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Introduction
Deletions of human chromosome 4p16.3 cause a dominant 

disorder known as Wolf-Hirschhorn syndrome (WHS), which 
is characterized by cranio-facial malformations, mental retarda-
tion, growth delays, heart defects, and a diverse array of associ-
ated problems, many of which can be characterized as midline 
defects. The considerable variability of the disorder, both 
genotypically and phenotypically, has led to the implication of 
multiple genes in the pathogenesis of WHS (1). WHSC1, one 
of several genes in the identifi ed WHS critical region, is deleted 
in every known case of WHS and is dysregulated by t(4;14) 
translocations in lymphoid multiple myeloma (2). The WHSC1 
protein contains AWS-SET-PostSET domains that are highly 
conserved with yeast H3K36-specific methyltransferase Set2. 
However, the role of WHSC1 in chromatin function and its sub-
sequent pathogenicity remain unclear. 

Whsc1 methylates histone H3 on lysine 36.
We performed in vitro HMTase activity assays using recom-

binant mouse Whsc1 to determine the site specifi city of Whsc1 
using methylation-specifi c histone H3 antibodies. Whsc1 cata-
lyzed H3K36 mono-, di-, and tri-methylation in vitro (Fig. 1a). 
We next examined the HMTase activity of Whsc1 in the nucle-
us, the Whsc1 locus was inactivated by deletion of its C-termin-
al region, including the catalytic SET domain, in ES cells. The 
absence of Whsc1 did not signifi cantly change H3K4 or H3K9 
methylation. In contrast, the presence of H3K36me3, but not 
that of H3K36me2 or H3K36me1, was specifi cally reduced in 
Whsc1-/- ES cells. The level of H3K36me3 in Whsc1-/- ES cells 
was recovered when wild-type Whsc1, but not point-mutated 
(H1143G) inactive Whsc1, was stably expressed in these cells 
(Fig. 1b).  

Whsc1 associates with transcription factors to 
repress abnormal transcription.

To uncover the function of Whsc1, we immunoaffinity-puri-
fi ed Whsc1-associated proteins from ES cells stably expressing 
Whsc1 with a C-terminal TAP-epitope tag (Whsc1-TAP). We 
identifi ed the proteins in the major bands of SDS-PAGE analy-
sis by mass spectrometry (Fig. 2a). Immunoblotting analyses 
confi rmed that Whsc1 associated with Sall1, a member of the 
zinc finger transcription factor spalt (Sal)-like protein family, 
Sall4, Nanog, O-linked N-acetylglucosamine transferase (OGT),  
HDAC1 and Brg1, an ATPase subunit of chromatin-remodeling 
complexes but not the ATPase subunit of the NuRD complex 
Mi-2 (Fig. 2b).

 Chromatin immunoprecipitation (ChIP) experiments revealed 
that Whsc1 localized to Nanog-Sall4 cobinding sites within the 
coding regions of estrogen-related receptor Esrrb and T-box 
transcription factor Tbx3. We found that the accumulation of 
H3K36me3 was signifi cantly reduced around these Nanog-Sall4 
cobinding sites in Whsc1-/- ES cells and that the levels of nuclear 
transcripts from these regions at Esrrb and Tbx3 were increased 
upon deletion of Whsc1 (Fig. 2c and d).

The Whsc1 gene is required for normal mouse 
development.

We generated Whsc1-deficient mice to elucidate the de-
velopmental and pathological role of Whsc1. Genotyping the 
offspring produced by interbreeding Whsc1+/- mice revealed 
significantly lower numbers of Whsc1-/- and Whsc1+/- mice 
compared to their expected Mendelian ratios at birth (Fig.3a). 
The majority of Whsc1 heterozygotes survived and were fertile. 
However, the growth rates of Whsc1+/- mice were highly vari-
able, and some of these mice exhibited severe growth defects, 
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Figure 1. Whsc1 methylates histone H3 on lysine 36. a, Whsc1 catalyzes H3K36 methyla-
tion in vitro. Reconstituted oligonucleosomes using recombinant core histones were 
used as substrates for HMTase assays and analyzed by immunoblotting with the indi-
cated specifi c histone H3 antibodies. b, Methylation status of histone H3 in wild-type or 
Whsc1-/- ES cells and in Whsc1-/- ES cells stably expressing either Whsc1 or mutant Whsc1 
(H1143G). 

Figure 2. Whsc1 associates 
with transcription factors 
to repress abnormal tran-
scription. a, Silver staining 
of Whsc1-TAP-associated 
proteins puri f ied from 
ES cells stably express-
ing Whsc1-TAP. Whsc1-
TAP-associated proteins 
as  ident i f i ed  by  mass 
spectrometry are indicated 
on the right. b, Purified 
Whsc1-TAP-assoc ia ted 
proteins were analyzed by 
immunoblotting using the 

antibodies indicated. c, H3K36me3 occupancy on the Esrrb or Tbx3 gene in wild-type (WT) 
and Whsc1-/- ES cells was analyzed by ChIP experiments. Error bars indicate SD., n = 3. 
d, Quantitative RT-PCR analysis of Esrrb and Tbx3 pre-mRNA in the nucleus. Error bars 
indicate SD, n = 3.
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maloccluded incisors, and epicanthic folds, as seen in WHS. 
These results indicate that the haploinsuffi ciency of the Whsc1 
gene in mice causes defects as a part of WHS.

To investigate developmental defects, we stained the embryon-
ic cartilage with alcian blue and the ossifi ed bone with alizarin 
red, and found several defi ciencies in midline fusion in mutant 
E18.5 embryos. In normal mice, the sternums fuse by E17.5 and 
subsequent ossification centres typically arise. Whsc1-/- mice 
did not show any ossification centres at E18.5 (Fig.3b). Even 
in Whsc1+/- mice, the appearance of ossification centres was 
markedly delayed. We further found incidences of cleft palate in 
Whsc1-/- mice, as is also seen in WHS.

Whsc1 is required for the appropriate tran-
scription of Nkx2-5–dependent genes.

We next analyzed cardiovascular development in Whsc1 
mutant embryos, because WHS patients often have congenital 
heart defects, including atrial and ventricular septal defects 
(ASD/VSD). In wild-type mice at E18.5, the septum primum 
had grown to reach the atrial endocardium (Fig.3c). We found 
that all Whsc1-/- hearts showed an ASD, and half also exhibited 
a membranous VSD (Fig.3c, bottom). Hypoplasia of the sep-
tum secundum was observed more frequently than in wild-type 
mice, even in heterozygous mutant mice (Fig.3c). These results 
suggest that the loss of Whsc1 causes a wide variety of midline 
defects, including the heart lesions seen in WHS, and leads to 
death after birth.

 To examine whether a specific molecular interaction exists 
between Whsc1 and the cardiac transcription factors, we per-
formed coimmunoprecipitation assays using an anti-Whsc1 
antibody and found a physical interaction between Whsc1 and a 
central transcriptional regulator of cardiac development, Nkx2-5 
(Fig.4a) (3). Whsc1 and Nkx2-5 were enriched at the fi rst exon 
of Pdgfra, one of the up-regulated genes in Whsc1-/- hearts (Fig. 
4b, c, d, and e). 

 Finally, we crossed Whsc1+/- and Nkx2-5+/- mice to investigate 
their functional link in vivo. Neither Nkx2-5+/- nor Whsc1+/- sin-
gle-heterozygous mutant mice exhibited any signifi cant defects 
in the septum primum or the interventricular septum of their 

hearts at E18.5. In contrast, we found both an ASD and a VSD 
in one third of embryonic hearts from Whsc1+/-Nkx2-5+/- double-
heterozygous mutants (Fig.4f). Thus, we have demonstrated here 
the genetic interaction between Whsc1 and Nkx2-5 during atrial/
ventricular septal formation. Our fi ndings partly explain that the 
congenital heart malformations seen in both Whsc1 mutant mice 
and WHS patients are caused by dysfunction of Nkx2-5.

Conclusion
We have revealed a developmental and pathological link be-

tween H3K36 trimethyltransferase and transcription factors. 
Interactions of multiple transcription factors with Whsc1 could 
account for the variability of defects caused by the Whsc1 de-
ficiency. Our studies provide new insights into the molecular 
mechanism of Nkx2-5-dependent gene regulation in hearts, in 
which Whsc1 negatively modulates the transcriptional activity 
of Nkx2-5. Since Nkx2-5 regulates transcription by cooperating 
with various cardiac transcription factors, Whsc1 might func-
tion in the tuning of these transcriptional networks. Our fi ndings 
point to a new direction for the understanding and treatment of 
dysregulated transcription, in which WHSC1 functions together 
with developmental transcription factors to prevent transcrip-
tional pathophysiologies.
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Figure 3. The Whsc1 gene is required for normal mouse development. a, Genotype 
analysis of embryos and neonates from Whsc1+/- intercrosses. b, Skeletal preparation 
of E18.5 embryos. Cartilage was stained with alcian blue and ossifi ed bone was stained 
with alizarin red. Yellow arrows, palates; black arrows, sternum. Scale bar, 5 mm. c, Histo-
logical analysis of Whsc1 mutant embryonic hearts. Frontal sections from E18.5 embryos 
were stained with hematoxylin and eosin. Atrial septal defects (ASD) and ventricular 
septal defects (VSD) were observed in E18.5 Whsc1-/- embryos. The foramen ovales of 
E18.5 Whsc1+/- embryos were larger than those of wild-type embryos. Hypoplasia of the 
septum secundum was observed in E18.5 Whsc1+/- embryos (bracket). Ao, aortic root; lv, 
left ventricle; rv, right ventricle; la, left atrium; ra, right atrium; p, septum primum; s, sep-
tum secundum.

Figure 4. Whsc1 is required for the appropriate transcription of Nkx2-5–dependent 
genes. a, Whsc1 complex was immunoprecipitated from the nuclear extracts of E12.5 
hearts using an anti-Whsc1 or control antibody and analyzed by immunoblotting with 
the indicated antibodies. b, Quantitative RT-PCR analysis of the expressions of Nkx2-5 
and Nkx2-5-dependent genes. c, Schematic representation of the Pdgfra gene. Locations 
of genomic regions analyzed by ChIP assays are indicated. a, promoter; b, fi rst exon; c, 
last exon 23. d, e, Native ChIP assays examining the occupancy of Nkx2-5 (d) and Whsc1 
(e) at the Pdgfra regions indicated in (c). f, Histological analysis of Whsc1+/- and Nkx2-5+/- 
embryonic hearts. Frontal sections from E18.5 embryos were stained with hematoxylin 
and eosin. 
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