.
Upon binding to p21 or other not yet identified tran-
scripts, RNPC1a might facilitate their transport from
nucleus to cytosol wherein protein is translated, and at
the same time, further protect these transcripts from
degradation by cytosolic RNases. Thus, the kinetics of
p21 mRNA stability can be controlled by the stoichiom-
etry of RNPC1a versus RNPC1b. Since both isoforms
contain an identical amino acid sequence in the N ter-
minus, the unique 108 residues in RNPC1a may interact
with other proteins that together regulate p21 mRNA
stability. However, RNPC1b may help RNPC1a to regu-
late the stability of p21 or other not yet identified tran-
scripts. Therefore, further studies are warranted to ad-
dress these potential functions of RNPC1.

Due to the nature of binding to RNA transcripts,
RNA-binding proteins often display multiple functions.
For example, HuR is known to regulate several early re-
sponse genes, which then regulate the cell cycle and cel-
lular differentiation (Lopez de Silanes et al. 2004). We
also showed that in addition to inhibiting cell prolifera-
tion by stabilizing the p21 transcript, RNPC1a is able to
inhibit cell proliferation in HCT116 cell line in which
p21 is somatically knocked out. This suggests that
RNPC1a regulates other RNA transcripts involved in the
control of cell proliferation. Thus, other RNPC1 targets
need to be identified in future studies, which will pro-
vide an insight into the mechanism by which RNPC1
regulates other cell cycle control pathways and other un-
known functions.

Materials and methods

Plasmids

HA-tagged RNPC1a and RNPC1b were amplified by PCR using
EST clone (GenBank #BC018711) as a template with the follow-

ing primers: sense primer #1 for both isoforms, 5�-GAAGCTT
GCCGCCATGGAGTACCCATACGACGTACCAGATTACGC
TATGCTGCTGCAGCCCGCGCCG-3�; antisense primer #2
for RNPC1a, 5�-GGAATTCTCACTGCATCCTGTCAGGCTG
C-3�; and antisense primer #3 for RNPC1b, 5�-GGAATTCT
CAGCCCGTCTGGAGGCTCCGCG-3�. To generate RNPC1a
(F37S), two-step PCR reactions were performed. The first-step
PCR reaction was performed to separately amplify two DNA
fragments: Fragment #1, encoding the N-terminal region of
RNPC1a, was amplified with the above sense primer #1 and
antisense primer #4, 5�-TACGGCAGGCCGCCCACGGAG
ATCTTGGTGAACGT-3�; and fragment #2, encoding the C-
terminal region of the RNPC1a, was amplified with sense
primer #5, 5�-ACGTTCACCAAGATCTCCGTGGGCGGCCT
GCCGTA-3�, and the above antisense primer #2. The second-
step PCR reaction was performed using a mixture of fragments
#1 and #2 as a template with sense primer #1 and antisense
primer #2. These cDNAs were subcloned into pGEM T easy
vector and confirmed by sequencing. A HindIII–EcoRI fragment
containing the entire coding region was then purified and
cloned into pcDNA3 and pcDNA4 for transient and stable in-
ducible expressions, respectively.

To generate a construct that expresses a siRNA against
RNPC1a under the control of the tetracycline-regulated H1 pro-
moter, two 68-base oligonucleotides targeting RNPC1a were
designed similarly as that for targeting p53 except that the tar-
geting sequence is derived from RNPC1 transcript from nucleo-
tides +568 to +588 (NM_017495) (Brummelkamp et al. 2002; Liu
and Chen 2006). The pair of oligos was then annealed and
cloned into pBabe-H1 at HindIII and BglII sites, and the resulting
construct was designated pBabe-H1-siRNPC1a. pBabe-H1 is a
PolIII promoter-driven vector with a tetracycline operon se-
quence inserted before the transcription start site (van de We-
tering et al. 2003).

To generate a luciferase reporter under the control of a poten-
tial p53RE in the RNPC1 gene, the RNPC1 promoter fragments
from nucleotides −3424 to +85 (the first nucleotide upstream of
the putative transcription start site is designated as −1) and from
nucleotides −1205 to +85 were amplified by PCR and cloned
separately into pGL2. The fragments were confirmed by se-
quencing. To generate a luciferase reporter under the control of
a potential p53RE in intron 1 of the RNPC1 gene, a fragment
from nucleotides +373 to +751 was amplified and cloned into
the O-Fluc reporter vector upstream of a c-fos basic promoter
and a luciferase reporter (Johansen and Prywes 1994). Similarly,
a deletion mutant (�520–546) that lacks the entire potential
p53RE and a point mutant (C522A) that carries a mutation at
the critical nucleotide necessary for p53 binding were generated
by PCR and then separately cloned into O-Fluc. Deletion and
mutation were confirmed by sequencing. pGL3 vectors that
carry various regions from the 3� UTR in p21 transcript were
kindly provided by Drs. S. Lee and P. Leedman (Harvard Medical
School, Boston, MA, and Western Australian Institute for Medi-
cal Research, Perth, Western Australia, Australia).

Cell culture

RKO, MCF7, and HCT116, were cultured in DMEM medium
supplemented with fetal bovine serum. HCT116(p53−/−) and
HCT116(p21−/−) are derivatives of HCT116 in which the p53
and p21 genes were somatically knocked out, respectively
(Waldman et al. 1996; Bunz et al. 1998); RKO-p53-KD is a de-
rivative of RKO in which p53 was stably knocked down by RNA
interference (RNAi) (Liu and Chen 2006). The MCF7 cell lines,
which inducibly express p53, p53(R249S), p63�, �Np63�, and
p73�, and the H1299 cell lines, which inducibly express p53,

Figure 8. A model for the role of RNPC1 in the p53 family
pathway to induce G1 arrest.
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�Np63�, and p73�, were as previously described (Zhu et al.
2000; Dohn et al. 2001; Nozell et al. 2003). RKO, MCF7,
HCT116, HCT116(p53−/−), and HCT116(p21−/−) cell lines,
which inducibly express HA-tagged RNPC1a or RNPC1b, were
generated as previously described (Dohn et al. 2003). To gener-
ate inducible RNPC1a knockdown cell lines, pBabe-H1-
siRNPC1a was transfected into MCF7 cells in which a tetracy-
cline repressor is expressed by pcDNA6 (Yan and Chen 2006).
The RNPC1a knockdown cell lines were selected with puromy-
cin and confirmed by Northern blot analysis.

Luciferase assay

A dual luciferase assay was performed in triplicate according to
the manufacturer’s instructions (Promega). Briefly, p53-null
H1299 cells were plated at 5 × 104 cells per well in a 24-well
plate and allowed to recover overnight. Cells were then cotrans-
fected with 200 ng each of pGL2, O-Fluc, or pGL3 together with
pcDNA3 or a pcDNA3 vector expressing wild-type p53, mutant
p53(R249S), p63, p73, or RNPC1a. As an internal control, 5 ng of
pRL-CMV, a Renilla luciferase vector (Promega), was also co-
transfected per well. Thirty-six hours post-transfection, lucifer-
ase activity was measured with the dual luciferase kit and
Turner Designs luminometer. The fold increase in relative lu-
ciferase activity is a product of the luciferase activity induced by
a p53 family protein or RNPC1a divided by that induced by
empty pcDNA3 vector.

ChIP assay

ChIP assay was performed as previously described (Liu et al.
2003; Harms and Chen 2005). RKO cells were mock-treated or
treated with doxorubicin for 24 h, whereas MCF7 cells were
uninduced or induced to express Myc-tagged p63� or HA-tagged
p73� for 24 h. Chromatins in these cells were then cross-linked
with 1% formaldehyde for 10 min at room temperature, soni-
cated to generate 500- to 1000-bp DNA fragments, and immu-
noprecipitated with anti-p53 antibody to capture p53–DNA
complexes, with anti-myc antibody to capture myc-tagged
p63�–DNA complexes, or with anti-HA antibody to capture
HA-tagged p73�–DNA complexes. After reverse cross-linking
and phenol-chloroform extraction, the bound DNA fragments
were purified by a Qiagen column. PCR was performed to visu-
alize the enriched DNA fragments. The primers designed to
amplify the p53RE within the RNPC1 promoter were sense,
5�-CAGCACACACAGTTGCCAGTCC-3�, and antisense, 5�-
CTTAGGTATCAGCTGACTGCCAAGG-3�. The primers de-
signed to amplify the p53RE within intron 1 of the RNPC1 gene
were sense, 5�-TTCCAAGCATAGCGTCGCAAACTC-3�, and
antisense, 5�-CTCCTCCCGTCAAAGTTCAAGGC-3�. The
primers designed to amplify the upstream p53RE within the p21
promoter were as previously described (Liu et al. 2003).

DNA histogram analysis

Cells induced or uninduced to express or knock down RNPC1
for various times were collected and fixed in 75% ethanol for at
least 1 h at 4°C. Cells were then washed with PBS and resus-
pended in staining buffer with 100 µg/mL RNase A and 50 µg/
mL propidium iodine (Invitrogen). The percentage of cells in
each phase of the cell cycle (G1, S, and G2–M) was analyzed
by a FACS-Caliber cell sorter (BD Biosciences) along with
CellQuest software.

Northern blot analysis

Total RNAs were isolated from H1299, RKO, MCF7, and
HCT116 cells using Trizol reagent (Invitrogen). Northern blot

analysis and preparation of p21 and GAPDH probes were as
described previously (Chen et al. 1995). The RNPC1 probe, a
2.1-kb Xho1–EcoR1 fragment, was made from an EST clone
(BC018711).

Antibody production and immunoblotting

To prepare anti-RNPC1 antibody, the full-length RNPC1a was
cloned into a pRSet-A bacterial expression vector (Invitrogen).
His-tagged RNPC1 protein was expressed in bacteria and puri-
fied with Ni-agarose beads. Anti-RNPC1 antibody was raised in
two rabbits. For immunoblotting, cells were collected from cul-
ture plates in PBS, resuspended in 2× sample buffer, and boiled
for 7 min at 95°C. Anti-RNPC1 antibody was diluted in PBST
containing 5% BSA instead of 5% dry milk. Other antibodies
used were anti-p53 monoclonal antibodies (DO-1, PAb1801,
PAb240, and PAb421); anti-actin (Sigma); anti-p21 (C-19) (Santa
Cruz Biotechnology); anti-PCNA (Santa Cruz Biotechnology);
anti-Mdm2 (Santa Cruz Biotechnology); anti-PolH (Santa Cruz
Biotechnology); anti-HA monoclonal antibodies (12CA5 and
HA11) (Covance); and anti-Myc monoclonal antibody (9E10)
(Cell Signaling).

Coimmunoprecipitation and RT–PCR

RKO cells that were transfected with a pcDNA3 vector express-
ing HA-tagged RNPC1a, RNPC1a (F37S), or RNPC1b for 24 h
were collected and lysed at 4°C with a lysis buffer (50 mM
Tris-HCl at pH 7.4, 1% NP-40, 150 mM NaCl, 10 µg/mL apro-
tinin, 10 µg/mL leupeptin, 1 mM PMSF, 2 mM Na3VO4, 50 mM
NaF, 0.5 U/µl RNasin). Five percent of the cell extracts were
used directly for total RNA isolation, and the remaining ex-
tracts were incubated with protein A/G beads conjugated with
anti-HA or anti-Flag antibody (Sigma) overnight. Following four
washes with a buffer containing RNase-free DNase, RNAs on
the beads were purified with a Trizol reagent. Reverse transcrip-
tion was performed using iScript (Bio-Rad). To avoid potential
genomic DNA contamination, both sense primer, 5�-ATGT
CAGAACCGGCTGGGGATG-3�, and antisense primer, 5�-
TTAGGGCTTCCTCTTGGAGAAGATCA-3�, were designed
to amplify the entire p21 ORF (1 min at 94°C, 30 sec at 55°C,
and 1 min at 72°C for 35 cycles). The primers used to amplify
GAPDH transcripts were forward primer, 5�-TGAAGGTCG
GAGTCAACGGATTTGGT-3�, and reverse primer, 5�-CATGT
GGGCCATGAGGTCCACCAC-3�.
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