THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 43, pp. 3644336454, October 19, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Identification of HEXIM1 as a Positive Regulator of p53**

Received for publication, April 19,2012, and in revised form, August 30, 2012 Published, JBC Papers in Press, September 4, 2012, DOI 10.1074/jbc.M112.374157

Qiao Jing Lew?, Yi Ling Chia*, Kai Ling Chu*, Yuen Ting Lam*, Meera Gurumurthy?, Shengli Xu®",

Kong Peng Lam®*l**, Nge Cheong*, and Sheng-Hao Chao'!

I

From the *Expression Engineering and *Immunology Groups, Bioprocessing Technology Institute, Agency for Science, Technology,
and Research (A*STAR), Singapore 138668, Singapore and the Departments of 1]Physiology, HMicrobiology, and **Paediatrics,

National University of Singapore, Singapore 117597, Singapore

Background: To investigate the involvement of HEXIM1 in the p53 signaling pathway, we examine the functional connec-

tion between HEXIM1 and p53.

Results: HEXIM1 directly interacts with p53 and enhances the protein stability of p53.

Conclusion: HEXIM1 is a novel regulator of p53.

Significance: Our results reveal a new function of HEXIM1 in regulating the protein stability and induction of p53.

Hexamethylene bisacetamide-inducible protein 1 (HEXIM1)
is best known as the inhibitor of positive transcription elonga-
tion factor b (P-TEFb), which regulates the transcription elon-
gation of RNA polymerase II and controls 60-70% of mRNA
synthesis. Our previous studies show that HEXIM1 interacts
with two key p53 regulators, nucleophosmin and human double
minute-2 protein (HDM2), implying a possible connection
between HEXIM1 and the p53 signaling pathway. Here we
report the interaction between p53 and HEXIM1 in breast can-
cer, acute myeloid leukemia, and colorectal carcinoma cells. The
C-terminal regions of p53 and HEXIM1 are required for the
protein-protein interaction. Overexpression of HEXIM1 pre-
vents the ubiquitination of p53 by HDM2 and enhances the pro-
tein stability of p53, resulting in up-regulation of p53 target
genes, such as Puma and p21. Induction of p53 can be achieved
by several means, such as UV radiation and treatment with anti-
cancer agents (including doxorubicin, etoposide, roscovitine,
flavopiridol, and nutlin-3). Under all the conditions examined,
elevated protein levels of p53 are found to associate with the
increased p53-HEXIM1 interaction. In addition, knockdown of
HEXIMI1 significantly inhibits the induction of p53 and releases
the cell cycle arrest caused by p53. Finally, the transcription of
the p53 target genes is regulated by HEXIM1 in a p53-depen-
dent fashion. Our results not only identify HEXIM1 as a positive
regulator of p53, but also propose a novel molecular mechanism
of p53 activation caused by the anti-cancer drugs and
compounds.

Positive transcription elongation factor b (P-TEFb)? plays an
essential role in the regulation of RNA polymerase II (Pol II)
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transcription elongation and human immunodeficiency virus
(HIV) Tat transactivation (1-3). Treatment with P-TEFb inhib-
itors, such as flavopiridol and 5,6-dichloro-1-B-p-ribofurano-
sylbenzimidazole (DRB), blocks 60-70% of total RNA Pol II
transcription and effectively inhibits HIV replication, clearly
indicating the importance of P-TEFb in regulation of cellular
and viral transcription (1, 2, 4, 5). Recent genome-wide analysis
of Drosophila and human embryonic stem cells re-confirms the
significance of transcription elongation in gene regulation
(6-8).

In cells, P-TEFb is found in two forms of protein complexes.
The free, active complex is composed of cyclin-dependent
kinase 9 (CDK9) and cyclin T1, while the larger, inactive form
consists of CDK9, cyclin T1, hexamethylene bisacetamide-
inducible protein 1 (HEXIM1), and a small nuclear RNA
(snRNA), 7SK (1,9 -14). HEXIM1 functions as a P-TEFb inhib-
itor in a 7SK snRNA-dependent manner. Association of 7SK
snRNAs with HEXIM1 homodimers causes a conformational
change in the proteins and consequently exposes the C-termi-
nal domain of HEXIM1 for CDK9/cyclin T1 binding, resulting
in inhibition of the kinase activity of CDK9 (1, 12, 15). HEXIM1,
also known as estrogen down-regulated gene 1 (EDG1), was
identified as an estrogen receptor a (ERa)-binding protein, and
its involvement in breast cancers had been reported (16-18).
Other studies suggest that HEXIM1 plays an important role in
acquired immunodeficiency syndrome, cancers, cardiac hyper-
trophy, and inflammation through the inhibition of P-TEFb
(15,19-21).

The tumor suppressor p53 is a stress-inducible transcription
factor which regulates cellular genes required for cell cycle
arrest, DNA repair, apoptosis, differentiation, and prevention
of angiogenesis (22). About 50% of adult cancer contains
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mutated or deleted p53 gene while another 50% is caused by the
suppression of p53 functions (23). Therefore, the p53 signaling
pathway represents a major target for development of novel
cancer therapeutics. For example, our recent study identified
p53 as a potential drug target for the selective treatment of
acute myeloid leukemia (AML) (24).

We previously identified two novel HEXIM1-binding pro-
teins, nucleophosmin (NPM) and human double minute-2 pro-
tein (HDM2), two key regulators of the p53 signaling pathway.
We found that both NPM and HDM2 regulate P-TEFb activity
through the modulation of HEXIM1 (25, 26). Overexpression
of NPM results in proteasome-mediated degradation of
HEXIM1 (25). NPMc+, the cytoplasmic-misallocated mutant
form of NPM, was found to interact and sequester a portion of
HEXIM1 in the cytoplasm of the NPMc+ AML cell line, lead-
ing to increases in P-TEFb-dependent transcription (25). Since
35% of AML patients carry the NPMc+ mutant, our findings
suggest the potential involvement of HEXIM1 in tumorigenesis
of AML (27). We also demonstrated that HDM2 ubiqui-
tinates HEXIM1; however, the HDM2-ubiquitinated HEXIM1
does not lead to proteasome-mediated protein degradation
(26). Furthermore, fusion of ubiquitin to HEXIM1 exhibits
stronger inhibition on P-TEFb-dependent transcription, indi-
cating a role for HDM2 in regulation of P-TEFb activity (26).
These findings show functional interactions between HEXIM1
and p53 regulators, and indicate a possible involvement of
HEXIM1 in the p53 signaling pathway. In this report, we iden-
tify HEXIM1 as a p53-binding protein and our results suggest a
novel role for HEXIM1 in the regulation of p53 induction.

EXPERIMENTAL PROCEDURES

Cells, Plasmids, and Short Hairpin RNAs (shRNAs)—
HEK293 and MCF?7 cells were obtained from American Type Cul-
ture Collection, and AML2 cells were purchased from Deutsche
Sammlung von Mikroorganismen und Zellkulturen. Primary
human foreskin fibroblasts were obtained from Dr. Mark Stinski
(28). HCT116 p53™*'* and p53~'~ cells were kindly provided by
Dr. Bert Vogelstein (29). Yellow fluorescent protein (YFP)-
tagged HEXIM1 (YFP-HEXIM1), YFP-Basic Region (YFP-BR),
FLAG-HEXIM1 wild-type (WT), FLAG-HEXIM1(120-359),
FLAG-HEXIM1(180-359), FLAG-HEXIM1(1-180), FLAG-
HEXIMI1(ABR), and FLAG-HEXIM1-ILAA mutant expression
plasmids were kindly provided by Dr. B. Matija Peterlin and Dr.
Olivier Bensaude (12, 30, 31). The untagged HEXIMI-ILAA
mutant vector was generated by polymerase chain reaction (PCR)
using FLAG-HEXIM1-ILAA plasmid as the template. The ampli-
fied PCR fragment was subcloned into pcDNA6 (Invitrogen). To
generate the hemagglutinin (HA) tagged full-length and deletions
of p53 DNA constructs, including HA-p53 WT, HA-p53(1-369),
HA-p53(1-324), HA-p53(45-393), and HA-p53(293-393) vec-
tors, the full-length p53 ¢cDNA (kindly provided by Dr. David P.
Lane) was used as the template for PCR and the amplified DNA
fragments were subcloned into the pPCMV-HA vector (Clontech).
The luciferase (Luc) reporters, Puma-Luc (Addgene plasmid
#16591), p21-Luc (also known as WWP-Luc, Addgene plasmid
#16451), and p53-Luc (also known as PG13-Luc, Addgene plas-
mid #16442) were gifts from Dr. Bert Vogelstein (32—34). The
HDM2 and histidine-tagged ubiquitin (His-Ub) expression plas-
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mids were described previously (26). A nonspecific sShRNA and
four shRNAs specifically against HEXIM1 were purchased from
Origene. All shRNA plasmids contain the green fluorescent pro-
tein (GFP) coding sequence driven by a CMV promoter. Expres-
sion of GFP can be used to sort the transfected cells by fluores-
cence-activated cell sorting (FACS).

Transfection and Luciferase Assays—Transient transfections
of DNA and shRNA plasmids were performed using FUuGENE 6
(Roche) according to the manufacturer’s instructions. Firefly
luciferase activities were measured 48 h post-transfection using
the Bright-Glo assay system (Promega), and the activities were
determined using an Infinite 200 multiplate reader (Tecan).

Immunoprecipitation (IP) and Western Blotting—IP was per-
formed using an immunoprecipitation kit according to manu-
facturer’s manual (Roche). HEK293 cells were used for
HEXIM1 and p53 domain studies. Western blotting was carried
out according to the standard protocols. The horseradish per-
oxidase-conjugated secondary antibodies were purchased from
Pierce. After the antibody incubation, the blots were washed
and incubated with SuperSignal West Pico Substrate (Pierce),
and the chemiluminescent signal was detected using an x-ray
film (Roche). The film was then scanned, and the protein bands
were quantified by the GS-800 densitometer (Bio-Rad). The
primary antibodies utilized in this study include the HEXIM1
antiserum (25), antibodies against HEXIM1, p53, p53 phospho-
Ser33, p53 phospho-Ser315, p53 phospho-Ser392, GFP, p21,
HDM2, His tag, CDK9 (Santa Cruz Biotechnology), Puma, p27
(Abcam), FLAG tag, HA tag (Sigma), and B-actin (Millipore).

UV Radiation and Drug Treatment—MCEF7 cells were
seeded into tissue culture plates and grown for 24 h to reach
confluence. The culture medium was aspirated and cells were
washed twice with PBS. The cells then were exposed to 50]/m>
of UV irradiation using a crosslinker UV chamber (UV
Stratalinker 1800, Stratagene). Fresh medium was added to the
UV-treated cells, and the cell lysates were prepared 6 h after UV
irradiation. Non UV-treated cells were used as a control. For
drug/compound treatment, cells were incubated with an indi-
cated drug or compound, including flavopiridol, DRB, doxoru-
bicin, nutlin-3, etoposide, roscovitine or actinomycin D
(Sigma). Cells treated with dimethyl sulfoxide (DMSO) were
used as a control since all compounds were dissolved in DMSO.
After 3-h incubation, cell lysates were prepared and analyzed by
IP, followed by Western blotting.

p53 Ubiquitination and Stability Assays—MCF7 cells were
transiently co-transfected with the indicated His-Ub, HDM2,
and HEXIM1 expression plasmids. The transfected cells were
harvested 2 days after transfection. 16 h before harvest, cells
were treated with 10 uM proteasome inhibitor MG132 (Calbi-
ochem). The ubiquitination assay was carried out as described
previously (26). For stability assays, cycloheximide (100 pg/ml;
Sigma) was added into the culture 0 -3 h before harvesting.

Quantitative Reverse Transcriptase-Polymerase Chain Reac-
tion (QRT-PCR)—RNAs of the transfected cells were isolated
using RNeasy kit (Qiagen). Improm II Reverse Transcription
System (Promega) and SYBR Green PCR Master Mix (Applied
Biosystems) were utilized to carry out reverse transcription and
real time PCR, respectively. The primer pairs used in this study
include: p53 (5'-TCAACAAGATGTTTTGCCAACTG-3' and
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FIGURE 1. HEXIM1 interacts with p53. MCF7 cells were treated with or with-
out UV radiation. Lysates of the cells were analyzed by IPs using the antibod-
ies against HEXIM1 (A) and p53 (B), followed by Western blotting to examine
the interactions between endogenous HEXIM1 and p53. Associations
between endogenous HEXIM1/CDK9 (A) and p53/CDK9 (B) proteins were also
examined.

5-ATGTGCTGTGACTGCTTGTAGATG-3'), and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) (5'-AACAGC-
CTCAAGATCATCAGC-3' and 5'-GGATGATGTTCTG-
GAGGACC-3'). GAPDH was used as a control to normalize
the ¢cDNA inputs. Amplification and detection of specific
mRNAs were performed using ABI Prism 7000 Thermal-Cycler
(Applied Biosystems).

FACS—HCT116 cells were transiently transfected with an
empty (i.e. pcDNA®6) or a p53 expression vectors along with an
indicated shRNA (i.e. shControl or ssHEXIM1). Cells were har-
vested 48 — 60 h post-transfection. Cells were further processed
using the CycleTest™ plus DNA reagent kit (Becton Dickin-
son) according to the manufacturer’s protocol. The transfected
cells with higher fluorescence intensity of GFP were then gated
and analyzed. Data were collected using LSR II flow cytometer
(BD Biosciences) and analyzed with Flow]Jo (TreeStar) to deter-
mine the cell cycle status.

RESULTS

HEXIM1 Interacts with p53—Interactions between
HEXIM1, NPM, and HDM2 indicate a possible connection
between HEXIM1 and the p53 signaling pathway (25, 26). We
first examined the association between p53 and HEXIM1 in
MCEF?7 cells by IP using an anti-HEXIM1 antibody. Interaction
between the endogenous HEXIM1 and p53 proteins was
detected (Fig. 1A4). It was noted that the HEXIM1-p53 interac-
tion significantly increased after cells were exposed to UV radi-
ation, which enhanced the protein levels of p53 but showed
little effects on HEXIM1 (Fig. 1A). Association between
HEXIM1 and CDK9 was significantly inhibited by UV treat-
ment as previously reported (12). Reciprocal IP was carried out
using an anti-p53 antibody and HEXIM1 was detected in the
immunoprecipitated complexes, confirming the interaction
between p53 and HEXIM1 (Fig. 1B). However, no interaction
between p53 and CDK9 was detected (Fig. 1B). We next per-
formed immunofluorescence to examine the subcellular local-
ization of HEXIM1 and p53 under UV radiation. Without UV
treatment, little HEXIM1 was found to co-localize with p53
(supplemental Fig. S1). Increased co-localization of HEXIM1
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and p53 was observed 1, 3, and 6 h after UV treatment (supple-
mental Fig. S1). The p53-HEXIM1 interaction in primary cells
was also examined. The association between endogenous p53
and HEXIM1 proteins was detected in primary human foreskin
fibroblasts by IP (supplemental Fig. S2). We further performed
invitro binding assays using purified p53 and HEXIM1 proteins
and demonstrated the direct protein-protein interaction
between p53 and HEXIM1 (supplemental Fig. S3).

A series of HEXIM1 truncations tagged with FLAG or YFP
were utilized for the domain study of HEXIMI1 (Fig. 2A).
HEK293 cells were transfected with an individual HEXIM1
truncation plasmid followed by IP using an anti-p53 antibody.
To confirm the specific binding between p53 and the full-length
HEXIM], a normal IgG was used as a negative control for the IP
(Fig. 2B). Besides the full-length HEXIM1, only HEXIM1(120 —
359) was found to interact with p53 (Fig. 2B). It was noted that
neither N-terminal (amino acids (a.a.) 1-180) nor C-terminal
(a.a. 180-359) regions of HEXIM1 associated with p53 (Fig.
2B). In addition, deletion of the BR (a.a. 150 —180) abolished the
interaction between HEXIM1 and p53 (Fig. 2B) and a weak
interaction between BR and p53 was observed (Fig. 2C). These
results suggested that the BR was required to cooperate with
the C terminus of HEXIM1 for sufficient p53 binding. We next
assessed the requirement of 7SK snRNA for the p53-HEXIM1
interaction. The 7SK snRNA binding motif, KHRR, is located
within the BR (a.a. 152—-156). The HEXIM1 ILAA mutant, in
which KHRR residues are replaced with ILAA, is unable to asso-
ciate with 7SK snRNA (30). As shown in Fig. 2D, the HEXIM1
ILAA mutant did not exhibit significant changes in p53 bind-
ing, indicating that 7SK snRNA was not involved in the p53-
HEXIMLI interaction.

The domain of p53 required for HEXIM1 binding was inves-
tigated next. HEK293 cells were transfected with the indicated
p53 deletion plasmids followed by IP and Western blotting (Fig.
2E). The IP with a normal IgG was utilized as a negative control
(Fig. 2F). Both p53(1-369) and p53(1-324) did not interact with
HEXIM]I, suggesting that the oligomerization (OLL a.a. 324 —
368) and the negative regulation (NEG; a.a. 369 —393) domains
were required for binding (Fig. 2F). However, the OLI-NEG
regions (i.e. a.a. 293-393) failed to interact with HEXIM1 (Fig.
2F). Only the transactivation (TA) domain-less p53 truncation
(a.a. 45-393) was found to bind to HEXIM1 (Fig. 2F). We con-
clude that the NEG region is essential for HEXIM1 binding and
the NEG region needs to coordinate with other domains,
including OLI, proline-rich (PR), and DNA binding domains
(DBD), to ensure efficient association with HEXIM1.

Overexpression of HEXIM1 Increases p53 Protein Levels and
Stimulates p53 Activation—To determine the functional
importance of the p53-HEXIM1 interaction, effects of
HEXIM1 overexpression were investigated. A significant
increase in the p53 level was seen in the HEXIM1-transfected
MCEF?7 cells (Fig. 34, lanes 1 and 3). After UV treatment, ectopic
expression of HEXIM1 did not show significant effects on p53
(Fig. 34, lanes 2 and 4). HEXIM1 is known as a transcription
inhibitor and a key regulator of P-TEFb. We thus examined if
HEXIMI regulated the expression of p53 at transcriptional
level. RNAs isolated from the HEXIM1-transfected cells were
analyzed by QRT-PCR, showing that overexpression of
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FIGURE 2. Domain study. A, diagram of HEXIM1 truncations. The HEXIM1 constructs were FLAG- or YFP-tagged, while the HEXIM1-ILAA mutant was not
tagged. The p53 binding data are summarized on the right. ID, inhibitory domain; BR, basic region; AR, acidic region; DD, dimerization domain. B, HEK293 cells
were transiently transfected with the indicated FLAG-tagged HEXIM1 plasmids. Lysates of the transfected cells were immunoprecipitated with an anti-p53
antibody or a normal IgG (as a negative control). The precipitated protein complexes were analyzed by immunoblotting using an anti-FLAG antibody.
C, HEK293 cells were transfected with YFP, BR-YFP, or HEXIM1-YFP plasmids. IPs were performed using the lysates of the transfected cells and an anti-p53
antibody. The immunoprecipitated complexes were analyzed by Western blotting using an anti-GFP antibody, which recognized YFP as well. HC, the heavy
chain of anti-p53 antibody. D, cell lysates prepared from the HEXIM1 WT or HEXIM1 ILAA-overexpressing HEK293 cells were utilized for IP analyses. IPs were
carried out using an anti-HEXIM1 antibody. The immunoprecipitated protein complexes were analyzed by Western blotting using an anti-p53 antibody.
E, diagram of p53 deletions. The HEXIM1 binding data are summarized on the right. TA, transactivation domain; PR, proline-rich region; DBD, DNA binding
domain; OLI, oligomerization domain; NEG, negative regulation domain. F, HEK293 cells were transiently transfected with an indicated p53 plasmid. Lysates of

the transfected cells were analyzed by IPs with an anti-HEXIM1 antibody or a normal IgG, followed by immunoblotting using an anti-p53 antibody.

HEXIM1 decreased the mRNA levels of p53 (Fig. 3B). On the
other hand, IP analysis showed the increased interaction
between HEXIM1 and p53 in the HEXIM1-overexpressing cells
(Fig. 3C, lanes 1 and 3). Taken together, these results suggest
that HEXIM1 may regulate p53 at the protein level and enhance
p53 stability through protein-protein interaction.

The impact of HEXIM1 overexpression on p53 was further
investigated. P-TEFb has been shown to phosphorylate p53 at
Ser-33, Ser-315, and Ser-392 (35, 36). Phosphorylation of Ser-
33, Ser-315, and Ser-392 enhances the DNA binding ability and
induces transactivation of p53 (37-39). Overexpression of
HEXIM1 maintained the phosphorylation of p53 at Ser-33 and
Ser-392, but failed to do so on the phosphorylation of Ser-315,
as the protein level of p53 increased (Fig. 3D). As expected,
overexpression of HEXIM1 resulted in up-regulation of p53
downstream targets, p21 and Puma (Fig. 3D). No effects on p27,
another tumor suppressor protein which is not regulated by
p53 (40), were detected (Fig. 3D). These findings demonstrate
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that HEXIM1 specifically regulates p53 and its signaling
pathway.

HEXIM1 Decreases the Ubiquitination of p53 by Disrupting
the Interaction between p53 and HDM2—The domain study
demonstrated an essential role of p53 NEG region in HEXIM1
binding (Fig. 2, E and F). The NEG domain is important for p53
degradation since the lysine residues required for the ubiquiti-
nation of p53 are located within this region (41). Therefore, we
hypothesized that the HEXIM1 binding might interfere with
the ubiquitination of p53 by HDM2. We co-transfected MCF7
cells with the indicated expression vectors, including His-Ub,
HDM2, and HEXIM1. His-tagged ubiquitinated proteins were
captured by Ni-NTA and analyzed by Western blotting (Fig.
4A). Significant decreases in p53 ubiquitination were observed
in the cells with high expressing levels of HEXIM1 (Fig. 44;
compare the ubiquitinated p53 in lane 2 to lanes 4/5, and lane 3
to lanes 6/7). A decrease in the endogenous ubiquitination of
p53 was also detected when HEXIM1 was overexpressed (sup-
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FIGURE 3. Overexpression of HEXIM1 stabilizes and activates p53. A, HEXIM1-transfected MCF7 cells were treated with or without UV. Cells transfected with
an empty vector were used as the negative control. Expression of p53 and HEXIM1 proteins was analyzed by immunoblotting. Actin was used as the loading
control. B, mRNA levels of p53 in the HEXIM1-transfected cells were measured by QRT-PCR. The cells transfected with an empty plasmid were used as a control.
C, cell lysates prepared from the mock- and HEXIM1-transfected MCF7 cells were analyzed by IP. MG132 was added into the culture before harvesting. IP with
anormal IgG was used as a negative control to exhibit the nonspecific background bindings. D, effects of HEXIM1 overexpression on the phosphorylation of
p53 and the expression of p53 downstream targets were analyzed by Western blotting. Actin and p27 were used as controls.
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Elutions from the Ni resin were analyzed by Western blot using an anti-p53 antibody. The expression of His-Ub, HDM2, HEXIM1, p53, and actin was examined.
B, MCF?7 cells were transfected with HDM2, HEXIM1, and GFP expression vectors in the indicated combinations. The GFP plasmid was included in all transfec-
tions to normalize the transfection efficiency. The quantitation of p53 protein is presented in percentage after normalizing with GFP proteins. C, MCF7 cells
were transfected with an empty vector or a HEXIM1 expression plasmid. Mock- and HEXIM1-transfected cells were incubated with 100 png/ml cycloheximide
(CHX) for 0, 1, 2, and 3 h. The quantitation of p53 is presented in percentage after normalizing with actin. D, cell lysates of the mock- and HEXIM1-transfected
MCF?7 cells were used to analyze the association between p53 and HDM2 by IPs. MG132 was included in the culture before harvesting. The amounts of p53 and
HDM2 proteins immunoprecipitated by an anti-HDM2 antibody were quantified as described under “Experimental Procedures.” The HDM2 protein precipi-
tated in the IP against HDM2 was used as the input to normalize the amount of p53 protein detected in the IP. Reverse IP using an anti-p53 antibody was carried
out and the same quantitative methods were utilized to examine the changes of p53-HDM2 interaction caused by HEXIM1 overexpression. The experiments
were performed at least twice and similar results were obtained.
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plemental Fig. S4). To ensure the counter effect of HEXIM1 on
the HDM2-mediated p53 protein degradation, we co-trans-
fected cells with HDM2, HEXIM1, and GFP expression vectors
in the indicated combinations. The GFP plasmid was included
in all transfections as an internal control to normalize transfec-
tion efficiency (Fig. 4B). A significant decrease in the p53 level
was detected in the HDM2-expressing cells (Fig. 4B; compare
lane 1 to lane 3). When HEXIM1 was co-expressed, HDM2-
mediated p53 degradation was alleviated as the expression lev-
els of HEXIM1 increased (Fig. 4B; compare lane 3 to lanes 4, 5,
and 6). Influence of HEXIM1 overexpression on the protein
stability of p53 was also investigated. The mock- and HEXIM1-
transfected cells were treated with cycloheximide, and the p53
protein levels were monitored 1-3 h after the compound treat-
ment. The results indicated that the half-life of endogenous p53
in the HEXIM1-transfected cells (i.e. 2.04 h) was much longer
than that in the mock-transfected cells (i.e. 0.88 h) (Fig. 4C and
supplemental Fig. S5).

Effect of HEXIM1 overexpression on the p53-HDM2 inter-
action was examined next. The lysates prepared from the
HEXIMI1-transfected cells were divided into two halves and
analyzed by IPs with anti-HDM2 and anti-p53 antibodies,
respectively. In the IP assay using an anti-HDM?2 antibody, the
amounts of p53 and HDM2 proteins in the anti-HDM2 immu-
noprecipitated complexes were quantified. To determine the
changes in the p53-HDM2 interaction, the immunoprecipi-
tated HDM2 proteins by an anti-HDM?2 antibody were used to
normalize the amounts of precipitated p53 proteins in the same
IP (Fig. 4D). A 36% decrease in the interaction between p53 and
HDM2 was found when HEXIM1 was overexpressed (Fig. 4D).
Reciprocal IP was performed using an anti-p53 antibody.
Amounts of the precipitated p53 and HEXIM1 proteins in the
anti-p53 IPs were quantified and normalized as described ear-
lier. A similar result was obtained showing a 35% decrease in
p53-HDM2 interaction (Fig. 4D). Collectively, these results
suggest that HEXIM1 enhances p53 stability by blocking the
HDM2-mediated p53 protein degradation.

We next investigated the effect of HEXIM1 on p53 in a dif-
ferent cancer cell line. Using a colorectal carcinoma cell line,
HCT116, we detected an increased p53-HEXIM1 interaction
and decreased endogenous ubiquitination of p53 in the
HEXIM1-overexpressing cells (supplemental Fig. S6A4). In
addition, overexpression of HEXIM1 also significantly dis-
rupted the interaction between p53 and HDM2 in HCT116
cells (supplemental Fig. S6B). Collectively, our results indicate
that the effects of HEXIM1 on p53 protein stability may not be
cell-specific.

Elevated Protein Levels of p53 Are Accompanied with an
Increased p53-HEXIM1 Interaction—Besides UV and DNA
damage compounds (doxorubicin and etoposide), induction of
p53 can also be achieved by the treatment of CDK compounds
(flavopiridol, DRB, roscovitine), transcription inhibitors (acti-
nomycin D), and HDM2 antagonists (nutlin-3) (42-47).
Changes in the p53-HEXIM1 interaction during p53 induction
were examined using MCEF7 cells. Higher p53 levels were
observed in the treated cells as expected (Fig. 5A4). Treatment of
UV and DRB is known to disrupt the formation of large P-TEFb
complexes and release free HEXIM1 from the association with
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CDK9/cyclin T1 (11, 48). Besides UV and DRB, incubation with
flavopiridol, roscovitine, and actinomycin D also disrupted the
association between CDK9/cyclin T1 and HEXIM1 (Fig. 54).
Most importantly, the p53-HEXIM1 interaction was signifi-
cantly increased under all of these treatments (Fig. 54). We
further examined the impact of doxorubicin, etoposide, and
nutlin-3 on the p53-HEXIM1 interaction. Increases in p53 pro-
tein levels were detected, while the association between
HEXIM1 and CDK9 remained unchanged (Fig. 5B). Again,
incubations of doxorubicin, etoposide, and nutlin-3 all
enhanced the binding between p53 and HEXIM1 (Fig. 5B),
reconfirming a potential role for HEXIM1 to enhance the sta-
bility of p53.

A similar set of experiments was carried out using an acute
myeloid leukemia cell line, AML2, and the interaction between
endogenous p53 and HEXIM1 was detected (Fig. 5C). In addi-
tion, cells were incubated with flavopiridol and nutlin-3 to
induce p53. We again observed increases in p53 levels and p53-
HEXIMI1 interactions in the treated cells (Fig. 5C). A lower
HEXIM1 protein level was detected in the flavopiridol-treated
AML2 cells; however, it did not affect the increases in the p53-
HEXIM1 interaction and p53 protein level (Fig. 5C). Taken
together, these results demonstrate the positive correlation
between p53 protein stability and the p53-HEXIM1 association
in two different cancer cell lines.

Knockdown of HEXIM1I Inhibits Induction of pS3—HEXIM1
knockdown assay was performed to examine the impact of
HEXIMI on p53. We obtained four different sARNAs targeting
HEXIM1 and examined the effectiveness of the shRNAs by
Western blot. Only one HEXIM1 shRNA showing consistent
and efficient knockdown of HEXIM1 protein was chosen for
the following knockdown experiments (supplemental Fig. S7,
#1 shRNA). MCF7 cells were transfected with a nonspecific
control shRNA or the selected HEXIM1 shRNA. In agreement
with the results of HEXIM1 overexpression assays (Fig. 3D),
knockdown of HEXIM1 decreased the protein levels of p53 as
well as its downstream target, p21, while no effects were found
in p27 (Fig. 6A). A parallel set of experiments was performed
with MG132 treatment. Incubation of MG132 recovered the
decreased p53 protein level caused by HEXIM1 knockdown,
and furthermore, the increased protein level of p53 was much
higher than the level found in the control (Fig. 64, compare lane
4 to lane I). These data suggest that HEXIM1 may be one of the
cellular factors involved in the regulation of p53 protein
turnover.

To examine the effects of HEXIM1 knockdown on the action
of p53-inducing compounds, MCF7 cells were first transfected
with the selected HEXIM1 shRNA, followed by doxorubicin or
flavopiridol treatment. Compared with the control (i.e. cells
transfected with a nonspecific ShARNA), significant lower pro-
tein levels of p53 and its downstream targets, Puma and p21,
were detected in the HEXIM1 knockdown cells under the treat-
ment of doxorubicin and flavopiridol (Fig. 6B). No changes in
the p27 protein levels were observed (Fig. 6B). These results
further confirm the function of HEXIM1 as a positive regulator
of p53.
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FIGURE 5. Functional connection between p53 induction and p53-HEXIM1 interaction. A, MCF7 cells were treated with UV, flavopiridol (i.e. Flavo, 1 um),
DRB (100 wm), roscovitine (i.e. Ros, 20 um), or actinomycin D (i.e. ActD, 30 nm). The DMSO-treated cells were used as controls since all compounds were dissolved
in DMSO. The HEXIM1-p53 and HEXIM1-CDK9 associations were determined by IP using an anti-HEXIM1 antibody (i.e. «H1), followed by Western analysis. The
normal IgG was used as the control for IP experiments. The protein levels of p53, HEXIM1, and CDK9 in cells were also examined. B, after incubated with
doxorubicin (i.e. Dox, 1 um), etoposide (i.e. Etop, 10 um), or nutlin-3 (i.e. Nut, 10 um), the cell lysates prepared from the treated MCF7 cells were analyzed by IP,
followed by Western blotting. C, AML2 cells were incubated with flavopiridol (i.e. Flavo, 1 um) or nutlin-3 (i.e. Nut, 30 um) and the interaction between p53 and
HEXIM1 was analyzed by IP. The protein levels of p53 and HEXIM1 in the cell lysates were also examined. Flavo, DRB, and Ros are CDK-inhibiting compounds;
ActD, transcription inhibiting compound; Dox and Etop, DNA damage compounds; Nut, HDM2 antagonist.

HEXIM]1 Regulates the p53-dependent Cell Cycle Arrest and
Activation of Caspases 3/7—The impact of HEXIM1 knock-
down on the p53-mediated cell arrest was studied next.
HCT116 p53*/" cells were transfected with the indicated com-
binations of vectors to overexpress p53 or knock down
HEXIM1 (Fig. 7). Effectiveness of HEXIM1 knockdown and
p53 overexpression in the transfected cells was examined and
confirmed by immunoblotting (supplemental Fig. S8). Little
effects on cell cycle were observed when HEXIM1 was knocked
down by the HEXIM1 shRNA (Fig. 7; compare pcDNA6 +
shHEXIMI1 to pcDNA6 + shControl). Ectopic expression of
p53 increased cell cycle arrest in S and G2/M phases (Fig. 7;
compare p53 + shControl to pcDNA6 + shControl). Such p53-
induced arrestation of cells were significantly reversed when
HEXIM1 was knocked down in the p53-overexpressing cells
(Fig. 7; compare p53 + shHEXIM1 to p53 + shControl), sug-
gesting the functional importance of the p53-HEXIM1 interac-
tion in the regulation of the p53-dependent cell cycle arrest.

Caspases 3 and 7 are the key regulators of p53-mediated apo-
ptosis (49). To assess the involvement of HEXIM1 in p53-de-
pendent apoptosis, HCT116 p53"/* and p53~/~ cells were
transfected with a HEXIM1 expression vector. Up to a 60%
increase in the caspase activity was detected in HCT116 p53™*/*
cells when HEXIM1 was overexpressed (supplemental Fig. S9).
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However, no changes in caspase activities were observed in the
HEXIM1-overexpressing HCT116 p53 ' cells (supplemental
Fig. S9). These results suggest that overexpression of HEXIM1
can induce p53-mediated apoptosis.

HEXIM1 Transcriptionally Regulates the Expression of p53
Target Genes in a p53-dependent Manner—Our data suggested
that HEXIM1 up-regulated the downstream targets of p53,
such as Puma and p21, by enhancing the protein stability of p53.
To test our hypothesis, we examined the impact of HEXIM1 on
the expression of the p53 target genes in a p53-null background.
HCT116 p53~ /" cells were co-transfected with a Luc reporter
(i.e. Puma-Luc, p21-Luc, or p53-Luc) and an indicated expres-
sion vector (i.e. HEXIM1 or an empty vector). Expression of Luc
in the Puma-Luc and p21-Luc reporter is driven by the Puma
and p21 promoters, respectively (32, 33). The reporter p53-Luc,
also known as PG13-Luc, contains 13 copies of the p53-binding
consensus sequence (34). A parallel experiment was carried out
using HCT116 p53™/* cells. Overexpression of HEXIM1
resulted in 50 — 80% increases in Luc expression of the reporter
plasmids in the p53*/" background (Fig. 8A4). On the contrary,
no activation of the p53-dependent transcription was detected
in the HEXIM1-transfected HCT116 p53~ /" cells (Fig. 84). A
similar set of experiments were carried out to examine the
effects of HEXIM1 knockdown on the p53 target genes. In the
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FIGURE 6. Knockdown of HEXIM1 inhibits the induction of p53. A, MCF7
cells were transiently transfected with a control (i.e. shCon) or a HEXIM1 (i.e.
shH1) shRNA in the absence or presence of MG132. Expression of the indi-
cated proteins was analyzed by Western blotting. Actin and p27 were used as
negative controls. B, MCF7 cells were transiently transfected by an indicated
shRNA plasmid. Two days after transfection, cells were incubated with 1 um of
doxorubicin (Dox) or flavopiridol (Flavo) for 3 h before harvesting. The DMSO-
treated cells were used as controls since both Dox and Flavo were dissolved in
DMSO. Expression of p53, HEXIM1, Puma, p21, p27, and actin proteins was
analyzed by immunoblotting. Actin and p27 were used as controls.

aActin

HCT116 p53™'* cells, 30-55% decreases in Luc expression of
the reporter plasmids were caused by HEXIM1 knockdown
(Fig. 8B). However, knockdown of HEXIM1 failed to inhibit the
p53-dependent transcription in the p53~/~ background (Fig.
8B). Taken together, we conclude that HEXIM1 regulates the
expression of p53 target genes at transcriptional level and in a
p53-dependent fashion.

DISCUSSION

Besides binding to CDK9/cyclin T1, HEXIM1 has been
shown to associate with ERa, MyoD, histone deacetylases,
importin o, HDM2, NPM, NF-«B, and glucocorticoid receptors
(17, 21, 25, 26, 50-52). Here, we identify p53 as a novel
HEXIM1 binding protein through direct interaction with
HEXIM1 (Fig. 1 and supplemental Fig. S3). No interaction
between CDK9 and p53 is detected (Fig. 1B). Our results con-
tradict to a previous report demonstrating that p53 binds to
CDKO9, but not HEXIM1 (53). In the report, Napolitano et al.
transiently transfected H1299 (a non-small cell lung cancer cell
line) and U20S (an osteosarcoma cell line) cells with p53 and
cyclin T1 plasmids to overexpress both proteins, followed by IP
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FIGURE 7. Knockdown of HEXIM1 releases the cell cycle arrest induced by
p53. HCT116 cells were transiently transfected with the indicated expression
(i.e. p53 or an empty vector, pcDNA6) and shRNA (shControl or shHEXIM1)
plasmids. The transfected GFP ™" cells were gated and analyzed for cell cycle
status by FACS as described under “Experimental Procedures.” Similar obser-
vations were obtained in at least two independent experiments.

analyses (53). Instead, our study aims to examine the interac-
tion between the endogenous p53 and HEXIM1 proteins in
MCEF?7 (a breast cancer cell line) cells (Fig. 1). The p53-HEXIM1
interaction is also seen in the domain studies using HEK293 (an
embryonic kidney cell line) cells (Fig. 2). Furthermore, the asso-
ciation between endogenous p53 and HEXIM1 proteins is also
detected in AML2 (an acute myeloid leukemia cell line) and
HCT116 (a colorectal carcinoma cell line) cells (Fig. 5C and
supplemental Fig. S6A), as well as primary human foreskin
fibroblasts (supplemental Fig. S2). Still, since different cell
lines were used in these studies, we could not rule out the
possibility that the observed p53-HEXIM1 interaction might
be cell-specific.

HEXIM], also known as EDG1, was identified from a cDNA
library of MCEF?7 cells by yeast two-hybrid screenings as an ERa-
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FIGURE 8. HEXIM1 regulates the transcription of p53 target genes in a
p53-dependent fashion. HCT116 p53™/* and p53~/" cells were transfected
with a Lucreporter and an indicated expression vector for the overexpression
experiments (A) or an indicated shRNA plasmid for the knockdown assays (B).
The total amounts of plasmids transfected were kept constant by adjusting
the mock vector. Luciferase activity was determined 2 days post-transfected
as described under “Experimental Procedures.”

binding protein and found to play an important role in ERa-
induced gene expression (16, 17). Involvement of HEXIM1 in
breast cancers has been reported. Lower expression levels of
HEXIM1 were detected in breast tumor tissues when compared
with the adjacent normal breast tissues in all tumor grades (16).
Furthermore, a recent study demonstrates HEXIM1 as a critical
factor for cancer recurrence in breast cancer patients treated
with tamoxifen, a selective ER modulator used for treatment of
advanced stage breast cancers (18). Our results presented here
further emphasize the importance of HEXIMI in breast can-
cers. Furthermore, the interaction between p53 and HEXIM1
was also detected in an acute myeloid leukemia cell line (AML2;
Fig. 5C) and a colorectal carcinoma cell line (HCT116; supple-
mental Fig. S6A), suggesting a potential role for HEXIM1 in
other cancers.

The IP analysis showed that p53 interacted with the “free”
HEXIM], instead of the “CDK9/cyclin T1-bound” HEXIM1
(Fig. 1B). Domain study indicated that the BR, acidic region
(AR), and dimerization domain (DD) of HEXIM1 were essential
for the p53 interaction (Fig. 2, A and B). Furthermore, the
HEXIM1 ILAA mutant, which fails to associate with 7SK
snRNA and to form protein complex with CDK9/cyclin T1, is
still able to interact with p53 (Fig. 2D). These results demon-
strate that HEXIM1 interacts with p53 in a 7SK snRNA-inde-
pendent manner and not in the large P-TEFb form. The AR of
HEXIM1 has been shown to interact with the adjacent BR in the
absence of 7SK snRNA (31). Since the P-TEFb binding motif,
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PYNT (a.a. 202-205), is located between the BR (a.a. 150 -180)
and AR (a.a. 210-250), it has been proposed that the BR-AR
interaction establishes a “close” conformation and prevents the
association with CDK9/cyclin T1 (30, 31). The DD of HEXIM1
is responsible for the formation of HEXIM1 homodimers (54).
It remains to be determined if the association between
HEXIM1 and p53 may interfere with the homodimerization of
HEXIMI. Collectively, our data suggest that the 7SK snRNA-
free HEXIM1 binds to p53 in the monomeric or homodimeric
“close” forms.

The PR, DBD, OLI, and NEG regions of p53 are required for
the stable interaction with HEXIM1 (Fig. 2, E and F). Notably,
no interaction between p53 and HEXIM1 was detected when
the NEG region (a.a. 370—-393) was deleted (Fig. 2, E and F),
demonstrating an essential role of the NEG domain for the
interaction. The NEG domain contains six lysine residues,
including Lys-370, -372, -373, -381, -382, and -386, which are
ubiquitinated by HDM2 (41). Therefore, through the interac-
tion with the NEG domain, HEXIM1 could block the ubiquiti-
nation by HDM2 and enhance the protein stability of p53. This
hypothesis is supported by the data showing that overexpres-
sion of HEXIM1 increased the protein levels of p53 and
decreased the ubiquitination of p53 (Figs. 34 and 44). Recently,
Poyurovsky et al. showed that the C-terminal region of p53
(367-393 a.a.) was required for the interaction with HDM2.
The p53-HDM2 interaction was significantly decreased when
the C-terminal 30 a.a. of p53 was deleted (55). In this study, we
unraveled that overexpression of HEXIM1 disrupted the p53-
HDM2 interaction (Fig. 4D and supplemental Fig. S68). Taken
together, we conclude that HEXIM1 may compete with HDM?2
in binding to the NEG domain of p53 and protect p53 from
being ubiquitinated by HDM2.

It has been reported that P-TEFb phosphorylates p53 on Ser-
33, -315, and -392 (35, 36). Phosphorylation of p53 at these
three serine residues is known to enhance the DNA binding and
transactivating abilities of p53 (37-39, 56, 57). We investigated
the effects of HEXIM1 on the phosphorylation of Ser-33, -315,
and -392. In the HEXIM1-overexpressing cells, phosphoryla-
tion of p53 at Ser-33 and Ser-392 increased proportionally with
the protein level of p53 (Fig. 3D). In contrast, overexpression of
HEXIML1 failed to maintain the phosphorylation of p53 at Ser-
315 as the protein level of p53 increased (Fig. 3D). Increasing in
the p53 protein level and maintaining the p53 phosphorylation
at Ser-33 and Ser-392 help to explain the activation of the p53
target genes, such as p21 and Puma, by HEXIM1 overexpres-
sion (Fig. 3D). In addition, we performed the cell-based
reporter assays using HCT116 p53 wild-type and knock-out
cells, and demonstrated that HEXIM1 regulated the transcrip-
tion of p21 and Puma in a p53-dependent manner (Fig. 8). We
did not detect the association between p53 and P-TEFb by IP
(Fig. 1B). However, this is expected since the binding between
the kinase (i.e. CDK9), and its substrate (i.e. p53) could be very
weak and temporary. Therefore, IP analysis may not be the ideal
approach for this kind of interaction. The p53-P-TEFb and p53-
HEXIM1 interactions may be two independent events. It is pos-
sible that P-TEFb may phosphorylate p53 first. After dissociat-
ing with P-TEFDb, the phosphorylated p53 binds to HEXIM1,
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FIGURE 9. Proposed model for the effect of p53-HEXIM1 interaction on the induction of p53. Our results suggest that two regulatory mechanisms are
utilized by HEXIM1 to enhance the protein stability of p53: 1) HEXIM1 directly binds to p53 and protects p53 from being ubiquitinated by HDM2. The
p53-HEXIM1 interaction can be induced by UV, CDK inhibitors, transcription inhibitors, and p53 inducers. 2) HEXIM1 binds to HDM2 and is subsequently
ubiquitinated by HDM2. Therefore, this HEXIM1-HDM2 interaction indirectly protects a portion of p53 from being ubiquitinated by HDM2. Flavo, flavopiridol;
Ros, roscovitine; ActD, actinomycin D; Dox, doxorubicin; Etop, etoposide; Nut, nutlin-3.

which further stabilizes the phosphorylation of p53 at Ser-33
and Ser-392.

Treatment with UV radiation, CDK inhibiting (flavopiridol,
DRB, roscovitine), transcription inhibiting (actinomycin D),
and p53 inducing compounds (doxorubicin, etoposide, and
nutlin-3) results in the induction of p53 in cells (42—47, 58).
Among the compounds, doxorubicin and etoposide are anti-
cancer drugs, while flavopiridol, roscovitine, and nutlin-3 are
currently being evaluated as potential anti-cancer therapeutics
(49, 59). We examined the p53-HEXIMI interaction during
these processes and found that all these treatments enhanced
the association between p53 and HEXIM1 in MCF7 cells (Fig. 5,
A and B). This finding was confirmed in another cancer cell line,
AML2 (Fig. 5C). Furthermore, the induction of p53 by doxoru-
bicin and flavopiridol was significantly inhibited when
HEXIM1 was knocked down (Fig. 6B). Our findings suggest an
important role of HEXIM1 in p53 induction through the inter-
action with p53. Besides increasing the p53 protein level, treat-
ments of UV, flavopiridol, DRB, roscovitine, and actinomycin D
disrupt the formation of large P-TEFb complexes (Fig. 54,
IPaHEXIM1, CDK9 immunoblotting), resulting in releasing
more HEXIM1 from the large complexes. Such treatments
should increase the pool of “free” HEXIM1 in cells and may
contribute to the increase in the p53-HEXIMI1 interaction.
However, this hypothesis was ruled out by the results obtained
from the treatment with the p53-inducing compounds. Incuba-
tion of doxorubicin, etoposide, and nutlin-3 was found to
enhance the p53-HEXIM1 association without disturbing the
equilibrium between large and small P-TEFb complexes (Fig.
5B, IPaHEXIM1, CDK9 immunoblotting). Previous studies
showed significant amounts of HEXIM1 in cells did not associ-
ate with CDK9/cyclin T1, indicating that cells could have plenty
of the “free” HEXIM1 to interact with p53 upon the stimulation
(12, 48).
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The role of HEXIM1 as a positive regulator of p53 is further
supported by the HEXIM1 knockdown assays (Figs. 6A and 8B).
Knockdown of the cellular HEXIM1 proteins by the HEXIM1
shRNA decreases the expression of p53 and its downstream
targets (Figs. 6A and 8B), suggesting the possible involvement
of HEXIML1 in p53-dependent cell cycle arrest. This hypothesis
is confirmed by FACS analysis presented in Fig. 7, showing that
the cell cycle arrest induced by p53 overexpression is alleviated
when HEXIM1 is knocked down. We further demonstrated the
involvement of HEXIM1 in the p53-dependent apoptosis using
HCT116 p53™/* and p53~/" cells (supplemental Fig. S9). The
results of cell cycle analysis further strengthen the significance
of the p53-HEXIM1 interaction in regulating the function of
p53.

In our previous study, we showed that HDM2 bound and
ubiquitinated HEXIM1 (26). Based on the previous data and the
results presented here, we propose two mechanisms utilized by
HEXIML1 to stabilize p53 protein. The proposed model is sum-
marized in Fig. 9. First, HEXIM1 directly interacts with p53 by
binding to the C-terminal region of p53 and protects p53 from
being associated with and ubiquitinated by HDM2 (Figs. 1, 2,
and supplemental Fig. S3). Secondly, HEXIM1 competes with
p53 binding to HDM2 and is subsequently ubiquitinated by
HDM2. This HEXIM1-HDM2 interaction protects a portion of
p53 from being associated with and ubiquitinated by HDM2,
and indirectly contributes to the stability of p53 (Fig. 4D and
supplemental Fig. S6B) (26).

In summary, our results reveal a novel role of HEXIM1 in
regulation of p53 and suggest a molecular mechanism of p53
activation induced by the anti-cancer drugs/compounds
through the interaction with HEXIM1. This new discovery
should help us better in understanding on the molecular
actions of the p53-inducing agents and may lead to the devel-
opment of new strategies for cancer therapy. Future studies are
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required to further investigate the functional interactions
between HEXIM1 and other p53 regulators, as well as the
involvement of HEXIM1 in breast and other cancers.
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