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Introduction

Zhangfei/CREBZF/SMILE was first discovered as a binding 
partner for host cell factor (HCF), a co-activator of the herpes 
simplex virion transcription factor VP16.1 The primary struc-
ture of the protein contains a leucine zipper, a basic region that 
lacks an asparagine residue conserved in most bLZip proteins, 
3 potential nuclear factor binding domains (LLXXLL, where L 
is a leucine residue and X is any amino acid), and a domain for 
binding HCF. Zhangfei interacts with several proteins, possibly 
through its nuclear receptor and HCF binding domains as well 
as its leucine zipper. While Zhangfei can activate gene expres-
sion through factors such as p532 and ATF4,3 it suppresses the 

activity of a number of transcription factors, which includes 
nuclear receptors,4-6 bLZip containing proteins such as CREBH,7  
Luman/CREB3,8 Xbp1, and SMAD 1,5,8,9 and the HCF-
binding VP16.10 Zhangfei also has a profoundly suppressive 
effect on the unfolded protein response (UPR), at least partly 
because it targets Xbp1s, an important UPR mediator, for pro-
teasomal degradation.11

We have detected Zhangfei protein in differentiated neurons, 
but not in developing neurons or cells of neuronal tumors,10 nor 
in osteosarcoma cell lines. The ectopic expression of Zhangfei in 
several tumor cells lines derived from medulloblastomas (ONS-
76, UW22812) and osteosarcomas (D-1713) causes the cells to 
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Zhangfei/CREBZF, a basic region-leucine zipper (bLZip) transcription factor, is a potent suppressor of growth and the 
unfolded protein response (UPR) in some cancer cell lines, including the canine osteosarcoma cell line, D-17. However, the 
effects of Zhangfei are not universal, and it has no obvious effects on untransformed cells and some cancer cell lines, sug-
gesting that Zhangfei may act through an intermediary that is either not induced or is defective in cells that it does not 
affect. Here we identify the tumor suppressor protein p53 as this intermediary. We show the following: in cells ectopically 
expressing Zhangfei, the protein stabilizes p53 and co-localizes with it in cellular nuclei; the bLZip domain of Zhangfei is 
required for its profound effects on cell growth and interaction with p53. Suppression of p53 by siRNA at least partially 
inhibits the effects of Zhangfei on the UPR and cell growth. The effects of Zhangfei on D-17 cells is mirrored by its effects 
on the p53-expressing human osteosarcoma cell line U2OS, while Zhangfei has no effect on the p53-null osteosarcoma 
cell line MG63. In U2OS cells, Zhangfei displaces the E3 ubiquitin ligase mouse double minute homolog 2 (Mdm2) from its 
association with p53, suggesting a mechanism for the effects of Zhangfei on p53.
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stop growing and display markers of apoptosis. However, the 
suppressive effect of Zhangfei on the growth of cells is not uni-
versal. While the protein has a profound effect on some cells, it 
has no effect on others, such as MRC5 fibroblasts.12 This suggests 
that Zhangfei may act through an intermediary that is either not 
induced or is defective in cells that it does not affect. The objective 
of this study was to identify such an intermediary and to deter-
mine how Zhangfei exerted its effect. Herein, we identified that 
Zhangfei suppressed cell growth and the UPR in osteosarcoma 
cells through direct interaction with tumor suppressor protein 
p53. We demonstrated that Zhangfei stabilized p53 and pro-
moted its nuclear retention by displacing the E3 ubiquitin ligase, 
Mdm2. Overall, our findings reveal a novel mechanism by which 
Zhangfei may inhibit tumor growth and metastasis. This may 
provide an alternative modality for the therapy of certain types 
of osteosarcoma, and perhaps other tumors with functional p53.

Results

Leucine zipper is required for the suppressive effects of 
Zhangfei on both cell growth and UPR

We have previously shown that Zhangfei has a profound 
effect on the growth and the induction of the UPR in the canine 
osteosarcoma cell line, D-17.13 We have also shown that Zhangfei 
requires its leucine zipper to suppress the UPR in some cells.11 To 
better characterize the molecular mechanism by which Zhangfei 
suppresses the growth of these cells, we attempted to generate 
clones of D-17 cells in which Zhangfei could be induced. Six 
clones that produced stable and detectable Zhangfei only in the 
presence of the inducer, doxycycline (Fig. 1A shows evidence from 
representative clones) were analyzed further. While the original 
D-17 cells responded to the ectopic expression of Zhangfei by 
complete cessation of growth (Fig.  1B, compare cells infected 
with adenovirus vectors expressing either Zhangfei [Adeno-ZF] 
or the control protein β-galactosidase [Adeno-LacZ] and mock-
infected cells [MI]) the induction of Zhangfei had little or no 
effect on most of the clones (Fig.  1B, clones 4, 9, 11, 12, and 
16). The induction of Zhangfei had a partial effect on growth 
on clone 15. We next amplified the complete coding sequences 
for Zhangfei by PCR from RNA purified from the induced 
cell clones as well as from pTRE-tightZF (the plasmid used to 
develop the doxycycline-inducible clones) and determined the 
nucleotide sequence of the products. While the derived amino 
acid sequence of the leucine zipper (LZip) region from pTRE-
TightZF was identical to the published sequence, one or more 
leucines from the LZip regions of all clones had been replaced 
with other amino acids (Fig. 1C, bold). No other changes were 
observed in the entire Zhangfei coding sequences, suggesting that 
the leucine mutations were not random changes. To determine if 
the Zhangfei mutants retained the ability to suppress the UPR, 
we induced the UPR in the mutant cell clones with thapsigar-
gin, with and without doxycycline, and compared stable levels of 
transcripts for 4 UPR-related genes: Xbp1s, HERP, CHOP, and 
GRP78. As controls, we compared the original D-17 cells, mock-
infected or infected with Adeno-ZF. While Zhangfei suppressed 
the UPR transcripts in infected cells, doxycycline-induction of 

the protein in the cell clones had no effect on them Fig. 1D). 
These results suggest that Zhangfei requires a functional leucine 
zipper for suppressing cell growth as well as inhibiting the UPR.

Zhangfei regulates p53 at a post-translational level and pro-
motes p53 nuclear retention

Zhangfei stabilizes p53 in some cancer cells,2 although the 
mechanisms by which Zhangfei mediates its effects on p53 have 
not been characterized. To investigate if Zhangfei regulates the 
expression of endogenous p53 and its target genes, we infected 
D-17 cells with Adeno-ZF or Adeno-LacZ. We observed that 
Zhangfei increased transcripts for p21, a well-characterized 
p53-target gene, but had no significant effects on p53 transcripts 
as well as its other target genes, PIG3 and NOTCH1 (Fig. 2A). 
However, Zhangfei did increase the protein levels of both endog-
enous p53 and p21 comparable to that induced by the drug doxo-
rubicin, a known inducer of p5314 (Fig. 2B, compare lanes 3 and 4 
with 1 and 2), suggesting that Zhangfei increased p53 protein 
by post-translational mechanisms. We also assessed the ability of 
Zhangfei to indirectly induce transcription from a promoter con-
taining 2 copies of p53-responsive elements (pCAT3B-p53RE). 
Zhangfei induced the expression of a reporter gene, CAT, linked 
to the promoter by about 20-fold (Fig. 2C).

The protein p53 possesses nuclear localization and nuclear 
export signals, enabling it to shuttle between the nucleus and 
the cytoplasm.15,16 To investigate the impact of Zhangfei on p53 
nucleo-cytoplasmic shuttling, we monitored the p53 localization 
in ZF-expressing D-17 cells. We observed that, compared with 
the negative control (pcDNA3), the nuclear staining of endog-
enous p53 increased by 12 h after transfection of the cells with a 
plasmid expressing Zhangfei (pcZF) with a concomitant decrease 
in cytoplasmic staining (Fig. 2D). By 36 h following transfec-
tion, endogenous p53 was predominantly in the nucleus and 
cells displayed features of apoptosis (diffuse DNA staining by 
Hoechst and membrane blebbing).

Basic-region leucine zipper domain (bLZip) of Zhangfei is 
required for the regulation of p53

Given that the bLZip domain plays an important role in the 
inhibitory ability of Zhangfei on cell growth and the UPR, as 
described above, we next sought to examine whether this domain 
was also required for the regulation of p53. We found that trans-
fection of plasmids expressing Zhangfei with a deleted basic 
region (pcZF Basic del) or a mutated leucine zipper (pcZF Zip 
[L > A]) (Fig. 3A) did not increase the protein levels of either p53 
or p21 (Fig. 3B, compare lane 2 with lanes 3 and 4). The increase 
of p53 transcriptional activity induced by wild-type Zhangfei was 
also significantly reduced in cells expressing the mutated proteins 
(Fig. 3C). In addition, the mutant Zhangfei proteins were unable 
to increase nuclear localization of p53 (Fig. 3D). These results 
indicate that bLZip domain is an important functional region of 
Zhangfei, required for its regulatory effects on cell growth, the 
UPR, as well for its interaction with p53.

p53 is the key molecule responsible for mediating suppres-
sive regulation of Zhangfei on D-17 cell growth and the UPR

The tumor suppressor p53 limits cellular proliferation by 
inducing cell cycle arrest and apoptosis in response to cellular 
stresses, such as DNA damage, hypoxia, nutrient deprivation, 
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and oncogene activation (review refs. 17 and 18), and these 
stresses also activate the UPR. The results shown above demon-
strated that Zhangfei downregulated cell growth and UPR, but 
upregulated p53 through its bLZip domain. To explore whether 
Zhangfei expression influence cell proliferation and the UPR 

through p53, we used p53-sepcific siRNA to knockdown p53 
transcripts and protein. While Zhangfei enhanced transcription 
from a promoter with p53 response elements, siRNA against p53 
suppressed its effects (Fig. 4A). Suppression of p53 also partially 
restored the growth of D-17 cells inhibited by Zhangfei (Fig. 4B) 

Figure 1. Spontaneous mutation of leucine residues in the bLZip domain of Zhangfei in D-17 cells stably expressing the protein in the presence of tet-
racycline. (A) Doxycycline induces the expression of Zhangfei protein in D-17 cell clones. Twenty-four hours after induction with 1 µg/ml doxycycline, 
Zhangfei protein in D-17 clones was detected by immunofluorescence and immunoblotting. (B) Growth of D-17 cells after induction of Zhangfei. Six D-17 
clones were treated with 1µg/ml doxycycline to induce Zhangfei expression. Cell growth characteristics were monitored at different time points using 
WST-1 assay. Growth characteristics of the original D-17 cells, mock-infected (MI) or infected with adenovirus vectors expressing either ZF (Adeno-ZF) or 
β-galactosidase (Adeno-LacZ) are shown for comparison. (C) Mutations in the leucine zipper of Zhangfei-expressing D-17 clones. Amino acid sequence 
of the LZip region for Zhangfei recovered by PCR from the vector used to develop the clones and the doxycycline-inducible Zhangfei expressing clones. 
Dashes (-) indicate no changes. Leucine residues (L) comprising the zipper are shown and mutations are in bold. (D) Induction of mutant Zhangfei has no 
effect on the UPR. Clones expressing ZF with mutations in the leucine zipper did not inhibit the UPR. Original D-17 cells and clones 4 and 15 were treated 
with 1 µg/ml doxycycline for 24 h, followed by 4 h of treatment of thapsigargin. Then cells were harvested and UPR transcripts were estimated by qRT-
PCR. The original D-17 cells, mock-infected or infected with Adeno-ZF were also analyzed for comparison. The values represent fold changes in levels 
of transcripts between Adeno-ZF infected cells with mock-infected cells (in original D-17 cells) or between doxycycline treated with untreated cells (in 
Tet-on clones). Error bars indicated standard deviations from means of 3 individual experiments. Dashed lines indicate fold changes of less or more than 
2-fold and changes exceeding these limits were arbitrarily regarded as significant. Bar = 100 µm.
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and partially restored the suppression of UPR transcripts 
(Fig. 4C). These results indicate that the inhibitory influences of 
Zhangfei on D-17 cells that we have described previously, at least 
in part, are mediated by p53.

Zhangfei suppresses the growth and UPR in p53-express-
ing, but not in p53-null human osteosarcoma cells

To determine if our results linking p53 as the mediator of 
the effects of Zhangfei on canine osteosarcoma cells applied to 

human osteosarcoma cells as well, we examined 2 human cells 
lines: U2OS cells possess and express a functional p53 protein, 
whereas MG63 cells do not.19 We confirmed this by detecting 
and comparing p53 transcriptional activities of both cell lines 
(Fig.  5A). Both osteosarcoma cell lines have been used exten-
sively to assess the role of p53 in several phenomena.

As with D-17 cells, Zhangfei suppressed the growth of 
U2OS cells but had little effect on MG63 cells (Fig.  5C). 

Figure  2. Zhangfei regulates p53 in a post-translational level and induces p53 nuclear localization. (A) Zhangfei enhances the expression of p21, a 
p53-dependant gene. D-17 cells were mock-infected or infected with either Adeno-ZF or Adeno-LacZ, 24 h after infection, transcripts for p53, p21, PIG3, 
and NOTCH1 were determined by qRT-PCR. The values represented fold changes of transcripts between Adeno-LacZ (white bar) or Adeno-ZF (black 
bar) infected cells with mock-infected cells. Error bars indicated standard deviations from means. (B) Zhangfei stabilizes p53 and p21 proteins. p53, p21, 
Zhangfei, and GAPDH were detected by immunoblotting in D-17 cells either mock-infected (MI) or infected with either Adeno-LacZ or Adeno-ZF. As a 
positive control, cells were treated with 0.5 µM doxorubicin for 6 h. (C) Zhangfei activates p53-dependent transactivation. D-17 cells were transfected 
with a reporter plasmid containing the coding sequence for CAT linked to a promoter with 2 copies of p53-responsive element (pCAT3B-p53RE, 0.5 µg) 
in the presence or absence of a plasmid expressing Zhangfei (pcZF, 1 µg). The promoter-less parental reporter plasmid, pCAT3B was included as a control 
to show basal CAT activity. All samples also contained, as a control, a plasmid expressing β-galactosidase. 24 h after transfection, the CAT activity was 
determined. Values represented the relative CAT activity (normalized to the internal control, β-galactosidase) of different treatments. Standard devia-
tions from means of three individual experiments are and the significant P values from ANOVA tests were noted above the bars. (D) Zhangfei alters the 
subcellular localization of p53. D-17 cells were transfected with 1 µg of pcZF or a control (pcDNA3), and 12 h and 36 h after transfection, endogenous 
p53 as well as Zhangfei were visualized by immunofluorescence with anti-p53 and anti-ZF antibody. The nucleus was detected by Hoechst staining  
(bar = 10 µm). The means and standard deviations of representative experiments (n = 3) were shown. P < 0.05 were considered to be significant.
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Immunofluorescent detection of Zhangfei in these cells showed 
that both cells expressed Zhangfei when infected with adenovi-
rus vector expressing the protein (Fig. 5B). Also, as in D-17 cells, 
ectopic expression of Zhangfei suppressed UPR-related tran-
scripts while increasing levels of p53-related transcripts in U2OS 
cells but not in MG63 cells (Fig. 5D and E). Figure 5F further 
supports these observations by showing that, as in D-17 cells, 
in U2OS cells p53 and p21 proteins increased, but, as expected, 
they did not in MG63 cells.

To confirm that the suppressive effects of Zhangfei on 
growth and UPR of U2OS cells was indeed mediated through 
p53, we suppressed p53 in these cells with siRNA. Figure 6A 
shows that treatment with siRNA directed against p53 sup-
pressed activation of transcription from a promoter with p53 
response elements and reduced levels of p53 protein. The spe-
cific suppression of p53 had a significant effect on the ability 
of Zhangfei to inhibit the growth of U2OS cells (Fig. 6B) and 
UPR-related transcripts (Fig. 6C). To further evaluate the role 

of p53 in cell growth arrest and UPR suppression induced by 
Zhangfei, studies were performed to determine the effects of 
introducing p53 using a plasmid expressing wild-type p53 (from 
U2OS) into p53-null MG63 human cells in absence or presence 
of Zhangfei. The overexpression of exogenous p53 (confirmed 
by immunoblotting and CAT reporter assay in Fig.  6D) had 
a strong inhibitory effect on cell growth and led to cell death 
within 24–36  h (Fig.  6E, open squares), which is consistent 
with a previous report that the infection of adenovirus vec-
tor expressing wild-type p53 in p53-null Saos-2 osteosarcoma 
cells induced these cells to commit apoptosis,20 and Zhangfei 
further increased this suppression (Fig.  6E, solid squares). In 
contrast, Zhangfei alone had no effect on cell growth in these 
cells (Fig. 6E, stars). For the influence on UPR, p53 expression 
in MG63 cells led to decreases (about 1.5–2.5-fold) in the lev-
els of UPR transcripts induced by thapsigargin (Fig. 6F, black 
bars). And ectopic expression of Zhangfei suppressed UPR-
related transcripts more potently (about 3.5–5-fold decrease) in 

Figure 3. The basic-region leucine zipper domain (bLZip) of Zhangfei is required for its effect on p53. (A) Schematic representation of the structures of 
Zhangfei (ZF) and Zhangfei mutants: ZF Basic del, basic region was deleted; ZF Zip (L > A), all leucines in the leucine-zipper domain were replaced with 
alanines. (B) The bLZip domain of Zhangfei is required for stabilization of p53 and p21 proteins. D-17 cells were transfected with 1 µg of plasmid express-
ing Zhangfei (pcZF) or mutants (pcZF Zip(L > A) or pcZF Basic del). Twenty-four h after transfection endogenous p53 and p21 proteins were detected 
by immunoblotting. (C) The bLZip domain of Zhangfei is required for p53-dependent transactivation. D-17 cells were transfected with 0.5 µg of p53 
response element containing reporter plasmid pCAT3B-p53RE and 1 µg of pcZF or mutants (pcZF Zip [L > A] or pcZF Basic del). Twenty four hours after 
transfection, the CAT activity was determined. The means and standard deviations of experiments (n = 3) were shown. P < 0.05 were considered to be 
significant. (D) The bLZip domain of Zhangfei is required for p53 nuclear retention. D-17 cells were treated as described in (A), and endogenous p53 as 
well as Zhangfei were visualized by immunofluorescence. The nucleus was detected by Hoechst staining (bar = 10 µm).
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Figure 4. Zhangfei regulates p53-mediated cell growth and UPR. (A) Zhangfei-induced transcription from a promoter with p53 response elements 
is mediated by p53. D-17 cells were transfected with 0.5 µg of p53 response element containing promoter (pCAT3B-p53), 1 µg of plasmid expressing 
Zhangfei (pcZF) and 100 pM of si-RNA against p53 (si-p53) or non-targeting siRNA control (si-cont), 48 h after transfection, cells were analyzed for 
CAT activity or p53, Zhangfei and GAPDH proteins (inset). (B) Zhangfei-mediated suppression of cell growth is mediated through p53. D-17 cells were 
transfected with 100 pM of si-RNA against p53 (siRNA-p53) or non-targeting siRNA control (siRNA-cont). Eight hours after transfection, cells were either 
mock-infected or infected with Adeno-ZF, and growth characteristics were measured using WST-1 assay at 0 h, 24 h, 48 h, and 72 h after infection. 
(C) Zhangfei-mediated suppression of UPR genes is mediated by p53. D-17 cells were transfected 100 pM of siRNA-p53 or non-targeting siRNA-control. 
Forty-eight hours after transfection, cells were treated with thapsigargin for 4 h and harvested. Differences in levels of transcripts (Xbp1s, CHOP, and 
GRP78) were determined by qRT-PCR. The results were expressed as fold changes relative to mock-infected cells. The means and standard deviations of 
experiments (n = 3) are shown. P < 0.05 were considered to be significant.
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Figure 5. For figure legend, see page 286.
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p53-expressing MG63 cells than that in p53-null MG63 cells 
(Fig. 6F), suggesting p53 acts as an intermediary in the suppres-
sive events induced by Zhangfei.

Zhangfei interacts with p53
Next, we confirmed that p53 and Zhangfei interacted in 

U2OS cells by co-immunoprecipitating the proteins in cells 
expressing Zhangfei. Immunoprecipitation of p53 from U2OS 
cells also precipitated Zhangfei (Fig. 7A). As expected, in MG63 
cells, which lack p53, no p53 was detected and, consequently, no 
Zhangfei was precipitated.

Zhangfei displaces Mdm2 from p53, protecting it from 
proteolysis

In unstressed cells p53 is associated with the E3 ubiquitin 
ligase, mouse double minute homolog 2 (Mdm2), that facili-
tates its nuclear export 21,22and proteasomal degradation.23 To 
determine if Zhangfei inhibited Mdm2–p53 interactions, we 
immunoprecipitated p53 from mock-infected and Adeno-ZF-
infected U2OS cells and probed the precipitates for Mdm2 
and Zhangfei (Fig. 7B). p53 was precipitated from both mock-
infected and Zhangfei-expressing cells, but it was only associ-
ated with Mdm2 in the absence of Zhangfei. In addition, while 
the proteasome inhibitor MG132 (5 µM) prevented the degra-
dation of p53 in mock-infected cells, it had little effect on p53 
when Zhangfei was present (Fig.  7C). These results indicate 
that Zhangfei displaces Mdm2 from p53, thereby preventing 
Mdm2-mediated nuclear export and subsequent proteasomal 
degradation of p53 (Fig. 7D).

Discussion

The protein p53 is a key tumor suppressor protein. Various 
cellular stresses, such as UV radiation, DNA damage, hypoxia, 
and oncogene activation, activate p53, which functions as a tran-
scription factor, regulating the expression of a large and disparate 
group of target genes to initiate apoptosis, cell cycle arrest, DNA 
repair, cellular senescence, as well as differentiation. To over-
come this suppression, tumor development is often accompanied 
by mutation or loss of p53. The transcription factor Zhangfei 
activates the mitogen-activated protein kinase (MAPK) path-
way that directs medulloblastoma cells to commit apoptosis.24 
In addition to this pathway, here we demonstrate another tumor 
repressor role for Zhangfei through its ability to directly interact 

with tumor suppressor p53 and to promote p53 protein stabiliza-
tion and its nuclear retention in canine and human osteosarcoma 
cells. Of note, the knockdown of endogenous p53 partly, but sig-
nificantly, counteracted Zhangfei-induced arrest of cell growth 
in p53 wild-type osteosarcoma cells (D-17 and U2OS), while 
exogenous expression of p53 enhanced this process in p53-null 
osteosarcoma (MG63).

In normal cells, p53 is a short-lived protein and functions to 
control excessive cell proliferation. Under unstressed conditions, 
low intranuclear concentrations of p53 protein are maintained 
by its binding to E3 ubiquitin ligases such as Mdm2, COP1 and 
pirh2, which keep p53 in check by ubiqitination, nuclear export, 
and proteasomal degradation (review ref. 25). In our studies, we 
found that the suppressive effect of Zhangfei on the growth of 
cells was not universal. In some normal cells, such as MRC5 
fibroblasts,12 or p53-null tumor cells, such as MG63 (Fig. 5C), 
Zhangfei had no effect on cell proliferation. This selective effect 
of Zhangfei could be due either to the tight regulation of p53 
by means of post-translational modifications, cofactor binding, 
and subcellular localization, or due to a lack of functional p53. 
As shown here, the growth of U2OS osteosarcoma cells were 
dramatically inhibited by Zhangfei (Figs. 5C and 6B), likely 
because the cells express wild-type p53. However, our results are 
not in agreement with those of Lopez-Mateo and others who in 
a recent study2 showed that tetracycline induction of Zhangfei/
CREBH in inducible clones derived from U2OS cells resulted 
in no effect on the proliferation of the cells, nor did the cells 
display obvious morphological changes. We speculate that there 
could be 2 reasons for the differences in our results: (1) leaky 
expression of tetracycline-inducible Zhangfei in U2OS cells2 
may have resulted in the selection of clones with structural and 
functional mutations in Zhangfei. This would be consistent 
with our observations (Fig. 1) that suggest that the growth sup-
pressive effects of Zhangfei in cells expressing functional p53 
exert strong selective pressure and lead to the selection of cells 
expressing non-functional Zhangfei; (2) the cell line studied by 
Lopez and coworkers may have spontaneously lost its functional 
p53. We confirmed that the U2OS cell line we used in this 
study does indeed have a functional p53 (Fig. 5A).

The protein p53 has been reported to antagonize the UPR and 
inhibit ground glass hepatocyte development during ER stress.26 
In the present study, we determined that p53, at least in part, 

Figure  5 (See previous page). Zhangfei suppresses cell growth and UPR in wild-type p53-expressing U2OS cells, but not in p53-null MG63 cells.  
(A) p53-dependent transactivation in U2OS and MG63 cells. Cells were transfected with 0.5 µg of p53 reporter (pCAT3B-p53RE) for 24 h, then p53 tran-
scriptional activity was determined by CAT ELISA assay. (B) U2OS and MG63 cells express Zhangfei when infected with adenovirus vector expressing the 
protein. Cells were infected with Adeno-ZF, and 24 h later Zhangfei protein was visualized by immunofluorescence (bar = 10 µm). (C) Ectopic expression 
of ZF suppresses cell growth in p53-wild type U2OS cells, but has no effect in p53-null MG63 cells. U2OS and MG63 human osteosarcoma cells were 
mock-infected or infected with Adeno-ZF or Adeno-LacZ and their growth rates were assessed at different time points after infection as absorbance at 
405 nm after treatment with WST-1. (D) Zhangfei negatively regulates the UPR in U2OS cells but not in MG63 cells. U2OS and MG63 human cells were 
either mock-infected or infected with Adeno-ZF or Adeno-LacZ. Twenty-four hours after infection, cells were treated with thapsigargin for 4 h, and 
then harvested. The differences in levels of transcripts for UPR genes (Xbp1s, CHOP, and GRP78) were determined by qRT-PCR. (E) Zhangfei enhances 
p53-dependent transcripts in U2OS cells but not in MG63 cells. Transcripts for p53, p21, PIG3, and NOTCH1 in U2OS and MG63 cells either mock-infected 
or infected with Adeno-LacZ or Adeno-ZF were measured by pRT-PCR. (F) Zhangfei increases p53 and p21 proteins in U2OS cells but not in MG63 cells. 
p53 and p21 proteins were detected by immunoblotting in U2OS and MG63 cells either mock-infected or infected with Adeno-ZF. The values in (D and E) 
represented fold changes of transcripts between Adeno-LacZ (white bar) or Adeno-ZF (black bar) infected cells with mock-infected cells. The means and 
standard deviations of experiments (n = 3) were shown. P < 0.05 were considered to be significant. Error bars indicate standard deviations from means. 
Horizontal dotted line indicated a 2-fold change. A change of more than 2-fold was arbitrarily regarded as significant.
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mediates Zhangfei-induced suppression of the UPR (Figs.  4C 
and 6C and F). Induction of UPR is a protective mechanism 
utilized by cells to adapt to ER stress. In normal cells, the UPR 
is related to tissue preservation or organ protection against ER 
stress. In neoplastic cells, however, the adaptive function of the 
UPR is implicated in immune resistance, cancer progression, and 
drug resistance (review refs. 27 and 28). Therefore, the inhibi-
tion of UPR, mediated by p53, represents a potential strategy 
by which Zhangfei could be used to inhibit cancer. We show 

that Zhangfei inhibits the UPR and induces apoptosis by pro-
moting p53 stabilization and nuclear retention. Interestingly, in 
keeping with our results, ER stress and the resulting activation 
of the UPR induces p53 cytoplasmic localization and prevents 
p53-dependent apoptosis,29 suggesting the existence of an ER 
stess-p53-UPR regulatory loop (see model in Fig. 8). Although 
the precise relationship between p53 stabilization and UPR 
remains unclear, glycogen synthase kinase-3 is shown to be a 
mediator of ER stress-induced p53 cytoplasmic localization,29 

Figure 5. For figure legend, see page 288.
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and the ubiquitination and importin-α3 binding of p53 are also 
associated with stress-mediated p53 translocalization.30,31 In the 
case of Zhangfei, improved understanding of how exactly p53 
suppresses the UPR still should be further investigated.

We had previously shown that ectopic expression of Zhangfei 
in medulloblastoma12 and osteosarcoma cells13 suppressed the cell 
growth and the UPR. In addition, the effects of this protein were 
also observed in 4 other canine osteosarcoma cell lines (not pub-
lished). To study the mechanisms involved, we tried to develop 
cell lines in which the expression of Zhangfei could be induced 
by doxycycline. We were successful in developing several clones 
that expressed Zhangfei protein, as detected by immunofluo-
rescence and immunoblots, only in the presence of the inducer 
(Fig. 1A). However, none of the clones behaved as did cells in 
which the ectopic expression of Zhangfei was induced by infec-
tion with adenovirus vectors (Fig. 1B and D). On further exami-
nation we found that in the clones, 1 to as many as all 6 leucines 
had been replaced with other amino acids (Fig. 1C). The clone 
with only one substitution had growth properties most similar 
to the cells expressing adenovirus-Zhangfei. No other mutations 
in the entire Zhangfei coding sequences were observed in any of 
the clones. We interpret this to mean that even small amounts 
of intact Zhangfei, which might be expressed in the absence of 
the inducer, was sufficient to bock cell division, and only cells in 
which the zipper had been disabled survived.

While our results clearly identify the leucine zipper of 
Zhangfei as important for its interaction with p53 and subse-
quent p53-mediated suppression of the UPR, we have also shown 
that Zhangfei interacts with the bLZip UPR transcription factor 
Xbp1s, targeting it for proteosomal degradation,11 and that the 
leucine zipper of Zhangfei is also important for this interaction. 
Hence, modulation of UPR by Zhangfei may require a combina-
tion of several coordinated events, including direct interaction 
with UPR mediators and indirect mediation through p53.

Like Zhangfei, several other bLZip proteins, such as ATF3,32,33 
ING2,34 K-bZIP,35 and CREB,36 are known to interact with p53 
through their leucine zippers. The nature of these interactions as 
well as their consequences, however, vary. Interactions between 

p53 and Zhangfei, ATF3, and CREB lead to enhanced transcrip-
tional activity and stabilization of p53. Our results show that 
Zhangfei displaced Mdm2 from p53 (Fig.  7B) and prevented 
its degradation to a similar extent as the proteasomal inhibitor 
MG132 (Fig. 7C). The effects of MG132 and Zhangfei were not 
additive. It is likely that the combined toxic effects of MG132 and 
suppressive effects of Zhangfei cause a global reduction of new 
protein synthesis in cells. These effects would be more noticeable 
for a protein like p53 that is routinely turned over rapidly than 
for the more stable GAPDH, the internal control. In contrast to 
the effects of Zhangfei on p53, ATF3 neither displaces Mdm2, 
nor does it suppress its activity. ATF3 binds directly to the C ter-
minus of p53 and prevents ubiquitination of key lysine residues 
in the region.33 CREB binds to the N terminus of p53 and acts 
as a bridge directing CREB binding protein to p53-responsive 
promoters37 and suppresses transcription of Mdm2.38 Unlike the 
bLZip–p53 interactions mentioned above, which enhance p53 
activity, the association of the Kaposi sarcoma herpesvirus pro-
tein K-bZIP with p53 suppresses its activity and may contribute 
to tumorigenesis by the virus.35

Materials and Methods

Cells and tissue culture
The canine osteosarcoma D-17 cells were obtained from the 

American Type Tissue Culture Collection and were grown in 
MEM-Alpha containing 10% fetal bovine serum. Human MG63 
and U2OS osteosarcoma cells were obtained from Dr Douglas 
H Thamm (Associate Professor of Oncology, Animal Cancer 
Center, Colorado State University) and grown in Dulbecco mini-
mal essential medium containing penicillin and streptomycin 
and 10% newborn calf serum. All media, serum, and antibiot-
ics were purchased from Invitrogen. D-17 cells were treated with 
doxorubicin (0.5 µM, WCVM’s Accredited Veterinary Pharmacy, 
University of Saskachewan) for p53 induction. Stock solutions of 
MG132/Z-L-L-L-A (10 mM, Sigma, C2211) were prepared in 
dimethyl sulfoxide (DMSO) and used at a concentration of 5 µM. 
Equivalent volumes of DMSO were added to untreated cultures.

Figure 6 (See previous page). p53 mediates the suppressive effects of Zhangfei on cell growth and UPR in human osteosarcoma cells. (A) Zhangfei-
mediated transcription from a p53 response element-containing promoter is mediated by p53 in U2OS cells. U2OS cells were transfected with 0.5 µg of 
p53 reporter plasmid (pCAT3B-p53RE) and 1 µg of plasmids expressing Zhangfei (pcZF) in the presence of 100 pM of siRNA-p53 or non-targeting siRNA-
control. Forty eight hours after transfection CAT reporter activity and p53 protein were detected by ELISA and immunoblotting (inset). (B) Suppression 
of p53 by siRNA in U2OS cells restored Zhangfei-induced suppression of cell growth. U2OS were transfected with 100 pM of siRNA-p53 or non-targeting 
siRNA-control. Eight hours after transfection, cells were either mock-infected or infected with Adeno-ZF and measured growth rates as absorbance 
at 405 nm after treatment with WST-1. (C) Suppression of p53 prevents Zhangfei-induced inhibition of UPR genes. U2OS cells were transfected with 
100 pM of siRNA-p53 or non-targeting siRNA-control. Forty eight hours after transfection, cells were treated with thapsigargin for 4h and harvested. 
Differences in levels of transcripts for UPR genes (Xbp1s, CHOP, and GRP78) were determined by qRT-PCR. The values represented fold changes of 
transcripts between Adeno-LacZ (white bar) or Adeno-ZF (black bar) infected cells with mock infected cells. (D) Transactivation activity and expres-
sion of p53 protein in p53-null MG63 cells. p53-null MG63 cells were transfected with 0.5 µg of p53 reporter plasmid and 1 µg of plasmids expressing 
Zhangfei (pcZF) in the presence of 1µg of plasmids expressing wild-type p53 (pc-p53, from U2OS cells) for 24 h, and then CAT reporter activity and p53 
protein were detected by ELISA and immunoblotting. (E) Overexpression of p53 in p53-null MG63 cells suppressed cell growth and activated growth 
arrest induced by Zhangfei. MG63 cells were transfected with 3 µg of pcZF in the absence or presence of 3 µg of pc-p53 and measured growth rates as 
absorbance at 405 nm after treatment with WST-1. (F) Overexpression of p53 in p53-null MG63 cells activated the UPR suppression induced by Zhangfei. 
MG63 cells were transfected with 3 µg of pcZF in the absence or presence of 3 µg of pc-p53. Twenty-four hours after transfection, cells were treated with 
thapsigargin for 4 h and harvested. Differences in levels of transcripts for UPR genes (Xbp1s, CHOP, and GRP78) were determined by qRT-PCR. The values 
represented fold changes of transcripts between pcZF (white bar), pc-p53 (black bar), or pcZF plus pc-p53 (gray bar) transfected cells with pcDNA3 trans-
fected cells. The total amount of DNA in each transfection above was made up to 5 μg with pcDNA3. The means and standard deviations of experiments 
(n = 3) were shown. *P < 0.05 were considered to be significant.
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Figure 7. In vitro interaction of Zhangfei and p53. (A) Zhangfei associates with p53 in U2OS cells. Cell lysate from U2OS and MG63 human cells previously 
infected with adenovirus vector expressing Zhangfei (Ad-ZF) or mock infected (MI) were incubated with 2 µg of mouse anti-p53 antibody for 12 h at 4 
°C, followed by an additional 4 h incubation with 100 µl of Protein A/G agarose beads (IP). The associated proteins were detected by immunoblotting 
(IB) using rabbit anti-Zhangfei antibody and mouse anti-p53 antibody. Input represented 1/10 of lysate used for immunoprecipitation. (B) Zhangfei 
displaces Mdm2 from p53 in U2OS cells. Cell lysates as in (A) were immunoprecipitated with anti-p53 antibody followed by immunoblotting with either 
anti-Mdm2 or anti-Zhangfei antibody. (C) Inhibition of proteasomal degradation reverses degradation of p53 in the absence of Zhangfei. Cells infected 
as in (A) were either treated with the proteasomal inhibitor MG132 (5 µM) or left untreated. Proteins in the cell lysates were separated by SDS-PAGE, 
and p53, Zhangfei and GAPDH (loading control) were detected by immunoblotting. (D) Schematic diagram of a model for the proposed mechanism by 
which Zhangfei inhibits cell growth and UPR. Under normal conditions, Mdm2 translocates the p53 protein out of the nucleus for degradation via the 
ubiquitin-dependent pathway. In Zhangfei-expressing cells, Zhangfei interacts with p53 and prevents it from binding to Mdm2. This results in p53 stabi-
lization and nuclear accumulation, which, in turn, activates its target genes and suppresses tumor cell growth and the UPR. These results illustrate how 
Zhangfei controls the activity of p53 toward the cell growth and the UPR, and offer an explanation to why p53 is upregulated by Zhangfei in tumor cells.
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Plasmids
The construction of pcZF,1 a plasmid that expresses Zhangfei 

in mammalian cells, has been described. The plasmids express-
ing Zhangfei mutant pcZF Zip (L > A), in which all leucines 
in the leucine-zipper domain were replaced with alanines, was 
constructed by subcloning a 265 bp synthetic DNA fragment 
(IDT) bracketed by NotI and SgrA1sites into the correspond-
ing coding sequences of Zhangfei between unique Not1 and 
SgrA1 sites in pcZF. The plasmids expressing Zhangfei mutant 
pcZF Basic del, in which basic region was deleted, was con-
structed by site-directed loop-out mutagenesis using 36 base 
complementary oligonucleotides that bracketed the 25 codons 
for the basic region of Zhangfei. The CAT reporter plasmid 
pCAT3B-p53RE was constructed by transferring 2 copies of 
p53-responsive element, GGTCAAGTTG GGACACGTCC 
AAGAGCTAAG TCCTGACATG TCT, to pCAT3Basic 
(Promega). Oligonucleotides representing the p53-responsive 
elements with overhanging 5′ terminal KpnI and 3′ terminal 
BglII sites were purchased from IDT. The oligonucleotides were 
annealed and ligated pCAT3Basic cut with the same enzymes. 
The plasmids expressing the full length of wild-type p53 were 
constructed by subcloning the HindIII-XhoI cDNA fragment 
containing the entire coding sequence of p53 from U2OS cells 
between the HindIII and XhoI sites in the multiple restriction site 
cloning regions of the mammalian expression vector pcDNA3 
(Invitrogen, V79020). The specific primers for p53 amplifica-
tion are: forward: 5′-GACACGCTTC CCTGGATTGG C-3′, 
reverse: 5′- TCAGTCTGAG TCAGGCCCTT-3′. The veracity 
of all cloned wild-type and mutants coding sequences were con-
firmed by sequencing

Transfection and CAT assays
Cells were transfected with plasmids using Lipofectamine 

2000 (Invitrogen, 11668-019) as described in manufacturer’s 
instructions. Five μg of DNA was used for 5 × 105 cells for chlor-
amphenicol acetyl transferase (CAT) assays. For CAT assays, 
250 ng of pCMVBGal, a plasmid specifying β-galactosidase, 
were added to each transfection. Lysates were assayed for 
β-galactosidase39 and for CAT using an enzyme-linked immuno-
sorbent assay kit (Roche Applied Science, 11-363-727-001). CAT 

values were adjusted for transfection efficiency using 
β-galactosidase values. In figures for CAT assays, each 
datum point is the average of duplicate transfections 
with the bar representing the range. The data are repre-
sentative of several (at least 2) independent experiments 
that gave the same results.

RNA interference
p53-specific siRNA (Invitrogen, TP53VHS40366) 

or Stealth RNAi™ siRNA negative control (Invitrogen, 
12935-300) (1 pmol/5000 cells) were transfected into 
cells with Lipofectamine 2000 (Invitrogen, 11668-
019) as described in manufacturer’s instructions. These 
p53-specific siRNAs are homologous to human as well 
as canine p53, which was confirmed by comparing the 
sequence of human or canine p53 with siRNA sequence.

Adenovirus vectors expressing Zhangfei and 
β-galactosidase (LacZ)

These vectors were constructed, grown, and purified using the 
Adeno-X Expression System (Clontech, K1650-1) as described 
earlier.8 Cells were infected with adenovirus vectors express-
ing either Zhangfei (Adeno-ZF) or a control protein, E. coli 
β-galactosidase, (Adeno-LacZ) or were mock-infected. A multi-
plicity of infection (MOI) of 100 plaque-forming units (pfu) per 
cell was used.

Antibodies, immunoblotting, and immunofluorescence
The antibodies used were rabbit anti-Zhangfei serum, mouse 

anti-p53 (Santa Cruz Biotechnology, DO-1 sc-126), rabbit 
anti-p21 (Santa Cruz Biotechnology, C-19, sc-397), rabbit anti-
Mdm2 (Santa Cruz Biotechnology, C-18, sc-812), and mouse 
anti-GAPDH (Sigma, G8795-200UL). Secondary antibod-
ies were goat anti-mouse Alexa488 (Invitrogen, A-11001), goat 
anti-rabbit Alexa546 (Invitrogen, A-11035) and goat anti-rabbit 
Cy5 (Invitrogen, A-10523). Cells were processed for immu-
noblotting and immunofluorescence as described previously.1,13 
Images were captured using a digital camera attached to a Zeiss 
Axioskop microscope (Axiovert 135) and Northern Eclipse soft-
ware (EMPIX Imaging). Captured images were processed using 
Adobe Photoshop and Illustrator CS6 software.

Quantitative real-time PCR
Total RNA was extracted using RNeasy Plus Mini Kit 

(Qiagen, 74136). Gene expression was analyzed by RT-PCR 
using Brilliant II SYBR Green QPCR Master Mix Kit (Agilent 
Technologies, 600828). The primers used were: primers 
for Xbp1, HERP, CHOP, GRP78, and GAPDH has been 
described13; p53-forward: CTCTCCTCAA CAAGTTGTTT 
TG, p53-reverse: CTACAGTCAG AGCAGCGTTC ATGG, 
p21-forward: GCAGACCAGC ATGACAGATT T, p21-
reverse: GGATTAGGGC TTCCTCTTRG A, PIG3-forward: 
AMTGTCAGAG ACAAGGCCRR TA, PIG3-reverse: 
TCCCCRATCT TCCAGTGYCC, NOTCH1-forward: 
GAACTGCCCA TGACCACTAC CCAGTTC, NOTCH1-
reverse: GGGTGTTGTC CACAGGTGA, All qRT-PCR reac-
tions satisfied MIQE guidelines.40 Disassociation profiles in 
reactions that yielded products contained single homogeneous 
peaks. In all reactions, GAPDH was used as a normalizer. In previ-
ous experiments24 qRT-PCR arrays comparing Zhangfei expressing 

Figure  8. Zhangfei and ER stress have opposing effects on p53. In Zhangfei-
expressing cells, p53 is targeted for nuclear localization and stabilization, and 
further to prevent cell growth, induce cell apoptosis, as well as inhibit the UPR in 
response to ER stress. In contrast, ER stress promotes the cytoplasmic localization 
and degradation of p53.
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and non-expressing cells five housekeeping genes were analyzed. 
The levels of GAPDH were not affected by Zhangfei expression.

Co-immunoprecipitation
U2OS and MG63 cells in 6-well dishes were infected with 

Adeno-ZF or mock infected. Twenty-four h after infection, 
cells were washed with cold PBS and lysed in 250 µl/well-cold 
lysis buffer (50 mM Tris, pH7.5, 150 mM NaCl, 1 mM EDTA, 
and 0.1% TritonX-100) containing protease inhibitor cocktail 
(Sigma, P8340). After centrifugation at 13 000 × g at 4 °C, 20 
µl of cell lysate supernatant were frozen as pre-immunoprecip-
itated sample, and mouse anti-p53 antibody (2 µg, Santa Cruz 
Biotechnology, DO-1 sc-126) was added to the remaining super-
natant (230 µl) and the sample incubated for 12 h with con-
stant gentle agitation. Protein A/G agarose beads (100 µl, Pierce, 
Fisher Scientific, 20421) was added, and the samples were incu-
bated for an additional 4 h at 4 °C. Agarose beads were collected 
by centrifugation at 13 000 × g at 4 °C and washed 4 times in 
lysis buffer before boiling in SDS-PAGE sample buffer. Proteins 
in samples of the unfractionated cell lysate or immunoprecipi-
tates were separated by SDS-PAGE, transferred to membranes, 
and probed with rabbit anti-Zhangfei antisera, mouse anti-p53, 
or rabbit anti-Mdm2 (Santa Cruz Biotechnology, C-18 sc-821). 
Antibodies were visualized after incubation with Alexa488-
labeled anti-rabbit or anti-mouse antibody.

Statistical analysis
Statistical analysis was performed by t test or ANOVA test 

using IBM SPSS statistics version 21.0.0 software. ANOVA tests 
with LSDpost hoc comparison was used to analyze the differ-
ences between multi-group means and their associated proce-
dures by adding individuals as a treatment variable, and a paired 
t test was used to evaluate the effects of one treatment com-
pared with no treatment/control. A P value of less than 0.05 
was considered to be statistically significant for ANOVA tests 
and t tests.
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