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Abstract

Kabuki syndrome is frequently caused by loss-of-function mutations in one allele of histone 3 lysine 4 (H3K4) methyltransferase
KMT2D and is associated with problems in neurological, immunological and skeletal system development. We generated heterozygous
KMT2D knockout and Kabuki patient-derived cell models to investigate the role of reduced dosage of KMT2D in stem cells. We
discovered chromosomal locus-specific alterations in gene expression, specifically a 110 Kb region containing Synaptotagmin 3 (SYT3),
C-Type Lectin Domain Containing 11A (CLEC11A), Chromosome 19 Open Reading Frame 81 (C19ORF81) and SH3 And Multiple Ankyrin
Repeat Domains 1 (SHANK1), suggesting locus-specific targeting of KMT2D. Using whole genome histone methylation mapping, we
confirmed locus-specific changes in H3K4 methylation patterning coincident with regional decreases in gene expression in Kabuki
cell models. Significantly reduced H3K4 peaks aligned with regions of stem cell maps of H3K27 and H3K4 methylation suggesting
KMT2D haploinsufficiency impact bivalent enhancers in stem cells. Preparing the genome for subsequent differentiation cues may
be of significant importance for Kabuki-related genes. This work provides a new insight into the mechanism of action of an important
gene in bone and brain development and may increase our understanding of a specific function of a human disease-relevant H3K4
methyltransferase family member.

Introduction
Kabuki syndrome (KS) (OMIM# 300867 and #147920) is
characterized by post-natal growth deficiency, skeletal/-
dermatological anomalies and mild to moderate intellec-
tual deficiency (1). It affects approximately 1 in 32 000 live
births, and most cases are caused by de novo heterozy-
gous mutations in lysine methyltransferase 2D KMT2D
(2) or lysine demethylase 6A KDM6A (aka UTX) (3), where
KMT2D is mutated in greater than 60% of cases.

KMT2D (aka MLL2/MLL4) functions to transfer methyl
groups to the fourth lysine residue of histone 3 lysine 4
(H3K4) (4). It is a large protein (∼5.5 K amino acids) that
contains a SET domain which is required for enzymatic
transfer of methyl groups from an S-adenosylmethionine
donor to H3K4. KMT2D is one of seven KMT2 family
members (KMT2A-G), also known as the mixed lineage
leukemia (MLL) or trithorax family and is partially

redundant with KMT2C (5). KMT2 family members
have two core commonalities: (1) they all transfer a
methyl group to H3K4 and (2) they associate with a
common group of required binding proteins for their
stabilization, called complex of proteins associated with
set1 (COMPASS), named for the yeast homologue of the
KMT2 family, Set1 (6). These essential partner proteins
are WDR5, RBBP5, DPY30 and ASH2L (7) and are needed
for an efficient methylation reaction (8).

The precise functional differences between KMT2
family members remain largely unknown. Although
the family arose from gene duplications (9), there are
significant differences across members with respect to
specific peptide domains. It is these domain differences
that will likely affect their specific genomic targets,
their differing set of unique binding proteins (10,11) and
their individual methyl transferase preferences, such
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as whether to add one, two or three methyl groups
to H3K4 (10). For example, KMT2D/C have preference
for specific binding partners that other families do not
show. KMT2C/D can associate with KDM6A, Paired box
(PAX) transcription activation domain interacting protein
(PTIP) and NCOA6 and preferentially interact with some
transcription factors such as the PAX family members,
Liver X receptor (LXR) and Peroxisome proliferator-
activated receptor (PPAR)-gamma (12). The unique
binding to specific proteins and transcription factors
likely allows for unique targeting in the genome in tissue-
, developmental- and cell type-specific ways. KMT2C/D
are predicted to mono-methylate H3K4 at enhancers
(13,14). Mechanistically, it is not clear how KMT2D might
associate with specific regions, but interactions with
transcription factors bound to DNA have been postu-
lated. In blood cells for example, KMT2D is recruited by
NFE2 which allows KMT2D to spread across the region
and methylate about 40 Kb (15). Alternatively, KMT2D has
been postulated to be a component of condensates with
KDM6A which segregates the genome via phase separa-
tion. Both ideas support a model where specific stretches
of chromosome could be methylated by KMT2D (16).

Our understanding of the role of KMT2D comes from
several knockout studies, usually involving homozygous
knockout of both Kmt2d and Kmt2c in rodents. But non-
human and complete knockout studies are not a model
of reduced dosage of KMT2D and likely exaggerate or
differ from the effects of reduced dosage of KMT2D. For
this reason, we have made several models of reduced
dosage KMT2D cells, including heterozygous knockouts
but also cell models made from human individuals with
KS (heterozygous loss), to understand the genomic pref-
erences of KMT2D in the context of differing dosages.
We find that partial loss of KMT2D in human stem cells
leads to a loss of mono-methylation in at least one,
and likely three, specific regions of the human genome,
consistent with a spreading model of H3K4 methylation
(15), and coincident with the loss of gene expression in
these regions.

Results
Stem cell models of Kabuki syndrome
Through simultaneous gene editing and cell reprogram-
ming (17), we generated two heterozygous KMT2D Knock-
out (KO) Induced pluripotent stem cells (iPSC) lines—
KMT2Dex2-del and KMT2Dex2-ins—from a healthy control
fibroblast line (Fig. 1B). All control and mutated iPSC
lines were validated for pluripotency marker expression
and absence of chromosomal anomalies by the cytoscan
High-density (HD) array (Fig. 1A). We targeted exon 2 (the
first coding exon) of KMT2D to create a frameshift muta-
tion. After the selection of successfully edited clones,
Sanger sequencing showed two cell lines with different
mutations; one had a heterozygous 10 nt deletion in exon
2 (KMT2Dex2-del), and the other had a heterozygous 34 nt
insertion in exon 2 of KMT2Dex2-ins (Supplementary Mate-
rial, Fig. S1A and B) where 33 of the 34 nucleotides were a

duplication of the preceding DNA. Both are predicted to
lead to loss of function due to nonsense-mediated decay
(NMD). After the purification and expansion of these two
cell lines, we performed quantitative polymerase chain
reaction (qPCR) to assess mRNA levels of KMT2D (Fig. 1C).
Surprisingly, we did not detect NMD of mutant alleles
given that qPCR showed similar levels of KMT2D RNA in
mutant models compared with controls, which is incon-
sistent with the ‘rules’ of NMD (18). To better understand
the allelic effects of gene editing, we wanted to ensure
that RNA was transcribed from both alleles along the
entire gene body of KMT2D. If there is no NMD, then we
should detect the mutation in RNA. RNAseq in mutant
and isogenic control IPSCs (Fig. 1D, Supplementary Mate-
rial, Fig. S1C) shows the creation of a novel splice junction
between exons 1 and 3 in KMT2Dex2-del in approximately
50% of reads, consistent with heterozygous gene editing
and lack of NMD (Fig. 1E). The presence of the exon1–
exon3 splicing event in ∼ 50% of the reads is consistent
with biallelic expression. For RNAseq analysis from the
KMT2Dex2-ins cell line, we expected to detect a novel
mutant insertion in RNA which would not have mapped
to the reference genome. To this end, we queried RNAseq
reads that were filtered out of the primary RNAseq anal-
ysis for any reads that might contain this new insertion
adjacent to wild-type sequences on either side of the
insertion. We found several reads that were consistent
with this including one that fully spanned the insertion
(Supplementary Material, Fig. S1C), providing unambigu-
ous evidence for the mutant allele in the transcribed
RNA. Both frameshift mutations detected in mRNA are
predicted to lead to protein loss by putting the coding
strand out of frame. If this were true, we would expect a
decrease of protein levels of KMT2D in mutant cells lines
which we did observe at the predicted KMT2D molecular
weight of ∼600 KDa (Fig. 1F).

Locus-specific gene expression changes and loss
of KMT2D in stem cells
KMT2D is an H3K4 methylase as well as a protein hub for
interaction proteins to guide protein/chromosomal inter-
actions (4). H3K4me is associated with transcriptional
activation of the marked locus, in which H3K4me1/2
are located predominantly at enhancers and H3K4me3
is located mostly at promoters. We analyzed RNAseq
data for case/control expression differences using the
two KMT2D mutant lines and isogenic controls. We pre-
dicted that the loss of KMT2D might reveal genes where
KMT2D acts to directly add methyl groups to increase
gene expression. Unsurprisingly, we found significantly
more genes were downregulated than upregulated in
the KMT2D KO lines (Supplementary Material, Fig. S1D
and E). Organizing gene expression data by genes with
the most significant decreased expression differences by
log2 fold-change revealed a clustering of chromosomal
band locations of genes whose expression was the most
significantly affected (Fig. 2A).

The top ranked hit by log2 fold change is CLEC11A in
the 19q13.33 band (hg38) which is located 74 Kb from
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Figure 1. Generation of CRISPR-Cas9 engineered KMT2D mutation iPSC lines. (A) Immunostaining of pluripotency markers of the control and engineered
KMT2D KO iPSCs used in the study. Scale bars indicate 50 μm. (B) Illustration of the editing location and size in exon 2 of KMT2D in the two mutation
lines generated. (C) qPCR analysis of KMT2D mRNA expression showing absence of nonsense RNA-mediated decay in the lines carrying mutations.
There were four independent samples in the analysis (Control1, Control2, KMT2Dex2-del and KMT2Dex2-ins). The two independent isogenic control lines
were derived from the same fibroblast line used for the generation of the two KMT2D KO lines, reprogrammed and isolated from two different iPSC
clones. Each KMT2Dex2-del and KMT2Dex2-ins KO line were derived from different gene-edited iPSC colonies expanded from single cells. Each iPSC sample
underwent independent RNA extraction, cDNA synthesis and qPCR analysis. (D) The alignment and identification of RNAseq reads of exon2 of KMT2D
of KMT2Dex2-del iPSC lines. (E) The RPKM of KMT2D expression of the KMT2D KO cells compared to control cells. (F) Western blot analysis of KMT2D
expression in mutation cells in comparison to control cells. ∗∗∗P ≤ 0.001.

C19ORF81, the second-ranked hit (Fig. 2B). There is no
evidence for cotranscription of these genes (i.e. they are
not transcribed on the same RNA strand), so it appears
that the top two differential expression differences are

extremely close to each other in 19q13.33. This could
suggest that both are regulated by KMT2D, and in the
Kabuki models may fail to acquire a full contingent
of H3K4 methylation to fully activate their expression.
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Figure 2. Identification of locus-specific gene downregulation in KMT2D deficient cells. (A) List of most significant downregulated genes in the RNAseq
analysis. There were four independent samples in the analysis (Control1, Control2, KMT2Dex2-del and KMT2Dex2-ins). The two independent isogenic
control lines were derived from the same fibroblast line used for the generation of the two KMT2D KO lines, reprogrammed and isolated from two
different iPSC clones. Each KMT2Dex2-del and KMT2Dex2-ins KO line were derived from different gene-edited iPSC colonies expanded from single cells. Each
iPSC sample underwent independent RNA extraction, cDNA synthesis and sequencing. (B) (top) UCSC database snapshot of the downregulated genes
locus located at 19q13.33 (hg38) exhibiting the adjacency of the affected genes; (bottom) Differential expression analysis of the RNAseq result indicating
the downregulation of the four genes located within the same locus.∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001. (C) (top) UCSC database snapshot of the downregulated genes
locus located at 19q13.42 (hg38) exhibiting the adjacency of the affected genes; (bottom) Differential expression analysis of the RNAseq result indicating
the downregulation of the four genes located within the same locus. ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001. (D) (top) UCSC database snapshot of the downregulated
genes locus located at 14q32.33 (hg38) exhibiting the adjacency of the affected genes; (bottom) Differential expression analysis of the RNAseq result
indicating the downregulation of the four genes located within the same locus. ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001.

KMT2D may affect an enhancer that controls both genes
or affect these genes in a broad, regional way. Whichever
is correct, if KMT2D affects expression of this locus it
might also affect other immediate neighboring genes
in 19q13.33. The two other closest genes are SYT3 and
SHANK1 (Fig. 2B). SYT3 was the 1272nd most significant
ranked gene (log2FC = −2.12, P = 0.0045) and SHANK1 was
filtered from the RNAseq list because of low expres-
sion levels (Reads per kilobase of transcript, per million
mapped reads (RPKM) mean = 0.4); however, it was still
detected in stem cells and showed a log2FC = −3.0, P-
value = 0.0001. Thus, it too supports a regional effects
model, despite having very low expression. SHANK1 is
neuron specific, but we detect presumably untranslated
RNA in the stem cells.

Correlated expression of proximal genes has been
described in the literature (19); hence, the observed
high correlation in the relative expression of neighboring
genes on 19q13.33 is not surprising per se. To shed more
light on the expected versus observed coexpression

levels, we looked at the fold-change of genes on
chromosome 19 and their nearest cis neighbors (smallest
distance between transcription start sites). Overall, this
analysis (Supplementary Material, Fig. S2) reveals a poor
correlation in expression differences (Pearson correlation
coefficient = 0.095). However, SYT3, C19orf81, SHANK1
and CLEC11A genes are consistently downregulated (red
points) whereas G Protein-Coupled Receptor 32 (GPR32),
which is located adjacent to CLEC11A on Chr19, does
not display the same expression difference. Notably, the
observed odds ratio for finding SYT3, C19orf81, SHANK1
and CLEC11A proximal genes coregulated versus all other
nearest neighbors on Chr19 is 2e3 (P-value = 4e-8; fisher’s
exact test) and hence highly unusual. Together with the
validation experiments, we believe that this strongly
supports our interpretation that the effect of KMT2D
KO is highly specific to the DNA locus containing SYT3,
C19orf81, SHANK1 and CLEC11A.

Moving out from this core locus of four genes, we
were unable to detect other gene expression differences
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(Supplementary Material, Fig. S3), suggesting that
KMT2D regulates only this specific locus of approxi-
mately 110 Kb at this chromosomal region. Other loci
that showed this phenomenon were the chromosome
19q13.42 and 14q32.33 bands (Fig. 2C and D) though not
as consistently across genes as the 19q13.33 region.
In genes achieving the log2FC < −1.5, Padj. < 0.005
criteria, we found a total of 16 chromosome bands
(Supplementary Material, Table S2) that had at least
two genes differentially expressed in the same band,
though which are not necessarily adjacent to each other.
We consider these loci potentially suggestive as KMT2D
target regions.

Stem cells from individuals with Kabuki
syndrome recapitulate engineered control cells
Engineered genetic mutations are an excellent way to
probe gene function because they allow for a direct com-
parison with an isogenic cell line, reducing experimental
noise; however, they are not the exact mutations found
in Kabuki cases. To determine whether gene expression
changes observed in engineered models are similar in
KS cases, we made iPSCs from renal epithelial cells col-
lected from a KS case and her biological mother. The use
of a healthy first-degree sex-matched control reduces
experimental noise since these subjects share 50% of the
genome. KS1 underwent clinical ExomeSeq at GeneDx
which identified a 4 nt deletion in exon 53 of KMT2D
consistent with a diagnosis of KS, and which we con-
firmed by Sanger sequencing in iPSCs (Fig. 3A). A com-
plete clinical description and photo of KS1 can be found
in the Supplemental Material. Pluripotency of stem cells
and chromosomal integrity were both assessed and were
normal for both lines (Fig. 3B) suggesting that heterozy-
gous loss of KMT2D is dispensable for iPSC induction
and maintenance. We checked whether there was NMD
given that a frameshift occurred, but like engineered
models, we found no NMD but did find depleted protein
(Fig. 3C and D). To test whether gene expression differ-
ences from 19q13.33 were also affected in KS1, we made
qPCR primers for SYT3, SHANK1, C19ORF71 and CLEC11A,
then validated expression changes first in heterozygous
KMT2D KO lines (Fig. 3E). Next, we assessed RNA levels
of these genes in iPSCs from KS1 and her mother and
confirmed depletion in cells derived from a diagnosed
KS case (Fig. 3F). Despite the concern that epigenetic
memory in iPSCs originating from different somatic ori-
gins could potentially cause variation in gene expression
(20), we found highly consistent results between the
KO (skin-derived) iPSCs and the KS case (urine-derived)
iPSCs (Fig. 3E and F) highlighting the robustness of our
discovery. Moreover, we ran an off-target effect of CRISPR-
Cas9 analysis to identify potential off-targets in our KO
cells and found no evidence to suggest that the reduced
expression previously found could be due to this reason
(Supplementary Material, Table S3).

To rule out that this finding is limited to a particular
mutation type, we used iPSCs from another KS case with

nonsense mutation in exon 32 of KMT2D (21). We find
almost identical effect sizes in qPCR done from genes
at the 19q13.33 locus in cells made in an independent
laboratory and performed by an independent operator
(Supplementary Material, Fig. S4). These data support
the finding that loss of KMT2D leads to the decreased
expression of SYT3, C19orf81, SHANK1 and CLEC11A in
stem cells; however, these results could be due to indi-
rect, rather than direct, effects of KMT2D loss, an idea we
assess in the following section.

Reduction of H3K4 methylation in KS cell models
Given clustering of genes whose gene expression is
decreased in KMT2D depletion models, we hypothesized
that the mechanism of action for this effect was the
loss of association of KMT2D with this region and sub-
sequent loss of H3K4me (Fig. 4A). The clustering of gene
expression differences could either be due to H3K4me
deposition at a shared enhancer or KMT2D targeting the
region broadly. Our first question was thus to determine
whether KMT2D associates with this region. Using two
control lines from our study (the isogenic control line
and the mother of the KS case), we found significantly
increased binding of KMT2D at these sites compared to
IgG control (Fig. 4B). This suggests that KMT2D is able to
bind to 19q13.33 locus in human stem cells.

H3K4 methylation comes in three types, all of which
can be deposited by KMT2D, and it was not immediately
obvious which mark might be the best to test our hypoth-
esis, as H3K4me1/2 mark active enhancers whereas
H3K4me3 marks active promoters. We performed histone
mass spectrometry analysis (22) in control iPSCs and
found that H3K4me1 is the most abundant methylation
mark genome wide in the iPSC state (Fig. 4C), reflecting
about 12% of total H3K4me, while H3K4me2 was about
2% and H3K4me3 was ∼ 0.5–1% in stem cells. Notably
> 85% of H3K4 tails identified in mass spectrometry show
no methylation. We opted to assay H3K4me1 because of
its relative abundance and because of its relationship to
gene activation outside of promoters, which we thought
an unlikely model given the regional gene expression
effects.

To directly test differential methylation at H3K4, we
performed H3K4me1 ChIPseq analysis to assess the
genome-wide differential level of H3K4me1 in the KS1
iPSCs versus iPSCs from her mother. We detected a lower
number of total peaks in KS1 cells (146 099; 3.98 peaks
per 1000 reads) compared with control cells (156 770
peaks; 4.4 peaks per 1000 reads), a decrease of about
10.5%. 19 950 peaks were lost or showed decreased levels
in KS cells whereas 9279 peaks were gained. In other
words, most H3K4me1 peaks in both KS and control
iPSCs are not different, except at 29 229 peaks, where
about two-thirds of these changes are in a direction
expected by the loss of KMT2D. These data do not
support a general decrease in H3K4me1 across the
KS genome, which is what might be expected from
the continued presence of KMT2C and some KMT2D,
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Figure 3. Generation of KS case-derived KMT2D-deficient iPSCs. (A) Illustration of the location of 4 bp deletion in exon 53 of KMT2D in the KS case cell.
(B) Representative images of immunostaining of pluripotency markers expression in generated using the KS case and sex-matched family control cells.
Scale bars indicate 50 μm. (C) qPCR analysis and validation of absence of non-sense mediated decay in KMT2D mRNA expression in KS case cells. There
were two independent samples in the analysis (Mom and KS case). Each sample was extracted with three replicates for RNA samples, where replicates
were the same iPSC line grown in separate wells and underwent independent RNA extraction, cDNA synthesis and qPCR analysis. (D) Western blotting
result showing reduced expression of KMT2D expression in KS case cells. (E) qPCR analysis of SYT3, SHANK1, CLEC11A and C19orf81 in engineered
KMT2D KO iPSCs. There were four independent samples in the analysis (Control1, Control2, KMT2Dex2-del and KMT2Dex2-ins). The two independent
isogenic control lines in the control group were derived from the same fibroblast line used for the generation of the two KMT2D KO lines, reprogrammed
and isolated from two different iPSC clones. The two KMT2D KO lines consist of KMT2Dex2-del and KMT2Dex2-ins; each KO line were derived from different
gene-edited iPSC colonies expanded from single cells. Each sample was extracted with 3 replicates for RNA samples, where replicates were the same
iPSC line grown in separate wells and underwent independent RNA extraction, cDNA synthesis and qPCR analysis.∗∗∗P ≤ 0.001. (F) qPCR analysis of SYT3,
SHANK1, CLEC11A and C19orf81 in KS case iPSCs compared to the healthy sex-matched control family iPSCs. There were two independent samples in
the analysis (Mom and KS case). Each sample was extracted with three replicates for RNA samples, where replicates were the same iPSC line grown in
separate wells and underwent independent RNA extraction, cDNA synthesis and qPCR analysis. ∗∗∗P ≤ 0.001.
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Figure 4. KMT2D deficiency leads to locus-specific reduction of H3K4me1 levels. (A) Illustration of the proposed mechanism of action on
how KMT2D regulates the affected locus. (B) ChIP-PCR analysis of KMT2D binding in comparison to IgG control antibody with two different
control iPSCs. There were two independent samples in the analysis (Mom and KS1). Each sample was extracted with three replicates for
DNA samples, where replicates were the same iPSC line grown in separate dishes with different passage number, and underwent indepen-
dent chromatin immunoprecipitation and PCR analysis. Each replicate signal was normalized to its own input samples. ∗P ≤ 0.05, ∗∗∗P ≤ 0.001.
(C) Mass spectrometry analysis result showing different H3K4me1/me2/me3 level in control cells. There were three independent iPSC samples
in the analysis (Control1, Control2 and Control3). Control1 and Control2 were reprogrammed from two different healthy control renal epithe-
lial cells, and Control3 were reprogrammed from a healthy control fibroblast line. Each sample was extracted with three replicates, where
replicates were the same iPSC line grown in separate dishes with different passage number, and underwent independent histone extraction
and mass spectrometry analysis. (D) Integrative Genomics Viewer (IGV) map snapshot of ChIPseq peaks identified at the 19q13.33 locus
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consistent with the redundancy of H3K4me deposition
across the KMT2 family. Still, the data suggest that some
genomic locations where H3K4me1 is found may require
KMT2D for me1 deposition, and these could be the
locations where we observed reduced mRNA expression
in reduced dosage KMT2D models.

We conditioned analyses to the three regions that
showed clear RNA differentials of adjacent genes at the
same locus. We focused on the 19q13.33 locus because
of the large RNA expression differences observed in
that region. We found significant reduction in H3K4me1
level as compared with the control iPSCs (Fig. 4D)
and these data appeared robust with decreases in
H3K4me1 observed across the region. Expanding out
across the region from the core four genes, we do
not observe differential H3K4me1 in neighboring sites
(Supplementary Material, Fig. S3). This suggests a degree
of specificity to the ∼ 110 Kb region and that loss of
KMT2D may lead to lower H3K4me1, possibly leading
to lower expression of SYT3, C19orf81, SHANK1 and
CLEC11A. To ensure these data are not specific to any
single cell line, we performed targeted H3K4me1 ChIP-
PCR (Supplementary Material, Fig. S5) over the 19q13.33
locus in all KS models (KMT2Dex2-del, KMT2Dex2-ins, KS
case iPSCs, n = 3 in triplicate) compared with all controls
(isogenic control to engineered lines and mother of KS
case, n = 2 in triplicate). We found significantly lower
H3K4me1 in KS models compared with the control
models (Supplementary Material, Fig. S5B and C). Finally,
in Figure 4E and F we show peaks from the 19q13.42
and 14q32.33 regions which show a similar pattern as
the 19q13.33 region: a broad pattern of peaks across
the regions with depletion in KS iPSCs. H3K4me1 and
H3K27me3 establish a bivalent state in stem cells on
genes important in development (23). Focusing on the
19q13.33 locus, we mapped four marks from Embry-
onic stem cells (ES) in ENCODE—H3K4me1, H3K4me3,
H3K27ac and H3K27me3—and compared these to our
own iPSC H3K4me1 ChIPseq peaks to determine if
significantly depleted peaks due potentially to KMT2D
haploinsufficiency overlap with loci of known bivalency
(i.e. H4K4me1 and H3K27me; Supplementary Material,
Fig. S6). We found excellent overlap of our peak regions
with both H3K4me1 and H3K27me3 in ES cells. This
suggests that the losses of H3K4me1 in KS stem cells
are in locations of bivalent enhancers, at least at this
particular locus. This likely has important implications
for disease mechanism given that mutations in the
H3K27me demethylase, KDM6A, also cause KS.

Discussion
The role of individual KMT2D family members remains
an open question, and most work to date has been done

in non-human species or with complete knockout of
more than one family member. KS, caused in most cases
by loss-of-function of a single copy of KMT2D, is associ-
ated with a significant impairment of immune, bone and
brain function, thus there is clearly an important role of
more subtle effects of KMT2D loss-of-dosage in humans.
The current work has explored this idea in human stem
cells, in which KMT2D is highly expressed and where it
might be needed to prime or prepare the genome for
future cell type induction or differentiation (24). Our data
suggest that KMT2D may establish H3K4me1 patterns
in at least one specific chromosomal region in stem
cells and affect transcription (25). This step could be
important before stem cells are induced to different
fates.

In our study, we generated KMT2D+/− lines from a
KS patient and through CRISPR gene-editing. Despite
the existence of a frameshifting mutation in KMT2D,
there is no NMD event detected in any of the cell lines
through qPCR and RNAseq analyses. Interestingly, we
still observe reduced KMT2D protein expression without
any detectable truncated protein being expressed despite
the potential for NMD escape (26). NMD occurs when a
premature termination signal happens upstream of an
exon–junction complex. Premature stops attract proteins
that then interact with both 5′ cap proteins and intra-
genic exon–junction proteins to facilitate mRNA degra-
dation during pioneering transcriptional rounds (27). The
mutations investigated in this report should theoreti-
cally fit this model, however, something specific to the
KMT2D locus may allow for escape, whether the large
number of other transcripts produced from the locus
(ENSEMBL: ENSG00000167548), or a competitive change
in NMD protein machinery specifically at this locus,
as has been observed in some situations (28). We can-
not rule out that mutant alleles are translating mutant
protein and/or in-frame products from alternative start
sites. If it is using an alternative start codon, there are
two potential in-frame products of 572 or 593 KDa, which
would likely be indistinguishable from the full length
predicted product of 600 KDa since there is a lower gel
resolution for larger product sizes in protein gel elec-
trophoresis. The antibody epitope targets amino acids
2916–3785 (total length is 5537), so smaller out-of-frame
fragments (which could be generated from the induced
mutations in exon 2 and terminate within 100 bps) will
not be detected. We expect that these are likely made but
then degraded as they will be very short peptides. We
conclude that the current models have reduced dosage
of KMT2D protein and that the most likely effects on the
cell will be caused by decreased KMT2D protein levels.
Finally, KMT2D haploinsufficiency in KS cases has been
previously thought to occur through an NMD mechanism

(hg38) in control and KS case iPSCs. There were two independent samples in the analysis (Mom and KS1). Each sample was extracted with three
replicates for DNA samples, where replicates were the same iPSC line grown in separate dishes with different passage number, and underwent
independent chromatin immunoprecipitation and PCR analysis. Each replicate signal was normalized to its own input samples. (E) IGV map snapshot
of ChIPseq peaks identified at the 19q13.42 locus (hg38) in control and KS case iPSCs. (F) IGV map snapshot of ChIPseq peaks identified at the 14q32.33
locus (hg38) in control and KS case iPSCs.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac121#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac121#supplementary-data
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https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac121#supplementary-data
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(29), so this idea needs to be further explored in future
studies.

KS genotype phenotype relationships are complex
(30,31) and the results from this study should be inter-
preted within the context of heterozygous KMT2D loss-
of-function mutations. To date, hundreds of KS causing
mutations have been identified but the large size, multi-
domain and potential transcriptional complexity (32) of
the gene mean caution is warranted in interpretation
of rare genetic variation and disease-causing effects,
particularly in light of reports of missense mutations
and the phenotypic spectrum of KS (33).

We performed whole genome transcriptome analysis
to identify genes that may be affected by decreased
dosage of KMT2D. In an attempt to identify direct targets
of KMT2D, we focused on those genes whose expression
had diminished, as it would allow us to test a model
whereby these genes may require H3K4me to become
active in stem cells. Our ranking of fold-change of these
genes showed a surprising clustering of neighboring
genes by chromosomal location and we focused on the
most differentially expressed region identified which
included CLEC11A, SYT3, SHANK1 and C19ORF81; none
of these have been previously defined as KMT2D-target
genes. The specific change in this 110 kb region area
may suggest specific effects in this area potentially due
to it being a chromosomal domain (34). These domains
are stretches of chromosome that can undergo region
specific regulation due to boundary effects by CCCTC-
binding factor (CTCF), or phase separation by DNA
binding factors. The segregation of this region might
allow for H3K4me1 spreading model (35) that could
facilitate the expression of genes in the region.

We observed only a 10.5% decrease in H3K4me1 peaks
per 1000 reads mapped in Kabuki patient iPSCs, arguing
against a general model of genome-wide depletion of
H3K4me1. Rather, these data are consistent with region
specific targeting. We focused this work on one region
where we found large and consistent effect sizes in
diminished gene expression of neighboring genes in
KMT2D reduced dosage models. Carefully done H3K4me1
ChIPseq following strict ENCODE analysis standards [as
described in the Materials and Methods section (36)]
suggested significant loss of peaks in a 19q13.33 region in
Kabuki stem cells. Similar to RNAseq data where genes
outside this region did not differ in their expression
levels, there was no change in H3K4me1 as we extended
the analysis outside of these areas, implying a relatively
restricted deposition of H3K4me1 in healthy cells but
which may require a full dose of KMT2D.

How might loss of KMT2D dosage lead to the gene
expression effects observed? We propose that KMT2D is
specifically targeted to these domains through transcrip-
tion factor interaction and association with COHESIN
and MEDIATOR complexes, as has been described (37).
These effects could be specific to KMT2D and are non-
redundant with other KMT2 family members. We sug-
gest that the association of KMT2D with these domains

allows for the spreading of H3K4me1 potentially through
phase separation with KDM6A (16). Perhaps these spe-
cific regions require significant amounts of KMT2D to
allow for the spreading of the H3K4me1 signal—smaller
regions <50 Kb may not require such high levels and
thus are spared from effects of KMT2D dosage loss. The
heterozygous loss of KMT2D in stem cells at this devel-
opmental timepoint may affect all downstream devel-
opmental stages as this genomic region may need to be
primed for future histone methylation deposition and
gene activation and stage-specific actions (24). The genes
at least in 19q13.33 region are potentially highly rele-
vant to the Kabuki phenotype as haploinsufficiency of
two of the genes—CLEC11A (or stem cell growth fac-
tor/osteolectin) and SHANK1—can by themselves cause
significant problems in bone and brain development,
respectively (38,39).

This work may provide a significant and testable
model for why mutations in either KDM6A and KMT2D
cause KS. KMT2D is an H3K4 methyltransferase, adding
me1 to H3K4 presumably at many genomic sites, but
at the least in the 19q13.33 region; we conjecture that
KDM6A may remove H3K27me3 from the same poised
enhancers targeted by KMT2D. The removal of the methyl
group from H3K27 allows for the addition of the mutually
exclusive acetylation mark, which finalizes the switch
between a poised/bivalent state to an active enhancer.
The haploinsufficiency of either KMT2D or KDM6A may
lead to a loss of active enhancers in the genome. In the
case of KMT2D, there may be a failure to fully establish
the bivalent state, while loss of KDM6A may lead to the
failure of fully poised enhancers to transition to an active
state. This is directly testable in that we might predict
that stem cells with KDM6A loss (which is X linked), will
result in a specific gain of H3K27me3 at the chr 19q13.33
locus. This suggests that the significant loss of either
enzyme could tip the delicate balance of the permissive
and restrictive epigenetic regulation hence repressing the
baseline expression of the affected genes in stem cells.

Materials and Methods
Somatic cell reprogramming
There are two kinds of somatic cells used in this
study—fibroblast and renal epithelial cells. KMT2Dex2-del,
KMT2Dex2-ins and the isogenic control iPSCs were gener-
ated from the same fibroblast line whereas KS case and
control iPSCs were generated from their respective renal
epithelial cells, extracted from urine. All somatic cells
were reprogrammed through the transfection of episo-
mal reprogramming vectors encoding for OCT4, SOX2,
MYC3/4, KLF4 and shRNA P53 (ALSTEM). Transfection
was conducted with the neon electroporation system
(Invitrogen, Burlington) using 2–3 × 105 cells and 3 μg of
episomal vectors for every reaction. The transfected cells
were plated on to Matrigel (Corning) coated tissue culture
dish with 10% Fetal Bovine Serum (FBS) Dubelcco’s Mod-
ified Eagle Medium (DMEM) to allow cell reattachment.
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The culture media was then replaced with TesR-E7
(STEMCELL Technologies, Vancouver) after 48 h with
daily media change afterwards. After 2 weeks in culture
in TesR-E7, iPS colonies started to form into an observable
size. Colonies with desirable size (500–1000 μm in
diameter) were manually picked after a brief treatment
with ReLeSR media and replated into new Matrigel-
coated dish and cultured in TesR-E8 media. Throughout
this study, no comparisons were done that mixed cases
or control iPSCs from different tissues of origin.

Quality control of induced pluripotent stem cells
Pluripotency marker expression

iPSC colonies were re-plated onto matrigel-coated glass
cover slips in a petri dish or suspension culture dish.
Cells were cultured for at least 24 h to allow reattach-
ment. iPSC colonies were fixed with 4% paraformalde-
hyde (Sigma-Aldrich) for 10–15 min, followed with
downstream procedure described in immunofluores-
cence section.

Endogenous marker expression

Total RNA extraction and cDNA synthesis were con-
ducted as it is described in quantitative polymerase
chain reaction section. Endogenous pluripotent markers
expression was amplified using primers listed in the
Supplementary Material, Table S1.

Quantitative polymerase chain reaction

Total RNA extraction was conducted by the RNeasy mini
kit (Qiagen, Hilden). Afterwards, reverse transcription
was conducted using 1 μg of extracted RNA samples,
5 μM random primers, 0.5 mM dNTPs, 0.01 M Dithio-
threitol (DTT) and 400 U Moloney Murine Leukemia (M-
MLV) Reverse Transcription (RT) (Carlsbad, California).
The qPCR reaction was conducted in 384 well plates
using a Quant Studio 6 Flex Real time PCR machine (Life
Technology). A reference pool of cDNA samples was used
to generate a reference sample for relative mRNA expres-
sion quantification. Each well included 5 μl of 2X gene
expression master mix (Luna Universal qPCR Master Mix,
New England BioLabs), 1 μl of 5 μM primer mix, 1 ng of
cDNA and nuclease free water to make up to 10 μl of total
mix volume. Beta-actin was used as an internal control
for normalization unless specified otherwise.

Immunoblotting

After reaching the desired confluency, cells were lysed
using Radioimmunoprecipitation assay (RIPA) buffer
(Sigma-Aldrich) supplemented with cOmplete, Ethylene-
diaminetetraacetic acid (EDTA)-free protease inhibitor
cocktail tablets (Sigma-Aldrich). Cell lysates were well
mixed for 10 min and centrifuged with 15 000 rpm in low
temperature. Protein samples were then isolated from
the supernatant. Protein concentrations were measured
using Pierce BCA protein assay kit (ThermoFisher).
Protein samples were then run in Mini-PROTEAN Tris-
Glycine eXtended (PROTEAN TGX) stain-free precast gels

(Bio-Rad) with parameters: 15 μg protein/well, 150 V
for 30–35 min. Resulting gel were then transferred
to nitrocellulose membrane using Trans-Blot Turbo
Transfer system (Bio-Rad). Afterwards, the membranes
were immersed in blocking buffer (4% non-fat milk
dissolved in Tris Buffered Saline with Tween 20 (TBST)
buffer) for 30 min followed by overnight incubation with
gentle shaking in primary antibody solution (specified
primary antibody dilution in blocking buffer). Blots were
then washed three times with TBST buffer before the
following incubation in secondary antibody buffer for
60 min at room temperature. Blots were washed three
times before visualizing the band signal using Clarity
western Enhanced Chemiluminescence (ECL) blotting
substrates (Bio-Rad). The blot imaging and analysis
were done using Bio-Rad ChemiDoc imaging system and
ImageLab software (Bio-Rad). All signals were normalized
to β-actin or HSP90. All the antibodies used are listed in
the Supplementary Material, Table S1.

Immunostaining

Cells were plated onto glass coverslips in a Petri dish or
suspension dish. After reaching optimal imaging density,
cells were washed with phosphate-buffered saline (PBS),
then fixed with 4% paraformaldehyde (Sigma-Aldrich)
for 10–15 min. Cells were then permeabilized using 0.25%
TritonX-100 (Sigma-Aldrich) in 0.5% PBS-Bovine Serum
Albumin (BSA) for 10–15 min followed by blocking pro-
cess in 10% PBS-BSA for 60 min. Afterwards, samples
were incubated in primary antibody solution (appropri-
ate antibody concentration in 5% PBS-BSA) for 60 min
in room temperature. Samples were then washed with
1×PBS for three times followed by secondary antibody
dilution for 60 min in the dark. Finally, samples were
washed twice with 1×PBS and visualized on an Apotome
fluorescent microscope (Zeiss). Images were analyzed
using ImageJ. All the antibodies used are listed in the
Supplementary Material, Table S1.

RNA sequencing

RNA samples with RNA Integrity Number (RIN) values > 9
were submitted to Genome Quebec for RNA sequencing.
Each iPSC line (two replicates for each of two controls
and two experimental groups for a total of eight
sequenced samples) were cultured in TesR-E8 media
and actively proliferating at the time of RNA extrac-
tion. PolyA enrichment library preparation for coding
transcripts was done by experts at the Genome Quebec
Innovation Center in McGill University. Total RNA was
quantified using a NanoDrop Spectrophotometer ND-
1000 (NanoDrop Technologies, Inc.) and its integrity was
assessed using a 2100 Bioanalyzer (Agilent Technologies).
Libraries were generated from 250 ng of total RNA
as following: mRNA enrichment was performed using
the NEBNext Poly(A) Magnetic Isolation Module (New
England BioLabs). cDNA synthesis was achieved with the
NEBNext RNA First Strand Synthesis and NEBNext Ultra
Directional RNA Second Strand Synthesis Modules (New

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac121#supplementary-data
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England BioLabs). The remaining steps of library prepara-
tion were completed by the NEBNext Ultra II DNA library
prep kit for Illumina (New England BioLabs). Adapters
and PCR primers were purchased from New England
BioLabs. Libraries were quantified using the Quant-
iT™ PicoGreen® dsDNA Assay Kit (Life Technologies)
and the Kapa Illumina GA with Revised Primers-
SYBR Fast Universal kit (Kapa Biosystems). Average
size fragment was determined using a LabChip GX
(PerkinElmer) instrument. The libraries were normalized
and pooled at 3 nM and then denatured in 0.05 N
NaOH and neutralized using HT1 buffer. Exclusion-
Amplification (ExAMP) was added to the mix following
the manufacturer’s instructions. The pool now at 200 pM
was loaded on a Illumina cBot and the flowcell was ran
on a HiSeq 4000 for 2 × 100 cycles (paired-end mode).
A phiX library was used as a control and mixed with
libraries at 1.5% level. The Illumina control software was
HiSeq Control Software (HCS) HD 3.4.0.38, the real-time
analysis program was Real Time Analysis (RTA) v. 2.7.7.
Program bcl2fastq2 v2.20 was then used to demultiplex
samples and generate fastq reads. Libraries were run
using Illumina HiSeq4000 PE100, which produced 40
million reads per library. Our downstream bioinformatics
processing used FASTX-Toolkit, TopHat, Bowtie2 and
Cufflinks2 with default parameters to preprocess, align
and assemble reads into transcripts, estimate abundance
and test differential expression (40,41).

Chromatin immunoprecipitation assays

Cells (three replicates for each of KS1 and her mother,
where replicates are cells from different wells and
processed independently) were fixed with crosslinking
reagent (11% formaldehyde, 100 mM NaCl, 0.5 mM ethy-
lene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic
acid (EGTA), 50 mM HEPES ph 8) with 1:10 ratio of
fixing reagent to culture medium for 15 min at room
temperature. 0.125 M Glycine with 1:10 ratio of Glycine
to cell medium was then added for 5 min at room
temperature. Cells were then washed twice with PBS,
then collected in cold PBS and centrifuged. Cells were
resuspended in 1 ml Nucleus/Chromatin Preparation
(NCP) Buffer I (EDTA 10 mM, EGTA 0.5 mM, Hepes 10 mM,
TritonX-100 0.25%) and then centrifuged. Cell pellets
were then resuspended in 1 ml NCP Buffer II (EDTA
1 mM, EGTA 0.5 mM, Hepes 10 mM, NaCl 200 mM) and
then centrifuged. Then, cell pellets were resuspended in
500–800 μl of RIPA Buffer (150 mM NaCl, 1% (v/v) NP-
40, 0.5% (w/v) deoxycholate, 0.1% (w/v) Sodium Dodecyl
Sulfate (SDS), 50 mM Tris–HCL ph 8.0, 0.5 mM EDTA).
Afterwards, samples were sonicated up to 500–1000 bp
fragment size then centrifuged at high speed at 4◦C. 1 mg
of the resulting protein samples were resuspended in
800 ml of RIPA buffer then used for immunoprecipitation,
while the rest were kept as input control samples. The
samples were then pre-cleared for 2–3 h at 4◦C with
30 μl of protein A/G beads. The non-specific complexes
were centrifuged at high speed for 30 s at 4◦C. The

supernatants were extracted and incubated with 2 μg
of specific antibody overnight at 4◦C.

After the incubation, 50 μl of protein A/G beads were
added followed by 1 h incubation at 4◦C. After removing
the supernatants, the precipitates were washed 6 times
with 500 μl RIPA Buffer. The resulting immunocomplexes
were eluted using 1% SDS incubation for 10 min at 65◦C.
200 mM of NaCl and 10 mg of RNAseA were then added
to the extract (and input samples) and incubated for 5 h
or overnight at 65◦C. Afterwards, 500 μg/ml proteinase K
were added, incubated at 45◦C with for 2 h. Chromatin
fragments were extracted using 300 μl phenol/chloro-
form/isoamylalcohol and again with 300 μl chloroform.
The fragments were then precipitated with 2.5 volume
of Ethyl alcohol (EtOH) overnight incubation at −20◦C
with 10 μg tRNA or with glycogen carrier. Afterwards,
the samples were washed with 70% EtOH and finally
resuspended in 50 μl of Tris-EDTA (TE) buffer.

In ChIP-PCR analyses, DNA fragments were analyzed
by quantitative polymerase chain reaction with SYBR
Green detection. DNA fragments from the IgG (negative
control) experiment and KMT2D antibody-bound DNA
fragments were normalized to input DNA, then we cal-
culated the fold enrichment of KMT2D fragments to IgG
fragments. All primers used are listed in the Supplemen-
tary Material, Table S1.

ChIP-sequencing

Raw sequencing data in fastq format were processed
using the nf-core (42) ChIPseq (version 1.2.1) processing
template (doi: 10.5281/zenodo.3966161) for Quality con-
trol (QC), adapter trimming and read alignment using the
burrows-wheeler algorithm against the human genome
(version GRCh38 included with nf-core). Following read
alignment, Binary Alignment Map (BAM) files for controls
(and, in a separate file, BAM files for Kabuki patients)
were merged, using samtools (43). Peak calling and
analysis of differential H3K4me1 binding was conducted
using MACS2 (44). For this, the MACS2 callpeak function
was used with parameters −f BAMPE, −g 2.7e9, −broad,
−broad-cutoff 0.1,−nomodel, −extsize 147, without the
use of an input control. Next, the MACS2 bdgdiff function
was used with parameters −g 60 and −l 120, to extract
differences between control and Kabuki samples. Lastly,
annotation of differential H3Kme1 binding was con-
ducted using the annotatePeaks.pl function included in
the nf-core ChIPseq (v1.2.1) repository. Further analyses
of Kyoto Encyclopedia of Genes and Genomes (KEGG)-
pathway and Gene Ontology (GO)-term enrichment were
conducted in R (www.r-project.org) using the package
clusterProfiler (45).

Histone extraction and derivatization

Nuclei were extracted from cell pellets using nuclei
isolation buffer (NIB) as previously described with minor
adjustments (46). First, cell pellets lysed using ten cell
pellet volumes of NIB +0.3% NP-40 Alternative. The
cells were then washed twice with NIB only to remove

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac121#supplementary-data
10.5281/zenodo.3966161
www.r-project.org
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any detergent. Next, histones were acid extracted from
nuclei with 0.2 M H2SO4, followed by precipitation with
33% trichloroacetic acid overnight at 4◦C. Precipitated
histones were then washed first with ice-cold acetone-
HCl (1%) and then with ice-cold acetone. About 20 μg of
histones were then derivatized with propionic anhydride
to propionylate unmodified lysines, followed by trypsin
digestion overnight (1:20, enzyme: histone). The histone
peptides were then propionylated at the N-termini by
another round of derivatization. Finally, the samples
were desalted using in-house prepared C18 stage-tips
before nanoLC-MS/MS analysis.

Histone mass spectrometry analysis

Histone samples were analyzed by nanoLC-MS/MS with
a Dionex-nanoLC coupled to a Q Exactive-HF mass
spectrometer (Thermo Fisher Scientific). The column was
packed in-house using reverse-phase 75 μm ID × 17 cm
Reprosil-Pur C18-AQ (3 μm; Dr Maisch GmbH). The High
Performance Liquid Chromatography (HPLC) gradient
was as follows: 5–40% solvent B (A = 0.1% formic acid;
B = 80% acetonitrile, 0.1% formic acid) over 47 min, from
40 to 90% solvent B in 5 min, 90% B for 8 min. The
flow rate was at 300 nl/min. Data were acquired using
a data-independent acquisition method, consisting of a
full scan Mass Spectrometry (MS) spectrum (m/z 300–
1100) performed in the Orbitrap at 35 000 resolution with
an Automatic Gain Control (AGC) target value of 2e5,
followed by 16 MS/MS windows of 50 m/z using Higher
energy Collisional Dissociation (HCD) fragmentation and
detection in the ion trap. The HCD collision energy was
set to 28, AGC target at 1e4, and maximum inject time
at 50 ms. Histone samples were resuspended in buffer A,
and 1 μg of total histones was injected.

An in-house software EpiProfileLite (GitHub at https://
github.com/zfyuan/EpiProfileLite, includes the user
guide) was used to analyze the raw files to obtain
relative ratios of all modified and unmodified forms
of H3 and H4 histone peptide. This software efficiently
discriminated isobaric peptides using unique fragment
ions in the MS/MS scans. In all, we report about 29 peptide
sequences with 45 Post-translational modifications
(PTMs) (methylations, acetylations and phosphoryla-
tions) for a total of 151 histone marks plus 16 unmodified
histone peptides. The raw files are deposited in CHORUS
(www.chorusproject.org) with project #1758.

Statistical analyses
Error bars in figures represent the standard error of the
mean. The t-tests were based on two-tailed student t-
tests. Statistical analyses were conducted using Graph-
pad Prism 6. Statistical output and n are reported at all
places where data are reported.
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Supplementary Material is available at HMG online.
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