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ARTICLE

Rare de novo gain-of-function missense variants
in DOTTL are associated with developmental
delay and congenital anomalies
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Summary

Misregulation of histone lysine methylation is associated with several human cancers and with human developmental disorders. DOT1L
is an evolutionarily conserved gene encoding a lysine methyltransferase (KMT) that methylates histone 3 lysine-79 (H3K79) and was not
previously associated with a Mendelian disease in OMIM. We have identified nine unrelated individuals with seven different de novo
heterozygous missense variants in DOT1L through the Undiagnosed Disease Network (UDN), the SickKids Complex Care genomics proj-
ect, and GeneMatcher. All probands had some degree of global developmental delay/intellectual disability, and most had one or more
major congenital anomalies. To assess the pathogenicity of the DOTIL variants, functional studies were performed in Drosophila and
human cells. The fruit fly DOT1L ortholog, grappa, is expressed in most cells including neurons in the central nervous system. The iden-
tified DOT1L variants behave as gain-of-function alleles in flies and lead to increased H3K79 methylation levels in flies and human cells.
Our results show that human DOTI1L and fly grappa are required for proper development and that de novo heterozygous variants in
DOTIL are associated with a Mendelian disease.

lysine methylation is associated with several human can-
cers and other disorders.’

Methylation of different types of histones at specific
lysine residues is catalyzed by specific histone lysine meth-

Introduction

Dynamic changes in chromatin state through post-transla-
tional modifications (PTMs) of histone proteins play a key

role in gene expression regulation and genomic stability.’
One of the most common types of chromatin modifica-
tions is the methylation of lysine residues at histone tails,
which is known to affect DNA repair, transcription, stress
response, and differentiation.” Misregulation of histone

yltransferases (KMTs) and there are thirty-four KMT-encod-
ing genes in humans.* Of these, dysregulation (typically
haploinsufficiency) of sixteen genes encoding KMTs have
been previously associated with dominant human devel-
opmental disorders (Table S1). Most of these disorders of
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epigenetic regulation are also now known to have unique
patterns of genome-wide DNA methylation alterations
(“DNAm signatures”) in peripheral blood (Table S1). A re-
view of the orthologs in available animal models of genes
encoding KMTs demonstrates that both disease-associated
and non-disease-associated genes encoding KMTs are
important in animal development.® Therefore, it is likely
that additional KMTs will be associated with Mendelian
disease over time.

DOTT1 Like histone lysine methyltransferase (DOT1L [MIM:
607375]) is an evolutionarily conserved KMT found in a
broad range of eukaryotic species including yeast, fruit
fly, zebrafish, mice, and human.® Compared to other
KMTs, DOT1L has a number of distinct characteristics. It
is the only KMT that does not contain the SET catalytic
domain; instead, it contains an N-terminal Dot1 catalytic
domain.”® Unlike SET-domain containing KMTs, which
target lysine residues in the histone tails where most mod-
ifications occur, DOT1L methylates a lysine residue (K79)
in the core globular domain of histone H3, and to our
knowledge, it is the only enzyme known to do so.”
DOT1L, in contrast to other KMTs, seems to be a distribu-
tive enzyme that sequentially adds methyl groups to
H3K79.'"! It also differs from other KMTs as it methylates
H3K79 only in the form of intact chromatin and not as free
histones.'*"°

DOTI1L and H3K79 methylation have been implicated
in several fundamental cellular processes, including
gene expression,® cell cycle regulation,'® DNA damage
response,’’ telomeric silencing,'® proliferation,'” and
differentiation.”” Distribution of H3K79 methylation
throughout the chromatin as well as DOT1L are strongly
associated with actively transcribed genes.”'** Indeed,
DOTIL directly interacts with elongating RNA Polymerase
I1and gets recruited to actively transcribed genes.* Possibly
owing to its aforementioned cellular roles, DOT1L is a crit-
ical regulator during development, particularly in hemato-
poiesis of some metazoans. In mice, germline deletion of
Dotll leads to embryonic lethality due to defects in the
yolk sack and heart and failure of primitive hematopoie-
sis.”® Similarly, dot1l-depleted zebrafish morphants show
impaired growth, defective angiogenesis, and cardiac dila-
tation.?” Loss-of-function (LoF) mutants for the fly ortholog
of DOT1L, called grappa (gpp), exhibit slow growth and die at
larval stages.”® Furthermore, knockdown of DOTIL ortho-
logs in the above listed animal models decreases expression
of several Wnt signaling target genes.”” ' This suggests that
loss of DOTIL affects Wnt signaling in multiple species but
the precise mechanism as to how DOT1L regulates develop-
ment of specific tissues and organs remains elusive.

Here, we present a cohort of nine individuals with a total
of seven different de novo missense variants in DOTIL.
Their phenotypes include central nervous system (CNS)
dysfunction and a range of congenital anomalies, consis-
tent with the variability associated with other KMT disor-
ders (Table S1). We provide functional data in flies showing
that six of the variants cause an increase in DOT1L enzy-

matic activity and disrupt development. We also show
the remaining variant alters DOTI1L activity in human
cells. Our data support that de novo missense variants in
DOTIL cause a KMT disorder through a gain-of-function
mechanism.

Subjects and methods

Subject recruitment and sequencing

The two index families were identified through the Undiagnosed
Disease Network (UDN)**** and the SickKids Complex Care geno-
mics project,**** respectively. The five additional participants were
identified through GeneMatcher.***” The initial GeneMatcher en-
try was made on October 17,2017, and all matches made until 2020
were considered in this study (Table S2). Two additional individuals
(probands #5 and #8) were identified through a pre-existing collab-
oration. Two families (three total individuals) with rare DOTIL
missense variants suspected to be non-diagnostic also participated
in aspects of this study for comparison purposes; they were identi-
fied through GeneMatcher (Table S2) and through a prior publica-
tion,*>*® respectively.

Genome- and exome-wide sequencing was performed at each
participating center in either a clinical diagnostic laboratory or a
research laboratory, using standard methods for sequencing, qual-
ity control, and analysis (Table S3). All DOTIL variants were high-
confidence calls, and maternity and paternity were confirmed by a
trio genome- or exome-wide sequencing design and/or other stan-
dard methods. This research was conducted with the voluntary,
informed consent of any research participants, free of coercion
or coercive circumstances, and received Institutional Review Board
(IRB) or Research Ethics Committee (REC) approval consistent
with the principles of research ethics and the legal requirements
of the lead authors’ jurisdiction(s) (The Hospital for Sick Children,
Canada; Baylor College of Medicine and NIH, USA).

DNAm profiling and data processing

Genomic DNA was extracted from peripheral blood and bisulfite
converted using the EpiTect Bisulfite Kit (EpiTect PLUS Bisulfite
Kit, QIAGEN). Sodium-bisulfite-converted DNA was then
hybridized to the Illumina Infinium Human Methylation EPIC
BeadChip to interrogate more than 850,000 CpG sites in the hu-
man genome at The Center for Applied Genomics (TCAG), Hospital
for Sick Children Research Institute, Toronto, Ontario, Canada. On
each microarray chip, cases and controls were randomly assigned a
chip position. The minfi Bioconductor package in R was used to pre-
process data including quality control, Illumina normalization,
and background subtraction, followed by extraction of beta ()
values.”? Standard quality control metrics in minfi were used,
including median intensity QC plots, density plots, and control
probe plots. Probes with detection flaws (n = 691), probes near
SNPs with minor allele frequencies above 5% (n = 91,246), cross-
reactive probes (n = 39,371), probes with raw beta of O or 1 in
>0.25% of samples (n = 236), non-CpG probes (n = 2,635), and
X and Y chromosome probes (n = 18,653) were removed, resulting
in a total of n = 716,401 probes remained for differential methyl-
ation analysis.

DNAm signature exploration
To assess DNAm patterns, we identified differentially methylated
sites in whole-blood-derived DNA from individuals with suspected
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deleterious variants in DOTIL, sex- and age-matched typically
developing controls, and individuals with suspected non-delete-
rious variants in DOTIL (Table S7). For all samples, we applied
the blood cell-type proportion estimation tool in minfi based on
Illumina EPIC array data from FACS-sorted blood cells.*” Two of
the samples were not useable as part of a discovery cohort for tech-
nical reasons (age outliers), corresponding to the variants p.Cy-
s45Gly (DNA sample obtained when the individual was an infant)
and p.Lys1025Met (DNA sample from adult), and no sample was
available for the deceased study participant. The DOT1L discovery
cohort (n = 4) therefore included 2 females and 2 males with mean
age at sample collection of 4.2 + 2.2 years (range 2-8 years). The
12 sex- and age-matched control subjects included 8 females and 4
males and mean age at sample collection of 4.8 + 2.3 years (range
1.3-9 years). We identified differentially methylated CpG sites us-
ing Limma®' regression modeling with age and PC1 as covariates.
The thresholds for differentially methylated CpG sites were false
discovery rate (FDR)-adjusted p value < 0.3 and a |AB| > 0.10. AB
represents the difference in average DNAm (B) between groups.
Principal component analysis (PCA) and hierarchical clustering
were generated using Qlucore Omics Explorer (QOE, www.
qlucore.com).

Fly husbandry and fly stocks
All flies were raised at room temperature, unless otherwise noted,
on standard cornmeal and molasses medium in plastic vials.

All fly strains used in this study were created in house or ob-
tained from the Bloomington Drosophila Stock Center (BDSC) or
Kyoto Stock Center. The gpp®# allele was created by insertion of
an artificial exon containing a T2AGAL4 cassette into the third
coding intron of gpp via CRISPR-mediated homologous recombi-
nation.**** gpp™" allele was created via X-ray mutagenesis and
characterized previously.”® For complementation tests, immuno-
staining, and RNAi assays, see genotypes in Table S4. UAS-Empty
is an empty pGW-HA.attB plasmid injected into the identical dock-
ing site as a control and has been published previously.**

Generation of human UAS-DOTIL transgenic lines

The DOTIL cDNA clone used in this study corresponds to Gen-
Bank: NM_032482.3, which encodes the canonical full-length
DOTIL isoform and is defined as reference here. DOTIL variants
were created via site directed mutagenesis (QS5 Site-Directed Muta-
genesis Kit, NEB) on a pENTR223.1-DOT1L cDNA construct (Hori-
zon Discovery, clone ID 100062384). Primers are detailed in
Table S5. Reference and mutagenized cDNA products were carried
into pGW-HA-attB- gateway expression vector*® using LR clonase II
(ThermoFisher). Since the DOT1L cDNA clone does not contain a
translational stop codon, all constructs are tagged with 3X-HA tag
and a linker sequence. The constructs were sequence verified and
injected into VK37 (BDSC #24872) docking site by phiC31-medi-
ated transgenesis.**

Imaging of fly wings and eyes and of whole animals

For imaging of wings, fly wings were plucked and placed on a
white filter paper. For imaging of eyes, whole flies were placed
on a white filter paper in an angle so that the whole eye can be
viewed. For imaging of whole larvae and adults, animals were
placed on a black filter paper. Images were acquired using a digital
camera (MicroFire; Olympus) mounted on a stereomicroscope
(MZ16; Leica) with ImagePro Plus 5.0 acquisition software (Media
Cybernetics). z stacks were taken by the “extend depth of field”

function of the AxioVision software (web resources). Selected
range of z stack images were max-projected using Imaris (web
resources).

Real-time qPCR

Total RNA was extracted from larvae and adult flies using TRIzol
(Invitrogen) according to manufacturer’s protocol. Biological trip-
licate samples of whole animals were processed per condition.
qPCR was performed as previously described.** High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems), SYBR Green
Fast Master Mix (Thermo Fisher), and a BioRad C1000 Touch
Cycler were used. A housekeeping gene, RpL32, was included for
normalization. qPCR primers are listed in Table S5.

Immunostaining and confocal microscopy
Immunostaining of larval brains and imaginal discs, and adult
brains were done as previously described.*’ Briefly, dissected tissues
were fixed in 4% paraformaldehyde (PFA) and blocked in 5%
normal goat serum in 0.1% Triton X-100 in 1x PBS. Primary anti-
bodies and dilutions used as follows: anti-Elav (DSHB #7E8A10;
1:250), anti-Repo (DSHB #8D12; 1:50). Donkey-derived secondary
antibodies were used at 1:250 (Jackson ImmunoResearch Labora-
tories). A Leica Sp8x with lightning deconvolution was used for
confocal microscopy. Images were taken with either a 20x or 40x
Leica objective and processed using Imaris.

Expression of human DOTI1L in Drosophila

We overexpressed reference and variant DOT1L cDNA molecules
in flies in gpp expression domains by crossing the UAS-DOTIL
males to virgin female flies from gpp™? driver stock. The progeny
of these crosses was cultured at 25°C. More than 100 flies were as-
sessed for the expected Mendelian ratios. Percent viabilities (o/e ra-
tios) from three independent experiments were plotted as mean =+
SEM, and statistical significance was determined by one-way
ANOVA for multiple groups.

For wing phenotypic distribution, the surviving overexpression
flies were collected. For each genotype, more than 100 wings (>50
flies) were randomly selected and separated into different groups
based on the severity of their wing phenotypes.

Detection of DOT1L and H3K79 methylation levels using
western blot

We performed western blot analysis to detect DOT1L and H3K79
methylation status from larva and adult flies. For larval lysates,
10 animals were used. For adult lysates, 5 female and 5 male flies
were used. Animals were lysed using a pestle with a cordless motor
(VWR) in a buffer (30 pL per animal) containing 150 mM Nacl,
50 mM Tris-Cl (pH 8.0), 1.0% NP-40, 0.1% Triton X-100, 0.4%
Na- Deoxycholate, 0.1% SDS in the presence of EDTA-free protease
inhibitor (Roche), followed by rotation at 4°C for 20 min. After
addition 1x lysis buffer without SDS and Na-Deoxycholate, lysates
were sonicated at 20 kHz for 10 cycles of 10 s “on” and 10 s “oft”
and centrifuged at 1,000 rpm for 2 min. Supernatants were
collected and treated with 50U Benzonase (EMD Milipore), 20 pg
RNase A (QIAGEN), and 4 mM MgCl, (final concentration) at
4°C for 30 min. Samples were centrifuged at 5,000 rpm at 4°C
for 10 min and the cleared supernatant was collected in fresh
1.5 mL Eppendorf tube. Total of 50 pg protein for each sample
was boiled with 2x Laemmli sample buffer. For detection of
histones, samples were resolved on a 12% Bis-Tris SDS-polyacryl-
amide gel (Invitrogen) and immunoblotted with Rabbit
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anti-H3K79Me (Ab177185, Abcam, 1:1,000) and Mouse anti-H3
(05-499, EMD-Milipore, 1:1,000) antibodies. For detection of
DOTI1L, samples were resolved on a 3%-8% Tris-Acetate SDS-poly-
acrylamide gel (Invitrogen) and immunoblotted with Mouse anti-
HA.11 (16B12, Biolegend, 1:1,000) and Rabbit anti-a-Tubulin
(11H10, Cell signaling, 1:5,000) antibodies. Secondary antibodies
Goat anti-Rabbit IRDye680 (Licor) and Goat anti-Mouse IRDye800
(Licor) were used in 1:5,000 dilution.

Recombinant plasmid construction for human and
mouse cell culture assays

The full-length human reference DOTIL coding sequence (Gen-
Bank: NM_032482.3) was downloaded from NCBI and inserted
into pcDNAS vector, which was added a Flag exogenous tag
(DYDDDK) at N-terminal of DOT1L. Meanwhile, two variants of
DOTI1L were constructed into the same vector pcDNAS via site
directed mutagenesis. The knockdown efficiency of the Dot1l-
shRNA plasmid was verified through N2A cell line. The shRNA
sequence: 5-CCGGTCGCCAACACGAGTGTTATATCTCGAGATA
TAACACTCGTGTTGGCGATTTTTT-3'.

HEK293 cell culture

HEK293 FLP-In cell lines were bought from Thermo Fisher (Invi-
trogen, K6010-01), which was cultured with DMEM basic
(GIBCO, C11995500BT), 10% fetal bovine serum (FBS, GIBCO,
12483020), and penicillin and streptomycin (50 ng/mL) (Invitro-
gen) and placed into 37°C and 5% CO, incubator. We used Lipo-
fectamine 3000 Reagent (Invitrogen) to transfect DOT1L reference
and variant plasmids into cell lines according to the manual.

Mouse primary neural cell culture

The pregnant mice were sacrificed at day 16.5 and the embryos were
dissected out in 1x pre-cooled HBSS. The olfactory bulb and
vascular membrane of embryo brains was removed and discarded.
The remaining part of the brains were cut it into pieces with scissors
and digested in papain at 37°C for 30 min shaking gently every
10 min. After addition of 2 volumes of pre-warmed FBS medium,
the neurons were separated gently and filtered with a 40 pm cell
strainer. The cells were seeded (150,000 per well) into 24-well plates
which contained a poly-lysine-coated coverslip at the bottom. After
cells adhered to the cover slips, medium was replaced with pre-
warmed B27 medium. We used Lipofectamine 3000 Reagent (Invi-
trogen) to transfect Dot1l-shRNA plasmids and control plasmids
into the primary neurons according to the manual.

Western blot from human cells

The total protein was extracted using RIPA cell lysis buffer (Solarbio
#R0010) containg 1% Phenylmethylsulfonyl fluoride (PMSF, Solar-
bio). The BioRad Mini-PROTEANTM Tetra System was used to elec-
trophorese with ExpressPlus 8% precast gel (GenScript). 25 pg of to-
tal protein per sample were run and transferred to a nitrocellulose
membrane and immunoblotted with Rabbit anti-H3K79Me3
(A2369, Abclonal), anti-Flag and anti-p-Tubulin antibodies. The
protein levels were detected by ECL chemiluminescence.

Results

Summary of clinical findings
Through the UDN,**** SickKids Complex Care genomics
project,”**° and GeneMatcher,***” we identified nine un-

related individuals (probands 1-9) in whom exome or
genome sequencing highlighted candidate variants in
DOTIL. All seven distinct variants are missense variants,
and in all but one family (with the recurrent p.Glu123Lys
variant, where the child was deceased and parents declined
further testing), the variant was confirmed to be de novo.
The comprehensive clinical information of the probands
can be found in Tables 1 and S6. Throughout this report,
all sequence variants are described based on reference
sequence GenBank: NM_032482.3.

All identified probands had some degree of global devel-
opmental delay (9/9) and most (5/9) were found to have
hypotonia. Whereas motor delay was usually relatively
mild, significant speech and language delay was observed
in all individuals in which details were provided (seven in-
dividuals): two were non-verbal and five were able to speak
only individual words. All nine probands were found to
have various congenital anomalies although there was
considerable heterogeneity across the cohort. Seven had
brain structural anomalies, five had cardiac defects (four
with septation defects), and five presented with varied uro-
genital features (of which two had hypospadias). Other
common features included hip laxity (3/9), variable
ophthalmological features (3/9), and sensorineural hearing
loss (3/9). Growth restriction was also a feature seen in the
cohort, with five individuals reported to have post-natal
microcephaly (<3™ centile for occipital-frontal circumfer-
ence [OFC]) and four with short stature (<3™ centile for
height). While distinctive facial features were described
for all probands (9/9), no recognizable pattern was appreci-
ated in this cohort.

In addition to the nine probands described above, we
also identified two families with missense variants in
DOTIL that were not suspected to be diagnostic by the
referring providers. One was heterozygous for a missense
variant (c.1352A>G [p.Asp451Gly]) inherited from an un-
affected father that had an allele frequency inconsistent
with a high-penetrance Mendelian developmental disor-
der (Table S8), and the other was heterozygous for a de
novo missense variant (c.874C>T [p.Arg292Cys]) reported
previously”*® where an alternative genetic diagnosis likely
explains the entirety of her clinical features. Clinical fea-
tures for both individuals can be found in Table S7, and
they were included in aspects of our functional studies as
negative controls (see below).

Bioinformatic analyses of DOTTL de novo variants are
inconclusive

We performed in silico analyses using MARRVEL
(Model organism Aggregated resources for Rare Variant
ExpLoration)*®*’ to collect information about the human
DOTIL and its orthologous genes in genetic model organ-
isms. DOTIL is intolerant LoF with a probability LoF
intolerant (pLI) score of 1.0 and a LoF variant observed/
expected (o/e) ratio of 0.046 (0.02-0.12). Variants in
DOTIL are predicted to have a high “probability of being
autosomal dominant” based on DOMINO®" (Figure 1A).
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Table 1.

Clinical features of individuals with DOT1L variants

Proband 1 2 3 4 5 6 7 8 9
DOTIL variant c.133T>G €.299C>T c.367G>A c.367G>A c.367G>A c.385G>A c.1876C>G €.2557C>T c.3074A>T
(NM_032482.3) (p-Cys45Gly) (p-.Thr100Met) (p-Glu123Lys) (p-Glu123Lys) (p-Glu123Lys) (p-Glu129Lys) (p.Leu626Val)  (p.Arg853Cys)  (p.Lys1025Met)
Inheritance de novo de novo unknown de novo de novo de novo de novo de novo de novo
Sex male female male male female male male male male
Age at last 5 years 4 years 4 months 4 months (later 5 years 3 years 11 months 6 years 7 years 4 years 21 years
assessment (age at death) died in infancy)
Medical history
Brain anomalies cortical dysplasia, no HIE bilateral brain ONH/tract enlarged VRS, normal brain  bilateral brain  cerebellar atrophy,
(MRI/CT) periventricular atrophy, bilateral truncated tentorial MRI atrophy, focal — megalencephaly
heterotopia frontotemporal corpus callosum herniation cortical
extra brain space dysplasia
widening, multiple
small cysts in the
corpus callosum
Cardiac anomalies ASD, PLSVC myocarditis with  large VSD, ASD no no VSD no no
cardiomyopathy;  moderate size
resolved by ASD/PDA
1 year old
Hypotonia yes yes yes no yes yes no no no
Musculoskeletal hip subluxation hyperflexible tall vertebral bodies, N/D hip laxity no pain after N/D no
anomalies hip joints anomalous ribs physical
(first 3), non exercise, low
ossified patella endurance
Urogenital anomalies hypospadias with  no hypospadias cryptorchidism grade 1 VUR no small penis no no
chordee
Hearing loss sensorineural lack of reaction no mild hearing no no sensorineural  no no
and conductive; to loud stimuli or loss in both ears w/ bilateral
stenosis external startle responses SCC dysplasia
auditory canal at 9 months
Growth and development
Global severe yes severe severe severe severe yes mild yes
developmental
delay
Language non-verbal non-verbal N/A (died in only a few words non-verbal only a few words  only a few only a few only a few words
infancy) words words
Stature short (2.94%) short (4.95%) N/D N/D normal (93.3%) short (0.64%) short (0.40%) N/D normal (39.7%)
(percentile)
Microcephaly no (97%) no (60%) yes (<3.0%) N/D yes (4.0%) yes (3.0%) yes (<1.0%) yes (N/D) no (>99%)
(percentile)

Abbreviations are as follows: HIE, hypoxic ischemic encephalopathy; ONH, optic nerve hypoplasia; VRS, Virchow Robin spaces; ASD, atrial septal defect; PLSVC, persistent left supervior vena cava; VSD, ventricular septal

defect; PDA, patent ductus arteriosus; VUR, vesicoureteral reflux; SCC, semi-circular canal; N/D, no data.
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Figure 1. DOTIL is loss of function constrained and conserved in flies

(A) DOTIL is variant constrained based upon the control population database, gnomAD.*" Variants in DOTIL are predicted to be in-
herited “either recessive or dominant” and have a score of 0.599 for “probability of being autosomal dominant” by DOMINO.

(B) Protein domain organization of human DOT1L and its fly (gpp) ortholog. Domains of DOT1L and the region they span specified with
amino acid numbers are as follows: catalytic domain DOT1 (16-330),”'? Bat3/Ubiquitin interaction motif (361-380),'” K-rich motif
(390-407)° with a partially overlapping nuclear localization signal (NLS) (395-417),° three coiled-coil domains (529-549, 564595,
616-636),>* leucine zipper motif (576-594),°* CTD binding patch (618-627),° three ENL/AF9 binding sites (628-653, 863-878, 877
900),°>~” two more NLSs (1,088-1,111 and 1,164-1,171),°* and STAT1 interaction region (580-1,138).>® Variants suspected to be diag-
nostic are indicated above the protein as yellow dots and the variants suspected to be non-diagnostic are indicated as black dots. DOT1L's
ortholog in fly, gpp, has a DOT1 domain, three coiled-coil domains, and two NLSs. Gpp has a homology score 12/16 (DIOPT, v.8.5).>°
(C) Protein sequence alignment of human DOTI1L (Uniprot: Q8TEK3) and fly gpp (UniProt: Q8INR6). The variants are highlighted with
yellow or black boxes. Pink letters correspond to the DOT1 domain and green letters correspond to a coiled-coil domain. Symbols in the
protein alignment: fully conserved (*), strongly similar (:), weakly similar (.), absent (—).

Based on gnomAD,”' DOTIL is missense constrained
with a Z score of 2.72 and a missense variant o/e ratio of
0.754 (0.709-0.802). Of the seven missense variants in
our cohort (including one variant that was recurrent in
three unrelated families), four variants map to the amino
acid residues in the enzymatic domain (DOT1, residues

16-330) of DOTIL (Figure 1B).”'® The remaining three
variants map to residues that are important for interaction
of DOTIL with its interaction partners. The variant
p-Leu626Val is found in a coiled-coil domain which
overlaps with RNA Polymerase II C-Terminal Domain
(RNAPII-CTD) binding patch (residues 618-627).7%%%°?

1924 The American Journal of Human Genetics 7170, 1919-1937, November 2, 2023



The variants p.Arg853Cys and p.Lys1025Met are located in
disordered regions of DOT1L. While seeming nonfunc-
tional, these regions have been previously shown to be
involved in DOTI1L's interaction with Eleven Nineteen
Leukemia (ENL), Cyclin T2, and STAT1.33°5-%7

Variant allele frequencies and outputs from in silico anal-
ysis tools®” are found in Table S8. All proband variants were
extremely rare (n = 3) or absent (n = 4) in population-scale
databases of genomic variation from approximately
430,000 total individuals,®°!"° consistent with the vari-
ants potentially causing a developmental disorder charac-
terized by variable expressivity. In silico predictions were
often conflicting, inconclusive, and/or suggestive of a
benign impact (e.g., REVEL scores of <0.5 for six of the
seven variants),”’ emphasizing the need for additional
functional studies. We initially considered the possibility
of haploinsufficiency. However, based on the control pop-
ulation data in Database of Genomic Variants (DGV),%*
there are forty control individuals that harbor deletions
or copy number loss containing DOTIL. There are
also two individuals with stop gain variants (c.4064C>A
[p.Ser1355*)) in gnomAD®' control population. Together
these data indicate that unlike other KMTs, haploinsuffi-
ciency of DOTIL is unlikely to be associated with a disease.
Therefore, we hypothesize that DOTIL variants harbored
by the individuals may be gain-of-function mutations
that correspond to hypermorphs that are more active
than the wild-type protein, or they correspond to
antimorphs that act in a dominant-negative fashion or to
neomorphs that exhibit novel functions.

DNA methylation profiling of proband blood samples

About half of the KMT-associated diseases have unique
DNA methylation (DNAm) signatures (Table S1). Even
though the molecular basis for these DNAm signatures re-
mains to be determined, they can be used as one indicator
to classify variants of uncertain significance (VUSs) as
pathogenic or benign.®® To determine whether DOT1L var-
iants impact DNAm patterns, we assessed genome-wide
DNAm in peripheral blood from seven individuals with
DOTIL variants (p.Cys45Gly, p.Thr100Met, p.Glu123Lys,
p-Glul29Lys, p.Leu626Val, p.Lys1025Met, and the sus-
pected non-diagnostic variant p.Arg292Cys) as well as
twelve sex- and age-matched controls. We identified 184
differentially methylated CpG sites that meet thresholds
of false discovery rate (FDR) < 0.3 and |AB| > 0.10 (10% dif-
ference in DNAm), using linear regression modeling. We
visualized DNAm data at profile sites using principal
component analysis (PCA) and hierarchal clustering. Two
of the variants, p.Cys45Gly and p.Lys1025Met, were
excluded from the discovery cohort as they are age outliers.
As seen in Figures S1A and S1B, the significant CpGs could
be used to segregate four individuals with suspected diag-
nostic variants (p.Thr100Met, p.Glu123Lys, p.Glu129Lys,
and p.Leu626Val) from control subjects. The suspected
non-diagnostic DOTIL variant, p.Arg292Cys, clustered
with control individuals. Despite the small sample size,

these results suggest that there is a distinct DOT1L-specific
methylation signature.

Loss of gpp in Drosophila causes developmental delay,
loss of H3K79 methylation, and lethality

The ortholog of DOTIL in the fruit fly Drosophila
melanogaster is grappa (Flybase: FBgn0264495). Based on
the DRSC Integrative Ortholog Prediction Tool (DIOPT,
v.8.5),°” human DOTIL and fly Gpp are highly conserved
with a DIOPT score of 12/16. The two proteins exhibit 24%
identity and 35% similarity with 28% gaps. There is greater
conservation in the DOT1 enzymatic domain (65% iden-
tity), to which most variants (5/9, including the suspected
non-diagnostic variants) map. Three variants map to disor-
dered regions and the other variant map to a coiled-coil
domain (Figure 1B). Three of the nine variants affect fully
conserved amino acid residues between DOT1L and Gpp.
Four variants occur at highly similar amino acid residues
and the last two variants occur at weakly similar amino
acid residues between human and fly (Figure 1C).

Previous studies have shown that LoF mutants of gpp
exhibit slow growth and larval lethality.”® To further assess
the phenotypes associated with loss of gpp in flies, we
generated a mutant allele, gpp”“?, by insertion of a Splice
acceptor-T2A-GAL4-polyA cassette into a coding intron
(i.e., an intron that is flanked by two coding exons) of
gpp shared by all transcripts via CRISPR-Cas9. The gpp™©?
allele is expected to behave as a severe LoF allele since
the splice acceptor allows the artificial exon to be inte-
grated into the mRNA and the polyA-tail leads to early
termination of transcription.*”** Real-time qPCR data
confirm that the gpp transcript levels are severely decreased
(<17%) in gpp™“*/Df(3R)BSC738 when compared to wild-
type larvae (Figure 2B). We also obtained a deletion allele,
gpp™", which was generated by X-ray mutagenesis and one
of its breakpoints is in the coding region of gpp.”® We also
used three publicly available UAS-RNAi lines targeting gpp
(Figure 2A). RNAi #1 leads to a 50% = 0.03% reduction
and RNAi #3 leads to a 65% * 0.02% reduction of expres-
sion of gpp based on real-time qPCR data, while RNAi #2
does not affect the levels of gpp serving as a negative con-
trol in our experiments (Figure 2B).

The two gpp mutant alleles over a molecularly defined
deletion line [DF3R)BSC193] covering gpp are recessive
lethal. Notably, lethality is observed starting from first
instar larval stage and animals do not survive beyond the
third instar larval stage (Figure 2C). Indeed, a comparison
of age-matched mutants, gpp”*%/Df or gpp™“*/gpp™, with
wild-type third-instar larvae shows severe developmental
delay in mutant animals (Figure 2E), consistent with previ-
ous findings.”® Mutant larvae also show a severe decrease
in total H3K79 methylation levels compared to wild-type
animals (Figure 2F). The lethality, larval developmental
phenotype and the decrease in H3K79 methylation
levels are rescued by a genomic rescue (GR) construct,
GR®?, which carries an independent copy of the
entire gpp locus [Placman]CH321-05N03)].°® Consistently,
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Figure 2. Fly grappais essential for development and loss of gpp leads to developmental delay and a reduction in H3K79 methylation
(A) Gene structure of fly gpp, fly reagents, and assays used in this study. The gene region is shown in light blue. A deficiency and genomic
rescue (GR) construct are shown in brown and dark blue, respectively. Three independent RNAi lines (#1, P{TRiP.JFO1284/}attP2; #2, P
{TRiP.GL01325}attP2; and #3, P{TRiP.HMJ02129}attP40) tested in this study and their target regions are shown in purple. Different iso-
forms of gpp (RB, RC, RD, RE, and RF) are shown in the middle panel and exons are indicated in orange, introns as black lines, and un-
translated regions (UTR) in gray. gpp mutants used in phenotypic characterization studies include gpp™” (X-ray mutagenesis)*® and
gpp™%* (CRIMIC allele).

(B) Relative gpp mRNA expression levels are lower than 20% in gpp”®*/Df mutant larvae when compared to controls (gpp™*) based on
real-time qPCR using primers shown in (A). Real-time qPCR analysis of gpp mRNA levels in ubiquitous gpp knockdown larvae shows that
Da-GAL4 > gpp-RNAi reduces gpp expression to different levels. Da-GAL4 > gpp-RNAi #1 decreases gpp mRNA levels by ~50% and RNAi #3
by 70%. RNAi #2 does not have any effect on gpp levels. Normalized gpp levels from three independent experiments were plotted as
mean = SEM, and statistical significance was determined by one-way ANOVA for multiple groups (***p < 0.001, ****p < 0.0001).

(C) Animals homozygous for gpp mutant alleles are larval lethal. None of the alleles or a large deficiency allele which lacks gpp, Df(3R)
BSC193, can complement each other. One copy of a genomic rescue construct inserted in second chromosome (VK37), GR¥?/+, rescues
lethality of frans-heterozygous allelic combinations.

(legend continued on next page)
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ubiquitous expression of RNAi #1 using da-GAL4 causes a
decrease in viability (<50%) (Figure 2D), and ubiquitous
expression of RNAi #3 causes lethality at larval stages
with developmental delay (Figures 2D and 2E). Further,
ubiquitous knockdown of gpp with different RNAi lines
also leads to reduction in H3K79 methylation levels
(Figure 2G). Altogether, these data provide compelling ev-
idence that gpp is essential for fly development and is
responsible for H3K79 methylation in flies.

gpp is broadly expressed in flies and primarily expressed
in neurons in CNS

Next, we determined the expression pattern of gpp in flies.
We crossed gpp”®* animals to UAS-mCherry.NLS (nuclear
localized mCherry fluorescent protein) animals to label
the nuclei of the cells that express gpp. We find that gpp is ex-
pressed broadly in most tissues in both larvae and adult flies
(Figure 3A). In the third-instar larvae, gpp is expressed in all
imaginal discs including wing, eye, leg, and haltere discs,
which gives rise to respective adult structures (Figures 3B
and 3C). To determine the cell types in the CNS that express
gpp, we counterstained the larval and adult brains with the
nuclear pan-neuronal marker Elav®’ or nuclear pan-glial
marker Repo.®® In both larval and adult brain, many but
notall Elav-positive cells express gpp based on whole-mount
z stacked confocal microscopy images (Figure 3D, left). In
agreement, single slice images also show that gpp is ex-
pressed in most Elav-positive cells, indicating that gpp is ex-
pressed in a large subset of neurons (Figure 3D, right).
Whole-mount z stacked images and 3-slice stack images of
Repo staining in both larval and adult brain show a small
group of Repo-positive cells that express gpp (Figure 3E).
This suggests that gpp is expressed in a small subset of glial
cells in addition to its broad neuronal expression.

To assess whether knockdown of gpp in the nervous sys-
tem can cause an obvious defect, we performed partial
knockdown of gpp in neurons using a neuronal (Elav-
GAL4) or a glial (Repo-GAL4) driver. We found that
neuronal knockdown of gpp using RNAi #3 causes lethality
while glial knockdown does not cause any observable
phenotype. Moreover, knockdown of gpp in the devel-
oping eye (ey-GAL4) causes a rough eye phenotype
(Figure S2A), and knockdown in developing tissues (en-

GAL4) leads to lethality and morphological phenotypes
of the wing (Figure S2B). These data suggest that gpp
have important roles in nervous system function as well
as in imaginal disc development.

Functional assays in flies indicate that DOT1L variants
are gain-of-function alleles

We next attempted to rescue the lethality observed in
gpp™©* flies by expressing human DOTIL in flies. We
took advantage of GAL4 expression in gpp”“* flies. In these
flies, even though the transcription is terminated early, the
produced transcript is translated into a short protein and
the presence of the viral T2A sequence allows ribosomal
skipping and re-initiation of translation to produce a func-
tional GAL4. Therefore, GAL4 is produced under the con-
trol of gpp’s regulatory elements in the same spatial and
temporal pattern as gpp.*>** To use “UASXGAL4” system,
we also created transgenic lines expressing C-terminal
3XHA-tagged human reference or variant DOT1L under
the control of the UAS promoter (Figure 1A). In addition
to modeling the variants seen in our cohort, we also
modeled the p.Arg292Cys variant that was suspected to
be nonpathogenic as a negative control. Unfortunately,
expression of reference or variant DOTIL in gpp”“*/Df flies
failed to rescue the lethality at all temperatures (18°C,
25°C, 29°C) tested (Figure S3).

Intriguingly, heterozygous mutant flies, gpp ex-
pressing reference or variant DOTIL cDNA or fly gpp
(gpp©3138%, a fly line containing UAS regulatory sequence
at 5’ UTR of fly gpp) have reduced viability compared to con-
trol flies (gpp”“#*>UAS-Empty) as shown by lower-than-ex-
pected Mendelian ratios of eclosion (percent o/e ratios <
60%), indicating that overexpression of human DOTIL in
the pattern of the fly gpp causes toxicity. Moreover, the
variants p.Glul23Lys and p.Glul29Lys shows a severe
reduction, and the variant p.Leu626Val shows a moderate
reduction in viability compared to flies expressing reference
DOTIL (Figure 4A). A real-time qPCR analysis for mRNA
levels of DOTIL in gpp"“** flies expressing variant
DOTIL c¢DNAs show no significant difference compared
to flies expressing reference DOTI1L (Figure 4B). Expression
of reference or variant human cDNAs also cause morpho-
logical wing defects with high penetrance (>95%)

TG4/+
’

(D) Ubiquitous knockdown of gpp results in larval lethality. While Da-GAL4 > RNAi #3 flies are larval lethal, -RNAi #1 flies are semi-lethal,
as shown by lower-than-expected genotypic ratios of survival into adulthood. RNAi #2 flies are completely viable. Da-GAL4 > UAS-gpp-
RNA:i flies were compared to Da-GAL4 > control-RNAi (control-RNAi = UAS-luciferase-RNAi). All the crosses were performed at 29°C.

(E) Complete loss or ubiquitous knockdown (<50%) of gpp leads to severe developmental delay. Images of age-matched larvae at third
instar larval stage is shown. One copy of a genomic rescue construct inserted in second chromosome (VK37), GR¥F/+, can rescue the
developmental delay phenotype.

(F) Gpp mutant animals have a drastic decrease in H3K79 methylation levels. Protein lysate from 10 larvae was prepared for each sample.
H3K79 methylation levels were normalized with loading control, H3, and fold change (FC) for each sample were calculated by
comparing normalized H3K79 methylation levels to wild-type larvae (gpp*/*). One copy of the genomic rescue construct, GRS?/+,
can increase the H3K79 methylation levels to ~65%.

(G) Ubiquitous knockdown (<50%) of gpp causes a severe decrease in H3K79 methylation levels. Da-GAL4 > gpp-RNAi #1 decreases
H3K79 methylation levels to ~30% and RNAi #3 to ~2%. RNAi #2 does not have any effect on methylation levels. Protein lysate
from 10 larvae was prepared for each sample. H3K79 methylation levels were normalized with loading control, H3, and FC for each sam-
ple were calculated by comparing normalized H3K79 methylation levels to control-RNAi (control-RNAi = UAS-luciferase-RNAi). All the
crosses were performed at 29°C. A sample which is excluded from this study is cropped out from the gel image.
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Figure 3. Fly grappa is broadly expressed in both larvae and adult flies

The gppT©* allele was used to drive expression of UAS-fluorescent reporter transgene (UAS-mCherry.NLS).

(A) gpp is expressed broadly and highly throughout the body in both larvae and adult flies. Nuclear mCherry was present and whole
larvae or adult was imaged.

(B) Schematic of different tissues of larvae.

(legend continued on next page)
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(Figure S4). We classified the wing phenotypes of these flies
into three different groups based on their severity. Mild phe-
notypes include loss of cross-veins and extra vein branch-
ing; moderate phenotype includes blistering in addition
to mild phenotypes; and strong phenotype includes necro-
sisin addition to moderate phenotypes (Figure 4C). The var-
iants p.Glul23Lys and p.Glul29Lys cause a more severe
wing phenotype as none of the animals have wild-type
wings and strong wing phenotypes in these flies are associ-
ated with a significantly higher penetrance compared to
reference (Figures S4B and 4D). In addition, the variants
p-Thr100Met and p.Leu626Val cause significantly more
strong phenotypes compared to reference (Figure 4D).
Furthermore, expression of human reference or variant
DOTIL in developing tissues (en-GAL4) also causes
morphological wing defects with full penetrance, and vari-
ants p.Glul23Lys and p.Glu129Lys again lead to more se-
vere phenotypes (Figure S5).

To assess the effect of the variants on enzymatic function
of DOT1L, we next measured H3K79 methylation levels in
heterozygous mutant flies, gpp”“#*, expressing reference or
variant DOT1L cDNA. We prepared total protein lysate from
5- to 7-day-old flies to extract histones and histone-bound
DOT1L. Previously it was shown that the overall level of
methylation at H3K79 residues rather than the level of
one specific methylation state, i.e.,, mono-, di-, or tri-
methylation, determines the downstream effect of this
particular modification.'’ Therefore, we detected the
methylation status of our samples using an antibody that
recognizes all methylation states at H3K79.°” We found
the flies expressing human reference DOT1L have a 4.41-
fold increase in H3K79 methylation compared to control
flies (UAS-empty) suggesting that human DOT1L methylates
H3K79 in Drosophila (Figure 4E;). Flies expressing all the
DOTIL variants, except p.Arg292Cys, show significantly
higher H3K79 methylation levels when compared to the
reference DOT1L-expressing flies (Figures 4E; and 4F;). The
variants p.Glul23Lys and p.Glu129Lys cause the highest
increase in H3K79 methylation levels possibly due to the
higher DOTI1L levels in these flies (Figures 4E; and 4F).
DOT1L levels in the other variants do not show a statisti-
cally significant increase based on one-way ANOVA multi-
ple group comparison analysis. When we ubiquitously ex-
pressed reference or variant DOT1L using the Actin-GAL4
driver, we found that the flies expressing human reference
DOTIL have a 1.7-fold increase in H3K79 methylation
compared to control flies (UAS-empty). We also observed
similarly higher H3K79 methylation levels with variants
p-Thr100Met, p.Glul23Lys, and p.Glul29Lys when

compared to the reference cDNA. DOTIL levels in the
variant-expressing flies are not significantly different from
the reference-expressing flies (Figures S6A and S6B).
Furthermore, there is also no significant change in the
viability of flies expressing reference or variant DOT1L ubiq-
uitously when compared to control flies (UAS-Empty)
(Figure S6C). To understand the reason underlying the
discrepancy in methylation levels and viability in flies ex-
pressing DOT1L cDNAs ubiquitously and cDNAs expressed
in the endogenous pattern of gpp, we compared the levels of
DOTIL reference in these flies. As shown in Figure S6D,
the DOTIL level is ~2-fold higher in gpp”#* flies when
compared to ubiquitously expressing flies (Figure S6D).
Consistent with these observations, ubiquitous expression
of fly gpp is less toxic than its expression in the endogenous
pattern (Figure S6E).

In summary, our data suggest that all variants tested in
flies except p.Arg292Cys (the suspected non-diagnostic
variant) alter DOTI1L activity or levels and cause higher
H3K79 methylation. Moreover, the severity of the pheno-
types expressing variant DOT1L correlate with the level of
H3K79 methylation.

DOTI1L p.Glu123Lys is a gain-of-function variant in
vertebrate cells

DOT1L is a conserved H3K79 methyltransferase in both in-
vertebrates and vertebrates. Previous mouse studies indicate
that germline Dot1L deletion causes embryonic lethality
and defects in heart and yolk sac.>® Conditional knockout
of Dot1l during embryonic development impairs cortical
development and decreases neural progenitor cells.”” To
assess the effect of Dot11loss at the cellular level in nervous
system, we performed RNAi assays in mouse primary
neuronal cells. Knockdown of Dot1l in primary neuronal
cells causes a significant reduction in axon length
(Figures 5A and 5B). It also decreases the length of all neu-
rites significantly (Figure 5C).

To determine how DOTIL variants affect histone
methylation, we transfected HEK293T cells with cDNA
from a reference and two variants. The p.Glul23Lys
variant, which causes the most severe fly phenotypes, leads
to an almost 4-fold increase in H3K79 methylation level
compared to reference DOTIL, similar to what was
observed in flies. The p.Arg853Cys variant also increases
H3K79 methylation level but not to a statistically signifi-
cant level (Figures 5D and SE).

Together, these data confirm the conserved roles of
DOTIL in neuronal development and show that the
DOTIL variants are gain-of-function alleles.

(C) gpp is expressed in most tissues in larvae. Nuclear mCherry was present and tissue were dissected from L3 larvae including eye, leg,

wing, and haltere discs.

(D and E) gpp is broadly expressed in the nervous system. Nuclear mCherry was driven by gpp

TG4/+ and tissues were dissected from L3

larvae (CNS, includes central brain and VNC) or adults (brain). Shown is half of the adult brain. Tissue was counterstained with markers
for neurons (Elav) (D) or glia (Repo) (E). Z stacked images of gpp expression pattern compared to neurons or glia are shown in the left
panels in (D) and (E), respectively. Single slice images (right panels) were used to better visualize cellular co-localization of Nuclear
mCherry signal with neurons (D) or glia (E). Note that gpp is expressed in a large subset of neurons and in a small subset of glia.

VNC, ventral nerve cord; OL, optic lobe.
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Figure 4. Expression human DOTI1L disrupts wing morphology and different variants display different amounts of toxicity and H3K79
methylation

(A) Heterozygous mutant flies, gpp”“**, expressing reference or variant DOT1L cDNA have reduced viability compared to control flies
(gpp™** > UAS-Empty) as shown by lower-than-expected genotypic ratios of survival into adulthood. The variants p.Glu123Lys and
p-Glul29Lys show significant reduction in viability compared to flies expressing reference DOTIL. All the crosses were performed at
25°C. Percent viabilities (o/e ratios) from three independent experiments were plotted as mean + SEM, and statistical significance
was determined by one-way ANOVA for multiple groups (****p < 0.0001).

(legend continued on next page)
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Discussion

We identified nine individuals with rare heterozygous
missense variants in DOTIL, encoding a KMT that has
not been associated with a Mendelian genetic disorder in
humans in OMIM previously. The core clinical features
in this cohort includes a range of congenital anomalies
and CNS dysfunction (global developmental delay, feeding
difficulties, hypotonia, and/or intellectual disability),
similar to other KMT disorders (Table S1). We confirm
that the fly ortholog gpp is an essential gene and that it is
responsible for H3K79 methylation in flies. We also show
that it is required for proper development of eyes, wings,
and neurons. Expression of the human reference DOTIL
increases H3K79 methylation in flies, showing that the
human protein can recognize and act on H3K79 in flies.
Interestingly, expression of some DOTIL variants decrease
the viability of flies when compared to animals expressing
the reference DOT1L. All variants, except p.Arg853Cys, in-
creases H3K79 methylation levels compared to reference,
consistent with a gain-of-function mechanism. Moreover,
the variants associated with the most severe phenotypes
in flies also show evidence of a distinct blood-derived
DNAm profile in humans. In summary, the clinical, molec-
ular, and biochemical data presented here indicate that
select heterozygous missense variants in human DOTIL
cause an autosomal-dominant KMT disorder through a
gain-of-function mechanism.

The number of Mendelian disorders resulting from dysre-
gulation of epigenetic machinery, including KMTs, have
greatly expanded in the past decade.”"”? So far, around
50% of all genes encoding KMTs have been associated
with a Mendelian disorder and all these disorders have an
autosomal-dominant inheritance pattern. Heterozygous
deletions or protein-truncating variants underlie most of
these KMT-associated disorders indicating haploinsuffi-
ciency as the predominant mechanism (Table S1). Even

have also been reported for individuals with other symp-
toms including autism, ID, bipolar disorder, and congenital
anomalies, their causal relationship has not been exten-
sively investigated through functional studies. Here, our
functional analysis in flies and human cells show that
missense variants in a KMT, DOTIL, correspond to gain-
of-function alleles.

DOT1L is the only KMT known to lack SET domain but
contains a DOT1 enzymatic domain.”® Besides its struc-
ture, it is also mechanistically different from SET domain
containing KMTs, which has direct consequences for its
regulation and function. Compared to the processive
mechanism of all SET domain KMTs, DOT1L acts in a
distributive manner such that it can only sequentially
add methyl groups to each H3K79 residue. For each
methylation cycle, it needs to dissociate from and reasso-
ciate with the same lysine residue to achieve the higher
methylation states (i.e., di- or tri-).'®!! In contrast to the
other methylated lysines, H3K79 methylation states (i.e.,
mono-, di-, or tri-) are similarly distributed over a gene
and have redundant roles. Indeed, the overall level of
methylation at H3K79, rather than the level of one
state, determines the outcome of this histone modifica-
tion."" In addition to our knowledge, so far no protein
has been identified that can specifically bind to methyl-
ated H3K79 in vivo, and there is no known demethylase
that can remove H3K79 methylation. Hence, the cells
may not be able to easily compensate for the downstream
effects of excess methylation due to elevated DOTI1L
enzymatic activity or elevated levels. Consistent with
this hypothesis, we observed H3K79 hypermethylation
when DOTIL is expressed in flies that endogenously ex-
press gpp. These flies also exhibit reduced viability and
wing deformities showing a dominant effect due to
H3K79 hypermethylation. Finally, the observed wing
phenotypes are consistent with the previous observation
of DOTI1L-dependent regulation of Wnt target gene

s s s . s 29-31
though missense variants in several genes encoding KMTs  expression.

(B) Relative DOT1L mRNA expression levels in gpp”“#* flies expressing reference or variant DOT1L. Normalized DOT1L levels from three
independent experiments were plotted as mean = SEM, and statistical significance was determined by one-way ANOVA for multiple
groups.

(C) Representative images of different wing phenotypes observed in in survivors of heterozygous mutant flies, gpp , expressing each
DOT1L cDNA. Blue arrow, loss of cross-vein; black arrow, extra vein branching; orange arrow, blistered areas; green arrow, necrotic areas.
(D) Penetrance of strong wing phenotypes in survivors of heterozygous mutant flies, gpp’°**, expressing each DOT1L cDNA. Percent
penetrance for strong phenotype from three independent experiments were plotted as mean = SEM, and statistical significance was
determined by one-way ANOVA for multiple groups (*p < 0.05, ***p < 0.001, ****p < 0.0001).

(E) All the DOT1IL variants, except p.Arg292Cys, behave as gain-of-function (GoF) mutations. Survivors of heterozygous mutant flies,
gppTC¥", expressing reference or variant DOTIL cDNA show increased H3K79 methylation compared to control flies (gpp”“** >
UAS-Empty). Flies expressing variant DOTIL cDNAs, corresponding to p.Cys45Gly, p.Thr100Met p.Glul23Lys, p.Glul29Lys,
p-Leu626Val, and p.Lys1025Met, show higher H3K79 methylation levels when compared to reference (E;). Flies expressing variant
DOT1I1L ¢cDNAs p.Glu123Lys and p.Glu129Lys show higher DOT1L levels when compared to reference (E;;). Protein lysate from 10 adult
flies were prepared for each sample. H3K79 methylation levels were normalized with loading control, H3, and fold change for each sam-
ple were calculated by comparing normalized H3K79 methylation levels to reference DOT1L-expressing flies. DOT1L levels were normal-
ized with loading control, a-tubulin, and fold change for each sample were calculated by comparing normalized DOT1L levels to refer-
ence DOT1L-expressing flies. All the crosses were performed at 25°C. Blue numbers indicate the fold change of H3K79 methylation level
in reference when compared to control (UAS-Empty).

(Fi) Normalized H3K79 methylation band intensities for each group from three independent experiments were plotted as mean = SEM,
and statistical significance was determined by one-way ANOVA for multiple groups (*p < 0.05, ****p < 0.0001).

(Fi) Normalized DOT1L band intensities for each group from three independent experiments were plotted as mean = SEM, and statis-
tical significance was determined by one-way ANOVA for multiple groups (***p < 0.001).

TG4/+
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Figure 5. Knockdown of Dot1/ decreases axonal length and human DOTIL variants increase H3K79 methylation levels

(A) Representative images of different primary neuronal cells. Left panel shows mouse primary neurons transfected with control plasmid
and right panel shows mouse primary neurons transfected with Dot1/-shRNA plasmid.

(B and C) Total neurite length (B) and total axonal length (C) was measured using ImageJ (n = 50 per condition). Results were plotted as
mean = SEM, and statistical significance was determined by unpaired t test (****p < 0.0001).

(D) DOT1L variants behave as gain-of-function (GoF) mutations. HEK293T cells were transfected with N-terminal flag tagged reference or
variant (p.Glu123Lys and p.Arg853Cys) DOT1L cDNAs. Whole cell lysate was prepared for each sample. H3K79 methylation levels were
normalized with loading control, B-tubulin, and fold change for each sample were calculated by comparing normalized H3K79 methyl-
ation levels to reference DOT1L-expressing cells. Blue numbers indicate the fold change of DOT1L levels in cells expressing variant
compared to cells expressing reference DOT1L.

(E) Normalized H3K79 methylation band intensities for each group from two independent experiments were plotted as mean + SEM,

and statistical significance was determined by one-way ANOVA for multiple groups (**p < 0.01).

Since DOTIL reference and variant transgenes are in-
serted in the same genomic site in Drosophila and heterozy-
gous mutant flies express similar levels of reference or
variant DOT1L mRNAs, we can perform comparative func-
tional analyses of the variants with the reference cDNA.
We find that the severity of the phenotypes of the flies
expressing DOTI1L variants correlates with the levels of
DOTIL and H3K79 methylation. The p.Glul23Lys and
p-Glul29Lys variants show the highest H3K79 methyl-
ation as well as DOTI1L levels. This causes a very severe
reduction in viability and a more severe wing phenotype
as no animals have wild-type wings. The p.Glul23Lys
variant causes a drastic increase in H3K79 methylation in
human cells as well. These two variants are located in the

predicted S-adenosylmethionine (SAM, methyl group
donor) binding pocket in the DOT1 domain.”? They might
either increase the DOTIL stability or levels or alter SAM
binding and lead to enhanced DOTIL activity observed
in these flies. The variant p.Leu626Val causes a moderately
higher reduction in viability and higher penetrance of
strong wing phenotypes compared to reference despite a
relatively mild increase in H3K79 methylation. This
variant is in a coiled-coil domain that is important for
direct interaction of DOT1L with elongating RNAPII on
actively transcribed genes.”® Therefore, it might have a
direct effect on expression of the target genes leading to
a milder but a different phenotype than the reference.
Although the other variants (p.Cys45Gly, p.Thr100Met,
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and p.Lys1025Met) have similar viability and they (except
p-Thr100Met) cause similar wing phenotypes as the refer-
ence, they show a mild increase in H3K79 methylation.
Even though p.Cys45Gly and p.Thr100Met map to the
DOT1 domain, which includes regions that are important
not only for biochemical activity but also for SAM and his-
tone binding of DOT1L, it is unknown what specific role
they may play in DOTIL activity. Any alterations in these
bindings, in addition to the modest increase in DOTI1L
levels in flies expressing these two variants, may lead
to the observed increase in H3K79 methylation. The
variant p.Lys1025Met is located in a disordered region
which is known to be involved in DOT1L’s interaction
with its partners.”>™’ Alterations in the interaction of
DOTI1L with its partners could lead to higher H3K79
methylation seen in p.Lys1025Met flies. The nondiagnos-
tic variant p.Arg292Cys shows a similar phenotypic profile
as p.Cys45Gly and p.Lys1025Met except for H3K79
methylation levels. Further biochemical and structural
studies will be needed to understand the specific impact
of these variants on DOTIL activity and the interaction
with its substrate or interaction partners. Taken together,
our data suggest that the DOTIL variants reported here
result in a gain of function, are associated with increased
activity of DOT1L, and are associated with developmental
phenotypes. Understanding the precise molecular mecha-
nisms as to how these variants lead to increased activity
in vivo may allow for the use of specific DOT1L inhibitors
as a potential therapeutic strategy.

Our study emphasizes the value of functional studies and
non-human model systems for rare variant interpretation.
Limitations of in silico prediction tools for missense variants
are well established,”* and these limitations are exacerbated
in situations where the mechanism is not LoE.”* Classifica-
tion of novel missense variation in DOT1L in the clinical lab-
oratory setting may remain challenging in the short term.
Although the number of useable human DNA samples was
too low in this study to confidently assign and validate a
DNAm signature, this remains a promising area of research
that would support clinical diagnostics. We also emphasize
that it remains possible that other variants in DOTIL are
associated with distinct Mendelian disorders through patho-
genic mechanisms beyond gain of function. Furthermore, it
should be highlighted that there is some degree of variability
with respect to clinical features across the cohort. For
example, five individuals have microcephaly, including
one with brain atrophy shown by MRI, whereas two others
(with p.Cys45Gly and p.Lys1025Met) had large head circum-
ferences, including one with megalencephaly. Further study
will be required in order to better understand the specific
impact of each missense variant on DOT1L function and
the specific phenotypes associated with each.”®

In summary, we find that de novo pathogenic DOT1L var-
iants are associated with a Mendelian disorder in humans.
We provide functional analysis in flies that supports a gain-
of-function model for DOTI1L variants. Further studies of
the underlying mechanism will be necessary to provide a

better understanding of the pathological mechanisms
and may provide therapeutic strategies.

Data and code availability

There are restrictions to the availability of the genome-
wide (exome and genome) sequencing data because the
sequencing was performed as a clinical diagnostic test
and/or because of country-specific factors. Fly reagents
generated in this study will be deposited to Bloomington
Stock Center and Drosophila Genomics Research Center.
Further information and requests for resources and re-
agents should be directed to and will be fulfilled by the
lead contacts Gregory Costain (gregory.costain@sickkids.
ca) and Hugo J. Bellen (hbellen@bcm.edu).
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