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Histone deacetylases (HDACs) are enzymes that regulate the functions of histones as well as nonhistones by
catalyzing the removal of acetyl groups from lysine residues. HDACs regulate many biological processes,
including the cell division cycle and tumorigenesis. Although recent studies have implicated HDACS in tumor
cell proliferation, the molecular mechanisms linking HDACS to cell growth remain unknown. Here, we report
that the human ortholog of the yeast ever-shorter telomeres 1B (EST1B) binds HDACS. This interaction is
regulated by protein kinase A-mediated HDACS8 phosphorylation and protects human EST1B (hEST1B) from
ubiquitin-mediated degradation. Phosphorylated HDACS8 preferentially recruits Hsp70 to a complex that
inhibits the CHIP (C-terminal heat shock protein interacting protein) E3 ligase-mediated degradation of
hEST1B. Importantly, HDACS8 regulation of hEST1B protein stability modulates total telomerase enzymatic
activity. Our findings reveal a novel mechanism by which HDACS contributes to tumorigenesis by regulating

telomerase activity.

Histone acetylation and deacetylation are dynamic post-
translational modifications mediated by the opposing enzy-
matic activities of histone acetyltransferases (HATs) and his-
tone deacetylases (HDACsS), respectively. These reversible
modifications regulate diverse biological functions ranging
from cell cycle control to tumor formation. Increasing evidence
suggests the need for a balance between HAT and HDAC
activities for appropriate gene expression. Many studies have
demonstrated the adverse consequences of abnormal HAT
and HDAC expressions. For example, the inappropriate re-
cruitment of HDACsS has been implicated in both developmen-
tal defects and human diseases such as promyelocytic leukemia
and lymphoma (34). HDAC inhibitors display antitumor activ-
ity by promoting either tumor cell apoptosis or normal cell
differentiation (37).

Based on similarity to yeast proteins, human HDACsS can be
divided into three different groups. Class I HDACs (HDACI,
2, 3, and 8) share extensive amino acid sequence homology
with the yeast RPD3 protein. Class II HDACs (HDACH4, 5, 6,
7, 9, and 10) are homologous to the yeast HDAI protein.
Class III HDACs (SIRT1, 2, 3, 4, 5, 6, and 7) share signif-
icant homology with the yeast SIR2 protein and require
NAD™ for enzymatic activity., A new human HDAGC,
HDACI11, was reported to exhibit properties of both class I
and II HDAGC:s (16, 18).

The least studied and understood class I HDAC is HDACS.
The HDACS cDNA was identified initially by three indepen-
dent groups using sequence homology database searches for
class I HDAGCs (3, 23, 54). The HDACS gene encodes a 377-
amino-acid protein with a predicted molecular mass of 45 kDa.
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HDACS8 mRNA is expressed in multiple human tissues, includ-
ing liver, heart, brain, lung, pancreas, placenta, prostate, and
kidney. While HDACS can deacetylate all core histones in
vitro, it preferentially deacetylates histones H3 and H4. Con-
sistent with the presence of a putative nuclear localization
signal, HDACS is localized predominantly in the nucleus (23),
although recent studies have demonstrated that it also may be
present in the cytoplasm of human smooth muscle cells (11, 58,
59). Durst et al. (13) showed that HDACS specifically associ-
ates with the inv (16) fusion protein found in acute myeloid
leukemia. A recent study found that HDACS influences beta
interferon gene expression (41).

The structure of HDACS consists of a single o/ domain
that includes an eight-stranded parallel B sheet sandwiched
between 13 « helices (48, 55). Using different HDAC inhibi-
tors, Vannini et al. (55) showed that HDACS has a restrictive
inhibition pattern different than that of other class I HDACs.
In addition, they showed that knockdown of HDACS by
RNA interference inhibits the growth of human lung, colon,
and cervical cancer cell lines. The latter finding underscores
the important role of HDACS in regulating tumor cell pro-
liferation.

Like most HDACs, HDACS is a target for posttranslational
modification, most notably phosphorylation. HDACS is phos-
phorylated by cyclic AMP-dependent protein kinase A (PKA)
both in vitro and in vivo (33). The phospho-acceptor site of
HDACS is Ser*, and interestingly, HDACS enzymatic activity
is negatively regulated by this PKA-mediated phosphorylation.
Although we have demonstrated that the phosphorylation of
HDACS results in the hyperacetylation of histones H3 and H4,
the precise biological and functional consequences of HDACS
phosphorylation remain to be elucidated.

In the present study, we used a modified bacterial two-
hybrid system (29) to identify proteins that specifically interact
with phosphorylated HDACS. We found that the human ever-
shorter telomeres 1B (hEST1B) interacts with HDACS in a
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PKA-mediated, phosphorylation-dependent manner. Further-
more, the phosphorylation of HDACS protects hEST1B from
degradation mediated by the E3 ubiquitin ligase CHIP (C-
terminal eat shock protein interacting protein) via the recruit-
ment of Hsp70. Our results demonstrate a novel mechanism by
which a telomerase-associated protein is regulated by HDACS.
These findings support the hypothesis that HDACS is critically
involved in telomerase regulation and provide a possible ex-
planation for the involvement of HDACS in tumor cell prolif-
eration.

MATERIALS AND METHODS

Plasmids, antibodies, and proteins. Expression plasmids for human HDACS
were constructed using the p3XFlag-CMV-10 vector (Sigma), and the
HDACS(S39A) mutant was generated as described previously (33). cDNAs
encoding full-length human EST1B and EST1A were amplified by PCR using
Image Clone (Open Biosystem) and inserted into pcDNA3.1-HA. Full-length
human CHIP was cloned by PCR amplification using a HeLa cDNA library as a
template and the following primers: 5'-CGGGATCCCCATGAAGGGCAAGG
AGGAG and 3'-GGAATTCCTCAGTAGTCCTCCACCC. The PCR product
was digested with BamHI and EcoRI and inserted into the myc-tag-containing
vector pCMV-tag3C (Stratagene). To generate the U box deletion mutant of
CHIP (amino acids 1 to 189), the U box domain was excised by Apal digestion
and isolated and the remaining DNA, which lacks the U box domain, then was
religated. For the His-tagged fusion protein, the 5’ end of the CHIP open
reading frame was digested first with BamHI and blunt ended and then digested
with Xhol to release the insert from pCMV-tag3C. This fragment was inserted
into EcoRV- and Xhol-digested pET-30a (Novagen) to create pET-CHIP. pET-
EST1B was generated by PCR using the following primers: 5'-AGCTTTGTTT
AAACTGATGAGCCAAGGCCCCCCCACAG and 3'-CCGGAATTCTTATC
AACCAATTTCCTTCCACTGCTTG. Amplified cDNA was cloned into
EcoRV- and EcoRI-digested pET-30a. pCMV-PKAcat was purchased from
Clonetech. HDACS short interfering RNA (siRNA) and controls were pur-
chased from Santa Cruz Biotechnology and Dharmacon. The anti-HDACS an-
tibody was described previously (33). Rabbit polyclonal anti-EST1B antibody was
raised against a peptide corresponding to the N terminus of hEST1B (SQESR
SDLEDMEEEEGTRSC). Anti-Ub and anti-AcK antibodies were purchased
from Upstate Biotechnology. Anti-Flag M2, antihemagglutinin (anti-HA), and
anti-poly-His antibodies and Flag-ubiquitin were purchased from Sigma. Anti-
myc, anti-GAPDH, anti-B-actin, anti-PKAcat, anti-Hsp70, and anti-Hsp90 anti-
bodies were purchased from Santa Cruz Biotechnology. E1 and Ubc-HS5 were
purchased from Calbiochem.

Cell culture and transfection. HelLa cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% calf serum, 100 IU of peni-
cillin per ml, and 100 pg of streptomycin per ml. Cells were transfected with
DNA using Lipofectamine 2000 (Invitrogen) for 48 h and harvested for each
assay as described in the figure legends.

Immunoblotting and coimmunoprecipitation. Cells were lysed in modified
radioimmunoprecipitation assay buffer as described previously (33). For the
coimmunoprecipitation assays, lysates were precleared with 20 pl of anti-immu-
noglobulin G-agarose and immunoprecipitated with primary antibody for 3 h.
The immune complexes were washed extensively with lysis buffer, resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred onto nitrocellulose membranes. The membranes were probed with
the appropriate antibodies, and proteins were detected using the chemilumines-
cent detection kit (Pierce). To detect the endogenous interaction of HDACS
with hEST1B, immunoprecipitation was performed using TrueBlot (eBio-
science) according to the manufacturer’s instructions.

Bacterial two-hybrid assay. Escherichia coli two-hybrid assays were performed
according to the manufacturer’s instructions (Stratagene). Briefly, to generate
inducible bacterial expression vectors, the region encoding the PKA catalytic
subunit was fused to full-length HDACS and cloned into the pBT vector, which
contained the bacteriophage \ cI protein (pBT-HDACS.PKA). This plasmid was
cotransformed with a HeLa cDNA library fused to the « subunit of RNA
polymerase into a reporter strain that contained the lacZ promoter. Positive
clones were selected based on carbenicillin resistance and p-galactosidase ex-
pression. To confirm a specific interaction with phosphorylated HDACS, positive
clones were retransformed into a reporter strain, together with pBT-
HDACS.PKA, and subjected to a second round of selection. To examine fusion
protein expression levels and the extent of PKA-mediated HDACS phosphory-
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lation in the E. coli cells, an aliquot of bacterial culture harvested after IPTG
(isopropyl-B-p-thiogalactopyranoside) induction was subjected to direct immu-
noblotting and in vitro kinase assays.

Establishment of MC5SHDS cell line. To generate a clone stably expressing
HDACS, p3XFlag-CMV-HDACS was transfected into HeLa cells with Lipo-
fectamine. One day later, cells were subcultured and grown in the presence of
400 pg/ml of G418 (Invitrogen). Cells were then maintained in selection medium
for about 2 weeks until G418-resistant colonies appeared. Single colonies were
picked using cloning cylinders (Bellco) and transferred to 24-well plates. Indi-
vidual clones were then maintained in medium containing 200 pg/ml of G418. A
colony with high Flag-HDACS expression, MC5HDS, was selected for further
analysis.

Luciferase activity assay. Reporter and effector plasmids were cotransfected
into HeLa cells grown in six-well plates at 50 to 70% confluence (seeded at 5 X
10° cells/well one day before). Forty-eight hours posttransfection, cells were
harvested and luciferase activities were measured using a Berthold Lumat model
LB 9501 luminometer.

Assays of endogenous hEST1B and B-actin mRNA. Total RNA was isolated
using TRIzol reagent (Invitrogen) as described by the manufacturer, quantified,
and subjected to reverse transcription using Moloney murine leukemia virus
reverse transcriptase (RT) (Promega) and specific antisense oligodeoxynucleo-
tides (TTGTCATACAGCCGCTTGAG for hEST1B and CAAACATGATCT
GGGTCATCTTCT for B-actin). After reverse transcription, cDNA was amplified
by PCR using the same antisense oligodeoxynucleotides plus sense oligodeoxynucle-
otides (TCAGGGAAGGAGATGGATTG for hEST1B and GCTCGTCGTCG
ACAACGGCTC for B-actin).

Protein expression and purification. His-EST1B and His-CHIP were pro-
duced in the E. coli strain BL21(DE3)pLysS (Novagen). After IPTG induction
for 4 h, cells were lysed by sonication. His-tagged recombinant proteins were
purified by Ni** chelation chromatography. Protein expression was verified by
Coomassie blue staining.

In vitro ubiquitination assay. In vitro ubiquitination assays were performed
using bacterially expressed recombinant hEST1B and CHIP proteins. Briefly,
hEST1B protein immobilized on Ni-nitrilotriacetic acid agarose was incubated at
30°C for 120 min in 50 pl of reaction solution (50 mM Tris-HCI, pH 7.4, 120 mM
NaCl, 5 mM MgCl,, 4 mM ATP, and 0.5 mM dithiothreitol) containing 10 ug
Flag-ubiquitin, 50 ng E1, 0.5 pg Ubc-HS, and 2 wg CHIP. After incubation,
bead-bound proteins were washed three times with reaction buffer, resolved on
SDS-PAGE, and subjected to direct immunoblotting.

TRAP assay. Detection of telomerase activity in HeLa cells was performed
according to the manufacturer’s recommendations (Chemicon International)
with minor modifications. Briefly, hEST1B immunoprecipitates used in telo-
meric-repeat amplification protocol (TRAP) reactions contained 2 pCi of
[«-*?P]dCTP (3,000 Ci/mmol; Amersham). The reaction mixture was incubated
at 30°C for 30 min and then cycled 30 times at 94°C for 30 s and 59°C for 30 s.
The PCR products were separated on 12% nondenaturing polyacrylamide gels
and visualized by autoradiography.

RESULTS

EST1B interacts specifically with phosphorylated HDACS.
To identify proteins that interact with phosphorylated
HDACS, we used a modified bacterial two-hybrid system (29).
Briefly, we engineered a “bait and kinase” expression plasmid
that expressed the catalytic portion of PKA (the kinase) and
HDACS (the bait) fused to A cl. We confirmed that the
HDACS portion of the fusion protein was phosphorylated by
PKA in this context (data not shown). The “bait and kinase”
expression plasmid was transformed into E. coli, together with
plasmids expressing a library of HeLa cell cDNAs fused to the
a subunit of bacterial RNA polymerase (Stratagene). Target
proteins that interact with HDACS facilitate the cI and «
subunit interactions that drive the \ cI-dependent transcription
of reporter genes encoding B-lactamase and B-galactosidase.
Of the 4 X 10° transformants screened, 15 were positive for
B-galactosidase activity, carbenicillin resistance, and the inabil-
ity to activate the system in the absence of HDACS. Out of
these 15 phospho-HDACS-interacting clones, 9 encoded pro-
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FIG. 1. hESTIB interacts with HDACS in a phosphorylation-dependent manner. (A) PKA-mediated HDACS phosphorylation increases its
association with hEST1B. HA-EST1B and Flag-HDACS, either wild type or mutant, were coexpressed in HeLa cells in the absence or presence
of forskolin. Following immunoprecipitation with an anti-HA antibody, the samples were resolved by SDS-PAGE and the presence of coimmu-
noprecipitated HDACS8 was detected by immunoblotting with an anti-Flag antibody. (B) Foskolin induces the phosphorylation of wild-type but not
S39A mutant HDACS. Flag-tagged wild-type or S39A mutant HDACS was transfected into HeLa cells in the presence or absence of forskolin.
Following immunoprecipitation with anti-Flag antibodies, the samples were resolved by SDS-PAGE and phosphorylated HDACS was detected
with an anti-phospho-serine antibody. (C) Phosphorylated HDACS preferentially interacts with hEST1B, but not hEST1A. Plasmids that express
the indicated EST1 were transfected into cells, together with a plasmid that expresses HDACS in the presence of forskolin. (D) Endogenous
hEST1B and HDACS interact. HeLa cells were treated with either forskolin or H-89 as indicated, and lysates were immunoprecipitated with
anti-hEST1B antibodies. The immunoprecipitates were washed, and the proteins were separated by SDS-PAGE. Coimmunoprecipitated HDACS8
was detected by immunoblotting using TrueBlot to reduce the background due to the immunoglobulin G heavy chain. All protein concentrations
were adjusted according to the expression levels of HA-EST1B. For example, in panel A, the reaction displayed in lane 2 contains three times more
lysate than that in lane 3. —, absence of; +, presence of; IP, immunoprecipitate; IB, immunoblot; PIS, preimmune serum.

teins that interacted with HDACS in the absence of PKA,
indicating that they did not require HDACS phosphorylation
for interaction. DNA sequencing of the remaining six clones
revealed that two clones contained the gene encoding the hu-
man Estlp-like protein B, a telomerase-associated factor (44,
47). This interaction was chosen for further characterization.

To confirm the hEST1B-HDACS interaction, HeLa cells
were transfected with plasmids that expressed Flag-HDACS8
and HA-EST1B. Lysates were prepared from transfected cells,
and after normalizing for equal amounts of HA-EST1B, im-
munoprecipitations were performed with anti-HA antibodies
followed by Western blot analysis with anti-Flag antibodies. As
shown in Fig. 1A, Flag-HDACS protein coprecipitated with
HA-EST1B and, consistent with our results from bacterial
two-hybrid experiments, the interaction was enhanced by for-
skolin, which induces the PKA-mediated phosphorylation of
HDACS (Fig. 1A, top panel, compare lanes 3 and 4). Flag-
HDACS(S39A), which is refractory to phosphorylation by
PKA (33), bound HA-EST1B at the same level as the non-
forskolin-treated sample did, confirming that the association of
hEST1B with HDACS is regulated by HDACS phosphoryla-
tion (Fig. 1A, top panel, lane 5). Figure 1B shows the forskolin-
induced phosphorylation of wild-type HDACS but not the
S39A mutant.

Unlike the Saccharomyces cerevisiae genome, which codes
for only one Estl protein, the human genome contains at least
three genes which encode Estlp orthologs. Two of these genes
(hEST1A and hEST1B) are known to associate with telome-
rase (44, 47). To determine whether hEST1A also binds phos-
phorylated HDACS, we performed coimmunoprecipitation
experiments using extracts prepared from cells transfected
with a plasmid expressing hEST1A. The results clearly dem-
onstrate that phosphorylated HDACS specifically interacts with
hEST1B, but not hEST1A (Fig. 1C, top panels, compare lanes
3 and 6).

Next, we investigated whether endogenous HDACS and
hEST1B proteins interact in vivo. A coimmunoprecipitation was
performed using HeLLa whole-cell extracts with anti-EST1B anti-
bodies, followed by immunoblotting with anti-HDACS antibod-
ies. As shown in Fig. 1D, HDACS coimmunoprecipitated with
hEST1B and the level of coimmunoprecipitation was increased in
the presence of forskolin (top panel, lanes 4 and 5). The PKA
inhibitor H-89 reversed the effect of forskolin (lane 6), confirming
the importance of HDACS phosphorylation in the hEST1B-
HDACS interaction.

HDACS phosphorylation protects hEST1B from ubiquitin-
mediated degradation. During our hEST1B-HDACS interac-
tion studies, we repeatedly found that hEST1B protein levels
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FIG. 2. HDACS phosphorylation protects hEST1B protein from ubiquitin-mediated degradation. (A) HA-EST1B and Flag-HDACS were
expressed in HeLa cells in the absence or presence of forskolin and analyzed by Western blotting. Western blotting with anti-B-actin (right panel)
was used as a control. (B) Western blot analyses of extracts derived from HeLa cells or a HeLa cell line that overexpresses HDAC8 (MC5SHDS).
(C) Western blot analyses from extracts of adenovirus-infected cells to determine the effects of overexpression of HDACS on hEST1B. (D) Left
panel, luciferase reporter assays showing that overexpression of HDACS does not alter the transcription of the cytomegalovirus promoter
(pCMV-Luc). Transfections were normalized to equal amounts of DNA with parental expression vector. The results are the means * standard
deviations from three separate transfections. Right panel, semiquantitative RT-PCR was performed to analyze expression of the hESTIB gene.
PCR products of cDNA samples are shown. (E) MG132 blocks hEST1B degradation. Cells were treated with 10 uM MG132 for 18 h before
harvesting. hEST1B protein was detected by an anti-HA antibody. (F) HDACS phosphorylation protects hEST1B from degradation. Cells were
transfected with His-ubiquitin, together with wild-type or mutant HDACS, in the presence of HA-EST1B as indicated. (G) Inhibition of hEST1B
ubiquitination by phosphorylated HDACS. The level of hEST1B ubiquitination was determined by using an anti-ubiquitin antibody in the presence
of His-ubiquitin after treatment with MG132. The amount of protein used in this experiment was adjusted according to the expression level shown
in panel A. Ub, ubiquitin; —, absence of; +, presence of; IP, immunoprecipitate; IB, immunoblot.

were elevated in the presence of HDACS (Fig. 2A, top left hEST1B protein levels (Fig. 2A, top left panel, lane 4),
panel, compare lanes 2 and 3). Furthermore, we found that whereas actin levels remain unchanged (Fig. 2A, top right
forskolin-mediated activation of PKA, which increases panel).

HDACS phosphorylation, caused an additional increase in A stable HeLa cell line, MC5SHDS, that overexpresses Flag-
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HDACS was established, and Western blot analysis with anti-
ESTI1B confirmed the up-regulation of hEST1B by HDACS
(Fig. 2B, bottom panel, compare lanes 1 and 2). Similarly, the
overexpression of HDACS using an adenovirus vector (33),
followed by Western blot analysis, confirmed that HDACS
increases the level of hEST1B (Fig. 2C).

Because the cytomegalovirus promoter used to drive expres-
sion of the HA-EST1B plasmid was not activated by HDACS
(Fig. 2D, left panel), we ruled out the possibility that HDAC8
simply increased the transcription of HA-EST1B in the trans-
fected or adenovirus-infected cells. Semiquantitative RT-PCR
analysis was performed to confirm that HDACS has no effect
on endogenous hEST1B mRNA (Fig. 2D, right panel). There-
fore, we hypothesized that phosphorylated HDACS regulates
hEST1B protein degradation.

To determine whether hEST1B protein levels are regulated
by proteasome-dependent pathways, constructs expressing
hEST1B were cotransfected with the HDAC8(S39A) mutant
in the presence or absence of MG132, a specific inhibitor of
proteasome-dependent pathways. As shown in Fig. 2E,
hEST1B degradation in cells expressing the HDACS8(S39A)
mutant was inhibited by MG132 treatment (top panel, com-
pare lanes 2 and 4). In the same experiment, control cells
without HDACS(S39A) expression had slightly increased lev-
els of hEST1B in the presence of MG132, probably due to
endogenous HDACS protein (lanes 1 and 3). Therefore, we
concluded that hEST1B degradation is mediated by a protea-
some-dependent pathway that is regulated by phosphorylated
HDACS.

To determine whether HDACS phosphorylation protects
hEST1B from degradation, we transfected cells with plasmids
that express HA-EST1B, Flag-HDACS, or Flag-HDACS
(S39A) and histidine-tagged ubiquitin. To induce HDAC8
phosphorylation, cells were either treated with forskolin or
transfected with the catalytic subunit of PKA. As determined
by Western blot analyses, hEST1B protein levels were consis-
tently decreased in HDACS(S39A)-transfected cells (Fig. 2F,
compare lanes 4 and 5 with lane 2) and completely diminished
in cells overexpressing ubiquitin (lane 6). In contrast, in the
presence of phosphorylated HDACS, hEST1B was not de-
graded even when ubiquitin was overexpressed (Fig. 2F, com-
pare lanes 2 and 3 with lanes 5 and 6), suggesting that HDACS
phosphorylation protects hEST1B from ubiquitin-mediated
degradation. To examine the protective role of HDACS in
hEST1B degradation, cells were treated with MG132 after
transfection. As shown in Fig. 2G, hEST1B is highly ubiquiti-
nated (lane 3), and coexpression of hEST1B with HDACS
inhibited this ubiquitination (compare lanes 3 and 4). Strik-
ingly, in cells overexpressing PKA, which induces HDACS
phosphorylation, hEST1B ubiquitination was diminished (lane
5). As expected, the HDACS8(S39A) mutant did not protect
hEST1B from ubiquitination (compare lanes 5 and 6), pro-
viding strong evidence that hEST1B protein is protected
from ubiquitination by the PKA-mediated phosphorylation
of HDACS.

Ubiquitination of hEST1B is not regulated by acetylation.
The modulation of protein stability by ubiquitination is often
affected by subsequent additional posttranslational modifica-
tions, such as phosphorylation and acetylation. For example,
the p53 protein is specifically acetylated at multiple lysine
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residues by p300/CBP, thereby inhibiting its ubiquitination-
mediated degradation by Mdm2 (26). Previously, we reported
that HDACS deacetylase activity was negatively regulated
by PKA-mediated phosphorylation (33). Therefore, it is pos-
sible that the ability of phosphorylated HDACS to protect
hEST1B from ubiquitin-mediated degradation is due to its
decreased enzymatic activity and possibly the hyperacetylation
of hEST1B. To investigate this possibility, we examined the
requirement of HDACS enzymatic activity for protection of
hEST1B degradation by transfecting cells with various plas-
mids expressing HDAC8 mutants and hEST1B. The level of
hEST1B protein expression was altered consistently by the
phosphorylation status of HDACS (Fig. 3A, left panel, lanes 2
and 3). In addition, the catalytically inactive but phosphoryla-
tion-competent HDACS8 mutant H143A regulated hEST1B ex-
pression to nearly the same extent as phosphorylated HDACS
did (lane 6), indicating that HDACS enzymatic activity is not
required to protect hEST1B from degradation. As a control,
we show that the H143A mutant does not have the same
stabilizing effect in the absence of forskolin (Fig. 3A, right
panel).

To confirm that the inhibition of HDACS activity does not
cause increased hEST1B acetylation but does protect it from
degradation, hEST1B was overexpressed in cells, and the
hEST1B acetylation level was examined by anti-acetyl lysine
antibodies in vivo. As shown in Fig. 3B, hEST1B was acetylated
in vivo (lane 3). Additionally, these hEST1B-overexpressing
cells were treated with trichostatin A (TSA) to induce the
hyperacetylation of hEST1B and MG132 in the presence of
ubiquitin. As expected, the hEST1B ubiquitination level was
not affected by its acetylation state (Fig. 3C, lanes 3 and 4).
These results demonstrate that, while hEST1B is acetylated, its
ubiquitination is not affected by its acetylation state. Moreover,
although hEST1B ubiquitination is regulated by HDACS phos-
phorylation, it is likely that this regulation may require another
cofactor whose function is indirectly affected by HDACS phos-
phorylation.

Hsp70/90 forms a complex with hEST1B and HDACS. The
bacterial two-hybrid assay also identified STIP1 (also known as
HOP1) as an interacting partner of PKA-phosphorylated
HDACS. HOP1 is a bridging protein that links Hsp70 and
Hsp90 and is required for some receptor-Hsp90 heterocom-
plex assembly (7, 12, 32). Therefore, HOP1 may also serve as
an adaptor protein which recruits chaperone proteins, such as
Hsp70 and Hsp90, to the HDACS-EST1B complex. To inves-
tigate whether chaperone proteins interact with HDACS, we
transfected HeLa cells with plasmids expressing Flag-tagged
wild-type or mutant HDACS, immunoprecipitated the proteins
with anti-Flag antibodies, and examined coimmunoprecipi-
tated proteins with anti-Hsp70 and anti-Hsp90 antibodies. The
results, presented in Fig. 4A, demonstrate that both Hsp70 and
Hsp90 are HDACS-interacting proteins. However, only the
Hsp70-HDACS interaction was regulated by HDACS phos-
phorylation, such that the association was dramatically in-
creased by PKA-mediated phosphorylation of HDACS (Fig.
4A, top panel, lane 3). In agreement with this observation,
Hsp70, but not Hsp90, preferentially interacts with the phos-
phorylated HDAC8-hEST1B complex (Fig. 4B, top panel, lane
3). Therefore, we hypothesize that Hsp70/90 binding regulates
hEST1B ubiquitination, and Hsp70, but not Hsp90, is an im-
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FIG. 3. hESTI1B ubiquitination is not affected by its acetylation. (A) HA-EST1B and Flag-tagged wild-type, S39A mutant, or H143A mutant
HDACS were coexpressed in HeLa cells. After the lysate was resolved by SDS-PAGE, the hEST1B protein level was determined by immuno-
blotting using an anti-HA antibody. (B) hEST1B is acetylated in vivo. Proteins expressing HA-EST1B were immunoprecipitated using an anti-HA
antibody. For negative controls, preimmune serum (PIS) and anti-Flag antibodies were used. Acetylated hEST1B proteins were detected by
immunoblotting with an anti-acetyl lysine (anti-Ac-K) antibody. To confirm equal amounts of HA-EST1B in the lysates, a small portion was
removed before antibody incubation and resolved by SDS-PAGE. (C) hEST1B ubiquitination is not affected by TSA treatment. Cells were treated
with 400 ng/ml TSA for 18 h and MG132 for 5 h before harvesting. Ub, ubiquitin; —, absence of; +, presence of; IP, immunoprecipitate; 1B,

immunoblot.

portant determinant of the mechanism underlying the regula-
tion of HDACS-mediated hEST1B protein stability.

HDACS regulates the binding of hEST1B to CHIP. Recent
reports have suggested CHIP as a possible link between chap-
erones and the degradation system (2, 39, 43). CHIP is a
chaperone-interacting protein that binds to Hsp/Hsc70 and
Hsp90. It contains an amino-terminal tetratricopeptide do-
main and a carboxyl-terminal U box that possesses E3 ubig-
uitin ligase activity (2, 10). To examine whether CHIP is a
hEST1B-binding partner, cells were transfected with plasmids
expressing HA-EST1B and Myc-CHIP. Coimmunoprecipita-
tions were performed using anti-HA antibodies followed by
immunoblotting with anti-Myc antibodies. The results indicate
that CHIP interacts with hEST1B (Fig. 4C, upper panel, lane
3). In addition, the inhibition of HDACS phosphorylation sig-
nificantly enhances the CHIP-hEST1B interaction (Fig. 4D,
upper panel, lane 5), suggesting that HDACS phosphorylation
regulates the interaction between CHIP and hEST1B.

CHIP ubiquitinates hEST1B, and HDACS8 phosphorylation
protects hEST1B from CHIP-mediated degradation. To exam-
ine the possible role of CHIP as an E3 ligase involved in
hEST1B ubiquitination, cells were transfected with wild-type
and catalytically inactive CHIP and treated with MG132 in the
presence of ubiquitin. Interestingly, overexpression of the wild-
type CHIP, but not the CHIP U box deletion mutant (amino
acids 1 to 189), significantly enhanced hEST1B ubiquitination
(Fig. 5A), suggesting that hEST1B ubiquitination is mediated
through the U box domain of CHIP.

To determine whether hEST1B is a direct target of CHIP-

mediated ubiquitination, His-EST1B was used in an in vitro
ubiquitination assay with various enzymes involved in the ubig-
uitin pathway. UbcHS5 was used as the E2 enzyme since it is the
E2 ubiquitin-conjugating enzyme that specifically interacts
with CHIP (39). The results clearly demonstrated that hEST1B
was ubiquitinated directly by the enzymatic activity of UbcHS5-
CHIP (Fig. 5B, lane 5). The expression of a mutant with a U
box deletion greatly diminished hEST1B ubiquitination (Fig.
5C, lane 4), an effect which demonstrates the role of U box in
mediating CHIP enzymatic activity. Together, our data dem-
onstrate that hEST1B ubiquitination is mediated by the CHIP
E3 ligase whose activity is regulated by Hsp70 in an HDACS
phosphorylation-dependent manner. To examine whether
HDACS phosphorylation modulates CHIP-mediated hEST1B
degradation, hEST1B was expressed in the presence or ab-
sence of phosphorylated HDACS together with CHIP. The
levels of hEST1B were decreased in response to CHIP expres-
sion (Fig. 5D, compare lanes 1 to 3). In contrast, hEST1B was
protected against this CHIP-dependent decrease when coex-
pressed with wild-type phosphorylated HDACS (lanes 7 to 9)
but not the HDAC8(S39A) mutant (lane 10). These results
demonstrate that hEST1B is targeted by CHIP-mediated ubig-
uitination and that HDACS phosphorylation prevents this
modification by stimulating the association of Hsp70 with the
hEST1B-CHIP complex.

Silencing of HDACS results in hEST1B degradation and
reduction of total telomerase activity. Both hEST1A and
hESTI1B are associated with telomerase activity and bind hu-
man telomerase reverse transcriptase (h'TERT) in vitro (47).
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FIG. 4. HDACS recruits Hsp70 and CHIP to hEST1B in a phosphorylation-dependent manner. (A) HeLa cells were transfected with either
wild-type or S39A HDACS, and lysates were immunoprecipitated with an anti-Flag antibody. The presence of Hsp proteins was determined using
anti-Hsp70 or anti-Hsp90 antibodies. (B) HDACS8-Hsp protein complexes were immunoprecipitated as described above. The amount of protein
used was adjusted according to the expression level shown in Fig. 2A. (C) hEST1B is a CHIP ubiquitin ligase-interacting protein. HA-EST1B and
Myc-CHIP were expressed in HeLa cells and harvested after 48 h for analysis. (D) CHIP recruitment to hEST1B is dependent on HDACS
phosphorylation. Myc-CHIP constructs were transfected with HA-EST1B and Flag-HDACS in the presence or absence of forskolin. The ability
of CHIP to interact with hEST1B was determined with an anti-Myc antibody. —, absence of; +, presence of; IP, immunoprecipitate; 1B,

immunoblot.

To determine whether HDACS-mediated hEST1B regulation
affects its telomerase activity, we performed TRAP assays us-
ing lysates prepared from HDACS8 knockdown cells. As shown
in Fig. 6A, two different pools of HDACS siRNA effectively
depleted HDACS from HeLa cells and consequently caused a
dramatic decrease in hEST1B (compare lanes 1 and 2 and
lanes 3 and 4). Accordingly, hEST1B-associated telomerase
activity was diminished in HDACS8 knockdown cells (Fig. 6B,
lanes 2 and 3). Importantly, total telomerase activity was sig-
nificantly decreased in the absence of HDACS (Fig. 6C, com-
pare lanes 3 and 5 with lanes 2 and 4). However, we were
unable to detect any change in the average telomere length in
the HDACS knockdown cells (data not shown). These data
suggest a direct in vivo contribution of hEST1B as well as an
indirect HDACS effect on total telomerase catalytic activity.

DISCUSSION

In normal human cells, telomeres are shortened with each
successive round of cell division due to repressed telomerase

activity. This shortening ultimately leads to senescence. How-
ever, cancer cells escape such senescence by stimulating telome-
rase activity (for a review, see references 1 and 4). Telomerase
activation requires the induction of its catalytic subunit,
hTERT. Many studies have revealed the presence of a TSA
response element in the hTERT promoter and a possible co-
factor involved in the recruitment of HDAC to this region (9,
22, 61). Consistent with these reports, the treatment of cells
with TSA abolished the interaction between HDACI1 and Spl,
which would be recruited to the hTERT promoter, thereby
derepressing hTERT promoter activity (53). However, the
contribution of telomerase to tumorigenesis extends beyond
maintaining telomere length. In fact, recent findings have im-
plicated the involvement of hTERT in processes like stem cell
proliferation, cell survival, and chromosomal healing (15, 21,
45,49, 57, 63). In this study, we identified a novel transcription-
independent regulation of telomerase activity by the histone
deacetylase HDACS. Our results showed that HDACS is a
regulator of the telomerase-associated protein hEST1B, the
human homolog of yeast Estlp. HDACS interacted with
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FIG. 5. CHIP is an E3 ubiquitin ligase specific for hEST1B, and HDACS phosphorylation regulates CHIP-mediated degradation of hEST1B.
(A) Ubiquitinated hEST1B proteins were visualized with an anti-ubiquitin antibody in the lysates from cells expressing HA-EST1B and various
Myc-CHIP constructs. (B) An in vitro ubiquitination assay was performed using bacterially expressed proteins as indicated. After the reaction,
Ni-nitrilotriacetic acid agarose-bound proteins were washed extensively and resolved by SDS-PAGE. Ubiquitin conjugation on hEST1B proteins
was detected with an anti-Flag antibody. (C) An in vitro ubiquitination assay was performed using the bacterially expressed CHIP deletion mutant.
(D) cDNAs expressing HA-EST1B, Flag-HDACS, and Myc-CHIP were transfected into HeLa cells, and immunoblots were performed as
indicated. Ub, ubiquitin; —, absence of; +, presence of; IP, immunoprecipitate; IB, immunoblot.

hEST1B in a PKA-mediated, phosphorylation-dependent man-
ner and protected hEST1B from ubiquitin-mediated degrada-
tion. In addition, we demonstrated that the ubiquitin E3 ligase
CHIP was responsible for hEST1B degradation. HDACS phos-
phorylation at Ser* recruits Hsp70 to a complex that sup-
presses the CHIP-mediated hEST1B degradation, thus provid-

ing a mechanism for the HDACS phosphorylation-mediated
protection of hEST1B from degradation. Furthermore, we
found that knockdown of HDACS leads to a significant reduc-
tion in telomerase activity without affecting average telomere
length.

In yeast, telomeres exist as multiprotein complexes consist-
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FIG. 6. Silencing of HDACS results in hEST1B degradation and the down-regulation of total telomerase activity. A TRAP assay was performed
to detect hEST1B-associated telomerase and total telomerase activity in HDACS knockdown cells. (A) Two different pools of HDACS siRNA
oligonucleotides purchased from Santa Cruz Biotechnology (sc-35548, lane 2) and Dharmacon (M-003500-02, lane 4) were used to knock down
HDACS expression, and the effects on hEST1B protein levels were examined. (B) The TRAP assay was performed using 2 pl of immunopre-
cipitates. Telomerase activity was visualized by autoradiography following resolution on nondenaturing gels. As a negative control for hEST1B-
specific telomerase interaction, immunoprecipitates with preimmune serum (PIS) were used (lane 4). A positive control for telomerase activity is
shown in lane 1. IC, internal control. (C) Total telomerase activity was measured using a different amount of lysates. For a negative control,
heat-inactivated lysate was prepared from control siRNA-transfected cells (lane 1). —, absence of; +, presence of; IP, immunoprecipitate; IB,

immunoblot.

ing of Estl, Est2, Est3, cdc13, and Tlcl, all of which are es-
sential for telomerase activity (52). Deficiencies in any of the
genes encoding these proteins result in the same est pheno-
type, a progressive telomere shortening leading to eventual cell
death. Estl is a cell cycle-regulated activator of telomerase that
binds to an inactive, telomere-bound Est2-Tlcl1 RNA complex
in late S phase and then interacts with one or more cdcl3
molecules arrayed on the G tail (51). The human Estlp ho-
mologs, hEST1A and hEST1B, have been shown to associate
with telomerase activity in vivo and bind hTERT in vitro in-
dependently of telomerase RNA (44, 47). Interestingly, over-
expression of hEST1A, but not hEST1B, was found to coop-
erate with hTERT to lengthen telomeres in vivo (47). Other
than associating with telomerase, hEST1B (also known as
hSMGS5) has been shown to be a critical component of an
mRNA surveillance complex which eliminates premature
mRNAs by nonsense-mediated mRNA decay (8, 42). In the
present study, our findings strongly argue for a significant con-
tribution of hESTIB to total telomerase enzymatic activity
independently of telomere length maintenance, as evidenced
by the HDACS knockdown experiment. In addition, we dem-
onstrate that PKA-phosphorylated HDACS preferentially in-
teracts with hEST1B, but not hEST1A, supporting the func-
tional differences between the two homologs. We propose that
human telomere length is maintained by hEST1A-associated
telomerase activity, while hEST1B-associated telomerase ac-
tivity plays a distinct role in promoting tumorigenesis. In fact,
using an hTERT mutant, Stewart et al. (50) have shown func-
tional dissection of telomerase and the telomerase enzymatic
activity, specifically that telomere elongation activity was not
critical for tumorigenesis. Additionally, conditional TERT ac-
tivation recently has been shown to induce stem cell prolifer-
ation in hair follicles and, interestingly, this function is inde-
pendent of its telomere synthesizing activity (45). However,
further investigation is needed to clarify the exact role of
hEST1B.

The link between acetylation/deacetylation and ubiquitina-
tion comes from numerous studies demonstrating that acety-

lation generally stabilizes protein levels by inhibiting ubiquiti-
nation, whereas deacetylation has the opposite effect. The
HDAC6 complex contains proteins that are involved in the
ubiquitin signaling pathway (46). In addition, HDAC1 and
SIRT1 are known to regulate the p53 protein, a well-known
target of the ubiquitin pathway (26, 35, 36, 40, 56). However, in
the present study, the ubiquitination of hEST1B was found to
be dependent neither on its acetylation status nor on the
deacetylase activity of HDACS. Instead, our findings suggest
an alternate and distinct mechanism of hEST1B regulation
that requires multiple cofactors. One cofactor required for
hEST1B ubiquitination is CHIP, an E3 ubiquitin ligase. CHIP
was originally identified as an Hsp/Hsc70 binding protein, and
its U box domain was characterized as an ubiquitin chain
formation-catalyzing domain (2). CHIP has been implicated in
the ubiquitination of many other proteins, including unfolded
CFTR (38), glucocorticoid receptor (60), and E2A (24). In this
case, the E3 function of CHIP requires the help of chaperone
proteins, such as members of the heat shock protein family (27,
62). Our study supports the roles of CHIP and chaperone
proteins in the ubiquitin pathway. As shown in the in vitro
ubiquitination assay, wild-type CHIP, but not a U box deletion
mutant of CHIP, facilitated hEST1B ubiquitination, suggesting
that CHIP is a de novo E3 ligase responsible for hEST1B
ubiquitination. Consistent with the role of CHIP as a chaper-
one-dependent E3 ligase, hEST1B ubiquitination also was reg-
ulated by interaction with the molecular chaperone Hsp70.
The mechanism by which Hsp proteins regulate CHIP ligase
activity is controversial. In the case of E2A and c-ErbB2 ubiqg-
uitination, CHIP activity was increased upon the inhibition of
chaperone binding to CHIP (62). In contrast, CHIP enhanced
the ubiquitination of Pael-R in the absence of Hsp70 (25). The
binding of Hsp70 to the Parkin-CHIP complex negatively reg-
ulated its ubiquitin ligase activity. Like HDAC1, HDAC?2, and
HDAC3, HDACS8 coimmunoprecipitated with the ATP-de-
pendent chaperone protein Hsp70 (28). In our current model,
we propose that phosphorylated HDACS preferentially re-
cruits Hsp70 protein to the hEST1B-CHIP complex. In this
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context, Hsp70 binding inhibits CHIP ligase activity, thereby
stabilizing hEST1B by preventing its ubiquitin-mediated deg-
radation. It is possible that HDACS may regulate the recruit-
ment of Hsp70 to the complex by deacetylating the protein,
which could contribute to its inhibitory effect on CHIP. Fur-
ther studies are necessary to determine whether the enzymatic
activity of HDACS is responsible for regulating the binding of
Hsp70 to CHIP.

Protein ubiquitination is involved in several processes that
are important in controlling cellular events in both normal and
tumor cells. Recent work has suggested a link between ubig-
uitination and telomere regulation. UbcD1, an ubiquitin-con-
jugating enzyme in Drosophila, is needed to ensure proper
telomere structure, suggesting that at least one of the telo-
mere-associated proteins may be a target of the ubiquitin path-
way (5). Pof3, a yeast F box protein required for telomere
function, contains substrate specificity for SCF ubiquitin ligase
(30). TRF1, a sequence-specific telomere DNA binding pro-
tein that serves as a negative regulator of telomere length, is
subject to ubiquitination and degradation by the proteasome
(6). However, how TRF1 activity is regulated by ubiquitination
remains unclear. The current study provides a novel mecha-
nism for the regulation of the telomerase-associated protein
hEST1B by ubiquitination-mediated degradation via the CHIP
pathway.

A previous study suggested that cells derived from
SUV39DN mice, which are deficient in H3-Lys9 methylation,
contain abnormally long telomeres due to reduced di- and
trimethylation at that site (17). Since the N-terminal tails of
histones undergo many different modifications that are regu-
lated by combinatorial events, it is highly possible that telo-
mere length modulation requires several histone modification
enzymes. While the role of telomerase in tumor cell growth
and progression to malignancy has been well documented in
human cancers, such as malignant glioma and breast cancers
(19, 31), ways in which telomerase could be targeted for ther-
apeutic applications remain to be developed. It is tempting to
speculate that HDACS-regulated tumor cell proliferation is
mediated primarily through its interaction with hREST1B, which
provides a regulatory scaffold complex that, in turn, regulates
its associated partner, telomerase activity. In this respect, spe-
cific HDACS inhibitors might be excellent candidates for ther-
apeutic purposes.

It is noteworthy that the molecular chaperone Hsp90 is
required for proper telomerase function and is stably associ-
ated with telomerase, while the interaction of Hsp70 with telo-
merase is transient (14, 20). We found that hEST1B interacted
with Hsp90 directly, while the hEST1B-Hsp70 association re-
quired phosphorylated HDACS. Therefore, HDACS phosphor-
ylation appears to regulate chaperone/telomerase association
via the hEST1B protein, an effect which can alter either the
assembly of the telomerase complex or its proper function.
While the functions of HDACS remain poorly understood, our
work clearly demonstrates a unique role for this enzyme and
shows that HDACS possesses functions beyond histone mod-
ification. Since telomerase appears to be a governing factor in
growth promotion and tumor progression, our results suggest
that the regulation of the hEST1B-telomerase complex by
HDACS may have far-reaching implications in the understand-
ing and treatment of human cancers.
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