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The transcription factor CREBZF is a novel positive
regulator of p53
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Abbreviations: APAF, apoptotic peptidase activating factor 1; ATF/CREB, activating transcription factors/cAMP response element
binding; ATF3, activating transcription factor 3; bZIP, basic leucine zipper domain; CREBZF, CREB/ATF bZIP transcription
factor; GST, glutathione S-transferase; HCT116-ZF-long, HCT116 cells expressing inducible CREBZF-long isoform; HCT116-
ZF-short, HCT116 cells expressing inducible CREBZF-short isoform; HEY1, hairy/enhancer-of-split related with YRPW motif
1; HLH, helix-loop-helix domain; MDM2, p53 E3 ubiquitin protein ligase homolog (mouse); p21, cyclin-dependent kinase
inhibitor 1A (CDKNIA, Cipl); PCR, polymerase chain reaction; PIG3, p53-induced gene 3; PUMA, p53 upregulated modulator
of apoptosis; RT-PCR, real-time PCR; U20S-ZF-long, U20S cells expressing inducible CREBZF-long isoform; U20S-ZF-short,
U20S cells expressing inducible CREBZF-short isoform; UV, ultraviolet radiation; ZF-short, CREBZF-short isoform; ZF-long,
CREBZF-long isoform

CREBZF is a member of the mammalian ATF/CREB family of transcription factors. Here, we describe a novel functional
interaction between CREBZF and the tumor suppressor p53. CREBZF was identified in a yeast two-hybrid screen using
HEY1, recently characterized as an indirect p53 activator, as bait. CREBZF interacts in vitro with both HEY1 and p53, and
CREBZF expression stabilizes and activates p53. Moreover, CREBZF cooperates synergistically with HEY1 to enhance p53
transcriptional activity. On the other hand, partial depletion of endogenous CREBZF diminishes p53 protein levels and
inhibits HEY1-mediated activation of p53. CREBZF-positive effects on p53 signaling may reflect, at least in part, an observed
induction of posttranslational modifications in p53 known to prevent its degradation. CREBZF expression protects
HCT116 cells from UV radiation-induced cell death. In addition, CREBZF expression confers sensitivity to 5-fluorouracil, a
p53-activating chemotherapeutic drug. Our study suggests that CREBZF may participate in the modulation of p53 tumor

suppressor function.

Introduction

The p53 tumor suppressor is a key barrier against cancer due
to its role in preventing damaged cells to initiate malignant
growth, hence p53 loss-of-function contributes to the tumori-
genic process in human cancers. This can be caused by direct
mutation of the p53 gene or by alterations in the plethora of
cellular pathways, upstream or downstream of p53, which par-
ticipate in p53 signaling. Accumulating evidences indicate that
extensive crosstalk between the Notch and the p53 pathway con-
tributes to the regulation of embryonic development, cell dif-
ferentiation and tumor suppression (reviewed in ref. 1). To date,
the complexity of both signaling pathways has made impossible
to draw a simplified model that explains their reciprocal modu-
lation, and conflicting results have been obtained on the effects
of Notch signaling on p53 function, depending on the cell type
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or cancer stage.! Hairy/enhancer-of-split related with YRPW
motif 1 (HEY1), a well-characterized effector within the Notch
signaling, has been recently identified as a new p53 co-regu-
lator.??® Initially, a genome-wide functional analysis revealed
that HEY1 is a positive regulator of p53 through repression
of MDM2 transcription, although the detailed molecular
mechanisms responsible for this regulation are still unknown.?
Subsequently, our laboratory showed that HEY1 expression
impairs cell proliferation in human osteosarcoma cells (U20S)
in a p53-dependent manner and sensitizes cells to p53-activat-
ing chemotherapeutic drugs.> HEY1-dependent activation of
p53 can also promote cell cycle arrest in Ewing sarcoma family
cancer cell lines.* The human HEYT gene maps to chromosome
band 8q21. Amplification of this locus occurs in a large fraction
of prostate tumors and correlates with tumor aggressiveness.’
Amplification of the q21 band of chromosome 8 also occurs in
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Figure 1. In vitro interaction of CREBZF with HEY1. (A) Schematic representation of full-length CREBZF, full-length HEY1 and the deletion mutants used
in this study. (B) Whole-cell extracts from COS-1 cells previously transfected with expression vectors for flag-tagged CREBZF-long (ZF-long) or CREBZF-
short (ZF-short) were incubated with GST fusion proteins of HEY1 coupled with Sepharose beads. The associated proteins were detected by western

blotting using anti-Flag antibody. (C) Whole-cell extracts from COS-1 cells previously transfected with expression vectors for flag-tagged ZF-long were
incubated with GST fusion proteins of full-length HEY1 or deletion mutants coupled with Sepharose beads. Bound proteins were detected by western

other cancer types, such as breast,’ colon,” bone® and pancreatic
cancer.” In addition to these genetic studies, an expression anal-
ysis found that the majority of prostate samples showed total
exclusion of HEY1 protein from the nucleus,” an abnormality
that prevents HEY1-dependent p53 activation.® Thus, altera-
tions in HEY1 function and/or expression could contribute to
the oncogenic transformation, impairing the crosstalk between
Notch and p53 or other signaling pathways.

To investigate the poorly understood molecular mechanisms
by which HEY1 exert its biological actions, we performed a yeast
two-hybrid screen using full-length HEY1 as bait. This approach
revealed a novel functional interaction between p53 and one of
the HEY1-interacting proteins, CREB/ATF bZIP transcription
factor (CREBZEF, also known as Zhangfei and SMILE). Here, we
characterize CREBZF as a novel positive regulator of p53 activity
and present evidences that suggest that deregulation of CREBZF
may impinge on p53 tumor suppressor functions and contribute
to the origin and/or development of cancer.

Results

CREBZF interacts with HEY1. We used a yeast two-hybrid sys-
tem to identify human ¢cDNAs encoding proteins that interact
with HEY1. Three identical clones found encoded amino acids
195 to 321 of CREBZF protein (HEY1-binding clone, Fig. 1A),
indicating that CREBZF and HEY1 could interact in vivo. Two
different CREBZF isoforms have been described that arise from
the alternative usage of initiation codons within a single gene,'
hereafter named CREBZF-long (ZF-long) and CREBZF-short
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(ZF-short) (Fig. 1A). We confirmed by GST pull-down assays
that full-length HEY1 interacts with both CREBZF isoforms
(Fig. 1B). In an attempt to define HEY1 regions required for
the interaction with CREBZF, we used various HEY1 deletion
mutants (Fig. 1A). Our results showed that none of the isolated
helical protein-protein interaction domains in HEY1 (HLH
and Orange domains) were capable to interact with CREBZF
(Fig. 1C). The lack of interaction does not reflect lower expres-
sion levels for the mutants, because control coomassie-stained
gels shown that deletion mutants express at even higher levels
than GST-HEY1 wild-type (Fig. S1).

CREBZF positively regulates p53 transcriptional activity.
HEY1 is a positive regulator of p53-dependent transcription?
(Fig. 2A). However, the detailed mechanisms mediating this
effect have not been characterized. We have now found that full-
length HEY1 fused to GST is able to interact with p53 in vitro
(Fig. 2B). In view of this result, we tested in a similar pull-down
assay whether CREBZF, a HEYl-interacting protein, was also
able to interact directly with p53. Interestingly, we found that
both CREBZF isoforms indeed interact with p53 (Fig. 2C). A
series of CREBZF deletion mutants fused to GST revealed that
the middle bZIP region in CREBZE, also present in the HEY1-
interacting clone found in the yeast two-hybrid, was a key deter-
minant for the interaction (Fig. 2C). Coomassie-stained gels
showed the stability of the GST fusion proteins used in the pull-
down assay (Fig. S2). These results prompted us to investigate a
possible role for CREBZF as a modulator of p53-dependent tran-
scription. For this, we performed reporter assays in p53-compe-
tent HCT116 human colon carcinoma cells using two luciferase
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Figure 2. CREBZF positively regulates p53-dependent transactivation. (A) HEY1 greatly enhances PIG3-luciferase reporter activity. U20S or HCT116
cells were transfected with 100 ng of empty pGL3 plasmid or PIG3-Luc in the presence or absence of 200 ng of expression vector for HEY1. (B) In vitro
interaction of HEY1 with p53. Whole-cell extracts from COS-1 cells previously transfected with an expression vector for p53 were incubated with GST
fusion proteins of HEY1 coupled with Sepharose beads. The associated proteins were detected by western blotting using anti-p53 antibody. (C) In vitro
interaction of CREBZF with p53. Whole-cell extracts from COS-1 cells previously transfected with expression vectors for p53 were incubated with GST
fusion proteins of CREBZF-long, CREBZF-short or deletion mutants coupled with Sepharose beads. The associated proteins were detected by western
blotting using anti-p53 antibody. (D) HCT116 cells were transfected with 100 ng of PIG3-Luc reporter or 100 ng of NOXA-Luc reporter in the presence
of increasing amounts (indicated in ng) of expression vector for CREBZF-long or Short (ZF-long or ZF-short). (E) HCT116 cells were transfected with 100
ng of PIG3-Luc in the presence or absence of 25 ng of expression vector for ZF-short, HEY1 or both together. (F) HCT116 cells were transfected with 100
ng of PIG3-Luc, p21-Luc or PUMA-LUC in the presence or absence of 100 ng of expression vector for ZF-long or ZF-short. (G) Deletion of the p53 bind-
ing site in PIG3 impairs CREBZF positive effect. U20S cells were transfected with 100 ng of PIG3-Luc or PIG3 delF-Luc and 200 ng of expression vector
for ZF-long or ZF-short. (H) CREBZF positive effect on PIG3 promoter depends on the p53 status. HCT116 p537 cells were transfected with 100 ng PIG3-
Luc and expression vectors for ZF-long or ZF-short (200 ng) and p53 (5 ng) as indicated. In every case, after transfection, cells were washed and incu-
bated 24 h. Subsequently, cell lysates were assayed using a dual luciferase reporter system. Normalized values are expressed relative to the activity of
the reporter in the absence of HEY1 (A) or relative to the activity of the reporter in the absence of CREBZF (D-F) or relative to the activity of reporter in
the absence CREBZF and p53 (G). The results shown represent the averages of results of three independent experiments assayed in duplicate + s.d.
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reporter plasmids containing natural p53-responsive promoters
(PIG3-LUC and NOXA-LUC). The expression of both CREBZF
isoforms greatly enhanced transcriptional activity from both
p53-dependent reporters in a dose-dependent manner (Fig. 2D).
Interestingly, ZF-short was a more potent p53 activator in these
assays (Fig. 2D and F). Identical results were obtained when per-
forming similar transfection experiments in the p53-competent
U20S human osteosarcoma cells (data not shown). To analyze a
putative cooperation between HEY1 and CREBZF in p53 acti-
vation, we co-transfected suboptimal amounts of ZF-short and
HEY1 expression plasmids, either independently or in combi-
nation, together with the PIG3-LUC reporter. In these condi-
tions, we observed a synergistic activation of PIG3-LUC reporter
activity (Fig. 2E), suggesting that both proteins may cooperate
to activate p53.

Independent transfection experiments with three other natu-
ral p53-responsive luciferase reporters (APAF, p21 and PUMA)
demonstrated that both CREBZF isoforms behave as activators
of p53-dependent activity (Fig. 2F), although the potency of the
effect was promoter-dependent, ranging from 2-fold activation
(PUMA-LUC) to 25-fold (PIG3). To analyze the requirement of
p53 binding to the PIG3 reporter for CREBZE-positive effects,
we used a PIG3 reporter plasmid lacking the p53-binding site,
PIG3-delF."> The absence of the p53-binding site greatly dimin-
ished the reporter induction upon CREBZF co-transfection in
U20S cells (Fig. 2G). We then performed similar transfection
experiments using HCT116 p537 cells, which are genetically
identical to HCT116 p53** except for the p53 status. CREBZF
failed to activate PIG3-LUC reporter in the absence of endog-
enous p53 protein (Fig. 2H). Expression of p53 in HCT116
p537 cells induced p53-reporter activity and co-transfection
of CREBZF further stimulate the p53-responsive promoter
(Fig. 2H). Taken together, these results indicate that CREBZE’s
effects require the binding of p53 to its cognate response element
in the PIG3 reporter.

CREBZF expression stabilizes and activates p53. To investi-
gate whether CREBZF also regulates the expression of endogenous
p53-target genes, we transfected ZF-short into p53-competent
human HCTI116 cells. We observed that ZF-short expression
resulted in increased endogenous p53 protein levels (Fig. 3A).
Accordingly, CREBZF also increased the expression of p21, a
well-characterized p53-target gene (Fig. 3A). To better charac-
terize the functional interaction between p53 and CREBZF, we
generated tetracycline-inducible pools of HCT116 and U20S
cells stably expressing either flag-tagged ZF-short or ZF-long
(HCT116-ZF-long, HCT116-ZF-short, U20S-ZF-short and
U20S-ZF-long). Exogenous Flag-tagged CREBZF isoforms were
predominantly nuclear as previously described'® and co-localized
with p53 (Fig. S3). In agreement with previous results, induction
of CREBZF expression increased both p53 and p21 protein levels
in all four stable cell lines (Fig. 3B, E and F and data not shown).
The increase in p53 protein levels can be detected as early as 4
h following ZF-short expression; however it does not correlate
with an increase in p53 mRNA levels (Fig. 3D), suggesting that
p53 induction is mediated by post-transcriptional mechanisms.
In keeping with that, immunoblotting experiments showed that
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induction of CREBZF expression, both in HCT116 and U20S
cells, strongly increases the levels of p53 Lys-382 acetylation, an
event that prevents MDM2-mediated p53 degradation (Fig. 3C,
E and F)." Also, ZF-short expression in HCT116 cells induces
phosphorylation of all p53 N-terminal residues tested (Ser-20,
Ser-15 AND Ser-46) (Fig. 3C), protein modifications also known
to stabilize and activate p53." Conversely, p21 protein increase
does reflect a clear rise in its mRNA (Fig. S4). Similarly, PIG3
mRNA levels were also clearly induced upon CREBZF expres-
sion both in HCT116 (Fig. 3D) and U20S cells (Fig S4), thus
implying that the upregulation of both p21 and P/G3 genes is
a direct consequence of increased p53-dependent transcriptional
activity. Although induction of the cell cycle inhibitor p21 results
frequently in cell cycle arrest, CREBZF did not affect U20S cell
proliferation, and it only moderately attenuated HCT116 prolif-
eration rate (Fig. S5). Hence, our results suggest that CREBZF-
mediated stabilization and activation of p53 does not result in the
most typical p53 cellular responses: cell cycle arrest or apoptosis.

HEY]1 expression reduces MDM2 protein levels,*? providing a
molecular mechanism to explain, at least in part, HEY1-induced
p53 stabilization. However, induction of ZF-short expression in
U20S or HCT116 cells did not downregulate MDM?2 expres-
sion at mRNA or protein level (Fig. S6 and data not shown),
suggesting that CREBZF-dependent stabilization of p53 relies on
different molecular mechanisms than those triggered by HEYT.

CREBZF partial depletion diminishes p53 protein lev-
els. Quantitative RT-PCR and immunoblotting experiments
revealed that both U20S and HCT116 cell lines express endog-
enous CREBZF (Figs. 4 and 6). We made use of CREBZF
siRNAs to downregulate CREBZF at both mRNA and protein
levels (Fig. 4A and B). We observed that, in accordance with
previous results, even a relatively modest decrease of CREBZF
mRNA and endogenous ZF-long protein levels (the only iso-
form detected in U20S cells) causes a noticeable reduction of
endogenous p53 protein levels (Fig. 4B). We had previously
shown that HEY1 expression induces p53-dependent cell-cycle
arrest in tetracycline-inducible U20S cells stably expressing
HEY1.? To analyze whether HEY1’s effects are mediated by
CREBZF, U20S-HEY1 cells were transfected with a CREBZE-
specific siRNA or non-specific control siRNA, and cell prolif-
eration after induction of HEY1 was determined. CREBZF
knockdown only partly rescued the proliferation arrest caused
by induction of HEY1 in U20S cells (Fig. 4C) indicating that
the activation of p53 signaling by HEY1 is, at least in part,
mediated by CREBZF.

CREBZF expression promotes cell survival upon UV light
radiation. Activation of p53 signaling is a key cellular event
upon UVC damage, and Notch signaling has been reported to
downregulate p53-dependent apoptosis induced upon UVC irra-
diation.” The results shown above demonstrate that CREBZF
interacts with the Notch effector HEY1, and that, like HEY1,
CREBZF expression activates p53 signaling. To explore whether
CREBZF expression influences the rate of UV-induced cell death,
we induced ZF-short expression in HCT116 cells for 24 h prior
to UVC irradiation (30 mJ/cm?). Following UVC irradiation,
HCT116-ZF-short cells were incubated for 4 additional days, and
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cell survival was determined by cell count-
ing. Interestingly, we found that CREBZF
expression significantly protected the cells
from UVC-induced apoptosis, increasing
the survival rate from 10% to 30% (p <
0.05) (Fig. 5).

CREBZF expression sensitizes U208
cells to the chemotherapeutic drug
5-fluorouracil. p53 signaling has a key
role in the sensitivity to several chemo-
therapeutic drugs, including 5-fluoroura-
cil.’®” Besides, a genome-wide screening
has revealed that the cytogenetic region
comprising the human CREBZF gene
(11q14.1) may encode genes that modu-
late drug resistance to 5-fluorouracil-based
drugs.!® To explore whether CREBZEF,
via regulation of p53 activity, could influ-
ence the response of cells to 5-fluoroura-
cil, we performed cytotoxicity assays.
Interestingly, we observed that induction
of ZF-short expression in both U20S-ZF-
short cells (Fig. 6) and HCT116-ZF-short
cells (Fig. S7) resulted in an increase in
sensitivity to 5-fluorouracil, suggesting
that altered CREBZF expression might be
one of the causes influencing drug resis-
tance in human tumors.

Discussion

The p53 protein is a key tumor suppressor,
as reflected by the fact that inactivation of
the p53 pathway occurs in most human
cancers. Thus, the discovery and character-
ization of novel p53 regulators can provide
invaluable information about oncogenesis
and uncover novel potential cancer bio-
markers. We report here that CREBZE, a
member of the mammalian ATF/CREB
family of transcription factors is a posi-
tive regulator of p53 activity. The ATF/
CREB family of proteins comprises a large
and heterogeneous group of transcription
factors that share the ability to bind to
the consensus ATF/CRE site.”” CREBZF
was identified as a protein that interacts
with host cell factor C1 (HCFC1), a tran-
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Figure 3. CREBZF expression stabilizes and activates p53. (A) HCT116 cells were transfected with
expression vector for ZF-short and the levels of the indicated proteins were determined 24 h later
by immunobloting. (B) Immunoblot expression of ZF-short, p53, p21 and B-actin in stable HCT116
cell lines expressing inducible CREBZF-short (HCT116-ZF-short) treated with 1 wg/ml tetracycline
(Tet) for 4, 8, 12 or 24 h. (C) Induction of p53 phosphorylation and acetylation by ZF-short expres-
sion. HCT116-ZF-short cells were treated with 1 wg/ml tetracycline (Tet) for 4, 8, 12 or 24 h and
proteins were analyzed by immunobloting with the indicated p53 phospho-specific antibodies,
anti-Ac-Lys382-p53 or anti-B-actin. (D) Quantitative RT-PCR analysis for the expression of p53 and
PIG3 transcripts in HCT116-ZF-short cells treated with 1 pg/ml tetracycline (Tet) for the indicated
times. (E) Immunoblot expression of ZF-long, p53, Ac-Lys382-p53, p21 and B-actin in stable U20S
cell lines expressing inducible CREBZF-long (U20S-ZF-long) treated with 1 pwg/ml tetracycline
(Tet) for 4, 8, 12 or 24 h. (F) Immunoblot expression of ZF-short, p53, Ac-Lys382-p53, p21 and
B-actin in stable U20S cell lines expressing inducible CREBZF-short (U20S-short) treated with 1

rg/ml tetracycline (Tet) for 4, 8, 12 or 24 h.

scriptional factor that is required for transcription activation of
herpes simplex virus genes."” Unlike most ATF/CREB proteins,
CREBZF does not bind ATF/CRE consensus sites by itself,”®
although it can bind to CRE reporters, forming heterodimers
with other members of the ATF family.?” Subsequently, CREBZF
was shown to function as a corepressor of nuclear receptors,
modulating their interaction with corepressor and coactivator
complexes.'>?! Little is known about CREBZF’s biological role,
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although it has been recently suggested that it could play a role in
cellular responses to various forms of stress, such as the unfolded
protein response®*** and amino acid deprivation.?® In line with
these reports, our results indicate that CREBZF could also par-
ticipate in DNA damage stress responses by regulating the p53
pathway. We have found that CREBZF expression stabilizes p53

and activate its transcriptional activity. Contrasting with HEY1-
induced increase in p53 stability, which depends on inhibition of
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Figure 4. Partial CREBZF depletion diminishes cellular p53 protein
levels. (A) Quantitative RT-PCR analysis for the expression of CREBZF
transcript in U20S cells 48 h after transfection with either human
CREBZF on-target plus smart pool siRNA (si-ZF) or with non-targeting
pool negative control siRNA (si-Control). (B) Immunoblot expression
of ZF-long, p53, and B-actin in U20S cells 48 h after transfection with
either human CREBZF on-target plus smart pool siRNA (si-ZF) or with
non-targeting pool negative control siRNA (si-Control). (C) U20S-HEY1
cells transfected with CREBZF-specific on-target plus smart pool siRNA
(si-ZF) or non-targeting pool negative control siRNA (si-Control) were
untreated or treated with 1 pg/ml tetracycline (Tet) to induce HEY1
expression. Cell proliferation was monitored at different time points by
using MTS assay. Results from a representative experiment assayed in
quadruplicate are shown.

MDM2 expression, CREBZF expression does not reduce cellular
MDM2 levels, and p53 stabilization may be mediated, at least in
part, by induction of posttranslational modifications in p53 that
prevent its degradation.

HEY1 and CREBZF interact with each other and with p53,
and expression of both proteinsactivates p53-dependent transcrip-
tion; however, both stimuli had very different biological outcomes
in U20S cell lines: HEY1 expression induces p53-dependent
cell cycle arrest and aberrant neuron-like differentiation,® but
CREBZF expression neither affects U20S proliferation rate
nor induces visible morphological changes. Notwithstanding
this clear dissimilarity, our results suggest a role for CREBZF
in the regulation of HEY1 activity, because CREBZF synergizes
with HEY1 in the activation of p53 transcriptional activity. In
addition, reduction of endogenous CREBZF levels partly res-
cues HEY1-induced cell cycle arrest. Of note, HEY1 expression
results in cell cycle arrest despite causing a strong downregulation
of the cell cycle inhibitor p21,%> whereas the robust induction of
p21 expression caused by CREBZF does not inhibit cell prolifera-
tion. These observations most likely reflect the great complexity
of p53 signaling and the variety of cellular responses induced by
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Figure 5. CREBZF expression promotes cell survival upon UV light
radiation. HCT116-ZF-short cells were untreated or treated with 1 pg/ml
tetracycline (Tet) to induce ZF-short expression. Twenty-four hours after
tetracycline treatment cells were seeded at low density and irradiated
with 30 mJ/cm? UV light-C (UVC) as described in Materials and Methods.
The cells were cultured for another 4 d in the presence or absence of
tetracycline and cell survival was determined counting the number of
control cells (white bars) or UVC-irradiated cells (black bars). Normalized
values are expressed relative to non-irradiated cells. The results shown
represent the averages of results of three independent experiments
assayed in quadruplicate + s.d. *p < 0.05 relative to control (Student’s
t-test).

its activation depending on the type of the stimuli and cellular
context.

A possible role for CREBZF in modulating p53 activation in
response to cellular stress is reinforced by our data showing that
CREBZF expression protects HCT116 cells against apoptosis
induced by UV light. Interestingly, in keeping with our results,
a phosphoproteome profiling of human skin fibroblasts revealed
that X-ray irradiation induced phosphorylation of several ser-
ine and threonine residues in CREBZF.> The characterization
of the possible effects of those modifications on the stability of
CREBZF and its functional interaction with p53 could help to
unravel novel mechanisms that fine-tune p53 stress responses.

The functional interaction between HEY1 and CREBZF sug-
gests that CREBZF might participate in the modulation of Notch
signaling. However, to address this regulatory functional interac-
tion, it will be necessary to elucidate the molecular mechanisms
responsible for CREBZF effects on p53 activity and to study
other possible effects of CREBZF expression on Notch signaling
independent of p53 function. Another member of ATF/CREB
family, ATF3, was also recently shown to be an activator of p53
activity. ATF3 interacts with the C-terminal region of p53 and
prevents MDM2-mediated ubiquitination. Thus, ATF3 expres-
sion protects against MDM2-directed p53 degradation in vivo
when co-transfected in p53-null human lung adenocarcinoma
H1299 cells. However, in similar experiments, CREBZF did
not protect p53 from MDM2-mediated degradation (Fig. S8).
Therefore, the stabilization of p53 observed in p53-competent
cell lines upon induction of CREBZF expression may reflect
activation of p53 phosphorylation-acetylation cascades that pre-
vent its interaction with MDM?2 instead of physically blocking
MDM2-p53 interaction.

We had previously shown that HEY1-dependent p53 induction
sensitized U20S cells to the chemotherapeutic agents cisplatin
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and doxorubicin. However, expression of CREBZF in U20S or
HCT116 cells does not affect their sensitivity to those drugs (data
not shown), once more indicating a different outcome for both
p53-activating proteins. Nonetheless, CREBZF expression was
able to enhance chemosensitivity to the anticancer drug 5-fluo-
rouracil, which activates p53 by interfering with the MDM2-p53
feedback circuit, resulting in cell cycle arrest and/or apoptosis.?’ In
humans, CREBZF maps to chromosome band 11q14.1, and, based
on a genetic screening of 27 human cancer xenografts, it has been
proposed that this locus could encode genes that influence sensi-
tivity to 5-fluorouracil.'® Our results suggest that CREBZF could
be one of the candidate genes responsible for those effects. Loss of
11q14.1 chromosomic region has been observed in several types of
cancer, including malignant melanoma,”® neuroblastoma,? head

and neck squamous cell carcinomas,*

chronic lymphocytic leu-
kemia® and lung carcinoids.” Moreover, pooled genome linkage
also suggested that chromosome 11q14.1 contains genes, which,
when mutated, predispose men to develop a more aggressive pros-
tate cancer.”® These genetic evidences, together with CREBZF
role in the regulation of p53, suggest that CREBZF could have
a tumor-suppressive activity and, therefore, alterations in the
expression or function of this protein might contribute to tumor
progression. To confirm this possibility, it will be required to fur-
ther characterize the molecular mechanisms by which CREBZF
regulates p53 signaling, to address how different types of cellu-
lar stress could modulate CREBZF expression and, ultimately, to
study whether loss or mutation of CREBZF gene contributes to
malignant cell transformation.

Materials and Methods

Yeast two-hybrid screen. The screen and data analysis were per-
formed by Hybrigenics S.A. The coding sequence for full-length
human HEY1 was cloned into the pB29 plasmid as an N-terminal
fusion to LexA and used as a bait to screen at saturation a high-
complexity random-primed human placenta cDNA library as
previously described.*® The selectivity of the HIS3 reporter gene
was modulated with 0.5 mM 3-aminotriazole. We obtained 62
cDNA clones, three of which encoded amino acids 195 to 321 of
CREBZF (genebank accession number NM_001039618.2).

Plasmids. The following plasmids have been described:
pSG5-HEY1, GST-HEY1 (full-length and deletion mutants AY,
amino acids 1-285; AY+O, amino acids 1-115; AY+O+H, amino
acids 1-49; AHLH, amino acids 116-299).!° PIG3-LUC, PIG3-
delF, NOXA-LUC, p21-LUC, APAF-LUC, PUMA-LUC and
pCDNA-p53.°

The complete open reading frame of the full-length CREBZF-
long and CREBZF-short were amplified by PCR from cDNA
obtained from human MCE-7 cells and subcloned into pSG5-
Flag or pGEX-6P-1 (Amersham Pharmacia Biotech). The
CREBZF deletion mutants GST-ZF 269-354, GST-ZF 1-268
and GST-ZF 1-207 were generated subcloning into pGEX-6P-1
the corresponding cDNA regions amplified by PCR.

Cell culture and transient transfections. COS-1, U20S
and HCT116 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum.
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Figure 6. The expression of ZF-short leads to increased sensitivity

to the chemotherapy agent 5-fluorouracil. U20S-ZF-short cells were
untreated (control) or treated with 1 wg/ml tetracycline (Tet) to induce
ZF-short expression. After 24 h, the cells were cultured with varying
concentrations of 5-fluorouracil for another 72 h in the presence or ab-
sence of tetracycline. Subsequently, cell viability was assayed using an
MTS-based assay. Data were plotted relative to the drug-free controls.
The results shown represent the averages of results of two independent
experiments assayed in quadruplicate * s.d.

Twenty-four hours before transfection, cells were plated in
24-well plates (50,000 U20S cells per well or 100,000 HCT116
cells per well). Cells were transfected using Lipofectamine LTX
(Life Technologies). Transfected plasmids are detailed in the
figure legends. pRL-TK (Promega) was used as internal control
for transfection efficiency. The amounts of plasmid DNA used
were: pGL3, PIG3-LUC, NOXA-LUC, APAF-LUC, p21-LUC,
PUMA-LUC, delF-LUC (100 ng/well), pRL-TK (10 ng/well),
pSG5-HEY1 (100 ng/well), pSG5-CREBZEF-short and -long
(100 ng/well unless otherwise indicated), pCDNA-p53 (5 ng/
well). Cell extracts were assayed for luciferase activity as described
previously."” ON-TARGETplus SMARTpool-Human CREBZF
siRNAs (Dharmacon, L-013938) were trasfected into U20S cells
using Lipofectamine LTX (100 nM final siRNA concentration).

GST pull-down assays. Expression vectors were trans-
fected into COS-1 cells using Lipofectamine LTX, Glutathione
S-transferase (GST) fusion proteins were induced, purified,
bound to Sepharose beads (GE Healthcare) and incubated with
COS-1 whole-cell extracts as described previously” in NETN
buffer (20 mM TRIS-HCI (pH 8.0), 1 mM EDTA, 0.5 Nonidet
P-40, 100 mM NaCl). After extensive washing, the samples were
separated on SDS-10% polyacrylamide gels. Gels were blotted
onto nitrocellulose and probed with antibodies.

Antibodies and immunoblotting. The antibodies used were
anti-FLAG M2 (Sigma-Aldrich), anti-p53 (DO-1, Santa Cruz
Biotechnology), anti-B-actin (AC-15, Sigma-Aldrich), anti-
p21 (C-19, Santa Cruz Biotechnology), anti-CREBZF (Abcam
ab28700), anti-Cleaved Caspase 3 Asp 175, (Cell Signaling
9661), anti-Acetyl-p53 Lys379 (Cell signaling 2570), anti-Phos-
pho-p53 Serl5 (Cell Signaling 9286), anti-Phospho-p53 Ser20
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(Cell Signaling 9287), anti-Phospho-p53 Ser 46 (Cell Signaling
2521). Immunoblotting was performed as previously described."

Generation of U20S and HCT116 cells expressing tetra-
cycline-inducible CREBZF-long or CREBZF-short. Lentiviral
vectors encoding flag-tagged ZF-short or ZF-long were used
to generate lentivirus expressing ZF-long or ZF-short by the
ViraPower™ T-REx™ system following manufacturer’s instruc-
tions (Invitrogen). Cells were co-transduced with Tet-repressor-
lentivirus and either ZF-long- or ZF-short-lentivirus. Selection
of stably co-transduced cells was achieved with Zeocin (650 g/
ml for HCT116 and 1000 pg/ml for U20S) and Blasticidin (6
pg/ml for HCT116 and 4 pg/ml for U20S). To induce ZF-long
or ZF-short expression, 1 pwg/ml of tetracycline was added to the
media.

Quantitative real-time PCRs. Total RNA was extracted
using TRI-reagent (Sigma-Aldrich) and treated with RNase-
free DNase (Invitrogen). Gene expression was analyzed by real-
time RT-PCR using Brilliant SYBR-Green QPCR Master-Mix
(Stratagene). The human-specific primers used were: CREBZE-
forward; GCT CCG TTG TAG GGG TTA CA, CREBZF-
reverse; AAA AAC AGC AGA AGC CCT GA, p2l-forward;
CCT GTC ACT GTC TTG TAC CCT, p2l-reverse; GCG
TTT GGA GTG GTA GAA ATC T, PIG3-forward; AAT GCA
GAG ACA AGG CCA GTA, PIG3-reverse; TCC CCG ATC
TTC CAG TGT CC.

The constitutively expressed L19 ribosomal gene was used as
control to normalize mRNA expression (L19-forward; 5'-GCG
GAA GGG TAC AGC CAA T-3', L19-reverse; GCA GCC GGC
GCA AA).

Cytotoxicity assays. U20S cells expressing tetracycline-
inducible ZF-short were plated into 96-well plates (5,000 cells/
well). ZF-short expression was induced by adding 1 pg/ml of
tetracycline and 24 h later were incubated with varying con-
centrations of 5-fluorouracil (Sigma, F6627) for 72 h. Cell
viability was determined in quadruplicate using the CellTiter
One-Solution-Assay (Promega) and reading absorbance at 490
nm. Proliferation assays with U20S-HEY1 cells were performed
as previously described.?

UV light irradiation assay. To analyze the effect of ZF-short
expression on UV-C sensitivity HCT116-ZF-short cells untreated
or treated with 1 pg/ml of tetracycline for 24 h to induce ZF-short
expression were plated into 60 mm plates (120.000 cells per plate)
and 24 h later both groups (= tet) were sham- or UV-C-irradiated
as described above. After the treatment fresh medium was added,
with or without tetracycline, and cell survival was determined, in
quadruplicate, counting the number of cells 4 d later.
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