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ABSTRACT

The major clinical problem in human cancer is metas-
tasis. Metastases are the cause of 90% of human can-
cer deaths. TAp63 is a critical suppressor of tumori-
genesis and metastasis. ANp63 acts as a dominant-
negative inhibitor to block the function of p53 and
TAp63. Although several ubiquitin E3 ligases have
been reported to regulate p63 stability, the mecha-
nism of p63 regulation remains partially understood.
Herein, we show that CHIP, an E3 ligase with a U-box
domain, physically interacts with p63 and promotes
p63 degradation. Notably, Hsp70 depletion by siRNA
stabilizes TAp63 in H1299 cells and destabilizes
ANp63 in SCC9 cells. Loss of Hsp70 results in a re-
duction in the TAp63-CHIP interaction in H1299 cells
and an increase in the interaction between ANp63
and CHIP in SCC9 cells. Our results reveal that Hsp70
acts as a molecular switch to control CHIP-mediated
ubiquitination and degradation of p63 isoforms. Fur-
thermore, regulation of p63 by the Hsp70-CHIP axis
contributes to the migration and invasion of tumor
cells. Hence, our findings demonstrate that Hsp70 is
a crucial regulator of CHIP-mediated ubiquitination
and degradation of p63 isoforms and identify a new
pathway for maintaining TAp63 or ANp63 stability in
cancers.

INTRODUCTION

The major clinical problem in human cancer is metasta-
sis (1). Metastases are the cause of 90% of human can-
cer deaths (1-3). TP63 is a homologue of the tumor sup-
pressor p53 (4,5). The TP63 gene encodes two major pro-
tein isoforms, TAp63 and Delta Np63. TAp63 is a suppres-
sor of tumorigenesis and metastasis (6-8). More aggres-
sive, metastatic tumors lose TAp63 expression, suggesting
that loss of TAp63 accelerates tumorigenesis and metastatic
spread (1,5,9). Delta Np63 (ANp63 or DNp63) lacks the
N- terminal transactivation domain found in TAp63 (6,7).
ANp63 acts as a dominant-negative inhibitor to block the
function of p53 and TAp63. ANp63 variants are also able
to inactivate the transactivation function of p53, as well as
the function of TA variants of p63 by directly competing
with promoter regions and by incorporating into heterote-
tramers where they act in a dominant-negative manner (6-
11). Due to these characteristics, TAp63 is often considered
a tumor suppressor, while the ANp63 variant may function
as an oncogene (6,12—14). The molecular mechanism under-
lying the regulation of TAp63 and ANp63 is still unknown.

CHIP (C-terminus of Hsc-70 interacting protein) is a
highly conserved ubiquitin E3 ligase containing a U-box
domain (15,16). CHIP contains an N-terminal tetratri-
copeptide repeat (TPR) domain responsible for its protein-
protein interactions with Hsp70 and Hsp90, a central
coiled-coiled domain responsible for its dimerization, and
a C-terminal U-box domain responsible for its E-3 ligase
function (17). CHIP constitutes an important link between
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the ubiquitin-proteasome system and the heat shock re-
sponse pathway (15). E3 ligases often control the ubiqui-
tination of multiple substrates (18,19); for example, CHIP
acts as an E3 ligase for p53 (20), c-Myc (16), ErbB2 (21),
EGFR (22), IRF-1 (23), PTEN (24), etc. The two opposite
functions of CHIP, which promote or inhibit tumor growth,
are intriguing and suggest a novel cell growth regulatory
mechanism. It is possible that both functions are necessary
at different stages of normal cell growth, and a balance of
the two functions is maintained in normal cells. CHIP is
underexpressed in breast, pancreatic, and gastric cancers
(24-26), while it is overexpressed in gliomas and gallblad-
der carcinomas (27-30). Deletion of Chip in mice resulted in
the development of apoptosis in multiple organs (31). How-
ever, the underlying mechanisms of this apoptosis remain
unclear.

The heat-shock protein Hsp70 is one of the most highly
evolutionarily conserved proteins (32). The N-terminal AT-
Pase domain of Hsp70 can hydrolyze ATP, and the C-
terminal substrate-binding domain can bind to unfolded
polypeptides (33-36). These two functional domains are
critical for the chaperone function of Hsp70. In humans,
13 Hsp70 homologs are expressed in distinct cellular com-
partments (32). Hsp70 can directly unfold misfolded pro-
teins to maintain protein homeostasis. Knockout of Hsc70
in mice is lethal, and mice lacking the Hsp70-2 homolog
(Hsp70.2) have a developmental defect in spermatogenesis
(37). Hsp70.1/70.3 homozygous knockout mice show evi-
dence of increased genomic instability. The HSC70/HSP70
proteins are acknowledged to have an oncogenic function;
they are overexpressed in many invasive cancers, including
bladder cancer, breast cancer, colorectal cancer, lung can-
cer, melanoma, and ovarian carcinomas (38). Depletion of
Hsp70 induces cell death in lung cancer cells, but not in
normal cells (39,40). However, the molecular mechanism of
Hsp70 inhibition is not fully understood.

In this study, we identified that Hsp70 acts as a criti-
cal regulator to control CHIP-mediated p63 degradation.
We found that CHIP physically interacts with p63. CHIP
is overexpressed in several human cancer cell lines, and we
found an inverse correlation between CHIP and p63 expres-
sion in these tumor samples. We present evidence that the
depletion of Hsp70 by siRNA markedly increased TAp63
levels in H1299 non-small cell lung carcinoma cells and
decreased levels of ANp63 in SCC9 squamous cell car-
cinoma cells. Importantly, loss of Hsp70 significantly de-
creased CHIP-TAp63 interactions in H1299 cells; by con-
trast, it increased CHIP-ANp63 interactions in SCC9 cells,
indicating that Hsp70 is involved in CHIP-mediated p63
degradation. Regulation of p63 by the Hsp70-CHIP axis
contributes to cancer cell migration and invasion. More-
over, we demonstrated that CHIP mediates p63 function in
an Hsp70-dependent manner. Thus, our data reveal mech-
anistic insights into p63 regulation and may lead to the de-
velopment of novel therapies for human cancers.

MATERIALS AND METHODS
Patient data and tumor bank

The patient’s samples consisted of nine human prostate
tumor tissues and two benign prostate neoplasm tissues.
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All samples were obtained from the Alberta Cancer Re-
search Biobank (www.acrb.ca). The studies received re-
search ethics approval from the Health Research Ethics
Board — Biomedical Panel, University of Alberta.

Yeast two-hybrid screen

The yeast strain AH109 was co-transformed with the plas-
mid pAS2-1-CHIP and a mouse cDNA library in the
pACT2 vector (Clontech). 6 x 107 transformants were
screened, and twenty positive clones were isolated after two
rounds of growth in the absence of histidine, adenine, and
screening for B-galactosidase activity. Recovered plasmids
from AH109 were used to co-transform Y190 yeast with ei-
ther the full-length CHIP or CHIP mutants.

Reagents and antibodies

CHIP or CHIP mutants or Hsp70 or Hsp70 mutants were
cloned into pcDNA3.1 or p3x Flag-CMV-10 (Sigma) or
pET28a (Novagen). The Myc-MDM2 expressing plasmid
was a kind gift from Dr. A.G. Jochemsen. Myc-Itch was ob-
tained from Dr. Tony Pawson. Flag-Itch was obtained from
Dr. A. Atfi. His-Ub is a kind gift from Dr. W. Gu. All PCR
products were confirmed by sequencing. Doxycycline (Dox,
D9891, Sigma), Cycloheximide (CHX, 01810, Sigma), Ver-
155008 (SML0271, Sigma), and Hepatocyte growth fac-
tor (HGF, H9661, Sigma). Anti-p63 [p63 (ANp63 (N-16),
sc-8609R, Santa Cruz Biotechnology; ab53039, Abcam;
Poly 619002 (anti-p63 (AN), Poly 618902 (anti-TAp63),
938102 (anti-TAp63), BioLegend], anti-CHIP [H-231 and
C10, Santa Cruz Biotechnology; EPR4447 (ab134064), Ab-
cam], anti-Hsp70 (C92F3AS, Enzo Life Sciences), anti-
Itch (ab109018, Abcam), anti-Mdm2 (2A10, Calbiochem;
SMP14, BD Biosciences), anti-PRP19 (ab27692, Abcam),
anti-p21 (F-5, Santa Cruz), anti-Myc (9E10, Roche), anti-
Flag (M5, M2, Sigma), anti-HA (12CAS5, Roche), anti-
ubiquitin (550944, BD Biosciences), anti-actin (A2066,
Sigma), anti-T7 tag (69522-4, Novagen) and anti-p53
(Pab1801, Santa Cruz Biotechnology) were used according
to the manufacturer’s instructions.

Cell culture and DNA transfection

Human H1299 (CRL-5803) and SCC9 cells (CRL-1629)
were purchased from the American Type Culture Collec-
tion (ATCC). As indicated by ATCC, both cell lines’ iden-
tity is verified and shown to be free of contamina-
tion from other cell lines and microbes. SCC15, SCC25,
FADU, A431, Sk-mel-2, Sk-mel-5, Sk-mel-8, M2, LOX-
IMVI, MeWo, and Hs859T cells were provided and veri-
fied by Drs. M. Pasdar, A. Underhill and G. Chan (Uni-
versity of Alberta, Edmonton, AB, Canada). These cell
lines were maintained in a-minimal essential medium («-
MEM, Gibco, Invitrogen) supplemented with 10% fe-
tal bovine serum (FBS, Gibco, Invitrogen). PCR rou-
tinely tested these cell lines for mycoplasma contamination
by the following primers: Myco_fwl: 5-ACACCATGG
GAGCTGGTAAT-3, Myco_revl: 5Y-CTTCATCGACT
TTCAGACCCAAGGCA-3'. We verified that both H1299
cells and SCC9 cells are p53-deficient tumor cells, which
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expressed no p53 protein (41,42). The wild-type MEFs,
TAp63~/- MEFs, and deltaNp63~/~ MEFs were provided
by Dr. E. Flores (43) and cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco, Invitrogen) contain-
ing 10% FBS (Gibco, Invitrogen). H1299 cells and SCC9
cells were transfected by the calcium phosphate method de-
scribed earlier (44), or using Lipofectamine 2000 (Invitro-

gen).

Gel filtration

As described previously (44), in brief, cell lysates (H1299
or SCCY cells) were fractioned using FPLC protein pu-
rification system on Superose 6 column (GE Healthcare).
The column was equilibrated with Tris buffer (50 mM Tris,
pH7.5, 150 mM NacCl, 0.1% Triton X-100) and lysates (2
mg) were applied and eluted from the column with the same
buffer. The flow rate was 0.4 ml/min, and 380 wl fractions
were collected. The column was calibrated with BioRad gel
filtration standards containing thyroglobulin (670 kDa), ~y-
globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17
kDa) and Vitamin By, (1.3 kDa).

siRNA experiments

For siRNA experiments, H1299 cells or SCC9 cells were
transfected with the indicated siRNA constructs by us-
ing Lipofectamine 2000 (Invitrogen). We used the follow-
ing sequences for these experiments: CHIP siRNA1: GG
AGCAGGGCAATCGTCTG; CHIP siRNA2: AGGCCC
TGGCCGACTGCCG. CHIP siRNA3: GAAGAAGCGC
TGGAACAGC; CHIP siRNA4: ACCACGAGGGTGAT
GAGGA. The Itch target sequences were described ear-
lier (45): AAGTGCTTCTCAGAATGAT and AACCAC
AACACACGAATTA. Hsp70-siRNA1l: CTGGCCTTTC
CAGGTGATC; Hsp70-siRNA2: GGACATCAGCCAGA
ACAAG. TAp63-siRNA: GCACACAGACAAATGAAT
T (13). ANp63-siRNA: CAATGCCCAGACTCAATTT

(13).

Generation of knockdown cell lines

The 19-nt oligonucleotides derived from CHIP, Hsp70, Itch,
TAp63 and ANp63 as described above, were cloned into the
pSuper.neo vector, according to the manufacture’s proce-
dure (OligoEngine). We generated several knockdown cell
lines for CHIP or Hsp70 or Itch or TAp63 or ANp63, the
cells were transfected with the plasmids expressing CHIP-
siRNAs, or Hsp70-siRNAs, or Itch-siRNA, or TAp63-
siRNA, or ANp63-siRNA, selected in G418 (Invitrogen)
for 2 weeks, and then independent stable clones were se-
lected, and evaluated by western blotting.

Generation of H1299 and SCC9 with inducible pHsp70 ex-
pression

H1299 Tet-Off cells and SCC9 Tet-Off cells were gener-
ated by transfection of the pTet-Off plasmid and selected
(G418, Geneticin) according to manufacturer’s instruction
(Clontech). The pTRE2puro-Hsp70 construct was trans-
fected into the H1299 Tet-Off cells or the SCC9 Tet-Off cells

and selected in the presence of 1.0 mg/ml puromycin. The
expression of Hsp70 was screened in the presence or absence
of doxycycline (Dox, 1.0 pwg/ml). Clones were maintained
in a-MEM medium containing 10% Tet system-approved
FBS (Clontech).

Expression and recombinant protein preparation

All GST or His-tagged recombinant proteins were ex-
pressed in the Escherichia coli strain BL21 (DE3, Novagen),
treated with isopropyl-B-D-thiogalactoside to induce fu-
sion protein expression, and purified using glutathione
Sepharose 4B (Amersham) for GST-fusion proteins or us-
ing Ni?*-NTA agarose (Qiagen) for His-fusion proteins.

Immunoprecipitation and measurement of TAp63 and
ANp63 half-life

Cells were lysed in 50 mM Tris—-HCI (pH 8.0), 5 mM
EDTA, 150 mM NacCl, 0.5% NP-40, protease inhibitor
tablet (Roche), and immunoprecipitated with indicated an-
tibodies. The immune complexes were collected with pro-
tein A-agarose beads and washed four times with the same
lysis buffer. The immunoprecipitates were analyzed by im-
munoblotting. To measure the half-live of TAp63 or ANpP63
proteins, H1299 or SCC9 cells with depleted Hsp70, or
CHIP or Hsp70 and CHIP by siRNA were treated with
25 wg/ml cycloheximide (CHX) to inhibit de novo protein
synthesis; protein levels were monitored by immunoblotting
with the p63-specific antibodies at the indicated time points.
The relative amounts of TAp63 or ANp63 proteins were de-
termined by densitometry and normalized using actin.

In vitro ubiquitination assay

The in vitro ubiquitination assay was performed as de-
scribed previously with some modifications (41,44). CHIP-
mediated ubiquitination reactions were carried out by
adding E1 (20-40 ng, Calbiochem), E2 (UbcH5b, 100 ng,
Calbiochem), ubiquitin or His-ubiquitin (3-5 g, Sigma),
His-TAp63 or His-ANp63 (0.2-0.5 pg) or His-Hsp70 (0.2—
0.4 p.g) in ubiquitination buffer (50 mM Tris—HCI [pH 7.4],
2 mM ATP, 5 mM MgCl, 2 mM DTT) to a final volume
of 30 wl. The reactions were incubated at 30°C for 1.0-1.5
h. The reactions were stopped with 2x SDS loading buffer,
resolved by SDS-PAGE gels, and analyzed by western blot-
ting. Or the mixtures were immunoprecipitated with the in-
dicated antibodies and analyzed by western blotting.

In vivo ubiquitination assay

Cells were transfected with expressing plasmids encod-
ing TAp63, or ANp63, or Myc-lItch or Flag-CHIP, and
HA-tagged ubiquitin. After 30 h, cells were harvested,
lysed, and immunoprecipitated with indicated antibodies.
Immune complexes recovered with protein A-Sepharose
were washed four times with radioimmunoprecipitation as-
say buffer [RIPA buffer: 50 mM Tris—HCI (pH7.6), 150
mM NaCl, 1.0% (v/v) NP-40, 0.5% (w/v) Sodium Deoxy-
cholate, 1.0 mM EDTA, 0.5 mM EGTA, 1.0% (w/v) SDS
and protease inhibitor tablet (Roche)], separated on 10%
SDS-PAGE, and analyzed by immunoblotting as described
previously (44).



His-ubiquitin pull-down assay

As described previously (46), H1299 cells were trans-
fected with His-tagged ubiquitin and the indicated ex-
pression plasmids. Thirty hours after transfection, the
cells were lysed in buffer A (6 M guanidine-HCI, 0.1 M
Na,HPO,/NaH;PO,4, 10 mM Tris-HCI (pH 8.0); 10 mM
imidazole at pH 8.0). Approximately 500 wg of cell lysates
were added to 50 wl of equilibrated Ni-NTA agarose and
were allowed to incubate for 3 h at room temperature. Beads
were then washed once with Buffer A, followed by two
washes with Buffer A/TI (1 vol of Buffer A, 3 vol of Buffer
TI[25 mM Tris—Cl, 20 mM imidazole at pH 6.8]), and one
wash with Buffer TI; all of the washes used 1 ml of the
buffer. After extensive washing, the precipitates were boiled
with SDS loading buffer and then subjected to SDS-PAGE
followed by immunoblotting analysis.

Chromatin Immunoprecipitation assay

As previously described (41,44). Briefly, we fixed and pre-
pared lysates from 3 x 107 H1299 cells. Cells were son-
icated to an average fragment size of 500 bp. A 100-
wl aliquot of sonicated chromatin (3 x 10° cell equiva-
lents) was used per immunoprecipitation. Chromatin was
diluted in 1 ml of 1% Triton X-100, 2 mM EDTA, 150
mM NaCl, 20 mM Tris—HCI [pH 8] containing 2 ng of
sheared salmon sperm DNA and precleared by mixing
with protein A-Sepharose 4 fast flow beads for 2 h at 4°C.
Anti-TAp63 antibodies (Poly618902) or Rabbit IgG were
used for immunoprecipitation. After overnight incubation
at 4°C, immune complexes were collected with protein A-
Sepharose beads in the presence of 2 pg of salmon sperm
DNA and 45 pl of yeast tRNA for 1 h, and washed se-
quentially for 10 min once in TSEI (0.1% SDS, 1% Tri-
ton X-100, 2 mM EDTA, 20 mM Tris—HCI [pH 8.0] and
150 mM NaCl), 4 times in TSEII (0.1% SDS, 1% Tri-
ton X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8.0], 500
mM NaCl), once in buffer III (0.25 M LiCl, 1% NP-40,
1% deoxycholate, 1 mM EDTA, and 10 mM Tris-HCl
[pH 8.0]) and three times in TE. Samples were extracted
twice in 250 pl of 1% SDS and 0.1 M NaHCOs; and
heated at 65°C overnight to reverse crosslinks. DNA was
purified by extraction with phenol-chloroform, precipi-
tated with ethanol, and resuspended in 50 wl TE. ChIP-
enriched DNA was quantitated by real-time PCR with
primers amplifying the Hsp70 promoter. The following
primer pairs were used for Hsp70 ChIP: (i) Hsp70 promoter
region, forward, 5'-ccacatacctcaggcttaaacc-3’; reverse, 5'-
cggttgtgcagtttgatattgag-3'. (ii) Hsp70-control, forward, 5'-
accccatcatcageggac-3'; reverse, 5'-tccttgagtcccaacagtec-3'.

Luciferase reporter gene assay

H1299 cells were co-transfected with a luciferase reporter
construct (p21-Luc) containing the p53 binding site from
the p21WAF! promoter and TAp63 or ANp63 alone, or
in combination with CHIP, MDM2, or Myc-Itch. A B-
galactosidase reporter construct, pPCMV-B-gal (Promega)
was included in all the transfection reactions. Luciferase
activity was measured 2 days post-transfection using an
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LB9507 luminometer and the luciferase assay reagent
(Promega); values were normalized to B-galactosidase ac-
tivity. Alternatively, a luciferase reporter construct (Hsp70-
Luc) containing the p63 binding site from the Hsp70 pro-
moter or Hsp70 mutant reporter construct was transfected
into the H1299 Tet-OFF cells or the SCC9 Tet-OFF cells.
Luciferase activity was measured in the absence or presence
of doxycycline (Dox) at the indicated time points.

Apoptosis assay

As described previously (44,47), for Annexin V staining
(BD, Biosciences), these cells were transfected with indi-
cated expression plasmids. The cells were then trypsinized,
washed, and resuspended in PBS containing 25 pg/ml
Annexin-V-FITC and 50 pg/ml 7-AAD (7-amino-
actinomycin D) prior to FACS analysis. The data were
analyzed using FlowJo software (TreeStar Inc).

GST pull-down assay

The purified GST-fusion proteins (2-5 pg) were added to
unlabeled cell extracts, and incubated in non-ionic lysis
buffer (100 mM NaCl, 20 mM Tris-HCI [pH 8.0], 0.5%
NP-40, 1 mM EDTA, 1 mM EGTA) on ice for 1 h. The
mixtures were centrifuged for 15 min at 4°C to remove
precipitating proteins, and the clarified lysates were mixed
with glutathione—-Sepharose beads previously washed in ly-
sis buffer and incubated for 1 h at 4°C with slow shaking.
The bound beads were then washed four times with the
same lysis buffer, heated at 95°C in SDS-loading buffer to
release bound proteins, and analyzed by SDS-PAGE. Pro-
teins were analyzed by immunoblotting.

Cell cycle analysis

H1299 cells were transfected with indicated expression plas-
mids. After 40 h, the cells were washed, fixed with 70%
ethanol, treated with100 wg/ml RNase A and labeled with
50 pg/ml propidium iodide (PI) for 3 h at 4°C and analyzed
by flow cytometry (Becton Dickinson). The data were ana-
lyzed using FlowJo software (TreeStar Inc).

Migration and invasion assay

As described previously (47), the effect of Hsp70/CHIP on
the migratory and invasive capability of the neoplastic cells
was measured by Transwell assay. For the migration assay,
2 x 10* cells were seeded into the insert in 24-well Transwell
units. For the invasion assay, 2 x 10* cells were seeded into
the insert with precoated-Matrigel matrix (BD, Biosciences)
in 24-well Transwell units. After a 24 h incubation period,
the inside of each insert was swabbed and stained. The cells
that had passed through the filter into bottom wells were
fixed in methanol for 20 min, stained with 0.1% crystal vi-
olet for 15 min and photographed with a photomicroscope
(Nikon), and quantified by counting using the ImageJ plu-
gin ‘cell counter’ and expressed as a percentage of the con-
trol group, with control values setting at 100%.
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Scattering assay

As described previously (48), 2500 cells were seeded in six-
well plates and allowed to settle for 32 h. Cells were incu-
bated in the indicated chemicals, and scattering was moni-
tored using a phase-contrast x20 objective of an inverted
microscope (Zeiss, Germany) coupled to a CCD camera
(Roper Scientific, France), capturing pictures every 30 min
for 16 h. For knockdown experiments, H1299 cells were
transfected with siRINA 24 h after seeding, washed 5 h later,
and incubated with 10 ng/ml HGF (Sigma) for 48 h, as in-
dicated. Phase-contrast images were taken, and lysates were
harvested for immunoblotting analysis to verify knock-
down after scattering. For each condition, >1000 cells from
three independent experiments were counted and tagged as
‘scattered’ or ‘non-scattered’ in the ImageJ to calculate the
proportion of scattered cells. Scattered cells were defined as
cells growing in colonies of four cells or less or cells that
were touching only one other cell.

Statistical analysis

Statistical significance was analyzed by a two-tailed Stu-
dent’s 7-test and expressed as a P-value using GraphPad
Prism8 software. A P-value <0.05 was considered signifi-
cant. Pearson correlations were determined using OriginPro
2019 software; significance (two-tailed test) was considered
if P <0.05 (44).

RESULTS
CHIP is associated with p63 and Hsp70 in cells

We conducted a yeast two-hybrid screen, and p63 was iden-
tified as a CHIP interacting protein. Given that CHIP binds
to Hsp70 (15), we sought to determine whether endogenous
CHIP, Hsp70 and p63 interact under more physiological
conditions. As shown in Figure 1A, TAp63 was present in
the anti-CHIP but not in the control rabbit IgG immuno-
precipitates. Hsp70 coimmunoprecipitated with CHIP and
TAp63 in H1299 cells. Similarly, ANp63 coimmunoprecip-
itated with CHIP and Hsp70 in SCC9 cells (Figure 1B).
Next, we performed an in vitro Ni** pull-down assay and
revealed that GST-CHIP binds to His-TAp63 but not to
His alone, implying that this interaction is indeed direct;
similar to the interaction of CHIP with PTEN (one of the
substrates of CHIP), this interaction is not mediated by
the chaperone complex in vitro (Figure 1C). To determine
whether p63-CHIP, p63-Hsp70 or p63-CHIP-Hsp70 com-
plexes exist in cells, H1299 cells (with high levels of TAp63
expression) and SCC9 cells (with high levels of expression
of ANp63, unpublished data) were fractionated by gel fil-
tration chromatography (44). The fractions were analyzed
by western blotting with the corresponding antibodies. As
shown in Figure 1D and E, one major peak was observed
in fractions 12-19 (1.6 MDa-670 kDa), although the elu-
tion patterns of ANp63, CHIP and Hsp70 covered a more
extensive range of fractions than that of TAp63. Addition-
ally, a smaller peak was observed in fractions 20-24 (670
158 kDa). Co-elution of TAp63/or ANp63, with CHIP, or
Hsp70 is not conclusive evidence that these proteins exist

in the same multiprotein complex in cells. To address this
issue, the fractions (co-eluted proteins) were pooled, sub-
jected to immunoprecipitation with antibodies specific for
TAp63/ANp63, CHIP or Hsp70, and analyzed by western
blotting. These data confirmed that TAp63 and ANp63 as-
sociate with CHIP and Hsp70 in cells (Figure 1F).

The TP63 gene contains a primary promoter (P1) up-
stream of the coding sequence and an alternative pro-
moter (P2) located in intron 3 (Supplementary Figure S1A).
P1 encodes p53-like isoforms that contain the N-terminal
acidic transactivation domain and are designated TAp63,
while P2 generates N-terminal truncated isoforms that lack
this transactivation domain and are designated delta Np63
(ANp63 or DNp63). To identify the domain of TAp63
that interacts with CHIP, five Myc-tagged TAp63 con-
structs were generated with various TAp63 mutations (Sup-
plementary Figure S1B). H1299 cells were co-transfected
with plasmids expressing T7-TAp63 or one of the Myc-
TAp63 mutants and Flag-CHIP. After 24 h of transfec-
tion, the cells were lysed, and the cell extracts were mixed
with the indicated antibodies. As shown in Supplemen-
tary Figure S1C, CHIP was present with constructs 541C,
363C and 108C, which were co-immunoprecipitated; these
constructs share the C-terminal SAM-domain and post-
SAM domain (also called: transactivation-inhibition do-
main (TIM), 7). However, co-immunoprecipitation does
not occur with N362 or N540, which does not contain the
SAM-domain and the post-SAM domain, indicating that
both SAM domain and post-SAM domain are required for
CHIP binding. We then generated a wild-type GST-CHIP
construct and various GST-CHIP mutant constructs and
performed in vitro GST pull-down assays (Supplementary
Figure S1D). We observed that the TPR domain of CHIP
is required for binding to TAp63 in vitro (Supplementary
Figure S1E).

CHIP /Hsp70 expression modulates the clinical characteris-
tics of human cancers

We next examined the association of CHIP, Hsp70, and p63
expression with the clinical characteristics of human can-
cers. CHIP and ANp63 were found to be overexpressed in
human squamous cell carcinoma cell lines (Figure 2A) and
in human prostate cancer tissues (Figure 2C), but not in
human melanoma cell lines (Figure 2B). We identified an
inverse correlation between elevated CHIP expression and
low or undetectable TAp63 levels (P < 0.01, Pearson cor-
relation test). A similar inverse correlation between CHIP
and ANp63 expression was found (Supplementary Figure
S2A-2C, P < 0.01, Pearson correlation test). Three human
prostate cancer tissue samples (T2, T3, T4) had low levels of
TAp63; however, one tumor sample (T5) did not display an
inverse correlation between CHIP and TAp63 expression.
This relationship is not entirely reciprocal, because some
samples had decreased CHIP levels, suggesting that addi-
tional factors could be involved.

To assess the effect of CHIP, Hsp70 and TP63 on over-
all survival (OS) in human cancers, Kaplan-Meier sur-
vival analysis was performed. We used an online database
(www.genomicscape.com) to assess the correlation of CHIP,
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Figure 2. CHIP is overexpressed in cancer cells and human prostate tumors. CHIP and Hsp70 are associated with low overall survival in human cancers.
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Hsp70 and TP63 mRNA expression with overall survival in
human cancers. As shown in Figure 2D-F, high levels of
CHIP and Hsp70, and low levels of TP63 expression were
strongly correlated with worse survival in the Lenz, diffuse
large B cell lymphoma (www.genomicscape.com). Similar
findings were observed in human colon cancers, and the dif-
ferences were significant (P <0.01) (Figure 2G-J). In ad-
dition, the literature on p63 is complicated, because some
data do not distinguish between the TA and AN isoforms
(due to a lack of specific antibodies or the use of TAp63-
or ANp63-specific primers). Taken together, our results and
the OS data substantiate the oncogenic properties of CHIP
and Hsp70 in several human cancers.

CHIP promotes degradation of p63

CHIP is an ubiquitin E3 ligase that selectively ubiquitinates
and degrades proteins. To date, only a few E3 ligases, such as
Itch, Nedd4 and WWP1 have been reported to ubiquitinate
p63 proteins (45,49,50). As shown in Figure 3A, the levels
of TAp63 were markedly reduced by co-expression of CHIP
or Itch, but not by co-expression of MDM?2. Similar data
were obtained in cells co-expressing ANp63 and CHIP (Fig-
ure 3B). We then evaluated the ability of CHIP to regulate
the endogenous TAp63 or ANp63 protein levels in H1299
cells and SCC9 cells, respectively. Transient overexpression
of CHIP decreased the expression of TAp63 in H1299 cells
and ANp63 in SCC9 cells (Figure 3C and D). To determine
whether CHIP is critical in regulating the levels of TAp63 in
H1299 cells and ANp63 in SCC9 cells, endogenous CHIP
was subjected to siRNA-mediated knockdown. As shown
in Figure 3E and F, CHIP-siRNA-1 and CHIP-siRNA-4 ef-
fectively inhibited CHIP expression in both cell lines, while
a scrambled control siRNA had no effect. Notably, the de-
crease in the CHIP level was accompanied by an increase in
the TAp63 protein (H1299) or ANp63 protein (SCC9) level
(Figure 3E and F). As predicted, the basal levels of endoge-
nous TAp63 and ANp63 proteins were also much higher in
Chip-knockout mouse embryonic fibroblasts (MEFs) than
in parental wild-type (wt) MEFs (Figure 3G). Next, we in-
vestigated whether CHIP mediates TAp63 or ANp63 degra-
dation through the ubiquitin-proteasome pathway. Plas-
mids expressing CHIP or Itch and TAp63 or ANp63 were
co-transfected into H1299 or SCC9 cells in the presence
or absence of MG132, a proteasome inhibitor (44). Simi-
lar to transfection with the Itch plasmid (6,45), addition of
MG132 significantly increased TAp63 or ANp63 levels in
the presence of exogenous CHIP compared with those in
untreated cells, suggesting that CHIP promotes TAp63 or
ANp63 degradation via the ubiquitin-proteasome pathway
(Supplementary Figure S3A and S3B). The TPR domain
of CHIP is required for binding to TAp63 (Supplementary
Figure S1E). The K30A mutation, a point mutation in the
TPR domain of CHIP, was reported to disrupt the bind-
ing of the TPR domain to Hsp70. CHIP (H260Q), a U box
mutant, lost its E3 ligase activity (51). As shown in Figure
3H, neither point mutant degraded TAp63 in H1299 cells.
Similar results were obtained in SCC9 cells (Figure 31), in-
dicating that the binding activity and E3 ligase activity of
CHIP are required for CHIP-mediated p63 degradation.
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Hsp70 acts as a switch for CHIP-mediated TAp63 and
ANp63 degradation

Molecular chaperones, such as Hsp70, regulate p53 stabil-
ity (20). We sought to determine whether Hsp70 affects the
function of CHIP in regulating the TAp63 level in H1299
cells and the ANp63 level in SCC9 cells. In H1299 cells,
TAp63 protein levels were increased when Hsp70 was de-
pleted by siRNA; in contrast, in SCC9 cells, the levels of
ANp63 were greatly decreased when Hsp70 was depleted
(Figure 4A and B). Overexpression of CHIP did not af-
fect TAp63 protein levels when Hsp70 was depleted, sug-
gesting that CHIP is unable to degrade TAp63 in Hsp70-
depleted H1299 cells (Figure 4C). In contrast, reintro-
duction of CHIP further decreased ANp63 protein lev-
els in Hsp70 depleted SCC9 cells (Figure 4D). To further
explore whether CHIP regulates the stability of endoge-
nous TAp63 or ANp63 proteins, H1299 cells or SCC-9
cells transfected with Hsp70-siRNA, CHIP-siRNA, both
Hsp70-siRNA and CHIP-siRNA, or control-siRNA were
treated with cycloheximide (CHX) to inhibit de novo protein
synthesis. The half-life of TAp63 was maintained at ~3 h in
H1299 cells treated with control-siRNA (Figure 4E, upper
image), and the half-life of ANp63 was maintained at 6 h in
SCC-9 cells treated with siRNA-control (Figure 4F, upper
image). The half-life of endogenous TAp63 was increased to
~6 h in H1299 cells treated with Hsp70-siRNA or CHIP-
siRNA (Figure 4E, middle image). The half-life of ANp63
was decreased to 3 h in SCC9 cells treated with Hsp70-
siRNA; but was increased to more than 9 h in SCC-9 cells
treated with CHIP-siRNA (Figure 4F, middle image). Co-
depletion of CHIP and Hsp70 increased the TAp63 half-life
to 9 h in H1299 cells (Figure 4E, lower image). However,
the half-life of ANp63 in SCC9 cells with depletion of both
CHIP and Hsp70 remained at 6 h (Figure 4F, lower image).
These data demonstrated that Hsp70 destabilizes the TAp63
protein and stabilizes the ANp63 protein.

The main difference between TAp63 and ANp63 is their
N-terminus and the alternative promoter (P2) for ANp63;
thus, Hsp70 plays opposite roles since CHIP binds to both
p63 isoforms. To further determine the mechanism by which
p63 is regulated by Hsp70, we examined whether Hsp70
regulates TAp63 and ANp63 stability by modulating the
CHIP-TAp63 or the CHIP-ANp63 interaction. H1299 cells
or SCCY cells treated with or without Hsp70-siRNA were
immunoprecipitated with the indicated antibodies and an-
alyzed by immunoblotting. Ablation of Hsp70 by siRNA
decreased the CHIP-TAp63 interaction and increased the
CHIP-Hsp70 interaction, resulting in increased TAp63 pro-
tein levels in H1299 cells (Figure 4G). By contrast, depletion
of Hsp70 increased the CHIP-ANp63 interaction and re-
duced the CHIP-Hsp70 interaction, leading to a decreased
level of ANp63 in SCC9 cells (Figure 4H). Thus, Hsp70
controls p63 stabilization through regulation of the CHIP-
p63 interaction in different cancer cells.

Hsp70 is involved in response to various stressors, such
as heat, UV, y-irradiation, and chemicals that cause DNA
damage (52-54). After DNA damage or exposure to other
forms of cellular stress, Hsp70 levels increase. Several mech-
anisms control the Hsp70 heat shock response. However,
the mechanisms of Hsp70-mediated responses to various
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stressors are largely unknown. For the first time, we demon-
strated that DNA sequences within the promoter of Hsp70
contain functional TAp63 DNA binding sites and are ef-
ficiently transactivated by TAp63 (Supplementary Figure
S4A-C). Notably, we observed that Hsp70 expression was
very low in TAp63~/~ MEFs compared to wt MEFs (Sup-
plementary Figure S4D). The protein levels of Hsp70 were
not significantly changed in ANp63~/~ MEFs (Supplemen-
tary Figure S4E). The p53-MDM2 feedback loop is widely
recognized (Supplementary Figure S4F). Similar to the re-
lationship between p53 and MDM2, TAp63~/~ MEFs ex-
press very low levels of Hsp70. TAp63 transactivates Hsp70;
upregulated Hsp70, together with CHIP, then mediates p63
degradation (Supplementary Figure S4G).

Hsp70 plays a critical role in regulating CHIP-mediated p63
ubiquitination

To investigate the mechanisms of CHIP-mediated degra-
dation of TAp63 and ANp63, we transfected plasmids
expressing T7-TAp63, Myc-Itch, Flag-CHIP or Flag-
CHIPAU (deleted U-box), and HA-ubiquitin into H1299
cells. The cell extracts were immunoprecipitated with a T7-
specific antibody and immunoblotted with an anti-HA anti-
body. As shown in Figure SA, immunoprecipitated TAp63
(or proteins associated with TAp63) was heavily ubiquiti-
nated in the presence of Itch or CHIP (Figure 5A, upper im-
age). Consistently, CHIPAU was unable to promote TAp63
ubiquitination, suggesting that the U-box of CHIP is essen-
tial for its E3 ligase activity. Similar results were obtained
for ANp63 in SCC9 cells (Figure 5B). We next investi-
gated whether Hsp70 may directly regulate p63 ubiquitina-
tion. Ubiquitination of TAp63 was significantly decreased
in H1299 cells with Hsp70 depletion by siRNA compared
to cells treated with control-siRNA, and this decrease was
accompanied by an increase in the TAp63 protein level (Fig-
ure 5C). In contrast, depletion of Hsp70 significantly in-
creased ubiquitination of ANp63 and decreased the protein
levels of ANp63 (Figure 5D). Ubiquitination of TAp63 was
markedly decreased in Chip~/~ MEFs compared with wild-
type MEFs (Supplementary Figure S5A). Re-introduction
of Chip expression in Chip~/~ MEFs restored TAp63 ubiq-
uitination, indicating that TAp63 is a target of CHIP in cells
(Supplementary Figure S5B). Similar data were obtained
for ANp63 ubiquitination in Chip~/~ MEFs (Supplemen-
tary Figure S5C and D). To provide direct evidence that
the modified TAp63 species corresponded with the ubiqui-
tin conjugated forms, we co-expressed His-tagged ubiquitin
with T7-TAp63, Flag-CHIP or Myc-Itch in H1299 cells and
isolated His-ubiquitin conjugated proteins under denatur-
ing conditions. After extensive washing, ubiquitinated pro-
teins were eluted and analyzed by western blotting using
a TAp63-specific antibody. We confirmed that TAp63 was
heavily ubiquitinated in the presence of CHIP or Itch (Sup-
plementary Figure SSE).

Ver-155008 is a small molecule inhibitor of Hsp70 (55—
57). We next investigated whether the inhibitory effect of
Ver-155008 on Hsp70 affected CHIP-mediated p63 ubiq-
uitination. Plasmids expressing CHIP and HA-Ub were
co-transfected into H1299 cells. The transfected cells were
treated with increasing amounts of Ver-155008 (5-10 uwM),

immunoprecipitated with TAp63-specific antibodies, and
analyzed by western blotting with an anti-HA antibody to
detect ubiquitinated TAp63. As shown in Figure SE, ubiq-
uitination of TAp63 was significantly decreased in the pres-
ence of Ver-155008. As expected, TAp63 protein levels were
increased. Consistently, the levels of Hsp70 expression were
unchanged after Ver-155008 treatment. Ubiquitination of
ANp63 was markedly increased, accompanied by decreased
protein levels of ANp63 in SCC9 cells (Figure SF). To de-
termine whether TAp63 or ANp63 could be a substrate for
CHIP-dependent ubiquitination in vitro, we performed an
in vitro ubiquitination assay (41,44). Affinity purified GST-
CHIP or GST alone, along with His-TAp63 or His-ANp63,
was added to bacterial extracts containing recombinant E1
and E2 (UbcHS5b). As shown in Figure 5SG, CHIP promoted
the ubiquitination of TAp63 and ANp63 in vitro. We next
determined whether CHIP mediated p63 ubiquitination is
regulated by Hsp70 in vitro. CHIP, TAp63, and ubiqui-
tin co-incubated with His-Hsp70 or His-protein alone were
immunoprecipitated with TAp63-specific antibodies, ana-
lyzed by western blotting with Ub-specific antibodies to de-
tect ubiquitinated TAp63 protein. Addition of Hsp70 in-
creased the ubiquitination of TAp63 but did not further re-
duce TAp63 protein levels, suggesting that the decrease in
the level of TAp63 mediated by CHIP had peaked in this
in vitro system (Figure SH). In contrast, Hsp70 reduced
ANp63 ubiquitination and resulted in increased levels of
ANp63 (Figure 5I). The TAp63 and ANp63 immunoblots
revealed that CHIP promotes multi-ubiquitination of p63 in
vitro (Figure SH and I, lower images). Together, our results
revealed that Hsp70 plays a key role in regulating CHIP-
mediated p63 ubiquitination.

Regulation of p63 by Hsp70-CHIP axis contributes to cancer
cell migration and invasion

To determine the role of TAp63 in cell scattering, a cell scat-
tering assay was performed (48). As shown in Supplemen-
tary Figure S6A (upper panel), scattering was significantly
enhanced in cells with TAp63 depletion by siRNA com-
pared to cells treated with control-siRNA, suggesting the
involvement of TAp63 in regulating cell scattering. Hepato-
cyte growth factor (HGF) was reported as a scatter factor
for its ability to induce the spread of cancer cells (58). HGF
induced scattering of H1299 cells; however, cell scattering
was only slightly increased in TAp63-depleted cells with
HGF treatment compared to cells transfected with control-
siRNA treated with HGF (Supplementary Figure S6A,
lower panel). We investigated whether CHIP affects the
tumor-suppressive properties of TAp63. Endogenous CHIP
was depleted in H1299 cells by two CHIP-siRNAs, which
targeted different regions of the CHIP gene. The scattering
was significantly reduced in cells with CHIP depletion by
two CHIP-siRNAs compared to cells treated with control-
siRNA (Supplementary Figure S6B, upper panel). Similar
results with HGF treatment were observed in H1299 cells
with CHIP-knockdown (Supplementary Figure S6B, lower
panel). The scattered cells were counted and plotted (Sup-
plementary Figure S6A and S6B, right panel). Depletion
of CHIP by siRNA in H1299 cells resulted in a signifi-
cant increase of TAp63 protein level. These data were re-



Nucleic Acids Research, 2021, Vol. 49, No. 5 2751

A
B c IP: TAp63
pcDNA3 + o+ - - - -
T7-TAp63 e Qg
Myc-ltch B T PCDNA3 - X 2
Flag-CHIP I Flag-CHIP - -+ £ L
Flag-CHIPAU - - - - - + T7-ANpE3 -+ + Ub-HA &\’@ Qg?
HA-Ub S+ o+ w HA-Ub + o+ 4+ MW (kDa)
IP: T7 250- Ub-HA- IP:T7  250- Ub-ANp63 250- 1B: HA
B: HA TAP63 1B: HA
poly-Ub-
130- 130- 130- TApP63
72 72- 72
1B: TAp63 )
——— B A I 15 ANps3 B oo
input | [ '5: viyc Input | S B: cHIP Input | S 1B: Hsp70
. T — IBFlag [ 5 Actin (S —
S 1B Actin
SCC9 S 1B: Actin
H1299
H1299
1P: NG oo Te IP: 1gG  ANpe3
D Ky E Ver ] F Ver |
5 5 CHP - + + + CHIP - + + +
Ub-HA ,§' &d vector - - - vector - - -
ww ko & & HA-Ub  + + + + HA-Ub  + + + +
MW kDa MW (kDa)
"HA 250- oly-Ub- 250- - 250- .
1B: HA poy IP: TAP63 Ub-TAPES 1o, \Np63 Ub-ANpE3
ANp63
IB: HA ‘ IB: HA
130- 130- 130-
72- 72- | g 72- |
R 15 2Nos3 I o T I o oo
input | S 15 Hop70 input | R 15:Hsp70 it | I 15 Hepro
=== B:cHP SN 5 cHiP o cHiP
15 Actin [ (o Acti ————— B Aci
SCC9 H1299 SCC9
G H
GsT o -
GSTCHIP - + + His-Hsp70 - - + His-Hsp70 - -t
His-TApB3  + + - GST-CHIP -+ GST-CHIP -+ o+
His-ANp63 - -+ His-TAp63 + o+ o+ His-ANp63 + o+ o+
Ub + + o+ Ub + 4+ 4+ Ub + 4+ o+
MW (kDa) MW (kDa)
250- -
IB: Ub Ub- 1P TAps3 2%* Ub-TAp63 IP: ANpB3 250 Ub-ANp63
species  |B: Ub 1B: Ub
130- 130- 130-
72- 72- 72-
Input 1B: s Input Input
I o cHiP I o
| CHIP
g I o o0 [

Figure 5. Hsp70 regulates CHIP-mediated p63 ubiquitination. (A) CHIP promotes TAp63 ubiquitination. H1299 cells were transfected with plasmids ex-
pressing HA-ubiquitin (Ub), T7-TAp63, Myc-Itch, Flag-CHIP, or Flag-CHIPAU, as indicated. Cell extracts were immunoprecipitated with a T7-specific
(69522-4) antibody against TAp63, and analyzed by immunoblotting with antibodies to HA (12CAJS5). Direct western blots for TAp63 (T7), Itch (Myc) and
CHIP (Flag, M2) are shown in the bottom panels. (B) Similar to (A), except that the T7-ANp63 construct was used. (C) H1299 cells were transfected with
Hsp70-siRNA-2 or control-siRNA constructs. 40 h later, the cells were further transfected with a plasmid expressing HA-Ub. Lysates were immunopre-
cipitated with a TAp63-specific (Poly 618902) antibody and analyzed by western blotting with an HA-specific (12CAS5) antibody to detect ubiquitinated
TAp63. Western blots for TAp63, Hsp70, CHIP, and actin are shown in the lower panel. (D) Similar to (C), except that SCC9 cells and an ANp63-specific
(Poly 619002) antibody were used. (E) H1299 cells were transfected with plasmids expressing CHIP, HA-Ub, or empty vector. Thirty hours later, the cells
were treated with Ver-155008 (25 wM), an inhibitor of Hsp70, and immunoprecipitated with a TAp63-specific (Poly 618902) antibody and analyzed by
western blotting with an HA-specific (12CAS5) antibody to detect ubiquitinated TAp63. The western blots for TAp63, Hsp70, CHIP and actin are shown
in the lower panel. (F) Similar to (E), except that SCC9 cells and an ANp63-specific (Poly 619002) antibody were used. (G) CHIP promotes TAp63 and
ANp63 ubiquitination in vitro. Western blot of the in vitro ubiquitination reaction probed with a Ub-specific antibody (BD, Biosciences) to detect ubiq-
uitinated p63. Direct Western blots for CHIP (anti-GST) and p63 (anti-His) are shown in the lower panel. (H) Western blot analysis of a coupled in vitro
ubiquitination-immunoprecipitation. After the in vitro ubiquitination, the samples were immunoprecipitated with a TAp63-specific (Poly 618902) antibody
and analyzed by western blotting with a ubiquitin-specific antibody (550944, upper image). Direct western blots for TAp63 (Poly 618902), CHIP (H-231),
and Hsp70 (C92F3A5) are shown in the lower panels. (I) Similar to (H), except that the reaction was immunoprecipitated with an ANp63-specific (Poly
619002) antibody as indicated. All experiments were performed in triplicate.
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producible with two independent CHIP-siRNAs and with
TAp63 depletion by siRNA, indicating that the reduction
in cell scattering is in a TAp63-dependent manner (Supple-
mentary Figure S6C).

Metastasis is a multi-step process that includes the mi-
gration and invasion of cancer cells, and it is associated
with 90% of cancer deaths (1-3). TAp63 is a suppressor
of metastasis (6-8). We next determined whether Hsp70
affects tumor dissemination by regulating CHIP-mediated
p63 degradation. We examined whether overexpression of
CHIP or depletion of CHIP, or depletion of Hsp70 by
siRNA affects the migration and invasion of cancer cells.
Plasmids expressing empty vector, TAp63 alone, or TAp63
and CHIP were transfected into H1299 cells. We performed
migration and invasion assays in vitro (47,59). Expression
of TAp63 pronouncedly decreased the ability of H1299 cells
to migrate; co-expression of TAp63 and CHIP significantly
increased the migration of these cells (Figure 6A, left). Fur-
thermore, overexpression of TAp63 decreased the invasion
of these cells, and co-expression of CHIP and TAp63 in-
creased the invasive ability of these cells (Figure 6A, right).
To determine the biological significance of CHIP or Hsp70
targeting TAp63 or ANP63 in cancer cells, we examined the
migration and invasion of H1299 cells with CHIP and/or
Hsp70 depletion. As shown in Figure 6A, a reduction in
CHIP or Hsp70 significantly decreased the migration and
invasion of cells by two-fold relative to those of H1299 con-
trol cells (vector alone); in contrast, depletion of TAp63
by siRNA produced the opposite effects. Representative
images are shown (Figure 6B). Consistent with previous
studies (12,13,60), expression of ANp63 significantly in-
creased the migration and invasion of SCC9 cells, also, co-
expression of ANp63 and CHIP in SCC9 cells reduced their
migration and invasion relative to those of cells express-
ing ANp63 alone (Figure 6C, left). Depletion of CHIP by
siRNA increased the migration and invasion of these cells
because of the increased ANp63 protein level, and deple-
tion of ANp63 by siRNA significantly decreased the migra-
tion and invasive capacities of these cells relative to those of
SCC9 cells treated with control-siRNA (Figure 6C, right).
As expected, Hsp70 depletion resulted in significantly de-
creased levels of cancer cell migration and invasion. Rep-
resentative images are shown in Figure 6D. Our results
demonstrate that inhibition of cancer cell migration and in-
vasion by Hsp70 depletion (accompanied by high levels of
TAp63 in H1299 cells and low levels of ANp63 in SCC9
cells) is dependent on the cell type or context.

TAp63~/~ MEFs exhibited increased invasive ability
compared to wt-MEFs (Figure 6E). Notably, Hsp70 abla-
tion by siRNA significantly reduced the invasive ability of
wt-MEFs; however, no change was observed in TAp63~/~
MEFs and ANp63~/~ MEFs, confirming that Hsp70 is
involved in cancer cell invasion in a p63-dependent man-
ner. Representative photographs of invaded MEFs are pre-
sented in Figure 6F.

Hsc70/Hsp70 proteins are considered to have an onco-
genic function; however, the role of CHIP in cancers re-
mains controversial. We next investigated the ability of
CHIP or Hsp70 to immortalize primary mouse embry-
onic fibroblasts (MEFs). We analyzed the transforming
ability of CHIP and Hsp70 by evaluating the capacity for

anchorage-independent growth. CHIP and Hsp70 signifi-
cantly increased the oncogenic capability of oncogenic ras
in wt-MEFs (Supplementary Figure S6D). The data indi-
cated that CHIP and Hsp70 could cooperate with the ac-
tivated ras gene to transform MEFs. p53 suppressed focus
formation and that more foci were formed in p53~/~ MEFs
than wild-type MEFs (44). Similarly, the ectopic expression
of CHIP or Hsp70 alone significantly increased transforma-
tion in TAp63~/~ MEFS compared to control cells (Supple-
mentary Figure S6E, upper panel). However, co-expression
of CHIP or Hsp70 with ras did not cause a further increase
of foci formation in TAp63~/~ MEFs (Supplementary Fig-
ure S6E, lower panel). Together, these data indicate that the
transforming ability of CHIP or Hsp70 to cooperate with
ras is mainly TAp63-dependent. The effects of CHIP or
Hsp70, or in combination with ras on the transformation
of MEFs, are summarized in Supplementary Figure S6F.

Hsp70 interferes with the transactivation activity of the
TAp63 protein and TAp63-mediated apoptosis regulation in
a cell type-dependent manner

TAp63 and its isoforms are able to transactivate p63-
responsive genes related to tumor suppression, such as p21
and Bax (7). Although ANp63 lacks the N-terminal trans-
activation domain, it is able to transactivate other targets
through the function of a second transactivation domain
(7,9-11). p63 can bind to p53 response elements (pS3REs).
However, the transcriptional activity of p63 is increased by
at least two-fold when it is bound to p63 response elements
(p63REs), which contain different DNA base pairs at the
5th and 16th positions compared to p53REs (61,62). Re-
cent functional experiments have demonstrated that TAp63
specifically transactivates Dicer, Sharp-1 and Maspin, fac-
tors involved in suppressing metastasis (8,63,64). These
studies strengthen the link between TAp63 and its tumor
suppressor function. To determine the functional conse-
quences of the interaction of CHIP with TAp63 or ANp63,
we examined the effect of Itch, or CHIP expression on
TAp63 mediated transcriptional activity. H1299 cells were
co-transfected with a luciferase reporter construct (p21-
Luc) containing the p53 binding site in the p21WVAF! pro-
moter and with TAp63 or ANp63 with or without the E3
ligases Itch or CHIP (44). We chose the p21-Luc reporter
because we used wild-type p53 as a control in these ex-
periments. Similar to Itch, CHIP repressed TAp63 medi-
ated transactivation activity (Supplementary Figure S7A).
ANp63 appeared to activate p21-Luc reporter expression
less efficiently than did TAp63. We examined the effect
of overexpression of TAp63 or ANp63 and Itch or CHIP
on cell proliferation. Cell proliferation ability was evalu-
ated with a colony formation assay in vitro. As shown in
Supplementary Figure S7B, cell proliferation was signifi-
cantly inhibited by TAp63 and restored by co-expression
of CHIP and TAp63, or co-expression of Itch and TAp63.
However, proliferation was greatly enhanced by ANp63
and attenuated by co-expression of CHIP and ANp63 or
co-expression of Itch and ANp63. Colony numbers were
counted and plotted (Supplementary Figure S7C). A por-
tion of each cell extract was lysed and analyzed by west-
ern blotting (Supplementary Figure S7D). We next trans-
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fected the Hsp70-Luc reporter into H1299 Tet-OFF cells or
SCC9 Tet-OFF cells, as indicated. The reduction in Hsp70
expression was accompanied by high levels of TAp63 and
increased luciferase activity of Hsp70-Luc, but not of the
NSBS (nonspecific binding site) mutant-Luc reporter con-
struct in the presence of doxycycline (Dox) in H1299 cells;
however, in the presence of Dox in SCC9 cells, the reduction
in Hsp70 expression resulted in a decrease in ANp63 levels,
which led to a reduction in Hsp70-Luc activity (Figure 7A).
Consistent with this finding, we observed that ANp63 pro-
tein levels were significantly decreased when Hsp70 levels
were reduced in the presence of Dox in SCC9 cells (Figure
7A, top right image).

To explore the roles of CHIP and Hsp70 in a more
physiological setting, endogenous CHIP or Hsp70 was de-
pleted with siRNA in H1299 or SCC9 cells. Consistently,
the colony numbers were significantly reduced as a result of
CHIP or Hsp70 depletion in H1299 cells. The colony num-
bers were further decreased by co-depletion of CHIP and
Hsp70 in H1299 cells, suggesting that CHIP and Hsp70 are
necessary for H1299 cell growth (Figure 7B). In contrast,
in SCC9 cells, knockdown of CHIP significantly increased
the colony numbers; however, depletion of Hsp70 decreased
the colony numbers due to the low levels of ANp63. Rep-
resentative colony formation assay results are presented in
Figure 7C. Next, we investigated whether CHIP overex-
pression inhibits TAp63-dependent apoptosis. H1299 cells
were transfected with p53 or TAp63 expression construct
alone, or in combination with MDM2, or with Itch or with
CHIP, as indicated. Annexin V staining was used to de-
termine whether transient CHIP overexpression could res-
cue cells from TAp63-dependent cell death. Here, p53 and
MDM?2 were selected as positive controls (41). pS3 and Itch
were chosen as negative controls (6,45). As shown in Figure
7D, expression of TAp63 alone resulted in apoptosis, while
apoptosis was largely prevented by co-expression of TAp63
and CHIP or TAp63 and Itch. Western blotting was used to
visualize the ectopic expression levels of pS3 or TAp63 and
the E3-ligases, as indicated (Figure 7E).

Depletion of Hsp70 or repression of Hsp70 by Ver-
155008 greatly enhanced apoptosis in H1299 cells, but no
change was observed in SCC9 cells, confirming that Hsp70
is a key regulator that controls p63 function (Figure 7F).
Induction of cell cycle arrest by TAp63 is vital for its tumor-
suppression function. To determine whether CHIP can in-
hibit TAp63-induced G1 arrest, H1299 cells were trans-
fected with plasmids expressing p53 or TAp63 alone, or in
combination with these E3-ligases, as indicated. Cell cycle
analysis by propidium iodide (PI) staining and flow cytom-
etry was performed (41,44). The relative proportion of cells
in each phase (G1, S and G2/M) of the cell cycle was de-
termined by flow cytometry (Supplementary Figure S7E,
left panel). An increase in the G1/S ratio is considered as
an indicator of G1 arrest (41,44). Similar to overexpression
of p53, overexpression of TAp63 increased the percentage
of cells in G1 phase and decreased in the percentage of
cells in S phase, resulting in an increase in the G1/S ratio
from 1.6 to 2.6. Notably, co-expression of these E3 ligases
with TAp63 showed a significant decrease in the G1/S ra-
tio, indicating that like Itch or MDM2, CHIP significantly
decreased TAp63-induced G1 arrest (Supplementary Fig-

ure S7E, right panel). Consistent with this result, increased
G1 arrest due to increased endogenous TAp63 expression
was observed in H1299 cells with depletion of CHIP or
Hsp70 (Supplementary Figure S7F, left panel). CHIP or
Hsp70 depletion by siRNA showed a significant increase
in the G1/S ratio, indicating that the G1 arrest occurred
in a TAp63-dependent manner (Supplementary Figure S7F,
right panel). We proposed a model to elucidate the role of
Hsp70 in the regulation of the CHIP-p63 axis in unstressed
cells and Hsp70 knockdown cells (Figure 7G). Taken to-
gether, our findings reveal that Hsp70 is involved in the reg-
ulation of CHIP-mediated p63 transcriptional activation,
growth suppression, and cell cycle checkpoint control.

DISCUSSION

TAp63, a homolog of the tumor suppressor p53, transacti-
vates many p53 target genes leading to apoptosis or cell cy-
cle arrest (5,11). Delta Np63 (ANp63/DNp63) lacks the N-
terminal transactivation domain, which is found in TAp63.
Although ANp63 cannot induce apoptosis, it can act in a
dominant-negative manner to block the function of p53,
TAp73 and TAp63 (7). ANp63 is overexpressed in many hu-
man cancers, including squamous cell carcinomas. TAp63 is
generally considered to be a tumor suppressor, and ANp63
an oncogene. However, the molecular mechanism of p63
regulation remains unknown. We demonstrated, for the first
time, that the chaperone protein Hsp70 acts as an integral
molecular switch for controlling CHIP-mediated p63 ubig-
uitination and degradation.

CHIP is a critical negative regulator of TAp63 and
ANp63 through the ubiquitin-proteasome system. CHIP,
p63, and Hsp70 form a complex in cells. CHIP physi-
cally interacts with TAp63 and ANp63. The U-box of
CHIP is required for its E3 ubiquitin ligase activity to-
wards TAp63 and ANp63. Elevated protein levels of CHIP
were observed in human squamous cell carcinoma cell lines
and human prostate cancer patient tissues. Most strik-
ingly, there was an inverse correlation between high lev-
els of CHIP and low levels of TAp63 in these cancer cells
and human tumor samples. Based on the online database
(www.genomicscape.com), high CHIP and Hsp70 expres-
sion levels and low levels of TP63 expression were associated
with a significantly decreased probability of overall survival
in different types of human cancers.

CHIP is a particularly interesting E3 ligase involved in
linking the ubiquitin-proteasome system to the heat-shock
response system. It has been defined as having both onco-
genic and tumor-suppressing functions. Our findings re-
vealed that CHIP might have an oncogenic role via inter-
action with and negative regulation of TAp63. Hsp70 pro-
teins are primarily considered to have oncogenic functions
and are overexpressed in many invasive carcinomas (38).
Although wild-type p53 forms transient complexes with
Hsp70 (20), when CHIP is overexpressed, p63-Hsp70 com-
plexes may become more stable as p53 is locked into the
CHIP-mediated degradation pathway. The regulatory path-
ways through which Hsp70 acts as a switch to differen-
tially modulate the degradation of p63 isoforms are com-
plex. It is possible that when Hsp70 is depleted, TAp63 be-
comes inaccessible to CHIP, and ANp63 is more accessible
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Figure 7. Hsp70 is critical for the CHIP-mediated p63 function. (A) H1299 Tet-OFF-Hsp70 cells or SCC9 Tet-OFF-Hsp70 cells were transfected with an
Hsp70-Luc reporter construct or a control reporter with a nonspecific binding site (NSBS) and treated in the presence or absence of doxycycline (1.0 pg/ml)
for 48 h. Luciferase activity was subsequently measured. The protein levels of Hsp70, TAp63, or ANp63, CHIP expression were detected by western blotting
with Hsp70-specific (C92F3AS), TAp63-specific (Poly 618902), or ANp63-specific (Poly 619002), and CHIP-specific (H-231) antibodies. (B) H1299 cells
and SCC9 cells were transfected with CHIP-siRNA (siCHIP), Hsp70-siRNA (siHsp70), both siCHIP and siHsp70, TAp63-siRNA (siTAp63), or ANp63
(siANp63) as indicated. Colonies that were resistant to G418 were enumerated 15 days after drug selection. Data are means, and all experiments were
performed in triplicate. (C) Representative images in H1299 cells and SCC9 cells are presented as indicated. (D) H1299 cells were transfected with plasmids
expressing p53 or TAp63 alone, or in combination with MDM?2 or with Itch or with CHIP. The inhibitory effect of MDM2, Itch, and CHIP on p53 or
TAp63-dependent apoptosis was determined by annexin V staining and flow cytometry. Error bars indicate the SEM (n = 3). (E) The protein levels of p53,
TAp63, MDM2, Itch and CHIP expression were visualized by western blotting with p53-specific (Pab1801), MDM2-specific (2A10), anti-Myc (9E10, for
Itch), anti-Flag (M5, for CHIP) antibodies. (F) H1299 cells or SCC9 cells were treated with Hsp70-siRNA, or Ver-155008, a specific inhibitor of Hsp70.
The apoptosis assays were performed. The protein levels of Hsp70, TAp63, or ANp63 were analyzed by western blotting with Hsp70-specific (C92F3AS5),
TAp63-specific (Poly 618902), and ANp63-specific (Poly 619002) antibodies. An antibody against actin was used as a loading control. All experiments were
performed in triplicate. (G). The model we propose is shown in panel (A) In unstressed conditions, Hsp70 and CHIP form a complex. Hsp70 is required
for CHIP-mediated TAp63 degradation. Hsp70 inhibits CHIP-mediated DNp63 degradation. (B) In the Hsp70 knockdown, CHIP is unable to degrade
TAp63. Loss of Hsp70 leads to an increase the CHIP-ANp63 interaction and results in decreased levels of ANp63. *P < 0.05. **P < 0.01, ***P < 0.001.
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to CHIP in different cell types. It is also possible that the
two isoforms of p63 might have differential susceptibilities
to folding/unfolding by Hsp70, which then modulates their
susceptibility to degradation. Ver-155008 specifically inter-
acts with the ATPase binding domain of Hsp70 and inhibits
its activity (55-58). By targeting Hsp70, Ver-155008 inhibits
cancer cell proliferation and induces apoptosis (55-58). The
protein levels of Hsp70 were unchanged in several cancer
cells (e.g. H1299, A549, H1975) after Ver-155008 treatment.
However, Hsp70 protein levels were upregulated in PC12
cells treated with Ver-155008 (65-67). The change in Hsp70
protein levels in response to Ver-155008 treatment may be
cell type or context-dependent. We found that the TAp63
protein level increased and that the ubiquitination of TAp63
was significantly reduced in H1299 cells after Ver-15008
treatment. In contrast, after treatment with Ver-155008, the
ubiquitination of ANp63 increased significantly, while the
protein level ANp63 was decreased in SCC9 cells. The com-
plexity of these regulatory pathways needs to be further in-
vestigated.

One critical question raised is how TAp63 (a tumor sup-
pressor) and ANp63 (an oncogene) are regulated by CHIP.
The two apparently opposing functions of p63—promotion
and inhibition of tumorigenesis—are intriguing and may be
mediated by a novel cell growth regulatory mechanism in
cells. A major discovery from our study is that Hsp70 acts
as a fine-tuning switch that controls the CHIP-mediated
degradation of TAp63 and ANp63. The effects of Hsp70
on regulating the CHIP-mediated function of p63 are mul-
tiple and included the following. (1) Depletion of Hsp70 by
siRNA (or repression by Ver-155008, a specific inhibitor of
Hsp70) resulted in decreased levels of TAp63 ubiquitina-
tion and increased levels of TAp63 protein in H1299 cells;
in contrast, Hsp70 depletion resulted in increased levels of
ANp63 ubiquitination and reduced levels of ANp63 pro-
tein in SCC9 cells. (2) Depletion of Hsp70 influenced the
CHIP-p63 interaction in a cell type-dependent manner. (3)
Consistent with those findings, Hsp70 overexpression in-
creased TAp63 ubiquitination and decreased TAp63 pro-
tein levels; in contrast, ectopic Hsp70 expression reduced
ANp63 ubiquitination and stabilized the ANp63 protein.
(4) Control of p63 regulation by Hsp70 contributed to can-
cer cell migration and invasion. (5) Hsp70 was involved in
CHIP-mediated functions of p63, including apoptosis and
cell cycle arrest.

An autoregulatory feedback loop involving p53 and
MDM?2 is well established (68—70). Similar to MDM2 ex-
pression, Hsp70 expression is deficient in TAp63~/~"MEFs
but not in ANp63~/"MEFs. Loss of Hsp70 increased
TAp63 levels. TAp63 transactivated Hsp70. Hsp70, in
turn, promoted CHIP-mediated TAp63 degradation in a
cell type-dependent manner. In contrast, the reduction in
Hsp70 expression increased CHIP-ANp63 interactions and
markedly reduced the levels of ANp63in SCC9 cells. TAp63
significantly increased the reporter activity of Hsp70-Luc,
but not the Hsp70mut-Luc reporter construct. In contrast,
ANDp63 activated the Hsp70-Luc reporter much less effi-
ciently than did TAp63, suggesting that TAp63 and Hsp70
form an autoregulatory feedback loop. In summary, our
findings provide an insight into the mechanism of p63 regu-
lation in cells. Our data demonstrate that Hsp70 is a critical

regulator of p63, which could be therapeutically targeted in
human cancer. Thus, the outcome of this study has signifi-
cant implications for improving cancer therapy.
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