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Abstract

Kabuki syndrome (KS) is a rare genetic disorder caused primarily by mutations
in the histone modifier genes KMT2D and KDM6A. The genes have broad tem-
poral and spatial expression in many organs, resulting in complex phenotypes
observed in KS patients. Hypotonia is one of the clinical presentations associated
with KS, yet detailed examination of skeletal muscle samples from KS patients
has not been reported. We studied the consequences of loss of KMT2D function
in both mouse and human muscles. In mice, heterozygous loss of Kmt2d resulted
in reduced neuromuscular junction (NMJ) perimeter, decreased muscle cell dif-
ferentiation in vitro and impaired myofiber regeneration in vivo. Muscle samples
from KS patients of different ages showed presence of increased fibrotic tissue
interspersed between myofiber fascicles, which was not seen in mouse muscles.
Importantly, when Kmt2d-deficient muscle stem cells were transplanted in vivo
in a physiologic non-Kabuki environment, their differentiation potential is re-
stored to levels undistinguishable from control cells. Thus, the epigenetic changes
due to loss of function of KMT2D appear reversible through a change in milieu,
opening a potential therapeutic avenue.
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1 | INTRODUCTION

Kabuki Syndrome (KS) is a rare disease caused by hetero-
zygous mutations in KMT2D (KS-1; OMIM#147920) and
KDM6A (KS-2; OMIM# 300867). The genes encode for
histone modifier proteins that regulate gene expression of
downstream targets." Specifically, KMT2D is known to in-
duce gene activation both via addition of H3K4me1 activa-
tion marks at target gene promoters/enhancers, as well as via
enzymatic-independent mechanisms.>> Similarly, KDM6A
(also called UTX) is known to activate gene transcription via
removal of repressive H3K27me3 marks,” although gene reg-
ulation via demethylase-independent activity has also been
reported.” Patients affected by KS present with a variable,
multi-systemic clinical phenotype, including, but not lim-
ited to intellectual disability, developmental delays, hearing
loss, hypotonia, cardiac and renal anomalies, as well as short
stature.® This broad spectrum of clinical findings and phe-
notype severity can be partially attributed to the widespread
expression of the KMT2D and KDM6A genes in multiple or-
gans, which span temporally from embryonic development
through postnatal life. KMT2D and KDM6A proteins are
linked functionally, as they are part of the large Activating
Signal Co-integrator-2 (ASC-2)/NCOA6 (ASCOM) protein
complex.” Specifically, KMT2D seems to be a crucial compo-
nent for the organization of this protein complex and loss of
KMT2D protein in cells results in impaired complex forma-
tion and destabilization of KDM6A activity.**°

Conditional and non-conditional mouse models for KS
have been generated to study the consequences of constitu-
tive heterozygous or tissue-specific loss of function of KMT2D
and KDM6A."'™ One mouse model that has been proven
useful to study human KS is the constitutive Kmz2d™po.!!
In this model, Kmt2d expression is driven only by one allele,
while the second allele is disrupted by a p cassette inser-
tion, thus genetically resembling human KS etiology."*

One of the common symptoms associated with KS is
skeletal muscle hypotonia, affecting both proximal and
distal muscle groups.'®'® Previous studies in mice have
documented that both Kdmé6a and Kmt2d play an active
role in regulating skeletal muscle cell differentiation. In
muscle cells, Kdmé6a activates the myogenic transcription
factor myogenin," an early driver of muscle differentiation
that mediates cell fusion and formation of syncytial myo-
fibers. Importantly, mice with depleted Kdme6a expression
in Pax7-expressing muscle stem cells showed impaired
differentiation and poor myofiber regeneration in vivo.'?
More recently, specific ablation of Kmt2d in myofibers
resulted in severe loss of Type I (slow) muscle fibers in
the soleus and gastrocnemius muscles caused by impaired
MEF2C activation, a downstream target of Kmt2d."

Whether hypotonia in human KS is due to primary
skeletal muscle abnormalities, including decreased muscle

stem cell activity and/or decreased muscle fiber size is cur-
rently unknown. We sought to examine whether hypotonia
in KS arises from a primary deficiency of skeletal muscle
cells using the Kmt2d™p%° mouse model and muscle sam-
ples from KS patients. Young (3 weeks) Kmt2d™p mice
displayed a significant reduction in myofiber size, which
was overcome in adulthood (age 4 and 10 months). Ten-
month-old mice presented a significant reduction in neu-
romuscular junction (NMJ) perimeter, but no significant
difference in branch number or length. In human muscle,
variable presence of intramuscular fibrosis was observed
in all samples, which was not noted in the mouse model.
Muscle stem cells from Kmt2d™/p° mice exhibited de-
layed/impaired differentiation in vitro, marked by signifi-
cantly decreased expression of myogenin and decreased
fusion. Furthermore, when muscles of WT and Km2d*| poe
mice were acutely injured and induced to regenerate, newly
formed myofibers were significantly smaller in Kmt2d " p°®
mice. To determine if this delay/deficiency in differenti-
ation is irreversible, primary satellite cells (muscle stem
cells) extracted from WT and Kmt2d*/B%° muscles were
transplanted in vivo into a physiologic non-Kabuki envi-
ronment. Analyses of these transplants showed that WT
and Kmt2d*/B%° donor muscle stem cells provided simi-
lar engraftment yields. These studies demonstrate that any
potential differentiation defect observed in Kme2d*/po®
cells is not embryonically determined and can be reversed
postnatally through environmental changes.

2 | MATERIALS AND METHODS

2.1 | Human samples

Excess muscle tissue from orthopedic procedures was col-
lected into Dulbecco’s modified Eagle Medium (DMEM)
with high glucose and supplemented with 20% fetal bovine
serum and antibiotics (penicillin/streptomycin) for overnight
shipment, following informed written consent. Immediately
upon arrival at Boston Children's Hospital, muscle samples
were either frozen in cold isopentane for histology analyses®
or dissociated and digested for satellite cell (muscle stem
cells) isolation. Human muscle satellite cells were dissociated
in a cocktail of Dispase II and collagenase D and purified as
previously described.*"** All experiments involving human
material were approved by the Boston Children's Hospital
(Boston, MA) Institutional Review Board (IRB-P00026691)
and conducted in accordance with the IBC Institutional
Regulations at Boston Children's Hospital, Boston, MA.
Consented patients had a confirmed clinical diagnosis of
KS and a confirmed pathogenic mutation in the KMT2D
gene in 4 of 5 patients. The age of the patients ranged be-
tween 6 months and 13 years, with one post-mortem case.
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Control tissue was obtained as de-identified, discarded tissue
as approved by the Boston Children's Hospital Institutional
Review Board (IRB-P00020286).

2.2 | Mouse models

B6;129P2-Km2d " RRTO29B Nimucd mutant mice
(also named Kmt2d" pee) were originally generated by
BayGenomics and have been extensively used in previous
studies as a model for KS.""***** The mice are heterozy-
gous mutants in the Kmt2d locus and therefore genetically
model patients with KS. Three-weeks, 6 and 10 months old
male and female WT and Kmt2d*/B%® mice were analyzed
in these studies. Two-month-old Ragl™ mdx* female
mice lacking the protein dystrophin were used as recipients
in transplantation assays.** All experiments involving verte-
brate animals were approved and conducted in accordance
with IACUC Institutional Regulations at Boston Children's
Hospital, Boston, MA and Cincinnati Children's Hospital,
OH. Cohorts of littermate animals (at least n = 5-6 mice/
genotype) were used for each experiment and equal num-
bers of male and female animals were used in each cohort.

2.3 | Mouse graded maximal exhaustion
treadmill test

The treadmill exercise test was performed as previously
described®® on a 6-line motorized treadmill with adjustable
speed, inclination, and equipped with an electric shock-
delivering grid (Columbus Instruments, Columbus, OH,
USA). All mice were pre-acclimatized to experimental set-
tings the day prior by running for 15 min at a speed of 10 m/
min with disabled electric shock-delivering grid without an
incline. During the test, the non-incline treadmill program
consisted of 5 min of warm-up at 5 m/min and then step-
wise increased to 25 m/min. Electric shock intensity was
set to 1 mA. Each mouse was allowed to continue until ex-
haustion, determined as when the mouse would rather re-
ceive the shock than run. This was experimentally defined
as when the hind limbs or body rested continuously on the
shock pad for three seconds on three separate occasions. At
exhaustion, the total distance each mouse ran was recorded.

2.4 | Histology and immunofluorescence
analyses on muscle tissue sections
2.4.1 | H&E staining

8 um frozen muscle tissue sections were placed on slides
and processed as previously described.”’” All slides were
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imaged on a brightfield Nikon E800 microscope (Nikon,
Melville, NY, USA, RRID:SCR_020326) using SPOT
software (Diagnostic Instruments, Sterling Heights, MI,
United States, RRID:SCR_014313). Entire sections were
photomerged and fiber measurements were analyzed
using FIJI (NTH, Bethesda, MD, USA, RRID:SCR_002285).
Statistical analyses were done using Microsoft
Excel (Microsoft Corporation, Redmond, WA, USA,
RRID:SCR_016137) and GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA, RRID:SCR_002798).

2.4.2 | Fiber type staining

8 um frozen sections were collected from mouse and
human muscle tissues and allowed to air dry for 30 min.
Sections were blocked for 40 min in 1X PBS with 5% goat
serum at room temperature. Primary antibodies were
obtained from the Developmental Studies Hybridoma
Bank (DSHB, University of Iowa, Iowa City, 1A, USA):
BA-D5-s (IgG2b, 1:50 dilution, RRID:AB_2235587) for
MyHC-1, SC-71-c (IgG1, 1:500, RRID:AB_2147165) for
MyHC-2A, BF-F3-c (IgM, 1:100, RRID:AB_2266724)
for MyHC-2B, laminin (LS-C96142, 1:500, LS Bio, Seattle,
WA, USA, RRID:AB_2134058) was used to outline the fib-
ers. Primary antibodies were diluted in blocking solution
and incubated at 37°C for 1 h. Following 3 X 5 min washes
in 1X PBS, secondary antibodies (goat anti-mouse IgG2b
DyLight405, RRID:AB_2632531, goat anti-mouse IgGl
Alexa Fluor 488, RRID:AB_2632534, goat anti-mouse
IgM Alexa Fluor 594, RRID:AB_2338901 and goat anti-
chicken Alexa Fluor 647, RRID:AB_2535866, all diluted
1:500 in PBS) were incubated at 37°C for 35 min. Slides
were washed 3 X 5 min in 1X PBS and mounted with a
3:1 glycerol to PBS solution. Images were acquired at 10X
on a Nikon E800 and merged in Affinity Photo (Serif,
Nottingham, UK, RRID:SCR_016951) to obtain a full
cross section. Merged images were analyzed for both fiber
size and fiber type in MATLAB (Mathworks, Natick, MA,
USA, RRID:SCR_001622) by semi-automatic muscle anal-
ysis using segmentation of histology (SMASH) software as
previously described.?®

2.4.3 | NMIJ staining and analyses

TA muscles from 10-month-old Kmt2d™p%° and WT mice
were dissected and immediately fixed in 4% paraformal-
dehyde (PFA) in PBS for 2 h at 4°C. Muscles were then
transferred into a 30% sucrose solution in PBS at 4°C over-
night. Tissues were then placed longitudinally into plastic
molds, embedded with OCT and frozen in liquid nitrogen-
cooled isopentane. 50 wm transverse sections were cut
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from the middle of the TA and post-fixed in cold (—20°C)
methanol for 5 min, followed by a brief wash in ice-cold
PBS. Sections were blocked in 10% goat serum with 0.1%
Triton-X in 1X PBS for 1 h at RT. Primary antibody target-
ing neurofilament (2H3, DSHB, 1:50, RRID:AB_2618380)
was diluted in blocking solution and incubated overnight
at 4°C. Slides were washed 3 X 5 min in 1X PBS and in-
cubated with secondary antibody 488-anti-Mouse IgG1l
(1:500), and AlexaFluor594-a-bungarotoxin (B13423,
ThermoFisher, Waltham, MA, USA, 1:250) diluted in 1X
PBS for 1 h at RT. Following 3 X 5 min washes in 1X PBS,
tissues were mounted and sealed. Images were acquired
on a Zeiss LSM 700 Laser Scanning Confocal microscope
(Zeiss, Oberkochen, Germany, RRID:SCR_017377) in
the Boston Children's Hospital IDDRC Imaging Core
(RRID:SCR_012414). Only en face NMJs were selected,
and Z-stacks were acquired 0.63 pm apart with pinhole
set at 1.0 Airy unit. Images were analyzed using FIJT (NIH,
Bethesda, MD, USA, RRID:SCR_002285) following a pub-
lished protocol.”” Area and perimeter were measured
using the tracing tools in FIJI. The dispersion index was
calculated as: total stained area/total area x 100, indicat-
ing the density. After images were skeletonized, the FIJI
plugin AnalyzeSkeleton was used to generate remaining
parameters.”

2.4.4 | Immunofluorescence detection of
Pax7 and laminin

8 um frozen muscle tissue sections were fixed for 3 min
in cold 100% methanol. Slides were rinsed in 1X PBS,
then blocked for 45 min in 1X PBS with 10% fetal bo-
vine serum. Sections were incubated overnight at 4°C
with primary antibody (rabbit anti-laminin L9393 Sigma,
St. Louis, MO, USA, RRID:AB_477163, diluted 1:1000
and anti-Pax7 concentrated supernatant, clone Pax7;
Developmental Studies Hybridoma Bank, University of
Iowa, Iowa City, IA, USA, RRID:AB_2299243) diluted
1:100 in blocking solution. The following day, slides were
washed 4 X 5 min at RT in 1X PBS, incubated for 1hr at
RT in secondary antibodies (anti-mouse AlexaFluor594,
RRID:AB_2632539, and anti-rabbit AlexaFluor48s,
Jackson Immunoresearch, West Grove, PA, both diluted
1:500 in 1X PBS). Slides were washed again 4 X 5 min at
RT in 1X PBS and mounted with Vectashield/DAPI before
imaging. For each sample, entire sections were analyzed
to count the number of Pax7+ cells and laminin-positive
myofibers. The percentage of Pax7+ cells/total number of
laminin-positive myofibers was calculated for each sam-
ple. The percentages of Pax7+ cells/myofibers were com-
pared between control and KS-samples using an unpaired
t-test (GraphPad Prism 9).

2.5 | Mouse muscle satellite cell isolation

Mouse muscle satellite cells were isolated using the
MACS mouse Satellite Cell Isolation Kit (Miltenyi Biotec,
Waltham, MA, USA), followed by positive selection for
integrin-a7 expressing cells (Miltenyi Biotec, Waltham,
MA, USA) as previously described.””*° Briefly, skeletal
muscle from WT and Kmt2d*/B%° mice were dissected,
minced, and dissociated with 5 mg/ml collagenase D and
1.2 U/ml dispase I for approximately 45 min at 37°C. After
complete dissociation, tissue slurry was filtered through a
100 pm filter and centrifuged at 1200 rpm on a Beckman
GH-3.8A rotor (Beckman Coulter, Brea, CA, USA) for
10 min. Red blood cell lysis was performed for 2 min at
room temperature using Red Lysis Buffer (Qiagen, Hilden,
Germany), filtered through a 40 pum filter and centrifuged
again. MACS enrichment columns were used to deplete
endothelial and fibro-adipogenic progenitors, followed
by positive selection for integrin-a7 expressing cells, to
enrich for satellite cells.”” Satellite cell populations were
plated on 6-well plates coated with ECL matrix in growth
medium (Ham's F-10 supplemented with 20% FBS, 1x
penicillin/streptomycin/glutamine (PSG) and 5 ng/ml
bFGF).

2.6 | Myogenic differentiation assays
Equal numbers of myogenic cells (n = 50 000) were plated
in Permanox 4-well chamber slides pre-coated with ECL
attachment matrix following the manufacturer's guide-
lines (Millipore-Sigma, Burlington, MA, USA). Cells
were maintained in differentiation medium, consisting of
DMEM (1 g/L glucose) supplemented with 2% fetal bovine
serum, 1X penicillin/streptomycin and 1X ITS supple-
ment (GIBCO Thermo Fisher). Differentiation medium
was changed daily for 5-7 days, after which cells were
fixed in 2% PFA solution in PBS for 20 min at RT, rinsed
in PBS and processed for immunofluorescence staining.
For immunostaining of myosin heavy chain, fixed
cells were permeabilized for 5 min in 0.5% Triton-X
solution in PBS and then rinsed once with 1X PBS.
Slides were blocked for 45 min at room temperature in
1X PBS supplemented with 5% goat serum, then incu-
bated overnight at 4°C with anti-myosin heavy chain
(MHC supernatant, clone MF-20; Developmental Studies
Hybridoma Bank, University of Iowa, Iowa City, IA,
USA, RRID:AB_2147781) diluted 1:20 in 1X PBS or anti-
myogenin (F5D concentrated supernatant, Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City,
IA, USA, RRID:AB_2146602) diluted 1:100; or anti-MyoD
(Santa Cruz, G1 733460, RRID:AB_2813894) diluted 1:200;
or anti-Pax7 (concentrated supernatant, Developmental
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Studies Hybridoma Bank, University of Iowa, Iowa City,
IA, USA, RRID:AB_528428) diluted 1:100 together with
anti-Ki-67 (Cell Signaling D3B5, RRID:AB_2687446),
as previously described”” diluted 1:500. The following
day, slides were washed 4 X 5 min at RT in 1X PBS, in-
cubated for 1 h at RT in secondary antibody (anti-mouse
AlexaFluor594, RRID:AB_263254, diluted 1:500 in 1X
PBS). Slides were washed again 4 X 5 min at RT in 1X PBS
and mounted with Vectashield/DAPI before imaging. For
each sample, entire chambers were counted for number
of nuclei fused in MHC+ myotubes normalized over the
total number of nuclei (fusion index); or the number of
myogenin-positive nuclei divided by the total number of
nuclei. Comparisons of fusion index and percentage of
myogenin-positive cells between control and KS-samples
were made using an unpaired -test.

2.7 | Cardiotoxin injury and
regeneration assays

Cardiotoxin injury in vivo was performed as previously
described.”’ Briefly, anesthetized WT and Kmt2d™pc®
littermate male mice were injected in the belly of the
right tibialis anterior (TA) with 15 pg of cardiotoxin per
approved institutional protocols. Injured muscles were
collected at 7 days post injury and frozen in cold isopen-
tane for histological analyses. Sequential sections were
taken to locate the injured area and immunostained
with anti-laminin (rabbit anti-laminin L9393 Sigma, St.
Louis, MO, USA, RRID:AB_477163, diluted 1:1000) and
anti-embryonic myosin heavy chain (clone F1.652 from
DSHB, 1:50, RRID:AB_528358). Images were stitched
together using Affinity Photo (Serif, Nottingham, UK,
RRID:SCR_016951) and fiber dimensions (minimum
Feret's diameter and myofiber area) were measured using
FIJI (NIH, Bethesda, MD, USA, RRID:SCR_002285).

2.8 | Western blots

Skeletal muscle tissue was snap frozen and ground using a
mortar and pestle precooled in liquid nitrogen. The tissue
powder was resuspended in RIPA buffer with Protease
and Phosphatase Inhibitor Cocktail Set III, EDTA
Free (Millipore Sigma, Burlington, MA, USA). Lysates
were sonicated for 3 X 5 s and spun at 13 000 RPM on
a PRISM-R refrigerated microfuge to pellet tissue debris,
while the supernatant was collected. Protein concentra-
tion was determined using Pierce™ BCA protein assay kit
(Thermo Scientific, Waltham, MA, USA). Samples were
prepared with 4X NUPAGE loading buffer and 0.05%
BME, boiled at 90°C for 10 min and spun again at 13 000
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RPM, the supernatant was loaded onto a 4%-20% Tris-
Glycine gel (BioRad, Hercules, CA, USA). Protein samples
were run at 80 V for 10 min followed by 115V for 1 h on
ice before being transferred to a PVDF membrane using a
wet transfer system. Membranes were blocked for 1 h at
room temperature in 5% BSA in TBS-0.1% Tween (TBST).
Primary antibody against MEF2c (GeneTex, Irvine, CA,
USA, RRID:AB_11173300; was diluted 1:1000 in TBST
and incubated overnight at 4°C. Membranes were washed
three times, 10 min each, with TBST at room temperature,
hybridized with an HRP-Conjugated secondary antibody
(Cell Signaling, Danvers, MA, USA, RRID:AB_2099233)
for 1 h at room temperature, and washed with TBST three
times for 10 min each. Detection of proteins probed with
HRP-conjugated secondary was performed using Western
Lightning® Plus-ECL Enhanced Chemiluminescence
Substrate (Perkin Elmer, Waltham, MA, USA), blots
were exposed on ProSignal™ Blotting Film (Prometheus
Protein Biology Products, Genesee Scientific, San Diego,
CA). To ensure equal loading of protein HRP-conjugated
blots were stripped using Restore™ Western Blot Stripping
Buffer (Thermo Scientific, Waltham, MA, USA) and hy-
bridized with anti-desmin (Abcam, Cambridge, MA, USA,
RRID:AB_306653) using same HRP conjugated second-
ary and ECL. Optical density was measured FIJI (NIH,
Bethesda, MD, USA, RRID:SCR_002285).

2.9 | Invivo cell transplantation into
dystrophic mice

Freshly isolated 21 day old female Kmt2d"p%° and WT
satellite cells were resuspended in physiological grade
sterile saline and injected intramuscularly into anesthe-
tized immune-deficient, dystrophic Ragl™! mdx*® tibi-
alis anterior (TA) muscles following procedures approved
by the Boston Children's Hospital IACUC (protocol#
18-06-3730R). The mice were euthanized 10 weeks post-
transplantation by CO, asphyxiation, followed by cervical
dislocation, and the TA muscles were dissected and fro-
zen for histology.® TA muscles from transplanted mice
were serially sectioned at 8 uM to locate the transplant
site. Frozen sections were then fixed in 100% methanol for
3 min, washed in cold 1X PBS once prior to incubation in
blocking solution (PBS 10% fetal bovine serum) for 45 min
at RT. Sections were incubated overnight at 4°C with anti-
Dystrophin antibody CAP6-10,*' washed 4 x 5 min in 1X
PBS and incubated with anti-rabbit Alexa-488 (Jackson
Immunoresearch, diluted 1:500, RRID:AB_2632534) for
1 h at room temperature. Following 4 X 5 min washes
in 1X PBS, slides were mounted with Vectashield/DAPI
(VectorLab, Burlingame, CA, USA). The injection sites
were imaged with a fluorescent Nikon E800 microscope
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and SPOT software. The entire injection sites were re-
constructed by stitching all images of dystrophin-positive
myofibers and the total number of dystrophin-positive
fibers was counted. For each animal, the total number
of dystrophin-positive myofibers was used for statistical
analyses.

3 | RESULTS

As hypotonia and fatigue have been described as clinical
symptoms in KS patients,'®*® we performed muscle endur-
ance studies on age- and sex-matched wildtype (WT) and
Kmt2d*/p%° mice to determine if the loss of Kmt2d drove
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served between WT and Kmt2d*p° mice when compar-
ing either male or female cohorts using a 2-way ANOVA
(Figure 1A). Interestingly, while no significant difference
was observed in running distance between males and
females in WT cohorts, there was a sex-based difference
in exercise capacity when analyzing the Kmt2d"/po®
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FIGURE 1 Kmt2d"p mice run similar distance as WT control mice and have smaller myofibers at weaning age. (A) Cohorts of
age- and sex matched WT and Kmt2d™/pC° mice were subjected to treadmill exhaustion tests and compared via 2-way ANOVA test. No
significant difference in the distance run was observed when comparing WT and Kmit2d*/p cohorts. Of note, Kmt2d*/p%® female mice

ran significantly longer than Kmt2d*/p males. (B) H&E representative images of muscle tissue sections from WT and Kmit2d*'p

% males

and females, as indicated. (C) Minimum Feret's diameter was measured in equal groups of male and female mice at 3 weeks, 6 months

and 10 months of age. Measurements were taken from thousands of myofibers/genotype from the entire sections of quadriceps muscles.

Each dot represents the averaged Feret's diameter from one mouse. At 3 weeks, Kmit2d*'p

¢ mice displayed significantly smaller myofibers

compared to WT littermates. The deficiency was overcome at 6 and 10 months of age, where no significant difference in size was observed

between Kmt2d*/p%° and WT controls. N = 5-8 mice/group; **p < .01
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genotype, where males ran a significantly shorter distance
compared to females (Figure 1A). Following treadmill ex-
ercise, animals were euthanized and quadriceps and gas-
trocnemius muscles were dissected, frozen and analyzed
in the same cohorts by H&E stain (Figure 1B). Myofiber
size in WT and Kmt2d"/p mice was assessed by meas-
uring the minimum Feret's diameter in entire sections of
quadricep muscle for each mouse. Measurement of the
minimum Feret's diameter avoids any calculation bias of
myofiber size when muscle fibers are not sectioned per-
fectly perpendicular to the cryostat blade. Examples of
entire photomerged sections of male and female mice are
shown in Figure S1A,B and violin plots displaying individ-
ual mouse measurements are shown in Figure S1C-E. At
3 weeks of age, Kmt2d™/p° mice displayed a significant
reduction in myofiber size compared to WT littermates
(Figure 1C). At 6 and 10 months of age, Kmt2d ™ p%® mice
had overcome the initial deficit and no significant differ-
ences in fiber size were observed between the groups.

To investigate the biological mechanisms underlying
the change in myofiber size in Kmt2d/p mice, tissue
sections were immunostained for myosin proteins specifi-
cally expressed in slow (Type I and ITA) and fast-twitched
(Type 1IB) fibers. A recent study reported that myofiber-
specific depletion of KMT2D leads to a decrease in MEF2C
expression (a transcription factor involved in myogenic
cell differentiation) and a decrease in slow Type I fibers in
the soleus and gastrocnemius muscles.'® As slow Type I fi-
bers are typically smaller in size and rich in mitochondria,
their loss from slow muscles may result in a shift towards
larger, Type IIb fibers, which, in turn, could explain the
apparent increase in overall fiber size.'® To study whether
the observed changes in fiber size in the Kmt2d"/po®
model could be due to alterations in fiber type compo-
sitions (fast and slow), we examined the gastrocnemius
muscle of male and female mice at 3 weeks of age. Tissue
sections were immunostained for myosin proteins char-
acteristic for slow- (Type I and I1a) and fast-twitch (Type
IIx/1Ib) fibers, using laminin as a marker to highlight the
contour of myofibers (Figure 2A-D). Reconstructions of
merged images of entire muscle sections are shown in
Figure S2A and examples of violin plots of data collected
for individual mice are shown in Figure S2B. The percent-
age of slow Type I fibers was significantly decreased in
Kmt2d™p%° mice compared to WT controls (Figure 2E),
in agreement with the previously reported data on the
conditional model."®> Type Ila and IIx/IIb fibers, which
collectively represented >95% of the muscle did not sig-
nificantly differ in percentage between the genotypes
(Figure 2E). We also performed comparisons of mini-
mum Feret's diameter measurements based on myofiber
type, but no significant changes were observed between
the genotypes (Figure 2F). Further, western blot analysis
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to quantify MEF2C expression in gastrocnemius muscle
tissue lysates showed no significant changes in either fe-
males (Figure S2C,D) or males (Figure S2E,F).

To determine whether Kmt2d"/ pY° mice have poten-
tial abnormalities in nerve-muscle connection at the syn-
apses, 10-month-old WT and Kmt2d* % male mice were
histologically analyzed for morphological defects at the
NMJs (Figure 3). The TA muscles were fixed and frozen
longitudinally oriented, then serial 50um sections were
immunostained using an anti-neurofilament antibody
to highlight the pre-synaptic nerve terminal and with a-
bungarotoxin to define the post-synaptic acetylcholine-
receptor dense-area (Figure 3A,B). More than 30 NMJs
were analyzed for each genotype, which revealed no
changes between WT and Kmt2d™p in the total post-
synaptic stained area (Figure 3C), the dispersion index
(Figure 3E, an indication of neuromuscular junction den-
sity), the number of post-synaptic branches (Figure 3F),
the postsynaptic branch length (Figure 3G) and the myo-
fiber diameter (Figure 3H). The only significant difference
noted was decreased postsynaptic stained perimeter in
Kmt2d™p%° animals compared to WT (Figure 3D). Thus,
overall, Kmt2d " p%° mice displayed normal numbers and
normal morphology in NMJ.

Muscle tissue from Kabuki patients has been scarcely
studied and the consequences of mutations in KMT2D
have not yet been elucidated. We obtained discarded skel-
etal muscle tissue from patients diagnosed with KS (n = 5)
and with a confirmed pathogenic mutation in KMT2D
(n = 4/5). Tissue sections were analyzed by H&E to de-
tect any gross tissue abnormality (Figure 4A-C) and im-
munostained for fiber type composition (Type I, IIa, IIb,
Figure 4D-F). Control muscle tissue sections from an un-
affected adolescent individual displayed the typical regu-
lar pattern of muscle fibers closely located to one another
(Figure 4A). Tissue samples from KS patients was sugges-
tive of fibrotic infiltration, which was variably interspersed
with muscle fiber fascicles (black arrows in Figure 4B,C).
Sirius red staining was performed to confirm presence of
fibrotic areas in KS muscle (Figure S3A,B) and presence
of fibro-adipogenic progenitors was quantified follow-
ing immunostaining for PDGFRa (Figure S3C-E), which
appeared significantly increased in KS patient muscles
compared to unaffected individuals. Measurements of my-
ofiber size between control and KS samples by minimum
Feret's diameter were not performed due to inconsisten-
cies in age, gender and muscle type obtained from the pa-
tient and control groups, which are all variables known to
affect myofiber size. Muscle fiber type compositions were
analyzed in control and KS samples to determine whether
a particular fiber type was under- or over- represented
in the muscles. All fiber types were detected in control
(Figure 4D) and KS samples (Figure 4E,F), with Type I and



8of 14 = ‘WRIGHT ET AL.
0t L FASEB v

(E) 6 E ns ns

30
T . 100
4—
80
L]
21 . 60
i 40
0 0

+/pGeo
WT  Kmt2d*/g WT Kmt2d"/geeo
Typel WT Kmt2d+/BGe°
Type lla Type lIx, lIb

Percentage
Percentage
N
o
1

-
o
1
Percentage

_
n
-
(3.
o
]
a
o
]

ns 50 ns
T 104 ns T a0 =
5 40 g 40 . 5 40 .
S [ S
X! - ? [ [
2 30 % 30 ® 304
§ s g : §
T 204 5 20 3 204
= [ [
8 10 3 2
i i 107 i 10
0- 0- 0-
WT KS WT KS WT KS
Type | Type lla Type lix, lib

FIGURE 2 Quantification of fiber types in gastrocnemius muscle of WT and Kmt2d™ % mice. (A-D) Four-color immunofluorescence
staining of 3 week old WT (A,C) and Kmt2d"| % (B, D) gastrocnemius muscles. A and B are muscles from littermate female mice while D
and E are from littermate male mice. Laminin staining (grey) is used to highlight the contour of myofibers. Type I fibers are stained in blue,
Type Ila fibers are stained in green, Type IIb fibers are stained in red. (E) Graphs showing the percentages of different fiber types in mouse
cohorts. Each dot represents averaged data from an individual mouse. The percentage of type I (slow) fibers is significantly decreased in
Kmt2d™/pC mice. (F) Comparisons of minimum Feret's diameter of specific fiber types in WT and Kmt2d*/p%® mice show no significant

difference in size. N = 4-7 mice/genotype; *p < .01
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FIGURE 3 Neuromuscular junction analyses of WT and Kmit2d*/p mice. (A, B) Examples of pre-synaptic (neurofilament 2H3, green)
and post-synaptic (a-bungarotoxin, red) fluorescent staining of 10-month old neuromuscular junctions of WT (A) and Kmt2d*/p male
mice. The panel on the most right side in both (A) and (B) are examples of skeletonized images used to measure in Image J the number of
branches (F) and maximum branch length (G). Images from 30 NMJ/genotype were analyzed in Image J and each dot represents data from a

single NMJ. No significant differences were seen between WT and Kmt2d*'p

% mice in the total postsynaptic stained area (C), the dispersion

index (E), which is the index of neuromuscular junction density; the number of post-synaptic branches (F) the maximum length of post-

synaptic branches (G) or myofiber size of the TA muscle (H). A significant difference was noted in the post-synaptic total stained perimeter

(D), which was decreased in Kmt2d™p mice. **p < .003

Type IIa fibers being the predominant types in KS sam-
ples (Figure 4G). Skeletal muscle is known to contain di-
verse types of progenitor cells, including fibro-adipogenic
progenitors, muscle stem cells, also named satellite cells
and endothelial progenitors.**** Intercellular signaling is
known to play a role in maintaining a balance between
skeletal muscle and fibrotic tissues,***” specifically muscle
satellite cell activity is known to inhibit overproliferation
of mesenchymal fibro-adipogenic progenitors.”® Thus,
we sought to determine whether the increased presence
of fibrotic tissue observed in KS skeletal muscle might be
triggered by a decreased number of muscle satellite cells
or impaired satellite cell function. First, immunostaining
for laminin and the muscle stem cell marker Pax7 were
performed to locate and count muscle stem cells. Laminin

staining highlighted the myofiber contour and the extra-
cellular space between myofibers, while Pax7 staining
labeled nuclei of satellite cells (Figure 4H-J). The num-
ber of Pax7+ cells were counted in entire tissue sections
(n = 4-5) for each sample and normalized to the number
of myofibers in the section. Analyses of all KS and control
samples concluded that the percentage of Pax7+ cells did
not significantly differ between the groups (Figure 4K).
Subsequently, myogenic cells were extracted from con-
trol and Kabuki samples as previously described*** and
cultured in vitro to assess their myogenic activity. Equal
number of cells were plated and differentiated for 5 days
in low-serum media. Cells were then fixed and immu-
nostained for myosin heavy chain (Figure 4L-N) and the
fusion index was calculated by counting the number of
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FIGURE 4 Histological analyses and muscle stem cell assessment in control and Kabuki syndrome human patient muscles. (A-C)

H&E stains of control (A) and KS patient muscles (B, C). Both KS patients show presence of fibrotic tissue (black arrowheads) interspersed
with myofiber bundles. (D-F) Fiber type analyses of control (D) and KS (E,F) muscles. Muscle fibers are stained in blue for Type I; green for
Type I1a and red for Type IIb. Laminin staining (grey color) marks the myofiber contour. (G) Graph displaying fiber type composition of KS

patient muscles (n = 5). Of note, Type I fibers are present in high proportions (average 40%), unlike what observed in Kmt2d*/p° mice.
(H-K) Immunostaining (H-J) and quantification (K) of the percentage of Pax7+ muscle satellite cells in muscle tissue sections. Muscle
fibers are stained in green with laminin, while Pax7 expression is detected in red in the nuclei of muscle stem cells (white arrowheads).
Nuclei are counterstained in blue with DAPI. The percentage of muscle stem cells is similar in control and KS patient tissues, suggesting
muscle stem cell number is not affected in KS. (L-N) Muscle stem cells were extracted from control (L) and KS patient muscles (M,N)
and induced to differentiate in vitro. Myotubes are stained in red with myosin heavy chain (MF20, white arrows). (O) Fusion index was
calculated for control and KS samples, with no significant difference between the groups. Each dot in K and O represents averaged data

obtained from one individual

myogenic cells fused into myotubes over the total number
of cells. While no statistically significant difference was
seen between control and KS samples, a trend towards de-
creased fusion in KS samples was observed in 2 samples
(Figure 40).

To overcome the limitation of obtaining additional pa-
tient samples and the intrinsic variability associated with
studies involving human samples, we sought to test whether
myogenic cells from Kmt2d"/p% animals exhibited differ-
entiation defects in vitro. Muscle stem cells from control
and Kmt2d™p° male and female mice (n = 5-7/cohort)

were isolated and plated at equal density. After 48 h, cul-
tures were immunostained for Pax7 and Ki67 to determine
whether a difference in muscle stem cell activation might
exist between the genotypes, which was not detected (Figure
S3F,G). Confluent cultures were induced to differentiate
to form myofibers in vitro. Immunostaining of myocytes/
myotubes using MyoD, myogenin and MF20 (anti-myosin
heavy chain) were performed to determine the differenti-
ation potential of myogenic cells in vitro (Figure 5A-I).
Immunostaining with anti-MyoD (Figure 5A-C) revealed
that cultures from both genotypes were highly myogenic
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FIGURE 5 Muscle cells from Kmt2d"/p% mice show decreased differentiation in vitro and in vivo, which is rescued when cells are transplanted
in vivo in non-Kabuki muscle. (A-I) Immunostaining of WT and Kmt2d™/p% confluent cell cultures using anti-MyoD (A, B), anti-myogenin

(D, E) and anti-myosin heavy chain (G, H) following differentiation in vitro. (C) Quantification of MyoD-positive cells shown no significant difference
in myogenic progenitors in the cultures. (F and I) Quantifications of myogenin-positive cells (F) and fusion index (I) show a significant decrease

in myogenic differentiation in Kmt2d™/p% samples (**p < .009). (J, K) Tissue sections of tibialis anterior muscles from WT (J) and Kimz2d*/pc®

(K) male mice injured with cardiotoxin. After 7 days, muscles were collected and analyzed for presence and size of regenerating fibers. Myofiber
contour is stained in red by laminin, while regenerating myofibers are stained in green with embryonic myosin (eMHC). (L) Quantification of fiber
size indicated Kmt2d*/pe® regenerating fibers are significantly smaller compared to WT ones 7 days after injury (*p = .03). Each dot in L represents
averaged data from measurements taken from an individual mouse. (M, N) Examples of microscopic fields showing dystrophin expression (green) in
mdx*™ myofibers 10 weeks following transplantation of WT (M) or Kme2d* B (N) muscle stem cells. (O) Quantification of dystrophin-positive fibers

Geo

following transplantation of WT and Kmz2d "B cells show similar engraftment potential in vivo between the two genotypes, demonstrating that the

differentiation defect of Kmt2d*/p°® cells can be overcome when cells are in a different environment
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and there was no difference in the percentage of MyoD
progenitors. Three days following induction of differentia-
tion, the percentage of cells expressing myogenin was sig-
nificantly decreased in Kmt2d™ pe® cultures compared to
WT ones (Figure 5D-F) and furthermore the fusion index
was also significantly decreased in Kmit2d™pc® cultures
compared to WT (Figure 5G-I). We then sought to deter-
mine whether Kmt2d*/p° primary myogenic cells exhib-
ited decreased differentiation potential in vivo. To do this,
we injured with cardiotoxin the tibialis anterior muscles of
4WT and 4Kmt2d*/p%° male mice and assessed the size of
regenerating myofibers 7 days post-injury. Muscles were im-
munostained with an antibody to embryonic myosin heavy
chain (eMHC) (Figure 5J,K) and the size of regenerating fi-
bers (minimum Feret's diameter) was assessed. Kmt2d™
mice displayed a significant decrease in regenerating myo-
fiber size compared to WT littermates (Figure 5L, p < .03),
confirming a delay in differentiation. Next, we determined
whether the differentiation delays in Kmt2d"p°° muscle
cells are irreversible, presumably due to the presence of re-
pressive epigenetic marks at crucial muscle differentiation
genes. Muscle satellite cells were purified from 3-week-old
WT and Kmt2d"/p% female mice (n = 5/genotype) and
immediately transplanted in equal numbers into the tibi-
alis anterior (TA) muscle of recipient mice with muscular
dystrophy (Rag1™!mdx*®), lacking the muscle protein dys-
trophin. In dystrophic mice, muscle fibers undergo spon-
taneous rounds of degeneration/regeneration and muscle
stem cells are constantly recruited to repair damaged myofi-
bers. Therefore, transplantation of donor WT or Kmt2d™| poe
cells, which have a normal dystrophin gene, should result in
fusion of these cells into dystrophic fibers and expression
of dystrophin in the myofibers where donor cells have en-
grafted. Ten weeks following transplantation, TA muscles
were harvested, serially sectioned and immunostained for
dystrophin as an output measure to determine whether WT
and Kmit2d™p muscle cells had similar differentiation/
fusion potential in vivo (Figure 5M,N). Following image
stitching and reconstruction of entire sections, the max-
imum number of dystrophin-positive fibers produced by
injection of WT or Kmt2d*/p%° muscle cells was quanti-
fied. No significant difference in the number of dystrophin-
positive myofibers was seen between transplants of WT or
mutant cells (p = .06, Figure 50). These results suggest that
any intrinsic deficiency of muscle stem cell differentiation
in Kmt2d™/p% is reversible and can be corrected when the
cells are placed in a non-Kabuki environment.

4 | DISCUSSION

Muscular hypotonia and fatigue are common symptoms
observed in patients affected by KS, yet whether the

symptoms are due to primary deficiencies in neuronal or
muscle tissue functions remains unclear. Our study fo-
cused on understanding whether loss of function of one
allele of Kmt2d in mice and in patients affected by KS
resulted in impaired differentiation of muscle stem cells,
independent of neuronal function or whether abnormali-
ties at the neuromuscular junction were present. Our
analyses support the hypothesis that skeletal muscle is
primarily affected due to a differentiation defect/delay
in myogenic cells. This conclusion was underscored by
multiple findings, both histologically and at a cellular
function level. Histologically, no signs of muscle atro-
phy were observed in both human KMT2D patients and
Kmt2d*/p mice. Typically, loss of innervation results
in grouping of angular shaped muscle fibers, termed
grouped atrophy, which was not observed in our study in
either mouse or human samples. Additionally, our analy-
ses demonstrated that NMJs in mutant mice are present
at a density similar to WT mice and that branching and
size of postsynaptic areas are also normal in Kmt2d*/| poe
mice. Analyses of muscle fibers highlighted a decrease in
myofiber size in young Kmt2d™p%° mice and in regen-
erating myofibers following acute injury. Myofiber size
in skeletal muscle can be regulated by multiple mecha-
nisms, which include differentiation/fusion of mononu-
clear myogenic cells into myotubes, as well as protein
synthesis.””° Importantly, previous studies in mice
demonstrated that muscle stem cell differentiation re-
quires the function of the demethylase UTX/KDM6A, a
gene also causative of KS'® and conditional loss of Kdméa
in muscle satellite cells resulted in impaired muscle re-
generation in vivo.'? Further, this impaired muscle re-
generation was accompanied by decreased myofiber size
and delayed differentiation of muscle cells into myotubes,
caused by loss of activation of the transcription factor my-
ogenin.'? Our studies in myogenic cells from Kmt2d™/pc®°
animals largely recapitulate the observations described
for the Kdmé6a model.'? Indeed, our data showed de-
creased/delayed differentiation of muscle cells derived
from Kmt2d™p%® animals due to decreased myogenin ex-
pression and decreased fusion in differentiating cultures,
while MyoD expression did not differ. However, when
muscle cells from Km2d™/p%° animals were extracted
and introduced into a dystrophic environment, where
the primary defect is loss of the muscle structural protein
dystrophin, mutant Kmt2d™p%® cells demonstrated simi-
lar abilities to differentiate and fuse into myofibers as WT
cells. Thus, the epigenetic marks that presumably pre-
vent muscle stem cell differentiation in Kmt2d*/p en-
vironment can be ‘erased’ or modified when the cells are
introduced into an environment where Kmt2d or Kdmé6a
are intact. These findings suggest that the deficiencies
associated with heterozygous loss of Kmt2d might not
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be permanent, but are potentially reversible, opening a
potential avenue for therapeutic development.

The fatigue/exhaustion functional studies performed
in Kmt2d* p%° mice pointed to similar activity levels in
mutant compared to WT mice. Interestingly, Kmt2d™pc®°
female mice appeared to run a significantly longer dis-
tance compared to males. Differences in activity, particu-
larly increased activity of female compared to male mice
has been previously reported in other mouse studies and
point to intrinsic differences between male and female
mice that might not be connected to loss of function of
specific genes.**** When measurements of fiber size were
performed, Kmt2d*"/p%° mice appeared to have signifi-
cantly smaller fibers at 3 weeks of age, however these defi-
cits were overcome at 6 and 10 months of age. Previous
studies had documented that MEF2C expression, a tar-
get of KMT2D, affects specification of type I slow fibers,
which are significantly reduced in mice with condition-
ally ablated Kmt2d expression in myofibers.'> Our stud-
ies in the Kmt2d*’ p%° model support these conclusions,
since a decreased percentage of type I slow fibers was also
observed in our mutant mice, however we did not detect
differences in expression of MEF2C. Interestingly, recent
observations in a new Kmt2d model reports increased
general activity, distance traveled and average speed in
mutant mice,'* suggesting some similarities to what we
observed in the Kmt2d™p%° model.

Our studies also analyzed skeletal muscle samples
from KS patients, where samples displayed presence of
increased fibrosis that was not observed in Kmt2d™pc®
mice, pointing to some potential differences between
mouse models and human disease. Second, our studies
showed robust presence of Type I fibers in all KS muscles
analyzed, another difference when compared to the mouse
model. Thirdly, when muscle cells from KS patients were
differentiated, a variable reduction in differentiation was
observed. These results highlight the need to continue the
analyses on additional patient samples to increase our
understanding of the common downstream mechanisms
affected by loss of KMT2D function, regardless of where
the primary mutation is located. In addition, correlation
of functional defects or abnormalities with the genotype
may advance our understanding of specific KMT2D pro-
tein domain function.

In summary, our studies in human and mouse muscles
emphasize the value of parallel analyses in both species
to better define similarities and differences in the models.
Such studies will strengthen our ability to design translat-
able pre-clinical experiments in disease models that allow
for more reliable predictions of response to drug candi-
dates in humans. These studies will open new avenues to-
wards identification and testing of effective therapies that
can ameliorate symptoms associated with human disease.
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