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Acetylation of HDAC1 and degradation of SIRT1 form a
positive feedback loop to regulate p53 acetylation
during heat-shock stress

H Yang', B Yan', D Liao', S Huang? and Y Qiu*"

The tumor suppressor p53 is an essential transcription factor that sensitively regulates cellular responses to various stresses.
Acetylation, a critically important posttranslational modification of p53, is induced in response to cellular stresses. P53 acetylation
level strongly correlates with protein stability and activity. The steady-state level of p53 acetylation is balanced by dynamic
acetylation and deacetylation. Despite the function of p53 acetylation being well studied, how the steady state of p53 acetylation
level is regulated in response to cellular stresses remains unclear. In particular, the dynamic regulation of the deacetylase activities
responsible for p53 deacetylation during cellular stress is unknown. In the current study, we investigated the dynamic regulation of
HDAC1 (histone deacetylase 1) and SIRT1 (sirtuin 1), two major enzymes for p53 deacetylation, during cell stress. We found that
various cell stress events induce HDAC1 acetylation. The increased level of HDAC1 acetylation correlates with the level of p53
acetylation. Acetylated HDAC1 loses the ability to deacetylate p53. Cellular stresses also promote the decline of the SIRT1 protein
in a proteasome-dependent pathway, which also results in the increase of p53 acetylation. Importantly, the decreased level of
SIRT1 also contributes to the accumulation of HDAC1 acetylation as SIRT1 deacetylates HDAC1. Therefore, the increase of HDAC1
acetylation and reduced level of SIRT1 protein during cellular stress directly link to the induction of p53 acetylation. These results

unveil the mechanism underlying the dynamic regulation of p53 acetylation during cell stress.
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Reversible acetylation and deacetylation of lysine residues
presentin histones have long been implicated in the regulation
of transcription. A recent in vivo acetylome study unveils that
more than a thousand non-histone proteins can be dynami-
cally acetylated upon the treatment of a histone deacetylase
(HDAC) inhibitor, suggesting that acetylation has a key role in
the regulation of virtually all cellular processes.! Mammalian
HDACSs are divided into four classes (I, Il, Ill and IV) based on
the sequence homology to the yeast histone deacetylases
Rpd3 (reduced potassium dependency 3), Hdal (histone
deacetylase 1), and Sir2 (silent information regulator 2 or
sirtuin), respectively.? Class | HDACs include HDAC 1, 2, 3
and 8; class Il HDACs contain HDACs 4, 5, 6, 7, 9 and 10,
whereas class Ill enzymes require the coenzyme NAD+ as
a cofactor. Class IV contains HDAC11. In mammals, seven
sirtuin proteins (SIRT1-7) have been found.® SIRT1, a proto
member of the sirtuin family, deacetylates histone and many
non-histone proteins that are involved in many aspects of
cellular function, including cell growth, apoptosis, aging,
calorie restriction and tumorigenesis.*® Although the precise
cellular functions of the different HDAC enzymes are
still poorly understood, evidence suggests that different
members of the HDAC family have distinct functions.®”
HDACSs undergo various posttranslational modifications, such
as phosphorylation, sumoylation, ubiquitination, S-nitrosyla-
tion and acetylation,® ' which modulate enzymatic activity,

protein stability and their interactions with other proteins.
We recently reported that HDAC1 can be acetylated after the
induction of a transcription program.''131# Acetylated HDAC1
not only loses its own histone deacetylase activity but also
transrepresses the deacetylase activity of HDAC2."® Interest-
ingly, acetylated HDAC1 can be reversibly deacetylated by
SIRT1."® Therefore, dynamic acetylation and deacetylation of
HDAC1 can ultimately regulate HDAC1 deacetylase activity
during cellular events.

P53 is a key transcription factor that is activated in response
to various cellular stresses. P53 regulates the expression of
a large number of target genes.'® Through the activation
of target genes, p53 induces cell-cycle arrest, cell death and
senescence. One of the first identified transcriptional targets
of p53 is the cyclin-dependent kinase (CDK) inhibitor
p21Waf/CiP1 17 CDKs have an important role in regulating
cell-cycle progression, and the inhibition of CDK activity by
p21Wai’CiPl regults in a cell-cycle arrest.'® The p53 protein
level rises markedly within minutes of cellular stress treatment.
This is achieved through posttranslational modifications of the
p53 polypeptide, while there is no marked induction of p53
mRNA levels after DNA damage or other stress.'®2° This
provides a particularly rapid, sensitive, flexible and readily
reversible mechanism for p53 activity regulation in response to
a number of different cellular stresses. P53 was the first non-
histone protein shown to be acetylated.?" Nine acetylation
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sites have been identified in p53. The histone acetyltrans-
ferases (HATSs) responsible for these modifications include
p300/CBP, p300/CBP-associated factor (pCAF) and the
MYST family HATs.?272* Six lysine residues in the C-terminal
regulatory domain are acetylated by CBP/p300.2% Acetylation
of p53 activates its sequence-specific DNA binding and its
transcriptional activity, as well as enhances the stability of the
p53 protein, owing to the mutual exclusion of acetylation and
ubiquitination,?® therefore, resulting in p53-dependent gene
activation in response to cellular stress.®

The steady-state level of p53 acetylation is maintained by
the balance of dynamic acetylation and deacetylation
(reviewed in refs 2672%), P53 can be deacetylated by HDACH.
The physical interaction of HDAC1 reduces the steady-state
levels of acetylated p53 and inhibits p53-dependent transcrip-
tional activation, cell growth arrest and apoptosis.®® In
addition, p53 can also be deacetylated by SIRT1.3"2 SIRT1
preferentially deacetylates p53 at the K382 acetylation site
and has a profound negative impact on the capacity of p53 to
induce the expression of target genes involved in
apoptosis.®!3® The inhibition of SIRT1 by a specific inhibitor
causes p53 hyperacetylation and increases p53-dependent
transcriptional activity.®* In the current study, we uncovered
the mechanism underlying the induction of p53 acetylation
upon cellular stresses. We found that the downregulation of
deacetylase activity has a key role in this process. Our data
show that various cell stresses induce HDAC1 acetylation,
which is catalyzed by p300. After acetylation, HDAC1 is no
longer able to deacetylate p53. Cellular stresses also affect
SIRT1 protein stability, which also results in the increase of
p53 acetylation. Importantly, the decrease of SIRT1 also
increases HDAC1 acetylation as SIRT1 deacetylates HDAC1.
Therefore, these results unveil the mechanism underlying the
regulation of p53 acetylation during cell stresses.

Results

HDAC1 acetylation is induced under cellular stresses.
Previous studies showed that HDAC1 acetylation modulates
its deacetylase activity and can be induced during differentia-
tion events and upon the induction of DNA double-strand
break.'"'3'® We therefore investigated whether various
cellular stresses can also influence HDAC1 acetylation levels.
HCT116 cells were subjected to 42 °C heat shock for 1 h.
HDAC1 acetylation is induced after the treatment (Figure 1a).
The acetylation level remains elevated until 12h after
treatment. Heat shock also induces HDAC1 acetylation in
other cell lines, such as MCF-7 and HT-29 cells (Figures 1b
and c), indicating that HDAC1 acetylation can be rapidly
induced under heat-shock stress in various cells.

It is well documented that various cellular stress can induce
rapid p53 acetylation, which in return stabilizes p53
protein.20-31:35-38 e investigated whether p53 protein level
correlates with HDAC1 acetylation. P53 protein level
increases right after heat-shock treatment and decreases at
the same time when HDAC1 acetylation levels started to
reduce in all cell lines we tested (Figures 1a—c). Interestingly,
p53 acetylation also follows HDAC1 acetylation pattern,
suggesting that HDAC1 acetylation may attenuate p53
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deacetylation. We then determined whether p53 is required
for HDAC1 acetylation. The result shows that HDAC1
acetylation is also induced in the absence of p53 in HCT116
p53-null cells (Figure 1d), suggesting that the induction of
HDAC1 acetylation by heat shock is p53 independent.

Next, we investigated whether other types of cellular stress
can also induce HDAC1 acetylation. HCT116 cells were treated
under UV irradiation, and HDAC1 acetylation is induced about
1 h after UV treatment (Figure 1e). Similarly, H,O, treatment
also elevates HDAC1 acetylation 1 h after treatment (Figure 1f).
Collectively, induction of HDAC1 acetylation may be a general
event for cellular stress response.

Acetylated HDAC1 fails to deacetylate p53. It has been
shown that HDAC1 acetylation attenuates its deacetylase
activity.'"'> We therefore examined whether stress-induced
HDAC1 acetylation affects HDAC1-associated deacetylase
activity. HDAC1 was immunoprecipitated and histone deace-
tylase activity was tested. The result showed that various
stress treatments reduce HDAC1-associated histone deace-
tylase activity (Figure 2a). Therefore, stress induces HDAC1
acetylation and results in the reduction of overall HDAC1-
associated histone deacetylase activity.

As HDAC1 is a major deacetylase for p53 and HDAC1
acetylation correlates with p53 acetylation pattern (Figures 1a—c),
we performed in vitro deacetylation assay to test whether
acetylated HDAC1 affects p53 deacetylation. In vitro acety-
lated p53 was incubated with wild-type HDAC1 or in vitro
acetylated HDAC1. The acetylation levels on two p53
acetylation sites were examined. These two sites have been
reported to be deacetylated by HDAC1.2® The result shows
that acetylated HDAC1 is no longer able to deacetylate p53 at
both sites (Figure 2b). Next, we tested whether acetylated
HDACT1 is also unable to deacetylate p53 in vivo. HDAC1 or
HDAC1 6Q, which has six acetylated lysine mutated to
glutamine to mimic acetylated HDAC1,"" was transfected into
HCT116 cells and cells were subjected to heat shock. The
wild-type HDAC1 was able to deacetylate p53 on both
acetylation sites; however, acetyl-mimic HDAC1 has less
activity to deacetylate p53, as well as histone H4 (Figure 2c).
Therefore, acetylated HDAC1 deacetylates p53 to a lesser
extent than p53 deacetylated by wild-type HDAC1 in vitro and
in vivo. To confirm the transient transfection results, we stably
expressed Flag-tagged HDAC1, acetyl-mimic HDAC1 6Q or
non-acetyl-mimicking HDAC1 6R in HCT116 cells. We found
that consistent with results from transient transfection experi-
ments, overexpression of HDAC1 or HDAC1 6R reduces heat-
shock-induced p53 acetylation and p53 protein level
(Figure 2d). However, the overexpression of acetyl-mimic
HDAC1 does not affect p53 acetylation, suggesting HDAC1
acetylation affects p53 acetylation level. We also measured
the p21 protein level on those cell lines, it shows that heat
shock induced p21 expression is largely affected by over-
expression of HDAC1 or non-acetyl-mimicking HDAC1 but not
acetyl-mimicking HDAC1 (Figure 2d). Therefore, our study
shows that acetylation of HDAC1 after heat shock is a key step
for activation of p53 and its downstream targets.

Interestingly, p53 protein levels are reduced in cells over-
expressed HDAC1 (Figures 2c and d). We speculate that the
decrease of p53 acetylation results in p53 instability. To test
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Acetylated HDAC1 increased during various cellular stresses. (a) HCT116 cells were treated at 42 °C for 1 h and then recovered at 37 °C for an indicated time

period. The cell extracts were harvested and tested for protein levels with indicated antibodies. -Actin was used as the loading control. MCF-7 cells (b) and HT-29 (c) cells were
subjected to heat shock at 42 °C for 1 h and then recovered for an indicated time. The cell extracts were harvested and tested for protein levels with indicated antibodies.
(d) HCT116 p53-null cells were treated at 42 °C for 1 h and then recovered at 37 °C for an indicated time period. The cell extracts were harvested and tested for protein levels with
indicated antibodies. -Actin was used as the loading control. (€) HCT116 cells were exposed to UV irradiation (80 J/m?) and recovered at an indicated time. The cell extracts
were harvested and tested for protein levels with indicated antibodies.(f) HCT116 cells were incubated with DMEM medium containing 100 M H,O for an indicated time. The

cells were harvested and subjected to western blot

this, cells overexpressed HDAC1 or HDAC1 6Q were treated
with the proteasome inhibitor MG132 and subsequently
treated with heat shock. P53 levels were significantly rescued
(Figure 2e) compared with cells without MG132 treatment
(Figures 2c and d). Therefore, our result shows that heat-
shock stress induces HDAC1 acetylation and, consequently,
acetylated HDACT fails to deacetylate p53, resulting in the
increase of p53 acetylation and p53 protein stability.

P300 is a major acetyltransferase for HDAC1 acetylation
in vivo. Although it is well documented that HDAC1 can be

acetylated, the acetyltransferease that is responsible for its
acetylation in vivo was never investigated. We, therefore,
knocked down each acetyltransferase to determine which
enzyme acetylates HDAC1. We found that CBP or PCAF
knockdown does not affect HDAC1 acetylation in HCT116
cells (Figures 3a and b). However, knocking down
p300 significantly reduces HDAC1 acetylation levels both
under normal and heat-shock conditions (Figure 3c). As
p300 knockdown is not efficient and p300 knockdown also
affects HDAC1 protein level,*® we also tested whether
a p300 inhibitor reduces HDAC1 acetylation levels.

w
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Figure 2 Acetylated HDAC1 does not deacetylate p53. (a) The HCT116 cells were treated with various stresses, HDAC1 proteins were immunoprecipitated and the bound
proteins were subjected to deacetylation assay. For UV treatment, cells were exposed to 80 J/m? UV. For H,0, treatment, cells were incubated with 100 M H,0, for 2 h. For heat-
shock treatment, cells were treated at 42 °C for 1 h and then recovered at 37 °C for 2 h. The deacetylase activities were normalized to non-treatment (NT) control (mean + S.E.).
*Significant difference compared with the non-treatment control (P< 0.05 by Student's ttest). (b) Flag-HDAC1 and GST-p53 were acetylated by p300 in vitro. The acetylated p53
is then deacetylated by HDAC1 or ac-HDAC1. The reaction mix is subjected to western blot with indicated antibodies. (¢) HCT116 cells were transfected with wild-type HDAC1 or
ac-HDAC1 mimic mutant 6Q. The cells were treated with heat shock at 42 °C for 1 h and then recovered for 2 h. (d) HCT116 cells were infected with HDAC1, HDAC1 6R or
HDAC1 6Q expressing retrovirus. The stable cells were treated with heat shock at 42 °C for 1 h and then recovered for 2 or 12 h as indicated. The cells were then harvested and
subjected to western blot with indicated antibodies. () HCT116 cells were treated with 10 zM MG132 for 2 h, followed by heat shock at 42 °C for 1 h, and then recovered for 2 h.
The cell extracts were harvested and subjected to western blot with indicated antibodies

The p300 inhibitor L002*' efficiently inhibited HDAC1
acetylation under both control and heat-shock conditions
without affecting HDAC1 protein level (Figures 3d and e).
This result indicates that p300 is responsible for HDAC1
acetylation in vivo.

The reduction of SIRT1 after heat shock mediates the
increase of HDAC1 acetylation. The class Il histone
deacetylase SIRT1 also works as an important regulator for
p53 activation network by deacetylating p53.323% SIRT1
protein levels are affected by various oxidative stresses and
diseases.**™** Accordingly, we first investigated whether
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SIRT1 protein level is altered by heat-shock treatment. SIRT1
protein level is significantly reduced right after heat-shock
treatment, and it remains low until 12h after treatment
(Figure 4a). We hypothesize that the rapid decrease of SIRT1
level may be due to the reduction of SIRT1 protein stability. To
test this, HCT116 cells were treated with the proteasome
inhibitor MG132 for 2h before heat shock. The treatment
prevents the reduction of SIRT1 level by heat shock
(Figure 4b). In contrast, treatment with cycloheximide
(CHX), a protein synthesis inhibitor, does not prevent the
reduction of SIRT1 protein level after heat shock (Figure 4c).
These results indicate that the decrease of SIRT1 protein
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Figure 3  p300 but not other HAT can acetylate HDAC1 during heat shock. (a and
b) The acetyltransferase CBP (a) and PCAF (b) were knocked down with shRNAs in
HCT116 cells. The cell extracts were harvested and subjected to western blot with
indicated antibodies. (¢) p300 was knocked down with shRNA in HCT116 cells, which
was subjected to heat shock at 42 °C for 1 h and recovered at 37 °C for 2 h. The cell
extracts were harvested and subjected to western blot with indicated antibodies.
(d) HCT116 cells were treated by p300 inhibitor L002 (10 xM) for indicated time
period and the cell extracts were subjected to western blot with indicated antibodies.
(e) HCT116 cells were treated by p300 inhibitor L002 (10 xM) for 5 h, subjected to
42 °C heat shock for 1h and then recovered for 2 or 12 h. The cell extracts were
harvested and subjected to western blot with indicated antibodies

level after heat shock is owing to the increase of SIRT1
protein degradation instead of the decrease of SIRT1 protein
synthesis or gene expression.

It has recently been reported that during DNA double-strand
breaks, SIRT1 deacetylates HDAC1 and the recruitment of
active HDACT1 is necessary for the non-homologous end-
joining repair pathway.'® Our data here show that the decrease
of SIRT1 protein levels is associated with the increase
of HDAC1 acetylation (Figures 1a—d) during heat shock,
suggesting that SIRT1 may also regulate HDAC1 during heat-
shock stress. The increase of HDAC1 acetylation was
inhibited after heat-shock treatment in SIRT1-overexpressing
cells, indicating that SIRT1 can deacetylate HDACH
(Figure 4d). SIRT1 is then further knocked down by shRNA
in HCT116 cells. The knock down of SIRT1 significantly
increases HDAC1 acetylation levels (Figure 4e). Interestingly,
the heat-shock treatment further enhances HDAC1 acetyla-
tion in SIRT1 knockdown cells (Figure 4e), indicating that the
increase of HDAC1 acetylation after heat shock is not only
due to the decrease of SIRT1-mediated deacetylation but also
the increase of acetylation. These data suggest that SIRT1
regulates p53 and HDAC1 acetylation dynamically before and
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after heat-shock treatment. The increase of acetylated HDAC1
after heat shock may be regulated by both the increase
of active acetylation and the decrease of deacetylation.

P53 recruits acetylated HDAC1 to target genes in
response to cell stress. P53 induces cellular response by
activating target genes. One of the first target genes of p53
identified is the CDK inhibitor p21*af/CiP1 17 HDAC1 is also
an important negative regulator for p21 gene expression.*>™*’
We investigated whether acetylated HDAC1 affects p21 gene
expression. Heat-shock stress promotes the expression of
p21 both in gene transcription and protein levels (Figures 5a
and b). Importantly, the induction of p21 by heat shock is p53
dependent, as heat shock does not significantly induce p21
protein level in p53-null HCT116 cells (Figure 5a). The knock
down of HDAC1 upregulates p21 expression, as expected
(Figure 5c). HDACT1 or acetyl-mimic HDAC1 (6Q) were then
overexpressed in HCT116 cells (Figure 5d). Overexpression
of HDAC1 represses p21 expression in both untreated and
heat-shock treated cells (Figure 5e); in contrast, acetyl-mimic
HDAC1 increases p21 expression in both conditions
(Figure 5e). The treatment of Romidepsin, a specific inhibitor
for HDAC1/2, also elevates p21 expression (Figure 5f). These
data indicate that the acetylation of HDAC1 after heat shock
contributes to an increase in p21 gene expression.

Next, we investigated whether acetylated HDAC1 regulates
p21 gene expression through p53 binding sites at the p21
promoter. There are two p53 binding sites at the p21 enhancer
region, the distal binding site and the proximal binding site
(Figure 5g; Lagger et al.,*” Lin et al.,*® Gui et al.*°). Chromatin
immunoprecipitation (ChlP) analysis was performed with
HDAC1 and acetyl-HDAC1 antibodies. HDAC1 binding does
not significantly change, but acetyl-HDAC1 binding increased at
the distal site (Figure 5h). At the proximal p53 binding site,
HDAC1 binding was reduced after the heat shock and
acetylated HDAC1 binding increased (Figure 5h). These results
indicate that HDAC1 deacetylase activity at both the p53
binding site decreases after heat shock. In contrast, p53-null
cells recruit low levels of HDAC1 and acetylated HDAC1 and
their binding levels do not change after heat shock (Figure 5h),
indicating the dynamic recruitment of HDAC1 and acetylated
HDAC1 before and after heat-shock treatment is p53 depen-
dent. HSPA4L is another gene whose promoter activity is
regulated by p53 and HDAC1.%° Consistent with HDAC1
recruitment patterns at the p21 enhancer region, HDAC1
binding decreased and acetyl-HDAC1 recruitment increased at
the p53 binding site of the HSPA4L enhancer (Figure 5i).

To further elucidate if p53 physically recruits acetylated
HDAC1, HCT116 cells with or without heat-shock treatment
were immunoprecipitated with the p53 antibody. P53-
associated HDAC1 does not change significantly; however,
p53-associated acetylated HDAC1 increases markedly, indi-
cating that p53-associated deacetylase activity decreases
after heat shock (Figure 6a). P53-associated SIRT1 level also
decreases, consistent with the notion that SIRT1 protein level
reduces after heat shock (Figures 4a and 6a). Interestingly, the
association of p300 with p53 does not change significantly,
suggesting that the reduction of deacetylase activity may have
a dominant role in upregulating p53 acetylation during stress
response.

o
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Figure4 SIRT1-mediated HDAC1 deacetylation decreases during heat shock. (a) HCT116 cells were subjected to heat shock at 42 °C for 1 h and then recovered at 37 °C for
an indicated time. SIRT1 protein level was tested by western blot. (b) HCT116 cells were treated with or without 10 .M MG 132 for 2 h and then subjected to heat shock. Cells were
recovered at 37 °C for 2 h. Upper panel shows representative western blots and lower panel shows quantification of SIRT1 levels normalized to $-actin controls. (¢) HCT116 cells
were treated with or without 10 M CHX for 2 h and then subjected to heat shock. Cells were rescued at 37 °C for 2 h. Upper panel shows representative western blots and lower
panel shows quantification of SIRT1 levels normalized to $-actin controls. (d) Flag-SIRT1 was overexpressed in HCT116 cells and then the cells were subjected to heat shock at
42 °C for 1 h and recovered for indicated times. The cell extracts were harvested and subjected to western blot with indicated antibodies. Upper panel shows representative
western blots and lower panel shows quantification of ac-HDACT levels normalized to S-actin controls. (e) SIRT1 was knocked down with shRNA in HCT116 cells, subjected to
heat shock at 42 °C for 1 h, and recovered at 37 °C for 2 h. Upper panel shows representative Western blots and lower panel shows quantification of ac-HDAC1 levels normalized
to p-actin controls
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Discussion

The p53 tumor suppressor is a tightly regulated protein that
has an essential role in preventing cell-cycle progression and
promoting apoptosis when encountering cellular stress.
Having a short half-life, p53 is normally maintained at a low
level in unstressed mammalian cells by continuous ubiquitina-
tion and subsequent 26S proteasome-mediated degradation.
When the cell is confronted with stress, p53 ubiquitination is
suppressed and, instead, acetylation of p53 increases. These
effects result in the activation of the downstream p53 target
genes, most of which are associated with the regulation of
cell-cycle arrest, apoptosis and/or DNA repair processes,
processes that function to prevent the proliferation of damaged
cells.?72851 The increase of p53 acetylation can be achieved
by rebalancing the acetylation and deacetylation. Our study
suggests that the reduction of deacetylation is a major key for
the increase of p53 acetylation level in stressed cells. There
are three major events that are involved in enhancing p53
acetylation during stress. First, p53-bound HDAC1 is acety-
lated by p300 under stress, which reduces the catalytic activity
of HDAC1, and therefore reduces p53 deacetylation. Second,
SIRT1, another major deacetylase for p53, is destabilized and
degraded under proteasome-dependent pathways, and this
process further reduces p53 deacetylation. Third, decreased
SIRT1 level induces the reduction of deacetylation of
acetylated HDAC1, which eventually results in the reduction
of p53 deacetylation (Figure 6b).

SIRT1 was considered as both a tumor suppressor
and a tumor promoter.%® SIRT1 inhibits expression and/or
the activity of several oncogenes, leading to reduced cell
proliferation, increased apoptosis and tumor suppression.>3-%*
In response to DNA damage, SIRT1 promotes DNA repair
and maintains genome integrity.'®33%% However, on the
other hand, SIRT1 protein is overexpressed in many cancer
types.52 More importantly, SIRT1 inactivates p53, leading to
the downregulation of p53-mediated growth arrest and
apoptosis,®'~3* which results in an increased risk of cancer.
SIRT1 protein level is dynamically regulated in response to
stress. It has been shown that exposure to oxidants/aldehydes
promotes SIRT1 protein degradation.*? SIRT1 is ubiquitinated
and degraded in response to insulin and this process is JNK1
phosphorylation dependent on serine 47.%6 We found that
SIRT1 is rapidly depleted upon heat shock and the degrada-
tion of SIRT1 is proteasome dependent. It remains to be
determined whether phosphorylation on serine 47 is also
required for SIRT1 degradation upon heat shock.

HDAC1 acetylation is induced in several physiological
events.'"'®' Increased HDAC1 acetylation reduces
HDAC1-associated deacetylase activity, and therefore directly
affects target gene transcription. However, how HDACH1
acetylation is induced in response to cellular signal is still not
understood. Our study suggests that the increase of p300-
mediated acetylation, and the decrease of SIRT1-mediated
deacetylation, are key events for the increase of HDACH1
acetylation in response to cellular stress. It remains to be
further investigated whether HDAC1 acetylation, whose
modification negatively regulates HDAC1-associated core-
pressor complex activity, is downregulated in cancer models.
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Materials and Methods

Cell culture and stress treatment. The HCT116, HCT116 p53~/~, HT-29
and MCF-7 cells were grown at 37 °C in a 5% CO, atmosphere in DMEM medium
containing 10% fetal bovine serum. Heat shock of cultured cells was performed by
incubating cells in a 42 °C tissue culture incubator for an indicated time and then
putting back to 37°C for recovery. Control cells were maintained in normal
conditions. For H,0, treatment, HCT116 cells were treated with 100 M H,O, for
an indicated time. UV treatment of cells (80 J/m? UVC) was carried out with
Stratalinker 2400 (Stratagene, La Jolla, CA, USA).

Stable cell lines. HDAC1, HDAC1 6R or HDAC1 6Q was stably overexpressed
in HCT116 cells using the retroviral vector pOZ with Flag tag sequences.®”*® The
pOZ vector coexpresses the IL-2 receptor, which is located at the cell membrane
to facilitate the purification of transfected cells by sorting with IL-2R antibodies
coupled to magnetic beads. The pOZ plasmid containing wild-type or mutant
HDAC1 coding sequences were transfected into the packaging cell line Phoenix A.
The retrovirus particles were harvested and used to infect HCT116 cells. The cells
were sorted for IL-2R expression. Stable clones expressing moderate levels of
HDAC1 or HDAC1 mutants were selected.

Real-time quantitative RT-PCR. Total cellular RNA was isolated from
1x10° cells and reverse transcribed into cDNA using SuperScript reverse
transcriptase and oligo (dT) primers (Invitrogen, Carlsbad, CA). The real-time PCR
was performed using Power SYBR Green PCR Master Mix (Bio-Rad, Hercules, CA,
USA). The p21 primer sequences are as follows: forward, 5-GTGGACCTGTCACT
GTCTT-3; reverse, 5'-GCGTTTGGAGTGGTAGAAATC-3'.

Antibodies. Antibodies for western, immunoprecipitation and ChIP are as follows:
anti-HDAC1 (Pierce, Rockford, IL, USA), anti-SIRT1 (Cell Signaling Technology,
Danvers, MA, USA), anti-p53 (Cell Signaling Technology), anti-p300 (Santa Cruz
Biotechnology, Santa Cruz, CA, usa), anti-CBP (Cell Signaling Technology), anti-
PCAF (Santa Cruz Biotechnology), anti-p21 (Cell Signaling Technology), anti-PARP
(Cell Signaling Technology), anti-ac373p53 (Cell Signaling Technology), anti-ac382
p53 (Cell Signaling Technology), anti-acetylated HDAC1' and anti-p-actin (Sigma-
Aldrich, St. Louis, MO, USA).

ChIP assay. ChIP assay was performed as described previously."" Briefly,
5x10° HCT116 cells treated with indicated stress were subjected to formaldehyde
crosslink. Cells were sonicated to obtain chromatin fragments of size ranging
between 300 and 500bp. The crosslinked chromatin was subsequently
immunoprecipitated with indicated antibodies or normal rabbit IgG as a control.
The purified DNA from precipitated chromatin was subjected to gPCR amplification.
The primers for ChiP are as follows: p21 — 2392 site (FP, 5-TGCTTCCCAGGAACA
TGCTTG-3'; RP, 5’-CTGAAAACAGGCAGCCCAAGG-3'), p21 — 1440 site (FP, 5'-
GCAGAGGAGAAAGAAGCC TG-3'; RP, 5’-GCAGAGGATGGATTGTTCATC-3') and
HSPA4L gene (FP, 5’-TGCCAAAACAACCCAAAAATG-3'; RP, 5’-AATGGAGGCTGC
TGAGCTATC-3').

Plasmid transfection and shRNA knockdown. Flag-pCDNA3.1-
HDAC1 and Flag-pCDNA3.1-SIRT1 were obtained from Dr. Ed Seto at the Moffitt
Cancer Center (Tampa, FL, USA). The plasmids were transfected into HCT116 cells
using Lipofectamine 2000 according to the manufacturer's protocol (Invitrogen).
Human CBP, PCAF, p300 and SIRT1 shRNAs were obtained from the TRC shRNA
library (Open Biosystems, Thermo Fisher Scientific, Logan, MA, USA). The lentiviral
particles were generated according to the manufacturer’s instruction. HCT116 cells
were infected with the virus and selected in DMEM medium containing 1 zg/ml
puromycin one day after infection. The RNAi consortium numbers (TRCNS) are as
follows: shSIRT1 (TRCN0000018981), shp300 (TRCN0000039883), shCBP
(TRCN0000006487) and shPCAF (TRCN00000018531).

In vitro acetylation and deacetylase assay. Flag-HDAC1 and GST-p53
were first acetylated by Flag-p300 as described previously."" The samples were
then dialyzed against 1 liter of HAT buffer (50 mM Tris-HCI (pH 8.0), 10% glycerol,
1mM DTT, 1 mM PMSF, 0.1 mM EDTA, 10 mM butyrate) for 1h at 4 °C before the
subsequent deacetylase assay. Acetylated p53 was incubated with acetylated or
control HDAC1 in HDAC assay buffer (20 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5%
glycerol, 0.5 mM EDTA). The products were then subjected to western blot with
indicated antibodies.
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To test HDACT activity, deacetylation assay of purified HDAC1 and stress-treated
HDAC1 were carried out by mixing HDAC1 and *H-labeled acetylated histones in
50 pl assay buffer (20 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5% glycerol, 0.5 mM
EDTA). The reaction was stopped by adding 50 ! of stop buffer (1.44 M HCI, 0.24 M
HOAC). *H-labeled acetate was extracted with ethyl acetate. After centrifugation, the
upper organic phase was quantified by a liquid scintillation counter.
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HDAC1 ac-HDAC1

Protein purification from baculovirus. Flag-HDAC1 and p300-
expressing baculovirus vectors have been described.'' The sf9 cells were infected
with recombinant baculovirus. The infected cells were collected at 48 h after
infection and proteins were purified by anti-Flag-conjugated M2 agarose (Sigma,
St. Louis, MO, USA). The Flag-tagged proteins were then eluted in the lysis buffer
(20 mM Tris-HCI (pH 8.0), 10% glycerol, 5 mM MgCl,, 150 mM KCl, 0.1% Tween-20)
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Figure 5 Dynamic HDAC1 acetylation regulates p21 promoter activity in response to cell stress. (a) HCT116 cells or p53 null HCT116 cells were subjected to heat shock at
42 °C for 1 h and then recovered at 37 °C for an indicated time period. P21 protein levels were determined by western blot. (b) HCT 116 cells were subjected to heat shock for 1 h
and recovered for indicated period of time. p21 mRNA level was tested by RT gPCR. (¢) P21 mRNA level was tested by RT-qPCR from HCT116 extracts with heat-shock treatment
or HDAC1 knock down. The heat shock was performed at 42 °C for 1h and then recovered at 37 °C for 8 h. P21 mRNA expression is shown relative to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (mean + S.E.). *Significant difference compared to the non-treatment (NT) cells (P<0.05 by Student’s ttest). (d) HDAC1 and acetyl-
mimic mutant 6Q were transfected into HCT116 cells and HDAC1 levels were determined by Western blot. (e) The p21 expression level was determined from cells overexpressed
with HDAC1 or 6Q and treated with heat shock. The relative p21 levels were normalized to GAPDH (mean + S.E.). The extracts were prepared 8 h after recovered at 37 °C.
*Significant difference compared with vector control cells (P< 0.05 by Student's ttest). (f) HCT116 cells were treated by 20 M Romidepsin or DMSO and then subjected to heat
shock. After 8 h of recovery, the p21 mRNA level was tested by RT-qgPCR. The relative p21 levels were normalized to GAPHD (mean + S.E.). NT, non-treatment control compared
with heat-shock treatment. *Significant difference compared with DMSO NT control cells (P< 0.05 by Student’s ttest). (g) P21 enhancer region with marked two p53 binding sites
and TATA region. (h) ChIP assay for HDAC1 and acetylated HDAC1 in HCT116 wild-type and p53-null cells. The cells were subjected to heat shock at 42 °C for 1 h and then
recovered at 37 °C for 2 h. The precipitated DNA was subjected to real-time PCR with primers amplifying p21 enhancer regions. *Significant difference compared with untreated
control (P<0.05 by Student's ttest). (i) ChIP assay for HDAC1 and acetylated HDAC1 in HCT116 cells. The cells were subjected to heat shock at 42 °C for 1 h and then
recovered at 37 °C for 2 h. The precipitated DNA was subjected to real-time PCR with primers amplifying HSPA4L gene promoter regions. *Significant difference (P<0.05 by
Student’s ttest)
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