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Chromatin endowed by histone modifications governs chro-
matin structure, which in turn represents a means to regulate
cellular processes, including transcription andheterochromatin
formation. Recent evidence revealed a plethora of enzymes that
catalyze specific histone modifications for epigenetic mainte-
nance, and dysregulation of which contributes to tumorigenesis
and developmental defects. The histone methyltransferase
SET8 (also known as Pr-Set7) was previously reported to
monomethylate Lys20 of histoneH4.However, the temporal and
spatial control of SET8 activity remains elusive. Here, we pro-
vide evidence to support that SET8 monomethylates Lys20 of
histone H4 during S phase by tethering to proliferating cell
nuclear antigen via a putative proliferating cell nuclear antigen-
interacting protein box. In addition, we show that SET8 func-
tion is required for S phase progression. Finally, deletion of
SET8 in mice causes embryonic lethality, suggesting that SET8
plays an important role in mammalian embryogenesis.

Covalent modifications of histone tails play important roles
in regulating chromatin dynamics. Recent genetic and immu-
nochemical analyses suggest that these histone “marks” are of
fundamental importance in controlling the recruitment of reg-
ulatory factors that ensure cell proliferation and survival (1–3).
In particular, histone methylation, which occurs predomi-
nantly on histones H3 and H4 at arginine and lysine residues,
has been implicated in DNA repair, maintenance of telomere
length homeostasis, heterochromatin formation, and mitotic

regulation (4–9). Accordingly, a number of modules have been
demonstrated to recognize these specific histonemodifications
such that effector complexes are brought to close proximity of
the chromatin to elicit their specific cellular functions (10–12).
Histone methyltransferases, including SET8, Suv4-20h1/2,

NSD1, and Ash1, have been shown previously to methylate
histone H4 at Lys20 (H4-K20) (8, 13–19). Specifically, H4-K20
trimethylation have been associated with constitutive pericen-
tromeric heterochromatin formation, whereas mono- and di-
methylatedH4-K20 histones have been suggested to recruit the
malignant brain tumor protein L3MBTL1, which is important
for chromatin condensation (20–22). In addition, we proposed
previously that dimethylated H4-K20 might play a role in the
recruitment of the DNA damage-response protein 53BP1 to
chromatin (4). Despite mounting evidence for the biological
functions of H4-K20methylation, exactly how these epigenetic
marks are perpetuated during DNA replication remains largely
unexplored.
Given that SET8 expression is cell cycle-regulated, we

decided to further probe how SET8 might be required for cell
cycle progression. Using a TAP5 scheme, we identified PCNA
as a SET8-associated protein.Our studies suggest that the func-
tion of SET8 inH4-K20monomethylation is coupled to S phase
by its physical tethering to PCNA, failure of which results in
improper S phase progression, S/G2 checkpoint arrest, and
embryonic lethality in mice.

MATERIALS AND METHODS

Antibodies—Anti-histone H4 and anti-monomethylated
H4-K20 antibodies were purchased from Upstate Cell Signal-
ing. Anti-SET8 antibodies were from Abcam and Upstate Cell
Signaling. Anti-actin and anti-FLAG (M2) antibodies were
obtained from Sigma. Horseradish peroxidase-conjugatedGST
was from Santa Cruz Biotechnology Inc. Anti-PCNA (PC10)
and anti-glyceraldehyde-3-phosphate dehydrogenase antibod-
ies were from Chemicon.
Cell Culture and Transfection—HeLa and 293T cells were

cultured in RPMI 1640 medium supplemented with 5% fetal
calf serum, 5% bovine serum, 100 units/ml penicillin, and 100
�g/ml streptomycin and maintained in 5% CO2 at 37 °C. Cell
transfection was performed using FuGENE 6 (Roche Applied
Science) and Lipofectamine 2000 (Invitrogen) following the
manufacturers’ protocols.
Construction of set8 and Its Mutants—The set8 cDNA was

obtained from American Type Culture Collection and sub-
cloned into the entry vector pDONR201 (Gateway Technol-
ogy). Site-directed mutagenesis was performed according to
standard procedures to obtain the YMAA mutant using prim-
ers 5�-ACC GGG CAG TCA AAG ATC TAT TCC GCC GCG
AGC CCG AAC AAA TGC TCT GGA ATG-3� and 5�-CAT
TCC AGA GCA TTT GTT CGG GCT CGC GGC GGA ATA
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GAT CTT TGA CTG CCC GGT-3�. For mammalian expres-
sion of wild-type and set8 mutants, their respective cDNAs in
the entry vector was transferred into a Gateway-compatible
destination vector harboring an N-terminal TAP tag contain-
ing SFB. For GST fusion protein production, SET8 was sub-
cloned into pDEST15, and GST-SET8 was purified according
to standard procedures. His-tagged PCNA was purified from
bacteria using a nickel column (Roche Applied Science). The
siRNA-resistant SET8 construct was generated by site-directed
mutagenesis using primers 5�-AAAACCTACTGCGTGGAT
GCA ACT AGG GAA ACA AAA TCG CCT AGG AAG ACT
G-3� and 5�-AGT CTT CCT AGG CGA TTT GTT TCC CTA
GTT GCA TCC ACG CAG TAG GTT TTG CTC AG-3�.
siRNAs—The SET8 siRNAs used were 5�-GCA ACT AGA

GAGACAAATC-3� and 5�-GATTGAAAGTGGGAAGGA
A-3�. The non-targeting control siRNA sequencewas described
previously (23). To deplete endogenous SET8, U2OS cells were
transfected twice using Oligofectamine (Invitrogen) with the
indicated siRNAs at 24-h intervals. For reconstitution experi-
ments, siRNA-resistant FLAG-tagged SET8 or YMAA was
electroporated into siRNA-treated U2OS cells 24 h after the
second transfection. Cells were subsequently harvested for cell
cycle analysis or lysed for immunoblot experiments.
Binding Assays—For co-immunoprecipitation studies, con-

structs encoding SFB-tagged SET8 and its mutants were tran-
siently transfected into 293T cells using Lipofectamine 2000.
Cells were lysed inNETNbuffer (100mMNaCl, 1mMEDTA, 20
mM Tris-HCl (pH 8), and 0.5% Nonidet P-40), cleared by cen-
trifugation, and incubated with streptavidin beads for 2 h at
4 °C. Beads were washed, boiled in sample buffer, separated by
SDS-PAGE, and immunoblotted with the indicated antibodies.
To detect endogenous interaction between SET8 and PCNA,
293T cell lysate was incubated with protein A-conjugated anti-
SET8 polyclonal antibody.
Immunofluorescence Staining—Cells cultured on coverslips

were washed with phosphate-buffered saline and incubated in
methanol/acetone (1:1) for 20 min at �20 °C. For detection of
endogenous SET8, HeLa cells were preincubated in 10 �M
MG132 prior to fixation. Samples were subsequently blocked
with 5% goat serum, incubated with primary antibody for 30
min, washed three times, and then incubated with secondary
antibody for 30 min. Cells were subsequently stained with
4�,6-diamidino-2-phenylindole to visualize nuclear DNA.
Coverslips were mounted on glass slides with antifade solu-
tion and visualized using a Nikon ECLIPSE E800 fluores-
cence microscope.
Cell Cycle Expression Profile of SET8 and H4-K20 Mono-

methylation—HeLa cells arrested with nocodazole were
released into fresh mediumwithout nocodazole to monitor the
expression profile of SET8 and H4-K20 monomethylation sta-
tus during different cell cycle phases. At the indicated time
points, cells were collected and lysed, and proteins were quan-
tified byWestern blot analysis. Cell cycle progressionwasmon-
itored by FACS analysis.
Cell Cycle Analysis—HeLa cells were transiently transfected

with the N-terminal mutant of SET8 or mock-transfected. 16 h
post-transfection, cells were incubated in 0.5 mMmimosine for
20 h to arrest cells at G1/S. Cells were subsequently released

into the cell cycle, and samples were fixed in 70% ethanol for
FACS analysis at the indicated time points.
Generation of set8-deficient Mice—Embryonic stem cell

clone RRB075 was obtained from BayGenomics and injected
into C57BL/6 blastocysts to generate chimeric mice. The chi-
meras were then crossed with C57BL/6 females, and heterozy-
gous mice with successful germ line transmission of the tar-
geted allele were used for mating experiments.

RESULTS AND DISCUSSION

Identification of PCNA as a SET8-interacting Protein—To
explore how the histone methyltransferase activity of SET8
might be regulated in vivo, we generated a 293T cell line over-
expressing triple tagged (SFB) SET8 for the identification of
potential SET8-interacting proteins. Following a TAP scheme,
the SET8 complexwas eluted and separated by SDS-PAGE, and
protein bandswere excised and subjected tomass spectrometry
analysis. Several of these associated proteins were identified as
various heat shock proteins and ribosomal proteins (as indi-
cated by asterisks in Fig. 1A), which are common contaminants
that normally interact with overexpressed proteins. Interest-
ingly, one of these associated proteins was found to be PCNA
(Fig. 1A).
To confirm that SET8 can specifically interact with PCNA,

we performed a pulldown experiment using bacterially purified
GST-SET8 fusion protein or GST alone. Consistent with TAP
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FIGURE 1. SET8 interacts with PCNA in vitro and in vivo. A, identification of
PCNA as a SET8-interacting partner. Shown is a silver stain of SET8-associated
proteins separated by SDS-PAGE. B, GST-SET8 but not GST alone interacts
with PCNA. C and D, SET8 directly interacts with PCNA. E, SET8 interacts with
PCNA in vivo. F, SET8 localizes with PCNA in replication foci. IP, immunopre-
cipitation; DAPI, 4�,6-diamidino-2-phenylindole.
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results, PCNA interacted with GST-SET8 but not GST (Fig.
1B), suggesting that SET8 interacts directly with PCNA in vitro.
Consistent with a direct interaction, bacterially purified histi-
dine-tagged PCNA precipitated with GST-SET8 but not GST
alone (Fig. 1, C and D). More important, this interaction was
also detected in vivo between endogenous proteins (Fig. 1E).
Because PCNA is a key component of replication forks and
forms discrete replication foci during S phase, we next tested
whether SET8 colocalizes with PCNA in indirect immunofluo-
rescence experiments. Cytological observation of SET8
revealed extensive overlap of SET8 with PCNA in S phase cells
(Fig. 1F). Taken together, these results suggest that PCNA is a
SET8-associated protein.
SET8 Interacts with PCNA via a PIP Box at Its N Terminus—

To investigate how SET8might interact with PCNA, we gener-
ated deletionmutants that encode either theNorC terminus of
the protein. The histone methyltransferase activity of SET8 is
located in the C terminus, where the conserved SET domain
resides (Fig. 2B). Visual inspection also identified a potentially
divergent PIP box in the N terminus of SET8 (QSKIYSYM).
Many PCNA-associated proteins have been shown to interact
with PCNA via their corresponding PIP box, which has the
consensus motif QXX(M/L/I)XX(F/Y)(F/Y) (24). To test
whether SET8 might similarly interact with PCNA via its puta-
tive PIP box, we generated a double point mutation that

resulted in amino acid changes fromYMtoAAat resides 57 and
58 (YMAA). We first transfected these constructs into HeLa
cells to examine which region of SET8 is required for its local-
ization to PCNA foci. Resembling endogenous SET8, full-
length SET8 formed discrete foci that overlapped with PCNA
foci. Likewise, the N-terminal truncation mutant also localized
to PCNA foci, suggesting that SET8 might interact with PCNA
via its N terminus. Consistent with this hypothesis, we did not
observe discernible foci in cells expressing FLAG-tagged
YMAA or the C-terminal mutant (Fig. 2A), suggesting that
SET8 is recruited to replication foci by binding to PCNA via its
putative PIP box.
To confirm these findings, we also performed co-immuno-

precipitation experiments in 293T cells. The results show that
although full-length SET8 and its N-terminal truncation
mutant coprecipitated with PCNA, the YMAA and C-terminal
mutants failed to do so (Fig. 2C). From these results, we con-
cluded that SET8 interacts with PCNA via a PIP box, which is
important for its localization to replication foci.
SET8-dependent H4-K20 Monomethylation Is Important for

S Phase Progression—Because SET8 specifically interacts with
PCNAand colocalizes with PCNAat replication forks, we spec-
ulated that SET8 may function in S phase. Consistent with a
possible S phase role of SET8, we observed that H4-K20
monomethylation is coupled to expression of SET8, which
starts to accumulate during S phase and peaks at mitosis (Fig.
3A) (7). Moreover, SET8 depletion resulted in decreased
H4-K20 monomethylation, with a concomitant accumulation
of S/G2 phase cell population (Fig. 3B). To examinewhether the
function of SET8 in cell cycle progression requires its targeting
to the replication fork via PCNA, siRNA-resistant SET8 or
YMAA was reintroduced into SET8-depleted cells. Indeed,
upon depletion of endogenous SET8, only cells expressing
siRNA-resistant SET8, but not its YMAA mutant, restored
monomethylated H4-K20 and allowed progression through
S/G2 phase. (Fig. 3C).
To further test whether endogenous SET8 might associate

with PCNA to elicit its role in cell cycle regulation, we tran-
siently transfected cells with full-length SET8 and its mutants
and analyzed the cell cycle profile 36 h post-transfection (Fig. 3,
D and E). We reasoned that the N terminus of SET8 might
function as a dominant negative to inhibit endogenous SET8
function because it interacts with PCNA but does not have
methyltransferase activity. In agreement with this hypothesis,
we observed an increase in S phase cell population in cells trans-
fected with the N-terminal mutant compared with those trans-
fected with the YMAA or C-terminal mutant, which do not
interact with PCNA.
To further examine how SET8 might be required for cell

cycle progression, we again took advantage of the N-terminal
mutant, which binds to PCNA but does not encode the SET
domain.Mimosine arrest and release experiments revealed that
expression of this dominant-negative SET8 mutant inhibited S
phase progression (Fig. 3F). Together, these results substantiate
that via its interaction with PCNA, SET8 is important for S
phase progression.
SET8 Deficiency Results in Embryonic Lethality in Mice—To

explore the biological significance of SET8 function in vivo, we
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injected blastocytes and generated chimeras using an embry-
onic stem cell clone in which the set8 genomic locus was dis-
rupted by insertion of a neomycin cassette (Fig. 4A). Genotyp-
ing of viable offspring fromheterozygousmatings revealed only
wild-type mice or mice heterozygous for set8, suggesting that
SET8 is required for embryogenesis (Fig. 4, B and C).
Epigeneticmodifications are perpetuated during cell division

and determine chromatin architecture and transcriptional con-
trol. One would envision that, like DNA methylation, histone
modifications are also inherited fromparental cells by daughter
cells. Indeed, it was demonstrated recently that one of these
histone marks, viz. histone H3 Lys9, is methylated by G9a dur-
ingDNA replication by virtue of its interactionwith the loading
factor PCNA. Interestingly, our finding that SET8 also interacts
with PCNA and localizes to replication foci suggests that addi-
tional histone-modifying enzymes might follow similar strate-
gies to maintain chromatin states.
The cell cycle profile of SET8 expression correlates with

H4-K20monomethylation, which is supportive of the proposed
coupling of SET8 atDNA replication sites. Our results are com-
plementary to a recent study reporting a role for SET8 in

genome replication and stability (25). Using RNA interference,
the authors showed that SET8 depletion results in replicative
stress and activation of the DNA damage response (25, 26).
More important, the authors showed that cells accumulate in
S/G2 phase upon reintroduction of methyltransferase mutants,
indicating the importance of SET8-mediated H4-K20 monom-
ethylation during DNA replication (25). These results are
entirely consistent with our findings (Fig. 3). Moreover, our
study provides a mechanistic basis as to how SET8 function is
coupled to DNA replication: via a direct physical interaction
between SET8 and PCNA.
A recent study suggested a role for mono- and dimethylated

H4-K20 histones in chromatin condensation processes (20).
Given that SET8 localizes to mitotic chromosomes and is
required formitosis, it would be interesting to examinewhether
SET8-mediated H4-K20 methylation is essential for the
recruitment of L3MBTL1. Our findings that SET8 mediates
H4-K20 during DNA replication and is required for S phase
progression suggest that SET8might maintain H4-K20 methy-
lation status, which is important for subsequent chromatin
condensation and explains the observed defects in mitosis in
SET8-deficient larvae (6).
Dysregulation of chromatin dynamics has profound effects in

cell proliferation and development. This is exemplified by clinical
mutations in genes that encode proteins involved in the mainte-
nance of histonemodifications (27–33). Similarly, our finding that
abrogation of set8 in mice leads to embryonic lethality strongly
indicates a critical role for histonemodifications in early embryo-
genesis. In summary, we propose that SET8 mediates H4-K20
methylation during S phase by coupling to PCNA, which is
required for S phase progression andmouse embryogenesis.
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knock-out project and Dr. Hübscher for the PCNA-His construct.
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