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PR-Set7-Mediated Monomethylation of Histone
H4 Lysine 20 at Specific Genomic Regions Induces
Transcriptional Repression
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ABSTRACT
Increasing evidence indicates that the post-translational modifications of the histone proteins play critical roles in all eukaryotic DNA-

templated processes. To gain further biological insights into two of these modifications, the mono- and trimethylation of histone H4 lysine 20

(H4K20me1 and H4K20me3), ChIP-chip experiments were performed to identify the precise genomic regions on human chromosomes 21 and

22 occupied by these two modifications. Detailed analysis revealed that H4K20me1 was preferentially enriched within specific genes; most

significantly between the first�5% and 20% of gene bodies. In contrast, H4K20me3 was preferentially targeted to repetitive elements. Among

genes enriched in H4K20me3, the modification was typically targeted to a small region �1 kb upstream of transcription start. Our collective

findings strongly suggest that H4K20me1 and H4K20me3 are both physically and functionally distinct. We next sought to determine the role

of H4K20me1 in transcription since this has been controversial. Following the reduction of PR-Set7/Set8/KMT5a and H4K20me1 in cells by

RNAi, all H4K20me1-associated genes analyzed displayed an �2-fold increase in gene expression; H4K20me3-associated genes displayed no

changes. Similar results were obtained using a catalytically dead dominant negative PR-Set7 indicating that H4K20me1, itself, is essential for

the selective transcriptional repression of H4K20me1-associated genes. Furthermore, we determined that the H4K20me1-associated DNA

sequences were sufficient to nucleate H4K20me1 and induce repression in vivo. Our findings reveal the molecular mechanisms of a

mammalian transcriptional repressive pathway whereby the DNA sequences within specific gene bodies are sufficient to nucleate the

monomethylation of H4K20 which, in turn, reduces gene expression by half. J. Cell. Biochem. 110: 609–619, 2010. � 2010 Wiley-Liss, Inc.
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T he fundamental subunit of eukaryotic chromatin is the

nucleosome, which consists of 146 bp of DNA wrapped

around an octamer of the core histones proteins H2A, H2B, H3, and

H4. Due to their strong association with DNA, it has long been

postulated that histones play a vital role in most, if not all, DNA-

templated processes [Strahl and Allis, 2000]. Research over the last

few decades has revealed that these distinct biological programs are

intimately correlated with the specific covalent post-translational

modifications of histones including acetylation, phosphorylation,

and methylation [Jenuwein and Allis, 2001]. Our current under-

standing of the role of histone modifications in chromatin structure,

function, and dynamics has largely been shaped by the technolo-
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gical breakthrough of chromatin immunoprecipitation (ChIP) [Kuo

and Allis, 1999]. In this method, select regions of the genome are

isolated by immunoprecipitation using an antibody that recognizes

a specific histone modification or other DNA-associated factor.

Several recent studies have combined the power of ChIP with high-

throughput technologies, including DNA genome tiling microarrays

(ChIP-chip) and large capacity direct DNA sequencers (ChIP-Seq),

to determine the precise genomic locations of various histone

modifications and transcription factors [Bernstein et al., 2005; Boyer

et al., 2005, 2006; Barski et al., 2007]. The vast majority of these

genome-wide studies focused on factors and histone modifications

associated with transcriptional initiation and elongation [Guenther
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et al., 2007; Heintzman et al., 2007; Mikkelsen et al., 2007]. These

findings have dramatically improved our fundamental under-

standing of transcription and transcriptional regulation in a very

short time.

Although histone H4 lysine 20 (H4K20) methylation was one of

the first post-translationally modified histone residues to be

discovered, the biological importance of this histone modification

is only now beginning to emerge [Murray, 1964]. H4K20 can be

mono-, di-, or trimethylated in vivo and all three methylated forms

are evolutionarily conserved from Schizosaccharomyces pombe to

man [Sims et al., 2006; Sautel et al., 2007; Yang and Mizzen, 2009].

In S. pombe, the Set9/KMT5 enzyme mediates all three forms of

methylation and these modifications have been linked to DNA

damage repair by binding the Crb2 repair protein at sites of damage

[Sanders et al., 2004]. In contrast to yeast, recent findings indicate

that different methylated forms of H4K20 are created by distinct

enzymes in higher eukaryotes. In metazoans, the Suv4-20h1/KMT5b

and Suv4-20h2/KMT5c enzymes are responsible for the bulk of di-

and trimethylation (H4K20me2 and H4K20me3) [Schotta et al.,

2004; Sakaguchi et al., 2008]. Similar to yeast, H4K20me2 has been

implicated in DNA repair by binding the 53BP1 repair protein at

damaged foci [Botuyan et al., 2006; Yang et al., 2008]. In contrast,

H4K20me3 appears to be functionally linked with trimethylated

histone H3 lysine 9 in the establishment and maintenance of

pericentric heterochromatin [Schotta et al., 2004]. Mice lacking both

Suv4-20 enzymes display global reductions of H4K20me2 and

H4K20me3, defects in DNA damage repair, increased chromosomal

aberrations and perinatal lethality [Schotta et al., 2008].

The PR-Set7/Set8/KMT5a enzyme is the only known enzyme that

specifically monomethylates histone H4 lysine 20 (H4K20me1)

[Couture et al., 2005; Xiao et al., 2005]. In contrast to the other

H4K20 methylated forms, the precise biological role(s) of H4K20me1

is(are) far less clear. However, these unknown roles are essential as

the loss of PR-Set7 and H4K20me1 results in DNA damage, defects

in chromatin condensation, chromosomal segregation defects, and

early embryonic lethality prior to the eight-cell stage [Nishioka

et al., 2002; Sakaguchi and Steward, 2007; Houston et al., 2008;

Huen et al., 2008; Oda et al., 2009]. One role for H4K20me1 appears

to be its involvement in the cell cycle; however, it remains unclear

when it functions (S-phase and/or G2/M) and exactly what its

function is [Rice et al., 2002; Jorgensen et al., 2007; Pesavento et al.,

2007; Tardat et al., 2007; Houston et al., 2008]. Another role for

H4K20me1 is in transcriptional regulation where it was originally

found associated with transcriptionally repressed chromatin and,

consistent with this, was later found to play a putative role in X

chromosome inactivation [Fang et al., 2002; Nishioka et al., 2002;

Kohlmaier et al., 2004; Karachentsev et al., 2005]. However, recent

reports demonstrate that H4K20me1 is detected within active

genes suggesting a role for H4K20me1 in promoting transcription

[Talasz et al., 2005; Vakoc et al., 2006; Barski et al., 2007]. These

contradictory findings indicate that the precise role of H4K20me1 in

transcriptional regulation remains unknown.

The goal of this study was to clarify the role of H4K20me1 in

transcriptional regulation by identifying and analyzing endogenous

human H4K20me1-associated genes. Since these were unknown,

ChIP-chip was employed to accurately determine these genes on
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human chromosomes 21 and 22 followed by detailed analysis of

their expression profiles in the absence of PR-Set7 and H4K20me1.

Our findings demonstrate that H4K20me1 is significantly enriched

within the first half of gene bodies of specific genes. We also found

that these H4K20me1-associated DNA sequences were sufficient

to nucleate H4K20me1 in vivo. Furthermore, we found that

H4K20me1, itself, was required for the transcriptional repression

of all H4K20me1-associated genes analyzed regardless of their basal

expression status. Although H4K20me3 was used as a negative

control in these studies, we serendipitously discovered that it may

also have undefined roles in transcriptional regulation of specific

genes. Collectively, our findings elucidate the molecular mechan-

isms of a novel H4K20me1-dependent mammalian gene-silencing

pathway.

MATERIALS AND METHODS

CHROMATIN IMMUNOPRECIPITATION (ChIP)

HeLa or HEK 293 cells were fixed in 1% formaldehyde for 10 min

before quenching with 0.125 M glycine for 5 min. Nuclei were

isolated using nuclear isolation buffer (150 mM NaCl, 10 mM

HEPES, pH 7.5, 1.5 mM MgCl2, 10 mM KCl, 0.5% NP-40, 0.5 mM

DTT) and resuspended in nuclear lysis buffer (50 mM Tris–HCl,

pH 8.1, 10 mM EDTA, 1% SDS) at a concentration of 108 nuclei

per ml. Nuclei were sonicated to DNA fragments ranging from 200 to

600 bp. For each ChIP, sonicated nuclear material from 5� 106 cells

was immunoprecipitated with either rabbit IgG, a Histone H3

general antibody (Abcam, Ab1791 Lot #172452), a histone

H4K20me1-specific (Active Motif, #39175), a histone H4K20me3-

specific antibody (Active Motif, #39180), or a FLAG antibody

(Sigma, #F7425 Lot #096K4803). Immune complexes were

precipitated with Protein-A-conjugated sepharose (Amersham, GE

Biosciences) and washed with RIPA buffer (50 mM HEPES, pH 7.4,

1 mM EDTA, 1% NP-40, 0.7% sodium deoxycholate, 500 mM LiCl).

DNA was eluted using 10% Chelex (Bio-Rad) solution [Nelson et al.,

2006].

ChIP-Chip AND ChIP-CLONING

The ChIPed material above was linker-ligated and PCR amplified

using the oligoJW102 and oligoJW103 primers (Supplemental

Table V). Four micrograms of PCR amplified DNA was sent to

NimbleGen Corporation for Cy3/Cy5 labeling, array hybridization,

and data collection. Three independent biological replicates were

performed for both monomethylated and trimethylated H4K20. This

material was also ligated into the pGEM-T-Easy TA cloning vector

(Promega), transformed into E. coli, and insert-positive clones were

directly sequenced [Weinmann and Farnham, 2002].

PEAK DETECTION AND GENE IDENTIFICATION

The .gff files (http://www.histonecode.com) generated by Nimble-

Gen were used to determine sites of H4K20me1 and H4K20me3

enrichment using the freely available software, Model-based

Analysis of 2-Color arrays (MA2C) [Song et al., 2007]. Two channel

data from the input and ChIP sample were loaded into the program.

Default parameters were used to determine peaks with a P-value

threshold of 0.005 or 0.001. The .gff files were converted to .bed files
JOURNAL OF CELLULAR BIOCHEMISTRY



and, along with the peaks detected by MA2C, were visualized using

the HG18 version of the human genome on the UCSC genome

browser [Karolchik et al., 2008]. Gene annotation files were

downloaded from the NimbleGen website and a panel of genes

containing at least one statistically significant peak (P< 0.005) for

H4K20me1 or H4K20me3 within the gene body, or within a 5 kb

region 50 upstream or a 500 bp region 30 downstream of the gene,

were identified. The H4K20-methyl peak density for each gene was

determined by dividing the length of the peak by the gene length

(Supplemental Tables III and IV).

PEAK DISTRIBUTION ANALYSIS

To characterize the average distribution of H4K20me1 and

H4K20me3 peaks in the promoter and 30 flanking region of

modification positive genes, the cumulative number of peaks per

nucleotide position was first determined. To analyze the peak

distribution within the genes, each H4K20me-positive gene body

was divided into 1/10,000th in order to normalize for differences in

gene lengths; the number of peaks within each fraction was

summed. The peak numbers were converted to tag density values

by dividing the cumulative peak count for each nucleotide or gene

body fraction by the total peak numbers from all H4K20me1 or

H4K20me3-positive genes (y-axis). Tag density values were

analyzed using a Poisson distribution with l equal to the average

tag density value (gray line) in order to determine statistically

significant (P< 0.05) regions of H4K20me1 or H4K20me3 enrich-

ment (black bars).

GENE EXPRESSION ANALYSIS

Lipofectamine 2000 (Invitrogen) was used to transfect HeLa cells

with pSUPERIOR.retro.puro vectors (OligoEngine) producing either

a functional or non-functional shRNA for PR-Set7 [Houston et al.,

2008]. Positive cells were selected by adding 4mg/ml of puromycin

24 h following transfection. A Qiagen RNeasy Kit was used to isolate

total RNA from cells 6 days post-transfection when PR-Set7

depletion was observed by Western analysis. RNA was converted

to cDNA using the ABI Reverse Transcription Kit according to the

manufacturer’s instructions. Quantitative real-time PCR was

performed with SYBR Green (Bio-Rad) using a Bio-Rad I-Cycler.

Expression was normalized to MTMR3 expression levels which were

unaltered in all samples (Supplemental Fig. 1). Lipofectamine 2000

was also used to transfect HeLa cells with either the pQCXIP empty

vector (Clontech) or the vector expressing a full-length PR-Set7

R265G point mutant [Sims and Rice, 2008]. Following puromycin

selection, total RNA was isolated for analysis 4 days post-

transfection when depletion of monomethylated H4K20 was

observed by Western analysis. Three independent biological

replicates were performed to generate standard deviation. The

Student’s t-test was used to determine statistical significance. All

primer sets and PCR conditions are detailed in Supplemental Table V

and were verified to be in the linear range of amplification.

pTK-Luc2 LUCIFERASE ASSAYS

H4K20me1-positive and -negative regions were cloned into the

pTK-Luc2 plasmid using primer sets detailed in Supplemental

Table V. Lipofectamine 2000 (Invitrogen) was used to co-transfect
JOURNAL OF CELLULAR BIOCHEMISTRY
HEK 293 cells in six-well plates with 4mg of each pTK-luc2

construct and 5 ng of the pRL-CMV (Promega) control plasmid

according to the manufacturer’s instructions. Cells were harvested

48 h post-transfection and luciferase assays were performed using

a Dual-Luciferase Reporter Assay Kit (Promega). Luciferase

expression of each pTK-luc2 construct was normalized to Renilla

expression. Three independent biological replicates were performed

to generate standard deviation.

RESULTS

ChIP-Chip REVEALS SPECIFIC REGIONS OF H4K20me1 AND

H4K20me3 ENRICHMENT ON HUMAN CHROMOSOMES 21 AND 22

By using a novel panel of modification-specific antibodies that can

discriminate between the different methylated forms of histone

H4K20 in indirect immunofluorescence microscopy studies, we

previously demonstrated that H4K20me1 is selectively targeted to

distinct transcriptionally silent nuclear compartments in the

mammalian genome while the majority of H4K20me3 is targeted

to pericentric heterochromatin [Sims et al., 2006]. In contrast,

H4K20me2 is present in >80% of H4 molecules and is dispersed

ubiquitously throughout the genome [Pesavento et al., 2007]. To

determine the precise genomic locations of H4K20me1 and

H4K20me3 at high resolution, the same antibodies were used in

ChIPs to isolate regions of the HeLa genome enriched in these

histone modifications. The purified H4K20me1 and H4K20me3-

associated DNA was blunted, PCR amplified, labeled, and hybridized

to a NimbleGen oligonucleotide genome tiling microarray contain-

ing the entire length of human chromosomes 21 and 22 and a small

portion of the X chromosome, with input DNA used for reference of

enrichment. This design allowed for the unbiased interrogation of

two whole human chromosomes on a single microarray chip at

100 bp resolution.

Currently, there are various computational methods to identify

regions, or ‘‘peaks,’’ of enrichment for histone modifications and

transcription factors on genome tiling arrays. While several of these

methods limit their analysis to only individual oligonucleotide

probes rather than a region of the genome, other programs take into

account a neighboring effect of nearby probes to aid in peak

identification. We employed one such program, called MA2C [Song

et al., 2007], to detect peaks of H4K20me1 and H4K20me3

enrichment using the log 2 ratios of ChIP DNA versus the input

genomic DNA and accounting for GC-content bias in the probes. In

all cases, MA2C consistently provided robust and visually verifiable

peaks resulting in the identification of 359 statistically significant

(P< 0.005) regions enriched in H4K20me1 on human chromosomes

21 and 22 (162 peaks at P< 0.001) (Table I). For H4K20me3, 426

significant (P< 0.005) peaks were identified by MA2C (195 peaks at

P< 0.001).

H4K20me1 IS PREFERENTIALLY ENRICHED IN GENE BODIES

WHEREAS THE MAJORITY OF H4K20me3 IS FOUND

IN REPETITIVE ELEMENTS

Analysis of the H4K20me1 peaks identified by MA2C revealed that

this histone modification is preferentially enriched within the body

of genes (75%) (Fig. 1A). In contrast, the majority of the H4K20me3
H4K20me1 INDUCES TRANSCRIPTIONAL REPRESSION 611



TABLE I. MA2C Analysis of ChIP-Chip Data Sets Identifies H4K20me1- and H4K20me3-Associated Peaks and Genes on HeLa Chromosomes

21 and 22

Modification Significance Total no. of peaks No. of genes with peaks No. of peaks within genes

H4K20me1 P< 0.005 359 156 275
P< 0.001 162 83 124

H4K20me3 P< 0.005 426 142 197
P< 0.001 195 73 89
peaks were detected in intergenic regions (54%). There were more

H4K20me3 peaks detected (6%) than H4K20me1 peaks (2%) in the

regions proximal to genes (5 kb upstream or 500 bp downstream).

These data strongly suggest that H4K20me1 is specifically targeted

to genes compared to H4K20me3.

Since repetitive elements are excluded from genome tiling arrays,

it remained a distinct possibility that H4K20me1 and H4K20me3

were also targeted to certain repetitive elements. To investigate this

possibility, the ChIPs for H4K20me1 and H4K20me3 were repeated

and the enriched DNA was used to create small bacterial libraries for

direct sequencing (ChIP-cloning) [Weinmann and Farnham, 2002].

Due to the abundance of repetitive elements in the human genome,

we reasoned that if H4K20me1 or H4K20me3 were targeted to

these elements then the vast majority of the sequences would

contain repeats. However, out of the 86 H4K20me1 ChIP sequences

(Supplemental Table I), nearly half (42%) corresponded to non-
Fig. 1. H4K20me1 is preferentially enriched within genes while H4K20me3 is typically

performed in HeLa cells to isolate H4K20me1- and H4K20me3-associated DNA. The ChI

containing the entire length of human chromosomes 21 and 22. Statistically significant p

of peaks located in specific genomic regions are represented. Proximal is defined as the re

cloned and 86 insert positive H4K20me1-associated clones and 57 H4K20me3-associat

different classes of corresponding repetitive elements are shown.
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repetitive elements (Fig. 1B). In contrast, the majority (77%) of

the 57 H4K20me3 ChIP clones contained repetitive sequences

(Supplemental Table II); most of these were SINE elements (43%).

These findings indicate that H4K20me3 is preferentially enriched

within repetitive elements, whereas H4K20me1 is typically enriched

within gene bodies.

H4K20me1 AND H4K20me3 ARE TYPICALLY TARGETED TO

DIFFERENT GENES

The H4K20me1 and H4K20me3 ChIP-chip data were mapped to

the human genome using the UCSC genome browser to identify the

peak-associated genes and determine their general peak character-

istics within the gene body and proximal regions (5 kb upstream

and downstream). The mapping of the 359 statistically significant

(P< 0.005) H4K20me1 peaks revealed that >76% of the peaks (275)
located within repetitive elements. A: Chromatin immunoprecipitations (ChIPs) were

Ped material was hybridized to a NimbleGen oligonucleotide genome tiling microarray

eaks ( P< 0.005) of enrichment were identified using MA2C software. The percentages

gions 5 kb upstream and 500 bp downstream of the gene body. B: ChIPed material was

ed clones were directly sequenced. The general distribution of the sequences and the

JOURNAL OF CELLULAR BIOCHEMISTRY



were found within 156 genes (Table I). By increasing the stringency

of the analysis (P< 0.001), we consistently found that >76% of

the 162 identified H4K20me1 peaks (124) were found within

83 genes (Supplemental Table III). Similar analysis was conducted to

determine H4K20me3-associated genes. In contrast to H4K20me1,

the mapping of the 426 statistically significant (P< 0.005)

H4K20me3 peaks revealed that <47% of the peaks (197) were
Fig. 2. Identification of H4K20me1- and H4K20me3-associated genes. Three represent

by ChIP-chip are shown. The log 2 ratios of the H4K20me1 and H4K20me3 ChIP-chip d

genome browser. Enrichment of H4K20me1 (top track) and H4K20me3 (bottom track)

indicate statistically significant (P< 0.001) peaks for H4K20me1 or H4K20me3.

JOURNAL OF CELLULAR BIOCHEMISTRY
found within a total of 142 genes. Similarly, only <47% (89) of the

195 H4K20me3 peaks detected at P< 0.001 were found within

73 genes (Supplemental Table IV). This approach has led to the

identification of specific genes on human chromosomes 21 and 22

enriched in H4K20me1 and H4K20me3.

We next sought to determine if H4K20me1 and H4K20me3 tended

to be present within the same genes or if they were targeted to
ative H4K20me1-associated genes (A) and H4K20me3-associated genes (B) identified

ata (y-axis) were mapped to human chromosomes 21 and 22 (x-axis) using the UCSC

ChIP DNA compared to input DNA is shown. The large black boxes above the tracks

H4K20me1 INDUCES TRANSCRIPTIONAL REPRESSION 613



Fig. 3. H4K20me1 is enriched in the first half of gene bodies whereas

H4K20me3 is targeted �1 kb upstream of transcription start. Peak densities

of either statistically significant (P< 0.005) H4K20me1- or H4K20me3-

associated genes were summed (y-axis) and plotted as a percentage of the

gene body or nucleotide position within the 5 kb proximal regions (x-axis).

A Poisson distribution was used to determine the average peak density

(gray line) and statistically significant (P< 0.05) peaks of H4K20me1 and

H4K20me3 enrichment (black bars).
distinct genes. By analyzing the most confident sets of genes

(P< 0.001), our findings indicate that the majority of total genes

identified contain either H4K20me1 or H4K20me3 but not both

simultaneously (87); only 34 genes over two entire chromosomes

contain both modifications. Direct visualization of the ChIP-chip

data for these H4K20me1- and H4K20me3-associated genes

confirmed these analyses. For genes enriched in H4K20me1, the

MA2C program did not generally detect significant peaks of

enrichment for H4K20me3 (Fig. 2A). Similarly, significant peaks of

H4K20me1 enrichment were not typically detected in H4K20me3-

associated genes (Fig. 2B). Collectively, these results indicate that

H4K20me1 and H4K20me3 tend to be targeted to different sets

of genes, strongly suggesting that each histone modification is

physically and functionally distinct.

DISTRIBUTION OF H4K20me1 AND H4K20me3 ENRICHMENT

WITHIN TARGET GENES

The direct visualization of the H4K20me1- and H4K20me3-

associated genes implied a specific enrichment pattern for each

modification within their respective target genes. For H4K20me1-

associated genes, the peaks of enrichment appeared to partition

more towards the 50 end of gene bodies than elsewhere (Fig. 2A).

While H4K20me3 peaks also appeared to be enriched within the 50

end of their target genes, they seemed to localize more within gene

promoter regions rather than the bodies of genes (Fig. 2B). To

qualitatively test these observations and determine the overall

distribution of H4K20me1 and H4K20me3 within their target genes,

the cumulative peak density for each position in the gene body

and the proximal regions (5 kb upstream and downstream) were

calculated from all statistically significant (P< 0.005) gene targets.

The peak densities in the proximal regions were plotted according

to single-nucleotide position, whereas the peak densities in

the gene body were plotted as percentiles to account for variable

gene lengths. Using this approach, we observed that the average

gene distribution of H4K20me1 and H4K20me3 were markedly

different (Fig. 3). While H4K20me1 appeared to be underrepresented

in gene promoters, it seemed to be greatly enriched within the first

5–25% of gene bodies. In contrast, H4K20me3 visually peaked prior

to transcription start but did not display any defined enrichment

through the length of the gene body.

To provide statistical significance to these observations, the

average peak density across the entire region was determined

(gray line) and a Poisson distribution model was used to calculate

significantly (P< 0.05) enriched H4K20me1 and H4K20me3 gene

regions (Fig. 3; black bars). Consistent with our visual observations,

the analysis indicates that H4K20me3 enrichment was significantly

detected from �1306 to �800 relative to transcription start but

was not significantly distributed elsewhere within the genes. The

analysis also confirmed that H4K20me1 was significantly enriched

within the first 6–20% of the gene body; however, the analysis also

indicated the presence of another significant region of H4K20me1

enrichment in the center of the gene body (48–51%). Therefore,

for H4K20me1-associated genes, our analysis indicates that the

majority of H4K20me1 is mainly targeted to the first half of gene

bodies with a significant amount of H4K20me1 in the first 25% of

the gene. In contrast, for H4K20me3-associated genes, our analysis
614 H4K20me1 INDUCES TRANSCRIPTIONAL REPRESSION
indicates that only a small region �1 kb upstream of transcription

start is significantly enriched in H4K20me3. Consistent with the

observations above, these differences strongly suggest that

H4K20me1 and H4K20me3 are physically distinct histone mod-

ifications and have separate functions in transcriptional regulation.

H4K20me1 IS REQUIRED FOR TRANSCRIPTIONAL REPRESSION OF

SPECIFIC ENDOGENOUS GENES

Since we had confidently identified a panel of H4K20me1-

associated genes, we next sought to determine the role of this

histone modification on transcriptional regulation in vivo. Because

the PR-Set7/Set8/KMT5a enzyme is the only known H4K20

monomethyltransferase [Fang et al., 2002; Nishioka et al., 2002;

Couture et al., 2005; Xiao et al., 2005; Yin et al., 2005], we reasoned

that the experimental reduction of PR-Set7 would lead to decreased

global levels of H4K20me1 allowing us to determine the resulting

effect on the expression of the H4K20me1-associated target genes.

First, the basal expression of seven representative H4K20me1-

associated genes was determined in wild-type HeLa cells by

quantitative real-time PCR (qRT-PCR). The results indicate a wide

variation of expression among the different H4K20me1-associated

genes ranging from moderate-to-low levels of expression.

Next, HeLa cells were transfected with a control shRNA plasmid
JOURNAL OF CELLULAR BIOCHEMISTRY



or a PR-Set7 shRNA plasmid that depletes cells of PR-Set7 and

global levels of H4K20me1 without altering higher degrees of

H4K20 methylation (Fig. 4A) [Houston et al., 2008; Sims and Rice,
Fig. 4. Depletion of the PR-Set7 H4K20 monomethyltransferase results in

the selective derepression of H4K20me1-associated genes. HeLa cells were

transfected with a control shRNA plasmid or a PR-Set7 shRNA plasmid. A:

Western analysis of whole cell lysates using the indicated antibodies. B: qRT-

PCR analysis was performed to analyze the expression levels of seven

H4K20me1-associated genes or four H4K20me3-associated genes (C) in cells

containing the control shRNA (white) or PR-Set7 shRNA (gray) plasmid.

Results are plotted relative to MTMR3 expression (y-axis). Three independent

biological replicates were performed to generate the standard deviation in each

experiment. The Student’s t-test was used to determine statistically significant

changes at �P< 0.01 and ��P< 0.05.

JOURNAL OF CELLULAR BIOCHEMISTRY
2008]. To ensure that depletion of PR-Set7 resulted in the local

reduction of H4K20me1 at the H4K20me1-associated target genes,

ChIPs were performed in the control and PR-Set7 shRNA cells using

the H4K20me1-specific antibody, a general histone H3 antibody as

the positive control or preimmune rabbit IgG as the negative control.

PCR was performed for each sample by using increasing amounts of

ChIP template for amplification of two loci within BRD1 determined

to contain significant peaks of H4K20me1 enrichment by ChIP-chip.

Our findings demonstrate that, in wild-type cells, H4K20me1 is

enriched at the two BRD1 loci, similar to what we previously

observed for RUNX1 (Fig. 5B) [Sims and Rice, 2008]. While the

positive control general H3 amplifications in the control and PR-

Set7 shRNA cells were relatively similar, there was a marked

reduction of H4K20me1 at both BRD1 loci in the PR-Set7 shRNA

cells confirming a local reduction of H4K20me1. Similar results

were observed for H4K20me1-associated regions in RUNX1 [Sims

and Rice, 2008]. These findings demonstrate that depletion of PR-

Set7 successfully reduces global and local levels of H4K20me1 at the

H4K20me1-associated target gene and, in addition, confirm the

previous ChIP-chip experiments in identifying bona fide regions of

H4K20me1 enrichment.

RNA from the control and PR-Set7 shRNA cells were collected

for expression analysis by qRT-PCR. To normalize expression

changes between the different samples, several expressed genes

were identified on chromosomes 21 and 22 that lacked both

H4K20me1 and H4K20me3 (Supplemental Fig. 3). While the

expression of these genes, including MTMR3, was unaltered, the

absence of PR-Set7 and H4K20me1 in the PR-Set7 shRNA cells

resulted in a consistent �2-fold increase in expression of all seven

H4K20me1-associated genes regardless of their basal expression

status (Fig. 4B). Importantly, the lack of PR-Set7 and H4K20me1 had

no detectable effect on the expression of a panel of H4K20me3-

associated genes (Fig. 4C). In addition, gene expression changes in

several different housekeeping genes were not observed between the

different samples (Supplemental Fig. 1).

Since both PR-Set7 and H4K20me1 were reduced in the PR-Set7

shRNA cells, it remained unclear whether PR-Set7 and/or

H4K20me1 were directly responsible for the observed repressive

effects. To resolve this, HeLa cells were transfected with a control

expression plasmid or an expression plasmid containing the

sequence of a catalytically dead point mutant of PR-Set7 (CD) that

creates a dominant negative phenotype by reducing global levels of

H4K20me1 without reducing PR-Set7 (Fig. 5A) [Houston et al.,

2008; Sims and Rice, 2008]. To ensure that the PR-Set7 CD plasmid

was also reducing H4K20me1 at the target genes, ChIPs were

performed as described above. Analogous to the PR-Set7 shRNA

cells, there was a marked reduction of H4K20me1 at both BRD1

H4K20me1 positive regions in the PR-Set7 CD cells indicating that

the PR-Set7 CD plasmid induces the local reduction of H4K20me1

(Fig. 5B). Furthermore, ChIP analysis at these regions performed in

cells expressing either a wild-type PR-Set7 or the PR-Set7 CD

plasmid indicates that both are selectively targeted to these loci

(Supplemental Fig. 2). Similar results were observed for RUNX1

[Sims and Rice, 2008]. The RNA from these cells was collected for

expression analysis by qRT-PCR. Strikingly similar to the PR-Set7

shRNA results, the PR-Set7 CD cells consistently displayed an
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Fig. 5. H4K20me1 is essential for repression of endogenous H4K20me1-

associated genes. HeLa cells were transfected with a control eukaryotic plasmid

or a plasmid expressing a catalytically dead (CD) dominant negative PR-Set7

point mutant. A: Western analysis of whole cell lysates using the indicated

antibodies. B: ChIPs were performed on the HeLa cells transfected with a

control (top), a PR-Set7 CD (middle), or a PR-Set7 shRNA expression plasmid

(bottom) using either the H4K20me1-specific antibody, a histone H3 general

antibody (positive control), or rabbit IgG (negative control). Thirty cycles of

PCR amplifications were performed each time for the two H4K20me1 positive

regions of BRD1 using 0.1, 1, or 3ml of ChIPed DNA from each sample

(triangle). C: qRT-PCR analysis was performed to analyze the expression levels

of seven H4K20me1-associated genes or four H4K20me3-associated genes (D)

in cells expressing the control (white) or PR-Set7 CD (gray) plasmid. Results are

plotted relative to MTMR3 expression (y-axis). Three independent biological

replicates were performed to generate the standard deviation in each experi-

ment. The Student’s t-test was used to determine statistically significant

changes at �P< 0.01.

Fig. 6. Specific genomic sequences recruit H4K20me1 to induce repression.

A: The H4K20me1-positive sequences from PTTG1IP, RUNX1, CECR5 and

regions on chromosomes 21 and 22 (21R and 22R) and an H4K20me1-

negative region from RUNX1 were individually cloned into the pTK-luc2

reporter vector and transfected into HEK 293 cells. The arbitrary light units

(ALU) from the luciferase assays were normalized by co-transfection with the

pRL-CMV vector (y-axis). Three independent experiments were performed to

generate standard deviation. B: ChIPs were performed on the HEK 293 cells

transfected with the pTK-luc2 vectors containing the RUNX1 and PTTG1IP

H4K20me1 positive and negative regions using the H4K20me1-specific anti-

body or rabbit IgG as the negative control. Comparative analysis between the

samples was possible due to the equal PCR amplification of the input materials.
�2-fold increase in the expression of all seven H4K20me1-

associated genes when compared to control (Fig. 5C). No changes

in the expression of the four H4K20me3-associated genes were

detected in the PR-Set7 CD cells (Fig. 5D). Collectively, these

findings indicate that PR-Set7 and H4K20me1 are targeted to

specific genes to directly participate in a transcriptionally repressive
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program; a biological program that is functionally distinct from

H4K20me3.

SPECIFIC GENOMIC SEQUENCES RECRUIT H4K20me1

TO INDUCE REPRESSION

Our findings above indicate that H4K20me1 is targeted to the first

half of gene bodies and the modification, itself, plays an essential

role in transcriptional repression of specific sets of genes. Based

on these observations, we hypothesized that the DNA sequences

significantly enriched in H4K20me1 function as enhancer elements

and that H4K20me1 serves to repress their transcriptional enhancer

function. To determine if these elements contained enhancer

functions, we cloned several H4K20me1-associated DNA sequences

into the pTK-luc2 reporter vector where each insert was located just

50 of a minimal TK promoter that drives constitutive luciferase

expression [Wen et al., 1999]. Contrary to our hypothesis, trans-

fection of these constructs into HEK 293 cells revealed that all

H4K20me1-associated DNA sequences significantly reduced basal

TK promoter activity, rather than enhancing it, as illustrated by the

massive reductions in luciferase expression for each construct

compared to the pTK-luc2 control (Fig. 6A). In contrast, a sequence

corresponding to an H4K20me1-negative region within RUNX1

failed to alter luciferase expression indicating that the repressive

effects were specific to the H4K20me1-associated DNA sequences.

To exclude the possibility that the repressive effect was restricted to
JOURNAL OF CELLULAR BIOCHEMISTRY



regions within genes, we performed similar experiments using

H4K20me1-associated DNA sequences far outside of genes in both

chromosomes 21 and 22 (21R and 22R, respectively). In both cases,

luciferase expression was greatly reduced compared to control.

These findings indicate that the H4K20me1-associated DNA

sequences are inherently repressive regardless of genomic location.

The findings above suggest that the DNA sequences nucleate the

monomethylation of H4K20 to induce repression. To test this, ChIPs

were performed on the HEK 293 cells transfected with the pTK-luc2

vector containing either the RUNX1 H4K20me1 positive or negative

region. PCR amplifications of the ChIPed material were performed

using primers that specifically amplify the minimal TK promoter.

Consistent with our hypothesis, our results indicate that the RUNX1

H4K20me1-associated sequence was selectively monomethylated

compared to the RUNX1 negative sequence when normalized to

the PCR amplifications of the input ChIP material (Fig. 6B).

Similar results were obtained when testing a PTTG1IP H4K20me1

positive DNA sequence and a negative DNA sequence. These results

demonstrate that specific genomic sequences are sufficient for the

nucleation of H4K20me1 and transcriptional repression in vivo.

DISCUSSION

We previously demonstrated that H4K20me1 and H4K20me3 are

compartmentalized to distinct regions of silent chromatin [Sims

et al., 2006]. In this study we sought to expand on these observations

by employing ChIP-chip to define the precise genomic locations of

H4K20me1 and H4K20me3 across human chromosomes 21 and 22.

By using the MA2C peak-calling program that assigns statistical

significance to the data, we were able to confidently identify and

verify peaks and genes enriched in H4K20me1 or H4K20me3.

Subsequent analysis revealed that H4K20me1 is typically excluded

from repetitive elements but preferentially enriched within the

bodies of specific genes; typically within the first half of the gene

body. The distribution of H4K20me1 in genes is consistent with

recent findings using high-throughput next generation sequencing

of ChIPed material (ChIP-Seq) [Barski et al., 2007; Cui et al., 2009;

Rosenfeld et al., 2009].

In contrast to H4K20me1, our analysis indicates that H4K20me3

is largely targeted to repetitive elements. These findings are

consistent with a previous study using ChIP in conjunction with

microarrays containing common classes of mouse repetitive

elements [Martens et al., 2005]. While they detected H4K20me3

enrichment preferentially at major and minor satellite repeats and

LTRs in mouse embryonic stem cells, our ChIP-cloning findings

from HeLa cells suggest that H4K20me3 is preferentially targeted to

SINE elements in humans rather than satellite repeats or LTRs. The

discrepancy of these findings is likely due to differences in technical

approaches and/or species studied. Although both findings indicate

that H4K20me3 is preferentially targeted to repetitive elements,

we were also able to identify a new panel of genes on human

chromosomes 21 and 22 that contained peaks of H4K20me3

enrichment. In contrast to H4K20me1, the H4K20me3 peaks

appeared to be targeted to a small region �1 kb upstream of

transcription start. This gene-specific enrichment of H4K20me3 has
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not been previously observed [Barski et al., 2007]. While our

findings strongly imply a role for H4K20me3 in transcription

regulation, the biological significance of H4K20me3 in the 50

regulatory region of specific genes remains unknown.

It was originally reported that H4K20me1 was associated with

transcriptionally repressed chromatin [Fang et al., 2002; Nishioka

et al., 2002; Kohlmaier et al., 2004; Karachentsev et al., 2005; Sims

et al., 2006]. However, subsequent studies by others demonstrated

that H4K20me1 was found within actively transcribed genes,

suggesting a role for H4K20me1 in gene activation [Talasz et al.,

2005; Vakoc et al., 2006]. Since our ChIP-chip analysis had

identified a novel panel of genes specifically enriched in H4K20me1,

we sought to use these genes in order to clarify the role H4K20me1

in transcription. By employing RNAi for PR-Set7 to reduce global

and local levels of H4K20me1, we observed a consistent �2-fold

increase in the expression of all H4K20me1-associated genes

examined; expression changes for H4K20me3-associated genes

were not detected. Similarly, by employing a dominant negative

catalytically dead point mutant of PR-Set7, we observed the same

�2-fold increase in expression of the H4K20me1-associated genes.

These findings clearly indicate that a major role of H4K20me1, itself,

is in the transcriptional repression of specific genes.

Our findings demonstrate that the repressive effects of H4K20me1

appear to function non-discriminately between H4K20me1-asso-

ciated genes that are actively transcribed or silenced. A wide

variation in the basal expression levels of the different H4K20me1-

associated genes was observed in wild-type cells; however, when

H4K20me1 was depleted, all genes increased their transcriptional

output by �2-fold. These findings imply a novel role for H4K20me1

in regulating gene dosage whereby one allele of an H4K20me1-

associated gene could be transcriptionally active while the other,

containing H4K20me1, could be repressed. Therefore, a reduction in

H4K20me1 would result in derepression of this allele and an�2-fold

increase in overall gene expression, as we observed for all

H4K20me1-associated genes examined. Consistent with this gene

dosing theory, H4K20me1 is enriched on the mammalian inactive X

chromosome and, therefore, may play a role in dosage compensation

[Kohlmaier et al., 2004; Sims et al., 2006]. Although the H4K20me1

gene-dosing model may function at specific genes, it does not

appear to function at imprinted loci: a recent study examining the

mouse H19 imprinting control region detected H4K20me1 on both

the paternal and maternal alleles [Pannetier et al., 2008].

Recent findings have contributed important insights into how

H4K20me1 mediates gene repression. Increasing evidence indicates

that histone modifications can recruit and bind a conserved motif

within specific regulatory proteins to initiate and/or maintain a

specific DNA-templated process [Jenuwein and Allis, 2001].

Consistent with this, recent reports demonstrated that one of the

three conserved malignant brain tumor (MBT) domains of the

transcriptional repressor protein L3MBTL1 preferentially binds the

mono- and dimethylated forms of H4K20 [Li et al., 2007; Min et al.,

2007]. Subsequent studies demonstrated that H4K20me1 was

required for the recruitment and induction of L3MBTL1’s repressive

effects of a stable reporter gene in vivo [Kalakonda et al., 2008].

Furthermore, the depletion of L3MBTL1 resulted in the derepression

of endogenous H4K20me1-associated genes including RUNX1 and
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c-myc [Trojer et al., 2007; Sims and Rice, 2008]. The binding of

L3MBTL1 to H4K20me1-containing nucleosome arrays resulted in

chromatin condensation, thereby, creating a physical barrier to

transcription [Trojer et al., 2007]. These findings suggest that

L3MBTL1 is recruited to the H4K20me1-associated genes identified

in this study; however, further investigations are required to

determine this.

Importantly, we demonstrated that the H4K20me1-associated

DNA fragments were sufficient to recruit H4K20 methylation and

induce the repression of a reporter gene. These findings indicate that

the DNA sequences, themselves, are a critical upstream component

of the H4K20me1 repressive pathway. Collectively, our findings

suggest that the specific DNA sequences recruit PR-Set7 to

monomethylate H4K20 which, in turn, recruits and binds L3MBTL1

to induce chromatin condensation and transcriptional repression.

Current investigations are underway to test this model. While this

model predicts the existence of a putative consensus sequence for

PR-Set7 recruitment, our initial examinations have failed to identify

one; this is on-going. However, it is likely that a consensus sequence

exists since the DNA sequences that recruit H4K20me1 tend to be

found in regions that are evolutionarily conserved; further studies

are in progress to determine this. Since these sequences and the PR-

Set7 H4K20 monomethyltransferase are conserved, it is also likely

that this pathway regulates gene transcription of similar sets of

genes in other multicellular eukaryotes including metazoans and

chordates [Karachentsev et al., 2005; Spada et al., 2005].

Previous reports postulated that the Suv4-20 methyltransferases

used H4K20me1 as its preferred substrate to di- and trimethylate

H4K20, as the depletion of the Suv4-20 enzymes resulted in

dramatically elevated levels of H4K20me1 [Schotta et al., 2008;

Yang et al., 2008]. Similarly, several recent reports demonstrated

that the loss of PR-Set7 and H4K20me1 resulted in a concomitant

reduction of H4K20me2 and H4K20me3 consistent with the model

that H4K20me1 is the preferred substrate for higher degrees of

H4K20 methylation [Tardat et al., 2007; Pannetier et al., 2008; Oda

et al., 2009]. In contrast to these findings, we observed no detectable

changes in H4K20me2 and H4K20me3 in various human cell lines

lacking PR-Set7 and H4K20me1 [Sims et al., 2006; Houston et al.,

2008; Sims and Rice, 2008]. The reasons for the differences remain

unclear and further experimentation will be required to resolve the

numerous possibilities that could account for the differences.

However, by concurrently investigating the precise genomic

localizations of H4K20me1 and H4K20me3, our findings strongly

suggest that these two histone modifications are physically and

functionally distinct. The ChIP-cloning and ChIP-chip findings

indicate that H4K20me1 and H4K20me3 are preferentially localized

to different genomic regions: gene bodies or repetitive elements,

respectively. Identification of genes enriched in the different degrees

of H4K20 methylation revealed that the majority of these genes

contained either H4K20me1 or H4K20me3, but not both modifica-

tions simultaneously. Furthermore, the average peak distribution

of H4K20me1 and H4K20me3 in gene regions was dramatically

different: the first half of gene bodies or 50 regulatory region,

respectively. Collectively, our findings strongly suggest that higher

degrees of H4K20 methylation are not completely dependent upon

the prior monomethylation of H4K20 by PR-Set7.
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