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Mice deficient in poly(C)-binding protein 4
are susceptible to spontaneous tumors
through increased expression of ZFP871
that targets p53 for degradation
Wensheng Yan,1 Ariane Scoumanne,1 Yong-Sam Jung, Enshun Xu, Jin Zhang, Yanhong Zhang,
Cong Ren, Pei Sun, and Xinbin Chen

Comparative Oncology Laboratory, School of Veterinary Medicine, School of Medicine, University of California at Davis,
Davis, California 95616, USA

Poly(C)-binding protein 4 (PCBP4), also called MCG10 and a target of p53, plays a role in the cell cycle and is im-
plicated in lung tumor suppression. Here, we found that PCBP4-deficient mice are prone to lung adenocarcinoma,
lymphoma, and kidney tumor and that PCBP4-deficient mouse embryo fibroblasts (MEFs) exhibit enhanced cell
proliferation but decreased cellular senescence. We also found that p53 expression is markedly reduced in PCBP4-
deficient MEFs and mouse tissues, suggesting that PCBP4 in turn regulates p53 expression. To determine how
PCBP4 regulates p53 expression, PCBP4 targets were identified by RNA immunoprecipitation followed by RNA
sequencing (RNA-seq).We found that the transcript encoding ZFP871 (zinc finger protein 871; also called ZNF709 in
humans) interacts with and is regulated by PCBP4 via mRNA stability. Additionally, we found that ZFP871 phys-
ically interacts with p53 and MDM2 proteins. Consistently, ectopic expression of ZFP871 decreases—whereas
knockdown of ZFP871 increases—p53 protein stability through a proteasome-dependent degradation pathway.
Moreover, loss of ZFP871 reverses the reduction of p53 expression by lack of PCBP4, and thus increased expression of
ZFP871 is responsible for decreased expression of p53 in the PCBP4-deficientMEFs andmouse tissues. Interestingly,
we found that, like PCBP4, ZFP871 is also regulated byDNAdamage and p53. Finally, we showed that knockdown of
ZFP871 markedly enhances p53 expression, leading to growth suppression and apoptosis in a p53-dependent man-
ner. Thus, the p53–PCBP4–ZFP871 axis represents a novel feedback loop in the p53 pathway. Together, we hy-
pothesize that PCBP4 is a potential tissue-specific tumor suppressor and that ZFP871 is part of MDM2 and possibly
other ubiquitin E3 ligases that target p53 for degradation.

[Keywords: PCBP4; p53; ZFP871; ZNF709; lung cancer; lymphoma; kidney cancer]

Supplemental material is available for this article.

Received September 14, 2015; revised version accepted January 26, 2016.

PCBP4 is a member of the poly(C)-binding protein (PCBP)
family (PCBP1–4) (Makeyev and Liebhaber 2000, 2002;
Choi et al. 2009). PCBPs contain three hnRNP K homolo-
gy (KH) domains, which are capable of binding to poly(C)-
rich elements in DNA or RNA targets (Valverde et al.
2008). PCBP1 and PCBP2 physically interact and have
been implicated in mRNAmetabolism, including mRNA
stability (Wang et al. 1995; Stefanovic et al. 1997; Paulding
and Czyzyk-Krzeska 1999) and mRNA translation (Ostar-
eck et al. 1997; Evans et al. 2003). PCBP4, also called
MCG10, is identified as a target of p53 and suppresses
cell proliferation by inducing apoptosis and cell cycle ar-
rest in G2–M (Zhu and Chen 2000). In addition, ectopic

expression of PCBP4 in lung cancer cells suppresses an-
chorage-independent cell proliferation, cell invasion,
and in vivo growth of xenografts (Castano et al. 2008).
Consistently, the ability of PCBP4 to recognize and bind
to the poly(C) element via its KH domains is critical for
its function in the cell cycle (Zhu and Chen 2000). Al-
though a few RNA targets are found to be regulated by
PCBP4 (Scoumanne et al. 2011), it remains unclear how
PCBP4 is involved in tumor suppression. Thus, the iden-
tification of PCBP4 targets is necessary for elucidating
the mechanisms by which PCBP4 deficiency promotes
tumorigenesis.
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Lung cancer is one of the most malignant and lethal tu-
mors in the United States and throughout the world (Sie-
gel et al. 2013). Many molecular alterations have been
described in the multistep process of lung cancer develop-
ment. Particularly, loss of chromosome 3p21 is one of the
most prevalent genomic abnormalities in lung cancer,
suggesting that chromosome 3p21 harbors one ormore tu-
mor suppressor genes whose inactivation is required for
malignant transformation (Dammann et al. 2000; Tomi-
zawa et al. 2001; Tai et al. 2006; Angeloni 2007; Hesson
et al. 2007). Interestingly, the PCBP4 gene is located at
chromosome 3p21. Loss of PCBP4 expression is common
in poorly differentiated and highly proliferative lung ade-
nocarcinoma and squamous cell carcinoma (Pio et al.
2004). These observations suggest that PCBP4 is a poten-
tial tissue-specific tumor suppressor in the lung. In this
study, PCBP4-deficient mice were generated and used to
test the role of PCBP4 in lung tumor suppression.

Results

PCBP4-deficient mice are prone to lung
adenocarcinoma and lymphoma

Previously, we found that PCBP4 is a target of p53 in hu-
man cells (Zhu and Chen 2000). Thus, we examined
whether PCBP4 is also regulated by p53 in mouse embryo
fibroblasts (MEFs). Indeed, we showed that the level of
PCBP4 was markedly decreased in p53-null MEFs com-
pared with wild-type MEFs (Supplemental Fig. S1A).
To analyze the biological function of PCBP4, a PCBP4-
deficient mouse model was generated with an ES clone
(D136D11) in which the PCBP4 gene was disrupted
through insertion of a gene trap (Supplemental Fig. S1B).
Upon injection to C57BL/6 blastocysts, multiple male
chimeras were generated and then bred with C57BL/6 fe-
males for germline transmission. PCBP4-deficient mice
and MEFs were genotyped by PCR (Supplemental Fig.
S1C,D). PCBP4 protein was also measured by immuno-
blotting and found to be absent in PCBP4−/− MEFs and re-
duced in PCBP4+/−MEFs comparedwith that in wild-type
MEFs (Supplemental Fig. S1E).
Mice heterozygous for PCBP4were viable and appeared

phenotypically normal and fertile. PCBP4−/− mice were
observed at normal Mendelian ratios at birth, indicating
that no embryonic lethality was associated with PCBP4
deletion. However, PCBP4−/− male and female mice
were smaller than their wild-type counterparts at 15 d of
age (Supplemental Fig. S1F). In addition, PCBP4+/− and
PCBP4−/− female mice at 4–19 and 20–45 wk of age and
male mice at 18–45 wk of age were smaller than their
wild-type counterparts (Supplemental Fig. S1G–I; Supple-
mental Tables S1–S3).
Tomonitor long-term survival and potential propensity

to tumor development, a cohort of wild-type, PCBP4+/−,
and PCBP4−/− mice in the C57BL/6 background was gen-
erated (Supplemental Tables S4–S6). We found that the
median survival time for PCBP4+/− (102.1 wk ± 3.2 wk)
and PCBP4−/− (105.3 wk ± 9.8 wk) mice was ∼5–8 wk
shorter than that for wild-type mice (110.4 wk ± 1.1 wk)

(Fig. 1A). A log rank test showed that the difference was
not statistically significant. In contrast, we found that
20% of PCBP4+/− mice and 26.7% of PCBP4−/− mice,
but none of the wild-type mice, developed lung adenocar-
cinoma (Fig. 1B; Supplemental Fig. S2). A Fisher’s exact
test showed that the difference in lung adenocarcinomas
between wild-type and PCBP4−/− mice was significant
(P = 0.0498). Several representative images of lung tissues
stained with hematoxylin and eosin (H&E) from wild-
type, PCBP4+/−, and PCBP4−/− mice are shown in Figure
1C. Histology examination showed that all of the lung
adenocarcinomas in PCBP4-deficient mice belonged to
papillary predominant lung adenocarcinoma (Fig. 1C).
These results suggest that mice deficient in PCBP4 are
prone to lung cancer, which prompted us to examine the
relationship of PCBP4 expression and the status of the
p53 gene in human lung cancer with The Cancer Genome
Atlas (TCGA) database. Bioinformatic analysis was per-
formedwith the program from the Galaxy Project (https://
galaxyproject.org), an open, Web-based platform. From
TCGA lung cancer database, RNA sequencing (RNA-
seq) data for 1124 cases, microarray data for 188 cases,
and gene mutation data for 408 cases were available and
compared. We found that the level of PCBP4 transcript
was measured by RNA-seq in 123 cases of lung cancer
with wild-type p53 and 228 cases with mutant p53. Stat-
istical analysis showed that PCBP4 was highly expressed
in lung cancer with wild-type p53 compared with that in
lung cancer with mutant p53 (Supplemental Table S7).
The levels of p21 and Puma (both of which are p53 targets)
were also higher in lung cancer with wild-type p53 than
that in lung cancer with mutant p53 (Supplemental Table
S7). Additionally, we found that the level of PCBP4 tran-
script was measured by RNAmicroarray assay in 30 cases
of lung cancer with wild-type p53 and 114 cases with mu-
tant p53. Statistical analysis showed that the level of
PCBP4 transcript was much higher in lung cancer with
wild-type p53 than that in lung cancer with mutant p53
(Supplemental Table S8). In contrast, the levels of p21
and Puma transcripts in lung cancer with wild-type p53
were similar to that in lung cancer with mutant p53 (Sup-
plemental Table S8).
We also found that PCBP4+/− and PCBP4−/− mice were

highly prone to lymphomas compared with wild-type
mice (Fig. 1B; Supplemental Tables S4–S6). A Fisher’s ex-
act test showed that the penetrance of lymphoma between
wild-type and PCBP4+/− mice (P = 0.038) or PCBP4−/−

mice (P = 0.002) was statistically significant. Additionally,
we found that, unlike the thymic lymphomas that fre-
quently developed in p53-deficient mice (Donehower
et al. 1992; Jacks et al. 1994), the majority of lymphomas
in PCBP4-deficient mice was associated with visceral or-
gans such as the spleen, liver, kidney, and lungs (Supple-
mental Fig. S3). To determine the origin of lymphomas,
immunofluorescence staining was performed for kidney
sections of PCBP4−/− mice with antibodies against B-cell
marker B220 and T-cell marker CD3, respectively. We
found that the lymphoma in the kidney of the PCBP4−/−

mouse was positive for B220 with scattered CD3-positive
T cells (Supplemental Fig. S4), suggesting that lymphomas
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in visceral organs ofPCBP4-deficientmice originated from
B cells. Furthermore, we found that one PCBP4+/− and one
PCBP4−/− mouse developed a kidney tumor (Supplemen-
tal Fig. S5), consistent with the TCGA database data that
11.8% of renal clear cell carcinomas have deletion of the
PCBP4 gene. These data suggest that PCBP4 plays a role
in kidney tumorigenesis.

To test whether PCBP4 is expressed in a tissue-specific
manner, the levels of PCBP4 transcript were measured in
eight mouse tissues. We found that PCBP4 was highly ex-
pressed in the brain, lungs, and lymph nodes compared
with in the liver, spleen, kidneys, heart, and thymus (Sup-
plemental Fig. S6A,B). Due to the fact that PCBP4-defi-
cient mice are prone to lung cancer and B-cell lymphoma,
the expression pattern of PCBP4 in various organs suggests
that PCBP4 is a potential tissue-specific tumor suppressor.

PCBP4-deficient MEFs exhibit enhanced cell
proliferation but decreased cellular senescence along
with decreased expression of p53

Since loss of PCBP4 predisposes mice to spontaneous tu-
mors, we assessed whether PCBP4 deficiency modulates
cell proliferation and cellular senescence with wild-type
and PCBP4−/− MEFs at passage 5. We found that, over a
5-d period, the rate of cell proliferation for PCBP4−/−

MEFs was much higher than that in the wild type (Fig.
2A,B). We also found that the number of senescence-asso-
ciated β-galactosidase (SA-β-gal)-positive cells was signifi-
cantly decreased in PCBP4−/− MEFs as compared with

that in the wild type (Fig. 2C,D). Consistently, we found
that the levels of promyelocytic leukemia protein (PML)
and p130, both of which are associated with cellular sen-
escence, were much lower in PCBP4−/− MEFs than that
in the wild type (Fig. 2E). However, PCBP4 deficiency
had little if any effect on the expression levels of PAI-1
and phosphorylated AKT (Fig. 2E).

Since the above phenotypes observed in PCBP4-defi-
cient mice and MEFs have many similarities to that in
p53-deficient mice and MEFs, we hypothesized that, as a
target of p53, PCBP4 may in turn regulate p53 expression.
To test this, we measured p53 expression and found that
the level of p53 protein was much lower in PCBP4−/−

MEFs than that in wild-type littermates at passage 3 (Fig.
2F). It iswell known thatwild-type p53 is one of themaster
regulators in cellular senescence (Odell et al. 2010). The
decreased expression of wild-type p53 in PCBP4-deficient
low-passage primary MEFs might lead to partial senes-
cence bypass in MEFs, as observed in Figure 2, C and
D.Consistently,we also found that the level of p53 protein
was lower in the PCBP4−/−mouse thymus (Fig. 2G), lungs
(Fig. 2H) andkidneys (Fig. 2I) than that inwild-type tissues.

PCBP4 interacts with and modulates the stability of the
transcript encoding ZFP871 (zinc finger protein 871)

As a PCBP, it is likely that PCBP4 regulates a set of poly
(C)-containing transcripts whose products would then
mediate PCBP4 to regulate p53 expression and tu-
mor suppression. Although a few targets are found to be

Figure 1. PCBP4-deficient mice are prone to lung cancer and lymphoma. (A) Kaplan-Meier survival curve for wild-type (WT) (median
survival time 110.4 wk ± 1.1 wk), PCBP4+/− (median survival time 102.1 wk ± 3.2 wk), and PCBP4−/− (median survival time 105.3 wk ±
9.8 wk) mice. (B) PCBP4+/− and PCBP4−/− mice are prone to lung cancer and lymphoma. (∗) P < 0.05. (C ) Representative images of
H&E-stained normal lungs in wild-type mice and lung adenocarcinomas (ADCs) in PCBP4+/− and PCBP4−/− mice.
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regulated by PCBP4 (Scoumanne et al. 2011), it remains
unclear what mediates the activity of PCBP4 in tu-
mor suppression. Thus, cell extracts from wild-type and
PCBP4−/− MEFs were immunoprecipitated with anti-
PCBP4 and then subjected to RNA-seq. A number of po-
tential PCBP4-associated transcripts were identified and
are listed in Supplemental Table S9. From these potential
targets, ∼20 transcripts with a poly(C) motif in their
3′ untranslated regions (UTRs)were chosen for further val-
idation by RT–PCR. Eight transcripts (ZFP871, CCNI,
ARF3, Rhoq, Rab1, Plor3gl, BMP4, and BMPr1a) were con-
firmed to be enriched in anti-PCBP4 immunoprecipitates
from wild-type MEFs compared with PCBP4−/− MEFs
(Fig. 3A). Additionally, these transcripts were absent in
Ig control immunoprecipitates (Fig. 3A). Next, quantita-
tive RT–PCR (qRT–PCR) was performed to measure the
relative levels of PCBP4-binding transcripts in wild-type
and PCBP4−/− MEFs. We found that PCBP4 deficiency
led to increased expression for ZFP871, CCNI, BMP4,
and BMPr1a and decreased expression for Rhoq and
Rab1 but no change for ARF3 and Plor3gl (Fig. 3B). To con-
firm this, we measured the effect of PCBP4 on ZFP871,
CCNI, and BMPr1a in one wild-type and two PCBP4−/−

MEFs derived from the same litter (Fig. 3C). Consistently,
PCBP4 deficiency led to increased expression for ZFP871,
CCNI, and BMPr1a (Fig. 3D). Additionally, we found that
the effect of PCBP4 on its targetmRNAs is independent of
p53, as the levels of transcripts for ZFP871, CCNI, and

BMPr1a were increased by PCBP4 deficiency in the ab-
sence of p53 (p53−/−; PCBP4−/− vs. p53−/−) (Fig. 3E).
To test whether ZFP871 is a direct target of PCBP4,

RNA electrophoretic mobility shift assay (REMSA) was
performed to identify potential PCBP4-binding sites in
the mouse ZFP871 transcript. The ZFP871 3′ UTR has
∼9000 nucleotides (nt) and thus was amplified in six frag-
ments (A–F) as probes for REMSA (Fig. 3F). We showed
that only the D fragment was recognized by glutathione
S-transferase (GST)-fused PCBP4 protein but not GST pro-
tein (Fig. 3G). The p21 3′ UTR, which is known to contain
a PCBP4-binding site (Scoumanne et al. 2011), was used as
a positive control (Fig. 3G). The specificity of PCBP4 bind-
ing to the ZFP871 3′ UTRwas confirmed by a competition
assay inwhich an excess amount of an unlabeled fragment
from the p21 3′ UTR decreased the interaction of PCBP4
with the 32P-labeled probe D (Fig. 3H). Upon analyzing
the nucleotide sequence in the D fragment, we found a re-
gion rich in the CU dinucleotide (nucleotides 7324–7365).
To determinewhether the CU-rich element is required for
the interaction of PCBP4 with the D fragment, we gener-
ated a mutated D fragment, called DD, in which the CU-
rich element was deleted (Fig. 3F). We found that the DD
fragment was incapable of forming a complex with the
PCBP4 protein (Fig. 3I).
To explore how PCBP4 regulates ZFP871 expression,

the half-life of ZFP871 mRNA was examined in p53−/−

and p53−/−; PCBP4−/− MEFs treated with 5 µg/mL

Figure 2. PCBP4 deficiency promotes cell
proliferation but inhibits cellular senes-
cence. (A) Representative images of wild-
type and PCBP4−/− MEFs grown on a plate
for 5 d. (B) The number of wild-type and
PCBP4−/− MEFs over a 5-d period was
counted and is presented as mean ± SD
from three separate experiments. (C ) Repre-
sentative images of SA-β-Gal-stained wild-
type and PCBP4−/− MEFs. (D) The percent-
age of SA-β-Gal-positive cells shown in C.
(∗) P < 0.05. (E) The protein levels of
PCBP4, PML, p130, PAI-1, total AKT, and
phosphorylated AKT were measured in
wild-type and PCBP4−/− littermate MEFs
at passage 5. (F ) The levels of p53 and
PCBP4 proteins were measured in two
sets of wild-type and PCBP4−/− littermate
MEFs at passage 3. (G) The levels of p53
and PCBP4 proteins were measured in thy-
mus tissues from two pairs of wild-type and
PCBP4−/− littermate mice. (H,I ) The levels
of p53 and PCBP4 proteins were measured
in lung (H) and kidney (I ) tissues from one
pair of wild-type and PCBP4−/− littermate
mice.
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Figure 3. Identification of ZFP871 as a target of PCBP4. (A) Interaction of PCBP4 protein with its target transcripts. Rabbit anti-PCBP4
antibody was used to immunoprecipitate PCBP4–RNA complexes from wild-type and PCBP4−/− MEFs along with IgG as a control. The
binding of PCBP4 to the transcripts wasmeasured by RT–PCR. Actin was used as a negative control. (B) qRT–PCRwas performed tomea-
sure the level of PCBP4 target transcripts in wild-type and PCBP4−/− MEFs. Data are presented as mean ± SD normalized to actin mRNA
from three separate experiments. (∗) P < 0.05. (C ) Generation of one wild-type and two PCBP4−/− MEFs from the same litter. (D) The level
of ZFP871, CCNI, and BMPR1a transcripts in onewild-type and twoPCBP4−/−MEFs shown inCwasmeasured by qRT–PCR. (E) The level
of ZFP871, CCNI, and BMPR1a transcripts in p53−/− and p53−/−; PCBP4−/−MEFswasmeasured by qRT–PCR. (F ) Schematic presentation
of the ZFP871 transcript, the predicted zinc finger domain in the ZFP871 protein, and the location of fragments A–F along with a CU-rich
element in the ZFP871 3′ UTR. (G) The PCBP4 protein binds to probeD (nucleotides 6521–8070) but not probe A (nucleotides 1995–3480),
B (nucleotides 3481–5000), C (nucleotides 5001–6520), E (nucleotides 8071–9582), or F (nucleotides 9583–10,857). RNA electrophoretic
mobility shift assay (REMSA) was performed by mixing a 32P-labeled RNA probe with recombinant glutathione S-transferase (GST) or
GST-fused PCBP4 protein. The binding of PCBP4 to the p21 3′ UTR was used as a positive control. The bracket indicates RNA–protein
complexes (RPC). (H) REMSA competition assay was performed by adding an excess amount of unlabeled p21 cold probe to a reaction
mixture containing the PCBP4 protein and 32P-labeled probe D. (I ) REMSAwas performed with probe DD, which lacks the CU-rich ele-
ment (nucleotides 7324–7365). (J) The half-life of the ZFP871 transcript wasmeasured by qRT–PCR in p53−/− and p53−/−; PCBP4−/−MEFs
treatedwith 5 µg/mL actinomycin (ActD), an inhibitor of transcription.Data are presented asmean ± SDnormalized to actinmRNA from
three separate experiments. (K, left panel) The PCBP4 proteinwasmeasured byWestern blot analysis in p53−/−; PCBP4−/−MEFs transient-
ly transfected with pcDNA3 or pcDNA3-PCBP4. (Right panel) The level of ZFP871 transcript was measured by qRT–PCR in p53−/−;
PCBP4−/− MEFs treated as in the left panel. Data are presented as mean ± SD after being normalized to actin mRNA from three separate
experiments. P < 0.05. (L) The experiments were performed as in K except that C2C12 cells were used.
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actinomycin D (Act D). p53-deficient MEFs were used to
avoid the potential interference of p53 on ZFP871
mRNA stability, and Act D is known to inhibit nascent
RNA synthesis (Bensaude 2011). We showed that the
half-life of ZFP871 mRNA was increased from 1.6 h in
p53−/− MEFs to 2.5 h in p53−/−; PCBP4−/− MEFs (Fig. 3J),
suggesting that the PCBP4 protein modulates ZFP871
mRNA stability. To further test this, we examined the ef-
fect of ectopic PCBP4 on ZFP871 expression and found
that ZFP871 expression was inhibited by PCBP4 in
p53−/−; PCBP4−/− MEFs (Fig. 3K) as well as in C2C12 im-
mortalized but untransformedmurinemyoblasts (Fig. 3L).
The above observations indicate that ZFP871 expres-

sion is directly regulated by PCBP4. Since PCBP4 is a tar-
get of p53, we examined whether activation of the p53
pathway by DNA damage has any effect on ZFP871 ex-
pression. To test this, FL83B and C2C12 cells were treated
with camptothecin or doxorubicin to activate the p53
pathway. We found that the levels of the p53 protein and
ZFP871mRNAweremarkedly increased byDNAdamage
in both FL83B and C2C12 cells (Supplemental Fig. S7A,B).
Consistently, we found that knockdown of p53 signifi-
cantly decreased the level of the p53 protein and ZFP871
mRNA in C2C12 cells (Supplemental Fig. S7C,D).

ZFP871 modulates cell growth by targeting p53
for degradation

Zinc finger proteins are known to exert diverse activities
through interaction with a variety of molecules (Laity

et al. 2001; Krishna et al. 2003; Loughlin and Mackay
2006), but the activity for ZFP871 has not been explored.
Since PCBP4 regulates both p53 and ZFP871 expres-
sion, we explored whether ZFP871 plays a role in the
PCBP4-mediated regulation of p53 expression. To test
this, HA-tagged ZFP871 was transiently expressed in
C2C12 cells. Since the p53 gene is prone to mutation in
immortalized PCBP4-deficient MEFs (Supplemental Fig.
S8), mouse C2C12, FL83B, and TS20 cell lines were used
in the following experiments. Upon treatment with dox-
orubicin, a topoisomerase II inhibitor that is known to in-
duce DNA double-strand breaks, p53 was accumulated
along with increased expression of p21 (Fig. 4A, cf. lanes
1 and 3), suggesting that the endogenous p53 gene in
C2C12 cells is wild type and functional. Interestingly,
we found that ectopic expression of ZFP871 suppressed
p53 expression under basal and DNA damage conditions
(Fig. 4A, cf. lanes 1,3 and 2,4, respectively). Conversely,
upon knockdown of ZFP871 by two unique ZFP871 tar-
geting siRNAs in C2C12 cells, the levels of p53 and p21
proteins were increased (Fig. 4B). Similarly, knockdown
of ZFP871 led to increased expression of p53 and p21 in
FL83B (Fig. 4C) and TS20 (Fig. 4D) cells, both of which
also carry wild-type p53. Since ZFP871 expression was in-
creased by PCBP4 deficiency (Fig. 3) and since p53 expres-
sion is regulated by ZFP871 (Fig. 4A–D), we tested
whether the decreased expression of p53 by PCBP4 defi-
ciency can be reversed by ZFP871 knockdown. Indeed,
we found that the decreased expression of p53 induced
by PCBP4 deficiency was substantially mitigated by

Figure 4. p53 expression was suppressed by PCBP4 deficiency via ZFP871. (A) The levels of p53 and p21 proteins were measured in
C2C12 cells transfected with pcDNA3 or pcDNA3-HA-ZFP871 in the absence or presence of 0.35 µg/mL doxorubicin for 24 h. Actin
was used as a loading control. (B) The levels of p53 and p21 proteins weremeasured in C2C12 cells transfectedwith two unique scrambled
siRNAs or siRNAs against ZFP871. (C,D) The levels of p53 and p21 proteins weremeasured inmurine FL83B (C ) and TS20 (D) cells trans-
fected with a scrambled siRNA (Scr-1) or a siRNA against ZFP871 (siZFP871-1) in the absence or presence of 0.35 µg/mL doxorubicin for
24 h. (E) The levels of p53 and PCBP4 proteins were measured in C2C12 cells transiently transfected with a scrambled siRNA (Scr-1),
siRNA against PCBP4 (siPCBP4), siRNA against ZFP871 (siZFP871-1), or both siPCBP4 and siZFP871 for 3 d. (F ) The level of ZFP871 tran-
script was measured by qRT–PCR in C2C12 cells treated as in E.
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ZFP871knockdown (Fig. 4E, cf. lanes4and1–3, respective-
ly). Consistent with the above observations (Figs. 2F–I,
4B–D), we found that p53 expression was decreased by
PCBP4 knockdown but increased by ZFP871 knockdown
(Fig. 4E, cf. lanes 1 and 2,3, respectively). The efficacy of
ZFP871knockdownby siRNAwasmeasured and is shown
in Figure 4F. Additionally, ZFP871 expression was in-
creased upon PCBP4 knockdown (Fig. 4F, cf. the Scr col-
umn and siPCBP4 column).

To investigate how ZFP871 regulates p53 expression,
we examined the effect of ZFP871 knockdown on the lev-
el of the p53 transcript and the stability of the p53 protein
in C2C12 cells. We found that knockdown of ZFP871 had
little if any effect on the level of p53 mRNA (Supplemen-
tal Fig. S9). However, the half-life of the p53 protein
was markedly increased by ZFP871 knockdown—from

∼22 to ∼105 min (Fig. 5A,B). To investigate whether
ZFP871 promotes p53 degradation via ubiquitination-me-
diated proteolysis, p53 and Flag-tagged ubiquitin were
coexpressed in C2C12 cells with or without HA-tagged
ZFP871 followed by treatment with 5 µM MG132 for
6 h. Consistent with the observation above (Fig. 4A), the
level of exogenous p53 protein in C2C12 cells was de-
creased by ectopic expression of ZFP871 (Fig. 5C). In con-
trast, the level of polyubiquitinated p53 was markedly
increased by ectopic expression of ZFP871 in C2C12 cells
(Fig. 5D,E).

To further determine whether ZFP871 inhibits p53
expression via a ubiquitination-dependent proteasomal
degradation, ectopic ZFP871 was expressed in tempera-
ture-sensitive murine TS20 cells in which the E1 ubiqui-
tin-activating enzyme is not active at the restrictive

Figure 5. ZFP871 targets p53 for degradation via a ubiquitin-dependent proteolysis. (A) The half-life of the p53 protein was measured in
C2C12 cells that were transfected with a scrambled siRNA (Scr-1) or a siRNA against ZFP871 (siZFP871-1) for 3 d and then treated with
50 µg/mL cycloheximide (CHX) for 0–120min. (B) The relative levels of the p53 protein measured inAwere normalized by levels of actin
protein and then plotted versus time. (C ) C2C12 cells were transfected with pcDNA3-p53 and pcDNA3-Flag-ubiquitin with or without
pcDNA3-HA-ZFP871 followed by treatment with 5 µM MG132 for 6 h. The levels of ectopically expressed p53 and HA-tagged ZFP871
proteins in whole-cell lysates were measured by anti-p53 and anti-HA (to detect ZFP871), respectively. (D,E) C2C12 cells were treated
as inC. The level of polyubiquitinated p53 in whole-cell lysates (WCLs) was immunoprecipitated with rabbit anti-p53 antibody followed
byWestern blotting with mouse anti-ubiquitin (D) or mouse anti-p53 (E). (F ) TS20 cells were transiently transfected with HA-ZFP871 for
24 h at 35°C and then incubated for an additional 8 h at 35°C or 39°C in the presence or absence of 5 µMMG132. The levels of HA-ZFP871
and p53 weremeasured bymouse anti-HA andmouse anti-p53 antibodies, respectively. (G) C2C12 (left panel) or FL83B (right panel) cells
were transfected with pcDNA3-HA-ZFP871. The interaction between endogenous p53 and ectopic HA-tagged ZFP871 in C2C12 and
FL83B cells was measured by coimmunoprecipitation with rabbit anti-p53 antibody followed by Western blotting with mouse anti-p53
to detect p53 protein or anti-HA to detect HA-tagged ZFP871. Rabbit IgG was used as a control for immunoprecipitation. (H) GST
pull-down assaywas performedwith nuclear extracts fromC2C12 cells andGSTorGST-tagged ZFP871. TheGST andGST-ZFP871 beads
were then washed, followed by Western blot analysis with antibody against p53, MDM2, or GST.
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temperature of 39°C (Chowdary et al. 1994). We found
that the level of p53 was increased at the restrictive tem-
perature (39°C) (Fig. 5F, cf. lanes 1 and 3), consistentwith a
previous report that p53 is accumulated in TS20 cells
(Chowdary et al. 1994). Importantly, we found that
ZFP871 inhibited p53 expression at the permissive tem-
perature (35°C) (Fig. 5F, cf. lanes 1 and 2) but much less
at 39°C (Fig. 5F, cf. lanes 3 and 4). In addition, we found
that the stability of the p53 protein was restored upon
MG132 treatment (Fig. 5F, lanes 5–8).
Next, we examined whether ZFP871 physically inter-

acts with p53 and then regulates p53 expression.We found
that endogenous p53 and ectopic HA-tagged ZFP871 were
coimmunoprecipitated with anti-p53 antibody in C2C12
and FL83B cells (Fig. 5G). To confirm this, GST pull-
down assay was performed and showed that endogenous
p53 in C2C12 cells interacted with the GST-ZFP871 fu-
sion protein but not theGST protein (Fig. 5H). In addition,
we found that MDM2 was pulled down by the GST-
ZFP871 fusion protein but not the GST protein (Fig. 5H),
suggesting that ZFP871 may regulate p53 expression as a
modulator of MDM2 E3 ligase.

Knockdown of ZFP871 leads to growth suppression
and apoptosis in a p53-dependent manner

Since PCBP4 deficiency leads to increased ZFP871 expres-
sion along with enhanced cell proliferation, we examined
whether knockdown of ZFP871 is capable of suppressing
cell proliferation in C2C12 cells. Indeed, upon knock-
down of ZFP871 with three unique siRNAs (Fig. 6A),
cell proliferation was markedly inhibited (Fig. 6B). To
test how knockdown of ZFP871 leads to growth suppres-
sion, TUNEL assay was performed in C2C12 and TS20
cells. We found that knockdown of ZFP871 significantly
increased the percentage of apoptotic cells (Supplemental
Fig. S10A–C). As a positive control, we found that DNA
damage induced by treatment with doxorubicin also sig-
nificantly increased the percentage of apoptotic cells (Sup-
plemental Fig. S10D–F). Since knockdown of ZFP871
decreases cell proliferation potentially via increased ex-
pression of p53 (Fig. 4B–D), we examined whether the de-
creased cell proliferation by knockdown of ZFP871 can be
reversed by knockdown of p53. Consistent with the above
observations (Fig. 4B–D), we showed that knockdown of
ZFP871 led to increased expression of p53 (Fig. 6C, cf.
lanes 1,2), which was decreased by p53 siRNA (Fig. 6C,
cf. lanes 2 and 4). While cell proliferation was inhibited
by ZFP871 knockdown (Fig. 6D, siZFP871 column),
knockdown of p53 alone had little effect on cell prolifera-
tion (Fig. 6D, sip53 column). Interestingly, the decreased
cell proliferation induced by knockdown of ZFP871 was
substantially suppressed by knockdown of p53 in C2C12
cells (Fig. 6D, siZFP871 and sip53 columns). To confirm
this, we examined whether knockdown of ZFP871 leads
to apoptosis in a p53-dependent manner. To test this,
the percentage of cells in sub-G1 was measured and used
to represent the extent of apoptosis. We showed that
knockdown of p53 alone had no effect on apoptosis in
C2C12 cells (Fig. 6E, sip53 column), consistent with the

above observation that knockdown of p53 alone had no
significant effect on cell proliferation (Fig. 6D, sip53 col-
umn). In contrast, we found that knockdown of ZFP871
promoted apoptosis (13.4%), which was inhibited by
knockdown of p53 (5.2%) (Fig. 6E).

Figure 6. ZFP871 modulates cell growth by targeting p53 for
degradation. (A) The level of the ZFP871 transcript wasmeasured
by qRT–PCR inC2C12 cells transiently transfectedwith a scram-
bled siRNA (Scr) or three unique siRNAs against ZFP871
(siZFP871) for 3 d. Data were presented as mean ± SD after being
normalized to actin mRNA from three separate experiments. (∗)
P < 0.05. (B) C2C12 cells were treated as inA. The number of cells
was counted at day 3. Data are presented as mean ± SD of three
separate wells. (∗) P < 0.05. (C ) The level of p53 protein was mea-
sured in C2C12 cells transfected with a scrambled siRNA (Scr), a
siRNAagainst ZFP871 (siZFP871), a siRNAagainst p53 (sip53), or
both siZFP871 and siZFP871. (D) C2C12 cells were treated as in
C, and the surviving cells were counted at day 3. Data are present-
ed as mean ± SD from three separate wells. (E) C2C12 cells were
treated as in C. Both floating dead cells in the medium and live
cells on the plate were stained with propidium iodide. The
stained cells were analyzed in a fluorescence-activated cell sorter.
The percentage of cells in the sub-G1, G1, S, andG2–Mphaseswas
determined using the CELLQuest program. (F ) A model for the
p53–PCBP4–ZFP871 axis in tumor suppression.
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Discussion

The p53–PCBP4–ZFP871 axis in tumor suppression

Previous studies suggest that loss of thePCBP4 gene is cor-
relatedwith lung cancer (Pio et al. 2004). Additionally, loss
of heterozygosity (LOH) in chromosome 3p21 is present in
60% of non-small-cell lung cancer, and the p53 mutation
is associated with 3p21 LOH (Marsit et al. 2004). Interest-
ingly, allelic losses on 17p13 (p53 region) and 3p21 (PCBP4
region) in early lung squamous cell carcinoma were found
to be associated with the depth of invasion and longitudi-
nal extension of the carcinoma (Endo et al. 2000). We and
others also found that overexpression of PCBP4 in lung
cancer cell lines leads to apoptosis and cell cycle arrest in
G2–M (Zhu and Chen 2000; Castano et al. 2008). These
data suggest that loss of both PCBP4 and p53 may cooper-
ate to promote lung cancer progression. Here, we found
thatmice deficient in PCBP4 are prone to lung adenocarci-
nomas, lymphomas, and kidney tumors. Consistently,
PCBP4-deficientMEFs exhibit enhanced cell proliferation
but decreased cellular senescence. Furthermore, we pro-
vided evidence: (1) PCBP4 directly interacts with ZFP871
transcript and modulates ZFP871 expression via mRNA
stability. (2) ZFP871 interacts with p53 and modulates
p53 expression via protein stability. (3) ZFP871modulates
cell proliferation and apoptosis in a p53-dependent man-
ner. (4) p53 expression is modulated by PCBP4 in a
ZFP871-dependent manner. Due to the fact that PCBP4
and ZFP871 are regulated by DNA damage and p53 (Sup-
plemental Fig. S7; Zhu and Chen 2000), both of which in
turn regulate p53 expression, we postulate that the p53–
PCBP4–ZFP871 axis represents a novel feedback loop in
the p53 pathway (Fig. 6F). We also hypothesize that, in
the early stage of carcinogenesis, genomic abnormality
in chromosome 3p21 may lead to loss of the PCBP4
gene, which promotes ZFP871 expression via mRNA
stability, leading to decreased expression of p53 and subse-
quently tumor formation in the lungs, lymphoid tissues,
and kidneys. Since PCBP4 is expressed at relatively higher
levels in the lungs and lymph nodes, PCBP4may function
as a tissue-specific tumor suppressor. In the current study,
wild-type andPCBP4-deficient low-passage primaryMEFs
were used to analyze the role of PCBP4 in senescence.
However, due to the limitation ofMEFs for senescence as-
sayand the frequentmutationof thep53 gene inMEFs, fur-
ther studies need to be performed with PCBP4 knockout
primary human fibroblasts to address how PCBP4 defi-
ciency overcomes the cellular senescence.

ZFP871 targets p53 for degradation

p53 is a short half-life protein, and protein stability plays a
key role in p53 regulation and function (Vousden and
Prives 2009; Manfredi 2010). Over the years, several ubiq-
uitin E3 ligases have been identified to regulate p53 pro-
tein stability, such as MDM2–MDMX (Haupt et al.
1997; Kubbutat et al. 1997; Brooks and Gu 2006), Pirh2
(Leng et al. 2003), ARF-BP1 (Chen et al. 2005), COP1
(Dornan et al. 2004), and WWP1 (Laine and Ronai 2007).

Zinc finger proteins represent a group of protein families
with an array of functions in transcription and protein
degradation (Laity et al. 2001; Krishna et al. 2003; Lough-
lin andMackay 2006). Interestingly, MDM2,MDMX, and
Pirh2 are proteins containing a zinc finger domain
(Yu et al. 2006; Lee and Gu 2010; Shloush et al. 2011).
Mutations in the MDM2 zinc finger domain abrogate
the activity of MDM2 to target p53 for degradation (Lind-
strom et al. 2007). However, the structure and function of
ZFP871 have not been explored. Here, our results indicate
that ZFP871 physically interactswith the p53 protein, and
disruption of ZFP871 increases p53 protein stability. Con-
sistently, overexpression of ZFP871 decreases the level of
the p53 protein but increases the level of the polyubiqui-
tinated p53 protein. Thus, we postulate that ZFP871 is
part of a ubiquitin E3 ligase, such as MDM2, that targets
p53 for proteosomal degradation. Indeed, zinc finger pro-
teins often serve as a scaffold for protein–protein interac-
tions (Laity et al. 2001; Loughlin and Mackay 2006; Tian
etal. 2009).Wealso found thatZFP871physically interacts
withMDM2andp53, and thusZFP871maybe a part of the
MDM2 E3 ligase that targets p53 for degradation. Never-
theless, it remains possible that ZFP871may recruit other
p53 regulators and indirectly modulate p53 protein stabil-
ity. It should bementioned that ZFP871 has three homolo-
gous genes in humans: ZNF709 (48% identity in amino
acid sequence), ZFP14 (44%), and gonadotropin inducible
transcriptional repressor 4 (44%). Our preliminary studies
showed that knockdown of human ZNF709 led to in-
creased expression of p53, but whether p53 expression is
regulated by ZFP14 and gonadotropin inducible transcrip-
tional repressor 4hasnot beenexplored.Also,ZFP871may
regulateotherproteinscritical for tumorsuppression inad-
dition to p53. Due to the sequence and structural similari-
ties among the p53 family proteins, it is likely thatZFP871
may regulate other p53 family members, such as TAp63
and TAp73. Thus, further studies are needed to address
these issues in order to fully understand the mechanisms
bywhich PCBP4 exerts tumor suppression in both p53-de-
pendent and p53-independent pathways.

Materials and methods

PCBP4- and p53-deficient mice and primary MEFs

To generate a PCBP4-deficient mouse model, the PCBP4 gene
was disrupted through insertion of a gene trap (rFRosaβgeo + 1s)
into the first intron (Supplemental Fig. S1B; Schnutgen et al.
2005). Embryonic stem cells (no. D136D11; TBV-2 [129/SvPas])
were obtained from the German Gene Trap Consortium (Helm-
holtz Zentrum München) and microinjected into C57BL/6 blas-
tocysts at the University of California at Davis Murine
Targeted Genomics Laboratory. Male chimeras were bred with
C57BL/6 females (Jackson Laboratory), and pups were tested for
germline transmission. Genotyping of progeny was performed
by PCR analysis of toe clipping samples using three primers.
For wild-type mice, a 718-base-pair (bp) fragment was detected
using forward primer GM103F (5′-CAGGCTGCAGAGAGG
ATGGCTT-3′) and reverse primer GM103R (5′-AAAGCCTCC
TCCTCCACGGA-3′). For PCBP4 knockout mice, a 160-bp frag-
ment was detected using forward primer GM103F and reverse
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primer GM104F (5′-GCTAGCTTGCCAAACCTACAGGT).
PrimerGM104F is locatedwithin the targeting cassette. β-Hemo-
globin was measured as an internal control with primers 5′-C
AGAGGTCTGCTTTCCAGCA-3′ and 5′-TGTCACCCTGGC
ATAAAAGC-3′. Mice heterozygous for PCBP4 were bred, and
MEFs were isolated from 13.5-d-old embryos as described previ-
ously (Scoumanne et al. 2011). Primary MEFs were cultured in
DMEM supplemented with 10% fetal bovine serum (FBS). All an-
imals were housed at the University of California at Davis Cam-
pus Veterinary Services vivarium facility. All animal care and use
protocols were approved by the University of California at Davis
Institutional Animal Care and Use Committee.
p53 knockout mice (C57BL/6J strain), developed in the labora-

tory of Dr. Tyler Jacks (Jacks et al. 1994), were purchased from the
Jackson Laboratory. PCBP4+/− mice were bred with p53+/− mice
to generate PCBP4+/−; p53+/− mice. To generate p53−/− and
p53−/−; PCBP4−/− MEFs, PCBP4+/−; p53+/− mice were bred, and
MEFs were isolated from 13.5-d-old embryos.

Histology and immunofluorescence staining

Mouse tissues were dissected, fixed in buffered formalin
(pH 6.8–7.0) for 24 h, and then stored in 70% ethanol. Tissues
were paraffin-embedded and sectioned. The 5-μm-thick sections
were deparaffinized, rehydrated, and then stained with H&E.
To determine the origin of the lymphomas, immunofluores-

cence staining was performed with rat anti-B220 (B-cell marker)
(BD Pharmingen) and rabbit anti-CD3 (T-cell marker) (Dako), re-
spectively. Briefly, tissue sections were deparaffinized and anti-
gen was retrieved with sodium citrate buffer (10 mM sodium
citrate, 0.05% Tween 20 at pH 6.0) followed by blockage of en-
dogenous peroxidase with 0.3% H2O2 in TBS (50 mM Tris HCl,
0.9% NaCl at pH 7.6). After being blocked in TBS with 10%
FBS for 2 h at room temperature, the sections were incubated
with primary antibodies overnight at 4°C. Next, the sections
were incubated with fluorophore-conjugated secondary antibod-
ies for 1 h at room temperature in a dark environment and
mounted with mounting solution containing DAPI (4′, 6-diami-
dino-2-phenylindole).

Plasmids, siRNA oligos, and RT–PCR

To generate the GST-taggedmouse PCBP4-expressing vector, the
coding region of PCBP4 was amplified by PCR using cDNA as a
template with the forward primer 5′-GAATTCATGAGCAGTT
CAGATGCGG-3′ and reverse primer 5′-CTCGAGTCAGT
AGGGGGAGAATTTCTG-3′. To generate the pcDNA3-PCB-
P4-expressing vector, the same strategy as above was used
except that the forward prime was replaced with 5′-AAGCTT
ACCATGAGCAGTTCAGATGCGG-3′. To generate the GST
-tagged mouse ZFP871-expressing vector, the coding region of
ZFP871 (accession no. NM_172458) was amplified by PCR using
cDNA as a template with the forward primer 5′-GGATCCAT
GGAGTCAGTGGCCTTTG-3′ and reverse primer 5′-GCGGCC
GCTAAAAAACACTGGAATCCAGG-3′. To generate HA-tagged
mouse ZFP871 expressing vector, the same strategy as above
was used except that the forward primer was replaced with
5′-GGATCCACCATGTACCCATACGACGTACCAGATTACG
CTATGGAGTCAGTGGCCTTTG-3′. The PCR products were
subcloned into pGEM-T easy vector. After confirmation by se-
quencing, the coding regions were then cloned into pcDNA3 or
pGEX4T-1.
All siRNAs were purchased from Dharmacon RNA Technolo-

gies and transfected into cells at a final concentration of 100 nM
for 3 d. The two scrambled siRNAs used were 5′-GCAGUGUCU

CCACGUACUAdTdT-3′ (Scr-siRNA-1) and 5′-UUCUCCGAAC
GUGUCACGUdTdT-3′ (Scr-siRNA-2). To transiently knock
down ZFP871 (accession no. NM_172458), three siRNAs against
ZFP871 were used to rule out potential off-target effects. These
were siZFP871-1 (5′-GGGCCAAGAAAUGCUAUAUdTdT-3′;
nucleotides 784–802), siZFP871-2 (5′-GUGCGAAGAUCAGG
AAUAdTdT-3′; nucleotides 537–555), and siZFP871-3 (5′-CACC
CUUAUUCCUGUAAGUdTdT-3′; nucleotides 10,778–10,796).
The siRNA against mouse p53 was 5′-ACCACUUGAUGGAGA
GUAUdTdT-3′.
Total RNA was isolated from cells using TRIzol reagent (Invi-

trogen). cDNAwas synthesized using the Iscript cDNA synthesis
kit (Bio-Rad). To measure the levels of PCBP4 target mRNAs,
RT–PCR was performed with the primers listed in Supplemental
Table S10. Actin was measured as an internal control with the
forward primer 5′-TCCATCATGAAGTGTGACGT-3′ and re-
verse primer 5′-TGATCCACATCTGCTGGAAG-3′.

Cell proliferation and cellular senescence assays

To determine whether knockdown of ZFP871 inhibits cell prolif-
eration, mouse C2C12 myoblasts were transfected with scram-
bled siRNAs or siRNAs against ZFP871 for 3 d. Surviving cells
were collected and counted. Cellular senescence assay was per-
formed as previously described (Qian et al. 2008). The rate of sen-
escent cells was calculated based on the number of positive cells
among 2000 cells.

Immunoprecipitation and Western blot analysis

Immunoprecipitation was carried out as previously described
(Jung et al. 2013). Briefly, C2C12 or FL83B cells were washed
with phosphate-buffered saline (PBS), lysed in lysis buffer (50
mMTris-Cl at pH 8.0, 150 mMNaCl, 1 mM EDTA, 1%Nonidet
P-40, 1× protease inhibitor cocktail [PIC] [Sigma], 1 mM PMSF),
sonicated, and clarified by centrifugation. Cell lysates (500 µg of
total proteins) were incubatedwith rabbit anti-p53 (FL-393, Santa
CruzBiotechnology) for4hat4°CandthenwithproteinG-agarose
beads (Sigma) for 2 h. After beingwashedwith lysis buffer, immu-
noprecipitated protein complexes were subjected to SDS-PAGE
along with whole-cell lysates as a control. For each set, 5% of the
whole-cell lysates used for immunoprecipitation were used as an
input control. IgG antibodywas used as a negative control. Immu-
noblots were visualized by SuperSignal West femto chemilumi-
niscent detection reagents (Pierce). The antibodies used for
Western blot assays included rabbit anti-p130 (C-20, Santa Cruz
Biotechnology), rabbit anti-PML (H238, Santa Cruz Biotechnol-
ogy), mouse anti-p21 (SX118, Santa Cruz Biotechnology), rabbit
anti-KAI-1 (H135, Santa Cruz Biotechnology), rabbit anti-AKT or
p-AKT (Cell Signaling), mouse anti-HA (Covance), rabbit anti-ac-
tin (Sigma), andmouse anti-GST (B14, SantaCruzBiotechnology),

RNA–protein immunoprecipitation assay and high-throughput
RNA-seq

RNA–protein immunoprecipitation assay was carried out as pre-
viously described (Peritz et al. 2006). Briefly, wild-type or
PCBP4−/− MEFs at passage 3 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, 1× PIC, 1 mM PMSF, 0.5 U/μL RNasin). Five per-
cent of the cell extractswere used for total RNA isolation, and the
remaining extracts were incubatedwith protein A/G beads conju-
gated with rabbit anti-PCBP4 (ProSci) or a control IgG overnight
at 4°C. Following four washes with a buffer containing RNase-
free DNase, RNAs on the beads were purified with TRIzol
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reagent. The quality of RNA sampleswas analyzedwith a bioana-
lyzer. The residual rRNA in the RNA samples was depleted with
a Ribo-Zero rRNA removal kit (Epicentre Technologies Corp.).
High-throughput RNA-seq was performed with HiSeq 2000 in
the Functional Genomics Laboratory at the University of Califor-
nia at Berkeley.

REMSA

ZFP871 and p21 3′ UTRs were PCR-amplified using forward
primers containing the T7 promoter sequence (5′-GGATCCTAA
TACGACTCACTATAGGGAG-3′) and reverse primers listed in
Supplemental Table S11. RNA probes were made from in vitro
transcription by T7 RNA polymerase in the presence of α-32P-
UTP. GST-tagged PCBP4 protein was purified as described previ-
ously (Scoumanne et al. 2011). REMSA was performed with
200 nM recombinant protein, 1 mg/mL yeast tRNA, and 50,000
cpm 32P-labeled RNA probe in a reaction buffer (10 mM HEPES
at pH 8.0, 10 mM KCl, 10 mM MgCl2, 1 mM DTT) for 20 min
at 25°C. RNA–protein complexes were digested with 100 U RNa-
seT1 for 15 min at 37°C and then separated in 6% native PAGE.
RNA–protein complexes were visualized by autoradiography. To
test the specificity of PCBP4 binding to the ZFP871 3′ UTR, the
competition assay was performed by adding an excess amount
of unlabeled p21 3′ UTR cold probe into the reaction mixture
with a 32P-labeled probe as described previously (Cho et al. 2010).

Protein half-life assay

C2C12 cells were transfected with a scrambled siRNA or a
siRNA against ZFP871 for 3 d and then treatedwith 50 µg/mL cy-
cloheximide to inhibit de novo protein synthesis for various
times. The relative levels of p53 protein were quantified byWest-
ern blotting and normalized by levels of actin protein, whichwere
then plotted versus time (in minutes) to calculate the half-life of
the p53 protein.

Nuclear extraction, GST-ZFP871 fusion protein purification,
and GST pull-down assay

C2C12 cells cultured in a 10-cm plate were washed twice with
cold PBS and then lysed with 1 mL of cytoplasmic lysis buffer
(10 mM HEPES at pH 7.9, 10 mM KCl, 0.1 mM EDTA,1 mM
DTT, 1×PIC, 0.4%NP-40) for 10 min on ice. After centrifugation
at 12,000g for 1 min, the pellet (nucleus) was resuspended with
100 µL of GST-binding buffer (25 mM Tris·HCl at pH 7.5,
150 mM NaCl, 1×PIC, 1% Triton-X100) and stored at −80°C for
pull-down assay.
Recombinant GST-tagged ZFP871 protein was expressed in

Escherichia coli BL21(DE3) and purified according to a standard
protocol (Rebay and Fehon 2009). After washing, GST and
GST-ZFP871 beads were resuspended in GST-binding buffer to
make 50% slurry and stored at 4°C for pull-down assay.
For GST pull-down assay, 0.4 mL of GST-binding buffer con-

taining 400 µg of nuclear extracts was added into 20 µL of sephar-
ose 4B beads for preclearing and then added into 20 µL of GST
beads or GST-ZFP871 beads. After incubation overnight at 4°C,
the mixture was centrifuged to precipitate the beads at 500g for
5min. The beads were washed four times with GST-binding buff-
er and then resuspended in 40 µL of 2× SDS loading buffer for SDS-
PAGE and Western blot analysis.

Ubiquitination assay

The in vivo ubiquitination assay was performed as described
previously (Leng et al. 2003). C2C12 cells were transfected

with pcDNA3-p53 and pcDNA3-Flag-ubiquitin with or with-
out pcDNA3-HA-ZFP871 followed by treatment with 5 µM
MG132 for 6 h. Cell lysates were immunoprecipitated with rab-
bit anti-p53 antibody followed by Western blot analysis with
mouse anti-ubiquitin or anti-p53 antibody to detect polyubiqui-
tinated p53.

DNA histogram analysis and TUNEL assay

C2C12 cells were seeded at 2 × 105 per 6-cm plate and then trans-
fected with scrambled siRNA, siRNA against ZFP871, siRNA
against p53, or both siRNA against ZFP871 and siRNA against
p53 for 3 d. Both floating dead cells in the medium and live cells
on the platewere collected and fixed with 70% ethanol for 24 h at
4°C. The fixed cells were centrifuged and resuspended in 0.3 mL
of PBS containing 50 μg/mLRNase A and 50 μg/mL propidium io-
dide (PI). The stained cells were analyzed using a fluorescence-ac-
tivated cell sorter. The percentages of cells in the sub-G1, G1, S,
and G2–M phases were determined using the CellQuest program
(BD Biosciences).
TUNEL assay was performed with an in situ cell death detec-

tion kit (Roche) according to the manual. Briefly, cells were fixed
with 4% paraformaldehyde for 1 h and then permeabilized with
0.1% Triton X-100 in 0.1% sodium citrate for 2 min on ice. After
being washed twice with PBS, cells were incubated with 50 µL of
TUNEL reaction mixture for 60 min at 37°C in a humidified at-
mosphere in the dark. After being washed three times with
PBS, the cells were counterstained with DAPI and then analyzed
under a fluorescence microscope.

Statistics

Fisher’s exact test was used for comparison between tumor inci-
dences in wild-type and PCBP4-deficient mice. The log rank test
was used to determine the differences in median survival of dif-
ferent genotypes. Two-group comparisons were analyzed by
two-sided Student’s t-test. P-values were calculated, and P <
0.05 was considered significant.
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