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Abstract

Mammalian gene silencing is established through methylation of histones and DNA, although the
order in which these modifications occur remains contentious. Using the human p-globin locus as
a model, we demonstrate that symmetric methylation of histone H4 arginine 3 (H4R3me2s) by the
protein arginine methyltransferase PRMTS5 is required for subsequent DNA methylation.
H4R3me2s serves as a direct binding target for the DNA methyltransferase DNMT3A, which
interacts through the ADD domain containing the PHD motif. Loss of the H4R3me2s mark
through short hairpin RNA-mediated knockdown of PRMTS5 leads to reduced DNMT3A binding,
loss of DNA methylation and gene activation. In primary erythroid progenitors from adult bone
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marrow, H4R3me2s marks the inactive methylated globin genes coincident with localization of
PRMTS5. Our findings define DNMT3A as both a reader and a writer of repressive epigenetic
marks, thereby directly linking histone and DNA methylation in gene silencing.

Covalent modification of DNA and histone molecules, the core components of chromatin,
provides a heritable mechanism for regulating gene expressionl-2. These histone marks
function cooperatively to establish distinct repressive or active chromatin states that extend
the information potential of the genetic code. Integral to this process are effector molecules,
which interpret specific modifications to influence downstream events through recruitment
or stabilization of chromatin-template machinery?.

Although histone modifications and DNA methylation have also been shown to function
cooperatively, in many settings the order in which these epigenetic marks are established
remains unclear. In mammals, methylation of DNA is largely confined to position five of the
cytosine ring in CpG dinucleotides and is most commonly associated with a repressed
chromatin state and inhibition of gene expression®°. Although some overlap exists®, two
general classes of cytosine DNA methyltransferases are known: the de novo
methyltransferases, DNMT3A and DNMT3B, which are responsible for modifying
unmethylated CpG sites, and the maintenance methyltransferase DNMT1, which copies pre-
existing methylation patterns onto the new DNA strand during replication’. The precise
sequence of events linking histone modifications and DNA methylation varies in different
organisms, and at different gene loci, which suggests that it is context dependent. Evidence
that DNA methylation can influence the histone modification pattern has been obtained in
several model systems. Transgenes methylated /n vitro before stable genomic integration
associate with deacetylated histones, whereas an identical but unmethylated integrated
transgene is enriched for acetylated his-tones®9. Methyl-CpG-enriched regions may directly
recruit histone methyltransferases!?, or are bound by methyl-CpG-binding proteins, which
in turn recruit repressor complexes containing histone deacetylases* and histone
methyltransferases1:12. Conversely, studies in fungi, plants and mammals have suggested
that trimethylation of H3K9 (ref. 13), H3K27 (ref. 14) and H4K20 (ref. 15) is a prerequisite
for subsequent DNA methylation. The functional link between these processes appears to be
attributable to a physical association between the histone lysine methylation system and
DNA methyltransferases, as has been established in the context of H3K9 and H3K27, where
the relevant lysine histone methyltransferases, SUV39h1 and EZH2, have been shown to
interact directly with DNMT1 and with DNMT3A and DNMT3B (refs. 16-18). Histone
arginine methylation has also been implicated in gene silencing, but so far no links between
arginine methyltransferases and DNA methyltransferases have been established.

Using the human B-globin locus as a model, we now report evidence of a link between
arginine methylation of histones and DNA methylation and gene silencing. Central to this
link is the protein arginine methyltransferase PRMTS5, which symmetrically dimethylates
H4R3. We show that this histone modification serves as a direct target for binding of
DNMT3A, thus providing a new mechanism by which a repressive histone modification and
DNA methylation are coordinated.
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RESULTS
PRMT5 induces the H4R3me2s mark on the y-globin gene

The B-globin locus has served as a paradigm for analyzing the role of epigenetic
modifications in the regulation of tissue and developmentally specific gene expression. In
both humans and primates, the genes encoding fetal (7y) globin are progressively silenced
after birth, displaying methylation of a cluster of CpG dinucleotides in the proximal
promoters and 5’ untranslated regions in adult bone marrow°. To identify proteins involved
in silencing of genes encoding y-globin (-y-genes), we analyzed by mass spectrometry
immunoprecipitates from an erythroid cell line (K562) expressing Flag-tagged NF-E4, a
proximal y-promoter—binding transcription factor implicated in both activation and
repression of the y-genesZ0. We identified a number of proteins specific to the Flag-NF-E4—
expressing cells that were not detected in Flag immunoprecipitates from cells transfected
with the control vector expressing the Flag epitope alone (Fig. 1a). The protein
methyltransferase PRMTH5 (ref. 21) was of particular interest, as the highly related protein
PRMTT1 has been shown to have a key role in activation of the adult B-globin gene?2,
PRMTS5 has been implicated in gene silencing, which raises the possibility that the PRMT
factors could have coordinate roles in regulating the fetal-to-adult switch in globin gene
subtype. We confirmed the interaction between NF-E4 and PRMT5 by co-
immunoprecipitation of endogenous proteins from untransfected cells (Fig. 1b). This
interaction was direct, as demonstrated by glutathione S-transferase (GST) pulldown, and
required the residues between 49 and 100 in the N-terminal half of NF-E4 (Supplementary
Fig. 1a online). The two proteins were localized at the proximal -y-promoter (P-1, which
contains the NF-E4 binding site) by chromatin immunoprecipitation (ChIP) using antibodies
to the endogenous proteins (Fig. 1c). Binding of PRMT5 and NF-E4 to far upstream regions
of the -y-promoter was not detected, but weak binding was detected to the promoter region
adjacent to P-1 (P-2), and to regions downstream of the transcriptional start site (TSS)
extending to exon 2 (P+1 to P+3) (Supplementary Fig. 1b). Analysis of the other proteins
identified by mass spectrometry will be described elsewhere.

PRMTS5 is a type 11 arginine methyltransferase that has been linked to gene silencing through
establishment of repressive histone marks, including symmetrical dimethylation of H4R3,
H2AR3 (refs. 21,23) and H3R8 (ref. 24). To identify the histone substrates of PRMTS5 in
K562 cells, we derived a cell line expressing Flag-tagged PRMT5 (PRMT5-f) to facilitate
immunoprecipitation of the active enzyme. The Flag-immunoprecipitate from this line was
subjected to a standard radioactive histone methyltransferase activity assay using free
histones, which demonstrated radiolabeling of histone H4 (Fig. 1d, free histones). To ensure
that methylation of this substrate was specific for PRMT5 methyltransferase activity, we also
derived a line containing a Flag-tagged mutant form of PRMT5 in which five amino acids in
the S-adenosyl-L-methionine binding motif had been deleted (PRMT5A-f)2°. Methylation of
histone H4 induced with the Flag-immunoprecipitate from this line was markedly reduced,
and the weak signal we observed presumably reflects a small amount of endogenous
PRMT5 dimerized to PRMT5A-f (ref. 25) (Fig. 1d, free histones). Comparable amounts of
the tagged proteins were contained in the precipitates used in both assays (Fig. 1d,
immunoblot: a-Flag). No methyltransferase activity was observed with the Flag-precipitate
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from untransfected cells (data not shown). In this setting, methylation of the other known
substrates of PRMTS5 (histones H2A and H3) was not detected. This substrate specificity
was identical when nucleosomes purified from K562 cells were used as the source of
histones (Fig. 1d, K562 nucleosomes). To confirm that PRMT5 induced the H4R3me2s
modification in this assay, we incubated the 3H-methylated histones with an antibody against
H4R3me2s or with normal rabbit IgG before immunoprecipitation. Substantial levels of
radioactivity were detected in the precipitate generated with the H4R3me2s antibody from
the PRMT5-f-labeled histones, but not from the PRMT5D-f reaction (Fig. 1€). Consistent
with this finding, the repressive H4R3me2s mark was enriched at the y-promoter (and
binding extended downstream of the TSS) in cells expressing PRMT5-f but not PRMT5A-f,
despite both proteins binding robustly to the proximal promoter site (Fig. 1f and
Supplementary Fig. 1b).

PRMT5 mediates transcriptional silencing of the y-gene

To ascertain whether perturbations to the levels or enzymatic activity of PRMT5 affect y-
gene expression, we performed quantitative real-time PCR (Q-RT-PCR) analyses on cells
expressing PRMT5-f and cells expressing PRMT5A-f (Fig. 2a). Expression of the two
tagged proteins was comparable (immunoblot: a-Flag) and equivalent to the level of
endogenous PRMTS5 in the vector control cells (immunoblot: a-PRMT5). Increased levels of
PRMTS5 resulted in a twofold to threefold downregulation of y-gene expression, whereas
enforced expression of PRMT5A-f induced a two-fold increase in -y-gene transcripts
compared with the vector control (Fig. 2a, left). To examine the effect of reduced PRMT5
expression, we used stably expressed short hairpin RNAs (shRNAs) (PRMT5-kd). Cells
transfected with an expression vector containing a scrambled sequence served as the control
(Scr). Western blots confirmed that PRMT5 protein levels were reduced by more than 90%
in the PRMT5-kd cells compared with the scrambled control, but no effect was observed on
the control proteins tubulin, PRMT1 and GATA-1 (Fig. 2b, right). The knockdown of
PRMTS5 led to a sixfold induction of -y-gene expression compared with the scrambled vector
(Fig. 2b, left). This effect was specific, as other markers of erythroid differentiation in K562
cells (GATA-1, glycophorin A and v-myb) remained unchanged in the PRMT5-kd cells
compared with the Scr control (Fig. 2b, right; Supplementary Fig. 2 online). Consistent with
the y-gene expression data, the H4R3me2s repressive mark was markedly reduced at the -
promoter in the PRMT5-kd cells, and RNA polymerase |1 localization was increased fivefold
compared with the Scr control (Fig. 2¢). We attempted to determine the role of NF-E4 in
PRMTS5 regulation of -y-gene expression by generating a knockdown of this factor. Despite
the use of several different ShRNA constructs, we were unable to modulate the levels of the
endogenous protein.

PRMT5 and DNMT3A function cooperatively in gene silencing

Methylation of four CpG dinucleotides immediately flanking the transcriptional start site is
essential for y-gene silencing, and two of these CpGs reside within the PRMT5 binding
region1926:27_In view of this, we examined whether DNA methylation of the y-gene was
altered in PRMT5-f, PRMT5A-f, PRMT5-kd or scrambled control (Scr) cells using bisulfite
DNA sequencing (Fig. 3a). Consistent with the observation that globin gene expression is
not detectable in a large proportion of uninduced K562 cells, we observed methylation of the
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four CpG dinucleotides immediately flanking the -y-globin transcriptional start site in 21%
of clones derived from scrambled control cells. This frequency was increased in three of the
four sites in the PRMT5-f cells, with 35% of the clones showing methylation. In contrast,
methylation of all CpG dinucleotides was abolished in clones derived from the PRMT5-kd
cells. It was also abolished in all clones derived from the PRMT5A-f cells, which suggests
that the enzymatic activity of PRMT5, and not just its physical occupation of the -y-globin
promoter, is essential for the epigenetic modification of DNA in this setting. No change in
the high levels of DNA methylation (95%) at the six CpGs flanking the b-gene
transcriptional start site (—415 to +110) was observed in either the PRMT5-kd, PRMT5A-f
or scrambled control cells (Supplementary Fig. 3a online).

To determine the mechanism by which PRMT5 influences DNA methylation, we initially
examined whether the protein methyltransferase is associated directly with a DNA
methyltransferase. We analyzed Flag-antibody immunoprecipitates from PRMT5-f cells by
immunoblot with antibodies to DNMT1, DNMT3A and DNMT3B, and demonstrated that
DNMT3A was co-immunoprecipitated with PRMT5 (Fig. 3b). We confirmed this using
antibodies to the endogenous proteins with extract from untransfected cells (Fig. 3c). The
identification of DNMT3A as a PRMT5-interacting protein suggested that it might be
responsible for DNA methylation in the context of PRMT5-induced fetal globin gene
silencing. To address this, we examined the binding of DNMT3A to y-promoter in PRMT5-
f and PRMT5A-f cells by ChIP (Fig. 3d). Consistent with our methylation studies, binding
of DNMT3A to the y-gene was markedly reduced in the PRMT5A-f cells compared with
cells expressing PRMT5-f. DNMT3A binding was also markedly reduced in the PRMT5-kd
cells compared with the scrambled control cells (Fig. 3€). To assess the role of DNMT3A in
¥-gene silencing, we used an shRNA approach to knock down the expression of the protein
in K562 cells (DNMT3A-kd). A reduction in DNMT3A levels to 30% of the scrambled
control (Fig. 3f, right) induced a fivefold increase in -y-gene expression levels (Fig. 3f, left).
This was accompanied by a twofold reduction in CpG methylation at the y-gene (Fig. 3g),
but no change at the p-gene (Supplementary Fig. 3b).

DNMTS3A binds specifically to histone H4R3me2s

The importance of PRMT5 enzymatic activity for the recruitment of DNMT3A to the y-
gene suggests that the methyltransferase domain of PRMTS5 is involved in the interaction
between the two proteins. To address this, we used a GST pulldown assay to analyze the
binding of 3°S-radiolabeled /n vitro transcribed and translated DNMT3A to GST-PRMT5
and GST-PRMTS5A (Fig. 4a). Surprisingly, no difference was observed between the wild-
type and mutant proteins, which implies that the enzymatic function of PRMT5 may lead to
DNMTS3A recruitment via an alternate mechanism. One possibility is that the PRMT5-
induced H4R3me2s modification could directly recruit DNMT3A. To examine this, we
performed a peptide pulldown assay using COOH-terminal biotin-tagged 20-mer N-terminal
peptides of histone H4 with the Arg3 residue unmethylated, symmetrically methylated or
asymmetrically methylated. We confirmed symmetric methylation by western blot with the
H4R3me2s antibody (Fig. 4b, immunoblot: a-H4R3me2s). We incubated equivalent
amounts of each peptide (Fig. 4b, Coomassie stain) coupled to streptavidin beads with
nuclear extract from K562 cells, washed the beads and analyzed the eluate by immunoblot
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with an antibody to DNMT3A (Fig. 4b, immunoblot: a-DNMT3A). Binding of DNMT3A
was observed with the H4R3me2s peptide, but not with the unmethylated or asymmetrically
methylated peptides. The DNMT3A protein contains a PWWP domain implicated in DNA
and chromatin binding, an ATRXDNMT3-DNMT3L (ADD) domain that contains a plant
homeo-domain (PHD) zinc finger motif that may mediate interactions to other proteins
(including histones), and a C-terminal catalytic domain328-30, We demonstrated that the
interaction between DNMT3A and H4R3me2s was direct and specific using pulldown
assays with the three peptides and radiolabeled /n vitro transcribed and translated DNMT3A
(Fig. 4c). We then mapped the regions of DNMT3A required for binding to the H4R3me2s
peptide. No binding was observed with the N-terminal third of the protein (amino acids 1-
354). A larger N-terminal fragment (1-587) containing the GATA and PHD domains of
ADD, but lacking an adjacent C-terminal helix, bound to levels comparable to those of the
full-length protein (Fig. 4c). These findings suggested that binding of DNMT3A to the
H4R3me2s peptide was mediated through a region between residues 354 and 587, which
incorporates most of the ADD domain. We therefore repeated the peptide pulldown assays
using the full-length ADD (479-610) and PWWP (281-424) domains generated as GST
fusion proteins (Fig. 4d). Specific binding of the ADD domain was observed with the
H4R3me2s peptide, but not with the unmodified or H4R3me2a peptides. No binding was
observed with the PWWP domain. As an additional control, we included an unmodified N-
terminal histone H3 peptide, as the ADD domain of DNMT3L has been shown to bind to
histone H3 (ref. 31). Binding of the ADD domain of DNMT3A was also observed with this
peptide. The significance of DNMT3A binding to histone H3 is unclear in this context, as
loss of the H4R3me2s mark was sufficient to abolish DNMT3A binding to the -y-promoter
in PRMT5-kd cells (Fig. 3e).

We compared these findings to studies examining the binding of DNMT3A truncation
mutants to PRMTS5 (Supplementary Fig. 4a online). In contrast to the H4R3me2s peptide,
only very weak binding to PRMT5 was observed with a mutant containing the ADD domain
(351-912). Binding to levels comparable to those of the full-length protein was seen with the
N-terminal fragment (1-354). Analysis of the isolated PWWP and ADD domains confirmed
these findings (Supplementary Fig. 4b).

Role of PRMT5 in developmental globin gene silencing

To determine whether the H4R3me2s mark was evident at the human y-globin promoter in a
developmentally specific pattern in primary human cells, we isolated erythroid progenitors
from cord blood and adult bone marrow. As expected, the expression of the genes encoding
y-globin was higher in cord blood compared with bone marrow using Q-RT-PCR
(Supplementary Fig. 5 online). ChlP analysis demonstrated a fourfold increase in the
H4R3me2s mark at the -y-promoter in adult bone marrow erythroid progenitors compared
with progenitors derived from cord blood (Fig. 5a). This was accompanied by a reduction in
RNA polymerase 1l localized to the y-promoter in the adult cells. We then examined the
distribution of PRMT5 and NF-E4 binding, and the H4R3me2s mark across the g-globin
locus in bone marrow erythroid progenitors using ChIP analyses with anti-PRMTS5, anti-NF-
E4 and anti-H4R3me2s antibodies (Fig. 5b). We used primer pairs spanning regions of the
locus control region (LCR) hypersensitive sites (HS1-HS4), the e-globin, y-globin and -
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globin promoters, and the intergenic region between the Gy-genes and Ay-genes. We
detected high levels of PRMT5, NF-E4 and H4R3me2s at the transcriptionally inactive y-
promoters and e-promoters, but not at the b-promoter in these adult cells. We also observed
increased levels at HS3 of the LCR, but not at the other hypersensitive sites or in the
intergenic region.

To further examine the role of PRMT5 in developmental silencing of the -y-genes, we
determined the cellular localization of the protein by immunofluorescence in cord blood and
bone marrow erythroid progenitors (Fig. 5¢). PRMTS5 has previously been shown to trans-
locate from the nucleus to the cytoplasm at the time of extensive epigenetic reprogramming
of mouse germ cells32. We demonstrated that the protein was predominantly nuclear in the
bone marrow progenitors, whereas it was primarily localized in the cytoplasm in the cord
blood progenitors. These findings suggest an additional mechanism by which PRMT5 may
play a developmentally specific role in regulating gene expression at the human B-globin
locus.

DISCUSSION

In addition to their direct role in influencing chromatin compaction, an emerging paradigm
suggests that post-translational modifications of histones also serve as direct targets of
effector molecules. These effectors (or “readers™) induce downstream functional
consequences, including (i) remodeling or stabilization of the chromatin structure, (ii)
introduction of further post-translational modifications through interactions with “writers”
and (iii) other gene regulatory effects33. Our studies provide an important addition to this
paradigm by defining a direct link between the repressive histone modification H4R3me2s
and DNA methylation. We show that DNMT3A functions as both a reader and a writer in
this context, by binding directly to the H4R3me2s mark and inducing DNA methylation and
gene silencing (Fig. 6). Central to this is PRMTS5, which establishes the histone modification
and also interacts directly with DNMT3A.

As with other effector molecules, DNMT3A targets the post-translationally modified histone
through the ADD domain, which contains the PHD zinc finger region. PHD motifs have
been shown in numerous factors to bind to methyllysine marks, including H3K4me2 and
H3K4me3 (refs. 34-38), H3K9me3 (ref. 39), and H3K36me3 (ref. 40). Recently, the PHD
domain of RAG2 was shown to bind coordinately to H3K4me3 and H3R2me2s*L. Readers
that recognize methylated arginine residues in histones have not been identified previously,
and consequently no structure of a reader bound to this mark is available3. Tudor domain-
containing proteins have been shown to recognize arginine-glycine—rich motifs in non-
histone proteins in a methylarginine-dependent manner#2, and although DNMT3A contains
a Tudor-like motif, this region of the protein appears not to have a role in the H4R3me2s
interaction2%43, Notably, it is involved in the protein-protein interaction between DNMT3A
and PRMTS.

Previous studies in the chicken B-globin locus have demonstrated that asymmetric
methylation of H4R3 by the type | arginine methyltransferase PRMT1 is essential for the
establishment and maintenance of a wide range of active chromatin modifications22. Taken
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together with our findings, this suggests that arginine methyltransferases may play
coordinated and contrasting roles in the developmental regulation of the B-globin locus. In
addition to increased levels of the H4R3me2s mark at the -y-promoter, we also observed
enrichment of this mark at HS3, the site proposed to preferentially activate the human
embryonic and fetal globin genes®?. It is conceivable that coordinated repressive marks
established synchronously at the promoters and HS3 could interfere with the LCR—globin
gene interaction*>46, thereby inducing substantial changes in locus conformation in addition
to the more localized modifications of chromatin structure. Alternatively, the complex could
initiate at the LCR and spread across the locus leading to gene repression, much like the
recent demonstration of epigenetic modifiers acting at a distance in the p-globin cluster in
the setting of activation of B-gene expressiont’. The silencing of the genes encoding -
globin after birth heralds the onset of b-thalassemia and sickle cell disease, which has
prompted the search for therapies that will prevent or reverse this process. DNA
methyltransferase inhibitors have been used for this purpose, with some effect*8. An
alternate approach that we are pursuing could involve the use of specific inhibitors of
PRMTS5 methyltransferase activity to block the H4R3me2s modification and subsequent
recruitment of DNMT3A and DNA methylation.

Our results provide an important extension to the established links between repressive
histone modifications and DNA methylation. Interactions between lysine methyltransferases
and DNA methyltransferases'6-1849 methyl-CpG-binding proteins!? and methyl-CpG-
enriched regions'® have all been reported. Recently, the heterochromatin protein 1 (HP1) has
been shown to translate methylation information from histone to DNA, to cement gene
repression®0. In this model, the G9a enzyme induces the repressive H3K9me2 mark at
euchromatic sites, which is read by HP1. The bound HP1 functions as an adaptor by
targeting DNMT1 enzymatic activity to these sites, thereby enhancing cytosine methylation.
Further stabilization is achieved through a direct interaction between the G9a histone
methyltransferase and DNMT1 (ref. 49). Our findings exhibit some parallels with this model
—in particular, the dual role of PRMTS5 in establishing the repressive mark and binding to
DNMT3A, analogous to G9a. However, the recruitment of DNMT3A to H4R3me2s is
direct, requiring no adaptor protein for the interaction. As such, it resembles the scenario in
Arabidopsis thaliana, in which the DNA methyltransferase CMT3 is recruited directly to
sites of repressive histone modifications®1. Notably, other DNA methyltransferase subunits
(for example, DNMT3L) fail to bind histone peptides that harbor activating histone marks
such as H3K4me31. Thus, histone modifications, whether activating or repressing in nature,
can influence DNA methylation signatures in positive or negative ways.

METHODS

Mass spectrometry

We resolved Flag immunoprecipitates from K562 cells expressing NF-E4-Flag on a 4-20%
(w/v) gradient SDS-PAGE gel and stained with SimplyBlue Safestain (Invitrogen). We
excised protein bands of interest from preparative one-dimensional gels and subjected them
to electrospray—ion trap (ESI-IT) tandem mass spectrometry (MS/MS) (LCQ-Deca,
Finnigan).
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Cell culture and immunofluorescence

K562 cells were grown as described previously29. We isolated CD34+ cells from human
cord blood using a MiniMACS magnetic cell sorting system (Miltenyi Biotec) and cultured
them in Iscove's modified Dulbecco's medium (IMDM) supplemented with 15% (v/v) fetal
calf serum (FCS), SCF (100 ng mI~1), erythropoietin (5 U mI~1), insulin-like growth factor-1
(IGF-1, 40 ng mI~1) and dexamethasone (1 uM) to induce erythroid differentiation. We
cultured CD34+ cells isolated from fresh adult bone marrow (as above) in IMDM
supplemented with 15% (v/v) FCS, SCF (100 ng mI~1), IL-3 (10 ng mI~1) and FIt-3 ligand
(500 ng miI~1) for 7 d, followed by erythropoietin (5 U mI~1) alone for 5 d to induce
erythroid differentiation. Cell surface marker analysis with CD71 and glycophorin A
indicated that cultured cord blood and bone marrow cells were greater than 90% erythroid
lineage. For immunofluorescence, cord blood and bone marrow cells were mounted on
polylysine slides and permeabilized with 0.1% (v/v) Triton X-100. We incubated slides with
mouse monoclonal anti-PRMTS5 antibody overnight at 4 °C, washed and incubated with
Texas Red—conjugated horse anti-mouse secondary antibody (Vector Laboratories) for 1 h at
room temperature (25 °C). We then washed the slides and counterstained them with 4°,6-
diamidino-2-phenylindole (DAPI) for 3 min before imaging with a Zeiss Axioplan
microscope (Zeiss).

Protein interaction studies

Immunoprecipitation, immunoblotting and GST pulldown assays were performed as
described previously®2. We used the following antibodies in the immunoprecipitations: Flag
(Sigma-Aldrich), PRMT5 (Abcam) and DNMT1, DNMT3A, DNMT3B, tubulin and
GATA-1 (Santa Cruz Biotechnology). Peptide pulldown assays were performed as
previously described3L. Briefly, we coupled 2 pg of COOH-terminal biotin-tagged 20-mer
N-terminal peptides of histone H4 with the Arg3 residue unmethylated, symmetrically
methylated or asymmetrically methylated to streptavidin beads and incubated with K562
cellular extract prepared with high salt extraction (420 mM NaCl)2”. We eluted specifically
bound protein from stringently washed beads and visualized by western blot with anti-
DNMTS3A or anti-GST antibody after SDS-PAGE. For peptide pulldown assays with GST
proteins, the molar ratio of peptide to GST protein was 10:1. The peptides were synthesized
with a polyethylene glycol 4 (PEGA4) linker between the histone sequence and the biotin
moiety, and the N terminus was acetylated.

ChlIP analysis

ChIP assays were performed as described previously20. We immunoprecipitated chromatin
fractions from K562 cells with specific antibodies. No antibody and normal rabbit IgG
served as the controls. Sequences of the primers for the globin locus are listed in
Supplementary Table 1 online. We used the following antibodies: H4R3me2s and PRMT5
(Abcam), Flag (Sigma-Aldrich), and DNMT3A and RNA polymerase Il (Santa Cruz
Biotechnology). We calculated the relative enrichment using a method described
previously®3. We calculated the percentage of ChIP DNA relative to the input DNA. In all
assays it ranged from 0.35% to 0.71%. The most substantial enrichment was assigned the
value 1, and all other conditions were normalized to this value. For the NF-E4 and PRMT5
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ChIP, 32 cycles were used, and for the H4R3me2s ChIP, 35 cycles were used. We performed
each experiment at least twice independently.

In vitro methyltransferase assays

Beads from the immunoprecipitation assays from K562 cells transfected with PRMT5-f or
PRMTS5A-f were used as the enzyme source in /n vitro methyltransferase assays as described
previously®#, with slight modifications. Briefly, we incubated the beads with 10 pg of
purified histone H2A, H2B, H3 and H4 (Roche), or purified nucleosomes®, and 2 mCi of &
adenosyl-L-methyl-3H-methionine (3H-SAM, Amersham) as the methyl donor, in a mixture
of 20 pl of HMTase buffer (25 mM NaCl, 25 mM Tris, pH 8.8) for 2 h at 30 °C. Proteins
were resolved on a 14% (w/v) SDS-PAGE gel, stained with Coomassie blue and then dried
and subjected to autoradiography.

Bisulfite sequence analysis

Bisulfite sequence analysis was performed as described previously®®. Primers to amplify the
bisulfite-treated y-promoter are provided in Supplementary Table 2 online. We performed
PCR with HiFi Taq polymerase (Roche) as follows: 30 cycles, 94 °C for 20 s, 55 °C for 20 s
and 68 °C for 35 s. We cloned PCR products into pCRII (Invitrogen) and then sequenced
nucleotides using the Big-Dye Termination method (Applied Biosystems). The significance
of the differences between cell lines was calculated using the Fisher's exact test.

RNA interference and retroviral infection

Q-RT-PCR

The small interfering RNA target sequences for PRMT5 and DNMT3A were inserted into
the pSUPER:.retro.-neo+gfp retroviral vector according to the manufacturer's
recommendations (OligoEngine). The oligo sequences are provided in Supplementary Table
3 online. Retrovirus production by 293T cells and infection of K562 cells were performed as
described?0. Transduced cells were selected for green fluorescent protein expression by
fluorescence-activated cell sorting (FACS).

Total RNA was isolated from cells with Trizol reagent (Invitrogen). Complementary DNA
was generated using the reverse transcription system (Promega). Q-RT-PCR primers are
provided in Supplementary Table 4 online. The identities of the amplified bands were
confirmed by sequencing. We performed Q-RT-PCR in a Rotorgene 2000 (Corbett Research)
in a final volume of 20 pl. Reaction mixtures contained 1x reaction buffer, 2.5 mM MgCly,
0.05 mM deoxynucleotides (Roche), 0.1 uM gene-specific primers, 1 U Taq polymerase
(Fisher Biotech), a 1:10,000 dilution of SYBR Green | (Molecular Probes) and 2 pl of
sample or standard. Cycling conditions were 94 °C for 15 s, 57 °C for 30 s and 72 °C for 30
s. Standard curves for hypoxanthine guanine phosphoribosyltransferase (HPRT), y-globin
and p-globin were generated from bone marrow and cord blood cells. The relative quantity
of the transcripts was calculated for all individual cell lines. Each reaction was done in
duplicate.
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Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank S. Pestka (University of Medicine and Dentistry of New Jersey) for the PRMT5D plasmid, R. Gaynor
(University of Texas Southwestern) for the PRMT58 plasmid and members of the Jane and Cunningham
laboratories for helpful discussions. This work was supported by grants from The National Health and Medical
Research Council of Australia, the US National Institutes of Health (PO1 HL53749-03 and RO1 HL69232-01)
(S.M.J.), The Roche Foundation for anemia research (RoFAR) (S.M.J.), The Cooley's Anemia Foundation (Q.Z.),
The Natural Science Foundation of China #30670422 (Q.Z.), Cancer Centre Support CORE Grant P30 CA 21765,
the American Lebanese Syrian Associated Charities (ALSAC) and the Assisi Foundation of Memphis (J.M.C.).

References

1. Jenuwein T, Allis CD. Translating the histone code. Science. 2001; 293:1074-1080. [PubMed:
11498575]

2. Felsenfeld G, Groudine M. Controlling the double helix. Nature. 2003; 421:448-453. [PubMed:
12540921]

3. Taverna SD, Li H, Ruthenburg AJ, Allis CD, Patel DJ. How chromatin-binding modules interpret
histone modifications: lessons from professional pocket pickers. Nat. Struct. Mol. Biol. 2007;
14:1025-1040. [PubMed: 17984965]

4. Bird AP, Wolffe AP. Methylation-induced repression—belts, braces, and chromatin. Cell. 1999;
99:451-454. [PubMed: 10589672]

5. Jones PA, Baylin SB. The fundamental role of epigenetic events in cancer. Nat. Rev. Genet. 2002;
3:415-428. [PubMed: 12042769]

6. Freitag M, Selker EU. Controlling DNA methylation: many roads to one modification. Curr. Opin.
Genet. Dev. 2005; 15:191-199. [PubMed: 15797202]

7. Klose RJ, Bird AP. Genomic DNA methylation: the mark and its mediators. Trends Biochem. Sci.
2006; 31:89-97. [PubMed: 16403636]

8. Eden S, Hashimshony T, Keshet I, Cedar H, Thorne AW. DNA methylation models histone
acetylation. Nature. 1998; 394:842. [PubMed: 9732866]

9. Schubeler D, et al. Genomic targeting of methylated DNA: influence of methylation on
transcription, replication, chromatin structure, and histone acetylation. Mol. Cell. Biol. 2000;
20:9103-9112. [PubMed: 11094062]

10. Johnson LM, et al. The SRA methyl-cytosine-binding domain links DNA and histone methylation.

Curr. Biol. 2007; 17:379-384. [PubMed: 17239600]

11. Fuks F, et al. The methyl-CpG-binding protein MeCP2 links DNA methylation to histone
methylation. J. Biol. Chem. 2003; 278:4035-4040. [PubMed: 12427740]

12. Sarraf SA, Stancheva I. Methyl-CpG binding protein MBD1 couples histone H3 methylation at
lysine 9 by SETDB1 to DNA replication and chromatin assembly. Mol. Cell. 2004; 15:595-605.
[PubMed: 15327775]

13. Tamaru H, et al. Trimethylated lysine 9 of histone H3 is a mark for DNA methylation in
Neurospora crassa. Nat. Genet. 2003; 34:75-79. [PubMed: 12679815]

14. Fuks F. DNA methylation and histone modifications: teaming up to silence genes. Curr. Opin.
Genet. Dev. 2005; 15:490-495. [PubMed: 16098738]

15. Schotta G, et al. A silencing pathway to induce H3-K9 and H4-K20 trimethylation at constitutive
heterochromatin. Genes Dev. 2004; 18:1251-1262. [PubMed: 15145825]

16. Lehnertz B, et al. Suv39h-mediated histone H3 lysine 9 methylation directs DNA methylation to
major satellite repeats at pericentric heterochromatin. Curr. Biol. 2003; 13:1192-1200. [PubMed:
12867029]

Nat Struct Mol Biol. Author manuscript; available in PMC 2016 November 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 12

Fuks F, Hurd PJ, Deplus R, Kouzarides T. The DNA methyltransferases associate with HP1 and the
SUV39H1 histone methyltransferase. Nucleic Acids Res. 2003; 31:2305-2312. [PubMed:
12711675]

Vire E, et al. The Polycomb group protein EZH2 directly controls DNA methylation. Nature. 2006;
439:871-874. [PubMed: 16357870]

van der Ploeg LH, Flavell RA. DNA methylation in the human gamma-delta-beta-globin locus in
erythroid and non-erythroid cells. Cell. 1980; 19:947-958. [PubMed: 6247075]

Zhao Q, et al. Repression of human gamma-globin gene expression by a short isoform of the NF-
E4 protein is associated with loss of NF-E2 and RNA polymerase 11 recruitment to the promoter.
Blood. 2006; 107:2138-2145. [PubMed: 16263792]

Pollack BP, et al. The human homologue of the yeast proteins Skb1 and Hsl7p interacts with Jak
kinases and contains protein methyltransferase activity. J. Biol. Chem. 1999; 274:31531-31542.
[PubMed: 10531356]

Huang S, Litt M, Felsenfeld G. Methylation of histone H4 by arginine methyltransferase PRMTL1 is
essential in vivo for many subsequent histone modifications. Genes Dev. 2005; 19:1885-1893.
[PubMed: 16103216]

Fabbrizio E, et al. Negative regulation of transcription by the type Il arginine methyltransferase
PRMT5. EMBO Rep. 2002; 3:641-645. [PubMed: 12101096]

Pal S, Vishwanath SN, Erdjument-Bromage H, Tempst P, Sif S. Human SWI/ SNF-associated
PRMTS5 methylates histone H3 arginine 8 and negatively regulates expression of ST7 and NM23
tumor suppressor genes. Mol. Cell. Biol. 2004; 24:9630-9645. [PubMed: 15485929]
Branscombe TL, et al. PRMT5 (Janus kinase-binding protein 1) catalyzes the formation of
symmetric dimethylarginine residues in proteins. J. Biol. Chem. 2001; 276:32971-32976.
[PubMed: 11413150]

Goren A, et al. Fine tuning of globin gene expression by DNA methylation. PLoS ONE. 2006;
1:e46. [PubMed: 17183675]

Jane SM, Ney PA, Vanin EF, Gumucio DL, Nienhuis AW. Identification of a stage selector element
in the human gamma-globin gene promoter that fosters preferential interaction with the 5° HS2
enhancer when in competition with the beta-promoter. EMBO J. 1992; 11:2961-2969. [PubMed:
1639067]

Cheng X, Blumenthal RM. Mammalian DNA methyltransferases: a structural perspective.
Structure. 2008; 16:341-350. [PubMed: 18334209]

Maurer-Stroh S, et al. The Tudor domain ‘Royal Family’: Tudor, plant Agenet, Chromo, PWWP
and MBT domains. Trends Biochem. Sci. 2003; 28:69-74. [PubMed: 12575993]

Bienz M. The PHD finger, a nuclear protein-interaction domain. Trends Biochem. Sci. 2006;
31:35-40. [PubMed: 16297627]

Ooi SK, et al. DNMT3L connects unmethylated lysine 4 of histone H3 to de novo methylation of
DNA. Nature. 2007; 448:714-717. [PubMed: 17687327]

Ancelin K, et al. Blimp1 associates with Prmt5 and directs histone arginine methylation in mouse
germ cells. Nat. Cell Biol. 2006; 8:623-630. [PubMed: 16699504]

Ruthenburg AJ, Allis CD, Wysocka J. Methylation of lysine 4 on histone H3: intricacy of writing
and reading a single epigenetic mark. Mol. Cell. 2007; 25:15-30. [PubMed: 17218268]

Shi X, et al. ING2 PHD domain links histone H3 lysine 4 methylation to active gene repression.
Nature. 2006; 442:96-99. [PubMed: 16728974]

Pena PV, et al. Molecular mechanism of histone H3K4me3 recognition by plant homeodomain of
ING2. Nature. 2006; 442:100-103. [PubMed: 16728977]

Wysocka J, et al. A PHD finger of NURF couples histone H3 lysine 4 trimethylation with
chromatin remodelling. Nature. 2006; 442:86-90. [PubMed: 16728976]

Li H, et al. Molecular basis for site-specific read-out of histone H3K4me3 by the BPTF PHD
finger of NURF. Nature. 2006; 442:91-95. [PubMed: 16728978]

Vermeulen M, et al. Selective anchoring of TFIID to nucleosomes by trimethylation of histone H3
lysine 4. Cell. 2007; 131:58-69. [PubMed: 17884155]

Nat Struct Mol Biol. Author manuscript; available in PMC 2016 November 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

Page 13

Iwase S, et al. The X-linked mental retardation gene SMCX/JARID1C defines a family of histone
H3 lysine 4 demethylases. Cell. 2007; 128:1077-1088. [PubMed: 17320160]

Shi X, et al. Proteome-wide analysis in Saccharomyces cerevisiae identifies several PHD fingers as
novel direct and selective binding modules of histone H3 methylated at either lysine 4 or lysine 36.
J. Biol. Chem. 2007; 282:2450-2455. [PubMed: 17142463]

Ramon-Maiques S, et al. The plant homeodomain finger of RAG2 recognizes histone H3
methylated at both lysine-4 and arginine-2. Proc. Natl. Acad. Sci. USA. 2007; 104:18993-18998.
[PubMed: 18025461]

Cote J, Richard S. Tudor domains bind symmetrical dimethylated arginines. J. Biol. Chem. 2005;
280:28476-28483. [PubMed: 15955813]

Slater LM, Allen MD, Bycroft M. Structural variation in PWWP domains. J. Mol. Biol. 2003;
330:571-576. [PubMed: 12842472]

Fraser P, Pruzina S, Antoniou M, Grosveld F. Each hypersensitive site of the human beta-globin
locus control region confers a different developmental pattern of expression on the globin genes.
Genes Dev. 1993; 7:106-113. [PubMed: 8422981]

Carter D, Chakalova L, Osborne CS, Dai YF, Fraser P. Long-range chromatin regulatory
interactions in vivo. Nat. Genet. 2002; 32:623-626. [PubMed: 12426570]

Tolhuis B, Palstra RJ, Splinter E, Grosveld F, de Laat W. Looping and interaction between
hypersensitive sites in the active beta-globin locus. Mol. Cell. 2002; 10:1453-1465. [PubMed:
12504019]

Demers C, et al. Activator-mediated recruitment of the MLL2 methyltransferase complex to the
beta-globin locus. Mol. Cell. 2007; 27:573-584. [PubMed: 17707229]

Saunthararajah Y, et al. Effects of 5-aza-2¢-deoxycytidine on fetal hemoglobin levels, red cell
adhesion, and hematopoietic differentiation in patients with sickle cell disease. Blood. 2003;
102:3865-3870. [PubMed: 12907443]

Estéve PO, et al. Direct interaction between DNMT1 and G9a coordinates DNA and histone
methylation during replication. Genes Dev. 2006; 20:3089-3103. [PubMed: 17085482]

Smallwood A, Esteve PO, Pradhan S, Carey M. Functional cooperation between HP1 and DNMT1
mediates gene silencing. Genes Dev. 2007; 21:1169-1178. [PubMed: 17470536]

Lindroth AM, et al. Dual histone H3 methylation marks at lysines 9 and 27 required for interaction
with CHROMOMETHYLASE3. EMBO J. 2004; 23:4286-4296. [PubMed: 15457214]

Zhao Q, Cumming H, Cerruti L, Cunningham JM, Jane SM. Site-specific acetylation of the fetal
globin activator NF-E4 prevents its ubiquitination and regulates its interaction with the histone
deacetylase, HDACL1. J. Biol. Chem. 2004; 279:41477-41486. [PubMed: 15273251]

Wysocka J, et al. WDR5 associates with histone H3 methylated at K4 and is essential for H3 K4
methylation and vertebrate development. Cell. 2005; 121:859-872. [PubMed: 15960974]

Rea S, et al. Regulation of chromatin structure by site-specific histone H3 methyltransferases.
Nature. 2000; 406:593-599. [PubMed: 10949293]

Brand M, Rampalli S, Chaturvedi CP, Dilworth FJ. Analysis of epigenetic modifications of
chromatin at specific gene loci by native chromatin immunoprecipitation of nucleosomes isolated
using hydroxyapatite chromatography. Nat. Protoc. 2008; 3:398-409. [PubMed: 18323811]

Lavelle D, Vaitkus K, Hankewych M, Singh M, DeSimone J. Effect of 5-aza-2’-deoxycytidine
(Dacogen) on covalent histone modifications of chromatin associated with the epsilon-, gamma-,
and beta-globin promoters in Papio anubis. Exp. Hematol. 2006; 34:339-347. [PubMed:
16543068]

Nat Struct Mol Biol. Author manuscript; available in PMC 2016 November 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al.

Page 14
a b o é&(” e
L ® N & IP Ab:
& & & & & 019G
S A 2,000 W H4R3me2s
R s 1,600
% O 800
182 — C o <& & 400
NF-E4-Ub $2w, & 0
-E4-Ubn N
- Lo O &L N 1N
116 Nucleolin MM é\‘" ,\%V
— PRMT5
64 d S NP
* — & &8 f ChIP Ab:
0= # L & Olga
& e 73 H Flag
87 . PICin Ha i t:l-:-t' W H4R3me2s
p— A m on -—
P - L metvition =4
26 —  s— NF-E4/ Hggt Eese smmamy, Coomassie Eos
19 — NF-E4-Flag H2A:—- —— stain 2
c 0.6
()
Free K562 ©0.4
14 — b g histones nucleosomes =
kDa K So.2
o 2
Position PRMT5 sequence $ $ T 9
155-164 VPLVAPEDLR &® & &
165—184 DDIIENAPTTHTEEYSGEEK . 2 QQ é\
IB: anti-Flag &% sess PRMT5/A-f ] &

Figure 1.
PRMTS5 symmetrically dimethylates histone H4R3 on the gene encoding -y-globin. (a)

SimplyBlue Safestain of an SDS-PAGE gel of a-Flag antibody immunoprecipitates from
K562 cells transfected with NF-E4-Flag, or vector alone (control) before analysis by mass
spectrometry. The bands corresponding to PRMT5, NF-E4, polyubiquitinated NF-E4 (ref.
52) and the known PRMTS5 partner proteins nucleolin and pICin are shown. Hash marks
indicate bands that correspond to common background proteins including keratin, tubulins
and ribosomal proteins. Asterisks indicate immunoglobulin chains. The PRMT5 peptide
sequences identified are shown below. (b) Co-immunoprecipitation of endogenous PRMT5
and NF-E4 from K562 cells. (c) Interaction of the endogenous PRMT5 and NF-E4 with the
y-promoter by ChIP assays. (d) /n vitro methyltransferase assays of Flag
immunoprecipitates from K562 cells expressing PRMT5-f and K562 cells expressing
PRMT5A-f. Autoradiographs (upper panels) and Coomassiestained gels (lower panels) are
shown for each. () The HMTase assays with free histones detailed in d were
immunoprecipitated with antibodies to histone H4R3me2s or normal rabbit 1gG, and the
radioactivity was quantitated in the respective precipitates. CPM, counts per minute. (f)
H4R3me2s enrichment at the y-promoter was measured by ChiIP in K562 cells expressing
PRMT5-f or PRMT5A-f. Error bars show s.d.
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Figure 2.
PRMTS5 mediates transcriptional silencing of the y-gene. (a) Extracts from PRMT5-f,

PRMTS5A-f or vector control K562 cells were analyzed by western blot with anti-Flag or
PRMTS5 antibodies (right panel). RNA from these cells was analyzed by Q-RT-PCR with
primers specific for the gene encoding y-globin, and the signals were normalized against
HPRT mRNA levels (left panel). (b) K562 cells expressing either an sShRNA to PRMT5
(PRMT5-kd) or a scrambled sequence (Scr) were analyzed by western blot (with antibodies
indicated, right panel) and Q-RT-PCR (left panel) as in a. Error bars show s.d. (c)
H4R3me2s enrichment at the -y-promoter was measured by ChIP in PRMT5-kd and Scr
cells. Error bars show s.d.
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Figure 3.
PRMT5 and DNMT3A function cooperatively in gene silencing. (a) Effect of perturbed

PRMTS5 expression on DNA methylation at the human y-gene. Each row shows the
methylation status of individual CpG dinucleotides derived from sequence analysis of at
least 40 individual cloned PCR products of the -y-genes following bisulfite modification
from PRMT5-f, PRMT5A-f, PRMT-kd and the scrambled control (Scr) K562 cells. The
differences between the three lines and the Scr were highly significant (A< 0 0.01). The
numbers on the left represent the positions of the CpG dinucleotides relative to the
transcriptional start site of the y-gene. The results are quantitated in the bar graph. ND, not
detectable. (b) DNMT3A, but not DNMT1 or DNMT3B, co-immunoprecipitates with
PRMT5-f from K562 cells. High salt extraction (420 mM NaCl) was used for the cellular
extract preparation. (c) Co-immunoprecipitation of endogenous DNMT3A and PRMT5 from
K562 cells. High salt extraction (420 mM NaCl) was used for the cellular extract
preparation. (d) DNMT3A binding at the -y-promoter was measured by ChIP in PRMT5-f
and PRMT5A-f cells. Error bars show s.d. () DNMT3A binding at the -y-promoter was
measured by ChIP in PRMT-kd and Scr cells as above. (f) K562 cells expressing either an
shRNA to DNMT3A (DNMT3A-kd) or a scrambled sequence (Scr) were analyzed by
western blot, with indicated antibodies (right panel), and Q-RT-PCR with primers specific
for the y-globin genes, with the signal normalized against HPRT mRNA levels (left panel).
(9) Effect of DNMT3A knockdown on DNA methylation at the human y-genes as detailed
in a. The difference between the two lines was significant (P < 0.02).
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Figure4.
DNMT3A binds specifically to histone H4 carrying the R3me2s modification. (a) Binding

of 35S-labeled /in vitrotranscribed and translated (IVTT) DNMT3A to purified GST, GST-
PRMT5 and GSTPRMT5D. Top panel, autoradiograph; bottom panel, Coomassie. Input
represents 30% of the /n vitro translated DNMT3A used in the assay. (b) Binding of
DNMT3A to N-terminal peptides of histone H4 with the Arg3 residue unmethylated,
symmetrically methylated or asymmetrically methylated. Specifically bound protein was
visualized by western blot with anti-DNMT3A antibody after SDS-PAGE. Input represents
10% of the cellular extract used in the assay. The H4R3me2s modification of the synthesized
peptide was confirmed by immunoblot. Coomassie staining shows equivalent loading of the
three peptides on a 20% (w/v) SDS-PAGE gel. (c) Peptide pulldown assays as described in
b, with 3°S-labeled fragments of DNMT3A as shown in the schematic. Numbers refer to
amino acids. The 1-354 construct contains the PWWP module but lacks its adjacent C-
terminal helical motif. The 1-587 construct contains the GATA and PHD domains of ADD,
but lacks an adjacent C-terminal helix. (d) Peptide pulldown assays as described in b, with
purified GST, GST-DNMT3A (281-424, containing the PWWP domain) and GST-
DNMT3A (479-610, containing the ADD domain). Specifically bound protein was
visualized by western blot with anti-GST antibody after SDS-PAGE. Input represents 5% of
the GST fusion proteins used in the assay. The H4R3me2s modification of the synthesized
peptide was confirmed by immunoblot. Coomassie staining shows equivalent loading of the
four peptides.
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Figure5.

R(?Ie of PRMTS5 in developmental globin gene silencing. (a) H4R3me2s and RNA
polymerase 1l enrichment at the y-promoter was measured by ChIP in chromatin fractions
from erythroid progenitors from cord blood and adult bone marrow. (b) Localization of
PRMTS5, NF-E4 and H4R3me2s across the p-globin locus measured by ChiIP in chromatin
fractions from erythroid progenitors from adult bone marrow. The precipitated DNA was
amplified with primers specific for the indicated regions of the B-globin locus. HS,
hypersensitive site; Pro, promoter; /Ay, intergenic region between Gy-globin and Ay-
globin genes. Error bars show s.d. (c) Cellular localization of PRMTS5 in erythroid
progenitors from cord blood and adult bone marrow shown by immunofluorescence with
anti-PRMT5 antibody and DAPI nuclear counterstaining. Scale bar, 10 um.
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Figure 6.
Model of PRMT5-induced silencing of gene expression. Symmetric dimethylation of H4R3

by PRMT5 induces direct binding of DNMT3A, resulting in methylation of adjacent CpG
dinucleotides and gene silencing.
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