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SUV39HI1 is a histone H3K9-specific methyltransferase
important for heterochromatin formation, regulation of gene
expression, and induction of senescence in premalignant cells.
SUV39H1 forms a complex with SirT1, and its activity is stimu-
lated by SirT1 binding. Here we present evidence that the prod-
uct of the DBCI (deleted in breast cancer 1) gene disrupts the
SUV39H1-SirT1 complex. Furthermore, DBC1 binds to the
SUV39H1 catalytic domain and inhibits its ability to methylate
histone H3 in vitro and in vivo. Knockdown of endogenous
DBC1 increased the level of cellular H3K9 methylation. As
expected, DBC1 also binds to SirT1 and inhibits the deacetylase
activity of SirT1. These results identify DBC1 as a novel cellular
inhibitor of SUV39H1 activity. DBC1 may be an important reg-
ulator of heterochromatin formation and genomic stability by
disrupting the SUV39H1-SirT1 complex and inactivating both
enzymes.

SUV39H1 is the human homolog of the Drosophila
Su(var)3-9 histone methyltransferase that specifically mediates
trimethylation of histone H3 lysine 9 (1). A mouse knock-out
experiment showed that SUV39H1 and its testis-specific hom-
olog, SUV39H2, are required for most of the H3K9 methylation
in heterochromatin regions (2). SUV39H1 has been shown to
form a complex with pRb and plays a role in the inhibition of
E2F1 by methylation of E2F1 target promoters (3). SUV39H1/
H2-double-null mice have reduced viability during embryonic
development and reduced growth as adult animals and are
infertile due to abnormal chromosome segregation during
spermatogenesis (2). SUV39H1-null mice are viable but predis-
posed to spontaneous B cell lymphomas (2). Furthermore,
SUV39H1 deficiency blocks ras-induced premature senescence
and promotes the development of T cell lymphoma when
crossed into the Eu-N-ras transgenic mouse (4). These obser-
vations suggest that SUV39H1 is involved in tumor suppressor
pathways.

Sir2 (silent information regulator 2) functions as an NAD-
dependent deacetylase and regulates chromatin silencing in
Saccharomyces cerevisiae (5). Increased SIR2 gene dosage
results in the extension of life span in yeast (6). The mammalian
homolog of Sir2 (SirT1) regulates glucose homeostasis in mice
by deacetylating and activating the transcription factor PGCo
(7). Transgenic mice overexpressing SirT1 in pancreatic beta
cells showed improved glucose tolerance and increased insulin
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secretion in response to glucose (8, 9). Furthermore, pharma-
cological activators of SirT1 such as resveratrol can mimic the
anti-aging effects of calorie restriction in lower organisms,
reduce insulin resistance in mice fed a high fat diet, and prolong
survival (10—12). A more potent activator of SirT1 has shown
therapeutic potential in the treatment of type 2 diabetes in ani-
mal models by improving insulin sensitivity and lowering
plasma glucose levels (13).

SirT1 functions through regulating histone acetylation and
heterochromatin formation (5). When targeted to promoters
by other proteins, SirT1 deacetylates histones H4K16 and
H3K9 and recruits H1 to promote the establishment of
repressed chromatin (14). SirT1 also deacetylates many non-
histone proteins such as p53, Foxo, and Ku70 to regulate sensi-
tivity to apoptosis (15-19). Recent studies suggest that SirT1
interacts with other chromatin-modifying enzymes to form
multimeric complexes in which different enzymes act in a
sequential or coordinated fashion. An interesting example is
the interaction between SirT1 and SUV39H1 (20, 21). SirT1
interacts with the N-terminal chromodomain of SUV39H1 and
deacetylates SUV39H1 on Lys*®® to stimulate its methyltrans-
ferase activity. Furthermore, SirT1 binding alone also activates
SUV39H1 through additional mechanisms independent of its
deacetylase activity. Importantly, SirT1-null mouse embryo
fibroblasts showed a significant loss of H3K9me3 in hetero-
chromatin regions (21). Therefore, the SUV39H1-SirT1 com-
plex may coordinately promote H3K9 methylation using the
deacetylase activity of SirT1 and the enhanced methylase activ-
ity of SUV39H1.

Recent studies also revealed that SirT1 interacts with DBC1
(deleted in breast cancer 1) (22, 23). DBCI was initially identi-
fied by its localization to a region of chromosome 8p21 that was
homozygously deleted in human breast cancer (24). However,
DBC1I was not considered to be the primary target of the dele-
tion, and its role in cancer development remains to be deter-
mined. DBC1 is a large nuclear protein of 923 residues with no
clear functional domains. During tumor necrosis factor a-in-
duced apoptosis, DBC1 undergoes protease cleavage and cyto-
plasmic translocation, which may play a role in the cell death
process (25). DBC1 uses an N-terminal putative leucine zipper
to bind to the SirT1 catalytic domain and to inhibit its deacety-
lase activity (22). DBC1 knockdown increases SirT1 activity and
protects cells from DNA damage-induced apoptosis. In this
study, we present evidence that in addition to binding and
inhibiting SirT1, DBC1 also binds to the catalytic domain of
SUV39H1 and causes its complete inactivation. Furthermore,
DBC1 expression disrupts the interaction between SUV39H1
and SirT1. Our results suggest that DBC1 may regulate hetero-
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chromatin formation by targeting both subunits of the
SUV39H1-SirT1 complex.

MATERIALS AND METHODS

Cell Lines, Plasmids, and Reagents—H1299 and 293T cells
were maintained in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum. Plasmids expressing SirT1 were pro-
vided by Dr. Wei Gu (15). FLAG-tagged murine DBC1 was
obtained by PCR amplification of cDNA. FLAG-tagged DBC1
deletion mutants were generated using the murine cDNA con-
struct. Hemagglutinin (HA)*-tagged human DBC1 was a kind
gift from Dr. Junjie Chen. Anti-SirT1 monoclonal antibody
10E4 was generated by immunization using SirT1-(470-747).
To inhibit DBC1 expression by RNA interference, an ON-
TARGETplus siRNA pool for DBC1 was purchased from Dhar-
macon. H1299 cells were transfected with 100 nm siRNA and
Lipofectamine 2000 reagent (Invitrogen) for 48 h.

Western Blotting—Cells were lysed in lysis buffer (50 mm
Tris-HCI, pH 8.0, 5 mm EDTA, 150 mm NaCl, 0.5% Nonidet
P-40, and 1 mm phenylmethylsulfonyl fluoride) and centrifuged
for 15 min at 14,000 X g, and the supernatant was used for
immunoprecipitation and Western blotting. Insoluble nuclear
pellet was washed once with lysis buffer and extracted with 0.4
M HCl for histones. Histones were then neutralized with NaOH
and Tris-HCl buffer. Cell lysate (10 -50 ug of protein) and his-
tones (~1 ug of protein) were fractionated by SDS-PAGE and
transferred to Immobilon-P filters (Millipore). The filter was
blocked for 1 h with phosphate-buffered saline containing 5%
nonfat dry milk and 0.1% Tween 20. Endogenous human SirT1
was detected by Western blotting of whole cell extract using
monoclonal antibody 10E4. DBC1 was detected using an anti-
body from Bethyl Laboratories. The filter was developed using
SuperSignal (Pierce) or ECL Plus reagent (Amersham
Biosciences).

Luciferase Reporter Assay—Cells (50,000/well) were cultured
in 24-well plates and transfected with a mixture containing 10
ng of Gal4-TK-luciferase reporter, 10 ng of cytomegalovirus
lacZ, 0.8 ng of Gal4-E2F1-C, 5-20 ng of SUV39H1, 5-10 ng of
Rb, and 30 ng of DBC1 plasmids. Transfection was achieved
using Lipofectamine 2000 reagent, and cells were analyzed for
luciferase and (-galactosidase expression after 24—48 h. The
luciferase/B-galactosidase activity ratio was used as an indica-
tor of transcriptional activity.

In Vitro Methylation Assay—H1299 cells were transfected
with plasmids encoding Myc-SUV39H1, FLAG-DBCI1, and
FLAG-DBCI1 deletion mutants. SUV39H1 was immunopre-
cipitated with anti-Myc antibody and protein G beads, whereas
DBC1 was immunoprecipitated with M2 beads (Sigma). The
beads (~20-ul bed volume) were mixed with 15 ul of methyla-
tion buffer (50 mm Tris-HCI, pH 8.5, 5 mm MgCl,, and 4 mm
dithiothreitol), 10 ug of core histones (Sigma), and 2 uCi of
S-[®H]adenosylmethionine (15 Ci/mmol; Amersham Bio-
sciences) and incubated for 1 h at 30 °C with mixing. The sam-
ple was boiled in Laemmli sample buffer, fractionated by SDS-

2The abbreviations used are: HA, hemagglutinin; siRNA, small interfering
RNA; GST, glutathione S-transferase; IP,immunoprecipitation; WCE, whole
cell extract; MDMX, murine double-minute gene X.

10362 JOURNAL OF BIOLOGICAL CHEMISTRY

PAGE, transferred to polyvinylidene difluoride membrane,
sprayed with EN3HANCE™, and exposed to film for 24—48 h
at —80°C. After obtaining a *H-labeled histone autoradio-
graph, the filter was washed in methanol and used for Western
blotting to detect protein expression levels.

Deacetylase Assay—Plasmids encoding SirT1, SirT1-363A,
and FLAG-DBC1 were transfected into H1299 cells. Cells were
lysed in 50 mm Tris-HCI, pH 8.0, 5 mm EDTA, 150 mm NaCl,
and 1 mm phenylmethylsulfonyl fluoride by sonication and cen-
trifuged for 15 min at 14,000 X g, and the insoluble debris was
discarded. Cell lysate containing 10 ug of protein was used for
deacetylation assay. A *H labeling histone deacetylase kit
(Upstate) was used for testing SirT1 activity. Trichostatin A
(200 ng/ml) was added to the reaction to suppress NAD*-in-
dependent histone deacetylases in the cell lysate. Histone
deacetylase activities (*H counts) were normalized by relative
SirT1 concentrations in the sample, which were determined by
SirT1 enzyme-linked immunosorbent assay. In the SirT1
enzyme-linked immunosorbent assay, antibody 10E4 was
immobilized on the enzyme-linked immunosorbent assay
plate, followed by incubation with cell lysate. The bound SirT1
was detected with a rabbit anti-SirT1 antibody.

In Vitro Binding Assay—GST-DBC1 truncation mutants
were expressed in Escherichia coli and bound to glutathione
beads. SUV39H1 was translated with a TNT translation kit in
the presence of [**S]methionine (Promega). GST-DBC1 beads
were incubated with **S-labeled SUV39H1 at 4 °C for 1 h. The
beads were washed with 5% sucrose, 50 mm Tris-HCl, pH 7.4, 5
mM EDTA, 0.1% Nonidet P-40, and 500 mm NaCl. Bound pro-
teins were eluted with 15 mm reduced glutathione and analyzed
by SDS-PAGE and autoradiography.

RESULTS

DBCI Interacts Specifically with SUV39HI1—Recent studies
revealed that DBC1 binds to SirT1 and inhibits its deacetylase
activity (22, 23). Furthermore, SirT1 interacts with SUV39H1 and
stimulates its methyltransferase activity (21). In testing the effects
of DBC1 on the SUV39H1-SirT1 complex, we found that DBC1
also interacts strongly with SUV39H1. In a cotransfection assay,
immunoprecipitation (IP) of FLAG-DBCI1 specifically coprecipi-
tated Myc-SUV39H1 (Fig. 1a), and no binding was detected
between DBC1 and the negative control Myc-MDMX. Because of
the very low levels of endogenous SUV39H1, the interaction
between endogenous SUV39H1 and DBC1 was not detectable.
However, when cells were transfected with Myc-SUV39H1, IP of
Myc-SUV39H1 (but not Myc-MDMX) coprecipitated endoge-
nous DBCI (Fig. 1b). As expected, IP of endogenous or transfected
SirT1 also coprecipitated endogenous DBC1 (Fig. 15). SUV39H1-
DBCI1 coprecipitation was not enhanced by expression of SirT1
(data not shown), suggesting that the interaction was not due to
the bridging effect of SirT1 (see below). In an in vitro binding assay,
GST-DBCI efficiently pulled down in vitro-translated SUV39H1
(Fig. 2b), suggesting that the binding is a direct interaction. These
results demonstrate that DBC1 is a novel and specific binding part-
ner of SUV39HL1.

To further test the specificity of the SUV39H1-DBCI inter-
action, DBC1 was cotransfected with several FLAG-tagged his-
tone methyltransferases (EHMT1, Setdbl, Setdb2, and Set9).
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FIGURE 1. Interaction between DBC1 and SUV39H1. g, H1299 cells were transiently transfected with the
indicated plasmids for 48 h. Endogenous DBC1 was immunoprecipitated with anti-DBC1 antibody. Coprecipi-
tated SUV39H1 was detected by anti-Myc Western blotting (WB). DBC1, Myc-MDMX, and Myc-SUV39H1
expression levels were confirmed in WCE by anti-DBC1 and anti-Myc antibodies. b, SirT1 was immunoprecipi-
tated with antibody 10E4, whereas SUV and MDMX were immunoprecipitated with anti-Myc antibody. Copre-
cipitated DBC1 was detected by anti-DBC1 Western blotting. SUV39H1 and MDMX were detected by anti-Myc
Western blotting. ¢, HA-DBC1 was cotransfected into H1299 cells with FLAG-tagged histone methyltrans-
ferases and immunoprecipitated with anti-HA antibody. Coprecipitated enzymes were detected by anti-FLAG
Western blotting. Expression of HA-DBC1 in the WCE was detected with anti-DBC1 antibody. d, H1299 cells
were transiently transfected with the indicated plasmids. SUV39H1 was immunoprecipitated with mouse
anti-SUV39H1 antibody. Coprecipitated SirT1 and DBC1 were detected with antibody 10E4 and anti-DBC1
antibody, respectively. SUV39H1 was detected by reprobing with rabbit anti-SUV antibody.

The common FLAG epitope allowed us to compare the binding
efficiency with FLAG-SUV39HL1. The result indicated that only
SUV39H1 showed detectable binding to DBC1 (Fig. 1c). Fur-
thermore, the enzymatically inactive SUV39H1-324K mutant
showed identical binding to DBC1 compared with wild-type
SUV39H1 (Fig. 1c¢). Therefore, SUV39H1-DBC1 binding is
highly specific among the histone H3K9 methyltransferases.

SUV39H1 forms a complex with SirT1 and is activated by
SirT1 (21). To test the effect of DBC1 on the SUV39H1-SirT1
interaction, cells transfected with combinations of SUV39H1,
SirT1, and DBC1 were analyzed by IP/Western blotting. The
results showed efficient SUV39H1-SirT1 binding as reported
previously (21). Interestingly, DBC1 expression strongly inhib-
ited SUV39H1-SirT1 complex formation, accompanied by the
formation of the SUV39H1-DBC1 complex (Fig. 1d). A DBC1
mutant defective for SirT1 and SUV39H1 binding (residues
108-922) did not affect the SUV39H1-SirT1 complex. There-
fore, DBC1 binding to SirT1l or SUV39H1 disrupts the
SUV39H1-SirT1 complex. This result also ruled out SirT1 as a
mediator of the SUV39H1-DBC1 interaction.

Mapping of Binding Sites on SUV39H1 and DBCI1—To iden-
tify the domains on DBC1 and SUV39HI1 that mediate the

APRIL 17, 2009+VOLUME 284+NUMBER 16

this domain seem to be important
for binding because mutant 108 -
922 was unable to bind SUV39H1
(Fig. 2a). Deletion mapping using
SUV39H1 mutants revealed that a
region between positions 220 and
300 was sufficient for binding to
DBCI1 (Fig. 3, a and b). Interestingly,
this region is part of the SET domain
that encodes methyltransferase
activity. This interaction may be
responsible for the inhibition of
SUV39H1 activity by DBC1 (see

below).
DBC1 binds to both SUV39H1
and SirT1 but disrupts the

SUV39H1-SirT1 complex rather
than bridging their interaction
(Fig. 1d). This suggests that the
SUV39H1- and SirT1-binding sites on DBC1 may overlap, pre-
cluding the formation of a trimeric complex. However, the leucine
zipper region (positions 243-264) of DBC1 has been reported as
the binding site for SirT1 (22), which does not overlap with the
SUV39H1-binding site we identified (positions 1-240). To
address this question, we tested the DBC1 deletion mutants for
SirT1 binding by cotransfection and IP/Western blotting. The
result showed that deleting the N-terminal residues 1-108 of
DBC1 abrogated much of the SirT1 binding, whereas the DBC1-
(1-240) fragment retained full activity for SirT1 binding (Fig. 2c).
DBC1-(1-240) was able to abrogate SirT1 suppression of p53 tran-
scriptional activity in a reporter gene assay (data not shown).
Examination of published results also revealed that the DBC1-
(A1-230) mutant lost most of its SirT'1 binding (22). Therefore, we
conclude that DBC1 uses the same N-terminal domain (amino
acids 1-240) to bind SUV39H1 and SirT1. This is consistent with
its ability to disrupt the SUV39H1-SirT1 complex rather than
forming a trimeric complex.

DBCI Inhibits Methyltransferase Activity of SUV39H1—To
test the functional effect of DBC1 on SUV39H], purified core
histones were used as substrate to measure the methyltrans-
ferase activity of SUV39H1. Myc-SUV39H1 was transfected
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Because DBC1 is a large protein
but uses only a small N-terminal
region to bind SUV39H1, we tested
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SUV39H1. When DBC1 deletion
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FIGURE 2. Mapping of DBC1 domaininvolved in SUV39H1-DBC1 and SirT1-DBC1 interactions. H1299 cells
were transiently transfected with the indicated plasmids for 48 h. a, DBC1 was immunoprecipitated with
anti-FLAG antibody. SUV39H1 coprecipitation was detected by anti-SUV39H1 Western blotting (WB). WT, wild-
type. b, in vitro-translated SUV39H1 was incubated with GST-DBC1 truncation mutants bound to glutathione
beads. The captured SUV39H1 was detected by SDS-PAGE and autoradiography. ¢, DBC1 and truncation
mutants were immunoprecipitated with M2 beads. SirT1 coprecipitation was detected by rabbit anti-SirT1
antibody, whereas DBC1 was detected by rabbit anti-FLAG antibody. d, the diagram summarize results in a-c.

NLS, nuclear localization signal; LZ, leucine zipper.

acid-extracted histones. The results
showed that partial knockdown of
DBCI1 resulted in a moderate but
reproducible increase in total
K9me3 levels (Fig. 5a). Transient
transfection of H1299 cells with
SUV39H1 induced a significant

a S u e sa Y b increase in total K9me3 levels.
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FIGURE 3. Mapping of SUV39H1 domain involved in SUV39H1-DBC1 interaction. g, DBC1 was immuno-
precipitated with anti-HA antibody. SUV39H1 coprecipitation was detected by rabbit anti-FLAG antibody. WT,
wild-type; WB, Western blot. b, diagrams summarizing the results are shown. Chromo, chromodomain.

into cells and immunopurified by anti-Myc IP. This enzyme
preparation showed strong activity in methylating histone H3
in the presence of S-[?’H]adenosylmethionine. However, when
Myc-SUV39H1 was purified by coprecipitation with FLAG-
DBC1, the complex showed almost no methyltransferase activ-
ity (Fig. 4a). In contrast, SUV39H1 copurified as a complex with
SirT1 showed stronger activity than SUV39HI1 alone as
reported previously (21). In a second control, SUV39H1 copu-
rified by binding to MDM?2? also remained active. Therefore,
DBC1 binding to SUV39H1 inactivates its histone methylase
function, possibly by blocking the catalytic SET domain.

3 L. Chen, Z. Li, and J. Chen, unpublished data.
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DBC1 partially neutralized the
repression by Rb and SUV39H1
(Fig. 5¢). These results showed that
the activity of SUV39H1 in vivo is
regulated by DBC1.

Recent studies suggested that
DBCl1 inhibits SirT'1 deacetylase activity. Our results confirmed
this observation. Cotransfection of DBC1 blocked the ability of
SirT1 to deacetylate p53 Lys**? in vivo (Fig. 5d). Furthermore,
SirT1 coexpressed with DBC1 showed reduced deacetylase
activity in vitro when assayed using acetylated histone H3 pep-
tide as substrate (Fig. 5e). Therefore, DBC1 is an effective reg-
ulator of both SirT1 and SUV39H1 by disrupting complex for-
mation and also inactivating the enzymatic functions of both
proteins (Fig. 5/).

DISCUSSION

The results described above identified the first cellular inhib-
itor for SUV39H1. Formation of the SUV39H1-SirT1 complex
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not only results in deacetylation and functional activation of erochromatin formation (21). By disrupting SUV39H1-SirT1

SUV39H1 but may also allow the two enzymes to act coopera- binding and inactivating both SUV39H1 and SirT1, DBC1 has

tively and sequentially to promote histone methylationand het-  the potential to act as an efficient regulator of chromatin
modifications.
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FIGURE 4. DBC1 inhibits SUV39H1 methyltransferase activity with its N-terminal domain. H1299 cells f(?re’ SUVSng X has an overall
were transiently transfected with the indicated plasmids for 48 h. g, different amounts of SUV39H1 (relative blologlcal function as a tumor
levels 1, 2, 4X, 8, and 16X) were immunoprecipitated with anti-Myc antibody. SirT1 was immunopre-  suppressor.

cipitated with antibody 10E4; MDM2 and SUV39H1 were immunoprecipitated with anti-FLAG antibody. The D ite its abilitv to inhibit
beads were used for in vitro methylation of histone H3 and detected by *H autoradiography. SUV39H1 was espite 1ts ability to 1nhibit apo-
detected by Western blotting. Histone H3 on the membrane was revealed by Coomassie staining. b, SUV39H1  ptosis during acute DNA damage,
was immunoprecipitated in the same manner as indicated in a. DBC1 and deletion mutants were immunopre- :

cipitated with anti-FLAG antibody. The beads were used for in vitro methylation of histone H3. Expression levels $irT1 also has‘ feature§ ?f a growth
of DBC1 mutants and coprecipitation of SUV39H1 were confirmed by Western blotting (WB). Wt, wild-type. suppressor. SirT1-deficient mouse
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FIGURE 5. DBC1 inhibits SUV39H1 in vivo. a, H1299 cells were transfected with DBC1 siRNA or control siRNA. Histones were extracted, and the H3K9me3 level
was detected with anti-H3K9me3 antibody and reprobing with anti-H3 antibody. DBC1 in the WCE was detected with anti-DBC1 antibody. b, 293T cells were
transiently transfected with the indicated plasmids for 48 h. Histone was extracted, and H3K9me3 was detected with anti-H3K9me3 antibody. DBC1 in the WCE
was detected with anti-DBC1 antibody. SUV39H1 in the WCE was detected with anti-Myc antibody. ¢, H1299 cells were transfected with the indicated plasmids
for 48 h. Relative luciferase activity was determined and normalized by cotransfected lacZ control. d, H1299 cells were transiently transfected with the indicated
plasmids for 48 h. Acetylation of p53 Lys>®? was detected with anti-Ac-K382 antibody and reprobed with p53 antibody DO1. e, H1299 was transfected with the
indicated plasmids for 48 h. Cell lysate was analyzed for histone deacetylase (HDAC) activity using a *H-labeled acetylated H3 peptide as substrate. f, a model
of DBC1 regulation of the SUV39H1-SirT1 complex is shown. Error bars represent S.D. from three experiments.
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embryo fibroblasts show increased proliferation and spontane-
ous immortalization (27). SirT1 knockdown increases the pro-
liferation of human fibroblasts (28). Furthermore, transgenic
overexpression of SirT1 inhibits the development of intestinal
neoplasia in the Adenomatosis polyposis coli mutant mouse
(29). SirT1 also inhibits E2F1 and causes cell cycle arrest after
overexpression (30). SirT1 deficiency abrogates the formation
of heterochromatin regions in mouse embryo fibroblasts (21).
SUV39H1 and SirT1 interaction is also important for repres-
sion of rDNA transcription during glucose starvation (20).
These observations suggest that SirT1 and SUV39H1 function
in a common pathway. Formation of the SUV39H1-SirT1 com-
plex and activation of SUV39H1 in such a complex provide a
molecular basis for functional cooperation and synergism. The
ability of DBC1 to disrupt and inactivate both members of the
SUV39H1-SirT1 complex suggests that DBC1 may be an
important regulator of heterochromatin formation, gene
expression, genomic stability, and cell proliferation.
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