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HUMAN GENET ICS

Mechanism of KMT5B haploinsufficiency in
neurodevelopment in humans and mice
Sarah E. Sheppard1,2†, Laura Bryant1†, Rochelle N. Wickramasekara3,4†, Courtney Vaccaro1,
Brynn Robertson3, Jodi Hallgren3, Jason Hulen3, Cynthia J. Watson3, Victor Faundes5,6,
Yannis Duffourd7, Pearl Lee8, M. Celeste Simon8, Xavier de la Cruz9,10, Natália Padilla9,
Marco Flores-Mendez11, Naiara Akizu11,12, Jacqueline Smiler1,13, Renata Pellegrino Da Silva1,
Dong Li1, Michael March1, Abdias Diaz-Rosado1, Isabella Peixoto de Barcelos1,
Zhao Xiang Choa14,15, Chin Yan Lim14,15, Christèle Dubourg16, Hubert Journel17,
Florence Demurger18, Maureen Mulhern19,20, Cigdem Akman20, Natalie Lippa21,
Marisa Andrews22, Dustin Baldridge22, John Constantino23, Arie van Haeringen24,
Irina Snoeck-Streef25, Penny Chow26, Anne Hing26, John M. Graham Jr.27, Margaret Au27,
Laurence Faivre28,29, Wei Shen30,31, Rong Mao30, Janice Palumbos30, David Viskochil30,
William Gahl32, Cynthia Tifft32, Ellen Macnamara32, Natalie Hauser33, Rebecca Miller33,
Jessica Maffeo33, Alexandra Afenjar34, Diane Doummar34, Boris Keren35, Pamela Arn36,
Sarah Macklin-Mantia37, Ilse Meerschaut38, Bert Callewaert38,39, André Reis40,
Christiane Zweier40,41, Carole Brewer42, Anand Saggar43, Marie F. Smeland44,45, Ajith Kumar46,
Frances Elmslie47, Charu Deshpande48, Mathilde Nizon49, Benjamin Cogne49,50,
Yvette van Ierland51, Martina Wilke51, Marjon van Slegtenhorst51, Suzanne Koudijs52,
Jin Yun Chen53, David Dredge54, Danielle Pier53, Saskia Wortmann54,55, Erik-Jan Kamsteeg54,
Johannes Koch54, Devon Haynes56, Lynda Pollack56, Hannah Titheradge57, Kara Ranguin58,
Anne-Sophie Denommé-Pichon7,28, Sacha Weber58, Rubén Pérez de la Fuente59,
Jaime Sánchez del Pozo59, Jose Miguel Lezana Rosales59, Pascal Joset60, Katharina Steindl60,
Anita Rauch60,61,62,63,64, Davide Mei65, Francesco Mari65, Renzo Guerrini65, James Lespinasse66,
Frédéric Tran Mau-Them7,28, Christophe Philippe7,28, Benjamin Dauriat67, Laure Raymond68,
Sébastien Moutton68, Anna M. Cueto-González69,70, Tiong Yang Tan71,72, Cyril Mignot73,
Sarah Grotto73, Florence Renaldo74, Theodore G. Drivas75,76, Laura Hennessy76, Anna Raper76,
Ilaria Parenti77, Frank J. Kaiser77,78, Alma Kuechler77, Øyvind L. Busk79, Lily Islam57,
Jacob A. Siedlik80, Lindsay B. Henderson81, Jane Juusola81, Richard Person81,
Rhonda E. Schnur81,82, Antonio Vitobello7,28, Siddharth Banka5, Elizabeth J. Bhoj1*,
Holly A. F. Stessman3*

Pathogenic variants in KMT5B, a lysine methyltransferase, are associated with global developmental delay, mac-
rocephaly, autism, and congenital anomalies (OMIM# 617788). Given the relatively recent discovery of this dis-
order, it has not been fully characterized. Deep phenotyping of the largest (n = 43) patient cohort to date
identified that hypotonia and congenital heart defects are prominent features that were previously not associ-
ated with this syndrome. Both missense variants and putative loss-of-function variants resulted in slow growth
in patient-derived cell lines. KMT5B homozygous knockout mice were smaller in size than their wild-type litter-
mates but did not have significantly smaller brains, suggesting relative macrocephaly, also noted as a prominent
clinical feature. RNA sequencing of patient lymphoblasts and Kmt5b haploinsufficient mouse brains identified
differentially expressed pathways associated with nervous system development and function including axon
guidance signaling. Overall, we identified additional pathogenic variants and clinical features in KMT5B-
related neurodevelopmental disorder and provide insights into the molecular mechanisms of the disorder
using multiple model systems.
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INTRODUCTION
Histone methylases and demethylases are increasingly being found
to play a role in neurodevelopment and neurodevelopmental disor-
ders (1–4). These proteins add and remove methyl groups to his-
tones H3 and H4 to alter transcription (5–7). Histone
methylation can cause either transcriptional activation or suppres-
sion depending on which residue is methylated (4). Disruptive

variants in lysine methyl transferases (KMTs) and lysine demethy-
lases (KDMs) lead to various neurodevelopmental syndromes that
share similar phenotypes including developmental delay (DD), in-
tellectual disability (ID), and craniofacial anomalies (4, 8–11). Com-
putational analysis (12) and large-scale sequencing studies have
highlighted the importance of the lysine methyltransferase gene,
KMT5B, in the pathogenesis of neurodevelopmental disorders
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(11, 13–16). KMT5B (OMIM: 610881), also denominated suppres-
sor of variegation 4-20 (SUV420H1), is located on chromosome
11q13.2 and contains 13 exons (17). The encoded protein has an
N domain (pre-SET domain), a catalytic SET domain, and a C
domain with a Zn binding site (post-SET domain) (18). Few disrup-
tive variants in the general population have been reported in the cat-
alytic domain, suggesting that this region is critical for proper
protein function. KMT5 family members methylate histone H4 at
lysine-20 (K20), which can occur in three different states mono-
(H4K20me1), di- (H4K20me2), or trimethylated (H4K20me3). In-
creasing methylation causes increased chromatin compaction and
repression of transcription (19). Evidence suggests that different
methylases are responsible for each methylation state of H4K20
(KMT5A for H4K20me1, KMT5B for H4K20me2, and KMT5C
for H4K20me3) (18). An additional role for KMT5B-H4K20me2

has been proposed in the repair of DNA double-stranded breaks,
through the nonhomologous end joining mechanism (18, 20).
Pathogenic variants in KMT5B cause neurodevelopmental delay

with multisystemic involvement (OMIM# 617788) (11, 13, 14, 16,
18, 21). Clinical features reported include ID, autism spectrum dis-
order, DD, macrocephaly, febrile seizures, hypotonia, attention def-
icits, failure to thrive, sleep problems, tall stature, gastrointestinal
issues, and characteristic facial features (11, 14, 16, 18, 21).
Similar to other KMTs and KDMs, haploinsufficiency has been pro-
posed as the most likely pathogenic mechanism for KMT5B (11);
although, functional studies remain limited. The Allen BrainSpan
Atlas (22) shows that peak human brain KMT5BmRNA expression
occurs before 20 weeks after conception, falling after birth to a
steady state (18). However, a detailed time course ofKMT5B expres-
sion in model systems is lacking. Loss of KMT5B results in altered
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development of both the brain and cardiopulmonary system (23,
24). Evidence of KMT5B’s role in neurogenesis is available for
many models [zebrafish (25, 26), amphibian (27), rodent (28),
and primate (29) model systems]. These studies suggest that
proper H4K20 methylation is necessary for typical neurodevelop-
ment (18, 22), although further research is necessary to elucidate
the pathways affected by pathogenic KMT5B variants in humans.
We combined deep clinical phenotyping data, in silico modeling

and RNA sequencing (RNA-seq) data from the largest patient
cohort to date with in vitro and in vivo studies using both mouse
and zebrafish to identify KMT5B-linked pathways governing
brain development (Fig. 1). We report a comprehensive clinical
and functional characterization of KMT5B-related neurodevelop-
mental disorder including the clinical features of 43 patients. Ex-
pression data from the zebrafish and the mouse show that Kmt5b
is highly and ubiquitously expressed in the developing central
nervous system (CNS). In addition, RNA-seq from patient-
derived lymphoblasts shows differential regulation of genes impor-
tant for neurodevelopment from both patients with putative loss-of-
function (pLOF) variants and with de novomissense variants.Many
of these genes and pathways are shared with embryonic Kmt5b hap-
loinsufficient mouse brains. Predicted changes in cell proliferation
are further supported by primary patient fibroblast studies and by
mice exhibiting decreased growth.

RESULTS
Genetic variation in KMT5B among humans
In total, we collected genetic and detailed phenotypic information
from 43 individuals with KMT5B variants (Figs. 2, A to C, and 3, A
and B, and table S1). All variants identified were heterozygous and,
of the cases where inheritance could be tested (n = 33), 90% were

confirmed as de novo. Two variants were maternally inherited
[p.(Asp222Tyr) and p.(Arg395*)], and one variant was paternally
inherited [p.(Pro444Arg)]. For both missense variants, the trans-
mitting parent is also an affected patient in this cohort (patients
18 and 19 and 23 and 24; parent/child pairs). The same variant
[p.(Arg220*)] was identified in two nontwin brothers (patients 37
and 38) that was not detected in either parent’s blood, suggesting
germline mosaicism in one of the parents. All other patients in
the study were unrelated. In our cohort, nine patients had frameshift
variants, two had partial deletions, one had a deletion of a single
amino acid, 11 had nonsense variants, three had splice site variants,
and 16 had missense variants (Fig. 2A). Most of the missense var-
iants were in the SET domain. Human population-level genetic data
[gnomAD (Genome Aggregation Database)] show that pLOF vari-
ation in KMT5B is highly constrained (i.e., extremely rare; LOF
pLI = 1.00) but that some level of missense variation may be toler-
ated (Z = 2.79). This is likely domain specific with less variation tol-
erated within the SET domain. The missense variants in our study
were in regions that are highly conserved (Fig. 4A). One of the
frameshift variants and two of the missense variants have been re-
ported in gnomAD [p.(Tyr758Cysfs*5), p.(Ala74Thr) and
p.(Pro444Arg)]. The p.(Tyr758Cysfs*5) and p.(Ala74Thr) variants
have each been observed once in the “neuropsych” cohort in
gnomAD raising the possibility of missed diagnoses. The
p.(Pro444Arg) variant was seen in gnomAD twice.
We performed in silico modeling using mCSM (mutation Cutoff

Scanning Matrix) (30) and RING (Residue Interaction Network
Generator) (31) to evaluate the functional impact of our 14
unique missense variants. Twelve variants mapped to the known
three-dimensional (3D) structure of the SET domain of KMT5B
(NP_060105.3) (32). Three variants (P444R, R357G, and L358S)
could not be modeled because of a lack of adequate local 3D

Fig. 1. Visual summary of experiments. Here, we evaluate a cohort of 43 individuals with pathogenic variants in KMT5B. We perform experiments in patient-derived
fibroblasts and lymphoblasts, zebrafish, and a knockout mouse model, as well as in silico analysis of the missense variants.
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structure data. Visual inspection of the locations of these variants
(Fig. 4B), combined with contact analyses (table S2), suggested
varying functional/structural impacts. Four variants (C200R,
I271M, H273R, and E302K) likely affect the binding of KMT5B to
its S-adenosyl methionine (SAM) cosubstrate (Fig. 4, C to F), with
which these residues share 37, 64, 161, and 3 interatomic contacts,
respectively. Furthermore, zinc binding may also be affected by the
H273R variant (table S2). A second group of variants (S73F, A74T,
T85I, G194E, D222Y, E233K, and I297V) are located at exposed lo-
cations (Fig. 4, G to M), making few atomic contacts with other res-
idues. In accordance with this, stability computations for these
variants (table S2) indicated an unimportant destabilizing effect (|
ΔΔG| < 2 in all cases). However, in a multiple sequence alignment of
KMT5B orthologs (Fig. 4A), these variant amino acids appear

highly conserved, particularly relative to positions outside the
SET domain and its vicinity. Together with solvent accessibility cal-
culations, it is likely that this second group of variants affect func-
tional protein interactions. The same is also likely for N248D, which
has a substantial number of interatomic contacts with its neighbors
but is positioned on an external loop (Fig. 4N).

Clinical characterization of KMT5B patients
Our cohort included 26 patients with pLOF variants and phenotypic
data. Representative images of some of these individuals are shown
in Fig. 2B. All have been diagnosed with DD or ID, depending on
their age (Fig. 3A). Autism was found in 10 of 17 (59%) of patients
and seizures in 3 of 17 (18%). Facial dysmorphisms were observed in
20 of 23 patients (87%). Six of 26 patients had tall stature, and 15 of

Fig. 2. Location of KMT5B variants and pictures of affected patients. In (A), we show the location of all variants aligned to NM_017635.5 in this patient cohort. Loss-of-
function (pLOF) variants are shown on top, and missense variants are shown below. Photos of patients with (B) pLOF variants and (C) missense variants are shown. Some
common features are long face, arched eyebrows, wide-spaced eyes with upslanting palpebral fissures, prominent ears, andmild prognathism. The final two photos are of
the same patient at two different ages.
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23 had macrocephaly (23 and 65%, respectively). Hypotonia and
joint hyperlaxity were observed in 15 of 16 (94%) and 12 of 24
(50%) of patients, respectively. Congenital heart defects were iden-
tified in 7 of 21 patients (33%), including atrial septal defects and
patent ductus arteriosus (table S1). Brain magnetic resonance
imaging (MRI) was performed on 17 of 26 of the patients with
pLOF variants. Of these, six (35%) had abnormal findings including
two with Chiari malformations (table S1). Previous studies did not
evaluate congenital heart defects and rarely evaluated hypotonia
and joint hyperlaxity. Almost all previously reported individuals
had a diagnosis of autism, while only a little over half of the indi-
viduals in our cohort had autism. This characterization both
expands the physical phenotype and establishes that autism is not
a defining feature of the phenotype.
Seventeen patients in our cohort had a missense variant or dele-

tion of a single amino acid. The patients with missense variants had
very similar phenotypes to those with pLOF variants (Figs. 2C and
3B), although some features were milder. All patients with missense
variants had DD or ID. Autism was reported in 8 of 13 (62%) of
patients, and seizures were reported in 6 of 12 (50%). Only 3 of
17 patients had tall stature (18%), and 3 of 17 had short stature
but not microcephaly (18%). Macrocephaly was observed in 9 of
14 of the patients with missense variants (64%). Eleven of 15 pa-
tients have some degree of unique facial characteristics (73%). Hy-
potonia and joint hyperlaxity were observed in 7 of 11 (64%) and 2
of 12 (17%) patients, respectively. One individual (1 of 10; 10%) had
a congenital heart defect. MRI was performed on 13 of 17 of the

patients with missense variants. Of these, five (38%) had abnormal
findings including two with Chiari malformations (table S1).
To evaluate potential sex biases in phenotype, we considered

pLOF and missense patients together (25 males and 17 females).
Eighty-one percent of males had macrocephaly compared to only
44% of the females (P = 0.0357; Fisher ’s exact test). Only one
female had tall stature compared to 32% of the males in the
cohort; however, this trend was not statistically significant
(P = 0.0571). No other phenotypic feature was significantly different
between the sexes (table S1).

KMT5B expression across the developing CNS
In humans, the highest levels of brain KMT5BmRNA are expressed
in utero, dropping sharply by birth (18, 22). Recent studies have
shown that Kmt5b haploinsufficiency in mice mimics several
aspects of the KMT5B patient population (21, 33). To better under-
stand where and when KMT5B is expressed in the developing CNS,
we used zebrafish and mouse models. Human KMT5B has a single
ortholog in each of these two model systems with 52% (fig. S1) and
87% (fig. S2) amino acid identity, respectively. Whole-mount in situ
hybridization for zfKmt5b mRNA expression in wild-type (WT)
fish identified broad expression across the embryo at the 256-cell
stage (fig. S3, A and B) that became progressively restricted to the
CNS at the 18-somite stage (fig. S3, C and D) through 24 hours after
fertilization (fig. S3, E to G). ZfKmt5b expression became further
restricted to the head at 5 days after fertilization (fig. S3H).
WT Kmt5b mRNA expression was also assessed using a mouse

Kmt5b gene trap model (fig. S4A) from the Knockout Mouse

Fig. 3. KMT5B patient phenotype summary. Primary phenotypes are shown for each patient (row) in the study. Individuals with pLOF variants are in (A), and individuals
with missense variants are in (B). Black indicates that the feature is present; white indicates that the feature is absent, and gray indicates that the status of the feature is
unknown or not applicable. All individuals for which information was available had DD or ID. Sixty-three percent (24 of 38) had macrocephaly, but only 21% (9 of 43) had
tall stature. Sixty-two percent (18 of 29) were diagnosed with autism. Eighty-one percent (22 of 27) had hypotonia. Thirty-one percent (9 of 29) had seizures. Facial
dysmorphism is one of the most common features in the phenotype, affecting 79% (31 of 39) of individuals in the cohort. Twenty-seven percent (8 of 30) had congenital
heart defects including atrial or ventricular septal defects. A full clinical summary can be found for each patient in table S1.
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Project (34). Using RNAscope in situ hybridization (fig. S4, B and
C), we identified constitutive Kmt5b expression in all organs and
tissues across embryonic day 11.5 (E11.5) 11.5 to E16 (e.g., brain,
lung, liver, heart, skin, and bone; table S3) with specific enrichments
in the developing CNS (Fig. 5A). Over time, CNS enrichment for
Kmt5b expression focused to the brain with particularly high ex-
pression at E14.5. Embryos carrying one copy of the LacZ gene trap-
ping cassette (Kmt5btm1a(KOMP)Wtsi/+; HET) were used to further
validate KMT5B protein expression using the β-galactosidase surro-
gate. Basal β-galactosidase staining was identified across all tissues
by E8.75 (Fig. 5, B and E) with elevated levels in the developing
head, specifically the eye, first branchial arch, and the unfused
neural plates (Fig. 5, C and F). The constitutive expression of β-ga-
lactosidase continued throughout E10.5 (Fig. 5, D and G) and was
consistent with identified mRNA expression patterns. Closer obser-
vation of the E14.5 brain in WT (Fig. 5H) and homozygous gene
trap [Kmt5b knockout (KO)] animals revealed a distinct decrease
in Kmt5b expression in KO (Fig. 5I) animals in the dorsal

pallium/isocortex yet no change in constitutive Kmt5b expression
in other surrounding regions, suggesting reduced formation of
this region in the KO brain (Fig. 5, H and I). While ubiquitous
low-level Kmt5b expression in the brain continued through postna-
tal days 1 (P1) 1 to P2 and P10 and adult stages (P56; table S4), we
noted clear enrichments in the dentate gyrus, hippocampus, and
cortex at P1 to P2 (Fig. 5J). In adulthood, Kmt5b expression
became more restricted to the dentate gyrus, hippocampus, and
the lining of the ventricles (Fig. 5I), all known locations of adult
neurogenesis. We also noted high Kmt5b expression in the granular
layer of the adult cerebellum (Fig. 5I), which contains a high density
of small granule cells. The expression patterns of zfKmt5b in the ze-
brafish and Kmt5b and β-galactosidase in the mouse supported a
role for KMT5B protein function in the CNS during embryonic
development.

Fig. 4. Structural analyses of KMT5B variants. In (A), we evaluated the evolutionary conservation of the residues altered by the missense variants in our cohort. Arrows
indicate the locations of the missense variants. In (B), we show the location of themissense variants (pink) in the structure of the SET domain of KMT5B (light blue ribbon).
The cofactor SAM is shown in orange, and the zinc atom is shown as a yellow sphere. (C to N) Local environment of each variant residue (pink). Neighbors (dark blue) are
defined as those residues with at least one interatomic contact (atom-atom distance, <5 Å) with the variant residue. A homology model was built and used for
each variant.
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Fig. 5. Expression of Kmt5b over mouse development. (A) RNAscope in situ hybridization using a Kmt5b probe is shown in representative samples over an embryonic
developmental time course (E11.5 to E16). (B to G) Whole-mount β-galactosidase staining of HET (B to D) or WT (E to G) embryos at E8.75 (B, C, E, and F) and E10.5 (D and
G). Scale bars, 0.8 mm. Matched Kmt5b RNAscope images are shown in E14.5 (H) WT and (I) KO brains at 4× and 20× resolution. Representative regions from RNAscope on
postnatal brains collected at (J) P1 to P2 and (K) P56 are shown. Qualitative Kmt5b expression is compared in tables S3 and S4. DG, dentate gyrus; CA, hippocampal fields 1,
2, and 3; CC, corpus callosum; LV, lateral ventricle; CP, caudoputamen; Mo, molecular layer; Gr, granular layer; CTX, cortex; TH, thalamus; HY, hypothalamus; Amy,
amygdala.
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RNA-seq of KMT5B haploinsufficiency in human andmouse
Given the chromatin modifying functions of KMT5 enzymes, we
subjected our patient-derived lymphoblast cell lines and mouse re-
sources to further gene expression experiments to identify genes
and pathways whose expression patterns are regulated by KMT5B.
We subjected transformed lymphoblast cell lines (35) from seven
patients in the study to RNA-seq in tandem with seven age- and
sex-matched controls. KMT5B is expressed in human Epstein-
Barr virus–transformed lymphocytes according to GTEx with ex-
pression levels similar to most adult brain regions. Quality control
metrics for this dataset are shown in fig. S5. Human differentially
expressed genes (hDEGs) were defined as those that met a raw P
value of P < 0.05. By this metric, 654 genes were up-regulated and
648 genes were down-regulated in cases compared to the controls.
Twenty-one genes survived false discovery rate (FDR) correction
(q < 0.05; Fig. 6A). See table S5 for a full list of hDEGs. Ingenuity
Pathway Analysis (IPA) of all hDEGs with P < 0.05 provided an un-
biased evaluation of pathway enrichment and revealed significant
enrichments for axon guidance signaling (P = 1.85 × 10−9), glyco-
protein 6 signaling (P = 9.63 × 10−9), and CXCR4 signaling
(P = 1.61 × 10−6) pathways (Table 1). While the top disease
pathway enrichment in the hDEG dataset was cancer
(P = 2.06 × 10−4 to 6.78 × 10−21), there was also a strong signal
for nervous system development and function pathways
(P = 2.13 × 10−4 to 2.46 × 10−9; table S6), predicting significantly
increased growth of neurites (P = 4.95 × 10−6), outgrowth of axons
(P = 1.15 × 10−5), outgrowth of neurites (P = 1.43 × 10−5), and
growth of axons (P = 2.10 × 10−4). Significant predicted upstream
regulators included Paired box gene 3 (PAX3; P = 1.82 × 10−8),
Proline-, glutamic acid-, and leucine-rich protein 1 (PELP1;
P = 3.76 × 10−7), β-estradiol (P = 5.48 × 10−7), and transforming
growth factor–β receptor 2 (TGFBR2; P = 1.37 × 10−6; table S7).
A summary of all IPA findings highlighted brain-relevant pheno-
types focused on changes in fibroblast growth factor 2 (FGF2) sig-
naling (Fig. 6B) and further that cell growth and migration may be
affected by KMT5B expression. Notably, several genes linked to the
phenotypes in our cohort were differentially regulated in the hDEG
dataset including MRAS, GNAQ,WDFY3, PLCB1, and NR2F2.
We have previously shown that the embryonic mouse brains of

Kmt5b haploinsufficient mice show a robust down-regulation of
Kmt5b expression and an increase of H4K20me1 (33). As human
brain tissue was not available from our KMT5B patients, we used
this mouse model to further specify genes whose expression is reg-
ulated by KMT5B in the developing brain. We performed RNA-seq
on forebrain homogenates at E14.5 in Kmt5b WT, HET, and KO
embryos of both sexes (n = 3 biological replicates per genotype
and sex) and compared this to our hDEG data. Initial quality
control analyses identified one potential litter effect driven by
three samples (one KO male and two WT females from the same
litter). These samples were removed, and the data were reanalyzed.
Data quality was similar across all remaining samples in the mouse
RNA-seq experiment (fig. S6, A and B), indicating that comparisons
could be made across genotypes (fig. S6, C and D). A full list of
mouse differentially expressed genes (mDEGs) that met statistical
significance (raw P < 0.05) can be found in table S6. After FDR cor-
rection, we identified 161 significantly up-regulated (q > 0.05) and
35 significantly down-regulated mDEGs in either the HET (Fig. 6C)
or KO (Fig. 6D) compared to the WT condition, highlighting a net
increase in transcription with Kmt5b down-regulation.

Pairwise comparisons weremade between theWTandHET,WT
and KO, and HET and KO conditions with the hypothesis that
Kmt5b may show a dose effect related to transcriptional regulation
such that KO > HET >WT. Genes shared between the HET and KO
conditions were considered high-confidence genes under this
model. KO embryos are still present that this stage of development
but die shortly after birth. Seventy-four mDEGs were shared
between the WT versus HET and WT versus KO comparisons
(Fig. 6E). Of these mDEGs, 68 were up-regulated and six were
down-regulated in the HET/KO compared to the WT condition.
However, only two genes (Kmt5b and Pisd-ps1) had a significant
dose-dependent relationship, further supporting a haploinsufficient
disease model. Functional enrichment analyses by IPA of the WT
versus HET andWT versus KOmDEG (q < 0.05) datasets separately
showed foremost that the KO state predicts significantly increased
organismal death (P = 2.01 × 10−25; z = 3.229) that was not present
in the HET state. Both the HET and the KO conditions predict sig-
nificantly decreased morphogenesis of neurons (P = 7.52 × 10−8 to
5.58 × 10−28; KO > HET) and decreased neuritogenesis
(P = 3.01 × 10−7 to 9.61 × 10−27; KO > HET; table S9). Furthermore,
microtubule dynamics and organization of the cytoskeleton were
both also predicted to be significantly decreased in the HET and
KO conditions (table S9). We conclude that the KO condition is
already not compatible with life at this stage because of amplified
transcriptional responses from genes conserved with the HET con-
dition. This may explain the presence of unique genes in the HET
and KO conditions where the KO brain is actively dying and the
HET brain is adjusting for survival. Unique to the HET condition,
we noted increased cell migration signatures (P = 5.25 × 10−5 to
3.96 × 10−8), increased growth of vessel (P = 4.00 × 10−7), and in-
creased adhesion of connective tissues (P = 6.35 × 10−6; table S9)
driven by robust increases in extracellular matrix (ECM) proteins
(e.g., collagens). A summary of all IPA findings highlighted inhibi-
tion of brain developmental processes and activation of ECM com-
ponents that were amplified in the KO compared to the HET
condition (Fig. 6F and table S9). Shared upstream regulators of
the HET and KO conditions included Harvey rat sarcoma viral on-
cogene homolog (HRAS; 1.4 × 10−13 to 3.69 × 10−13), FGF2
(1.5 × 10−9 to 1.06 × 10−11), estrogen (1.25 × 10−8 to
4.4 × 10−11), and TGFB1 (3.2 × 10−6 to 8.4 × 10−8).
Among mDEGs (HET or KO) with an annotated human ortho-

log (Ensembl release 107), six genes—COL1A2, FSTL1, TGFB1,
FOXC1, SLC6A13, and F13A1—were up-regulated in both the
mouse (q < 0.05) and the hDEG (P < 0.05) datasets (Fig. 6G). Sim-
ilarly, the down-regulation of WDFY3 and PLCB1 were shared
between the mDEG and the hDEG datasets (Fig. 6G). Axonal guid-
ance signaling and the Glycoprotein VI Platelet (GP6) signaling
pathway were both predicted in the top 20 significant canonical
pathways for the hDEG (P < 0.05) and mDEG (q < 0.05; HET and
KO) datasets (Table 1). Furthermore, FGF2 and CCR2 were predict-
ed as significant upstream regulators in all three datasets (hDEG
and both mDEG sets; tables S7 and S10), highlighting shared
brain and ECM effects. Last, down-regulated, but not up-regulated
mDEGs (q < 0.05), were enriched for known autism-associated
genes by simulation testing (P = 9.99 × 10−7; Fig. 6H), suggesting
that down-regulated mDEGs (specifically, Reln, Plxna4, Grik3,
Hivep2, Sox5, Plcb1,Wdfy3,Dst, Kcnq3,Grin2b, andNfix) may con-
tribute to the phenotypes observed. Four of these genes—Grin2b,
Plcb1, Reln, and Wdfy3—were validated by quantitative reverse
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transcription polymerase chain reaction (PCR) testing, confirming
down-regulation in the HET versus WT mouse brain (fig. S7).
While PLCB1 down-regulation survived FDR correction in the
hDEG dataset, this gene alone was not a strong enough signal for
significance in this simulation test. Both up-regulated and down-
regulated hDEGs (P < 0.05) were significant for autism-associated
genes by simulation testing (P = 3.9 × 10−5 to 9.99 × 10−7); however,

these datasets are lower confidence and likely contained some false-
positive signal.

Growth changes in primary patient cells andmouse models
To test the RNA-seq predicted effects of KMT5B haploinsuffi-
ciency, we evaluated fibroblasts from two patients in the study
with different variants [p.(H273R) and p.(F154SfsX4); patients 2
and 10, respectively]. KMT5B mutant primary cell lines grew

Fig. 6. RNA-seq results from human andmousemodels of KMT5B haploinsufficiency. (A, C, andD) Volcano plots illustrate the genes that are significantly up- (red) or
down-regulated (blue) in the (A) human and (C and D) mouse datasets. HET, heterozygous; KO, homozygous knockout; black dots, nonsignificant genes. A functional
enrichment summary is shown for the human dataset (hDEGs, P < 0.05) in (B) and for the KO mouse (mDEGs, q < 0.05) in (F). Orange, activated; blue, inhibited. Venn
diagrams show (E) the number of mDEGs that overlap between the genotypes tested and (G) genes that overlapped between the hDEG and mDEG datasets. (F) Sim-
ulation testing for gene overlaps between the (H) mDEG and (I) hDEG down-regulated genes and high-risk autism genes from SFARI Gene. Dashed line, observed overlap.
Gene in bold was found in both the human and mouse datasets (q < 0.05).
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significantly slower than two control lines (P < 0.05 at 48 hours and
P < 0.005 at 72 hours; Student’s t test; Fig. 7A); this was not due to
increased cell death in the mutants (Fig. 7B), supporting the hy-
pothesis that KMT5B expression contributes to regulation of cell di-
vision (36, 37) and predicted as cancer enrichments in the hDEG
analyses. We have reported persistent lower body weight and
shorter body length in the Kmt5b gene trap haploinsufficient
mouse model on a C57BL/6N strain background (33). We indepen-
dently confirmed this growth defect using the gene trap allele on a
C57BL/6JInv background (fig. S4D). Homozygous KO pups were
significantly smaller than WT littermates at birth [P0; P < 0.001;
one-way analysis of variance (ANOVA) with Tukey’s correction].
In both strain backgrounds, KO embryos were overtly smaller at
E14. Brain size and weight in P0 mouse pups (C57BL/6JInv) also
showed a dose-dependent trend that was not statistically significant
(one-way ANOVA) (Fig. 7, C and D), suggesting relative macroce-
phaly in KO animals at birth. This relative macrocephaly was not
likely due to increased brain cell proliferation, as staining for Ki67
(a marker of active proliferation), NeuN (neuron marker), and
H3K20me3 in the P0 brains showed no differences (fig. S8). Nissl
staining of the corpus callosum in P0 WT, HET, and KO mice sug-
gested increased numbers of pyknotic cells in HET and KO com-
pared to WT P0 brains (fig. S8, A and B), supporting the
predicted increased organismal death signature in the mDEG
KO dataset.

DISCUSSION
Through this study, we have further refined the KMT5B phenotype
in humans using the largest cohort reported to date. On the basis of
our experiments and the known role of KMT5B, the main conclu-
sion of our paper is that monoallelic pathogenic variants in KMT5B
perturb normal epigenetic regulation of neurological development.
Similar to previous reports, all participants in this study had ID/DD,
and many had unique facial characteristics and autism (fig. S9) (11,
14–16). Furthermore, our large cohort identified a high prevalence
of hypotonia and congenital heart defects among this population.
We have recently reported early motor reflex, strength, and
muscle mass deficits in a germline Kmt5b haploinsufficient
mouse model (33, 38). Kmt5b has also been linked to the mainte-
nance of quiescent muscle satellite cell (i.e., muscle stem cell) pop-
ulations in mice (39), supporting the hypothesis that KMT5B has a
role in the development and/or maturation of the skeletal
muscle system.
Growth abnormalities (macrocephaly and/or tall stature) were

common in our cohort and have been reported in previous
KMT5B patient studies (11, 14–16, 40). Eight patients in the study
had both macrocephaly and tall stature, whereas 22 patients had
macrocephaly without tall stature. Only one patient was reported
as tall without macrocephaly. Of the two male siblings carrying
the same pLOF variant in this study (patients 37 and 38), both
had macrocephaly, but only one was also tall. One important
caveat to height is that parental data were not collected; therefore,
we cannot compare whether “tall” patients in this study are taller
than would be expected on the basis of their unaffected parents.
We conclude that macrocephaly, not a systemic overgrowth pheno-
type, is a core symptom of KMT5B haploinsufficiency. This is sup-
ported by multiple lines of evidence. First, macrocephaly appears
more often in this cohort independent of tall stature, arguing

Table 1. Top-ranked canonical pathway enrichments.

hDEG mDEG (HET) mDEG (KO)

Axonal guidance
signaling

Hepatic fibrosis/
hepatic stellate cell

activation

WNT/β-catenin
signaling

GP6
signaling pathway

Tumor
microenvironment

pathway

Pulmonary fibrosis
idiopathic

signaling pathway

Renin-angiotensin
signaling

Apelin liver
signaling pathway

Synaptogenesis
signaling pathway

CXCR4 signaling GP6
signaling pathway

Molecular mechanisms
of cancer

Sperm motility Atherosclerosis
signaling

Hepatic fibrosis
signaling pathway

P2Y purinergic
receptor
signaling pathway

Intrinsic prothrombin
activation pathway

Axonal guidance
signaling

Apelin endothelial
signaling pathway

Wound healing
signaling pathway

Apelin liver
signaling pathway

Dopamine-DARPP32
feedback in cAMP
signaling

Pulmonary fibrosis
idiopathic

signaling pathway

Hepatic fibrosis/hepatic
stellate cell activation

α-Adrenergic
signaling

Natural killer cell
signaling

Regulation of the
epithelial mesenchymal

transition in
development pathway

Synaptic long term
depression

Axonal guidance
signaling

Pulmonary healing
signaling pathway

Gap junction
signaling

TR/RXR activation Osteoarthritis pathway

GPCR-mediated
nutrient sensing in
enteroendocrine
cells

HOTAIR
regulatory pathway

Factors promoting
cardiogenesis in
vertebrates

Natural killer cell
signaling

Coronavirus
replication pathway

Ovarian cancer
signaling

Cholecystokinin/
gastrin-mediated
signaling

LXR/RXR activation Mouse embryonic stem
cell pluripotency

Role of NFAT in
cardiac hypertrophy

FXR/RXR activation BEX2 signaling pathway

Colorectal cancer
metastasis signaling

Osteoarthritis
pathway

Iron homeostasis
signaling pathway

Thrombin signaling Iron homeostasis
signaling pathway

Intrinsic prothrombin
activation pathway

Molecular
mechanisms
of cancer

NAD
signaling pathway

Tumor
microenvironment

pathway

Endothelin-1
signaling

Remodeling of
epithelial adherens

junctions

Epithelial adherens
junction signaling

GNRH signaling Phagosome
maturation

GP6 signaling pathway
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against a broad overgrowth phenotype that has been previously sug-
gested (11, 16). Primary fibroblasts isolated from KMT5B patients
grow significantly slower without increased cell death compared to
controls including cells from patient 10 who presented with both
macrocephaly and tall stature.Kmt5b haploinsufficient mice are sig-
nificantly smaller (body weight and length) than their WT litter-
mates (33). We also identified this trend in KO animals at birth in
this study. Brain weight is not proportionally decreased in these
animals, suggesting relative macrocephaly. We have recently report-
ed relative macrocephaly (i.e., increased brain weights) in male, but
not female, Kmt5b HET mice at P17 on a different strain back-
ground (C57BL/6N) (38). Macrocephaly disproportionate to
height is a key neurophenotype in autism being found in ~15% of
males compared to ~6% of typically developing male peers (41).
Much lower rates of macrocephaly are found among females with
autism. Macrocephaly was more common among males than
females in this study, the only phenotype that showed a significant
sex bias.
While relative macrocephaly may be a shared feature of KMT5B

patients and our mouse model, Kmt5b HET and KO mice have
smaller bodies overall, a feature that is not found in KMT5B pa-
tients. These differences in body size effect are likely due to differ-
ences between mouse and man, perhaps even to systemic hormone
effects. Head circumference correlates with brain volume but only
in young children (up to the age of 6 years old (42)), and macroce-
phaly is often assumed to be a sign of increased brain size/volume in
autism. However, we found no evidence in this study of increased
cell proliferation when KMT5B expression was decreased, suggest-
ing that KMT5B-associated macrocephaly may be due to other
causes. Relative macrocephaly can have other causes, including in-
creased cerebrospinal fluid (CSF; i.e., hydrocephalus), dilated blood

vessels, thickened bone, expanded extracerebral spaces, and/or in-
tracranial cysts (43). These etiologies cannot be distinguished
without neuroimaging. Several reported imaging phenotypes in
our patients—enlarged ventricles (which can be a sign of hydro-
cephalus), syringomyelia, subdural hygroma, and Chiari malforma-
tions—could suggest that KMT5B helps regulate CSF dynamics.
Increased CSF pressured could also be causing the increased
number of pyknotic cells (i.e., cell death) that we have observed in
Kmt5b HET and KO mouse brains. We noted a significant up-reg-
ulation of choroid plexus markers in our mouse model in HET
compared to WT brains of both sexes. The choroid plexus is com-
posed of both epithelial and stromal cell populations and is respon-
sible for generating CSF for the CNS (44). The most significant
mDEG contributing to this enrichment was transthyretin (Ttr),
which was increased in HETs fourfold among females and fivefold
among males (table S6). TTR protein is secreted into the CSF by the
choroid plexus and acts as a transporter for thyroid hormone thy-
roxine (T4). Analysis of circulating T4 levels in adult WT and HET
mice of both sexes showed no significant differences (fig. S10), sug-
gesting that increased expression of Ttr is not due to hyperthyroid-
ism. TTR is often used as a diagnostic marker for choroid plexus
tissue. In mice, the choroid plexus is established between E12.5
and E13, reaching full size by E16.5 (45). Ttr expression remains
high until birth and decreases postnatally (46). Overabundance of
choroid plexus tissue has been linked to increased CSF production
and hydrocephalus (47).
Kmt5b mRNA is highly expressed in the mouse brain at E14.5,

the time point at which we collected additional transcriptomic data.
Our mDEG dataset highlights a net effect of gene up-regulation
with Kmt5b loss. This is consistent with other published studies
(21) and with the increased H4K20me1 (permissive chromatin

Fig. 7. Cell growth and death in human fibroblasts and mouse brains. (A) Cell growth was measured for primary fibroblast lines derived from unaffected individuals
and two individuals with heterozygous KMT5B variants and was repeated three times for all cell lines. Cell growth was significantly different between control lines and
lines from affected individuals at 48 hours (P < 0.05) and 72 hours (P < 0.001) as determined by Student’s t test. (B) Cell viability for primary fibroblast cell lines was
measured using annexin V/propidium iodide staining and evaluated using flow cytometry. Therewas no significant difference between the lines determined by Student’s
t test. (C andD) Brains from P0mouse pups wereweighed. Therewas no statistically significant difference in themouse brain weight of the different genotype determined
by Student’s t test.
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state) reported among mouse KMT5B HET and KO brains previ-
ously (33). Our data did not show an up-regulation of Kmt5c or
Nsd2/Mmset/Whsc1 transcripts (table S6), two genes that have
been proposed as an alternative H4K20 dimethylating enzymes
(48), as a compensatory reaction to Kmt5b loss. We did not identify
any overlaps between ourmDEGdataset and that ofWang et al. (21)
who used adeno-associated virus–short hairpin RNA to knock
down Kmt5b expression specifically in the prefrontal cortex of
young adult mice. These results suggest that where and when
KMT5B is present in the developing brain may matter. A recent
study identified a difference in the fraction of migrating cells
during peak cortical neurogenesis when ventricular zone Kmt5b
was knocked down at E13.5 via in utero electroporation (15), in
agreement with our transcriptomic predicted changes in cell migra-
tion over this time period.
Collectively, the data described in this study provide many excit-

ing avenues for future research connecting KMT5B to the develop-
ing brain. This study is the first to document the in situ expression
of Kmt5b transcripts in the mouse brain over developmental time
(embryonic stages through adulthood). It is also the first report of
transcriptomic data from the embryonic brain in a model of germ-
line Kmt5b loss, a period that is likely critical to the development of
humans carrying disruptive KMT5B variants (18). Both our hDEG
and mDEG datasets predict increases in TGF-β signaling concom-
itant with ECM remodeling in the mutant conditions. TGF-β is
thought to be neuroprotective and is up-regulated following many
types of brain damage (49). Whether increased cell stress due to loss
of KMT5B/H4K20me2-mediated DNA repair contributes to the
phenotypes observed in this patient population should be further
investigated. TGF-β is also known to be a potent stimulator of
ECM synthesis, including collagens, which were strongly up-regu-
lated in the mDEG and hDEG datasets. Collagen I (Col1a1/Col1a2),
proteoglycan link protein 1 (Hapln1), and lumican (Lum) have been
shown to contribute to folding of the neocortex (50). All three of
these genes were significantly up-regulated in the mDEG mutant
dataset. Given the report of polymicrogyria in patient 34, changes
in cortical folding may be an interesting avenue for future research.
Last, TGF-β has been shown to regulate axon growth in neurons
(51). Axon guidance signaling was significantly enriched in our
hDEG and mDEG datasets. Given the additional roles for the
ECM in axon growth and guidance (52), human cell and mouse re-
sources should be used to further explore this process in the context
of KMT5B function.

MATERIALS AND METHODS
Experimental design
The objective of this study was to determine the effects of heterozy-
gous KMT5B mutations on development. To achieve this, we eval-
uated the clinical phenotype of 43 individuals with pathogenic or
likely pathogenic variants in KMT5B. We performed in silico anal-
ysis on the missense variants to gain a better understanding of how
they would affect protein function. We evaluated cell growth and
viability from patient-derived cell lines and performed RNA-seq
to determine changes in the transcriptome. In addition to the
patient cell lines, we evaluated Kmt5b mRNA expression in both
mice and zebrafish. We determined the timing and location of
kmt5b and Kmt5b in zebrafish and mice using in situ hybridization
and β-galactosidase staining. We also evaluated the effect of

heterozygous and homozygousKmt5bKO in the mice by evaluating
brain size and transcriptomic changes.

Clinical cohort
Clinical exome sequencing was performed at GeneDx for the initial
patient and others (patients 3, 4, 7, 11, 13, 27, and 29) or using the
Autism/ID Xpanded panel, as previously published (53). Gene-
Matcher (54) or word of mouth was used to recruit other partici-
pants. Participants were consented into a Children’s Hospital of
Philadelphia Institutional Review Board (IRB)–approved protocol
or consented locally for participation (IRB no: 16-013278 approved
on 17 April 2019). All KMT5B variants were aligned to
NM_017635.5 using Mutalyzer (55).

In silico analyses
For multiple sequence alignment, orthologs were extracted from the
UniProt database using Blast (56) with the human KMT5B
(NP_060105.3) as the reference amino acid sequence. The homolo-
gous sequences retrieved were aligned using COBALT (57) with
default parameters.
For each missense variant, the protein stability changes upon

mutation (ΔΔG; negative values indicate destabilization) using
mCSM (30), and the number of interatomic contacts of the native
residue using RING (31) was calculated. For both computations, the
3D structure of the SET domain of KMT5B in complex with S-ad-
enosyl-L-methionine [Protein Data Bank code: 3S8P (58)] was used.
The structure representations were created with PyMOL (59). Struc-
tural models for the variants were obtained usingMODELLER (60).

Animal models, husbandry, and embryo collection
Zebrafish (AB strain) were bred and maintained in a recirculating
aquaculture system at Agency for Science, Technology and Research
(A*STAR) Skin Research Labs, Singapore. All animal studies were
performed in accordance with approved A*STAR Institutional
Animal Care and Use Committee (IACUC) protocols #161172
and #171238. Zebrafish embryos were produced by natural
mating, cultured at 28.5°C, and staged by hours after fertiliza-
tion (61).
All mouse experiments were performed in animals carrying the

Kmt5btm1a(KOMP)Wtsi allele [KOMP (62); fig. S4A] at two indepen-
dent laboratories. Kmt5b WT, heterozygous (HET), and homozy-
gous null (KO) progeny had genotypes of Kmt5bwt/wt, Kmt5bwt/
tm1a, and Kmt5btm1a/tm1a, respectively (62). Animals at A*STAR
were derived from sperm purchased from KOMP (University of
California, Davis) and established on a C57BL/6JInv background
through 10 generations of backcrossing. These mice were housed
and bred at the Biological Resource Centre, A*STAR. Animals at
Creighton University were cryorecovered at KOMP (University of
California, Davis, MGI:2444557, Targeting Project: CSD28648) on
a C57BL/6N background. Colony offspring were genotyped using
tail biopsies with specific probes designed for Kmt5b and LacZ se-
quences (Transnetyx, Cordova, TN). All mouse work was approved
and monitored by the Creighton University IACUC under protocol
numbers 1039, 1040, and 1118. Mice were housed in a temperature-
controlled vivarium maintained on a 12-hour light/12-hour dark
cycle with food and water provided ad libitum. Mice were weaned
at 3 to 4 weeks of age and housed in unisex groups of two to five
mice in individually ventilated cages.
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For timed embryo collections, stud males >8 weeks of age were
housed individually. Group-housed females >8 to 12 weeks were in-
troduced, one to two at a time, into a male cage to initiate mating.
Vaginal plugs were assessed the following morning; the presence of
a plug was noted as embryonic day E0.5.

In situ hybridization and β-galactosidase staining
Whole-mount in situ hybridization in zebrafish was performed
using probe templates targeting zfKmt5b amplified from cDNA
using primers: F-“GGATCCAATGCAGAGGCAGA” and R-“CTG
CAGCCCGAACCGCGTGC.” Amplicons were subcloned into
pCR-BluntII-TOPO (Life Technologies, Carlsbad, CA). The pCR-
BluntII-TOPO-zfKmt5bprobe plasmids were linearized with Bam
HI or Pst I. Antisense zfKmt5b probes were made by in vitro tran-
scription using T7 polymerase. Sense probes were made by in vitro
transcription using SP6 polymerase. In situ hybridizations were per-
formed as described (25).
The expression of mouse Kmt5b transcripts across typical devel-

opmental time was assessed using RNAscope [Advanced Cell Diag-
nostics (ACD), Newark, CA, USA] on whole-mount embryos at
E11.5, E12.5, E13.5, E14.5, and E15.5 to E16 (combined). Whole
brains were also collected at P1 to P2 (combined), P10, and P56.
All progeny used for RNAscope were from WT × WT or HET x
HET mating. Harvested embryos (E11.5 to E16) were immersion-
fixed in 4% paraformaldehyde, dehydrated through an alcohol
series, embedded in paraffin, and sectioned at 10-μm thickness
using a Leica Reichert-Jung 2030 microtome (Leica Microsystems,
Buffalo Grove, IL, USA). For the postnatal time points (P1 to P2,
P10, and P56), mice were transcardially perfused with 1× phos-
phate-buffered saline (PBS)/4% paraformaldehyde (PFA); brains
were dissected out and further immersion-fixed in 4% PFA.
Brains were cryoprotected in 30% sucrose (Thermo Fisher Scien-
tific, Waltham, MA, USA), embedded in optimal cutting tempera-
ture (OCT) medium (VWR, Radnor, PA, USA) and cryosectioned
at 30 μm using a cryostat (Leica Microsystems).
RNAscope was performed on paraffin-embedded embryos ac-

cording to the manufacturer’s protocol using the RNAscope 2.5
HD reagent detection kit (ACD). Frozen cryosections were pro-
cessed according to the “Sample preparation technical note for
fixed frozen tissue using RNAscope 2.5 chromogenic assay” proto-
col obtained from the manufacturer (ACD), followed by RNAscope
2.5 HD detection. A negative control probe (#310043) and aKmt5b-
specific probe (#489621; ACD) were used for detection. The specif-
icity of the Kmt5b probe was confirmed using consecutive sections
stained with either the Kmt5b or negative control probe (fig. S4, B
and C). Because of high cell density and broad Kmt5b expression
across most brain regions, counterstaining was not possible on
RNAscope slides. Cell density and brain regions were determined
by performing hematoxylin and eosin (H&E) staining on adjacent
tissue sections (fig. S4B). Briefly, H&E staining was performed
(Epredia Gemini AS Automated Slide Stainer, Thermo Fisher Sci-
entific) using standard techniques of rehydration, staining with He-
matoxylin 7212 (Thermo Fisher Scientific), clarification in acetic
acid, bluing, and staining in Eosin Y (Thermo Fisher Scientific), fol-
lowed by dehydration. Slides were imaged on a VS120 Virtual Slide
Scanner (Olympus, Tokyo, Japan) at ×20 magnification.
Whole-mount β-galactosidase staining was performed on WT

and HET mouse embryos from the same litters at E8.75 and
E10.5 as described in a protocol provided by the Jackson Laboratory

(www.jax.org/research-and-faculty/resources/cre-repository/
whole-mount-staining-protocol).

RNA-seq and gene set enrichments
RNA-seq was performed on patient-derived lymphoblasts. The
lymphoblast cell lines were created by the Center for Applied Geno-
mics and the Children’s Hospital of Philadelphia. B cells obtained
from a peripheral blood draw were transformed using Epstein-Barr
virus. The lymphoblast cell lines were created from three boys (3, 6,
and 11 years old) and four girls (3, 5, 5, and 12 years old). Age- and
sex-matched controls were identified for each cell line.
For RNA-seq of human-derived lymphoblast cell lines, total

RNA was extracted by homogenizing lymphoblasts using the
Maxwell kit and was performed on Promega’s robotics platform ac-
cording to the manufacturer’s instructions. The method used para-
magnetic particles, which provide a mobile solid phase to optimize
sample capture, washing, and purification of nucleic acid. RNA
purity was measured by determination of the ratio for absorbance
at 260 nm versus absorbance at 280 nm (A260/A280) using a Nano-
Drop 8000 (Thermo Fisher Scientific). RNA integrity was also eval-
uated with the Agilent Tape Station by determining RNA integrity
number (RIN) values using gel electrophoresis.
Preparation of samples for stranded total RNA-seq on the Illu-

mina platform was performed following the manufacturer ’s in-
structions. The total RNA was subjected to the first step involving
the removal of ribosomal RNA (rRNA) using biotinylated, target-
specific oligos combined with Ribo-Zero rRNA removal beads. The
Ribo-Zero Human/Mouse/Rat kit depletes samples of cytoplasmic
rRNA, and the Ribo-Zero Gold kit depletes samples of both cyto-
plasmic and mitochondrial rRNA. Following purification, the RNA
was fragmented into small pieces using divalent cations under ele-
vated temperature. The cleaved RNA fragments were copied into
first-strand cDNA using reverse transcriptase and random
primers, followed by second-strand cDNA synthesis using DNA po-
lymerase I and ribonuclease H. These cDNA fragments then have
the addition of a single “A” base and subsequent ligation of the
adapter. The products were purified and enriched with PCR to
create the final cDNA library. rRNA-depleted strand-specific
RNA libraries were generated with the TruSeq Total Ribo-Zero
rRNA Removal (Illumina, San Diego, CA, USA). Each QCed
library was sequenced on an Illumina Novaseq6000 (Illumina)
using V1.5 chemistry, in paired-end mode with a read length of
2 × 100 base pairs, generating approximately 40 million reads
per sample.
The Illumina DRAGEN Bio-IT Platform (v3.6.3) was used to

generate FASTQ files for each human sample by first demultiplex-
ing the raw sequencing data. DRAGEN was then used to align these
files to the Homo sapiens (GRCh37.75) reference genome from the
Broad Institute with a Smith-Waterman alignment scoring algo-
rithm (63). Gene expression quantification was also calculated on
this platform with use of the corresponding gene transfer format
(GTF) file. Bioconductor Rsubread package (v4.1.0) was used to
generate gene counts and mapping metrics against the GTF file.
Differential expression was performed using the Bioconductor
DESeq2 package (v1.28.1) (64). Comparison groups of interest
during this step were described as all samples, sex-specific, and
age-specific. Results were filtered by a log fold change > 1.5 or <
1.5 and P < 0.05 before performing pathway analysis.
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For RNA-seq of mouse, E14.5 embryos were collected fromHET
× HET crosses, and brains were dissected out in cold 1× PBS and
flash-frozen in liquid nitrogen. Tail samples from each embryo were
collected for genotyping and sex determination (Transnetyx). RNA
was extracted using the RNeasy Mini Kit including deoxyribonu-
clease I treatment (QIAGEN, Hilden, Germany) to eliminate
genomic DNA. Samples were quantified using a Qubit 3.0 Fluorom-
eter and RNA BRAssay Kit (Invitrogen,Waltham,MA, USA). RNA
library preparation and sequencing were performed at BGI (Cam-
bridge, MA, USA) using a paired-end 2 × 150 cycle protocol. Three
biological replicates were run for each sex (n = 2) and genotype
(n = 3). All samples had a RIN of 10 before sequencing. Sample
data were analyzed at Creighton University using the Tuxedo
tools suite (65). Briefly, samples were mapped to the mm10
mouse reference genome (https://support.illumina.com/
sequencing/sequencing_software/igenome.html; downloaded 7
September 2018) using TopHat v2.1.0 (Bowtie2 v2.2.6), followed
by transcript assembly using cufflinks v2.2.1. Transcript differences
were assessed using cuffdiff on merged transcriptome replicates by
genotype. Data visualization and mining were performed using
cummeRbund for R (v3.5). Gene orthologs (human and mouse)
were identified using the Ensembl release 106 Biomart tool.
Gene set enrichment analyses were performed using QIAGEN

Ingenuity Pathway Analysis (IPA; v01-20-04) where noted. We
also compared our up- and down-regulated mDEG and hDEG
gene lists to annotated autism risk genes from the SFARI Gene Da-
tabase (downloaded 31 March 2021; n = 1003) that were performed
using R v 4.1.1. For comparison, 106 random sets of genes of the
same relative sizes of the test and SFARI dataset were sampled.
Density plots were used to show the number of genes from each
of the simulated random sets that are coexpressed. These data
were used to calculate the probability of the overlaps that we iden-
tified as being random. The following categories were included:
SFARI gene category “syndromic genes,” SFARI gene category 1
“high confidence gene,” and SFARI gene category 2 “strong candi-
date gene.” A full description of SFARI categories can be found at
https://gene.sfari.org/about-gene-scoring/.

Cell proliferation and viability assays
Two patient-derived fibroblast lines and two control fibroblast lines
were evaluated for cellular proliferation. The cell lines were estab-
lished using skin biopsies from a 10-year-old female and a 7-year-
old male. The skin samples were cut into small pieces and placed in
a six-well dish to adhere to the dish for 30 min. Medium was then
added to the plate, and the fibroblasts migrated out of the skin
samples over the next 2 weeks. The fibroblasts were trypsinized
and transferred to a new plate, establishing the fibroblast lines.
For the proliferation and viability assays, the fibroblasts were

plated at 3 × 104 cells per well and then were manually counted at
baseline, 24 hours, 48 hours, and 72 hours. Three biological repli-
cates were performed for each line, and each biological replicate had
three technical replicates.
Two patient-derived fibroblast lines and two control fibroblast

lines were evaluated for cellular viability. The cells were grown
until they were ~80% confluent. Then, they were stained for
annexin V/propidium iodide and evaluated using flow cytometry
on an Accuri C6 (BD Biosciences). Four biological replicates with
two technical replicates each were analyzed.

Histology and immunocytochemistry
Mouse brains from P0 pups were extracted and further fixed in 4%
PFA overnight at 4°C and washed three times with PBS. Coronal
sections of 50 μm were obtained in a vibratome and stored at 4°C
until staining. For Nissl staining, brain sections were mounted on
frosted slides and left to dry overnight. Staining with cresyl violet
(Millipore, C5042) was followed by dehydration in an alcohol gra-
dient, xylene clearance, and coverslipping. Stained brain sections
were examined under a microscope.
For immunofluorescence in brain sections, sections were per-

meabilized/blocked with blocking solution (5% fetal bovine serum
plus 0.5% Triton X-100 in PBS) for 2 hour at room temperature.
Sections were incubated with primary antibodies [H4K20me3
(1:500; Millipore, AB5700175), Ki-67 (1:1000; Abcam, ab15580),
and NeuN (1:2000; Millipore, MAB377)] in blocking solution over-
night at 4°C. Sections were washed three times with 0.1% Triton X-
100 in PBS, incubated with secondary antibodies [Alexa Fluor 488–,
Alexa Fluor 555–, Alexa Fluor 633–labeled goat anti-mouse, goat
anti-rabbit, or goat anti-rat immunoglobulin G (H+L); 1:500;
Thermo Fisher Scientific] and 4′,6-diamidino-2-phenylindole
(1:100; Thermo Fisher Scientific, D3571) in blocking solution at
room temperature for 2 hours, then washed three times with 0.1%
Triton X-100 in PBS, coverslipped using ProLong Gold, and dried
overnight. Imaging was performed using a Leica confocal micro-
scope. For z-stack images, 5-μm z-stack confocal images were ac-
quired at 1-μm intervals. Image processing was performed using
ImageJ Software (National Institutes of Health, USA).

Statistical analysis
Statistical analyses have been described in the above Materials and
Methods sections. To compare the clinical characteristics in males
and females, we performed Fisher’s exact tests. For the RNA-seq
results, we used Bioconductor DESeq2 to compare expression
levels in the human samples and cuffdiff to compare transcript
levels in the mouse samples. Raw P values were FDR-corrected
for both datasets. When comparing the growth of the cell lines,
we used Student’s t tests. The size of the mouse brains were com-
pared using a one-way ANOVA with Tukey’s correction.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S10
Legends for tables S1, S5 to S10
Tables S2 to S4

Other Supplementary Material for this
manuscript includes the following:
Tables S1, S5 to S10

View/request a protocol for this paper from Bio-protocol.
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