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Histone-modifying enzymes play a critical role in modulating
chromatin dynamics. In this report we demonstrate that one of
these enzymes, PR-Set7, and its corresponding histone modifi-
cation, the monomethylation of histone H4 lysine 20 (H4K20),
display a distinct cell cycle profile in mammalian cells: low at G,
increased during late S phase and G,, and maximal from pro-
metaphase to anaphase. The lack of PR-Set7 and monomethyl-
ated H4K20 resulted in a number of aberrant phenotypes in sev-
eral different mammalian cell types. These include the inability
of cells to progress past G,, global chromosome condensation
failure, aberrant centrosome amplification, and substantial
DNA damage. By employing a catalytically dead dominant neg-
ative PR-Set7 mutant, we discovered that its mono-methyl-
transferase activity was required to prevent these phenotypes.
Importantly, we demonstrate that all of the aberrant phenotypes
associated with the loss of PR-Set7 enzymatic function occur
independently of p53. Collectively, our findings demonstrate
that PR-Set7 enzymatic activity is essential for mammalian cell
cycle progression and for the maintenance of genomic stability,
most likely by monomethylating histone H4K20. Our results
predict that alterations of this pathway could result in gross
chromosomal aberrations and aneuploidy.

Dynamic alterations in chromatin structure are modulated,
in part, by the post-translational modifications of the DNA-
associated histone proteins. Specialized chromatin-modifying
enzymes can phosphorylate, acetylate, ubiquitylate, or methyl-
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ate specific amino acids within certain histones, and each of
these modifications are associated with distinct biological
events (1). One of the first histone modifications to be identified
nearly forty-five years ago was the methylation of histone H4
lysine 20 (H4K20)* (2). Earlier biochemical studies linked
H4K20 methylation to diverse biological events including tran-
scriptional regulation, chromatin compaction, cell division,
and the formation of heterochromatin (3-9). Importantly, it
was also found that H4K20 is differentially methylated in vivo
and therefore can be either mono-, di-, or trimethylated (10).
Together, these findings strongly suggest that different methy-
lated states of H4K20 may be involved in distinct biological
processes, similar to what is observed for the various methyl-
ated states of histone H3 lysine 4 and 9 methylation (11, 12).

Increasing evidence indicates that certain enzymes are
responsible for the specific degree of histone lysine methylation
(13). For example, the mono- and dimethylation of histone
H3 lysine 9 in humans is mediated by the G9a enzyme,
whereas trimethylation is mediated by the SUV39H1 enzyme
(14, 15). Similarly, the Suv4 —20 enzymes are responsible for
di- and trimethylation in mammals (16, 17). Trimethylated
H4K20 is associated with repressed chromatin because it is
targeted to constitutive heterochromatin, various repetitive
elements, and imprinting control regions (16, 18, 19). Dim-
ethylated H4K40 is more widely distributed within euchro-
matic regions in the genome, and recent findings suggest
that it may function to recruit the 53BP1 repair protein to
sites of DNA damage (17, 20, 21).

The PR-Set7 enzyme is responsible for the bulk of H4K20
monomethylation (22-25). Although original observations
suggested that this modification was associated with repressed
regions of the genome, recent findings have identified monom-
ethylated H4K20 within actively transcribed genes (26, 27).
Besides functioning in transcription, it was recently found that
PR-Set7 plays a role in mammalian cell cycle progression by
binding proliferating cell nuclear antigen and localizing to rep-

*The abbreviations used are: H4K20, histone H4 lysine 20; RNAi, RNA interfer-
ence; WT, wild type; ChIP, chromatin immunoprecipitation; shRNA, small
hairpin RNA; GFP, green fluorescent protein; GST, glutathione S-transfer-
ase; DAPI, 4’,6'-diamino-2-phenylindole; H3S28, histone H3 serine 28;
MNase, micrococcal nuclease; TT, tandem tudor domains; CD, catalytically
dead.
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lication foci (28 -30). Although the loss of PR-Set7 by RNAi
eventually resulted in defective replication fork activity and
delayed S phase progression, several cell cycles were required to
achieve this phenotype (29, 30). Furthermore, we previously
demonstrated that expression of PR-Set7 was tightly cell cycle-
regulated where it was undetectable at G,/S, slowly increased
during late S phase, and peaked during mitosis, concomitant
with its catalytic activity (31). Based on these contradictory
observations, it currently remains unclear how PR-Set7 and
H4K20 methylation function in mammalian cell cycle
progression.

To further investigate this, we first employed a panel of
H4K20 methyl-specific antibodies to determine that only the
monomethylated form of H4K20 displayed a distinct cell cycle
profile: low at G, increased during late S, and highest at G,/M,
identical to PR-Set7 (32). Furthermore, we also defined that the
cell cycle-dependent changes in monomethylated H4K20
occurred locally at specific genomic regions. Similar to recent
reports, RNAi-mediated depletion of PR-Set7 and H4K20
monomethylation resulted in delayed S phase progression (29,
30). However, we found that the PR-Set7 RNAI cells were capa-
ble of completing S phase and, in a p53-independent manner,
arrested at prometaphase, when PR-Set7 and monomethylated
H4K20 levels peak. Consistent with recent findings indicating
that these factors are important for chromatin compaction, the
PR-Set7 RNAi cells displayed enlarged nuclei containing
decondensed chromosomes (33, 34). In addition, we observed
significant increases in DNA damage and aberrant centrosome
amplification in cells lacking PR-Set7, two key events associated
with oncogenic transformation. Importantly, we discovered
that the catalytic activity of PR-Set7 was required to prevent all
these phenotypes. Therefore, our findings indicate that the cat-
alytic function of PR-Set7 is essential for mitotic entry and
genomic stability, most likely by directly controlling the levels
of monomethylated H4K20.

EXPERIMENTAL PROCEDURES

Immunofluorescence—Indirect immunofluorescence of
mouse embryonic fibroblasts was performed as previously
described (32). Antibody dilutions were used as follows: H4K20
mono- (1:1,000), di- (1:500), and trimethyl (1:1,000) (LP Bio-
logicals); yH2AX (Millipore; 1:500); and vy-tubulin (Sigma;
1:400). Staining was visualized on the Zeiss Axio Imager Z1
microscope with Apotome using a Z-stack acquisition, three-
dimensional reconstruction, and structured illumination. Vol-
umetric measurements were made using algorithms developed
for use with Zeiss proprietary AxioVision software. The pic-
tures were analyzed and prepared with Adobe PhotoShop CS2.
Quantitative imaging microscopy was performed on murine
10T1/2 cells using a Zeiss Axioplan 2 microscope equipped
with a 12-bit Coolsnap HQ cooled CCD camera and a 40X fluor
lens, as previously described (35).

Cell Cycle Synchronization—HeLa cells were first blocked at
the G,/S border with 2 mm thymidine for 17 h (31). The cells
were then released into fresh medium (Dulbecco’s modified
Eagle’s medium (Invitrogen) plus 10% cosmic calf serum
(HyClone)) for 7 h prior to the addition of 400 um L-mimosine
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for 20 h. The cells were released into fresh medium and col-
lected every 2.5 h for Western analysis or flow cytometry.

Western Analysis—Whole cell lysates from 10° cells were
fractionated by SDS-PAGE, transferred to a polyvinylidene
difluoride membrane, and blocked in 5% nonfat milk/Tris-buff-
ered saline prior to incubation with primary antibody in 1%
nonfat milk/Tris-buffered saline for 1 h rotating at room tem-
perature. Antibody dilutions were as follows: H4K20 mono-
(1:150,000), di- (1:100,000), or trimethyl (1:20,000) (LP Biologi-
cals); H3K9 mono- (1:60,000), di- (1:80,000), or trimethyl
(1:10,000) (Millipore); H4 general (Millipore; 1:100,000); phos-
pho-H3S10 (Serotec; 1:20,000); phospho-H3S28 (1:2000);
yYH2AX (Millipore; 1:25,000); phospho-ATM (Rockland;
1:1000); and PR-Set7 (1:1000) dilution. Following three washes
in Tris-buffered saline + 0.1% Tween 20, the membranes were
incubated with an appropriate horseradish peroxidase-conju-
gated secondary antibody (Jackson ImmunoResearch; 1:5,000)
in 1% nonfat milk/Tris-buffered saline for 1 h at room temper-
ature. The membranes were washed three more times prior to
the addition of ECL Plus (GE Healthcare). The results were
visualized by exposure to film for 1 min.

Chromatin Immunoprecipitation (ChIP)—HeLa cells were
fixed in 1% formaldehyde for 10 min before quenching with
0.125 M glycine for 5 min. The nuclei were isolated using
nuclear isolation buffer (150 mm NaCl, 10 mm HEPES, pH 7.5,
1.5 mm MgCl,, 10 mm KCI, 0.5% Nonidet P-40, 0.5 mwm dithio-
threitol) and resuspended in nuclear lysis buffer (50 mm Tris-
Cl, pH 8.1, 10 mm EDTA, 1% SDS) at a concentration of 10®
nuclei/ml. The nuclei were sonicated to DNA fragments rang-
ing from 200 to 600 bp. For each ChIP, sonicated nuclear mate-
rial from 5 X 10° cells was immunoprecipitated with either
rabbit IgG, a histone H3 general antibody (Abcam), or a histone
H4K20 monomethyl-specific antibody (Lake Placid Biologi-
cals). Immune complexes were precipitated with protein
A-conjugated Sepharose (Amersham Biosciences and GE Bio-
sciences) and washed with radioimmune precipitation assay
buffer (50 mm HEPES, pH 7.4, 1 mm EDTA, 1% Nonidet P-40,
0.7% sodium deoxycholate, 500 mm LiCl). DNA was eluted
using a 10% Chelex (Bio-Rad) solution (36).

PR-Set7 shRNA and CD Mutant—A pSUPERIOR.retro.puro
empty vector (OligoEngine) or the vector containing either a
nonspecific shRNA sequence (5'-TCGCCTAGGAAGACT-
GATC-3’) or an shRNA targeted to PR-Set7 (5'-ACGCAACA-
GAATCGCAAAC-3') were transfected into HCT116 and HEK
293 cells using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. Puromycin selection (4 pg/ml for
HEK 293, 1 ug/ml for HCT116) was initiated 1 day post-trans-
fection. Whole cell lysates were collected 6 days post-transfec-
tion for Western analysis. A pQCXIP vectors (Clontech) con-
taining either enhanced GFP or the full-length PR-Set7 R265G
dominant negative mutant were transfected into HCT116 and
HEK 293 cells using Lipofectamine 2000 (24). The samples
were collected 3 days following puromycin selection for West-
ern analysis and flow cytometry. For growth curves, the cells
were counted manually beginning 2 days following puromycin
selection.
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FIGURE 1. Histone H4K20 monomethylation selectively occurs durlng G,/M. A, nuclei of asynchronously
dividing mouse embryonic fibroblasts were stained with either the mono-, di-, or trimethyl-specific H4K20
antibodies. The scale bar is 20 um. B, Hela cells were arrested at the G,/S border by a thymidine-mimosine
double block. Cells were collected every 2.5 h after release from block, and cell cycle status was determined by
fluorescence-activated cell sorter. Whole cell lysates were fractionated by SDS-PAGE, and Western analysis was
performed using the mono-, di-, and trimethyl-specific H4K20 antibodies; a general histone H4 antibody
was used as a loading control. C, semi-quantitative analysis of the Western results. Integrated densitometry
was used to determine the intensity of each H4K20 methyl band, which were then normalized relative to
histone H4 for the corresponding time point. Biological replicates were performed to generate standard devi-
ation. D and £, quantitative image microscopy was performed on 10T1/2 cells using the H4K20 monomethyl-or
trimethyl-specific antibodies. DAPI-stained cells were first classified based on nine distinct cell cycle stages:
interphase (/), early G, (EG2), late G, (LG2), prophase (P), prometaphase (PM), metaphase (M), anaphase (A),
telophase (7), and early G, (EGT). The results are graphed as the mean methylation total signal intensity (T1)/
mean DAPI total signal intensity (y axis) at each cell cycle stage (x axis) = standard error.

mined by A, . Ten units of MNase/
0.5 mg DNA was used fora 1-, 3-, or
5-min digestion prior to quenching
with a final concentration of 10 mm
EDTA. DNA was isolated before
fractionation by agarose electro-
phoresis as previously described
(37).

GST Pulldown Assays—The tan-
dem tudor domains of 53BP1
(amino acids 1480-1616) were
cloned into the pGEX4T-1 vector
(Amersham Biosciences). GST
fusion proteins were expressed in
Escherichia coli by induction with
0.4 mMm isopropyl B-p-thiogalacto-
pyranoside (Sigma). The cells were
sonicated on ice, and soluble lysate
was used to batch purify GST fusion
proteins using glutathione agarose
(Sigma), followed by elution with 10
mM reduced glutathione in 50 mm
Tris-HCI, pH 8.0. The purified GST
or GST-53BP1-TT (5 ug) was incu-
bated with 200 ug of purified HeLa
nucleosomes for 1 h at 4°C (37),
incubated with glutathione agarose
(Sigma), and washed extensively
with phosphate-buffered saline.
The bound material was eluted,
fractionated by SDS-PAGE, and
transferred to polyvinylidene diflu-
oridle membrane for Western
analysis.

RESULTS

Global Changes in H4K20 Methy-
lation Occur during Cell Cycle
Progression—In the first set of
experiments, a panel of antibodies
that selectively discriminate be-
tween the three methylated forms
of H4K20 were used in indirect
immunofluorescence studies in
asynchronously dividing mouse
embryonic fibroblasts (Fig. 1A).
Consistent with our previous
results, each of the methylated
forms partitioned to distinct
genomic regions (32). Although di-
and trimethylated H4K20 showed
little change in the intensity of stain-

MNase Digestion—The cells were incubated in nuclear isola-  ing across the cell cycle, the intensity of monomethylated
tion buffer (150 mm NaCl, 10 mm HEPES, pH 7.5, 1.5 mm  H4K20 staining varied greatly between cells. The modification
MgCl,, 10 mm KCl, 0.5% Nonidet P-40, 0.5 mm dithiothreitol) —was easily observed in the condensed chromatin of mitotic fig-
at 4 °C to release nuclei, which were resuspended in MNase ures but was significantly reduced in interphase cells. These
digestion buffer (0.32 M sucrose, 50 mm Tris-HCl, pH 7.4,4 mMm  observations strongly suggested that H4K20 monomethylation
MgCl,, 1 mm CaCl,) to a concentration of 0.5 mg/ml as deter-  selectively increases as cells enter mitosis.
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Cell synchronization studies were performed to further char-
acterize the global changes in H4K20 monomethylation during
cell cycle progression. HeLa cells were synchronized at the G,/S
border by a thymidine-mimosine double block (31). Cells were
released from the block and collected every 2.5 h, and then flow
cytometry was used to determine their phase in the cell cycle
(supplemental Fig. S1). Western analysis was performed on the
whole cell lysates from these cells using the H4K20 methyl-
specific antibodies and a general H4 antibody to control for
loading (Fig. 1B). Semi-quantitative analysis was performed by
determining the signal intensity of each H4K20 methyl band
relative to the signal intensity of the general H4 control at the
corresponding time point. The results were plotted relative to
the time point where the specific H4K20 methylated state was
maximal: di- and trimethylation at 0 h and monomethylation at
10 h (Fig. 1C). Consistent with the immunofluorescence stud-
ies, we found that monomethylated H4K20 was comparatively
low at the G,/S border, increased during S phase, and dramat-
ically increased to a maximum during G,/M. As the cells
returned to G;, mono-methylated H4K20 declined. In contrast,
the global levels of both di- and trimethylated H4K20 were
highest at G, /S and slowly declined as cells progressed through
S phase, most likely because of the deposition of unmodified
histones during DNA replication (38, 39). As cells cycled
through mitosis, the levels of both steadily increased as they
returned to G,. These findings indicate that only the monom-
ethylation of H4K20 is predominantly restricted to G,/M.

To detail the precise timing of H4K20 monomethylation
during cell cycle progression, quantitative imaging microscopy
was performed in mouse 10T1/2 cells (35). Individual cells were
first visually categorized into distinct cell cycle stages based on
their DAPI staining, as previously described (40). Then the total
signal intensity of methylated H4K20 in each cell was deter-
mined and normalized to the total signal intensity of DAPI
staining in that cell. Consistent with our cell cycle analysis, we
found that H4K20 monomethylation steadily increased during
G, through prophase then dramatically increased as cells
entered pro-metaphase and remained high through anaphase
(Fig. 1D). During the anaphase to telophase transition, there
was a marked reduction in monomethylated H4K20 until it
returned to basal levels at G;. In contrast, H4K20 trimethyla-
tion levels remained relatively constant through the various
stages of mitosis (Fig. 1E). Based on these findings, we conclude
that H4K20 mono-methylation increases through G,, peaks at
mitosis, and rapidly declines following cell division.

Cell Cycle Fluctuations in H4K20 Monomethylation Occur at
Specific Loci—Because we had demonstrated that global levels
of monomethylated H4K20 fluctuate during the cell cycle, we
also predicted that local changes in this histone modification
would be altered during cell cycle progression. Using the same
HeLa cells chemically arrested at G,/S or synchronized to
G,/M, ChIPs were performed using either the monomethyl-
specific H4K20 antibody, a histone H3 general antibody as the
positive control, or rabbit IgG as the nonspecific negative con-
trol. Conventional PCR amplifications were performed on the
enriched material at known H4K20 monomethyl positive and
negative regions for two different human genes, PTTG1IP and
BRD1 (Fig. 2, A and C). In every case, PCR amplification was

JULY 11, 2008 -VOLUME 283+-NUMBER 28

detected for the histone H3 positive control, whereas the IgG
negative control failed to amplify (Fig. 2, Band D). As predicted,
monomethylated H4K20 was detected at the positive peaks for
both PTTG1IP and BRD1 at G,/M. In contrast, PCR amplifica-
tion of the negative regions of both genes was absent or severely
reduced by comparison. Consistent with the global findings
above, these data indicate that the methylated state of H4K20
significantly changes at these specific genomic loci during cell
cycle progression. Because monomethylated H4K20 also func-
tions in transcriptional regulation, it was predicted that genes
enriched in this cell cycle-regulated modification would also
alter their expression at distinct points in the cell cycle. How-
ever, expression analysis of HeLa cells arrested at G,/S or G,/M
for eight known monomethylated H4K20 target genes revealed
that there was no consistent or predictable correlation in the
expression of these target genes to distinct points of the cell
cycle (supplemental Fig. S4).

The PR-Set7 H4K20 Monomethyltransferase Is Required for
Cell Cycle Progression—Because H4K20 monomethylation and
the protein levels of the PR-Set7 H4K20 monomethyltrans-
ferase are tightly cell cycle regulated (supplemental Fig. S2), our
findings predicted that both are required for proper cell divi-
sion (31). To test this, HEK 293 cells were transfected with a
puromycin-resistant control shRNA or an shRNA construct
that specifically eliminates PR-Set7, resulting in a global loss of
monomethylated H4K20 (Fig. 3A4). Cell growth was monitored
beginning 2 days following puromycin selection (Fig. 3B).
Although the nontransfected cells and shRNA control cells dis-
played a normal growth curve, the growth rate of cells lacking
PR-Set7 and monomethylated H4K20 declined over time con-
sistent with a cell cycle arrest and death. Flow cytometry
revealed striking changes in cells lacking PR-Set7 and monom-
ethylated H4K20. These cell populations had a clear reduction
in the proportion of G, cells and a concomitant increase in the
amount of S phase and G,/M cells relative to control cells (Fig.
3C). Quantitative measurements of the flow cytometry data
demonstrated that there was an ~18% decrease in the number
of G; cells and ~11 and ~12% increases in S phase and G,/M
cells, respectively, compared with control cells (Fig. 3D). Con-
sistent with this, Western analysis demonstrated the activation
of ATM in the PR-Set7 shRNA cells, which is known to occur
during S phase and G,/M arrests (Fig. 3E) (41). Therefore, our
findings show that the lack of PR-Set7 and monomethylated
H4K20 results in a cell cycle arrest or delay with cells amassing
in S phase and G,/M.

Based on these findings and the findings above demonstrat-
ing that H4K20 monomethylation peaks during mitosis, we
predicted that the lack of PR-Set7 and monomethylated H4K20
would result in a mitotic arrest. Consistent with this, Western
analysis revealed that the PR-Set7 shRNA cells had accumu-
lated significant amounts of cyclin B compared with control
cells, suggesting that they had not progressed through anaphase
because cyclin B must be degraded by APC/C for this to occur
(Fig. 3E) (42). Consistent with this, the levels of cdc2 and cdc2
phosphorylated on tyrosine 15 were unchanged in the PR-Set7
shRNA cells, suggesting the inability of the cells to progress to
mitosis. To determine whether the defect in progression
occurred at G, or early mitosis, Western analysis was per-
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(D).

formed for phosphorylated histone H3 serine 28 (H3S28), a
histone modification that specifically occurs at prophase during
chromatin condensation and is reduced following metaphase
(43). Our results demonstrate that the PR-Set7 shRNA cells
displayed markedly decreased levels of phosphorylated H3528
compared with control cells, indicating a failure to achieve the
early stages of mitosis. Collectively, these findings show that the
lack of PR-Set7 and monomethylated H4K20 results in an
abnormal cell cycle profile where the cells are capable of com-
pleting DNA replication but are arrested or delayed at G, or the
G,/M transition prior to prophase.

Depletion of PR-Set7 Results in Decondensed Chromosomes
and Centrosome Amplification—To determine whether there
were any aberrant morphological phenotypes associated with
the loss of PR-Set7 and monomethylated H4K20, indirect
immunofluorescence experiments were conducted. Visualiza-
tion of nuclear DAPI staining revealed that the PR-Set7 shRNA
cells stained less intensely and were much larger than control
cells (Fig. 44). Quantitative volumetric measurements indicate
that the nuclei of the PR-Set7 shRNA cells were approximately
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four times greater than control cells (Fig. 4B). Cells co-stained
with the H4K20 monomethyl-specific antibody and y-tubulin
confirmed that cells with large nuclei lacked monomethylated
H4K20 (Fig. 4C). Although the control cells displayed proper
mitotic figures and high levels of monomethylated H4K20, the
large nuclei of the PR-Set7 shRNA cells were nearly deplete of
monomethylated H4K20 and contained decondensed chromo-
somes, consistent with a failure to achieve early mitosis. To
confirm that the PR-Set7 shRNA cells failed to condense their
chromosomes, nuclei from the different shRNA cells were
treated with MNase, which efficiently digests DNA between
nucleosomes when they are decondensed. Our findings dem-
onstrate that the PR-Set7 shRNA cells are far more sensitive to
MNase treatment as evidenced by the shift from oligonucleo-
somes to mononucleosomes compared with control shRNA
cells, indicating a condensation failure (Fig. 4D). An unex-
pected yet striking phenotype of the PR-Set7 shRNA cells was
the presence of multipolar spindles (Fig. 4C). Centrosome
amplification can occur when cells are arrested in S or G,
phases for prolonged periods, consistent with our findings (44,
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FIGURE 3. PR-Set7 and monomethylated H4K20 are required for mitotic entry. A, Western analysis of HEK
293 cells transfected with a puromycin-resistant control shRNA or a PR-Set7-specific ShRNA construct that
depletes cells of monomethylated H4K20. B, cell growth of shRNA transfected cells was measured 2 days after
puromycin selection for 4 days (x axis) and plotted relative to the starting number of cells (y axis). C, transfected
cells were stained with propidium iodide for flow cytometry analysis to visualize their cell cycle profile. D, three
independent experiments were performed to calculate the average percentage of cells in each phase of the
cell cycle. E, Western analysis of the transfected cells for phosphorylated ATM, cyclin B, cdc2, and cdc2 phos-

phorylated at tyrosine 15, phosphorylated H3528, and yH2AX.

45). Therefore, our findings strongly suggest that PR-Set7
monomethyltransferase activity plays a key role in chromo-
some condensation and that the loss of this activity results in
genomic instability.

Increased DNA Damage in the Absence of PR-Set7 and
Monomethylated H4K20—The observed increase in activated
ATM suggested that the PR-Set7 shRNA cells were eliciting a
DNA damage response. This was unexpected because it had
been previously reported that DNA damage was not detected in
Drosophila or Schizosaccharomyces pombe lacking the H4K20
methyltransferase ortholog (21, 46). Contrary to these findings,
Western analysis demonstrated elevated levels of yH2AX in the
PR-Set7 shRNA cells compared with control cells clearly indi-
cating DNA damage (Fig. 3E). Using the yH2AX antibody in
indirect immunofluorescence studies, we confirmed that the
large nuclei of the PR-Set7 shRNA cells were selectively
enriched in yH2AX foci (Fig. 5A4). In addition, single cell gel
electrophoresis indicated an ~20-fold increase in the number
of PR-Set7 shRNA cells containing DNA breaks compared with
control cells (supplemental Fig. S3). Therefore, mammalian
cells lacking PR-Set7 and monomethylated H4K20 undergo
extensive DNA damage.
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It was recently demonstrated in
vitro that the conserved tandem
tudor domains of the DNA repair
protein, 53BP1, selectively bound
mono- and dimethylated H4K20
peptides (20). To determine
whether  53BP1  preferentially
bound to mono- or dimethylated
H4K20 in a more physiologically
relevant context, a GST fusion pro-
tein containing the tandem tudor
domains (TT) of 53BP1 was incu-
bated with purified HeLa nucleosomes. Western analysis using
a general H4 antibody on the GST-bound material indicated
that GST-53BP1 TT efficiently bound nucleosomes compared
with the GST-only negative control (Fig. 5C). Importantly,
these nucleosomes were highly enriched in monomethylated
H4K20 compared with dimethylated H4K20; trimethylated
H4K20 was not detected. Therefore, these findings suggest that
the observed increase in DNA damage in cells lacking PR-Set7
is due to the inability of 53BP1 to localize to damaged regions
containing monomethylated H4K20. Consistent with this, the
loss of PR-Set7 and monomethylated H4K20 resulted in the
severe impairment of 53BP1 foci formation following DNA
damage (20).

Aberrant Phenotypes Associated with the Absence of PR-Set7
Occur Independently of p53—It was recently reported that PR-
Set7 can monomethylate p53 in vivo and negatively regulate its
function (47). The report showed that the lack of PR-Set7
enhanced the proapoptotic and cell cycle checkpoint functions
of p53. Therefore, it remained unclear whether the phenotypes
we observed in the absence of PR-Set7 were due to the loss of
H4K20 monomethylation or the loss of p53 methylation. To
directly address this question, experiments were performed in

a-cdc2 Y15-phos
«-H3528-phos
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JOURNAL OF BIOLOGICAL CHEMISTRY 19483

/T0Z ‘TZ AInc uo 159nb Aq /610°0q " mamm/:dny wioly papeojumoq


http://www.jbc.org/cgi/content/full/M710579200/DC1
http://www.jbc.org/

Histone H4K20 Monomethylation, Cell Cycle, and DNA Damage

A B

out reducing levels of PR-Set7 (Fig.
6A). Western analysis revealed sig-
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FIGURE 4. Lack of PR-Set7 and monomethylated H4K20 results in decondensed chromatin and mitotic
catastrophe. A, DAPI staining of control shRNA HEK 293 cells or PR-Set7 shRNA cells containing abnormally
large nuclei. The pictures were taken with a 40X objective at the same resolution. The scale bar is 20 um. B, the
total average nuclear volume was determined for the control and PR-Set7 shRNA HEK 293 cells. C, indirect
immunofluorescence of the control and PR-Set7 shRNA HEK 293 cells was performed using the H4K20 monom-
ethyl-specific antibody (red), y-tubulin (green), and counterstained with DAPI (blue). The scale bar is 20 um.
D, nuclei from the control and PR-Set7 shRNA HEK 293 cells were digested with 10 units of MNase for 1, 3, or 5
min (triangle) prior to fractionation by agarose electrophoresis. The highest DNA fragments represent oligo-
nucleosomes, and the lowest fragment corresponds to the size of a mononucleosome.

paired HCT116 cells that were either wild type p53 (WT) or
where both copies of p53 were eliminated by homologous
recombination (p53~/") (48). Both cell types were transfected
with either the control shRNA or the PR-Set7 shRNA that
depletes cells of PR-Set7 and monomethylated H4K20 (Fig.
5D). Western analysis demonstrated an equal increase in the
global levels of yH2AX in both WT and p53~ /" cells lacking
PR-Set7. Similar to the HEK 293 cells, a dramatic decline in cell
growth was observed in both WT and p53~/~ cells lacking PR-
Set7 compared with control cells (Fig. 5E). In addition, both cell
lines also mimicked the other phenotypes of the HEK 293 cells
in the absence of PR-Set7 including changes in the cell cycle
profile, abnormally large nuclei deplete of monomethylated
H4K20, chromosome decondensation, and centrosome ampli-
fication (data not shown). Collectively, these findings indicate
that all of the observed aberrant phenotypes in cells lacking
PR-Set7 are correlated with the loss of H4K20 monomethyla-
tion but are completely independent of p53 status.

PR-Set7 Monomethyltransferase Activity Is Required for Cell
Cycle Progression and Genomic Stability—Because the sShARNA
experiments depleted cells of both PR-Set7 and monomethyl-
ated H4K20, it remained unclear whether the observed pheno-
types were due to the lack of PR-Set7 enzymatic function. To
determine this, HEK 293 cells were transfected with either a
control vector expressing GFP or a vector expressing a catalyt-
ically dead (CD) PR-Set7 R265G point mutant that acts as a
dominant negative by depleting monomethylated H4K20 with-
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nificant elevated levels of yH2AX in
the PR-Set7 CD cells compared with
GEP cells, indicating an increase in
DNA damage, consistent with the
PR-Set7 shRNA cells. In addition,
flow cytometry demonstrated that

Control  PR-Set7? B ~
el B r the PR Set? CD cells had an ~12%
decrease in G; cells, an ~1%
increase in S phase cells, and an
~11% increase in G,/M cells com-

C | PR-S i

Conte B pared with the GFP control cells
il (Fig. 6B). The aberrant nuclear phe-

el ViNase
= notypes observed in the PR-Set7

shRNA cells were also observed in
the PR-Set7 CD cells: large nuclei
lacking monomethylated H4K20,
decondensed chromosomes, and
centrosome amplification (Fig. 6C).
Both the HCT116 WT and p53 '~
cells transfected with the PR-Set7
CD construct displayed growth pro-
files similar to the PR-Set7 shRNA
cells, demonstrating that the
observed phenotypes are correlated
to the lack of monomethylated
H4K20 rather than p53 (Fig. 6D).
Collectively, these findings demon-
strate that the catalytic function of
PR-Set7 is required for mitotic entry
and genomic stability independent of p53 status.

—tri

DISCUSSION

Our findings demonstrate that PR-Set7-mediated monom-
ethylation of histone H4K20 has a distinctive cell cycle profile
that is required for proper cell cycle progression in mammalian
cells. We found that PR-Set7 protein levels and monomethyl-
ated H4K20 are lowest in G; but rapidly rise during late S phase
and peak precisely from prometaphase to anaphase. In contrast,
di- and trimethylation of H4K20, most likely by the Suv4-20
enzymes (16), are highest at G; and decline during S and G,/M
before returning to basal levels following cell division. There-
fore, H4K20 monomethylation has a unique cell cycle profile
compared with the other histone H4K20 methyl modifications.

One particularly interesting observation is the relatively
rapid decrease in the levels of monomethylated H4K20 as cells
exit mitosis and enter G;. In contrast to di- and trimethylated
H4K20, this observation cannot be attributed to replication-
associated deposition of unmodified histones because the cells
are no longer in S phase. One possible explanation for the
decrease in monomethylated H4K20 is the replication-inde-
pendent exchange of modified histones with naive histones
(49). The observed “loss” of monomethylated H4K20 following
mitosis would then be attributed to the absence of PR-Set7
during these phases of the cell cycle; it is not present to monom-
ethylate naive H4 (supplemental Fig. S2). However, this dilution
theory may be unlikely because monomethylated H4K20 is typ-
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FIGURE 5. Absence of PR-Set7 and monomethylated H4K20 results in DNA damage independent of
p53 status. A, indirect immunofluorescence of control shRNA or PR-Set7 shRNA HEK 293 cells for yH2AX-
associated damaged DNA (red) co-localized with nuclear DAPI staining (blue). The scale bar is 20 um.
B, Western analysis of wild type HEK 293 cells for yH2AX and monomethylated H4K20 following incuba-
tion with increasing amounts of etoposide for 2 h. C, purified HeLa nucleosomes were incubated with a
GST fusion protein containing the tandem tudor domains of 53BP1 or GST alone as the control. Western
analysis was performed on the GST-bound material. D, Western analysis of cell lysates from HCT116 wild
type and p53 null cells transfected with either the control or PR-Set7 shRNA. E, growth curves of the
transfected HCT116 cells measured 2 days after puromycin selection for 4 days (x axis) and plotted relative

to the starting number of cells (y axis).

ically found in compacted chromatin, which is physically resist-
ant to histone exchange. Another possible explanation is that
an unknown H4K20 demethylase is active during this point in
the cell cycle to rapidly decrease global levels of monomethyl-
ated H4K20. However, none of the currently identified histone
demethylases impact H4K20, and all appear to act at a local
level to regulate transcription rather than causing a global
decrease in histone methylation (50). A third possibility is that
monomethylated H4K20 serves as a preferred substrate for the
di- and trimethylation of H4K20 by the Suv4—20 enzymes, as
recently proposed (16, 51). This theory is consistent with our
cell cycle findings where the apparent loss of monomethylated
H4K20 is coincident with global increases in the di- and trim-
ethylated forms as the cells exit mitosis. Although all three of
these possibilities are not mutually exclusive, further investiga-
tions will need to be performed to determine which of them
contributes to the loss of monomethylated H4K20 following
mitosis.
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these differences is the evolution-
ary specialization of the histone
methyltransferases and their asso-
ciated biological functions coinci-
dent with increased genome com-
plexity. For example, the PR-Set7
homologs in S. pombe and Api-
complexan are responsible for all
three methylated forms of H4K20,
whereas the mammalian form is a strict monomethyltrans-
ferase (22, 25).

Another difference between the response of flies and humans
to the absence of PR-Set7 is DNA damage. It was previously
shown that fly neuroblasts lacking PR-Set7 activated ATR;
however, there was no indication of DNA damage in these cells
(46). In contrast, we demonstrated that the absence of PR-Set7
and its enzymatic function in human cells results in the activa-
tion of ATM and an associated significant increase in damaged
DNA. Because PR-Set7 was recently shown to also methylate
p53 and regulate its function (47), it was highly likely that the
observed cell cycle arrest and activation of DNA damage path-
ways in the absence of PR-Set7 was due to altered p53 function.
However, in the paired wild type and p53~/~ HCT116 cells
lacking PR-Set7 enzymatic function, we observed the identical
cell cycle defects and DNA damage regardless of p53 status,
indicating that p53 methylation by PR-Set7 is not responsible
for these phenotypes. Contrary to these findings, a recent
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FIGURE 6. H4K20 monomethylation is essential for cell cycle progression and genomic stability. A, West-
ern analysis for monomethylated H4K20 and yH2AX on HEK 293 cells expressing GFP or a CD PR-Set7 R265G
point mutant. B, the GFP and PR-Set7 CD transfected cells were stained with propidium iodide for flow cytom-
etry analysis to visualize their cell cycle profile. C, indirectimmunofluorescence of the PR-Set7 CD HEK 293 cells
was performed using the H4K20 monomethyl-specific antibody (red), y-tubulin (green), and counterstained
with DAPI (blue). The scale bar is 20 um. D, growth curves of the HCT116 WT and p53 null cells transfected with
GFP or PR-Set7 CD. Cell growth was determined 2 days after puromycin selection for 4 days (x axis) and plotted

relative to the starting number of cells (y axis).

report demonstrated that inactivation of p53 by expressing the
human papillomavirus oncoprotein E6 in human fibroblasts
could partially suppress the G, arrest associated with the loss of
PR-Set7 (30). Although the reasons for these differences remain
unclear, the collective findings suggest that p53 is not sufficient
to induce the observed G, arrest in cells lacking PR-Set7 and
monomethylated H4K20.

Our findings strongly suggest that PR-Set7 monomethyla-
tion of H4K20 is a critical event for cell cycle progression and
genomic stability. Although we speculated that PR-Set7-medi-
ated H4K20 monomethylation played a role in the DNA repair
process, we failed to detect changes in bulk levels of this histone
modification following several types of genotoxic stresses. Our
results indicate that they do not play a role in immediate DNA
repair pathways but rather most likely serve a protective func-
tion. It has been proposed that this protective function is acti-
vated upon DNA damage where the breaks expose methylated
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53BP1 preferentially binds nucleo-
somes enriched in monomethylated
H4K20. Collectively, these results
strongly suggest that the lack of
monomethylated H4K20 does not
necessarily cause DNA damage but
makes cells more vulnerable to
damage by preventing the proper
localization of 53BP1 to sites of
damage.

Our findings suggest that PR-
Set7-mediated monomethylation of
H4K20 plays a direct role in proper
cell cycle progression and protec-
tion from DNA damage. However,
possible indirect effects caused
from the lack of PR-Set7 and
monomethylated H4K20 cannot be
discounted, especially because these
also function to regulate the tran-
scription of many unidentified
genes (26). It is possible that the
improper expression or repression
of these genes in the absence of PR-
Set7 may contribute to the observed
phenotypes, but their direct roles in
this process cannot be properly
assessed until these genes are iden-
tified. Increasing reports demon-
strate that histone-modifying en-
zymes can also modify proteins
other than histones to regulate their
functions (52). Therefore, it is plau-
sible that PR-Set7 could methylate an unknown protein, other
than histone H4, that functions in cell cycle progression and/or
genomic stability. Although this is possible, previous findings
clearly demonstrate that H4K20 is the major and preferential in
vivo target of PR-Set7, strongly suggesting that H4K20 monom-
ethylation is a critical event in proper cell cycle progression and
protection from DNA damage (23, 24).

How could monomethylated H4K20 play a direct role in
these biological processes? Increasing evidence indicates that
histone modifications recruit and bind regulatory factors via
conserved protein motifs and that this interaction is required
for the observed biological effect (53). Indeed, we demonstrate
in this report that the tandem tudor domains of 53BP1 prefer-
entially bind monomethylated H4K20 nucleosomes, thereby
predicting a model for protection from DNA damage. But what
role does monomethylated H4K20 play in the cell cycle? Based
on our findings and previous reports, we propose that this his-
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tone modification plays a critical role in mitotic chromatin con-
densation. It was recently discovered that a human tumor sup-
pressor protein called L3MBTL1 (lethal 3 malignant brain
tumor-like 1) can specifically bind mono- and dimethylated
H4K20 via a conserved malignant brain tumor motif (34, 54).
Although it was shown that L3BMBTLI1 can associate with
known chromatin condensation-related proteins in vivo, such
as heterochromatin protein 1 and histone H1b, its direct inter-
action with methylated H4K20 was sufficient to cause chroma-
tin condensation in vitro. Therefore, it is highly possible that
the cell cycle-regulated H4K20 monomethylation by PR-Set7
serves to recruit and bind factors, such as L3MBTLI, that
directly promote mitotic chromosome condensation. Follow-
ing mitosis, PR-Set7 and monomethylated H4K20 levels dra-
matically decrease coincident with G;-associated chromatin
decondensation. This paradigm is consistent with recent
reports in the unicellular parasite, Apicomplexa, and Drosoph-
ila where the cell cycle profiles of H4K20 monomethylation are
identical; the lack of PR-Set7 in flies results in abnormally high
amounts of DNA and chromatin decondensation (33, 46, 55).
Consistent with our findings, fly neuroblasts lacking PR-Set7
tended to accumulate in prophase and prometaphase and those
that entered mitosis displayed lagging chromosomes, strongly
suggesting that these cells were deficient for chromatin con-
densation. Therefore, the PR-Set7 monomethyltransferase
activity appears to play a central role in cell cycle-dependent
chromatin condensation, which is evolutionarily conserved
among metazoans.

While this manuscript was under review, it was reported that
PR-Set7 was targeted to replication foci by interacting with pro-
liferating cell nuclear antigen and that PR-Set7 was required for
proper DNA replication (28 —30). However, our findings clearly
demonstrate that PR-Set7 is only detectable and enzymatically
active at G,/M. In addition, PR-Set7 appears to be selectively
targeted for proteosome degradation during S phase (30).
Therefore, these findings strongly suggest that PR-Set7 mainly
functions in cell cycle progression during G,/M, when it is pres-
ent and active. Although cells lacking PR-Set7 do display pro-
longed S phase progression, they are able to consistently com-
plete DNA replication, but they are unable to proceed to
mitosis, which again implies a central role for PR-Set7 at G,/M.
Importantly, our findings indicate that the catalytic activity of
PR-Set7 is essential for this process, most likely by monomethy-
lating H4K20. This is supported by the observations that the
cell cycle defects do not manifest until several cell cycles after
depletion of PR-Set7 (29, 30). Our findings demonstrate that
these defects are precisely correlated with the steady reduction
of monomethylated H4K20 during these time points (supple-
mental Fig. S5). These findings predict that there is a specific
threshold of monomethylated H4K20 that is required for
mitotic chromatin condensation. This theory is consistent with
a report from flies lacking PR-Set7 where they cease develop-
ment at the third instar, the point at which the majority of the
maternal stores of methylated H4K20 are exhausted (24).

Collectively, previous findings and our new observations
strongly suggest a model where PR-Set7-mediated monom-
ethylation of H4K20 is required for chromatin condensation for
entry to prometaphase. Because condensed chromatin provides
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inherent protection from intrinsic genotoxic stresses, the
decondensed chromatin in the absence of monomethylated
H4K20 would make DNA more susceptible to damage, as
observed. It remains unclear whether the lack of PR-Set7 plays
a direct role in centrosome amplification or if this occurs
because of the prolonged G, arrest. Regardless, the aberrant
centrosome amplification could result in chromosome segrega-
tion defects. This is consistent with findings that fly imaginal
discs lacking PR-Set7 have a delayed cell cycle and the cells
have a significant increase in DNA content, strongly suggest-
ing aneuploidy (33). Therefore, mammalian cells with inap-
propriate doses of PR-Set7 and monomethylated H4K20 that
escape the G, arrest and survive may result in daughter cells
prone to a cancer phenotype. The failure to properly com-
pact chromosomes could lead to gross chromosomal abnor-
malities, and the atypical increase in centrosomes could lead
to aneuploidy during cell division, even in the presence of
wild type p53. This possibility implies an important role for
PR-Set7 and H4K20 monomethylation as tumor suppressors
that function to prevent DNA damage and maintain genomic
stability.
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