






firms that DNMT1 expression was not significantly altered
(data for HeLa cells shown in Fig. 2C, and for colon cancer cells
see Fig. 4, A and B). We performed fluorescence-based HR
assays on I-SceI transfected and lentivirus-transduced cells. In
the controls, GFP-expressing cells showed the typical 1:1 ratio
between high (HR-H) and low expressing (HR-L) cells, which
differ in DNA methylation states (10). These data (Fig. 1C)
demonstrate that knocking down DMAP1 significantly
increases the HR-H and decreases the fraction of HR-L (low
expressors) without affecting the frequency of HR (Fig. 1D).
Moreover, expression of DNMT1 was not affected in the
DMAP1 knockdown cells (noted above); therefore, alterations
in expression cannot be due to variable amounts of total endog-

FIGURE 1. HR repair-induced silencing using DR-GFP. A, HeLa DR-GFP con-
struct (10, 26). HeLa cells containing a stably integrated copy of DR-GFP were
used in the analysis (HO-1 cell line). There are two mutated GFP cassettes,
separated by a puromycin selective marker. The 5� cassette (GFP-I) has been
inactivated by the addition of an I-SceI site containing tandem in-frame stop
codons. The 3� cassette (GFP-II) contains a partial (812 bp) internal GFP coding
sequence and is therefore inactivated by 5� and 3� truncations. The two cas-
settes are separated by 3.7 kb. After transfection with a plasmid encoding the
I-SceI, a unique double strand break induces homology-directed repair at the
GFP integrant. Cassette II (GFP-II) acts as a homology donor to convert GFP-I
into WT GFP in a short tract gene conversion event. Also shown are rec and
unrec primers. Note that both primer sets are designed to analyze only cas-
sette I because cassette II lacks the sequence for a downstream (3�) primer
(because of 5�/3� truncations of GFP). The rec and unrec primers are further
distinguishable at the bold nucleotide positions. B, HO-1 cells were infected
with lentivirus expressing either nonhairpin control (Mock) or shRNA against
DMAP1. Expression of DMAP1 mRNA was quantified using real time RT-PCR.
All of the data were normalized with GAPDH expression. C, analysis of HR-H
and HR-L expression classes in DMAP1 knockdown cells. After infection with
two shRNA lentiviruses or a mock (nonhairpin control), HO-1 were transfected
with I-SceI. After incubation for 4 days, GFP-positive cells were analyzed by
FACS and to determine the HR-H:HR-L ratios (using CellQuest software).
D, analysis of HR frequency was performed by comparing the mock shRNA
cells with shDMAP1 by PCR using the Rec primer (plus internal �-actin con-
trol) as previously described (10).

FIGURE 2. Growth behavior and influence of DMAP1 on endogenous
DNMT1. A, genome wide activity of endogenous DNMT1 using the ICM assay.
The in vivo activity of endogenous DNMT1 was measured in HeLa cells
infected with shRNA expressing lentivirus 2 days post-infection. The cells
were pulsed with 10 �M of aza-dC for 1 h and rapidly lysed with 1% sarkosyl
followed by CsCl step gradient purification of genomic DNA as described
under “Experimental Procedures.” DNA fractions (1.7g/cc) were pooled, and
the DNA concentration was measured by absorbance at 260 nm. Either 0.5, 1,
or 2 �g of genomic DNA were applied to nitrocellulose membrane using the
slot blot manifold. The membrane was then probed with anti-DNMT1 anti-
body. Because the DNA concentrations are fixed, and the amount of DNA is
constant per cell, the signals can be compared directly. The amount of
DNMT1 covalently bound to cellular DNA reflects the genome wide activity.
B, analysis of cell growth kinetics. After infection with the indicated lentivi-
ruses (mock, diamonds; shRNA1-1, squares; shRNA1-2, triangles) and selection
with puromycin, HeLa cells were seeded at 2 � 103 cells/well in a 96-well
microtiter plate. At each time point, the cells were lysed with 0.6% Nonidet
P-40, 0.4% PicoGreen in 1� PBS. Fluorescence was measured with Tecan
Genios plate reader with excitation at 485 nm and emission at 530 nm.
C, DMAP1 and DNMT1 mRNA levels. The cells were transduced with the indicated
DMAP1 viruses, and 18 days later, expression of DMAP1 and DNMT1 were mea-
sured using quantitative real time RT-PCR as described under “Experimental Pro-
cedures.” The data were normalized with GAPDH expression.
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enous DNMT1 protein. We previously found that that HR-L
(low expression class) was due to DNMT1 activity directed at
I-SceI flanking sequences after gene conversion (10). An
enrichment ofHR-Hwould be expected to occur in theDMAP1
knockdown cells if DNMT1 action was inhibited.
Reduction in DMAP1 Reduces DNA Methylation by Endoge-

nous DNMT1—We next considered the possibility that endog-
enous DNMT1 activity was influenced by alterations in
DMAP1 in our experiments. To assess global or genome wide
activity of DNMT1, we performed a catalytic trapping assay to
measure the total amount of endogenous DNMT1methylation
using the ICM method (27). In this experiment, the cells are
pulsed with aza-dC (which does not alter HR frequency) (10),
and the resulting covalent DNA�DNMT1 complexes were puri-
fied byCsCl gradient centrifugation. Fixed amounts of genomic
DNA are probed with anti-DNMT1 antibody to determine the
amount of DNMT1 bound on a per genome basis (27). In the
control cells, covalent binding of DNMT1was dependent upon
treatmentwith aza-dC as shownpreviously (27) (Fig. 2A). In the
knockdown cells, we observed a large reduction (40–60% in
different experiments) in the activity of the endogenous
DNMT1 on genomic DNA (Fig. 2A, compare rows 2, 4, and 6).
Also, we observed a gradual reduction in the growth rate of the
cells (Fig. 2B), and by day 4 the cells essentially stopped grow-
ing; therefore, DMAP1 influenced growth-related gene expres-
sion circuits possibly through global methylation. This is con-
sistent with the in vivo DNMT1 trapping data showing overall
reductions in cellular methylation by DNMT1 in the trans-
duced cells (Fig. 2A). As noted elsewhere (Figs. 1B and 4B)
reduced DNMT1 catalytic activity is not due to alterations in
total cellularDNMT1protein in these experiments. Even as late
as 18 days post-transduction, expression of DNMT1 was not
diminished (based on RT-PCR) under conditions where
DMAP1 transcription was significantly repressed (Fig. 2C).
Taken together, the data suggest that DNMT1 activity in chro-
matin depends on DMAP1, and the slow growth phenotype is
caused by alterations in expression status of genes involved in
growth control circuits (for example hypomethylation of tumor
suppressor genes; see Fig. 4).
DMAP1 Enhances DNMT1 Activity in Vitro—The data in

Fig. 2A are based on short pulses with aza-dC to trap endoge-
nous DNMT1 on genomic DNA in cells; however, we were
concerned that the slower growth of transduced cells (Fig. 2B)
might alter the incorporation of the hypomethylating drug
into the DMAP1 knockdowns. Others have demonstrated
DMAP1�DNMT1 complex with HDAC2 at replication foci
(31–33); therefore, to determine whether DMAP1 has the abil-
ity to directly modulate DNMT1 action, independent of other
factors, we performed in vitro DNA methylation assays with
purified DNMT1 and a target oligonucleotide containing a sin-
gle CpG. Although DNMT1 has a strong preference for hemi-
methylated targets, it also performs de novo, as indicated with
HR silencing (10). In this experiment, both hemi- and unmeth-
ylated DNA substrates were examined. The data show that
DNMT1 activity is enhanced 2.5-fold by DMAP1 on hemi-
methylatedDNA and�1.5-fold on unmethylatedDNA (Fig. 3).
Human ETS1 protein did not alter DNMT1 activity on either
hemi- or unmethylated targets (ETS1 is not a DNMT1 interac-

tive factor, and the oligonucleotide substrate does not contain
ETS1 binding sites). Because the primary amino sequence of
DMAP1 does not show any homology with catalytic domains
found in DNAmethyltransferases, the elevation of DNAmeth-
ylation should be attributed to the activity of DNMT1 (DMAP1
alone does not methylate DNA) (Fig. 3). The in vitro data are
consistent with the in vivo results (aza-dC trapping; Fig. 2A)
and confirm that DMAP1 stimulates DNMT1 activity and that
this stimulatory action on DNMT1 proceeds independently of
other cellular components; however, it is likely that other fac-
tors may acutely impact events in a chromatin context.
Reduced DMAP1 and Demethylation of the p16 Promoter—

The data thus far suggest thatDMAP1plays a supportive role in
DNMT1 action globally (Fig. 2A) and specifically in HR repair
chromatin locally. This result suggests that DMAP1 represents
a central component in DNMT1 regulation and can influence

FIGURE 3. Activation of DNMT1 activity by DMAP1. In vitro methylase
assays were performed using either unmethylated or hemimethylated 30-bp
oligonucleotides with 200 ng of purified DNMT1 with or without purified
DMAP1 (0, 200, and 400 ng, DMAP1 tested). As a nonspecific negative control,
purified ETS1 protein tested at the same concentration (200 and 400 ng).
A, the results are expressed as pmol of incorporation of Ado-Met, corrected
for backgrounds (minus DNMT1 reactions and reactions pretreated with pro-
teinase K). To facilitate comparison of HM and unmethylated (UM) targets, the
data are presented relative to DNMT1 lacking any protein additions. *, p �
0.05; statistical significance was determined using a Student’s t test. B, the
data presented as percentages of DNMT1 activity without DMAP1.
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methylation in a specific fashion. The effects ofDMAP1 shRNA
on inhibition of cell growth (Fig. 2) may be a consequence of
DNMT1 inhibition, resulting in hypomethylation of unknown
gene targets culminating in a slow growth phenotype. To test
this, we examined methylation of the p16 promoter, which is
silenced inHCT-116 (34). HCT-116 cells were transducedwith
the shRNA lentivirus, and expression of DMAP1 was evaluated
by real time PCR. At 10 days post-transduction, the two inde-
pendent shRNA constructs reduced DMAP1 expression by
�60–80% (Fig. 4A), and Western blots confirm down-regula-
tion at the polypeptide level (Fig. 4B). As noted with the HO-1
cell line, knocking down DMAP1 expression did not alter
DNMT1 expression (see also Fig. 2C). The methylation status
of the �500-bp region in p16 promoter was also analyzed (Fig.
4C) after infecting HCT116 cells with lentivirus expressing
shRNA, at days 10 and 18.Mock infected cells showed�50% of
the methylation level consistently at days 10 and 18. The shD-
MAP1-1 knockdown cells displayed �30% of reduction in
methylation level (�50% to �20%). Interestingly, shDMAP1-2
showed little if any change at day 10; however, by day 18, meth-
ylation levels decreased to �30% as cells slowed or stopped
growing. As a control, the cells were treated with 5 �M aza-dC
for 7 days, which strongly affected cell growth. The region was
completely demethylated by aza-dC, and we noted that cell
division was strongly inhibited. These results suggest that
DMAP1 knockdowns ultimately cause hypomethylation of the
p16 promoter region over time. To examine the generality of
demethylation, we checked several DNA sequences that are
known to be highly methylated in HCT116 cells: AluSx, AluJ,
LINE1, TIMP-3, and VEGFR1 (data for LINE-1 and TIMP-3
shown in Fig. 4D). These highly methylated genomic DNA
regions did not show any change in DNA methylation pattern.
Among the genomic DNA sequences examined, only the p16
promoter was hypomethylated.
DMAP1 Is a DNA-binding Protein That Preferentially Binds

Hemimethylated DNA—DMAP1 is a co-repressor that forms a
complex with DNMT1 and targets replication foci in the S
phase (31). Mobility shift experiments demonstrated that
DMAP1 binds DNA in a non-sequence-specific manner (data
not shown), and we next asked whether DNAmethylation sta-
tus was important in DNA binding. For this analysis, we quan-
tified DMAP1/DNA binding using SPR analysis to derive rate
constants, ka (association) and kd (dissociation), and from this
relationship (kd/ka), we determined the equilibrium binding
constant (KD). TheKD value is the affinity binding constant that
represents complex life span; specifically, a lower KD value cor-
responds with a higher affinity (35, 36). These SPR experiments
were conducted with purified DMAP1 and unmethylated,
hemimethylated, or fully methylated 30-bp oligonucleotides
containing a single, centrally located CpG site. The KD values
therefore reflect the importance of a single or double methyl
group on opposing strands. The relative affinity of DMAP1 for
hemimethylated (HM)DNA (Table 1 and Fig. 5A) was 280-fold
greater than unmethylated DNA and 32-fold greater than fully
methylatedDNA targets. The binding preferencewas therefore
hemimethylated � fully methylated � unmethylated. A KD
value in the low nanomolar range (HMDNA) corresponds to a
relatively long half-life for the complex. The prediction is that

under such conditions, the majority of endogenous DMAP1
should be bound at HM sites in association with DNMT1. We
considered that in this case, ectopic addition of DMAP1 should
not influence endogenous DNMT1 methylation of genomic
DNA, if all of theHMDNA sites are already bound. To test this,
we transfected HO-1 cells with DMAP1 plasmid and tested the
activity of DNMT1 on genomic DNA using ICM. The cell

FIGURE 4. Methylation of p16 in HCT116 cells. Wild type HCT116 colorectal
cancer cells were infected with lentivirus expressing shRNA (shDMAP1-1 and
shDMAP1-2 constructs directed to DMAP1) or control shRNA (mock). A, tran-
scriptional activity of DMAP1 and DNMT1 was determined by quantitative
real time RT-PCR, and the data were normalized relative to GAPDH expres-
sion. B, analysis of polypeptide levels by Western blotting. Nuclear extracts
were prepared as described under “Experimental Procedures,” and equiva-
lent protein loads were analyzed by SDS-PAGE gels followed by Western blot-
ting using anti-DMAP1, anti-DNMT1, and anti-lamin A/C antibody probes.
C, bisulfite sequencing of p16 gene in mock, shDMAP1-1, shDMAP1-2, and
aza-dC (5 �M). The cells were harvested for bisulfite analysis at 10 and 18 days
post-transfection. In the aza-dC-treated cells, bisulfite treatment was carried
out at 7 days only. D, bisulfite sequencing of LINE-1 and TIMP-3 genes.
Genomic DNA from either mock or shRNA-infected HCT116 cells was
extracted, sodium bisulfite-treated, and amplified using a suitable primer pair
for p16 genomic DNA (�119 to �380, see “Experimental Procedures”). Ampli-
fied DNAs were subcloned into pGEM-T easy vector, and 10 independent
clones were sequenced. The sequences were analyzed using BiQ Analyzer
software (for p16) or QUMA software (LINE-1, TIMP-2. An open circle denotes a
unmethylated CpG dinucleotide; a closed circles denotes a methylated CpG
dinucleotide.
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growth behavior was not affected by ectopic addition of
DMAP1 (not shown). The data show that the addition of excess
DMAP1 did not significantly alter global methylation by
DNMT1 (Fig. 5B). This suggests that endogenous DNMT1 is
sequestered with the endogenous DMAP1 and that additional
protein is not able to further impact cellular methylation
profiles.
To examine the molecular association in chromatin, we car-

ried out ChIP experiments using PCR primer pairs that detect
either recombinant (rec) or nonrecombinant (unrec) GFPmol-
ecules (see Fig. 1 map); therefore, we could examine chromatin

FIGURE 5. DNA binding activity and localization of DMAP1 in recombinant HR chromatin. A, DNA binding activity of DMAP1 was analyzed using SPR
assay. Biotinylated hemimethylated, unmethylated, or fully methylated double strand oligonucleotide DNA were immobilized on the gold chip coated
with NeutrAvidin. Purified DMAP1 protein was applied to the chip at a concentration of 1, 10, 25, 50, and 100 nM (flow rate of 10 �l/min). The KD values
shown were derived from kinetic parameters based on the relationship KD � kd/ka, where kd is the dissociation rate constant, and ka is the association
rate constant. The ka and kd rate constants (Table 1) were derived by nonlinear curve fitting of sensogram data at the concentrations indicated above.
A representative SPR trace is shown for each DNA target, and the analysis was repeated four times with different oligonucleotide and protein prepa-
rations. B, effects of overexpression of DMAP1 on endogenous DNMT1 activity. The ICM method, which measures the total amount of endogenous
DNMT1 trapped on genomic DNA (34), was used to examine the influence of high level expression of DMAP1 on global methylase activity mediated by
DNMT1. HCT-116 cells were transfected with vector (mock) or DMAP1 plasmid (2.5 �g), and 48 h later, exponentially growing cells were incubated with
10 �M aza-dC for 1 h and immediately lysed with sarkosyl. The indicated amounts of genomic DNA were spotted on a slot blot and probed with
anti-DNMT1 antibody. C, ChIP analysis. The molecular association between recombinant GFP, DMAP1, and DNMT1 in a chromatin context was analyzed
by chromatin immunoprecipitation assay. After transfection of either mock or I-SceI plasmid, the cells were formaldehyde-fixed and harvested. The
sonicated DNAs were mixed with antibodies as indicated. Final immunoprecipitated DNAs were amplified with Rec primers, which detects only the
recombinant GFP DNA. Anti-LexA antibody was used as a negative control. D, band intensity ratios of DMAP1:DNMT1 before HR (� I-SceI) and after HR
(� I-SceI) in unrecombined chromatin (unRec primers) and recombinant chromatin (Rec primers). The analysis was repeated in three independent
experiments (see Fig. 1A for details on primer construction).

TABLE 1
SPR affinity data
SPRdata are from four independent experiments, and a representative tracing for all
DNA targets is shown in Fig. 5A. ka is a rate constant that corresponds to the on rate
value, whereas kd represents the off rate. The dissociation constant (KD) is derived
from kd/ka.

DNA ka kd KD

M�1 s�1 s�1

Unmethylated 1.75 � 109 2.02 � 103 1.16 �M (	 5 �M)
Hemimethylated 1.86 � 108 7.77 � 10�2 4.15 nM (	 20 nM)
Fully methylated 1.51 � 106 2.0 � 10�1 131.7 nM (	 68 nM)
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structures that exist before and after HR repair/gene conver-
sion. The 5� unrec primer will only amplify the nonrecombi-
nant GFP molecules from Cassette I because the 3� primer is
missing from Cassette II. The 5� rec primer is based on the
converted BcgI sequence and only amplifies recombinant GFP
molecules (Fig. 1A). The data confirm that in the absence of
I-SceI, we did not detect any PCR products in the various ChIPs
in the absence of HR (Fig. 5C). We detected DNMT1 and
DMAP1 in the unrecombined GFP chromatin. There is evi-
dence for transgene silencing (37), suggesting that that inte-
grated DR-GFP is methylated by DNMT1 (which explains the
presence of the co-repressor, DMAP1). After HR (�I-SceI)
both DNMT1 and DMAP1 were in a complex specific to
recombined chromatin. Following HR, the unrecombined GFP
chromatin contained lower levels of DNMT1 and DMAP1;
however, analysis of DMAP1/DNMT1 ratios (from three
independent ChIP experiments) revealed that unrecombined
templates contained approximately half asmuchDMAP1 com-
pared with DNMT1 (Fig. 5D); therefore, DMAP1was preferen-
tially enriched in post-HR GFP chromatin. A negative control
with the LexA antibody did not recover any DNA products.
Collectively, these data suggest a specific association between
DNMT1, DMAP1, and recombinant GFP chromatin generated
by HR repair.
DMAP1 Depletion and p16 Hypomethylation—An impor-

tant question from these studies relates to the basis for selective
hypomethylation of the p16 gene (Fig. 4) given our evidence
suggesting a role in HR-specific events (Fig. 5). In other words,
why would DMAP1 depletion incite hypomethylation at a gene
that is not specifically damaged by I-Sce1? One possibility we
considered is that DMAP1, in addition to promoting DNMT1
silencing at sites of HR repair, might also be important in
genome stability. To address this, we examined DMAP1 in HR
repair using the HO-1 cell reporter system. In this experiment,
DMAP1 was depleted using shRNA (or in mock RNA controls)
in HR reporter cells before and after I-Sce1 transfection. The
mock infected cells displayed the expected levels of GFP
expression before and after I-Sce1 expression (10); however, in
the DMAP1 knockdown cells, significant levels of WT GFP
were detected in the absence and presence of I-Sce1 (Fig. 6, top
panel). This was also seen in the shDMAP1-2-treated cells (not
shown). This striking increase in the percentage of GFP sug-
gests that depletion of DMAP significantly activates HR path-
ways in these cells, and because we detected a clear increase in
GFP positive cells even in the absence of I-Sce1 (Fig. 6, top
panel), we conclude that DMAP1 depletion stimulates HR as a
result of DS DNA breaks and genome instability. The HR-H
(high expressor) fraction was elevated in recombinant cells
because of low DNMT1 activity (see Fig. 2A) in cells lacking
DMAP1 co-repressor activity (Fig. 6, bottom panel). In support
of this, a recent report showed that DMAP1 depletion leads to
genome instability in mouse cells, in particular in a p53 minus
background (HO1cells are p53minus) (30).Moreover,DMAP1
knockdowns accumulate DS DNA breaks, are aneuploid, and
are highly tumorigenic inmice (30). These findings help explain
why the p16 gene is altered in DMAP1 knockdown cells. In this
case, DMAP1 depletion causes genome instability leading to
damage (and repair) of genes such as p16. The resulting DNA

repair-based silencing is inhibited in DMAP1-depleted cells
leading to hypomethylation of HR repair sites (along with an
increase in HR-H expressor class). Because p16 is only partially
methylated in these cells (Fig. 4C), any DNA damage and repair
without the support of DMAP1 co-repressor could potentially
induce hypomethylation and p16 expression. Note that Line-1
and TIMP-3 are much less likely to suffer genetic instability in
the DMAP1 knockdown cells caused by repressed chromatin
associated with hypermethylated domains (Fig. 4D).

DISCUSSION

Here we demonstrate that DMAP1 participates in the epige-
netic reprogramming that was previously shown to attend
homology-directed DNA repair (10). This means that DMAP1
acts a co-repressor in global maintenance methylation (31), as
well as cooperatingwithDNMT1 in epigenetic alterations asso-
ciated with repair of DS DNA breaks. Mechanistically, it

FIGURE 6. Influence of DMAP1 depletion on HR frequency. Top panel, the
HeLa DR-GFP construct (10, 26) described for Fig. 1 (HO-1 cell line) was used in
this experiment. HO-1 cells were infected with lentivirus expressing either
nonhairpin control (Mock) or shRNA1-1 against DMAP1. After incubation for 4
days, the cells were transfected with either I-Sce1 or no I-Sce1 (negative con-
trol), and the percentages of GFP-positive cells were analyzed by FACS 4 days
later. Under these conditions, DMAP1 expression levels are reduced by 4 – 6-
fold (in different experiments, see Fig. 4), and cells display a slow growth
phenotype (Fig. 2). B, analysis of HR-H and HR-L expression classes in DMAP1
depleted cells following I-Sce1 transfection was carried out as described for
Fig. 1.
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appears that DMAP1 has a strong binding preference for hemi-
methylated DNA and stimulates DNA methylation mediated
by DNMT1. DMAP1 stimulatesmaintenance as well as de novo
DNMT1 activity in vitro. The silencing of recombinant GFP
following HR was previously shown to involve DNMT1, based
on mouse ES cell DNMT1�/� mutants and on ChIP experi-
ments performed in human cell lines (10). HR repaired DNA is
hemimethylated, and subsequent outgrowth of cells yielded
two expression classes of GFP, a high (HR-H) and a low (HR-L)
group of cells that differ in DNA methylation status at DNA
sites flanking the I-SceI site. Depleting DMAP1 using shRNA
increased expression of theHR-H class (undermethylated, high
expression class), whereas the HR-L (low expressor) class was
reduced; however, HR frequency was not similarly affected.
This result is consistent with the biochemical data showing that
DMAP1 stimulates DNMT1 activity on hemi- and unmethyl-
ated DNA targets. We propose that in a chromatin setting,
DMAP1 provides support as a co-repressor for DNMT1, and in
DMAP1 limited cells, HR repaired GFP is hypomethylated as a
result of depletion of DMAP1. The end result is an overall
increase in GFP attended by a decrease in the HR-L (methyl-
ated) expression class.
DMAP1 in Repair Methylation—DMAP1 is a DNMT1 bind-

ing partner (31), and in vitro biochemical data (Fig. 3) confirm a
supportive role in maintenance and de novo methylation. To
extend these findings in vivo, we examinedwhether eliminating
DMAP1would alter the ability of DNMT1 to act globally on the
genome, using a brief aza-dC pulse to trap the methylase on
genomic DNA (Fig. 2A) (27). This method gives an overview of
the genome wide activity of a specific methylase (DNMT1 in
this case). The results are consistent with the biochemical data
and show that DMAP1 promotes DNMT1�DNA covalent com-
plexes. In the absence of DMAP1, the genome is hypomethyl-
ated, thereby leading to a growth reduction arising from reac-
tivation of genes that negatively modulate growth (such as
tumor suppressor genes) (34). This was confirmed in two ways.
First, we demonstrated that DMAP1 knockdowns initially dis-
played a slow growth phenotype and eventually ceased growing
(Fig. 2B). Second, we found that the p16 gene was hypomethyl-
ated in the DMAP1 knockdown cells (Fig. 4C). Reactivation of
p16 would explain the growth phenotype we observe. Note that
we did not detect any changes in terminal restriction fragment
lengths using a telomere-specific probe,3 which suggests that
telomere erosion/repair was not involved. Moreover, hypo-
methylation cannot be attributed to a reduction in DNMT1
levels in the shRNA transduced cells, based on Western blots.
The more likely interpretation is that DNMT1 activity is
affected by limited DMAP1 availability, leading to less robust
methylation in these cells. The data suggest that DMAP1 has
multiple roles as a DNMT1 co-repressor because DNMT1 tar-
gets HR repair chromatin (10) and other repair sites most likely
through its proliferating cell nuclear antigen-binding domain
(21, 30).
DMAP1 Depletion, p16 Hypomethylation—The data suggest

that DMAP1 participates in HR repair silencing (based on DR-

GFP reporter cells) and possibly in global methylation (based
on ICM (27) data); however, we propose that p16 hypomethyl-
ation in DMAP1 knock-outs (Fig. 4) is the collective result of
genome instability and co-repressor activity by DMAP1. We
show that depleting DMAP1 in HO-1 reporter cells containing
the DR-GFP cassette (Fig. 1) generatedWTGFP protein in the
absence of I-Sce1-induced cleavages. Initially, we considered
this to be a background problem in our assay; however, the
observation is highly reproducible and was detected with both
shRNA-DMAP1 constructs but not inmock or scrambled RNA
controls.Moreover, in I-SceI-transfectedHO-1 cells, HR repair
was significantly elevated aswell. As expected, limitingDMAP1
resulted in hypomethylated GFP products (HR-H or high
expressor class). Collectively, these data indicate that DMAP1
plays a key role in genome stability, either by directly promoting
HR repair or by stimulatingDNMT1methylation events, which
also promotes genome stability (21, 22). Our data do not allow
us to discriminate between these related consequences of
DMAP1 depletion. In our previous work we proposed that DS
DNA breaks in general and HR repair sites in particular are
marked by discontinuous hypermethylation in a segment 3� of
the DS break (10). Such hypermethylation marks would be
enhanced by the combined action of DMAP1 and DNMT1. A
striking hallmark of such hypermethylation events at breaks
sites is that roughly 50% of the sequenced alleles are hyper-
methylated. This can be seen in the WT p16 gene of HCT-116
cells (Fig. 4C, Mock), where roughly half of the sequences dis-
play hypermethylation; therefore, the p16 gene appears to have
the epigenetic features of a recombination product. We pro-
pose that in the absence of DMAP1, the methylation status is
reprogrammed by two related phenomena: first, DNA instabil-
ity leads to elevated damage at chromatin-accessible regions of
the genome (p16 being one of these sites), and second, faithful
HR repair ensues, but without DMAP1 support, the p16 gene
loses methyl-CpG residues, and the gene reactivates, leading to
the slow growth phenotype we observe. Possibly as a result of
post-HR hypomethylation and low DMAP1, this cycle of chro-
mosomal breakage, HR repair, and hypomethylation is
repeated, leading to an amplified outcome at selective genetic
loci. Thus, the p16 gene is particularly sensitive toDNAdamage
and epigenetic reprogramming associated with DNA repair.
Although DNA damage may be random in the absence of
DMAP1, certain genetic loci will be hypersensitive to damage
(much in the way the DNase I hypersensitive regions allow nucle-
ase access), and lacking co-repressor support, such regions are
repaired togiveWTgene functionbutwill be epigenetically repro-
grammed forexpression. Indeed,our findingsmayexplain theeffi-
cacy of hypomethylating drugs in cancer therapy that selectively
reactivate tumor suppressor genes (38–41).
Combining these observations with affinity binding data for

methylated DNA leads us to propose the model described in
Fig. 7. The two situations described (Fig. 7C, DMAP1 knock-
down, and Fig. 7B, WT DMAP1) are based on previous reports
that DNMT1 may act as a de novo methylase to establish a
hemimethylated repair intermediate (which does not segre-
gate) leading to twin populations of expression class (HR-H and
HR-L) in roughly equal proportions (10). This conclusion is
based on evidence for newmethylation events that did not exist3 G. E. Lee, J. H. Kim, M. Taylor, and M. T. Muller, unpublished observation.
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prior to HR; however, the possibility that epigenetic patterns
are overlaid onto the original pre-HR template was also pro-
posed (10). This suggests that DNMT1 methylation events are
an admixture of de novo and maintenance methylation. In this
case, some degree of hemimethylation post HR exists (for
instance 5� or 3� regions that flank the I-SceI region) to recruit

DMAP1, which retains DNMT1 at
the site of HR. Note that the KD val-
ues for DNMT1 for HMDNA are in
the micromolar range4; therefore,
DMAP1 is likely to play a central
role in assembly of the silencing
complex during or after HR. The
HR expressor classes are detected
following cell division and out-
growth leading to silenced daughter
cells (HR-L) and high expression
(unmethylated) daughter cells (HR-
H). DMAP1 also recruits or retains
DNMT1 at I-SceI flanking DNA
during subsequent S phase main-
tenance methylation schedules.
DMAP1 knockdown cells display
elevated genomic instability (Fig.
6A) and are also impaired in their
ability to strand-specificallymethyl-
ate HR repaired products, which
leads to hypomethylation post-HR
and an increase in the HR-H popu-
lation in the daughter cells. These
progeny cells would then display
slow growth as p16 expression
ramps up.
DMAP1 Preferentially Interacts

with HR Repair Chromatin—To
demonstrate a molecular associa-
tion with recombinant GFP and
DMAP1 in chromatin post HR, we
carried out immunoprecipitation of
sheared, cross-linked chromatin
(ChIP). By using primer pairs that
interrogate separately rec and unrec
chromatin, we were able to deter-
mine pre- and post-HR chromatin
affiliation with each protein. That
the presence of DMAP1 in chroma-
tin fragments is specific for recom-
binant chromatin comes from the
following pieces of evidence. First,
the PCR signal was specific for
DMAP1 antibody but negative with
heterologous control antisera. Sec-
ond, DMAP1 antibody signals were
clearly enriched using PCR primers
that amplify the recombinant GFP
products generated in I-SceI trans-
fectants. Third, positive control
anti-DNMT1 antibody yielded sig-

nals from I-SceI positive cells but nothing from the I-SceI neg-
ative counterparts. We conclude that DMAP1 is preferentially
bound to HR chromatin and helps shape the final epigenetic

4 G. E. Lee and M. T. Muller, unpublished data.

FIGURE 7. Model describing DMAP1 role in silencing of HR repair. A, HO-1 cells contain the DR-GFP reporter,
and following expression of I-SceI, HR repair is initiated that recovers WT GFP sequences from the cassette II
donor sequence at the BcgI site. The methylation state of the reporter GFP prior to HR does not alter recombi-
nation frequency or silencing outcome after HR (10). Following HR repair, methylation patterns are either reset
or overlaid with new patterns. The I-SceI site is converted to a BcgI site as WT GFP is restored. B, in cells with
normal DMAP1 levels, DMAP1 and DNMT1 are recruited as part the of the repair machinery (by proliferating cell
nuclear antigen or other repair factors) (21, 30). DNA flanking the I-SceI site is hemimethylated because of the
concerted action of DNMT1�DMAP1 on one strand (the opposing strand is protected, indicated by gray T
shapes). After cell division, two populations of cells are derived that differ in methylation state in flanking DNA
around the I-SceI site. The HR-H and HR-L are present at a 1:1 ratio. Because DMAP1 binds hemimethylated DNA
with high avidity and poorly to unmethylated DNA, it is likely that DMAP1 recruits DNMT1 to promote conver-
sion of hemimethylated to fully methylated DNA during the S phase; however, the daughter DNA strands
derived from the unmethylated parentals are not good DNMT1 targets because DMAP1 binds poorly to
unmethylated templates. C, in DMAP1 knockdown cells, DNMT1 activity is reduced because of the low levels of
the DMAP1 co-repressor, which then hampers recruitment of DNMT1 to GFP recombinant chromatin. This
effectively elevates the level of the HR-H (high expression class) and reduces the fraction of the HR-L. Because
DMAP1 knockdowns also display genomic DNA instability (Fig. 6) (30), HR repair and methylation events are
activated at sites of DNA damage in the knockdown cells; however, in the absence of DMAP1, DNMT1 action is
less robust, leading to hypomethylation at sites of HR repair.
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expression status of the repaired template. In the ChIP experi-
ments, the unrec primer without I-SceI represents silencing/
chromatin assemblies that exist prior toHR repair inCassette II
(Fig. 1A). By comparing DMAP1 before and after I-SceI trans-
fection, we could interrogate DMAP1 binding in the donor
sequence (Cassette II) before and after HR (Fig. 5D). There was
a slight but reproducible elevation in DMAP1 occupancy post
HR. In chromatin from �I-SceI/rec primer ChIP, DMAP1
occupancy increasedmore than 2-fold, suggesting thatDMAP1
is preferentially recruited to the HR repair complex. Because
this result is highly reproducible, the most reasonable interpre-
tation is that DMAP1 is involved in HR repair-based silencing
outcomes. Given the rather extreme preference of DMAP1 for
hemimethylated DNA and that DNMT1 methylation is stimu-
lated preferentially on HM DNA, we propose that DMAP1 is
important in events that occur after the primary process of HR
(as the GFP-positive cells enter the cell cycle and replicate).
Hemimethylated DNA, which appears downstream of the de
novo event (10), should be an attractive substrate for DMAP1
binding and co-repressor activity, in a fashion similar to that
proposed by Np95 (42, 43). Thus, our model would be that
during or following HR repair, DNMT1 re-establishes methyl-
ation marks over a short range of flanking sequences near the
I-SceI cleavage in a DMAP1-dependent fashion. Any resulting
hemimethylation regions would be high avidity sites for
DMAP1, which would then recruit and assist DNMT1 into
these chromatin domains. Further studies will be important to
identify key regulatory components that participate in HR
silencing; however, this work establishes a tractable model for
insight into rare epigenetic events associated with repair of
double strand DNA breaks.
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