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A histone H3.3K36M mutation in mice causes an imbalance of histone
modifications and defects in chondrocyte differentiation
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ABSTRACT

Histone lysine-to-methionine (K-to-M) mutations have been identified as driver mutations in
human cancers. Interestingly, these ‘oncohistone’ mutations inhibit the activity of histone methyl-
transferases. Therefore, they can potentially be used as versatile tools to investigate the roles of
histone modifications. In this study, we generated a genetically engineered mouse line in which
an H3.3K36M mutation could be induced in the endogenous H3f3b gene. Since H3.3K36M has
been identified as a causative mutation of human chondroblastoma, we induced this mutation in
the chondrocyte lineage in mouse embryonic limbs. We found that H3.3K36M causes a global
reduction in H3K36me2 and defects in chondrocyte differentiation. Importantly, the reduction of
H3K36me2 was accompanied by a collapse of normal H3K27me3 distribution. Furthermore, the
changes in H3K27me3, especially the loss of H3K27me3 at gene regulatory elements, were
associated with the mis-regulated expression of a set of genes important for limb development,
including HoxA cluster genes. Thus, through the in vivo induction of the H3.3K36M mutation, we
reveal the importance of maintaining the balance between H3K36me2 and H3K27me3 during
chondrocyte differentiation and limb development.
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Recent studies have identified mutations in his-
tone genes frequently found in cancers. These
mutated histones, referred to as ‘oncohistones’,
carry amino acid substitutions at the N-terminal
tail of histone H3 [5-7]. Among them, the lysine-
to-methionine substitution at K36 in histone H3.3
(H3.3K36M) has been identified as a dominant
mutation in chondroblastoma [8]. Because chon-
droblastoma patients possess a somatic mutation
in H3F3B encoding histone H3.3 without any
other ~known oncogenic mutations, the
H3.3K36M mutation is most likely the primary
cause of pathogenesis [8]. Interestingly, the
H3.3K36M mutation affects not only the mutated
histone H3.3 itself (i.e. H3.3K36M is not methy-
lated at M36), but also stably binds to histone
methyltransferases responsible for H3K36 methy-
lation and occupies the catalytic pocket in their
SET domain, thereby causing a global reduction in
H3K36 methylation [9-11]. Importantly, previous

Introduction

Most of the mammalian bones, including long
bones, are formed through the ossification of car-
tilage precursors which is known as endochondral
ossification. To achieve this, undifferentiated
chondrocytes (resting and proliferative chondro-
cytes) first differentiate into pre-hypertrophic and
hypertrophic chondrocytes. Hypertrophic chon-
drocytes further undergo terminal differentiation,
which is followed by apoptosis or chondrocyte-
osteoblast transition at the primary ossification
centres [1-3]. The apoptosis of hypertrophic chon-
drocytes facilitates bone formation by allowing
osteoblasts to accommodate in these tissues.
These stepwise differentiation mechanisms are
accompanied by dynamic changes in gene expres-
sion. For example, Sox9 and Pthlh are preferen-
tially expressed in undifferentiated chondrocytes,
while genes such as Coll0al and Mmpl3 become
expressed upon differentiation [4].
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studies have shown that the presence of
H3K36me2 and H3K36me3 marks inhibits poly-
comb repressive complex 2 (PRC2)-dependent
H3K27me3 deposition, a major repressive histone
mark, suggesting that H3K36 methylation is
important for the establishment and/or mainte-
nance of a proper H3K27me3 pattern [12,13].

In this study, we focused on the unique mole-
cular features of H3.3K36M and created a knock-
in mouse line in which H3.3K36M is conditionally
expressed at the endogenous H3f3b locus. Because
this mouse line has the potential to be used as
a model for chondroblastoma, we investigated the
effect of H3.3K36M in the chondrocyte lineage in
embryonic limbs. Interestingly, we found that,
although tumours are not formed, differentiation
towards  hypertrophic  chondrocytes, which
involves the acquisition of H3K36me2, is severely
impaired in the presence of H3.3K36M.
Mechanistically, ~H3.3K36M  trapped = NSD
enzymes, caused the global loss of H3K36me2,
and led to the re-distribution of H3K27me3,
which resulted in the unexpected de-repression of
genes including HoxA cluster genes. Thus, by tak-
ing advantage of induction of H3.3K36M in vivo,
we revealed the importance of equilibrium
between histone modifications for normal limb
development.

Results

Generation of conditional knock-in mice that
allow the induction of an H3.3K36M mutation

H3.3 is encoded by two genes, H3f3a and H3f3b,
in mice. To express H3.3K36M at the physiological
level, we created a knock-in mouse line in which
the H3f3b locus was genetically modified. In these
mice, two copies of cDNA encoding H3.3 were
tandemly aligned under the endogenous H3f3b
promoter (Figures 1(a), Sl(a), and S1(b)).
Because the first H3.3 cDNA, ending with a stop
codon, was flanked by loxP sites, the second H3.3
cDNA was not expressed until Cre-dependent
recombination occurred (Figures 1(b) and S1(c)).
Through this gene-switch strategy, we placed wild-
type H3.3 cDNA as the first copy and HA-tagged
H3.3K36M cDNA as the second copy (hereafter
referred to as H3f36"**™1°%) As a control, we also

created another knock-in mouse line in which
HA-tagged wild-type H3.3 cDNA was placed as
the second copy (referred to as H3f3b" ' 1°%). We
then crossed H3f3b""T1°* and CAG-Cre mice, in
which Cre is expressed ubiquitously [14], and
found that the resulting mice, expressing HA-
tagged wild-type H3.3, develop normally and do
not show any detectable defects (Figure S1(d)). In
contrast, H3f3b"**M1°* CAG-Cre embryos did
not develop to term, indicating that ubiquitous
H3.3K36M expression at the early developmental
stage leads to embryonic lethality (Figure S1(e)).

H3.3K36M expression in the chondrocyte lineage
causes defects in limb development

Chondroblastoma is characterized by the presence
of immature chondrocytes and their occurrence at
the ends (epiphysis) of long bones such as the
humerus, femur, and tibia in young patients, sug-
gesting that defects in chondrocyte differentiation
might be involved in the tumorigenesis [15]. Thus,
we crossed H3f3p M AX/K3MAox 44 pry1-Cre
mice to induce the expression of H3.3K36M in
limb chondrogenic progenitor cells [16]. While
no chondroblastoma-like tumours were observed
(see Discussion), we noticed that H3f3bK36M‘ﬂ°X/ i
PrxI1-Cre (hereafter referred to as K36M) mice
exhibited short limbs, a dwarfism-like phenotype,
which was visibly recognizable soon after birth.
Importantly, the phenotype was observed with
a complete penetrance (N = 23) (Figure 1(c)).
Furthermore, this phenotype was most pro-
nounced in the tibias, fibulas, and metatarsals
among limb long bones, and we mainly focused
on tibias in further analyses. In K36M mice, tibias
were approximately 20% shorter than those in
control mice throughout postnatal development
(Figures 1(d,e)). Of note, this defect was never
overcome over the course of their lifetime, indicat-
ing that this phenotype cannot not be explained as
a mere delay in limb development.

H3.3K36M impairs differentiation towards
hypertrophic chondrocytes

To examine how H3.3K36M affects the development
of the limb skeleton, we performed immunofluores-
cence on E14.5 tibias, when chondrocytes located at
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Figure 1. H3f36"3M 109+ pry7_Cre mice display a dwarfism-like phenotype.

(@) Scheme showing gene targeting strategy.

(b) Expression of H3.3-HA upon Cre-mediated recombination. Western blotting for H3.3 or HA was performed for chromatin fractions

prepared from H3f3b+/WT-flox

from intact alleles and HA-tagged H3.3, respectively.

(c) Images of limbs in control and K36M mice. Scale bar,10 mm.

embryonic stem cells (ESCs) with or without Cre expression. Black and white arrowheads indicate H3.3

(d) Alizarin red and Alcian blue staining of hind limbs at postnatal days 0 and 5. The regions stained in red and blue indicate bone
and cartilage, respectively. The tibias are outlined by a dashed line. The joints of knees and ankles are indicated by arrowheads and

arrows, respectively. Scale bar, T mm.

(e) Length of tibia in control and K36M mice. The data are presented as the mean + SD from three independent samples.

the centre undergo progressive maturation (Figure 2
(a)). As expected, HA-tagged H3.3K36M was uni-
formly expressed in K36M tibias (Figure 2(b)).
Interestingly, while SOX9-low cells, which correspond
to pre-hypertrophic and hypertrophic chondrocytes,
were present at the centre of control tibias, SOX9-high
immature chondrocytes were found throughout
K36M tibias (Figure 2(c)). In addition, this disorga-
nized distribution of SOX9-positive cells was still
observed at E16.5 (Figure 2(d)). To better understand
this phenotype, we next performed RNA-seq using
E14.5 tibias. We collected tibias from three control
and three K36M littermates and separated them into
their ends (the epiphysis and outer part of the

metaphysis) and midshafts (the diaphysis and inner
part of the metaphysis) so that differentiation defects
could be effectively detected. Notably, the transcrip-
tome in K36M tibial midshafts was clearly discrimi-
nated from that of control (Figure S2(a)).
Subsequently, we focused on several marker genes
for undifferentiated and differentiated chondrocytes.
In both control and K36M tibias, markers for undif-
ferentiated chondrocytes such as Pthlh and GasI and
those for pre-hypertrophic chondrocytes, including
Ihh and Sp7, were adequately expressed in the corre-
sponding samples (Figure S2(b)). In contrast, we
noticed that the expression of well-known hyper-
trophic or terminal hypertrophic chondrocyte
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Figure 2. H3.3K36M impairs differentiation towards hypertrophic chondrocytes.

(a) The organization of tibias at E14.5.

(b) Immunostaining for HA in E14.5 control and K36M tibias (sagittal section). Scale bar, 100 um.
(c) Immunostaining for SOX9 in E14.5 control and K36M tibias (sagittal section). HC, hypertrophic chondrocytes. Scale bar, 100 pm.
(d) Immunostaining for SOX9 in E16.5 control and K36M tibias (sagittal section). HC, hypertrophic chondrocytes; POC, primary

ossification centre. Scale bar, 100 um.

(e) A set of Venn diagrams showing the overlap between gene groups. Each gene group included genes enriched in the tibial end
(green) or midshaft (yellow), or those upregulated (blue) or downregulated (red) in K36M tibial midshafts.

(f) Two-dimensional principal component analysis of the indicated RNA-seq data.

markers such as Col10al, Mmp13, Ibsp, and Spp1 were
commonly downregulated in K36M tibial midshafts
(Figures S2(b,c)). To further characterize this pheno-
type, we first identified genes that were preferentially
expressed either in tibial ends or midshafts using the
data from control samples. We then addressed how
those genes are affected by H3.3K36M. We found that
a large fraction of genes upregulated in K36M tibial
midshafts (364 out of 630 genes) corresponds to genes
that are normally enriched in the tibial ends (odds
ratio = 13.5, p < 1 x 10~>). Conversely, a large fraction
of downregulated genes in K36M tibial midshafts (257
out of 605 genes) corresponded to the genes normally
enriched in the tibial midshafts (odds ratio = 12.6,
p<lx 1079 (Figure 2(e); Tables S1 & S2). In line
with these observations, principal component analysis
of the RNA-seq data revealed that the transcriptome of

K36M tibial midshafts was slightly shifted towards that
of tibial ends (Figure 2(f)). Collectively, these results
indicate that H3.3K36M in chondrocyte progenitors
impairs their differentiation towards hypertrophic
chondrocytes, which is the final step of chondrocyte
maturation.

H3.3K36M disrupts the counterbalance between
H3K36me2 and H3K27me3

We hypothesized that changes in gene expression
would be due to alterations in H3K36 methylation
status caused by H3.3K36M. Therefore, we first
examined the distribution of H3K36me2 and
H3K36me3 in tibias by immunofluorescence.
Interestingly, in control tibias at E14.5, a strong
H3K36me?2 signal was detected specifically in pre-



hypertrophic and hypertrophic chondrocytes,
while H3K36me3 was evenly distributed through-
out the tibias (Figure 3(a)). Importantly, this
H3K36me2 signal was almost completely abolished
in K36M tibias, whereas H3K36me3 and
H3K27me3 appeared to be unaffected (Figure 3
(a)). Consistent with these findings, a substantial
reduction in total H3K36me2 levels was confirmed
by western blotting (Figure 3(b)). To investigate
why H3K36me2 but not H3K36me3 was specifi-
cally  affected, we  performed a  co-
immunoprecipitation assay. This analysis revealed
that H3.3K36M preferentially interacts with NSD1
and NSD2 (H3K36me2 methyltransferases) but
not with SETD2 (a H3K36me3 methyltransferase),
suggesting that H3.3K36M specifically suppresses
the activity of H3K36me2 methyltransferases in
this tissue (Figure 3(c) and see Discussion). To
investigate how histone modification landscapes
were affected by H3.3K36M, we performed ChIP-
seq for H3K36me2, H3K36me3, and H3K27me3
using E14.5 tibial midshafts. After confirming the
reproducibility of each replicate data (Figure S3
(a)), we merged the data for further analysis. We
found that while H3K36me3 was largely unaf-
fected in K36M tibias, H3K36me2 enrichment
was severely altered across the genome (Figure 3
(d)). In particular, H3K36me2, which was identi-
fied as megabase-sized domains in control tibias,
was abolished at the intergenic regions (Figures 3
(e,f)). Because we did not include spike-in control
due to technical difficulties with the tibia samples,
we performed in silico normalization to examine
the total H3K36me2 levels [17]. Consistent with
the results described above, application of the cal-
culated scaling factor confirmed the global loss of
H3K36me2 (Figures S3(b,c)). To address how
H3.3K36M affects H3K36me2 levels, we compared
our data to the previously reported H3.3K36M
ChIP-seq data obtained from C3H10T1/2 cells
which possess chondrogenic potential.
Interestingly, we observed that H3K36me2 enrich-
ment is decreased at the genomic regions where
H3.3K36M is not enriched (Figure S3(d)), which is
consistent with the previous observation that
H3.3K36M is incorporated into active chromatin
as is wild-type H3.3 [10]. These data suggest that
H3.3K36M promotes the reduction of H3K36me2
levels in trans.

EPIGENETICS (&) 1127

We next compared the H3K36me2 data with
H3K27me3 ChIP-seq data. Interestingly, we
noticed that the loss of those H3K36me2-
enriched domains was coupled with a gain of
H3K27me3 (Figures 3(g) and S3(e)). Notably, the
degree of H3K27me3 increase was proportional to
H3K36me2 levels in the control; that is, the
regions normally enriched in H3K36me2 tended
to show increased H3K27me3 when H3K36me2
enrichment was lost (Figure 3(h)). Unexpectedly,
although such a tendency was observed across the
genome, a small fraction of the genome showed
a drastic reduction in H3K27me3. Further analysis
revealed that these regions normally lack
H3K36me2 and are highly enriched for
H3K27me3 (Figures 3(ij)). These alterations in
H3K27me3 enrichment may have been caused by
the mis-recruitment of PRC2 to the regions where
H3K36me2 was lost. Altogether, these results indi-
cate that H3.3K36M globally abolishes H3K36me2
and induces changes in H3K27me3 distribution.

H3K27me3 alterations at regulatory elements
result in unexpected de-repression of genes
important for limb development

We next addressed how the H3.3K36M-driven
alterations in the histone modification landscapes
are linked to changes in transcription. Given the
well-characterized function of PRC2 in the regula-
tion of promoter and enhancer activities and cell
differentiation [18-20], we focused on alterations in
H3K27me3 enrichment at promoters and enhancers.
Using the dataset for putative enhancers in the E14.5
limb [21], we identified a set of genes that show
a gain or loss of H3K27me3 at their promoters or
enhancers (Figure 4(a)). Notably, some genes were
commonly identified in both analyses (Figure 4(b)).
We found that although the gain or loss of
H3K27me3 at enhancers as well as promoters were
associated with the down- and upregulation of the
corresponding  genes, respectively, the anti-
correlation between loss of H3K27me3 and the
gene upregulation was more consistent and promi-
nent (Figure 4(c)). Importantly, in contrast to these
findings from H3K27me3-centred analysis, gene
expression-centred ~ analysis  revealed  that
H3K27me3 is not consistently lost at the promoters
of upregulated genes in K36M, suggesting that only
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Figure 3. H3.3K36M alters the histone modification landscape.

(a) Immunostaining for H3K36me2, H3K36me3, and H3K27me3 in E14.5 control and K36M tibias. The indicated regions are magnified
(right). PHC, pre-hypertrophic chondrocytes; HC, hypertrophic chondrocytes. Scale bars, 100 pum.
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(b) Western blotting for indicated histone modifications and methyltransferases. E16.5 whole tibial lysates were used. B-actin was
used as a loading control. Blots for three independent samples are shown. Mean signals relative to controls are shown in bar graphs.

(c) Co-immunoprecipitation assays showing the interactions between H3.3K36M and NSD1 or NSD2 H3K36me2 methyltransferases.
Representative data from three independent experiments are shown.

(d) Scatter plots showing genome-wide enrichment of H3K36me3 (left) and H3K36me2 (right) in control and K36M tibias. Normalized
enrichment (ratio between H3K36me2 or H3K36me3 and input) for autosomes is displayed. Regression lines are indicated in pink.
Bin size, 10 kb.

(e) Scatter plots showing enrichment of H3K36me2 at the intergenic regions in control and K36M tibias. The data is shown as in (d).
(f) Heatmaps showing the enrichment of H3K36me2 at the intergenic regions. Normalized H3K36me2 enrichment (log2 ratio
between H3K36me2 and input) for autosomes is displayed. The data were sorted for H3K36me2 enrichment in the control.

(g) Heatmaps showing genome-wide enrichment of H3K36me2 and H3K27me3. The data is shown as in (f).

(h) Scatter plot showing the relationship between H3K36me2 (control) and changes in H3K27me3 enrichment. Regression line is
indicated in pink. Bin size, 10 kb.

(i) Violin plots showing the alterations in H3K27me3 enrichment in the indicated genomic regions. Bin size, 1 Mb.

(j) Genome browser snapshots showing H3K36me2 and H3K27me3 enrichment in control and K36M tibias. Genomic regions
corresponding to H3K36me2-enriched regions are highlighted in blue, and those corresponding to H3K36me2-void and H3K27me3-
enriched regions are highlighted in pink. Scale bar, 5 Mb.

a b c .«  RNA-seq (Midshaft)
) F & log,(K36M/Control)
Control K36M H3K27me3 gain q@é‘ @é{b 6 4 2 0 2 4 6
i Promoter =
H3K27me3 gain “- £
(> 1.5-fold increase) -) Enhancer [ v =08
®
H3K27me3 loss 431 380 £
(> 1.5-fold decrease )| A D oy . 5 v (= 360)
~~~~~~~~~~ X
..... ®
g 2 v (n=431)
- .Q 159 1kb H3K27me3 loss
or Promoter Enhancer v v -&—- (n=30)
-5kb_ Center s5kp v . "'\7‘;\7‘;" - (n=155)
(E14.5 mouse limb) 183 30 155
(Shen et al., 2012) . N4 — (n=183)
d . e Mk
lo H?:(K;:nna;::::ro Widshaft (Controlg kit L ———
H3K36me3 H3K27me3 o9 A RNA-seq H3K27me3 [4-4] Plas
@ Control K36M_ Control _K36M_ log,(K36M/Ctri) (Midshaft)| jcagny, bbb Aot o i, Pl s o Ty
o E= bk & YT YT e
o =
< -3 - 3]
5 oy (Kgngzég];rsrof;t‘“’"l“lﬂrw e I ) "| |||'|1 g rr o
3 9 e il g 'F"I'“ "'IIIII m
~
0 - 5]
% Conrrol[ 1 i A S | S
I RNA-seq| [0-5]
g (Midshaft)] K36M Lniliis s, rensl o RS | |01
-2 - 2]
|- ANA-seq L2721 bl i bprsntat el ..
@ log,(K36M/Control) !
g - [T [] —-ite e [~ =
2 Hoxat Hoxad Hoxa9 Hoxal0 Hoxatl  Hoxald
% = = B W e .
w N Tss TES toxat Hoxa3 i Hoxa9 Hoxa10
-5kb Enhancer 5kb (CDS) Hoxas  Hoxa6
— — — Enhancers
-15 0 15 -15 0 15 -1.5 0 15 (E14.5 limbs)

Figure 4. Altered H3K27me3 at the regulatory elements is associated with impaired transcriptional control.

(a) Analysis of changes in H3K27me3 enrichment at promoters and enhancers. Regions showing more than 1.5-fold gain or loss in
K36M were adopted for subsequent analyses.

(b) Venn diagrams showing the number of differentially expressed genes coupled with the loss or gain of H3K27me3 at promoters
and/or enhancers.

(c) Violin plots showing the relationship between changes in H3K27me3 enrichment and transcriptional alterations for correspond-
ing genes.

(d) Heatmaps showing enrichment of H3K36me3 at enhances. Only enhancers whose H3K27me3 enrichment was affected by
H3.3K36M were used for the analysis. Normalized enrichment (log2 ratio between H3K36me3 or H3K27me3 and input) for
autosomes is displayed in a heatmap. The heatmap in the right-most column shows the change in expression of the corresponding
genes. Ctrl, Control.

(e) Browser snapshots showing loss of H3K27me3 and transcriptional upregulation of HoxA cluster genes.
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a subset of these genes is directly affected by loss of
H3K27me3 (Figure S3(f)). Interestingly, the enhan-
cers whose H3K27me3 level decreased were located
at regions enriched for H3K36me3, indicating that
these enhancers were located within transcriptionally
active genes (Figure 4(d)). Among these genes upre-
gulated upon the loss of H3K27me3 at the promoters
or enhancers, Bcll1a/b, Dnm3os, and Egfr, which are
important for the formation of cartilage and bone in
limbs, were included [22-27] (Table S3).
Furthermore, of particular note, HoxA cluster
genes (Hoxa3, Hoxal0, and Hoxall), which are well-
known targets of PRC2, were consistently upregu-
lated upon the loss of H3K27me3 (Figure 4(e)).
Because their spatiotemporally regulated expression
is essential for the specification of positional identity
and proper chondrocyte differentiation [28], it is
possible that the unexpected upregulation of HoxA
cluster genes might be tightly linked to the observed
phenotype. Given that mice lacking the core compo-
nent of PRC2 also show defective chondrocyte dif-
ferentiation [29], these results strongly suggest that
the counterbalance between H3K36me2 and
H3K27me3 is the basis of normal limb development.

Discussion

In this study, we took advantage of the conditional
induction of K-to-M mutation in vivo and eluci-
dated the importance of H3K36 methylation in
chondrocyte differentiation. H3.3K36M led to
a global loss of H3K36me2 and alterations in
H3K27me3 distribution, which was linked to
alterations in gene expression. Although we iden-
tified several genes involved in chondrogenesis
and limb development as mis-regulated genes,
the upregulation of HoxA cluster genes is likely
to have a significant impact on chondrocyte differ-
entiation as HoxA genes have strong activity in
promoting chondrocyte progenitors to be undif-
ferentiated [30]. However, transcriptome analysis
indicated that H3.3K36M-expressing chondrocytes
did not simply pause in an undifferentiated state.
Therefore, it appears that chondrocytes expressing
H3.3K36M are in a somewhat unique status pos-
sibly due to their unusual epigenetic state.
Furthermore, it is important to note that because

Prx1-Cre is already active in limb bud

mesenchyme, H3.3K36M can also be expressed in
cell types other than chondrocytes, such as osteo-
blasts, at a later stage of development. Therefore,
further investigation is required to dissect the pri-
mary cause of the phenotype observed especially at
peri- and post-natal development.

Previous studies using human samples showed
that H3.3K36M inhibits the activity of SETD2 as
well as NSD2 and causes the global reductions in
both H3K36me2 and H3K36me3 [9,10]. In con-
trast, our analysis of the developing mouse limbs
showed that H3.3K36M preferentially traps NSD1
and NSD2, but not SETD2. Through these inter-
action, H3.3K36M appears to induce global
decrease of H3K36me2 in trans. As these NSD
enzymes preferentially act on nucleosomal histone
H3 [31], we speculate that NSD1/2 might be
trapped on chromatin containing H3.3K36M.
Importantly, the observation that H3.3K36M spe-
cifically induces the reduction of H3K36me2 has
also been reported by other groups [32].
Therefore, we believe that interspecies differences
in the amino acid sequence or protein structure of
the histone methyltransferases may give rise to
these differences although it is important to keep
in mind that the function of H3.3K36M is affected
by its molecular number under different cellular
contexts. Because a decrease in both H3K36me2
and H3K36me3 was observed in the chondroblas-
toma, it would be tempting to examine what hap-
pens when H3.3K36M expression is combined
with Setd2 knockout in a future study.

Materials and methods
Mice

All animal experiments were approved by the
Animal Experiments Committee of Kyushu
University (A30-081-2), and performed according
to the guidelines for animal experiments at
Kyushu University. Mice were housed in cages
under specific pathogen-free conditions and had
free access to water and food. To generate chi-
meric mice, knock-in embryonic stem (ES) cells
were injected into blastocysts. Germline transmis-
sion was confirmed by PCR. The established
mouse line was maintained on B6;129 mixed

background.



Mouse cell lines

Male mouse embryonic stem cells (B6;129 F1 ES
cells) were newly established and cultured with the
medium consists of Glasgow’s minimum essential
medium (Sigma) containing 15% foetal bovine
serum, 0.1 mM 2-mercaptoethanol, nonessential
amino acid, sodium pyruvate, penicillin/strepto-
mycin, leukaemia inhibitory factor (Nacalai),
0.5 uM PDO0325901 (WAKO), and 3 pM
CHIR99021 (WAKO) on gelatin-coated plates.

Gene targeting in mouse ES cells

To generate conditional knock-in ES cells, cells
were co-transfected with a targeting vector and
a pX330 vector using Lipofectamine 2000
(Thermo Fisher Scientific). The targeting vector
contained loxP-H3f3b intronl-H3.3 ¢cDNA-loxP-
H3f3b intron1-H3.3 (wild-type or K36M) cDNA-
HA-FRT-IRES-Neo-FRT cassette flanked by 5K
and 3X homology arms whose length are ~500
bp. The guide RNA from the pX330 vector tar-
geted CAACAGGAGGCTAGCGAAGC, which is
located at the junction of third intron and forth
exon in H3f3b gene. After selection with 400 pg/
mL G418, neomycin-resistant colonies were picked
up for genotyping PCR, and ES cells with correct
recombination were obtained. pX330 plasmid was
a gift from Feng Zhang (Addgene plasmid #
42230) [33].

Isolation of tibias for ChIP-seq

E14.5 embryos were
H3f3b<36M-lox/K36M-flox

collected by crossing
andPrx1-Cre mice, and
tibias were isolated under a microscope. Isolated
tibias were trisected along the longitudinal axis
and the tibial samples at the centre (tibial midshaft
samples) were used for ChIP-seq. To obtain cell
suspension, the samples were digested with col-
lagenase (5 mg/mL  collagenase = (Wako,
034-10533) in 50% FBS and 50% Dulbecco’s mod-
ified Eagle medium (DMEM) at 37 °C for 30 min
with gentle pipetting. Cells were then collected by
centrifugation and lysed in nuclear isolation buffer
(Sigma) for ChIP-seq library preparation. In par-
allel with the sample preparation for ChIP-seq,
genotyping PCR was performed.
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Immunostaining on cryosections of the
embryonic tibias

Tibias were fixed in 4% paraformaldehyde for 2 h
on ice. Subsequently, the samples were soaked in
15%, 20% and 30% sucrose in PBS at 4 °C with
rotation, and they were embedded in Tissue-Tek
O.C.T. Compound (SAKURA). 10 pum cryosec-
tions were made and immunostained with rabbit
anti-HA  (abcam, ab9110), rabbit anti-SOX9
(abcam ab185966, 1:2000), rabbit anti-H3K36me2
(Cell Signalling Technology #2901, 1:500), rabbit
anti-H3K36me3 (Active motif #61,101, 1:500), and
rabbit anti-H3K27me3 (Cell Signalling Technology
#9733, 1:1000) antibodies.

Whole-mount skeletal staining

Whole-mount alizarin red and alcian blue staining
was performed as described previously (Rigueur
and Lyons, 2014).

Ultra-low-input native ChiIP-seq (ULI-NChIP-seq)

ULI-NChIP-seq was performed as described pre-
viously with small modifications [34]. After opti-
mization of Micrococcal Nuclease digestion (New
England Biolabs) (3 U/pL at 21 °C for 20 minutes),
8% volume of the tibia lysates were taken for input
sample. The remaining lysates were split into
thirds for chromatin immunoprecipitation with
H3K36me2 (Cell Signalling Technology, #2901),
H3K36me3 (Active Motif, #61101), and
H3K27me3 (Diagenode, #C15410069) antibodies.
Each antibody was diluted at 1:400 in 200 pL IP
buffer (20 mM Tris-HCl pH8.0, 2 mM EDTA,
150 mM NaCl, 0.1% Triton X-100, and Protease
inhibitor cocktail). Ethanol-precipitated DNA was
used for library preparation using NEBnext Ultra
IT DNA Library Prep Kit (New England Biolabs).
The samples for H3K36me2 and H3K36me3 were
subjected to 12 cycles, and those for input and
H3K27me3 were subjected to 9 cycles of PCR
amplification by 2 x KAPA HiFi Hot Start DNA
polymerase (Kapa Biosystems, KK2611). Single-
end sequencing (68 cycles) was performed on
a Hiseq 1500 at Kyushu University.
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RNA-seq sample preparation

Isolated E14.5 tibias were trisected along the long-
itudinal axis and allocated to tibial end or midshaft
samples. After washing with PBS, the samples were
homogenized in 100 pL of nuclear isolation buffer
on ice. mRNA was purified with Dynabeads
mRNA DIRECT Micro Kit (Thermo Fisher
Scientific). Elution of mRNA was performed with
the buffer composed of first strand synthesis reac-
tion buffer and random primer mix from NEBnext
Ultra II Directional RNA library Prep Kit for
Illumina (New England Biolabs). The eluates
were processed for library preparation with
NEBnext Ultra II Directional RNA library Prep
Kit for Ilumina. Adapter was 100-fold diluted,
and all the samples were subjected to PCR ampli-
fication for 11 cycles by KAPA HiFi Hot Start
ReadyMix (Kapa Biosystems, KK2611). Single-
end sequencing (68 cycles) was performed on
a Hiseq 1500 at Kyushu University.

Co-immunoprecipitation assay

E15.5 hindlimbs were harvested and homogenized
in 200 pL of lysis buffer (20 mM Tris-HCI pH 7.5,
2 mM EGTA, 150 mM NaCl, 1 mM MgCl,, 1%
Triton X-100, Protease inhibitor cocktail, and 200
units/mL Benzonase) on ice. After centrifugation
at 10,000 g for 20 min at 4 °C, the supernatant was
recovered and then precleared with Protein A/
G-magnetic beads for 60 min at 4 °C. After taking
9% volume of the sample for input sample, the
samples were subjected to immunoprecipitation
with anti-HA antibody (abcam #9110, 1:200 dilu-
tion) at 4 °C for 90 min. Subsequently, prewashed
Protein A/G-magnetic beads were added, and the
samples were incubated at 4 °C for 60 min. The
beads were washed three times with lysis buffer
without Benzonase, resuspended in 20 pL of
Laemmli sample buffer, and boiled at 98 °C for
10 min.

SDS-PAGE and western blotting

E16.5 bilateral tibias were harvested and homoge-
nized in 50 pL of PBS. The homogenates were
boiled at 98 °C for 10 min in Laemmli sample
buffer. SDS-PAGE was conducted with 5-20%

gradient gels (Nacalai tesque). For western blot-
ting, proteins were transferred to polyvinylidene
difluoride (PVDF) membranes with a wet-tank
system. For immunoblotting of proteins with
large molecular weight, proteins were transferred
at 17 V for 16 h at 4 °C. After blocking with 5%
skim milk in Tris-buffered saline (TBS), immno-
blotting was performed with primary and second-
ary antibodies diluted in Can Get Signal solution 1
and solution 2 (TOYOBO), respectively.
Antibodies used are rat anti-H3.3 (Cosmo Bio
#CE-040B, 1:1000), mouse anti-HA (Covance
clone 16B12, 1:1000), mouse anti-H3K36me2
(Diagenode #C15200182, 1:1000), rabbit anti-
H3K36me3 (Active motif #61101, 1:1000), rabbit
anti-H3K27me3 (Diagenode #C15410069, 1:1000),
rabbit anti-NSD1 (LifeSpan #LS-C668873-50,
1:1000), mouse anti-NSD2 (Abcam #ab75359,
1:1000), rabbit anti-SETD2 (Bioworld Technology
#BS7519, 1:1000), and mouse anti-p-actin (Santa
Cruz Biotechnology #sc-69879, 1:4000).

ChIP-seq data processing

Trimming and mapping

ChIP-seq single-end reads were aligned to the
mouse genome (mml0) using Bowtie2 (version
2.3.5.1) [35] with a default setting after removing
adaptor sequences and low-quality reads by Trim
Galore! (version 0.3.3, Babraham Institute). Reads
from PCR duplicates were removed by using
Samtools ‘markdup’ with an option -r’. After con-
firming reproducibility between replicates, they
were merged by using ‘divide_bam.py’ in RSeQC
[36] and Samtools [37] ‘merge’ so that each repli-
cate data contributes equally to the merged file.

Scatter plots and heatmaps

The mouse genome (mm10) was divided into 10-
kb bins in a sliding window of 5 kb. The number
of ChIP and input reads covering each bin was
calculated by using Bedtools (version 2.27.0) [38]
intersect with an option ‘-c’. The bins containing
at least 100 reads in input samples were used for
analyses. To compute fold enrichment, normalized
ChIP read counts was divided by normalized input
read counts. Heatmaps were depicted using
computeMatrix and plotHeatmap in deepTools
(version 3.1.3) [39] for autosomal genes whose



length are longer than a calculating bin size (100-
base). To minimize the sex-specific effects, our
analysis focused on autosomes. Public ChIP-seq
data by Lu et al. were utilized to investigate the
distribution of H3.3K36M [10]. For enhancer ana-
lyses, we used the dataset for putative enhancers in
E14.5 mouse limb [21].

RNA-seq data analysis

RNA-seq reads were aligned to the mouse genome
(mm10) using Hisat2 (version 2.1.0) [40] with
options ‘-rna-strandness R’ and ‘-dta’ after
removing adaptor sequences and low-quality
reads by Trim Galore! with an option ‘-q 30
Reads aligned to ribosomal DNA were eliminated
by using Bedtools intersect with an option ‘-v’.
Assembly and quantification of transcripts were
performed by StringTie (versionl.3.4d) (Pertea
et al,, 2015) with options ‘-e’ and °-B’, followed
by extraction of differentially expressed genes with
DEseq2 (version 1.22) [41]. DEseq2 was also used
for principal component analysis and computation
of Euclidean distance between samples.

Quantification and statistical analysis

Data are presented as mean and SD All replicates
showed similar results and representative results
are shown. Graphic representation of data as well
as all statistical tests were done with R software
(version 3.5.1). P-value < 0.05 was considered sta-
tistically significant.
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