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Abstract. ����������������������������������������������������pp32 is a tumor suppressor and is one of the associ-
ated proteins of the RNA-binding protein HuR. The pp32-HuR 
complex is exported to the cytoplasm of cells under stress 
conditions, and HuR is degraded by caspases in the cytoplasm. 
In the present study, we examined the role of pp32r1, a member 
of the pp32 family that has oncogenic properties, in the decay 
of HuR. pp32r1 was found to be abundantly expressed in cancer 
cells, and overexpression of pp32r1 induced colony forma-
tion in soft-agar. pp32r1 was expressed in both the nucleus 
and cytoplasm, whereas pp32 was predominantly localized 
in the nucleus. Even with lethal stress such as staurosporine 
(STS), HuR in the cytoplasm was never downregulated, and 
caspase-3 activity was inhibited when cells expressed pp32r1. 
pp32r1 bound to HuR without interacting with pp32. In cancer 
cells, HuR survived in the cytoplasm of cells overexpressing 
pp32r1, although HuR was not expressed in the cytoplasm 
of pp32-expressing cells, similar to lethal stress conditions. 
Taken together, these results indicate that pp32r1 binds to HuR 
to avoid the caspase-mediated decay of HuR in the cytoplasm 
of cells. We suggest that this function contributes to the onco-
genic activity of pp32r1.

Introduction

pp32 (ANP32A) consists of N-terminal leucine-rich repeats 
(LRR) and a C-terminal acidic domain  (1,2). pp32r1 
(ANP32C) and pp32r2 (ANP32D) are members of the pp32 
family, and genes of this family are located on different 
chromosomes from that of the pp32 gene (3). Although pp32 
has been reported to suppress cellular transformation induced 
by multiple oncogenes (2), pp32r1 and pp32r2 are the cause 

of prostate and breast adenocarcinoma, can transform rodent 
cells, and produce tumors in nude mice (3,4). pp32 has been 
shown to enhance apoptotic activity through the stimulation 
of caspase, which is thought to be required for the tumor 
suppressive activity of pp32 (5). In cancer cells, phosphory-
lated retinoblastoma protein forms a complex with pp32 to 
inhibit pp32-mediated apoptosis, whereas pp32r1 and pp32r2 
fail to interact with retinoblastoma protein (6). However, the 
oncogenic mechanism mediated by pp32r1 and pp32r2 is not 
fully understood.

pp32 binds to many important proteins such as ataxin-1 (7), 
Granzyme  A  (8), the phosphorylated form of Rb  (6) and 
HuR (9) to modulate their functions. pp32 is involved in the 
stabilization of the AU-rich element (ARE) containing mRNA 
through interaction with the RNA-binding protein HuR (9,10). 
HuR is a member of the embryonic lethal abnormal vision 
(ELAV) family of RNA-binding proteins (11). It can shuttle 
between the nucleus and the cytoplasm, and the stabiliza-
tion of ARE-mRNA by HuR is believed to be linked to its 
localization in the cytoplasm (12,13). HuR is abundant in the 
cytoplasm in many types of cancer cells, and cytoplasmic HuR 
expression has been implicated in the malignancy of several 
types of carcinomas such as colon cancers (14,15).

In a previous study, we identified pp32 as an associ-
ated protein of the adenovirus oncogene product E4orf6. It 
became clear that E4orf6 exported ARE-mRNA from the 
nucleus to the cytoplasm of cells by interacting with pp32 
and HuR protein (16). Moreover, we elucidated that stabilized 
ARE-mRNA such as c-fos and c-myc mRNA can contribute 
to the transformation of cells (17). Cytoplasmic expression of 
HuR and ARE-mRNA was also abundant in oral cancer cells, 
which are not caused by virus genes (18), and HuR knock-
down downregulated a malignant phenotype such as the 
invasive activity of oral cancer cells (19). Since ARE-mRNA 
was found to be exported and stabilized in numerous cancer 
cells as well (13), the export and stabilization of ARE-mRNA 
are thought to be general oncogenic mechanisms. To under-
stand the mechanism by which cytoplasmic HuR expression 
is upregulated in cancer cells, we focused on HuR decay 
mediated by the pp32 family.

It has been shown that when the HuR-pp32 complex is 
exported to the cytoplasm by lethal stress such as stauro-
sporine (STS), HuR is cleaved by caspase-3 and -7, and the 
released pp32 activates apoptosomes to induce the apoptosis 
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of cells (20). However, no evidence concerning the effects 
of pp32r1 on HuR regulation has been shown. In this study, 
we examined the effect of pp32r1 on HuR degradation. The 
expression of pp32r1 in cancer cells was higher than that in 
normal cells. Unlike pp32, pp32r1 was localized to the cyto-
plasm of cells. pp32r1 inhibited the cleavage of HuR in cells 
treated with lethal stress. pp32r1 bound to HuR, and HuR 
survived in the cytoplasm of cancer cells when they expressed 
pp32r1. These findings suggest that pp32r1 binds to HuR to 
control its decay, and the survival of HuR contributes to the 
transformation of cells.

Materials and methods

Cell culture, transfection, stress treatment and cell fraction-
ation. HEK293 (human embryonic kidney cells transformed 
by the adenovirus E1 gene), SAS (oral cancer), HeLa (cervical 
cancer), HT1080 (fibrosarcoma), MRC5 (human lung fibro-
blast), HGF (human gingival fibroblast) and BJ (human 
foreskin fibroblast) cell lines were obtained from the American 
Type Culture Collection (ATCC; Manassas, VA, USA) and 
were cultured at 37˚C and 5% CO2 atmosphere in Dulbecco's 
modified Eagle's medium (DMEM; Sigma) containing 
10% fetal bovine serum (FBS) (HyClone) with antibiotics 
(Sigma). Cells were transfected with pcDNA3-FLAG-pp32, 
pCMV2-FLAG-pp32r1 and each empty plasmid (pcDNA3 
and pCMV2-FLAG) using Hilymax (Dojindo) according to 
the manufacturer's protocol. For the lethal stress experiments, 
cells were treated with 1 µM staurosporine (Sigma). In order 
to separate cells into cytoplasmic and nuclear fractions, cells 
were resuspended in a fractionating buffer (10 mM Tris-HCl, 
pH 7.6, 150 mM NaCl, 1.5 mM MgCl2, 0.5% Nonidet P-40, 
protease inhibitor cocktail), followed by vigorous shaking for 
5 min and centrifugation at 12,000 rpm for 30 sec as previously 
described (21). The supernatant was used as the cytoplasmic 
fraction. To estimate the accuracy of cell fractionation, cyto-
plasmic (γ-tubulin) and nuclear (hnRNP A1) proteins were 
detected by western blotting.

Protein analysis. Western blotting was performed as previ-
ously described  (22). Antibodies used in this study were 
specific to HuR, pp32, caspase-3, hnRNP A1 (Santa Cruz), 
and pp32r1, β-actin, γ-tubulin (Sigma). The secondary anti-
body was horseradish peroxidase-conjugated IgG (Jackson 
ImmunoResearch Laboratories). Immunoprecipitation was 
performed as previously described (23). SAS cells were lysed 
in RIPA buffer [25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 
1% NP-40, 1% sodium deoxycholate, 0.1% SDS] and proteins 
were immunoprecipitated using anti-pp32 and anti-pp32r1 
antibodies.

Immunofluorescence. pp32- and pp32r1-expressing cells 
plated on coverslips in 35-mm dishes were fixed with 4% 
paraformaldehyde, permeabilized with 0.5% Triton X-100 
(Sigma), and incubated with antibodies as follows: mouse 
monoclonal anti-HuR antibody, goat monoclonal anti-pp32 
antibody, rabbit monoclonal anti-pp32r1 antibody. FITC-
conjugated anti-mouse, rhodamine-conjugated anti-goat or 
anti-rabbit antibodies were used as secondary antibody. Cells 
were observed using an IX71 inverted microscope (Olympus).

Soft-agar colony formation assay. pp32-overexpressing or 
pp32r1-overexpressing cells (3x104) were plated per 60-mm 
culture dish in 3 ml of DMEM containing 10% FBS and 0.36% 
agar on a layer of 5 ml of the same medium containing 0.75% 
agar. Three weeks after plating, the colonies were stained with 
0.04% crystal violet-2% ethanol in PBS.

Results

Expression, localization and function of pp32r1 in cancer 
cells. Since it has been demonstrated that pp32r1 can trans-
form cells and that expression of pp32r1 and pp32r2 has 
been observed in breast and prostate cancer tissues but not 
in benign tissues (3,4), we determined the expression of the 
pp32r1 protein in several cancer cell lines: HEK293 (human 
embryonic kidney cells transformed by the adenovirus E1 
gene), SAS (oral cancer), HeLa (cervical cancer), and HT1080 
(fibrosarcoma). As shown in Fig. 1A, pp32r1 was expressed in 
these cancer cells, whereas only slight expression was evident 
in the normal MRC5 (human lung fibroblast), HGF (human 
gingival fibroblast) and BJ (human foreskin fibroblast) cells. 
In contrast, there was only slight difference in pp32 expres-
sion between the cancer cells and the normal cells except HGF 
cells.

To observe the localization of pp32r1, we used an antibody 
for pp32r1; however, endogenous pp32r1 slightly reacted with 
it. We then transfected FLAG-tagged pp32 or pp32r1 into SAS 
oral cancer cells, and the localization of each protein was 
observed by immunofluorescence using the same antibody. 
pp32 was mainly expressed in the nucleus, while pp32r1 was 
localized in the cytoplasm, although it existed both in the 
nucleus and cytoplasm (Fig. 1B). These results indicate that 
pp32r1 is abundantly expressed in the cancer cells and is local-
ized in the cytoplasm of the cells.

As pp32r1-induced transformed cells produced tumors 
in nude mice (3), we examined the anchorage-independent 
growth activity of pp32r1-expressing cancer cells by the soft-
agar colony formation assay. A FLAG-tagged pp32 or pp32r1 
expression construct was introduced into HeLa cells that were 
then cultured in soft-agar. Numerous colonies were formed 
by cells with the control plasmid. Cells expressing pp32 were 
unable to form colonies relative to the control cells, while 
pp32r1-expressing cells formed large colonies in the soft-agar 
(Fig. 1C). These results suggest that pp32r1 enhanced the 
anchorage-independent growth activity of HeLa cells. Taken 
together these results indicate that pp32 and pp32r1 have 
totally different properties.

HuR decay in pp32r1-expressing cells upon a lethal stress 
condition. Upon a lethal stress condition such as stauro-
sporine (STS), HuR and pp32 translocate together to the 
cytoplasm, and HuR is cleaved into HuR-CP1 and -CP2 
by activated caspase-3 and -7. The released pp32 activates 
apoptosomes to induce the apoptosis of cells (20). In order 
to understand the effect of pp32r1 on the cleavage of HuR, 
SAS cells were transfected with a FLAG-pp32 or FLAG-
pp32r1 expression vector and cells were treated with STS. 
The decay and localization of HuR and expression of pp32 
and pp32r1 were observed. In the pp32-expressing cells, 
HuR was localized only in the nucleus, whereas HuR was 
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Figure 1. Characterization of pp32 and pp32r1. (A) Expression of pp32, pp32r1 and HuR was examined by western blotting as described (22) using cancer cell 
lines HEK293, SAS, HeLa, HT1080 and normal cell lines MRC5, HGF and BJ. β-actin expression is also indicated. (B) Localization of pp32r1 and pp32r1. The 
expression constructs pcDNA3-FLAG-pp32 and pCMV2-FLAG-pp32r1 were transfected into SAS cells. Cells were incubated with anti-pp32 or anti-pp32r1 
antibody followed by FITC-conjugated secondary antibody. DAPI-stained nuclei are shown. (C) The anchorage-independent growth of FLAG-pp32- or FLAG-
pp32r1-expressing HeLa cells was estimated by a soft-agar colony formation assay. The expression of pp32, pp32r1 and HuR was confirmed by western blotting 
(left). These cells were plated in soft-agar, and colonies were stained with crystal violet three weeks after plating (right).

Figure 2. pp32r1 does not allow the cleavage of HuR in the cytoplasm upon a lethal stress condition. (A) FLAG-pp32 and FLAG-pp32r1 were introduced into 
SAS cells, and cells were treated with 1 µm staurosporine (STS). The localization of HuR, pp32 and pp32r1 was observed as described in Fig. 1B. DAPI-stained 
nuclei are shown. Arrowheads indicate pp32- and pp32r1-expressing cells. (B) FLAG-pp32, FLAG-pp32r1 and their empty vectors (pcDNA3 and pCMV2-
FLAG) were transfected into SAS cells, and the expression of HuR-CP1 in each cell line was analyzed by western blotting after treatment with STS. pp32r1, 
pp32 and β-actin expression is also indicated. (C) To examine the cleavage of caspase-3, the same transfected cells were treated with STS, and expression of 
pp32r1, pp32, HuR, caspase-3 and β-actin was analyzed using western blotting.
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expressed throughout the cytoplasm of cells expressing 
pp32r1 (Fig. 2A; arrowheads).

We analyzed the cleaved HuR fragment HuR-CP1 
expressed in the same cells using western blot analysis. As 
shown in Fig. 2B, the amount of HuR-CP1 in pp32r1-expressing 
cells was decreased compared to that of pp32 expressing cells. 
These results indicate that HuR cleavage in the cytoplasm of 
cells under a stress condition was inhibited by the expression 
of pp32r1.

In a previous study, pp32 was found to activate apopto-
some-mediated caspase in the cytoplasm to induce apoptosis, 
while pp32r1 did not (5). To confirm caspase activity in cells 
expressing pp32r1, we examined the cleavage of caspase-3 
in SAS cells bearing pp32 or pp32r1 plasmids. When a pp32 
expression vector was transfected into cells, cleaved caspase-3 
was increased by STS stimulation. However, the band declined 
with pp32r1 expression when compared to cells with the 

control empty vector even when cells were treated with STS 
(Fig. 2C). These results indicate that pp32r1 failed to activate 
caspase in STS-treated cells, which is the reason why HuR 
protein survived in the cytoplasm of the cancer cells.

pp32r1 binds to HuR. Since pp32 is known to be an associated 
protein of HuR (9), we examined whether or not pp32r1 binds 
to HuR. To examine the endogenous interactions of these 
proteins, the lysate of SAS cells was immunoprecipitated with 
the antibody for pp32r1, followed by western blotting with the 
anti-HuR antibody. As the HuR band appeared in samples of 
pp32r1 immunoprecipitation, HuR was co-precipitated with 
pp32r1 (Fig. 3A). To eliminate the possibility that pp32r1 
indirectly binds to HuR mediated by pp32, we examined the 
binding of pp32r1 with pp32. pp32 was not co-precipitated 
with pp32r1 (Fig. 3B), indicating that pp32r1 was not able to 
bind to pp32. These results indicate that pp32r1 interacts with 

Figure 3. Binding property of pp32r1 to HuR. (A) Interaction between endogenous pp32r1 and HuR. SAS cells were lysed in RIPA buffer, and immuno
precipitation was performed using an antibody for pp32r1. Co-precipitated HuR was analyzed by western blotting. (B) To examine the interaction between 
pp32 and pp32r1, the SAS cell lysate was immunoprecipitated with an anti-pp32 or anti-pp32r1 antibody, followed by western blotting using the antibody for 
pp32.

Figure 4. pp32r1 inhibits cleavage of HuR in the cytoplasm of cancer cells. (A) Regulation of HuR cleavage mediated by the pp32 family. FLAG-pp32 and 
FLAG-pp32r1 expression constructs were introduced into SAS cells, and the amount of HuR in the nucleus and cytoplasm of these cells was estimated by 
immunofluorescence analysis as indicated in Fig. 2A. (B) The same cells were separated into the nuclear and cytoplasmic fractions, and HuR cleavage in the 
cytoplasm was estimated by western blotting. To estimate the accuracy of cell fractionation, the cytoplasmic protein γ-tubulin and nuclear protein hnRNP A1 
were detected. C and N indicate cytoplasmic and nuclear fractions, respectively.
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HuR similar to the case of pp32 and that binding is not medi-
ated by pp32.

HuR is not degraded in cancer cells expressing pp32r1. As 
shown in previous studies (3,4) and in Fig. 1A, the expression 
level of pp32r1 in cancer cells is generally higher than that 
of normal cells. Furthermore, as pp32r1 was found to bind to 
HuR (Fig. 3A), HuR was hypothesized to bind predominantly 
to pp32r1 in cancer cells which inhibits the cleavage of HuR 
similar to that of the stress condition (Fig. 2). To confirm this 
hypothesis, we observed HuR cleavage mediated by pp32 
and pp32r1 in cancer cells. FLAG-pp32 or FLAG-pp32r1 
expression constructs were introduced into SAS cells, and the 
amount of HuR in the nucleus and cytoplasm of these cells 
was observed. pp32 expression diminished the expression of 
HuR in the cytoplasm of SAS cells relative to that in the non-
transfected control cells. In contrast, HuR existed throughout 
the cytoplasm of cells expressing pp32r1 similar to the case of 
the control cells (Fig. 4A). HuR decay in the cytoplasm was 
then estimated by western blotting. As shown in Fig. 4B, the 
amount of HuR in the cytoplasm of pp32-expressing SAS cells 
was obviously less than cytoplasmic HuR expressed in cells 
with pp32r1. These results suggest that HuR is stabilized in the 
cytoplasm of cancer cells when they express pp32r1.

Discussion

In the present study, we compared several properties of pp32 
and pp32r1. pp32r1 was abundantly expressed in cancer cells 
whereas its expression was extremely low in normal cells. In 
contrast, there was only slight difference in pp32 expression. 
pp32r1 was expressed in the cytoplasm and nucleus of cancer 
cells, but pp32 existed only in the nucleus. pp32r1 enhanced 
the anchorage-independent growth properties of cancer cells, 
whereas pp32 inhibited this ability. pp32 induced the cleavage 
of HuR in the cytoplasm of cells in a lethal stress condi-
tion; however, pp32r1 did not induce it. We confirmed that 
the binding of pp32r1 with HuR was not mediated by pp32. 
Additionally, in cancer cells, HuR survived in the cytoplasm of 
cells expressing pp32r1. Taken together, these findings suggest 
that when pp32r1 is as abundant in cells as it is in cancer cells, 
pp32r1 will preferentially associate with HuR and the cyto-
plasmic expression of HuR may increase through attenuation 
of caspase-mediated decay.

In a previous study, pp32 was shown to induce apoptosis 
through the stimulation of Apaf-1-mediated caspase activity. 
This activity was thought to be required for the tumor 
suppressive activity of pp32  (5). pp32r1 did not stimulate 
caspase activity as confirmed in the present study (Fig. 2C). 
Furthermore, pp32r1 was not able to inhibit the caspase 
activity of pp32 as caspase activity was not attenuated by 
adding pp32r1 in an in vitro caspase assay (5). These find-
ings indicate that pp32r1 failed to antagonize the apoptotic 
activity of pp32 by a competitive manner and that the onco-
genic activity of pp32r1 is not implicated in the anti-apoptotic 
activity. Although pp32r1 and its mutant have been shown to 
dysregulate the cell cycle (24), the molecular mechanism of the 
oncogenic activity of pp32r1 remains unclear. In the present 
study, we demonstrated that pp32r1 directly bound to HuR and 
the cleavage of HuR was inhibited in the cytoplasm of cancer 

cells where pp32r1 expression was abundantly. We propose 
that our findings provide one of the explanations for the 
oncogenic mechanism of pp32r1. Moreover, these data suggest 
that pp32r1 does not compete with pp32 in cells undergoing 
apoptosis, but compete with it for HuR stabilization.

We reported that the level of HuR expression was upregu-
lated in the cytoplasm of several types of cancer cells such as 
oral cancer (18) and viral-mediated transformed cancer (16). 
Furthermore, the cytoplasmic expression of HuR is evident 
in a number of human cancers and has been implicated in 
the malignancy of these carcinomas (13,18). In such cancer 
cells, several ARE-mRNAs were stabilized in synchrony 
with cytoplasmic HuR protein levels since HuR binds to ARE 
and is able to stabilize ARE-mRNA. Although we have no 
evidence to indicate the relationship between HuR and pp32r1 
in such cancer cells, we suggest that pp32r1 inhibits the decay 
of HuR in the cytoplasm of these cells and that HuR stabilizes 
ARE-mRNA to exert its oncogenic activity.
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