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Histone deacetylases (HDACs) are best known as transcrip-
tion corepressors through deacetylating histone tails. Here we
show that HDAC?2 is also involved in cap-dependent mRNA
translation by promoting sumoylation of eukaryotic translation
initiation factor 4E (eIF4E), which is independent of its deacety-
lase activity. By stimulating eI[F4E sumoylation, HDAC2 induces
the formation of the active eukaryotic initiation factor 4F
(eIF4F) complex and induces the protein synthesis of a subset of
elF4E-responsive genes that are essential for cell proliferation
and preventing apoptosis. These data demonstrate that HDAC2
has an unexpected sumoylation-promoting activity and regu-
lates cap-dependent mRNA translation.

In eukaryotes, more than 95% of proteins are synthesized
through cap-dependent mRNA translation. A rate-limiting
step in cap-dependent translation is the formation of the
eukaryotic initiation factor 4F (eIF4F)® complex containing
elF4E (cap-binding protein), eIF4A (ATP-dependent mRNA
helicase), and elF4G (scaffold protein) (for review, see Refs. 1
and 2). eIF4E binding to the cap structure of mRNA is inhibited
by a small family of eIF4E-binding proteins (4E-BPs). 4E-BP1,
the most abundant member of the 4E-BP family, is phosphory-
lated at multiple sites, and several of these phosphorylations are
necessary for the dissociation of 4E-BP1 from eIF4E, the subse-
quent formation of e[F4F complex, and the initiation of cap-de-
pendent translation (3).
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Recent studies indicate that eIF4E is modified by small
ubiquitin-related modifier (SUMO-1) conjugation (4); we fur-
ther demonstrate that sumoylation of elF4E regulates its trans-
lation activity (5). SUMO is a reversible protein modifier that
covalently attaches to its substrates. The human genome
encodes four distinct SUMO proteins: SUMO-1, -2, -3, and -4.
The sequence identity and expression of these four SUMO mol-
ecules are highly variable. Although SUMO-2 and -3 are 97%
identical, they share only 50% identity with SUMO-1, and
although SUMO-1, -2, and -3 are ubiquitously expressed,
SUMO-4 seems to be expressed mainly in the kidney, lymph
node, and spleen.

Protein sumoylation is mediated by activating (E1), con-
jugating (E2), and ligating (E3) enzymes (6). Ubc9 is the only
identified SUMO E2 conjugating enzyme. However, several
sequence-specific SUMO E3 ligases have been identified. These
include the protein inhibitor of activated STAT (PIAS) family
of proteins and vertebrate-specific nuclear pore protein
RanBP2, polycomb group protein Pc2, and Mms21-Nsel (for
review, see Ref. 7). In addition, the class II histone deacetylases
HDAC4 and HDAC7 promote sumoylation of transcription
factor myocyte enhancer factor 2 (MEF2) and promyelocytic
leukemia protein, respectively, through a deacetylase-inde-
pendent mechanism (8 —10). Human HDACs constitute a fam-
ily of 18 enzymes that are divided into four classes according to
their yeast homologues and sequence identity. Only HDAC4
and HDAC?7 have been reported to possess SUMO E3 ligase
activity.

Here we show that HDAC?2, a well known transcription
repressor, is present in the translation initiation complex and
induces elF4E sumoylation in a deacetylase-independent man-
ner. By promoting eIF4E sumoylation-dependent formation of
the elF4F complex, HDAC2 activates protein synthesis of
elF4E-responsive genes including c-Myc, ornithine decarboxy-
lase (ODC), and survivin. Taken together, our results have
revealed a new feature and a novel function of HDAC2.

EXPERIMENTAL PROCEDURES

Most of the Experimental Procedures are described in the
supplemental material.

Evaluation of in Vivo elF4E Sumoylation—In vivo sumoyla-
tion of eIF4E was evaluated as described in our previous report
(11). To reduce the interference from other sumoylated pro-
tein(s) that may be associated with eIF4E, 0.1% SDS was added
to the lysis buffer for both immunoprecipitation and immuno-
blotting. Unless stated in the figure legends or labeled in the
figures, 20 mm SUMO isopeptidase inhibitor N-ethylmaleimide
(Sigma) was added to the lysis buffer for immunoprecipitation.
For straight Western blotting, unless indicated, for the purpose
of comparing the input or total amount of the protein, N-eth-
ylmaleimide was #not added to the lysis buffer. Sumoylation of
total cellular e[F4E was evaluated by immunoprecipitation with
anti-eIF4E and then subsequent immunoblotting with anti-
SUMO-1 or immunoprecipitation with anti-eIF4E and subse-
quent immunoblotting with anti-eIF4E. Whole cell lysates
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equal to 10% of preimmunoprecipitation lysates were used for
input control.

In Vitro Sumoylation Assay—The in vitro sumoylation assay
was carried out using an iz vitro sumoylation kit (LAE Biotech
International, Rockville, MD). The kit provides necessary
regents (including recombinant SUMO E1 enzymes SUMO-
activating enzyme subunit I and SUMO-activating enzyme sub-
unit II, SUMO E2 enzyme Ubc9, SUMO-1 or SUMO-2, and
reaction buffer) for the assay except SUMO substrate. Substrate
elF4E was synthesized using a cell-free system. In vitro synthe-
sis of human influenza hemagglutinin (HA)-tagged eIF4E
(HA-eIF4E) or c-Myc-tagged NF-«B2/p100 (c-Myc-p100) was
conducted using the TNT Quick Coupled Transcription/
Translation Systems (Promega, Madison, WI) according to
the protocol provided. Purified human recombinant protein
HDAC2 was obtained from Biomol International (Plymouth
Meeting, PA). The in vitro sumoylation was carried out accord-
ing to the provided protocol. For each reaction, 1 ul of the in
vitro synthesized HA-eIF4E or c-Myc-p100 along with 0-200
ng of HDAC2 was added to the reaction mixture. After in vitro
sumoylation reaction, the reaction mixtures were subjected to
immunoblotting. Non-sumoylated and sumoylated HA-eIF4E
and c-Myc-p100 were detected by antibodies recognizing HA
or c-Myc, respectively.

RESULTS AND DISCUSSION

HDCA2 Activates Luciferase mRNA Translation—We have
recently demonstrated that sumoylation activates the transla-
tion activity of elF4E (5). We hypothesized that factors that
stimulate eIF4E sumoylation activate cap-dependent transla-
tion. Therefore, to identify the SUMO E3 ligase for eIF4E, we
compared the effects of overexpression of various SUMO E3
ligase candidates on cap-dependent translation of a luciferase
reporter gene. The tested E3 candidates included the classic
SUMO E3 ligase PIAS (PIAS1, -2, -3, and -4) as well as HDACI1,
-2, -3, and -4. We found that luciferase protein expression was
induced mostly by HDAC2 overexpression in various cell types
including human colorectal cancer cell HCT-116 cells (Fig. 1,
A and B) and human breast epithelial cell MCF-10A cells
(supplemental Fig. 1). Accordingly, shRNA knockdown of
HDAC2, but not HDAC3, down-regulated luciferase protein
expression (Fig. 1C). HDAC2 did not affect the cytoplasmic
mRNA level of the luciferase gene (Fig. 1, A and B), thus exclud-
ing the possibility that HDAC2 induces luciferase protein
expression by activating gene transcription or mRNA transport
of luciferase gene. Taken together, these findings point toward
HDAC?2 as a factor that is likely involved in eIF4E sumoylation.

HDAC2 Promotes elF4E Sumoylation—Using in vivo and in
vitro assays, we directly examined the effect of HDAC2 on
elF4E sumoylation. Our prior study has revealed that transcrip-
tion factor NF-«B2/p100 is modified by SUMO-1 conjugation
(11); we therefore included NF-«B2/p100 as a control SUMO
substrate. We found that without affecting overall cellular
sumoylation and sumoylation of NF-«kB2/p100 (supplemental
Fig. 2, A and B), overexpression of HDAC2 enhanced sumoyla-
tion of elF4E (Fig. 2A). Because overexpression of HDAC2 did
not affect the protein expression level of Ubc9 or PIAS1-3
(supplemental Fig. 2C), HDAC2 may not promote elF4E
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FIGURE 1.HDAC2 activates cap-dependent translation of luciferase gene.
A, overexpression of PIAS and HDAC2 on Renilla luciferase mRNA (LUC mRNA)
and protein expression. The HCT-116 cells were transfected with individual
PIAS or HDAC2 along with luciferase cDNA reporter gene. The cells were lysed,
and the luciferase activity was measured using a luciferase assay kit (Pro-
mega). The absolute relative light units values are in the 107-10® range.
Reverse transcription-PCR was performed using cytosolic mRNAs. To mini-
mize the interference resulting from unequal mRNA input, the primers for
B-actin and the primers for luciferase were added to the same reaction tube.
VC, vector control. Error bars indicate S.E. B, HDAC2 activates cap-dependent
protein translation of luciferase protein in HCT-116 cells. Expressions of HDAC
isoenzymes were verified by immunoblotting. C, knockdown of HDAC2 but
not of HDAC3 inhibits luciferase expression in HCT-116 cells. Protein expres-
sion of luciferase was evaluated by immunoblotting with antibody against
luciferase. shRNA knockdown of HDAC2 and HDAC3 were verified by immu-
noblotting. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein
was used a loading control.

sumoylation through activating Ubc9 or the existing SUMO E3
ligases. Cell fractionation and immunofluorescence analysis
indicated that HDAC2 localized in both cytoplasm and nucleus
(supplemental Fig. 3, A and B), raising the possibility that
HDAC2 directly stimulates sumoylation of eIF4E by acting as a
SUMO E3 ligase-like factor. Although no direct interaction
between HDAC2 and Ubc9 or between substrate elF4E or
elF4A and elF4G (supplemental Fig. 3C) was detected, by pull-
down assay using 7-methyl-GTP-Sepharose™ 4B beads, we
found that both endogenous and exogenous FLAG-tagged
HDAC?2, but not the control protein c-Jun N-terminal kinases
(INK, both endogenous and exogenous FLAG-tagged), were
present in the cap-bound translation initiation complex (Fig.
2B, left panel), where it promotes eIF4E sumoylation. The spec-
ificity of the assay was further validated by the result that con-
trol Sepharose beads that are not conjugated with 7-methyl-
GTP failed to precipitate HDAC2 (Fig. 2B, right panel).

In our earlier study, we found that the efficiency of elF4E
sumoylation in vitro is low (5). The low efficiency is partially
attributed to the lack of prephosphorylation of in vitro synthe-
sized eIF4E (5). It is also possible that sumoylation of eIF4E is
SUMO E3 ligase-dependent and that lack of a SUMO E3 ligase
contributes to the low efficiency of in vitro elF4E sumoylation.
To determine whether HDAC2 possesses a SUMO E3 ligase-
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FIGURE 2. HDAC2 stimulates elF4E sumoylation. A, overexpression of HDAC2 induces elF4E sumoylation. The HCT-116 cells were transfected with FLAG-
HDAC2 or control vectors (VC). Sumoylation of elF4E was evaluated by immunoprecipitation (/P) of the whole cell lysates with anti-elF4E followed by immu-
noblotting (/B) with anti-SUMO-1. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. B, HDAC2 but not JNK1 is associated with cap-bound translation
initiation complex. The HCT-116 cells were transfected with empty vector or FLAG-HDAC2 or FLAG-JNK1. 48 h after transfection, the cells were harvested for the
pulldown assays. Left panel, the cap-bound HDAC2 was eluted from the 7-methyl-GTP (m”GTP)-Sepharose resin using 7-methyl-GDP (m”GDP) and detected by
immunoblotting with anti-FLAG or anti-HDAC2. Right panel, immunoprecipitation with Sepharose beads was included as the experimental control. C, the
addition of purified recombinant HDAC2 protein directly stimulates in vitro sumoylation of elF4E but not NF-kB2/p100. 1 ul of in vitro translated human
influenza HA-tagged elF4E or c-Myc-p100 was used as SUMO substrate. 0-200 ng of human recombinant HDAC2 protein (Biomol International) was added to
the in vitro sumoylation reaction mixture as labeled in the figure. Sumoylated and non-sumoylated HA-elF4E and c-Myc-p100 were detected by immunoblot-
ting with anti-HA and anti-c-Myc, respectively. The addition of HDAC2 was verified by immunoblotting with anti-HDAC2. D, overexpression of HDAC2 and

HDAC2 deacetylase-dead mutant (HDAC2-H142A) on elF4E sumoylation in HCT-116 cells. WT, wild type.

like activity, we performed an in vitro eIF4E sumoylation assay
using in vitro synthesized HA-eIF4E as the substrate and the
purified human recombinant HDAC2 protein as a SUMO E3
ligase candidate. We also included the in vitro synthesized
c-Myc-tagged NF-kB2/p100 as a control substrate. The same
amount of HA-eIF4E or c-Myc-p100 was added to each assay;
the only variable in each reaction was the quantity of the
HDAC2 protein (0-200 ng). We found that the addition of
HDAC?2 protein dose-dependently stimulated the sumoylation
of eIF4E (Fig. 2C, left panel) but not that of NF-«kB2/p100 (Fig.
2C, right panel). Together, these findings indicate that HDAC2
substrate-specifically stimulates SUMO-1 conjugation to eIF4E
both in cells and in an in vitro reconstituted sumoylation
system.

Deacetylase activity is the best characterized feature of
HDAC2. To determine whether the deacetylase activity of
HDAC2 was required for the sumoylation of eIF4E, we overex-
pressed the enzymatically inert HDAC2-H142A (histidine 142
in HDAC2 was mutated to alanine) (12) and again examined
elF4E sumoylation. We found that loss of deacetylase activity
did not inhibit HDAC2-induced eIF4E sumoylation (Fig. 2D).
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This result is consistent with prior findings that HDAC4 and
HDACY regulate transcription factor MEF2 and promyelocytic
leukemia protein, respectively, in a deacetylase-independent
manner (8 —10). Together, we have discovered a novel function
of HDAC?2; this protein promotes sumoylation of eIF4E, which
is independent of its deacetylase activity.

Deacetylase-independent Activation of mRNA Translation by
HDAC2—1If deacetylase activity is not required for the sumoy-
lation-promoting effect of HDAC2, one would expect that
deacetylase is also dispensable for HDAC2-induced mRNA
translation. As anticipated, we found that loss of deacetylase
activity by point mutation (H142A) did not inhibit HDAC2-
induced protein expression of luciferase gene (Fig. 34). Con-
sistent with this, the HDAC inhibitor butyrate induced basal
luciferase protein and further enhanced HDAC2-mediated
induction of luciferase protein (Fig. 3, B and C). These results
thus suggest that HDAC regulates mRNA translation in a
deacetylase-independent manner.

Proteins are synthesized through cap-dependent mRNA
translation and internal ribosome entry site (IRES)-dependent
mRNA translation. The IRES-dependent translation does not
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FIGURE 3. Deacetylase activity is not required for HDAC2-induced mRNA
translation of reporter genes. A, overexpression of wild-type HDAC2 and
HDAC2-H142A mutant induces cap-dependent translation of luciferase
reporter gene. The HCT-116 cells were transfected with empty vector (VC),
wild-type (WT) HDAC2, or HDAC2-H142A mutant along with luciferase cDNA
reporter. 48 h after transfection, the transfected cells were harvested for lucif-
erase assay. The absolute luciferase relative light units values are in the 107-
108 range. Statistics were performed by one-way analysis of variance fol-
lowed by Tukey’s multiple comparison test using the data obtained from
three independent experiments. B, butyrate does not inhibit basal translation
rate. The HCT-116 cells were transfected with luciferase cDNA reporter, and
24 h after transfection, the transfected cells were treated with butyrate at the
indicated concentration for 24 h. C, butyrate treatment does not suppress
HDAC2-medited induction of luciferase activity. Statistics were performed by
one-way analysis of variance followed by Tukey’s multiple comparison test
using the data obtained from three independent experiments. Error bars in
A-Cindicate S.E. D, overexpression of HDAC2 on cap-dependent translation
of c-Myc-tagged EYFP and IRES-dependent translation of HA-tagged ECFP.
The HCT-116 cells were transfected with HDAC2 or empty vector along with
bicistronic vector. Cap-dependent translation of c-Myc-EYFP protein was
evaluated by immunoblotting with anti-c-Myc. IRES-dependent translation
of HA-ECFP was evaluated by immunoblotting with anti-HA. GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase.

require elF4E (for review, see Ref. 13). To determine whether
HDAC2-mediated mRNA translation is eIF4E-dependent, we
utilized a bicistronic fluorescent reporter construct (14). The
bicistronic vector allows the expression of protein from two
independent genes that are transcribed equally to be deter-
mined. Overexpression of HDAC2 and HDAC2-H142A
induced cap-dependent translation of yellow fluorescent pro-
tein (EYFP), but not the IRES-dependent translation of cyan
fluorescent protein (ECFP) (Fig. 3D). This finding thus indi-
cated that HDAC2 is not involved in IRES-dependent mRNA
translation, reinforcing the hypothesis that HDAC2 regulates
mRNA translation through targeting e[F4E. Of note, consistent
with the luciferase results (Fig. 3A), overexpression of HDAC2-
H142A induced greater translation of EYFP and ECFP than
wild-type HDAC2 (Fig. 3D). The increased translation of EYFP
and ECFP in cells overexpressing the HDAC2-H142A mutant
may be a result of derepression of gene transcription (Fig. 3D).
Collectively, these results indicate that HDAC2 activates e[F4E-
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FIGURE 4. HDAC2 activates protein synthesis of elF4E-responsive target
genes. A, overexpression of HDAC2 does not change total protein synthesis
rate in HCT-116 cells. The protein synthesis rate was assessed by [**SImethi-
onineincorporation. VC, vector control. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase. B, overexpression of HDAC2 does not induce cytoplasmic
mRNA level of ODC, survivin, and c-Myc in HCT-116 cells. C, forced expression
of HDAC2 induces protein synthesis rates of ODC, survivin, and c-Myc in HCT-
116 cells. 3*S-methioine-labled ODC, survivin, and c-Myc were detected by
autoradiography. IP, immunoprecipitation; /B, immunoblotting. D, the effect
of HDAC2 manipulation on 4E-BP1 phosphorylation and the formation of
elF4F complex in HCT-116 cells. The HCT-116 cells were transfected with
HDAC2 or shRNA HDAC2 along with their individual control vector. 72 h after
transfection, the cells were harvested, and the whole cell lysates were used for
the immunoblotting and immunoprecipitation assays. Phosphorylation of
4E-BP1 at the threonines 37/46 or 70 was evaluated by immunoblotting using
antibodies specifically recognizing phosphorylated (p) forms of 4E-BP1.

dependent mRNA translation in a deacetylase-independent
manner.

HDAC2 Activates Protein Synthesis of elF4E-responsive
Genes—Next, we examined the effect of HDAC2 on the pro-
tein synthesis of some known elF4E-responsive genes. Many
of the eIlF4E-regulated genes are growth-, proliferation-, and
anti-apoptosis-related and include the oncogenes ODC, c-Myc,
the Bcl family, and survivin (15-17). Our previous work has
demonstrated that induction of mRNA translations of those
genes by elF4E is elFAE sumoylation-dependent (5). The results
from metabolic labeling using [**S]methionine showed that
overexpression of HDAC2, without increasing global protein
synthesis (Fig. 44) and increasing the cytoplasmic mRNA levels
of the genes (Fig. 4B), induced protein synthesis of ODC,
¢-Myg, and survivin, known elF4E-responsive targets (Fig. 4C).
These results thus indicate that HDAC2 gene-specifically acti-
vates protein synthesis of e[F4E-responsive genes.

Our earlier studies have demonstrated that sumoylation of
elF4E activates cap-dependent mRNA translation by promot-
ing the formation of the elF4F complex (5). Because HDAC2
promotes sumoylation of eIF4E, we examined whether HDAC2
regulates the formation of elF4F complex. We observed that
overexpression of HDAC2, without changing the phosphoryla-
tion status of 4E-BP1, induced the binding between eIlF4E and
elF4G and reduced the binding between elF4E and 4E-BP1 (Fig.
4D). Further, shRNA knockdown of HDAC?2 reduced the bind-
ing between eIF4E and elF4G and increased the binding
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between elF4E and 4E-BP1 (Fig. 4D). These results suggest that
HDAC?2 activates elF4E-dependent mRNA translation by pro-
moting the formation of the eIF4F complex.

Consistent with our finding that HDAC2 induces protein
synthesis, experimental evidence from mouse studies has dem-
onstrated that HDAC2 mutant mice (HDAC2 truncated after
amino acid 288) are smaller and have a decreased number of
cells in their intestines than their wild-type littermates (18).
The HDAC2 mutant used in the study lacks deacetylase activity
(18). However, because inhibition of deacetylase activity by
either mutation (HDAC2-H142A) or deacetylase inhibitor
butyrate does not prevent HDAC2-induced mRNA translation
of luciferase gene, we do not believe that loss of HDAC2
deacetylase activity is responsible for the murine phenotype.
We propose that lack of the sumoylation-promoting activity
associated with HDAC2 is likely the cause of a reduced body
size in the HDAC2 mutant mice.

Earlier findings link HDAC2 to many diseases including
cancer. HDAC2 has been shown to be elevated in several
human cancers (19, 20) and plays a rate-limiting role in
mouse intestinal tumorigenesis (18, 21). Until now, the role
of HDAC in biology and disease is largely attributed to its
deacetylase activity-mediated transcriptional regulation.
Here we provide the first evidence that 1) HDAC2 possesses
deacetylase-independent SUMO E3 ligase-like activity and
2) HDAC2 gene-specifically activates protein synthesis of a
subset of genes related to proliferation and apoptosis. Our
findings indicate that HDAC2 regulates gene expression at
both transcriptional and translational levels. HDAC2 is not
only a transcription co-repressor but also a translation acti-
vator. Although dysregulated deacetylase activity of HDAC
contributes to epigenetic silencing of tumor suppressor genes
such as the cyclin-dependent kinase inhibitor p21 (22), ele-
vated SUMO E3 ligase-like activity of HDAC2 may lead to
induced protein synthesis of oncogenes that are related to
antiapoptosis, cell growth or proliferation. Therefore, we
speculate that both the deacetylase activity and the SUMO
E3 ligase-like activity of HDAC2 contribute to human
cancer.

In summary, we have identified HDAC?2 as a factor that pos-
sesses a previously unidentified sumoylation-promoting activ-
ity. We believe that our findings offer new insights into how
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HDAC?2 participates in physiological and pathological pro-
cesses through its sumoylation-promoting activity.
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