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The NSD (nuclear receptor SET domain-containing) family of
histone lysine methyltransferases is a critical participant in
chromatin integrity as evidenced by the number of human dis-
eases associated with the aberrant expression of its family mem-
bers. Yet, the specific targets of these enzymes are not clear, with
marked discrepancies being reported in the literature. We dem-
onstrate that NSD2 can exhibit disparate target preferences
based on the nature of the substrate provided. The NSD2 com-
plex purified from human cells and recombinant NSD2 both
exhibit specific targeting of histone H3 lysine 36 (H3K36) when
provided with nucleosome substrates, but histone H4 lysine 44
is the primary target in the case of octamer substrates, irrespec-
tive of the histones being native or recombinant. This disparity
is negated when NSD2 is presented with octamer targets in con-
junction with short single- or double-stranded DNA. Although
the octamers cannot form nucleosomes, the target is nonethe-
less nucleosome-specific as is the product, dimethylated H3K36.
This study clarifies in part the previous discrepancies reported
with respect to NSD targets. We propose that DNA acts as an
allosteric effector of NSD2 such that H3K36 becomes the pre-
ferred target.

Among the array of posttranslational histone modifications
that feature prominently in the regulation of chromatin struc-
ture and function is lysine methylation. Histone lysine methyl-
transferases (HKMTs)? target specific histone residues, and
depending on their substrate specificity and their catalytic
properties, the resulting products are mono-, di-, or trimethyl-
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ated versions of lysine residues. A large body of work has corre-
lated the status of histone lysine methylation as well as the extent of
such methylation (mono, di, or tri) with certain cellular processes
thatinclude transcriptional regulation. Recent genome-wide stud-
ies have mapped the level of transcription as a function of the
presence and position of specific states of histone lysine methyl-
ation within genes. For example, the levels of trimethylated histone
H3 lysine 4 (H3K4me3) were elevated surrounding the transcrip-
tional start sites of genes and positively correlated with transcrip-
tion, whereas H3K36me3 signals were sharply elevated down-
stream of the transcriptional start site, peaking at the 3’-end in
active genes. On the other hand, the presence of H3K27me3 cor-
related with transcriptional repression (1).

Lysine 20 of histone H4 is also subject to methylation, but its
outcome with respect to transcription is not predictable. Recent
studies have demonstrated that monomethylation of this residue
(H4K20mel) is important for chromosome organization and
compaction (2), yet this mark has also been detected on transcrip-
tionally active genes. A likely explanation for these observations is
that a histone modification in isolation might not necessarily be
predictive of an outcome. Other modifications, such as methyl-
ation itself, acetylation, and/or phosphorylation of residues
within the nucleosome(s) (or neighboring nucleosomes consti-
tuting a “chromatin domain”) likely contribute to the output of
a specific histone modification. Although the extent of methyl-
ation serves as recognition sites for binding proteins containing
specific domains (chromo, plant homeo domain fingers, malig-
nant brain tumor repeats, Tudor, and others), the amino acids
surrounding a specific lysine methylation site also confer spec-
ificity. Similarly, other modifications present on other residues
in the nucleosome(s) can promote or prevent binding of factors
to a specific modified lysine residue. Thus, the substrate speci-
ficity and resulting products of a given histone lysine methyl-
transferase, together with other modifications, are critical to
fully understanding its role in chromatin-related functions.

The mammalian NSD family of SET domain-containing
methyltransferases includes NSD1, NSD2 (Wolf-Hirschhorn
syndrome candidate 1/MMSET (multiple myeloma SET
domain)), and NSD3 (Wolf-Hirschhorn syndrome candidate 1
like). The SET domain of NSD proteins shares sequence simi-
larity with SET2, the sole H3K36 methyltransferase in Saccha-
romyces cerevisiae. SET2 binds to and migrates with elongating
RNA polymerase II, catalyzing the formation of H3K36me3
along the coding region of actively transcribed genes (3-7). In
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yeast, H3K36me3 then recruits complexes containing histone
deacetylases that putatively target nucleosomes positioned
upstream of the elongating RNA polymerase II and thereby
re-establish a chromatin structure that suppresses intragenic
transcription initiation (8, 9). Little is known regarding
H3K36mel and H3K36me2. However, a recent study in Dro-
sophila reported that H3K36me?2 levels peaked at the 5'-end of
the transcribed region and required dMes-4 (the NSD homolog
in Drosophila), whereas H3K36me3 accumulated toward the
3'-end of transcribed genes and relied on dHYPB (the SET2
homolog in Drosophila) (10). Studies in Caenorhabditis elegans
showed that Mes-4 is responsible for all H3K36me2 in early
embryos (11). Given these findings, the NSD methyltrans-
ferases would be expected to be H3K36-specific. Yet other
reports indicated discrepancies in this regard. For example,
NSD1 has been reported to dimethylate H3K36 and H4K20
(12), whereas NSD2 has been reported to methylate H4K20
(13), H3K4 (14), H3K27 (15), and H3K36 (16), and NSD3 has
been reported to methylate H3K4 and H3K27 (17).

Of note, disruption of NSD protein integrity or of its proper
expression in human cells has been linked to several diseases.
Haploinsufficiency of NSD1 leads to Sotos syndrome, a child-
hood developmental disease characterized by overgrowth and
mental retardation (18, 19). Similarly, NSD2 is deleted in Wolf-
Hirschhorn syndrome characterized by developmental defects
and mental retardation (20, 21). Additionally, chromosome
translocation resulting in NUP98 fusion to NSD1 (22, 23) and
NSD3 (24) gives rise to acute myeloid leukemia, and chromo-
some translocation resulting in NSD2 overexpression leads to
multiple myeloma (20, 25), whereas reducing its levels sup-
pressed cancer growth (13). Moreover, NSD3 is amplified in
breast cancer cell lines and primary breast carcinomas (26). Yet
little is currently known regarding the mechanism of action and
the functional role(s) of the NSD proteins.

As a first step toward understanding the biological impact of
NSD proteins, we characterized their methyltransferase activi-
ties. Using recombinant NSD1-3 SET domain-containing pro-
teins, we find that NSD1-3 are highly specific H3K36 dimeth-
ylases when nucleosomes are used as substrates. However, in
the case of histone octamers, multiple residues are targeted, and
this phenomenon is suppressed by the presence of short DNA
molecules such that the specificity observed with nucleosomes
is rescued. A human complex containing full-length NSD2 and
associated polypeptides recapitulates the activity observed with
nucleosomes and the recombinant NSD2-SET domain protein.

EXPERIMENTAL PROCEDURES

Antibodies—Antibodies were obtained as follows: anti-
H3K36mel (Upstate; antibody 07-548), anti-H3K36me2 (Cell
Signaling; antibody 2901), anti-H3K36me3 (Abcam; ab9050),
anti-H3K27me3 (Abcam; antibody ab6002), anti-H4K20mel
(Abcam; antibody ab9051), anti-H4K20me2 (Upstate; antibody
07-367), anti-H4K20me3 (Abcam; antibody ab9053), anti-
NSD1 antibody (Bethyl; antibody BL715), and anti-B-tubulin
(Abcam; antibody ab6046). Anti-NSD2 is a polyclonal antibody
derived from rabbit immunized with recombinant NSD2
(NP_001035889; amino acids 310-540). IgG were purified by
protein G-agarose (Invitrogen).
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Construction of Expression Vectors—cDNA of NSD1-SET
(NP_071900; amino acids 1849 -2094) was cloned into BamHI
and Xhol sites of pGEX6P-1 (Amersham Biosciences), and cDNA
of NSD2-SET (NP_001035889; amino acids 941-1240) and
NSD3-SET (NP_001035889; amino acids 1021-1320) were cloned
into the BamHI and Sall sites of pGEX6p-1 (Amersham Bio-
sciences). cDNA for SET2 (QIBYW?2; 1373—-2564 amino acids)
was cloned into the EcoRI site of pFastBac (Invitrogen). Point
mutations of histones H3 and H4 were made based on the Xenopus
laevis-like histone H3 expression vector pET3-H3 (AJ556872.1)
and the X. laevis-like histone H4 expression vector pET3-H4
(AJ556873.1), respectively, using the QuikChange mutagenesis kit
(Stratagene) according to the manufacturer’s instructions. All of
the constructs were verified by DNA sequencing.

Protein Expression and Purification—GST-SET domain
fusion proteins were expressed in Escherichia coli after the
addition of 0.5 mM isopropyl B-Dp-thiogalactopyranoside at
17 °C overnight, and the cells were lysed in lysis buffer (50 mm
Tris-HCI, pH 7.9, 500 mm NaCl, 0.2 mm EDTA, 10% glycerol, 1
png/ml pepstatin A, 1 pug/ml leupeptin, 1 wg/ml aprotinin, and
0.2 mM PMSF). The lysate was cleared by centrifugation, and
the supernatant was incubated with glutathione beads (General
Electric Healthcare) overnight and washed with 20 column vol-
umes of lysis buffer and eluted with 10 column volumes of lysis
buffer plus 20 mm reduced glutathione (Sigma). The eluates
were analyzed by CBB staining. The eluates containing the pro-
tein of interest were further purified by gel filtration on a Super-
dex 200 column (General Electric Healthcare) equilibrated with
lysis buffer. The fusion proteins were pooled and dialyzed against
BC100 (20 mm Tris-HCI, pH 7.9, 100 mm KCl, 0.2 mMm EDTA, 10%
glycerol, 0.2 mm PMSF, and 1 mm DTT). SET2-C was expressed in
baculovirus inset cells and purified by nickel-nitrilotriacetic acid
beads (Qiagen) according to the manufacturer’s instructions. RAR
and RXR were coexpressed using baculovirus and purified by M2
anti-FLAG agarose (Sigma) (27).

Histone Preparation—Recombinant histone octamers were
prepared as described previously (28, 29). Briefly, Xenopus his-
tones were expressed in E. coli individually and then pooled at
an equal molar ratio in the denatured state and renatured by
dialysis. Octamers were then purified from H3-H4 tetramers
and H2A-H2B dimers via gel filtration on a Superdex S200 col-
umn. HeLa core histones were prepared as described previously
(30). Nucleosomes were assembled using pG5E4 plasmid and
octamers by step salt dialysis as described (28, 29). Histone H3
premethylated at lysine 36 was prepared by installing methyl-
lysine analogs on recombinant histones by a chemical reaction
as described previously (31). Briefly, H3K36C-C110A was gen-
erated by quick change PCR on a plasmid encoding histone H3
C110A. H3K36C-C110A was expressed in E. coli BL21(DE3)
pLysS at 37 °C for 4 h (induction at A4, = 0.6 with 0.2 mm
isopropyl B-p-thiogalactopyranoside). Histone-containing
inclusion bodies were purified and solubilized in 7 M guanidine
hydrochloride, 100 mm NaCl, 10 mm Tris-HCI, pH 8.0, 1 mm
DTT, and 1 mMm EDTA. After exchanging guanidine hydrochlo-
ride for 7 m urea by dialysis, the histones were further purified
by sequential anion and cation exchange column chromatogra-
phy. The histone solutions were loaded onto a 5-ml Q and a SP
Sepharose column assembled inline. The Q Sepharose column
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was then removed, and the protein was eluted from the SP
Sepharose column using a linear gradient of NaCl from 100 to
500 mMm in the urea buffer (7 M urea, 10 mm Tris-HCI, pH8.0, 0.1
mM EDTA, and 1 mm DTT). Histone-containing fractions were
pooled, dialyzed against water supplemented with 5 mm 3-mer-
captoethanol, and lyophilized. The lyophilized H3K36C-
C110A to be modified (5-10 mg) was weighed into 1.5 ml of
siliconized microcentrifuge tubes and 950 ul of alkylation
buffer (AB) (4 m guanidinium chloride, 1 m Hepes, pH 7.8, and
10 mM D/L-methionine, pH 7.8; the solution was passed through
a 0.22-micron filter and purged with argon prior to use) was
added. When solubilization of the protein presented a problem,
the protein mixture would be sonicated for 10—15 min in a
Branson 1510 ultrasonic cleaning bath at ambient temperature.
The resultant clear colorless solution was treated with 20 ul of
a1 M DTT solution in AB prepared just prior to use and agitated at
37 °Cfor 1 h. At the end of this period the reactions were alky-
lated in the following manner. The histones were treated with
the appropriate nitrogen mustard ((¢K-Mel), 100 ul of a 1 M
N-methylaminoethyl chloride hydrochloride solution in AB;
(pK-Me2), 50 ul of a 1 M 2-(dimethylamine) ethyl chloride
hydrochloride solution in AB; and (¢K-Me3), 100 mg of (2-bro-
moethyl) trimethylammonium bromide as solid) and agitated
in the absence of light at either 25 °C (¢K-Me2) or 50 °C (¢K-
Mel, ¢K-Me3). After 2 h, the ¢K-Me2 reaction was treated
with 10 ulofa 1 msolution of DTT. After 2.5 h, a second portion
of alkylating reagent was added to the ¢K-Me2 reaction (50 ul),
and a second portion of DTT (10 wl) was added to the pK-Mel
and ¢K-Me3 reactions. The mixtures were then agitated in the
dark at their respective temperatures for an additional 2.5 h.
At the end of this period the reactions were then quenched
with 2-mercaptoethanol (50 ul), cooled to room tempera-
ture, diluted to 2.5 ml with AB, purified by gel filtration
through a PD-10 column (equilibrated with 0.1% BME in 18
() water) according to the manufacturer’s protocol for cen-
trifugal isolation, and lyophilized. A portion of each (~0.1
mg) was analyzed by reverse phase high pressure liquid chro-
matography and MALDI-TOF mass spectrometry to ensure
product identity and homogeneity.

Histone Lysine Methyltransferase Assay—A typical methyl-
transferase assay was carried out in 25-ul reaction mixtures
containing 0.35 uM of histone octamers or nucleosomes, 0.15
M of GST-SET domain fusion proteins, 50 mm Tris-HCI, pH
8.5, 5 mm MgCl,, 0.2 mm DTT, 1 ul of S-adenosyl-[methyl->H]-
l-methionine ([*H[SAM, 50-85 Ci/mmol, 0.55 mCi/ml;
PerkinElmer Life Sciences), and 20 um unlabeled SAM (Sigma),
for 1 h at 30 °C. Synthesized short DNA was supplied in some
assays at the concentrations indicated in the figure legends and
text. The plus strand sequence of the 41-bp DNA was 5'-CTC-
TCTTTGAGGACACCAACCTGGCGGCCATCCACGCC-
AAG-3'. The NSD2 complex was used in place of the SET
domain in some assays as indicated. The reactions were
stopped by the addition of Laemmli sample buffer, and the reac-
tion were products separated by 15% SDS-PAGE and trans-
ferred to a polyvinylidene difluoride membrane. The mem-
brane was stained with CBB, sprayed with 3H-ENHANCE
(PerkinElmer Life Sciences) and analyzed by fluorography. In
some assays, [°’H]SAM was replaced with unlabeled SAM (final
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concentration, 200 um), and standard Western blot was per-
formed using the antibodies specified.

Mass Spectrometric Analysis—The methyltransferase assay
was carried out as described above using unlabeled SAM, and
the reaction mixtures were separated by SDS-PAGE and
stained with CBB. The histones were excised from SDS-PAGE
gels, destained, and then digested in-gel at 37 °C for 5 h with
chymotrypsin (for H3; Roche Applied Science), Arg-C (for H4;
Roche Applied Science), or Asp-N (for H4; Roche Applied Sci-
ence) at 20 ng/ul. The digestion buffer for chymotrysin and
Arg-C was 100 mm Tris-HCI, pH 8.0, and 10 mm CaCl,. The
digestion buffer for Asp-N was 50 mm sodium phosphate, pH
8.0. The resulting peptides were extracted and dried under vac-
uum. Reverse phase C18 ZipTip microcolumns (Millipore)
were used to desalt the samples. 10 -25% of the desalted digests
were submitted for the MALDI-TOF MS or tandem MS analy-
ses using either a Waters (Milford, MA) MALDI Q-TOF Ultima
or a Bruker (Billerica, MA) Autoflex MALDI-TOF mass spec-
trometer using standard operating parameters. The signals
from 500 to 1000 laser shots were summed into each mass
spectrum.

Stable Cell Line and FLAG Affinity Purification—HT1080
cells stably expressing FLAG- and Myc-tagged NSD2
(NP_001035889) were established with the murine stem cell
virus retroviral system using puromycin selection. Nuclear
extract from 1 X 10? cells was incubated overnight at 4 °C with
M2 anti-FLAG-agarose (Sigma) equilibrated in the same buffer
as nuclear extract (20 mm Tris-HCl, pH 7.9, 1.5 mm MgCl,,
0.42 M NaCl, 25% glycerol, 0.2 mm PMSF, and Roche Applied
Science protease inhibitor mixture). The resin was washed with
excess amounts of wash buffer (20 mm Tris-HCI, pH 7.9, 350
mm KCl, 0.2 mm EDTA, 10% glycerol, 0.01% Nonidet P-40, and
0.2 mm PMSEF), and the bound proteins were eluted with wash
buffer plus 0.2 mg/ml 3XFLAG peptide (Sigma). The eluates
were analyzed by Western blot with anti-FLAG or anti-NSD2
antibodies followed by silver staining.

Gel Mobility Shift Assay—DNA oligos and proteins were
incubated in 10 mm Tris-HCI, pH 7.5, 0.1 mm EDTA, 5 mm
DTT, 5% glycerol, and 100 mm NaCl in a total volume of 20 ul at
4 °C for 30 min. The products of the reaction were analyzed by
5% native polyacrylamide gel electrophoresis (37.5:1) using 5
mM Tris-HCI, pH 7.5, and 50 mwm glycine. The gel was stained
with SYBR Gold (Invitrogen) for DNA detection and then with
CBB for protein detection. The 41-bp dsDNA and the NSD2-
SET domain used in the HKMT assay were used for the gel shift
assay. RAR/RXR and oligo containing the RAR-RXR-specific
DNA-binding sequence were used as positive controls (27). The
plus strand sequence for the RAR/RXR oligo is 5'-GCAA-
TTAAAGATGAACTTTGGGTGAACTAATTTGTCTG-3'.

SiRNA Knockdown—HeLa cells were transfected with siRNA
oligos at a 10 nwm final concentration by Lipofectamine
RNAIMAX (Invitrogen) and analyzed after 72 h. The upper
strand sequences of the siRNA oligos against NSD2 (Qiagen)
were as follows: 5'-AACGGCCAGAACAAGCUCUUA-3" and
5'-AGGGATCGGAAGAGTCTTCAA-3'. The upper strand
sequence of the control siRNA oligo was 5'-UAACGACGC-
GACGACGUAATT-3'. Nuclear extracts of the treated cells
were analyzed by Western blot using anti-NSD2 antibody. His-
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FIGURE 1. The NSD SET domain methylates H3K36 on nucleosomes. A, t!

CBB-Staining
he left panel shows the schematic of human NSD1-3 domain organization. NID

denotes the nuclear receptor interaction domain (12). PWWP denotes the PWWP domain which contains the proline-tryptophan-tryptophan-proline motif in
the consensus amino acid sequence. The region of the SET domain protein expressed and used in the following enzymatic assays is indicated above the
sequences. All of the proteins include the pre-SET, SET, and post-SET domain and flanking regions. The right panel shows CBB staining of the purified

GST-NSD1-3 SET domain fusion proteins and the SET2 C-terminal fragment s
with enzymes analyzed in A using [?HISAM as the methyl donor. The protei

eparated on SDS-PAGE. B, HKMT assay on nucleosomes (Nuc) and octamers (Oct)
n concentrations used for NSD1-3 SET were 0.05, 0.1, 0.2, and 0.4 um; those for

SET2-C were 0.01, 0.02, 0.04, and 0.08 uMm. Nucleosomes and octamers contained recombinant, unmodified histones, and their final concentrations in the
reactions were 0.35 um unless otherwise noted. The assay mixtures were separated by SDS-PAGE. The lower panel shows CBB staining of the histones, and the
upper panel shows results with fluorography. The asterisk denotes a proteolyzed form of H3 (see text). C, HKMT assays were performed on wild type (WT) or

H3K36A nucleosomes using enzymes described in A; bovine serum albumin
trations for NSD1-3 SET in these and subsequent reactions were 0.15 um unl

tones were acid-extracted following the protocol from Abcam.
The levels of histone modifications were analyzed by Western
blot using the antibodies specified.

RESULTS

The NSD Family of Proteins Targets H3K36 for Methylation—
Three highly related NSD proteins exist in human cells, and
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(BSA) and full-length recombinant PR-SET7 served as controls. The final concen-
ess otherwise noted.

each contains a SET domain at the C terminus that is homolo-
gous to that of SET2 (Fig. 1A, left panel). Toward analyzing
NSD substrate specificity, each SET domain was independently
fused to GST, expressed in bacteria, purified (Fig. 1A, right
panel, and see “Experimental Procedures”), and analyzed for
HKMT activity. The well characterized HKMTs, SET2 and PR-
Set7 that target H3K36me3 and H4K20mel, respectively,
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served as controls. With recombinant nucleosomes as sub-
strate, the SET domains of NSD1-3 and SET2 targeted H3 (Fig.
1B). Of note, the lower signal detected in the NSD2 and SET2
HKMT assay performed with recombinant nucleosomes was
not directed toward H4 but toward a slower migrating species
that we have identified to be a proteolyzed form of H3 by West-
ern blot (see below). In contrast to recombinant nucleosomes in
which only H3 was targeted, when recombinant octamers were
used as substrate the NSD1-SET domain targeted H3, H2A/
H2B, and H4, whereas the NSD2-SET domain mainly targeted
H4 with very weak activity on H3 (Fig. 1B). NSD3 and SET2
activity remained specific for H3.

We then determined the exactlysine targeted by the different
NSD-SET domain-containing proteins using recombinant
nucleosomes reconstituted with H3 polypeptides carrying a
single substitution at particular methylation sites. As controls,
we included PR-Set7 and SET2. NSD-SET domain-containing
proteins displayed activity toward nucleosomal H3 in the wild
type case as did SET2, as expected (Fig. 1C, left panel). Although
the specific activity varied among the different NSD polypep-
tides, none of the NSD-SET domain-containing proteins nor
SET2 displayed activity in the case of nucleosomes carrying an
H3K36 to A mutation (Fig. 1C). This substrate was successfully
targeted for methylation by PR-SET7, however. Other lysine to
alanine substitutions such as H3K4A, H3K9A, or H3K27A did
not affect the activity of the NSD proteins (data not shown; see
below). These results collectively suggest that the NSD-SET
domain-containing proteins specifically methylate nucleoso-
mal H3K36. However, with recombinant octamers as substrate,
these SET domain-containing proteins exhibited disparate
specificities.

DNA Stimulates Activity and Alters NSD1 and NSD2
Specificity—We next investigated whether the presence of
DNA, a discriminating feature of nucleosomes versus octamers,
influences the disparate catalysis/specificity exhibited by NSD1
and NSD2. We observed that different single- or double-
stranded polynucleotides stimulated NSD1 and NSD2 activity
when octamers were used as substrate (data not shown; see
below). The observed stimulation appeared to be DNA
sequence independent and was not due to the formation of
nucleosomes, because the size of the DNA fragments utilized
precluded this. We selected a double-stranded 41-bp DNA
fragment for further studies. As shown above (Fig. 1B), using
octamers in the absence of nucleic acid, NSD1 or NSD2 dis-
played activity toward H3, H2A/H2B, and H4 or primarily H4,
respectively (Fig. 24). Upon addition of increasing amounts of
short DNA fragment, NSD1 and NSD2 activity toward H4 was
eliminated, and that toward H3 was increased in a DNA-dose
dependent manner (Fig. 24). NSD1 activity toward H2A/H2B
required higher DNA concentrations to be inhibited. We next
analyzed the residue targeted by NSD2 as a function of the
presence of DNA using octamers carrying independently an
alanine substitution of H3K27, H3K36, or H4K20 as substrate
(Fig. 2B). In agreement with the findings obtained above in the
case of nucleosomes, NSD2 displayed activity toward octamers
containing H3K36 in the presence of DNA (Fig. 2B). Interest-
ingly, in the absence of DNA, NSD2 activity directed toward H4
in octamers was not affected by mutant H4K20A, demonstrat-
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ing that NSD2 targeted a different H4 residue, in contrast with
previous studies (Ref. 13 and see below). We concluded that
NSD2 targets primarily nucleosomal H3K36 and that it also
targets H3K36 contained within octamers in the presence of
short DNA. In the absence of DNA, NSD2 activity is mainly
directed toward octamer-containing H4 independent of its
Lys* residue.

We next analyzed whether the 41-bp DNA fragment binds
directly to the enzyme using a gel mobility shift assay. Indeed
the NSD2-SET domain shifted the 41-bp dsDNA (Fig. 2C),
whereas GST protein alone did not. As a positive control, RAR
and RXR dimers shifted oligonucleotide containing their cog-
nate DNA-binding site. We also observed NSD2-SET binding
to single-stranded DNA (data not shown). Our data demon-
strate that DNA affected NSD2-SET activity by binding to the
enzyme.

A possible caveat to the experiments described above (Fig.
2B) is that recombinant histones lack posttranslational modifi-
cation(s) that might affect the activity of NSD proteins. To
address this issue, histones were isolated from HeLa cells, used
to reconstitute octamers and nucleosomes, and then compared
with recombinant species with respect to NSD2 activity. Inter-
estingly, the apparent specific activity of NSD2 was stimulated
with HeLa-derived histones relative to recombinant ones, in
the context of octamers (Fig. 3, compare A and B). A similar
trend was observed with nucleosomes reconstituted with HeLa
histones versus recombinant ones, yet the stimulation was not
as pronounced (Fig. 3). Of note, histone specificity was not
affected by the use of recombinant versus HeLa purified his-
tones. NSD2 preferred H4 in the case of octamers and H3 in the
case of nucleosomes (Fig. 3). We concluded that native histones
(isolated from HeLa cells) might contain one or more modifi-
cations that stimulate NSD2 activity, yet these putative modifi-
cations did not affect its specificity for the histone polypeptides.

NSD2 Is Specific for H3K36me2 Catalysis—The SET domains
of the NSD family of proteins are highly similar and highly
related to the SET domain of SET2 (Fig. 44) that trimethylates
H3K36. This similarity led us to analyze the extent (mono, di, or
tri) of H3K36 methylation performed by the NSD proteins. We
and others have established that SET2 could carry out all levels
of methylation at H3K36 in vitro (4) yet functions as a trimethy-
lase in vivo (4, 10, 33). Using highly specific antibodies directed
toward di- and trimethylated versions of H3K36 (see “Exper-
imental Procedures”) in Western blot analyses, we con-
firmed these previous studies and observed that SET2 car-
ried out primarily trimethylation of nucleosomal H3K36,
with negligible H3K36me2 in vitro (Fig. 4B). On the other
hand, the product of the reaction only reached H3K36me2 in
the case of NSD2 (Fig. 4B).

We next tested the capacity of NSD2 to methylate a chemi-
cally modified H3 already carrying a mono-, di-, or trimethyl
group at Lys%, in the context of recombinant nucleosomes.
These species were generated by cysteine specific alkylation of
H3K36C-C110A with mono-, di-, and trimethylated nitrogen
mustards as described (Ref. 29 and “Experimental Proce-
dures”). This reaction generated specifically methylated pseu-
do-lysines that have been demonstrated to be a close analog of
methylated lysines (29). The antibody specificity was analyzed
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FIGURE 2. Short dsDNA stimulates NSD2-SET HKMT activity on H3K36 and inhibits activity on H4. Aand B, increasing amounts of 41 bp dsDNA were added
to HKMT assays containing octamers and NSD1-SET or NSD2-SET (A) or NSD2-SET with WT octamers or octamers bearing various lysine to alanine point
mutations (B). Wild type (WT) octamers were used in the minus (—) enzyme controls. The bottom panels show CBB staining of histones. C, 0.4 um 41 bp dsDNA
was incubated alone or with 6 um GST or with 0.3, 1.0, or 2.0 um NSD2-SET domain. As positive control, RAR-RXR dimers were incubated with 0.4 um oligo
containing the RAR-RXR-specific DNA binding sequence. The products of the reaction were resolved by 5% native polyacrylamide gel electrophoresis. The
upper panel shows the SYBR Gold stained DNA, and the lower panel shows CBB-stained proteins.

anew using nucleosomes reconstituted with chemically synthe-
sized di- and trimethylated H3K36 (Fig. 4C). Indeed the anti-
bodies directed toward H3K36me2 preferentially recognized
H3 on nucleosomes reconstituted with chemically synthesized
H3K36me2, in Western blot analysis. Also, when chemically
synthesized H3K36me3 was used to reconstitute nucleosomes,
the antibodies directed toward this mark specifically detected
H3K36me3, whereas H3K36me2-specific antibodies were inef-
fectual. Next, we performed HKMT assays using nucleosomes
carrying either wild type H3 or the chemically modified H3
species and found that the NSD2-SET domain was capable of
methylating the unmodified and monomethylated H3 but was
inactive on nucleosomes carrying either a di- or trimethylated
H3K36 (Fig. 4D, left panels). On the other hand, SET2 methyl-
ated either unmodified H3 or H3K36me2, but not nucleosomes
reconstituted with H3K36me3 (Fig. 4D, right panels). To fur-
ther evaluate the extent of NSD2-mediated methylation of
nucleosomes, we analyzed the products by mass spectrometry
when the reaction was performed with recombinant unmodi-
fied nucleosomes, SAM, and NSD2 (Fig. 4E). In agreement with
the results presented above, NSD2 carried out mono- and di-
methylation of nucleosomal H3, whereas SET2 carried out all
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levels of methylation. Taken together with the results presented
above, we concluded that NSD2 is a dimethylase, whereas SET2
can carry out trimethylation.

To verify our in vitro observation that NSD2 dimethylated
nucleosomal H3K36, we knocked down NSD2 using RNA
interference and analyzed the resulting level of H3K36 methyl-
ation. Two different siRNA oligos against NSD2 were used, and
both led to an efficient knockdown of NSD2 but had no effect
on NSD1 protein accumulation (Fig. 54). In agreement with the
results obtained in vitro, the total amount of H3K36me2 was
reduced in these two cell lines relative to cells treated with con-
trol siRNA (Fig. 5). This was specific for H3K36me2 because
siRNA against NSD2 was ineffectual with respect to the other
histone modifications analyzed (Fig. 5B). Thus, NSD2 carried
out H3K36 dimethylation in vitro and in vivo.

Full-length NSD2 Targets H3K36 for Dimethylation—To
extend our studies in vivo, a cDNA encoding full-length NSD2
with a FLAG and Myc TAG at its N terminus was transfected
into HT1080 cells. Stably transfected cells were then harvested,
and the full-length NSD2 was isolated (Fig. 64) and assayed for
activity (Fig. 6B). Consistent with our findings above, the
HKMT activity of full-length NSD2 was directed toward
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FIGURE 3. HKMT assay comparing octamers and nucleosomes assembled from HeLa native histones, bearing natural histone modifications (A) or
recombinant histones without modifications (B). The amount of enzyme was titrated as indicated. The middle and bottom panels show CBB staining of
histones and enzyme, respectively. The asterisk denotes a proteolyzed form of H3.

unmodified and monomethylated H3K36 contained in nucleo-
somes (Fig. 6B). Moreover, when the full-length NSD2 was ana-
lyzed for its activity on octamers, low levels of activity toward
H3 and H4 were detectable, but consistent with our results
using the NSD2-SET domain, the addition of DNA suppressed
the activity toward H4 and stimulated the activity toward H3
(Fig. 6C). We concluded that full-length NSD2 isolated from
transfected cells and the NSD2-SET domain display the same
histone specificity.

NSD2 Mediates Methylation of Histone H4 Lysine 44—An
unresolved issue with respect to NSD2 specificity involves its
methylation of H4. As shown above, this activity was observed
on octamers but eliminated in the presence of short DNA and
was undetectable with nucleosomes. Moreover, our results did
not support previous findings that H4K20 is the target site (13).
Instead, we found that an alanine substitution of Lys®°
(H4K20A) did not affect NSD2-mediated H4 methylation. To
determine the H4 residue(s) targeted, we reconstituted octam-
ers with tail-less core histones (schematic shown in Fig. 74, left
panels) and used these as substrate for NSD2-SET in HKMT
assays. NSD2-SET was still able to methylate H4 devoid of res-
idues 1-19, and this activity was drastically reduced by the
addition of short DNA, as previously observed with full-length
octamers (Fig. 7A, right panels). To map the residue target by
NSD2-SET, HKMT assays were performed as above, but the
reaction products were separated by SDS-PAGE, and the H4
polypeptide was excised, digested with Arg-C or Asp-N, and
subjected to mass spectrometric analysis. The site of methyl-
ation mapped to lysine 44. Both mono- and dimethylation were
observed (Fig. 7B, top panel). Additionally, an H4 peptide con-
taining lysine 20 was not methylated (Fig. 7B, bottom panel).

That lysine 44 was the H4 substrate targeted by NSD2 was
confirmed using octamers reconstituted with H4 containing a

s
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substitution of Lys** with alanine (H4K44A) (Fig. 7C, left
panel). The activity directed toward H4 was eliminated, but
importantly, this did not affect the activity directed toward H3
in the presence of DNA (Fig. 7C, left panel). Similar results were
observed when nucleosomes reconstituted with H4K44A were
used as substrate (Fig. 7C, right panel), demonstrating that
NSD2-mediated methylation of H4K44 is not required for its
methylation of H3K36. In agreement with studies obtained
with yeast SET2 that carries out H3K36me (34), the substitu-
tion of H4K44 with glutamine (H4K44Q) led to a severe reduc-
tion in NSD2-mediated methylation of H3K36 using either
octamers in the presence of DNA (Fig. 7C, middle panel) or
nucleosomes (Fig. 7C, right panel). Similarly a substitution of
H4K44E also decreased NSD2 activity (Fig. 7C, right panel). We
concluded that NSD2 methylates H4K44 present in octamers
and that Lys** can affect methylation of nucleosomal H3K36,
but this occurs in a manner independent of Lys** itself being
methylated.

DISCUSSION

We showed here that NSD1, -2, and -3 that comprise the
mammalian NSD family of proteins are histone methyltrans-
ferases that target H3K36 on nucleosomes. NSD2 mono- and
dimethylates H3K36 on nucleosomes but mono- and dimeth-
ylates H4K44 on octamers. In the case of octamers, the addition
of short double-stranded or single-stranded DNA stimulates
the activity on H3 and inhibits the activity on H4.

Previous studies indicated that members of the NSD family
of proteins methylate H3K4 (14, 17), H3K36 (12, 16), H3K27
(15, 17), and H4K20 (12, 13). These discrepancies in the
reported NSD target sites might be attributable to the differen-
tial activity exhibited by NSD proteins on octamers versus
nucleosomes, as shown here. The activity we scored on nucleo-
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somes is strong and specific as evidenced by the lack of detect-
able activity when the nucleosomal substrates contained a sub-
stitution of H3K36 to alanine (K36A). However, the activity on
octamers is less specific. Activity is detectable on octamers con-
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H3K36me3. On the other hand,
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FIGURE 5. NSD2 carried out dimethylation of H3K36 in vivo. siRNA silencing experiment was carried out in
Hela cells using two different siRNA oligos against NSD2 and a control (Ctr) siRNA oligo. A, nuclear extracts of
the siRNA-treated cells were prepared and analyzed by Western blot using antibodies against NSD1, NSD2, and
B-tubulin. Histones were acid-extracted from the treated cells and analyzed by Western blot using the anti-
bodies specified. B, histones isolated from cells treated with NSD2- or control (Ctr)-siRNA were loaded in two
amounts, and the methylation levels on H3K36 and H4K20 were analyzed by Western blot using specific

antibodies.

individual histones (13, 15, 17). The relevance of such activity is
unclear at this point given that we find it to be weak and non-
specific on octamers, relative to nucleosomes. In the case of the
discrepancy involving the H4 target site, the previous studies
reported H4K20 methylation using antibodies, but our findings
point only to H4K44 based on mass spectrometric analyses and
comparison of mutant histone substrates. The likely explana-
tion for the disparate results regarding NSD2 specificity (and
other HKMTS) is the use of suboptimal substrates and/or the
use of mischaracterized antibodies. Given the technology now
available with which specific residues on histones can be chem-
ically methylated to different extents (31), these modified pro-
teins can now be used to characterize the specificity of the anti-
bodies in future studies.

Does H3K36me2 Have a Function Distinct from That of
H3K36me3?—Our results showed that the human NSD2 SET
domain and the NSD2 complex purified from an NSD2 stable
cell line were solely capable of mono- and dimethylation of
H3K36 on nucleosomes. Knockdown of NSD2 in HeLa cells led
to reduced levels of H3K36me2, but not of H3K36mel or

of H3K36me3. It is possible that
dMES-4 deficiency leads to a global
reduction of transcription and hence
indirectly a global down-regulation of
H3K36me3 (10).

Although SET?2 is responsible for
all H3K36 methylation in yeast,
yeast strains harboring mutations in
genes affecting transcription elongation such as Aspt6, Actkl,
and Apafl specifically abolished trimethylation while preserv-
ing dimethylation, suggesting that a level of regulation between
di- and trimethylation states exists and is coupled to the effi-
ciency of elongation by RNA polymerase II (35, 36). For com-
parison, H3K4me3 localizes at the 5'-end of genes, whereas
H3K4mel-2 is enriched within the coding region toward the
3’-end. Only H3K4me3 showed a strong correlation with active
transcription (37). As for the activities that recognize and bind
histone marks, both H3K36me2 and H3K36me3 appear suffi-
cient to recruit the Rpd3s histone deacetylase complex and
inhibit internal initiation by RNA polymerase II (35). However,
whereas H3K4me3 recruits the HAT complex NuA3 to the pro-
moter, H3K4me2 recruits the Set3 histone deacetylase complex
to the 5'-transcribed region. The PHD finger of Set3 exhibits
preferential binding to H3K4me2, relative to H3K4me1/3 (38).

In higher eukaryotes, few studies have gauged the distribu-
tion of H3K36me2 on chromatin iz vivo. Chromatin immuno-
precipitation combined with microarray studies in Drosophila

FIGURE 4. NSD2-SET domain dimethylates H3K36 on nucleosomes. A, a schematic representation of NSD2 and SET2 domain organization is shown on top,
and the sequence alignment of the SET domains of NSD1-3 and SET2 is shown on the bottom. Identical residues are replaced by dots, similar residues are shown
in black, and others are in red. The active site residues described in previous SET domain structures are highlighted in yellow. PWWP, PWWP domain containing
proline-tryptophan-tryptophan-proline motif in consensus amino acid sequence. B, HKMT assays were performed with NSD2-SET and SET2-C on wild type (WT)
and H3K36A nucleosomes using unlabeled SAM, and the product of the reaction was analyzed by Western blot using anti-H3K36me3 (upper panel) and
anti-H3K36me2 (lower panel) antibodies. C, recombinant histones bearing methyl analogs mimicking different degrees of methylation on H3K36 were gener-
ated by chemical reaction as described under “Experimental Procedures” and analyzed by Western blot using anti-H3K36me2 and anti-H3K36me3 antibodies.
D, premethylated histones were assembled into nucleosomes and used as substrates in HKMT assays with NSD2-SET (left panel) and SET2-C (right panel). Me1,
monomethyl-H3pK36; Me2, dimethyl-H3 ¢K36; Me3, trimethyl-H3¢K36. E, MALDI-TOF mass spectra for chymotyptic digests of H3 (top panel), H3 methylated by
NSD2 (middle panel), and H3 methylated by SET2-C (bottom panel). HKMT assays were performed on nucleosomes, and the products of the reaction were
separated by SDS-PAGE. The H3 bands were excised and digested in-gel using chymotrypsin, and the resulting peptides were analyzed using MALDI-TOF MS.
The calculated protonated monoisotopic masses of peptide 21-41 carrying zero to three methylations are 2195.25, 2209.27, 2223.28, and 2237.30, respec-

tively. The asterisk denotes a proteolyzed form of H3.
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FIGURE 6. NSD2 complex dimethylates H3K36 on nucleosomes or octamers plus DNA. A, NSD2 complex was purified from HT1080 cells stably expressing
FLAG- and Myc-tagged NSD2 by anti-FLAG resin. As a control, a similar purification from a stable cell line with empty vector was carried out, side by side (Mock).
The input (IN), flow though (FL), and eluate (E) from the FLAG purification were separated by SDS-PAGE and analyzed by Western blots (left panel) using
anti-FLAG M2 or anti-NSD2 antibodies as indicated at the bottom and by silver staining (right panel). B and C, HKMT assay performed with the isolated NSD2
complex and nucleosomes composed of wild type (WT), H3K36A, or premethylated H3K36 as indicated (B, top panel) or with octamers as a function of
increasing amounts of 41-bp dsDNA (C, top panel). The asterisk denotes a proteolyzed form of H3. CBB staining of histones is shown (bottom panels).

showed that H3K36me?2 levels peak around the 5'-end of active
genes, downstream of transcription start sites, whereas
H3K36me3 levels peak around the 3'-end of active genes (10).
In HeLa cells, H3K36me2 peaks immediately downstream of
the transcriptional start site of the PABPCI gene and then
drops 0.5 kb further downstream, whereas H3K36me3 peaks at
~20 kb downstream of this transcriptional start site (39). NSD1
and NSD2 have been shown to interact with nuclear receptors
such as the androgen receptor (14, 40) and/or the retinoid acid
receptor (12) and have been implicated in transcriptional acti-
vation (14, 40) and repression (12, 13, 41). This suggests that in
contrast to SET2 that interacts with RNA polymerase II and

34292 JOURNAL OF BIOLOGICAL CHEMISTRY

carries out H3K36me3 during elongation, the NSD family of
proteins might function during the early events of transcription
such as initiation, promoter escape, and/or polymerase paus-
ing. Although the available data is still limited regarding the
distribution of H3K36me2 versus H3K36me3 on genes, it is
tempting to postulate that H3K36me2 is likely to aid in the
recruitment of factors other than the Rpd3s complex that reg-
ulate earlier events in the transcription process.

DNA Triggers a Switch from H4K44 to H3K36 Methylation—
Here we showed that NSD2 methylates H4K44 in vitro and that
short single-stranded or double-stranded DNA (41 bp) that are
unable to form nucleosomes inhibited NSD2 activity on H4K44
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FIGURE 7. NSD2-SET domain can methylate H4K44 on octamers. A, schematic of tail-less histones (left panel). AH3 lacks amino acid 1-26, AH4 lacks amino
acid 1-19, AH2A lacks amino acid 1-12, and AH2B lacks amino acid 1-23. The tail-less histones were assembled into octamers, and the HKMT assay was carried
out on wild type (WT) or tail-less octamers (right panel). 41-bp dsDNA was added in some reactions as indicated. The reactions without enzyme were included
as negative controls. B, mapping of the H4 methylation site by mass spectrometry. MALDI-TOF mass spectra for Arg-C digests (upper panel) and Asp-N digests
(lower panel) of H4 methylated by NSD2-SET. The peptide identified as H4 (amino acids 42-54) exhibited mono- and dimethylation (upper panel), whereas the
peptide identified as H4 (amino acids 1-23) was unmethylated (lower panel). The calculated protonated monoisotopic masses of peptide 41-55 carrying zero
to two methylations are 1677.92, 1691.94, and 1705.95, respectively. Tandem mass spectra of precursor ions with m/z of 1691.94 and 1705.95 confirmed the
mono-and dimethylation on Lys** (data not shown). Unmodified peptide 1-23 has a calculated protonated monoisotopic mass of 2360.43. C, HKMT assay with
octamers composed of WT H4 or H4K44A (left panel) or H4K44Q (middle panel). The enzyme was titrated at two different amounts, and 41-bp dsDNA was added
to the assays as indicated. HKMT assays performed with WT H4, H4K44A, H4K44Q, or H4K44E octamers assembled onto nucleosomes (right panel).

DECEMBER 4, 2009-VOLUME 284-NUMBER 49 NASEMBE\ JOURNAL OF BIOLOGICAL CHEMISTRY 34293



NSD2 Dimethylates H3K36

and stimulated its activity on H3K36. Interestingly, an interac-
tion between SET2 and histone H4 is required for H3K36 meth-
ylation in yeast (34), and H4K44 is a critical residue mediating
this interaction. H4K44Q and H4K44E mutants eliminated
H3K36 methylation by SET2 in vivo and in vitro (34). We
observed similar effects of H4K44 with respect to NSD2 activity
toward methylation of H3K36, yet we also found that NSD2
methylates H4K44 on octamers in vitro and that this activity is
inhibited by the presence of DNA. The sequences surrounding
H3K36 (GGVKK) and H4K44 (GGVKR) are similar, and this
might pertain to how NSD2 targets these two residues in vitro.
H4K44 is located within the L1 loop of histone H4 and contacts
the DNA within the nucleosome, suggesting that the presence
of DNA could potentially inhibit H4K44 methylation through
its binding to and masking of the residue (29, 42). Yet we found
that the SET domain of NSD2 binds directly to short dsDNA,
and this is consistent with DNA having an allosteric affect on
the enzyme. Whether or not H4K44 is methylated in vivo is
presently not clear. H4K44 monomethylation has been
detected using liquid chromatography-MS in the case of his-
tones isolated from bovine calf thymus, although the peptide
sequence was not confirmed by tandem mass spectrometry
(43). Because DNA is a strong inhibitor of NSD2-mediated
H4K44 methylation and H4K44me has not been unequivocally
demonstrated in vivo, we suggest that methylation at this site is
likely a biochemical artifact caused by the similarity of the
amino acids surrounding H3K36 and H4K44. Yet, as with SET2
in yeast, H4K44 is important for targeting NSD2-mediated
H3K36 recognition. However, this study indicates that in addi-
tion to the importance of H4K44, the DNA itself modulates
NSD2 catalysis and its specificity for H3K36me2. If NSD2
methylates H4K44 in vivo, this function may be related to his-
tone deposition and/or to the response to DNA damage, which
remains to be studied.

That nucleic acid (RNA or DNA) regulates the activity of
HKMTs is not unique to NSD2. Indeed studies have demon-
strated that the motif flanking the SET domain (pre- or post-
SET) can bind to DNA (44). Additionally, whereas PR-Set7 is a
nucleosomally specific HKMT that carries out H4K20 mono-
methylation, studies have indicated that PR-Set7 can exhibit
activity toward octamers in the presence of plasmid DNA (32),
although the possibility exists that nucleosomes might have
formed given the size of the DNA used (26, 27). We have reca-
pitulated this effect with short DNA fragments.* It is possible
that DNA binding to the SET domain of NSD2 (and other
HKMTSs) might trigger a conformational change within the
SET domain that regulates specificity and enhances catalysis.
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