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TAp73, a member of the p53 family tumor suppressors, plays
a critical rule in tumor suppression and neuronal development.
However, how p73 activity is controlled at the posttranscrip-
tional level is not well understood. Here, we showed that TAp73
activity is regulated by RNA-binding protein PCBP2. Specifi-
cally, we found that knockdown or knock-out of PCBP2 reduces,
whereas ectopic expression of PCBP2 increases, TAp73 expres-
sion. We also showed that PCBP2 is necessary for p73 mRNA
stability via the CU-rich elements in p73 3’-UTR. To uncover
the biological relevance of PCBP2-regulated TAp73 expression,
we showed that ectopic expression of PCBP2 inhibits, whereas
knockdown or knock-out of PCBP2 increases, the production of
reactive oxygen species (ROS) in a TAp73-dependent manner.
Additionally, we found that glutaminase 2 (GLS2), a modulator
of p73-dependent antioxidant defense, is also involved in
PCBP2-regulated ROS production. Moreover, we generated
PCBP2-deficient mice and primary mouse embryonic fibro-
blasts (MEFs) and showed that loss of PCBP2 leads to decreased
P73 expression and, subsequently, increased ROS production
and accelerated cellular senescence. Together, our data suggest
that PCBP2 regulates p73 expression via mRNA stability and
p73-dependent biological function in ROS production and cel-
lular senescence.

p73, along with p53 and p63, consists of the p53 family and is
expressed as multiple isoforms (1). Through alternative splic-
ing, at least seven isoforms («, B, v, 6, €, {, and m) are expressed.
In addition, due to the usage of two different promoters, p73 is
expressed as two different isoforms, TAp73 and ANp73. The
TAp73 isoform is transcribed from the upstream P1 promoter
and contains an N-terminal activation domain conserved in
p53, whereas the ANp73 isoform is produced by the down-
stream P2 promoter and, thus, N-terminally truncated. Conse-
quently, TAp73, like p53, regulates an array of genes for tumor
suppression (2). Indeed, mice deficient in TAp73 are prone to
spontaneous tumors and premature aging (3, 4). By contrast,
ANp73 acts as an oncoprotein against TAp73 as well as p53 (5,
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6). For example, ANp73 promotes cell immortalization in
mouse embryonic fibroblasts (MEFs)® and cooperates with
oncogenic Ras in cell transformation in vitro and in vivo (7). In
addition, mice deficient in ANp73 do not develop tumors but
exhibit delayed onset of moderate neurodegeneration (8, 9).
The opposing functions of TAp73 and ANp73 create more
complicated issues for the role of p73 in cancer. Therefore, it is
important to understand how p73 expression is controlled,
which would advance our understanding of p73 biology and
shed light on the development of novel strategy for cancer
management.

The poly(rC)-binding protein 2 (PCBP2) is a RNA-binding
protein and belongs to the PCBP family. Members of PCBP
family are characterized by their affinity to single-stranded
poly(C) motifs in their target mRNAs (10). PCBP2 is a multi-
functional protein and regulates gene expression at multiple
levels including mRNA metabolism and translation. For exam-
ple, PCBP2 regulates mRNA stability of a-globin (11) and FHL3
(12) and mRNA translation of p21 (13) and c-myc (14). Addi-
tionally, PCBP2 is found to regulate RNA replication and
mRNA translation of several RNA viruses, including poliovirus
(15), coxsackievirus (16), and rhinovirus (17). Interestingly,
apart from its RNA binding activity, PCBP2 can function as an
iron chaperone and, thus, regulate iron homeostasis by deliver-
ing iron to ferritin (19), deoxyhypusine hydroxylase (20), prolyl
hydroxylase (21), and asparaginyl hydroxylase (21). Notably,
studies suggest that PCBP2 is involved in tumor development.
For instance, PCBP2 expression is found to be high in leukemia
and glioma (12, 22) but low in oral cancer (23). However, the
role of PCBP2 in tumorigenesis is not clear.

To better understand the role of p73 in cancer, we aim to
identify a novel regulator of p73 and understand how p73 bio-
logical activity is modulated by the regulator. To this end we
performed a pilot study to determine whether p73 expression is
regulated by several RNA-binding proteins including PCBP2.
Indeed, we found that TAp73 expression is regulated by PCBP2
via mRNA stability. We also found that PCBP2 modulates the
activity of TAp73 to regulate the production of reactive oxygen
species (ROS) and cellular senescence.

Materials and Methods

Cell Culture and Cell Line Generation—Human non-small
cell lung carcinoma cell line H1299, human colon cancer cell

°>The abbreviations used are: MEF, mouse embryonic fibroblast; PCBP2,
poly(rC)-binding protein 2; ROS, reactive oxygen species; REMSA, RNA
electrophoretic mobility shift assay; SA-B-gal, senescence-associated
B-galactosidase; GLS2, glutaminase-2; qRT, quantitative real-time.
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line p53~/~ HCT116, human pancreatic cancer cell line MIA-
PaCa2, and human colon adenocarcinoma cell line SW480
were cultured in DMEM (Invitrogen) with 10% fetal bovine
serum (HyClone) and maintained at 37 °C in 5% CO, incubator.
MEFs were cultured in DMEM supplemented with 10% FBS
plus 1X nonessential amino acids (HyClone) and 55 uM 3-mer-
captoethanol. To generate PCBP2 or TAp73 knock-out cell
lines, plasmid expressing Streptococcus pyogenes Cas9 (spCas9)
along with a sgRNA targeting the PCBP2 gene or TAp73 gene
was transfected into cells using Metafectene Pro reagent (Bion-
tex Laboratories) followed by puromycin selection for 3 weeks.
The loss of PCBP2 or TAp73 was verified by Western blot
analysis.

Plasmids—To generate pcDNA3 vector expressing human
PCBP2, the full-length human PCBP2 gene was amplified using
c¢DNAs from H1299 cells with an upstream primer, PCBP2-1-
HindIII-F, and a downstream primer, PCBP2-1451-Xhol-R.
The PCR products were cloned into pcDNA3 and then con-
firmed by sequencing. To generate pGEX-4T-1 vector express-
ing recombinant human PCBP2, the same strategy was used
except that PCBP2-EcoRI-F was used as upstream primer and
PCBP2-Xhol-R was used as downstream primer. To generate a
vector expressing sgRNA targeting the PCBP2 gene and TAp73
gene, DNA oligos were annealed and inserted into vector
pSpCas9(BB)-2A-puro (Addgene plasmid #48139) through
Bbsl sites as previously described (24). The primers are listed in
supplemental Table 1. pcDNA3 vector expressing HA-tagged
TAp73a was generated previously (25). The luciferase report-
ers, pGL3-p73 3'-UTR-A’ and pGL3-p73 3'-UTR-A’(ACU1),
were generated previously (26).

RNA Interference—Scrambled siRNA (GGC CGA UUG UCA
AAU AAU U) or siRNA against PCBP2 (CCU CUA GAG GCC
UAU ACC A) (27) were synthesized by Dharmacon (GE
Healthcare). To knock down PCBP2, 50 nm siRNA was trans-
fected into cells using Metafectene Pro reagent according to the
user’s manual.

Antibodies and Western Blot Analysis—The antibodies used
in this study were anti-PCBP2 antibody (23-G, Santa Cruz Bio-
technology), anti-p73 (A300, Bethyl Laboratories), anti-actin
antibody (A2066, Sigma), and mouse IgG (15381, Sigma). For
Western blot analysis, whole cell lysates were prepared with
2XSDS sample buffer, separated in 8 —12% SDS-PAGE, trans-
ferred to nitrocellulose membrane, and then probed with the
indicated antibodies. The protein bands were visualized by the
enhanced chemiluminescence using the ChemiDoc-It imaging
system (UVP, Upland, CA). The level of protein was quantified
by densitometry using the Image] program (UVP).

RNA Isolation, RT-PCR Analysis, and Quantitative PCR—
Total RNAs were extracted from cells using TRIzol reagent
(Invitrogen) according to the user’s manual. For RT-PCR anal-
ysis, cDNA was synthesized using RevertAid Reverse Tran-
scriptase (Thermo) followed by PCR. The PCR program used
for amplification was (i) 94 °C for 5 min, (ii) 94 °C for 45 s, (iii)
60 °C for 45, (iv) 72 °C for 1 min, and (v) 72 °C for 10 min. From
steps 2—4, the cycle was repeated 25 times for actin or 32 times
for TAp73. For quantitative PCR, reactions were prepared with
Maxima SYBR Green qPCR Master Mix (Thermo) and then run
on a real-time PCR system (Mastercycler ep realplex, Eppen-
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dorf, Germany) using a three-step cycling program: 95 °C for 15
min followed by 40 cycles of 95 °C for 15 s, 53 °C (for mouse
actin), or 60 °C (for all other genes) for 30's,and 72 °C for 20s. A
melting curve (57-95 °C) was generated at the end of each run
to verify the specificity. The relative level of transcripts was
calculated upon normalization to that of actin. The primers
used for PCR are listed in supplemental Table 1.

RNA Immunoprecipitation Assay—The RNA-Chip assay was
performed as previously described (28). Briefly, cell lysates were
immunoprecipitated with 2 ug of anti-PCBP2 or isotype con-
trol IgG at 4 °C overnight. The RNA-protein immunocom-
plexes were brought down by protein A/G beads (Sigma) fol-
lowed by RT-PCR analysis.

RNA Electrophoretic Mobility Shift Assay (REMSA)—Recom-
binant proteins were expressed in bacteria BL21 (DE3) and
purified by glutathione-Sepharose beads. RNA probes were
generated and **P-labeled by in vitro transcription using PCR
products containing T7 (GGA TCCTAATACGACTCACTA
TAG GGA @G) promoter and various regions from TAp73a 5’
or 3'-UTR as a template. The primers to amplify various probes
are listed in supplemental Table 1. REMSA were performed as
previously described (29). Briefly, **P-labeled probes were
incubated with recombinant protein in a binding buffer (10 mm
HEPES-KOH at pH 7.5, 90 mMm potassium acetate, 1.5 mM mag-
nesium acetate, 2.5 mm DTT, 40 units of RNase inhibitor) at
25 °C for 30 min. The RNA-protein complexes were resolved on
a 5% acrylamide gel, and radioactive signals were detected by
autoradiography.

Luciferase Assay—Luciferase assay was performed as previ-
ous described (30). Briefly, cells were transfected with 5 ng of
Renilla luciferase vector (pRL-CMV; Promega, Madison, W)
and 250 ng of a pGL3 reporter vector. 24 h post transfection,
luciferase activity was measured by the dual luciferase kit (Pro-
mega) using the Turner Designs luminometer (Turner Designs,
Sunnyvale, CA). Triplicate samples were used, and the relative
luciferase activity is a relative -fold change over the luciferase
activity of pGL3 control vector in control cells.

Isolation of Primary MEFs—PCBP2 heterozygous mice were
generated by University of California, Davis mouse program
with JM8A3.N1 ES cells. To generate PCBP2~/~ MEFs, PCBP2
heterozygous mice were bred, and MEFs were isolated from
13.5-day-old (E13.5) embryos as previously described (31). All
animals used in this study were housed at the Teaching and
Research Animal Care Services (TRACS) Husbandry facilities
at the University of California, Davis. The use of animals and
protocols were approved by the Institutional Animal Care and
Use Commiittee (IACUC) at the University of California, Davis.

Senescence-associated B-Galactosidase (SA-B-gal) Staining—
MEFs at passage 4 were seeded into 6-well plates followed by a
1-day culture and stained for SA-B-gal as previously described
(32).

ROS Measurement—The level of ROS was determined by
using 2',7'-dichlorofluorescin diacetate as previously reported
(33). Briefly, cells were washed with PBS and stained for 15 min
with 20 um 2,7’ -dichlorofluorescin diacetate (Sigma) in Hanks’
balanced salt solution. The cells were trypsinized and then
resuspended in Hanks’ balanced salt solution in a well of a
96-well plate followed by fluorescence measurements using
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FIGURE 1. Knock-out or knockdown of PCBP2 decreased, whereas ectopic expression of PCBP2 increased TAp73 expression. A-D, p53~/~ HCT116 (A),
H1299 (B), Mia-PaCa2 (C), and SW480 (D) cells were transfected with a scrambled (Scr) or PCBP2 (SiPCBP2) siRNA for 3 days, and the level of TAp73«, PCBP2, and
actin was determined by Western blot analysis. The basal levels of TAp73a were arbitrarily set at 1.0, and the -fold change is shown below each lane. E-G, the
levels of TAp73a, PCBP2, and actin were measured in parental and PCBP2-KO p53 '~ HCT116 (E), Mia-PaCa2 (F), and H1299 (G) cells. The basal levels of TAp73a

were arbitrarily set at 1.0, and the fold change is shown below each lane. H-J, PCBP2-KO p53 /'~

HCT116 (H), Mia-PaCaz2 (/), and H1299 (J) cells were transiently

transfected with a control or PCBP2-expressing vector for 24 h, and the levels of PCBP2, TAp73«, and actin were determined by Western blot analysis. The basal
levels of TAp73a were arbitrarily set at 1.0, and the -fold change is shown below each lane.

SpectraMax GeminiXS Fluorometer (Molecular Devices) with
excitation wavelength at 485 nm, emission wavelength at 538
nm, and cutoff at 530 nm. Triplicate samples were used for each
experiment. Relative fluorescent units are the result of reading
fluorescent units minus the background value and then divided
by cell number.

Results

Knock-out or Knockdown of PCBP2 Decreased, Whereas
Ectopic Expression of PCBP2 Increased TAp73 Expression—To
determine whether PCBP2 regulates TAp73 expression, PCBP2
was knocked down by a PCBP2 siRNA in p53 '/~ HCT116 cells
along with a scrambled siRNA as a control. We showed that
upon knockdown of PCBP2, the level of TAp73 protein was
markedly decreased (Fig. 1A). Similar results were found in
H1299, Mia-PaCa2, and SW480 cells (Fig. 1, B-D). To verify
this observation, we generated stable cell lines in which PCBP2
was knocked out by using the CRISPR-cas9 system (24). As
expected, PCBP2 was absent in p53_/_ HCT116, Mia-PaCa2,
and H1299 cells (Fig. 1, E-G). Consistently, we found that the
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levels of TAp73 protein were markedly decreased in PCBP2-
knock-out (PCBP2-KO) cells as compared with that in parental
cells (Fig. 1, E-G). To verify this, a vector expressing PCBP2 was
transiently transfected into PCBP2-KO p53_/ ~ HCT116, Mia-
PaCa2, and H1299 cells along with an empty vector as a control.
We showed that ectopic expression of PCBP2 led to increased
expression of TAp73 in all three cell lines (Fig. 1, H-)).
Together, these data suggest that PCBP2 regulates TAp73
expression.

PCBP2 Regulates TAp73 Expression via mRNA Stability—
RNA-binding proteins are known to regulate their targets
through posttranscriptional mechanisms including mRNA sta-
bility. Thus, to explore how PCBP2 regulates TAp73 expres-
sion, p53_/ ~ HCT116 cells were transfected with a scrambled
or PCBP2 siRNA, and the level of TAp73 transcripts was mea-
sured by qRT-PCR. We found that upon knockdown of PCBP2,
the level of TAp73 transcripts was decreased in p53 /"
HCT116 cells (Fig. 2A). Similarly, the level of TAp73 transcripts
was down-regulated by knockdown of PCBP2 in H1299, Mia-
PaCa2, and SW480 cells (Fig. 2, B—D). Moreover, we found that
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FIGURE 2. The level of p73 transcripts was decreased upon knockdown or knock-out of PCBP2. A-D, p53 "/~ HCT116 (A), H1299 (B), Mia-PaCa2 (C), and
SW480 (D) cells were transiently transfected with a scrambled or PCBP2siRNA for 3 days followed by qRT-PCR to measure the level of PCBP2 and TAp73
transcripts. E-G, the levels of TAp73 transcripts were determined by qRT-PCR in parental and PCBP2-KO p53~/~ HCT116 (E), Mia-PaCa2 (F), and H1299 (G) cells.
H, the levels of p73a and p73 transcripts were determined by RT-PCR in parental and PCBP2-KO H1299 and p53~/~ HCT116 cells. I-J, the levels of TAp73
precursor mRNA were determined by qRT-PCR in parental and PCBP2-KO p53~/~ HCT116 (/) and Mia-PaCa2 (J). All data are presented as the mean + S.D.*, p <

0.05 and **, p < 0.01 by Student’s t test).

knock-out of PCBP2 significantly reduced the level of TAp73
transcripts in p53~/~ HCT116, Mia-PaCa2, and H1299 cells
(Fig. 2, E-G). Additionally, we found that the level of p73« and
p73p transcripts was reduced upon knock-out of PCBP2 (Fig.
2H). In contrast, the level of TAp73 precursor mRNA was
not altered by knock-out of PCBP2 (Fig. 2, I-J), suggesting
that PCBP2 posttranscriptionally regulates TAp73 expression,
likely via mRNA stability.

Next, to examine whether PCBP2 regulates p73 mRNA
decay, the half-life of TAp73 transcripts was determined in
parental and PCBP2-KO p53~/~ HCT116 cells treated with
5,6-dichlorobenzimidazole 1-B-p-ribofuranoside, an inhibitor
of de novo transcription. We showed that the half-life of p73
transcripts was 4.9 h in parental p53~/~ HCT116 cells, which
was reduced to 3.8 h in PCBP2-KO p53~/~ HCT116 cells (Fig.
3A). Consistent with this, we showed that knockdown of
PCBP2 reduced the half-life of p73 transcripts from 6.2 h to
4.5 h in H1299 cells (Fig. 3B). Together, these data suggest that
PCBP2 is necessary for p73 mRNA stability. We note that the
half-life of TAp73 transcripts was moderately longer in H1299
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FIGURE 3. PCBP2 regulated p73 expression via mRNA stability. A, the half-
life of p73 transcripts was decreased by loss of PCBP2. Parental and PCBP2-KO
P53/~ HCT116 cells were treated with 5, 6-dichloro-1-B--ribofuranosyl-
benzimidazole (DRB) for the indicated times. The relative level of TAp73 tran-
scripts was normalized to actin and presented as the mean = S.D. from trip-
licate samples. The relative level of the remaining mRNA was plotted over
time, and the half-life of TAp73 transcript was calculated. B, the experiment
was performed as in A except that H1299 cells were transiently transfected
with scrambled or PCBP2 siRNA for 3 days.

cells (~6.2 h) than that in p53~/~ HCT116 cells (~4.9 h), likely
due to other p73 modulators that are differentially expressed in
these two cell lines.
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FIGURE 4. The CU-rich elementin p73 3’-UTRis bound by PCBP2 and is necessary for p73 mRNA stability. A, SW480 cell lysates were immunoprecipitated
(IP) with a control IgG or anti-PCBP2. TAp73 and actin transcripts in the immunocomplexes were analyzed by RT-PCR using specific primers for TAp73 and actin.
B, schematic presentation of TAp73a transcript and the locations of CU-rich elements and probes used for REMSA. C, PCBP2 did not bind to TAp73 5’-UTR.
REMSA was performed as described under “Materials and Methods” using recombinant GST or GST-fused PCBP2 along with *P-labeled TAp73 5’-UTR probe.
D, PCBP2 binds to p73 3'-UTR. REMSA was performed as in C with >P-labeled RNA probes derived from p73 3’-UTR (fragments A, B, and C). For the competition
assay, 50-fold of unlabeled p21 probe was added to the reaction. RPC indicates RNA-protein complexes. E, left panel, schematic presentation of a control pGL3
reporter or a luciferase reporter containing partial p73 3'-UTR along with or without CU1 deletion. Right panel, SW480 cells was transfected with a scrambled
or PCBP2 siRNA for 2 days and then transfected with a control pGL3 reporter, p73 3'-UTR-A’, or p73 3'-UTR-A’ (ACU1) luciferase reporter for 24 h. The luciferase
assay was performed as described under “Materials and Methods.” Data were presented as the mean = S.D. from triplicate samples (*, p < 0.05 by Student’s t
test). F, parental and PCBP2-KO Mia-PaCa2 were used for luciferase assay as described in E. Data were presented as the mean = S.D. from triplicate samples (**,

p < 0.01 by Student’s t test).

CU-rich Elements in p73 3'-UTR Are Bound by PCBP2 and
Are Necessary for p73 mRNA Stability—To explore the mecha-
nism by which PCBP2 stabilizes p73 mRNA, RNA immunopre-
cipitation followed by RT-PCR was performed to determine
whether PCBP2 associates with p73 transcripts. We found that
in SW480 cells, TAp73 mRNA was detected in the PCBP2-, but
not in control IgG-, immunocomplexes (Fig. 44, TAp73 panel),
suggesting that PCBP2 is associated with p73 transcripts. As a
control, actin mRNA was not detected in anti-PCBP2 immuno-
complexes (Fig. 44, actin panel). Because PCBP2-binding sites
are CU-rich (34), we searched for potential CU-rich elements in
p73 transcript. Indeed, several CU-rich elements were found in
the 3'-UTR of p73 mRNA (Fig. 4B). Next, to map the PCBP2-
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binding site(s), REMSA was performed with radiolabeled RNA
probes derived from p73 5'-UTR and 3'-UTR (fragment A, B,
and C) (Fig. 4B). We found that PCBP2 was unable to bind to
p73 5'-UTR (Fig. 4C). However, recombinant GST-tagged
PCBP2, but not GST protein, formed a complex with probe A,
B, and C, with probe A exhibiting the strongest binding affinity
(Fig. 4D, lanes 2, 5, and 8). Moreover, the binding of PCBP2
with probes A-C was inhibited by adding cold p21 probe (Fig.
4D, lanes 3, 6, and 9). We note that p21 3'-UTR contains a
known PCBP2-binding site (13).

As probe A exhibits a strong affinity to PCBP2 (Fig. 4D), we
therefore sought to examine whether the first CU-rich element
(CU1) in fragment A is responsive to PCBP2 in vivo. In this

JOURNAL OF BIOLOGICAL CHEMISTRY 9633
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regard, we utilized two luciferase reporters that were previously
generated (26). The first luciferase reporter, called p73 3’-UTR-
A’, had an intact CU1, whereas the second luciferase reporter,
called p73 3'-UTR-A’ (ACU1), did not contain CU1 (Fig. 4E,
left panel). Next, SW480 cells were transfected with a scram-
bled siRNA (Scr) or a siRNA against PCBP2 for 2 days followed
by transfection with a control pGL3 vector, p73 3'-UTR-A’, or
p733’-UTR-A’ (ACU1). We showed that the luciferase activity
for p73 3’-UTR-A’ was markedly reduced in PCBP2-KD cells
from that in PCBP2-competent cells (Fig. 4E, right panel). By
contrast, the luciferase activity for pGL3 and p73 3'-UTR-A’
(ACU1) was not decreased by PCBP2 knockdown (Fig. 4E, right
panel). Similarly, we showed that the luciferase activity for p73
3’-UTR-A' was markedly decreased by knock-out of PCBP2 in
Mia-PaCaz2 cells (Fig. 4F). Together, these data suggest that the
CU-rich element in p73 3’-UTR is critical for PCBP2 to regulate
p73 mRNA stability. We note that in PCBP2™/~ Mia-PaCa2
cells the level of luciferase activity for p73 3'-UTR-A’ was
slightly higher than that for p73 3'-UTR-A’ (ACU1) (Fig. 4F),
suggesting that another p73 modulator(s) may play a role in p73
expression.

PCBP2 Regulates ROS Production via TAp73 and Its Target
Glutaminase-2 (GLS2)—TAp73 is known to regulate intracel-
lular ROS production (4), a crucial factor for both cancer and
aging (35). Thus, to determine the biological significance of
PCBP2-mediated p73 expression, ROS production was mea-
sured in parental and PCBP2-KO H1299 and Mia-PaCaz2 cells.
We found that upon knock-out of PCBP2, the level of ROS was
increased in both H1299 and Mia-PaCa2 cells (Fig. 5, A and B).
Conversely, ectopic expression of PCBP2 reduced the level of
ROS in PCBP2-KO H1299 cells (Fig. 5C). Next, we examined
whether increased ROS production induced by lack of PCBP2
can be reduced by TAp73. We found that upon ectopic expres-
sion of TAp73«a (Fig. 5D, left panel), ROS accumulation
induced by loss of PCBP2 was suppressed (Fig. 5D, right panel).
To verify this, ROS production was determined in parental and
TAp73-KO H1299 cells along with or without PCBP2 knock-
down. We showed that knockdown of PCBP2 increased ROS
production in parental H1299 cells (Fig. 5E). However, knock-
down of PCBP2 was unable to further increase ROS production
in the absence of TAp73 (Fig. 5E). Together, these data suggest
that loss of PCBP2 leads to decreased expression of TAp73 and,
subsequently, increased production of ROS.

GLS2, a p53 target gene, is found to play a role in antioxidant
defense by increasing reduced glutathione and by decreasing
ROS production (36). Recent studies also showed that GLS2 is
regulated by TAp73 and involved in TAp73-mediated ROS
production (37). Thus, we examined whether GLS2 expression
is altered by PCBP2. To rule out the potential interference of
p53, p53-null H1299 cells were used. We found that upon
knock-out of PCBP2 in H1299 cells, GLS2 expression was sig-
nificantly decreased (Fig. 5F). Consistent with this, we showed
that ectopic expression of PCBP2 led to increased expression of
GLS2 in H1299 cells (Fig. 5G). Together, these data suggest that
PCBP2 modulates ROS production via TAp73 and its target,
GLS2.
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FIGURE 5. PCBP2 regulates ROS production via TAp73 and its target GLS2. A
and B, the level of ROS was measured in parental and PCBP2-KO H1299 (A) and
Mia-PaCa2 (B) cells by 2’,7'-dichlorofluorescin diacetate (DCF) staining using a
microplate reader. Relative fluorescence units are calculated by subtracting the
background value and then divided by cell number. Data were presented as the
mean = S.D.from triplicate samples (**, p < 0.01 by Student's t test). C, the level of
ROS was determined in PCBP2-KO H1299 cells transiently transfected with a con-
trol or PCBP2-expressing vector. D, ectopic expression of TAp73a reduced ROS
production induced by loss of PCBP2. Left panel, the levels of TAp73a, PCBP2, and
actin were determined in parental H1229 cells and PCBP2-KO H1299 cells tran-
siently transfected with a control or TAp73a-expressing vector. Right panel, the
level of ROS was measured using cells treated as in the left panel. Data are pre-
sented as the mean = S.D. from triplicate samples (, *p < 0.05 and **, p < 0.01 by
Student’s t test). E, PCBP2 was unable to regulate ROS production in the absence
of TAp73. Left panel, the levels of TAp73¢, PCBP2, and actin were determined in
parental and TAp73-KO H1299 cells transiently transfected with a scrambled or
PCBP2 siRNA for 3 days. Right panel, the level of ROS was measured using cells
treated as in the left panel. Data are presented as the mean = S.D. from triplicate
samples (**, p < 0.01 by Student’s t test). F, the level of GLS2 transcripts was
determined by gRT-PCR in parental and PCBP2-KO H1299 cells. Data are pre-
sented asthe mean =+ S.D.from triplicate samples (**,p < 0.01 by Student’s t test).
G, the level of GLS2 transcripts was determined in PCBP2-KO H1299 cells tran-
siently transfected with a control or PCBP2-expressing vector. Data are presented
asthemean = S.D.from triplicate samples (*, p < 0.5 and **, p < 0.01 by Student’s
ttest).
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Loss of PCBP2 Leads to ROS Accumulation and Accelerated
Cellular Senescence in Primary MEFs—Aberrant production of
ROS is associated with accelerated cellular senescence (38).
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Thus, we sought to determine whether PCBP2-mediated ROS
production has any effect on cellular senescence in primary
MEFs. In this regard, we generated wild-type and PCBP2~ '~
MEFs by intercrossing PCBP2"'~ mice (Fig. 6A4). We showed
that the level of TAp73 transcript was decreased in PCBP2~/~
MEFs as compared with that in WT MEFs (Fig. 6B), consistent
with the data obtained in human cells (Fig. 2). We also showed
that loss of PCBP2 led to increased production of ROS in MEFs
(Fig. 6C). Moreover, we found that loss of PCBP2 led to
decreased expression of GLS2 in MEFs (Fig. 6D). Next, SA-3-
gal staining assay was performed to measure the effect of
PCBP2-deficiency on cellular senescence. We found that the
number of cells stained positive with SA-B-gal was markedly
increased in PCBP2~"~ MEFs as compared with that in wild-
type MEFs (Fig. 6E). Together, these data suggest that loss of
PCBP2 leads to an increase in ROS production and possibly,
cellular senescence.

Discussion

Due to its critical role in tumor suppression and neuronal
development, p73 has been subjected to extensive investiga-
tion. However, very little is known about how p73 expression is
controlled by RNA-binding proteins at the posttranscriptional
level. In the current study we showed that TAp73 expression is
regulated by PCBP2 RNA-binding protein via mRNA stability.
We also showed that PCBP2-regulated TAp73 expression is
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critical for controlling ROS production at least in part via GLS2,
a p73 target. Furthermore, we showed that loss of PCBP2 leads
to decreased TAp73 expression in MEFs, which is accompanied
by ROS accumulation and accelerated cellular senescence.
Based on these findings, a model was proposed and presented in
Fig. 6F.

In our study we showed that PCBP2 regulates p73 expression
via mRNA stability. However, it is still not clear how PCBP2
stabilizes p73 mRNA. It is possible that PCBP2 might facilitate
the transportation of p73 mRNA from nucleus to cytosol
wherein protein is translated. Additionally, PCBP2 might pro-
tect p73 transcripts from degradation by cytoplasmic mRNA
degradation complex. Therefore, further studies are warranted
to address these questions.

To date, only a few RNA-binding proteins are found to reg-
ulate p73 expression. In addition to PCPB2 (this study), p73
expression is found to be regulated by Rbm38 RNA-binding
protein via mRNA stability (26). Interestingly, Rbm38 also
binds to the CU-rich elements in p73 3’-UTR (26). Apart from
RNA-binding proteins, TAp73 expression is found to be
repressed by miR-193 (39). Additionally, p73 is involved in
microRNA-processing (40) and regulates several microRNAs
including microRNA-34a (41). Therefore, it will be interesting
to determine whether PCBP2 can collaborate or antagonize
with other RNA-binding proteins or microRNAs to regulate
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p73 expression and how these regulations affect p73 biological
function.

We showed that PCBP2 modulates ROS production via
GLS2 in a TAp73-dependent manner (Figs. 5, D-G, and 6D).
We also showed that loss of PCBP2 in primary MEFs led to
increased production of ROS and accelerated cellular senes-
cence (Fig. 6E). Together, these data suggest that PCBP2-regu-
lated TAp73 expression is critical for proper production of ROS
and normal cell proliferation. However, several questions
remain to be addressed. First, PCBP2 regulates iron homeosta-
sis, which is also known to be associated with cellular senes-
cence (42). Thus, it is possible that PCBP2 can regulate cellular
senescence independent of p73. Second, we note that the
increased ROS production and cellular senescence are con-
served between PCBP2~ '~ (this study) and TAp73 '~ MEFs
(4). Thus, it will be interesting to determine whether PCBP2
regulates p73-dependent activity in vivo by using PCBP2 and
p73 compound mice. Third, in addition to GLS2, several other
p73 targets, including glucose-6-phosphate dehydrogenase
(43) and cytochrome c oxidase subunit 4 (Cox4il) (4), are found
to regulate ROS production and cellular senescence. Fourth, in
addition to p73, PCBP2 may regulate p53 and p63, two other
p53 family members. Thus, it will be interesting to determine
whether PCBP2 regulates other p53 family members along with
glucose-6-phosphate dehydrogenase and cytochrome c oxidase
subunit 4 and how these regulations affect the activities of the
p53 family tumor suppressors. Addressing these questions may
unravel a cross-talk between the p53 family and PCBP family,
which may be helpful for the development of novel strategy for
cancer management.

Author Contributions—C. R., . Z., W.Y., and Y. Z. performed the
experiments. C. R, J. Z., and X. C designed the experiments, ana-
lyzed the data, and wrote the manuscript.
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