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Objective To study the regulatory roles of SIRT1 on EZH2 expression and the further effects on
EZH2’s repression of target gene expression.

Methods The stable SIRT1 RNAi and Control RNAi HeLa cells were established by infection with
retroviruses expressing shSIRT1 and shLuc respectively followed by puromycin selection. EZH2 protein level
was detected by Western blot in either whole cell lysate or the fractional cell extract. Reverse transcrip-
tion-polymerase chain reaction was performed to detect the mRNA level of EZH2. Cycloheximide was used
to treat SIRT1 RNAi and Control RNAi cells for protein stability assay. Chromatin immunoprecipitation
(ChIP) assay was applied to measure enrichment of SIRT1, EZH2, and trimethylated H3K27 (H3K27me3) at
SATB1 promoter in SIRT1 RNAi and Control RNAi cells.

Results  Western blot results showed that EZH2 protein level increased upon SIRT1 depletion. Frac-
tional extraction results showed unchanged cytoplasmic fraction and increased chromatin fraction of EZH2
protein in SIRT1 RNAI cells. The mRNA level of EZH2 was not affected by knockdown of SIRT1. SIRTT re-
cruitment was not detected at the promoter region of EZH2 gene locus. The protein stability assay showed
that the protein stability of EZH2 increases upon SIRT1 knockdown. Upon SIRT1 depletion, EZH2 and
H3K27me3 recruitment at SATB1 promoter increases and the mRNA level of SATB1 decreases.

Conclusions Depletion of SIRT1 increases the protein stability of EZH2. The regulation of EZH2
protein level by SIRT1 affects the repressive effects of EZH2 on the target gene expression.
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OLYCOMB group (PcG) proteins were first shown

to play essential roles in regulating body forma-

tion of Drosophila melanogaster, which needs the

correct spatial expression of HOX genes.! PcG
proteins form multi-protein complexes and exert repres-
sive effects on numerous genes controlling different
pathways involved in development, differentiation, and cell
fate decisions.?* PcG proteins fall into two classical types,
namely Polycomb repressive complexes 1 and 2 (PRC1 and
PRC2), and PRC2 could catalyze trimethylation of nucleo-
somal histone H3 lysine 27 (H3K27) with its methyl-
transferase activity, forming trimethylated H3K27 (H3K27-
me3) to initiate gene silencing.>® PRC2 is comprised of
enhancer of Zeste homolog 2 (EZH2), SUZ12, and EED,
among which EZH2 is an enzymatic subunit, and the other
two are required for the enzyme activity.’

EZH2 expression level is high in stem cells and de-
creases greatly in differentiated tissues, but recent studies
on human tumors showed that it is frequently
over-expressed in malignant tumors and associated with
poor prognosis.'%!! It is thus important to understand the
mechanisms regulating the expression level of EZH2.
Bracken et al'? reported that EZH2 was downstream of the
pRB/E2F pathway, which is an essential pathway in cell
proliferation and tumorigenesis, and was also amplified in
invasive tumors. A study showed that androgens can
suppress EZH2 expression via retinoblastoma and p130-
dependent pathways in some prostate cancer cells.'® It was
also shown that some microRNAs, such as miR-101,
miR-26a, miR-214, and miR-138, contributed to regulation
of EZH2 level at the post-transcriptional level.**’

In addition to those internal cellular regulators, EZH2
level is also affected by exogenous drugs. For example, the
S-adenosylhomocysteine hydrolase inhibitor
3-deazaneplanocin A was shown to effectively reduce
cellular levels of the 3 components of PRC2 and inhibit
associated H3K27 methylation in cancer cells.'® Another
study found that dietary omega-3 polyunsaturated fatty
acids suppress expression of EZH2 in breast cancer cells.*
Treatment with histone deacetylase inhibitor LBH589 or
LAQ824 in human leukemia cells also depleted the protein
levels of EZH2, SUZ12, and EED.*

SIRT1, a class III histone deacetylase, has been shown
to regulate many other nuclear regulators, and play roles
in a variety of cellular processes.?! SIRT1 was also found
to have protein-protein interactions with EZH2, and forms
the PRC4 complex in certain conditions.?> That study in-
dicated close relations between SIRT1 and EZH2, but it is
not clear whether SIRT1 contributes to regulation of EZH2
expression. In this study, we explored the potential reg-
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ulatory role of SIRT1 in the expression of EZH2 and its
further effects on EZH2 repression of SATB1, which was
identified as a bona fide EZH2 target gene in our previous
study.?

MATERIALS AND METHODS

Cell culture and establishment of stable SIRT1 RNAI
cell lines

Hela cells (Peking Union Medical College Culture Collection)
and GP-293 cells (Takara Bio, Ostu, Shiga, Japan) were
maintained in Delbecco’s modified Eagle’s medium (Invi-
trogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum.

The targeting sequence (passenger strand) for SIRT1
knockdown is 5'-GATGAAGTTGACCTCCTCA-3'. The shRNA
oligos were ligated into pSirenRetroQ (Takara Bio) at
BamHI and EcoRI sites to generate pSiren-shSIRT1. The
construct pSiren-shLuc expressing shRNA against lucife-
rase was used as control. The two types of plasmids were
separately transfected into GP-293 cells along with pVSV-G
plasmid (Takara Bio) to generate retroviruses. Sixty hours
after transfection, the media were collected, filtered, and
stored at —80°C for later infections of Hela cells. For-
ty-eight hours after infection, the HelLa cells were added
with 1 pg/mL puromycin and maintained for 7-10 days to
generate stable knockdown cell lines (SIRT1 RNAi and
Control RNAI).

Extraction of cellular proteins and Western blot

To generate whole cell lysate, the SIRT1 RNAi and Control
RNAi Hela cells were lysed with RIPA buffer [50 mmol/L
Tris-HCI (pH 8.0), 150 mmol/L NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
and protease inhibitor cocktail from Sigma-Aldrich (St.
Louis, MO, USA)] and the extracts were sonicated for 15
seconds with a Branson 150 sonicator (Branson Ultrasonics,
Danbury, CT, USA).

EZH2 proteins mainly concentrate in the chromatin,
and a minor fraction can also be detected in the cytoplasm.
To further investigate which part is responsible for the
possible change in protein level, we used fractional ex-
traction method to detect different parts of the EZH2
protein pool. For fractional extraction, 6x10° SIRT1 RNAI
and Control RNAi Hela cells were separately suspended in
400 pL solution A [10 mmol/L HEPES (pH 7.9), 10 mmol/L
KCl, 1.5 mmol/L MgCl;, 0.34 mol/L sucrose, 10% glycerol,
1 mmol/L dithiothreitol (DTT), and protease inhibitor
cocktail from Sigma-Aldrich]. Triton X-100 (Sigma-Aldrich)
was added to the cell suspension and the final concentra-
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tion was 0.1%. After incubation on ice for 5 minutes fol-
lowed by centrifugation for 4 minutes (1300 xg), the su-
pernatant was harvested as cytoplasmic fraction. The
nuclei were washed with solution A, lysed in 400 pL solution
B [3 mmol/L ethylene diamine tetraacetic acid (EDTA), 0.2
mmol/L ethylene glycol tetraacetic acid, 1 mmol/L DTT,
and protease inhibitor cocktail from Sigma-Aldrich], and
incubated on ice for 10 minutes. After centrifugation at
1700 xg for 4 minutes, the isolated chromatin pellet was
washed with solution B, centrifuged at 10 000 xg for 1
minute, re-suspended in 400 pL 1x sample loading buffer
(Beyotime, Haimen, Jiangsu, China), and sonicated for 30
seconds (Branson 150 sonicator, Branson Ultrasonics),
producing the chromatin fraction.

The protein samples were then separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to membranes. The blots were
probed by anti-EZH2 (Cell Signaling Technology, Boston,
MA, USA), anti-SIRT1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-H3K27me3 (Millipore, Billerica, MA,
USA), anti-H3 (Abcam, Cambridge, MA, USA), and anti-
tubulin (Abcam) antibodies. Apart from being loading
controls, the H3 level and tubulin level serve as the frac-
tional maker for chromatin and cytoplasmic fractions re-
spectively.

Reverse transcription-polymerase chain reaction
(RT-PCR) and real-time RT-PCR

The protein level changes detected by Western blot may
result from the changes of gene transcription, thus RT-PCR
was perfomred to detect the possible transcriptional
changes. Total RNA from SIRT1 RNAi and Control RNAi
Hela cells were isolated with TRIzol reagent (Invitrogen)
and reverse transcription was performed following the
manufacturer’s manual (New England Biolabs, Ipswich, MA,
USA). For the classical RT-PCR, the PCR products were
separated by 2% agarose gel electrophoresis. The gel was
then stained with distilled water containing 0.2 pg/mL
ethidium bromide followed by destai- ning with distilled
water for 10 minutes. The gel was then scanned with UV
imaging system (Bio-Rad, Hercules, CA, USA). Real-time
PCR was performed using SYBR Premix Ex Taq (Takara Bio)
on Bio-Rad’s iQ5 real-time thermal cycler (Bio-Rad). Pri-
mer sequences are as follows: EZH2, 5'-GCCAGACTG-
GGAAGAAATCTG-3" (forward), 5'-TGTGTTGGAAAATCCA-
AGTCA-3’ (reverse); SATB1, 5'-GATCTATGAATAAGCCTT-
TGGAG-3" (forward), 5'-TTTCGTCCTGGTATATTCGGT-3’
(reverse); SIRT1, 5’-GATTGGCACAGATCCTCGAAC-3’
(forward), 5'-CCCCAGCTCCAGTTAGAACTA-3" (reverse);
GAPDH, 5'-GGTGAAGGTCGGAGTCAACGGA-3’ (forward),
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5'-GAGGGATCTCGCTCCTGGAAGA-3" (reverse) (internal
control).

Protein stability assay

In addition to the changes in transcription, those in protein
stability can also alter levels of specific proteins, thus the
protein stability assay was applied. To determine the
half-life of EZH2 proteins, Hela cells were treated with
0.1 pg/mL of cycloheximide (CHX) (Sigma-Aldrich) for
different time (0 hour, 2 hours, 4 hours, 6 hours, and 8
hours), and the protein level of EZH2 was then measured
by Western blot. Based on the results observed in that
experiment, three time points were selected for the
treatment with 0.1 pg/mL of CHX in the SIRT1 RNAi
and Control RNAi cells. Then the treated cells were
washed three times with cold phosphate-buffered saline
to remove CHX, followed by extraction of whole cell lysate
and Western blot assay.

Chromatin immunoprecipitation (ChIP)

ChIP experiments were performed as described in the
Upstate protocol (Millipore) with a few minor modifications.
After crosslinking with 1% formaldehyde, the isolated
nuclei from SIRT1 RNAi and Control RNAi HelLa cells were
lysed in SDS lysis buffer [1% SDS, 10 mmol/L EDTA, and
50 mmol/L Tris-HCI (pH 8.1)] and sonicated with a Branson
150 sonicator (Branson Ultrasonics) to shear the fragments
down to 200-750 bp. Antibodies against EZH2 (Cell Sig-
naling Technology), H3K27me3 (Millipore), and SIRT1
(Santa Cruz Biotechnology) were used for immunopreci-
pitation. The ChIP products were then detected by PCR,
followed by agarose gel electrophoresis and staining as
described above. The primers used in this procedure are as
follows: EZH2-promoter, 5'-GGGCCAAATAAAAGCGATGG-
3’ (forward), 5-CTGCCTTCTGAGTCCCACCG-3' (reverse);
SIRT1-promoter, 5-AAAGTCACGCAGGTAATTGATGC-3’ (for-
ward), 5'-GAGATAACCAGATGTAAAACGAGGG-3’ (reverse);
SATB1-promoter, 5'-ACGTCGTTTCCCCAGCAC-3’ (forward),
5'-AAACGTCTAGAAGAGTAGCCATGAGAA-3' (reverse); GA-
PDH-promoter, 5-TACTAGCGGTTTTACGGGCG-3’ (forward),
5'-TCGAACAGGAGGAGCAGAGAG-3’ (reverse) (negative con-
trol)

RESULTS

Protein level of EZH2 upon SIRT1 depletion

Western blot results showed efficient SIRT1 knockdown in
the SIRT1 RNAi cells. The protein level of EZH2 in whole cell
lysate increased upon SIRT1 depletion (Fig. 1A). As EZH2 is
the major enzyme for H3K27 methylation, the H3K27me3
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level was detected, and the results showed that the in-
crease of EZH2 does not cause global changes of
H3K27me3 level (Fig. 1B). The results of fractional ex-
traction showed that in the cytoplasmic fraction, EZH2
protein level remained unchanged upon SIRT1 knockdown
(Fig. 1C). In the chromatin fraction, in contrast, EZH2
protein level was found elevated upon SIRT1 knockdown,
suggesting that the EZH2 recruited to chromatin may be
the source of detected increase in EZH2 protein expression
(Fig. 1D). In the chromatin fraction, histone H3 shows
strong signals in Western blot, while tubulin, which is a
cytoplasmic marker, was barely detected, confirming the
reliability of the Western blot results.

Transcription of EZH2 upon SIRT1 depletion

The increased protein level of EZH2 may result from either
or both increased transcription and increased protein sta-
bility. The results of RT-PCR analysis showed that the
mRNA level of EZH2 remained unchanged in SIRT1 RNAI
and Control RNAI cells (Fig. 2A). ChIP assay showed strong
enrichment of SIRT1 at its own promoter, which decreased
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upon SIRT1 depletion (Fig. 2B). In contrast, no SIRT1
binding was detected at EZH2 promoter, similar with the
result at GAPDH promoter, the negative control (Fig. 2B).
Taken together, SIRT1 may not be recruited to the EZH2
promoter to regulate its transcription.

Effect of SIRT1 depletion on protein stability of EZH2
We examined if SIRT1 depletion affects the protein stability
of EZH2. After treating Hela cells with 0.1 pg/mL CHX for
different time periods, we noticed that EZH2 protein level
was stable within four hours but apparently reduced after
six hours (Fig. 3A). Based on this finding, three time points
(0 hour, 4 hour, and 8 hour) were selected for detection of
the protein stability of EZH2 in SIRT1 RNAi and Control
RNAi cells. The Western blot results showed similar de-
crease rate of EZH2 protein level between the two cell lines
within four hours, but the decline became slower in SIRT1
RNAI cells from 4 hour to 8 hour (Fig. 3B). These results
suggest that upon SIRT1 depletion, the protein stability of
EZH2 increases, contributing to the elevation of its protein
level.
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Figure 1. Western blot results of EZH2 protein level upon SIRT1 knockdown.

A. Western blot results of whole cell lysate from SIRT1 RNAi and Control RNAi HelLa cells. EZH2 protein level rises upon SIRT1
knockdown. The tubulin level serves as loading control.

B. The level of trimethylated histone H3 lysine 27 (H3K27me3) detected in SIRT1 RNAi and Control RNAi cells, with the total H3
level as loading control. The H3K27me3 level remains unchanged.

C. The EZH2 protein level in the cytoplasmic fraction of cell lysate from SIRT1 RNAi and Control RNAi cells remains unchanged.
The tubulin level serves as loading control, and histones H3 as the chromatin marker.

D. The EZH2 protein level in the chromatin fraction of cell lysate increases in SIRT1 RNAi cells compared with the level in Control
RNAiI cells. The H3 level serves as loading control for chromatin, and tubulin as the cytoplasmic marker.
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Figure 2. Reverse transcription-polymerase chain reaction (RT-PCR) results of EZH2 mRNA level and chromatin immunoprecipitation

(ChIP) results of SIRT1 binding at EZH2 promoter.

A. RT-PCR experiment was performed using total RNA from SIRT1 RNAi and Control RNAI cells. The amplification products were
separated by agarose gel electrophoresis and stained with ethidium bromide. The mRNA level of EZH2 does not increase upon
SIRT1 knockdown. GAPDH level serves as internal control.

. SIRT1 RNAI or Control RNAI cells were processed for ChIP assays using SIRT1 antibody, with IgG serving as the negative
control. The results show strong SIRT1 binding at its own promoter region, but no binding at EZH2 promoter. GAPDH

promoter serves as negative control.
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Figure 3. Effects of SIRT1 knockdown on the protein stability of EZH2 as detected with Western blot.
A. Normal HelLa cells were treated with 0.1 pg/mL cycloheximide (CHX) for different time, and the whole cell lysate was used for
Western blot, with tubulin level as loading control. As observed, the protein level remains stable up to 4 hours and decreases
after the 6h time point.
B. Based on the results demonstrated in A, SIRT1 RNAi and Control RNAI cells were treated with 0.1 pg/mL CHX for O hour, 4
hours, and 8 hours. The expression level is normalized to tubulin level. Relative protein level at different time points are

determined by setting the level at Oh time point as 100%.

Enhanced suppression of the target gene of EZH2
We detected the expression of SATB1, a bona fide EZH2
target gene, in SIRT1 RNAi and Control RNAI cells. The real-
time RT-PCR results showed that SATB1 mRNA decreased in
response to SIRT1 knockdown (Fig. 4A). The amplification
products of real-time PCR were confirmed by agarose gel
electrophoresis and ethidium bromide staining (Fig. 4A).
EZH2 ChIP showed that in SIRT1 RNAi cells, the
enrichment of EZH2 at SATB1 promoter is higher than that
in Control RNAi cells, while no enrichment of EZH2 was
detected at GAPDH promoter, the negative control (Fig.
4B). Since repression by EZH?2 is initiated by trimethylation

of histone H3K27, H3K27me3 was also detected at SATB1
promoter. The results showed that H3K27me3 level in-
creased upon SIRT1 depletion (Fig. 4B).

SIRT1 ChIP results showed no enrichment of SIRT1 at
SATB1 promoter region, but strong enrichment at the
promoter of its own gene locus, which dramatically de-
creased upon SIRT1 depletion (Fig. 4B). As the negative
control, GAPDH promoter region demonstrated no SIRT1
enrichment (Fig. 4B).

Taken together, these results indicate that the re-
pression of SATB1, a target gene of EZH2, may be streng-
thened by SIRT1 depletion.
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Figure 4. Enhanced suppression of EZH2 target gene SATB1 upon SIRT1 depletion.
A. Real-time RT-PCR was performed using total RNA from SIRT1 RNAi and Control RNAi cells. The mRNA levels of SIRT1 and
SATB1 are normalized to GAPDH level. The results show decreased SATB1 mRNA level upon SIRT1 knockdown.
B. SIRT1 RNAI or Control RNAI cells were processed for ChIP assays using antibodies against EZH2, H3K27me3, and SIRT1, with
IgG serving as the negative control of antibodies, and GAPDH promoter the negative control of gene locus. EZH2 enrichment
and H3K27me3 increase in SIRT1 RNAI cells compared to the results in Control RNAI cells, yet no SIRT1 binding is detected at

SATB1 promoter.

DISCUSSION

SIRT1 has been shown to bind with and deacetylate
many transcription factors and other nuclear factors, such
as p53, FOX03a, E2F1, HIC1, and Suv39H1.2*% Through
those interactions, SIRT1 functions in cell survival, me-
tabolism, DNA repair, and tumorigenesis. In this study, we
found that SIRT1 depletion leads to increased protein level
of EZH2 in Hela cells. It is known that the pRB-E2F
pathway is the major regulatory route controlling EZH2
expression,*? and SIRT1 was reported to be associated with
E2F1,% suggesting that SIRT1 might regulate EZH2 ex-
pression at transcriptional level. Nevertheless, the results
of the present study showed that the mRNA level of EZH2
was not affected by SIRT1 knockdown, and no SIRT1
enrichment was detected at EZH2 promoter. On the other
hand, the protein stability assay showed increased EZH2
protein stability upon SIRT1 knockdown. Those findings
suggest that SIRT1 might participate in regulation of EZH2
expression at the protein level, by affecting the protein
stability.

Increased EZH2 protein level upon SIRT1 knockdown
then leads to reduced expression of SATB1, which was

identified previously as a bona fide EZH2 target gene in
HelLa cells.”® It is still important to investigate if SIRT1
directly regulates SATB1 expression in HelLa cells, because
SIRT1 can deacetylate several histone substrates, such as
H4K16Ac, the modification status of which has been stu-
died to be associated with gene transcription.?**° SIRT1
has also been shown to be present at the promoters of
some tumor suppressor genes, and its deficiency results in
a hyperacetylation of H4K16, which in turn induces ex-
pression of those genes.’! The ChIP assay showed no
SIRT1 binding at SATB1 promoter, suggesting that SIRT1
affects the expression of this PcG target gene in an
H4K16Ac-independent manner.

Previous studies have shown that SIRT1 played
many roles in different cellular activities. Regarding cancer,
the genetic evidence from a recent study using SIRT1
knockout mice and human cancer samples supports the
tumor suppressor role of SIRT1.32% Qur results showed
that knockdown of SIRT1 elevated the protein level of
EZH2, which is a bona fide oncogene, further confirming
SIRT1’s tumor suppressor role. Studies on the regulation
mechanism may provide important information for un-
derstanding of the roles of SIRT1 and EZH2 in the tumo-
rigenesis of certain cancers.
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