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A clustering of heterozygous missense variants
in the crucial chromatin modifier WDRS5
defines a new neurodevelopmental disorder
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Summary

WDRS is a broadly studied, highly conserved key protein involved in a wide array of biological functions. Among these functions, WDRS is
a part of several protein complexes that affect gene regulation via post-translational modification of histones. We collected data from 11
unrelated individuals with six different rare de novo germline missense variants in WDRS5; one identical variant was found in five individuals
and another variant in two individuals. All individuals had neurodevelopmental disorders including speech/language delays (n = 11), in-
tellectual disability (n = 9), epilepsy (n = 7), and autism spectrum disorder (n = 4). Additional phenotypic features included abnormal
growth parameters (n = 7), heart anomalies (n = 2), and hearing loss (n = 2). Three-dimensional protein structures indicate that all the
residues affected by these variants are located at the surface of one side of the WDRS protein. It is predicted that five out of the six amino
acid substitutions disrupt interactions of WDRS with RbBPS and/or KMT2A/C, as part of the COMPASS (complex proteins associated with
Setl) family complexes. Our experimental approaches in Drosophila melanogaster and human cell lines show normal protein expression,
localization, and protein-protein interactions for all tested variants. These results, together with the clustering of variants in a specific region
of WDRS and the absence of truncating variants so far, suggest that dominant-negative or gain-of-function mechanisms might be at play.
Allin all, we define a neurodevelopmental disorder associated with missense variants in WDRS and a broad range of features. This finding
highlights the important role of genes encoding COMPASS family proteins in neurodevelopmental disorders.

WDRS is a well-studied, highly conserved, and ubiqui-
tously expressed protein’~ with impacts on many crucial
developmental pathways as part of several different multi-
protein complexes.”* The indispensable function of
WDRS is illustrated by its high evolutionary conservation.
Even simple multicellular organisms such as Trichoplax ad-
haerens have a protein with around 90% similarity to the
334 amino acids of the human ortholog."* Most of the
protein complexes that WDRS participates in affect gene
regulation via post-translational modification of histones,
e.g., the complex proteins associated with Set1 (COMPASS)
family complexes,”® the non-specific lethal (NSL) com-
plex,” the Ada2a-containing (ATAC) complex,® and the
nucleosome remodeling and deacetylase (NuRD) com-

plex.” In addition to influencing cellular processes via pro-
tein-protein interactions, WDRS is able to bind to >1,000
different endogenous RNA molecules.'” WDR5 has an
important role in embryonic stem cell (ESC) self-renewal
and maintenance of a pluripotent state.'""'> More recent
studies have linked WDRS to a newly discovered genetic
compensation mechanism called nonsense-induced tran-
scriptional compensation.'® Moreover, WDR5 has been
identified as a critical co-factor for retinoic acid signaling,'*
and directly interacts with p53 to regulate mouse ESC stem
cell fate in a p53-dependent manner.'*> While the biolog-
ical functions of the WDRS protein have been studied
from numerous angles, little is known about the impact
of germline WDRS variants in humans.
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The initial finding of a de novo missense variant
(c.623C>T, p.(Thr208Met)) in WDRS in a proband
with childhood apraxia of speech'® prompted us to
investigate the effects and possible pathogenicity of rare
germline variants in this gene. Using the GeneMatcher
database!” and other international collaborations, we
collected clinical information on 11 unrelated indi-
viduals with rare de novo germline variants in WDRS
that was collated from several clinical exome or
genome sequencing studies (supplemental materials
and methods). In these 11 individuals, six different
missense variants were reported in WDRS5: c.505C>G
(p-(Ala169Pro)), c¢.586C>T (p.(Argl96Cys)), c.602C>T
(p.(Ala201Vval)), c.623C>T (p.(Thr208Met)), c.637G>A
(p-(Asp213Asn)), and ¢.734A>G (p.(Lys245Arg)) (Table
S1). All individuals had neurodevelopmental disorders
with a spectrum of overlapping additional features
(Figure 1; Table S1). Intellectual disability (ID) was pre-
sent in 9/11 individuals, with a severity ranging from
moderate ID (IQ 35-50, six individuals) to mild ID (IQ
50-70, three individuals). Speech delays were reported
in all individuals, including nasal speech, developmental
language disorders, verbal dyspraxia, and persistent
stuttering. Three individuals remained nonverbal. All
but one individual had delays in motor development,
and hypotonia was reported in six individuals. Two
individuals had ataxia. Seven individuals were diagnosed
with different forms of epilepsy. Concerning the behav-
ioral phenotype, four individuals had an autism
spectrum disorder (ASD) diagnosis, and two individuals

were diagnosed with attention deficit hyperactivity dis-
order (ADHD).

The individuals with WDRS variants showed divergent
growth parameters (Figure 1). No clear correlation be-
tween height, weight, and head circumference was
observed (Table S1), with the exception of two individ-
uals (individuals 2 and 6) with a generalized overgrowth
phenotype. Different abnormalities of the skeleton and
limbs were present in a subset of individuals: scoliosis,
kyphosis (with hemivertebra L5), bilateral clubfeet, and
hemihypertrophy of one leg. In two individuals, heart
abnormalities were reported: cardiac arrhythmias and de-
compensated heart failure requiring surgery in one indi-
vidual, and left ventricular noncompaction cardiomyop-
athy in another individual. Four individuals were
reported with frequent infections. However, one of these
individuals had a combined immunodeficiency likely
caused by a pathogenic missense variant in TNFRSF13B
(Table S1). Overlapping facial features included a bulbous
nasal tip, low-set, posteriorly rotated, and/or dysplastic
ears, ptosis, and thin lip vermilion (Figure 2). Two indi-
viduals (4 and 11) had distinct facial features, with severe
micrognathia (requiring tracheostomy in one), a small
mouth, and prominent down-slanting palpebral fissures.
Both had conductive hearing loss, too, a feature not re-
ported in any of the other individuals. The variable ex-
pressivity of associated features and severity of symp-
toms is prominent, and we did not observe any clear
genotype-phenotype correlation between specific vari-
ants and specific phenotypes. Even in five individuals
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Clinical features reported in individuals with WDRS5 variants

Graphical overview of clinical features reported in 11 individuals with WDRS5 missense variants. Growth parameters are shown as stan-
dard deviations to the mean for a certain age. All graphs include data for 11 individuals (N = 11). EEG abn., EEG abnormalities. A more

detailed overview of clinical features can be found in Table S1.

with the exact same missense variant, p.(Thr208Met), a
different clinical presentation was seen, e.g., borderline
versus moderate ID and normal growth parameters
versus a generalized overgrowth phenotype. Clinical fea-
tures reported in individuals in our cohort are described
in more detail in Table S1.

Regarding the molecular aspects of WDRS, we found
six different missense variants in 11 unrelated individ-
uals: the p.(Thr208Met) variant was reported in five indi-
viduals and the p.(Argl96Cys) in two individuals. All
variants were confirmed to be de novo, and none were
in the gnomAD database,'® showing that these variants
are extremely rare on a population level. We used in silico
prediction programs to evaluate pathogenicity for the
variants, and while all CADD scores were above 22,
SIFT and PolyPhen-2 predicted only three to be patho-
genic: p.(Alal69Pro), p.(Arg196Cys), and p.(Thr208Met)
(Table S1). Using a linear model of WDRS, we found all
missense variants to be located within or flanking

the fourth and the fifth WD40 domain of WDRS
(Figure 3A). As a member of the WD40 repeat protein
family, WDRS has seven WD40 domains that each
form a propeller-like wing'? of the final “barrel” -shaped
protein (Figure 3B).

We used different experimental approaches in fruit flies
(Drosophila melanogaster) and human cell lines to assess
possible pathogenic effects of WDRS variants. Previous
studies showed that the histone methyltransferase sub-
units of the COMPASS complexes are required in
Drosophila memory neurons of the mushroom body for
normal memory function.”’”*! Here, we used the same
approach to test mushroom-body specific knockdown of
the fly WDRS-ortholog will die slowly (wds) (supplemental
materials and methods). While wds was efficiently knocked
down in the transgenic RNAi line (wds® ") that we used,
we did not observe any differences in short- or long-term
memory outcomes upon wds knockdown compared with
controls (mCherry®™™ ) (Figure 3C). This suggests that
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Individual 1
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Individual 10
p.-(Asp213Asn)
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Figure 2.

Individual 4
p-(Ala201Val)

Individual 11
p.(Lys245Arg)

Individual 7
p.(Thr208Met)

p.(Thr208Met)

Facial features in individuals with six different WDRS5 variants

Facial images of eight individuals with a heterozygous WDRS variant. Several overlapping facial features are seen, such as a bulbous nasal
tip (individuals 2, 4, and 10), low-set, posteriorly rotated, and/or dysplastic ears (individuals 2, 4, 7, and 10), ptosis (individual 11), and
thin upper lip vermilion (individuals 4, 10, and 11). In addition, individuals 4 and 11 have severe micrognathia, a small mouth, and

down-slanting palpebral fissures.

memory neurons are more resilient to loss of wds/WDR5
than to loss of COMPASS complex enzymatic subunits.
In addition, we assessed the expression of reference or
variant human WDRS proteins tagged with C'-3xHA tag
(WDR:HA) driven with a ubiquitous driver in transgenic
Drosophila strains using western blot (supplemental mate-
rials and methods). No difference was observed for the pro-
tein expression levels of any of the six examined WDRS
proteins with amino acid substitutions (p.(Alal69Pro),

p-(Arg196Cys), p.(Ala201Val), p.(Thr208Met), p.(Asp213
Asn), and p.(Lys245Arg)) compared with wild-type
WDRS (Figure 3D). Consistently, three WDRS variant pro-
teins (p.(Arg196Cys), p.(Ala201Val), and p.(Thr208Met))
did not show any differences in subcellular localization
(Figure 3E) or protein expression levels (Figure S1)
compared with wild-type WDRS when overexpressed as
yellow fluorescent protein (YFP)-fusion proteins in
HEK293/T17 cells (supplemental materials and methods).
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Figure 3. Insilico, in vitro, and in vivo studies of the effect of WDRS missense variants

(A) Linear structure of WDRS protein (334 amino acids) with the seven different WD40 domains and all identified missense variants
shown; in total, six different missense variants were found in 11 individuals: one variant (p.(Thr208Met)) was found in five unrelated
individuals and another variant (p.(Arg196Cys)) in two individuals.

(B) Three-dimensional visualization of WDRS (PDB: 2GNQ); locations of the amino acids involved in missense variants are shown with
magenta balls. Colors of the different domains match with the colors used in (A).

(C) Courtship memory was assessed in mushroom-body-specific wds RNAi knockdown flies (wds®™*') compared with controls express-
ing an RNAi against mCherry (mCherry™ ). Boxplots show the distribution of courtship indices (CIs) for naive (N) and trained (T) flies
(top panel). Memory was observed when a significant reduction in CI occurred between naive and trained conditions (Mann-Whitney
test). 4+ indicates the mean. N is indicated along the x axis. Bar graphs show the memory indices (MIs), which are single values derived

(legend continued on next page)
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Taken together, both in vivo and in vitro studies showed
that the missense variants functionally assessed in our
study lead to stable and normally expressed WDRS
proteins. This, combined with the absence of truncating
variants in our cohort, argues against a sole loss-of-func-
tion effect as the underlying pathogenic mechanism. The
fact that all variants found in affected individuals are
missense variants and the clustering and recurrence of
these variants at specific positions suggest that other
mechanisms might be at play, such as dominant-negative
or gain-of-function effects.

Through three-dimensional protein structure analysis,
we determined that the amino acid residues affected by
the six missense variants cluster together in the three-
dimensional protein structure of WDRS, and more specif-
ically on the surface of one side of the encoded protein.
An interesting hypothesis for pathogenicity of the
missense variants is that the amino acid substitutions
disrupt specific interactions with other proteins. A land-
scape of intolerance for genetic variation in the WDRS
gene visualized in the three-dimensional structure of the
encoded protein shows that while WDRS is generally intol-
erant to missense variants, residues that interact with other
proteins have highest intolerance for normal variation
(Figure S2). WDRS is able to act as a molecular adapter
to facilitate protein-protein interactions’ using two
distinct binding sites identified in previously performed
co-precipitation experiments: the “WDRS5-interacting”
(WIN) site’”** and the “WDR5-binding motif” (WBM)
site’*” located on opposite sides of the protein. The
missense variants in our study were not located in the vi-
cinity of these two most well-studied binding locations.
However, recently published cryo-electron microscopy
three-dimensional structures of the COMPASS complexes
revealed a region, located between the WIN and WBM
binding sites, that is involved in the interaction with
RbBPS and histone-lysine methylase (KMT) enzymes in
these complexes.?® Five out of the six missense variants
in our cohort map within this RbBP5/KMT interaction
region. Based on the three-dimensional structure
analysis of the COMPASS complexes, p.(Alal69Pro) and

p-(Asp213Asn) are predicted to affect the WDRS interac-
tion with KMT enzymes, and p.(Ala201Val) and
p-(Thr208Met) are predicted to affect the interaction with
the RbBPS enzymes, while p.(Arg196Cys) most likely influ-
ences the interaction with both enzymes (Figure 3G). The
effects of the p.(Lys245Arg) variant cannot be predicted us-
ing the currently available three-dimensional structures. A
detailed description of the predicted effects of all variants,
from the perspective of the structural modeling analyses, is
provided in Note S2.

WDRS is a crucial core protein within the COMPASS com-
plex family: it is essential for complex assembly and activ-
ity.?”?® In this context, it is important to note that the
detailed three-dimensional structures used for these analyses
are unfortunately only available for the COMPASS complex
and not for all other complexes and interactions in which
WDRS is involved. Therefore, it remains unclear whether
the predicted disruptive effects on WDRS interactions are
specific to those with RbBP5/KMT?2 or if interactions with
other molecules might also be disturbed. Based on three-
dimensional protein structure analysis of COMPASS com-
plexes, it seems that differently composed COMPASS com-
plexes make use of different interaction surfaces of WDRS.
Some variants might therefore disrupt interactions in only
one specific complex. As WDRS seems to act as an “adapter”
protein, forming links between different molecules, disrup-
tion of protein-protein interactions within the complex
might have important effects on complex activity.

As a functional follow up, we used bioluminescence
resonance energy transfer (BRET) assays in live cells and
were able to confirm the WDRS-RbBPS interaction
(Figure 3H). However, we could not demonstrate a biolog-
ically significant disruption of the interaction between
WDRS missense variants (p.(Arg196Cys), p.(Ala201Val),
and p.(Thr208Met)) and RbBPS (Figure 3H). While this
result does not support the findings of our protein struc-
ture analyses, which predict a disruption of the interaction
with one of the COMPASS family protein complex mem-
bers, it does not exclude possible effects of missense vari-
ants on the formation and composition of the COMPASS
complex or an altered activity of the complex due to the

from the above Cls (indicated by arrows) according to the formula: MI = (X Clpaive — X Cliained)/ X Clnaive. MIs were consistent between
controls and wds®™ ! lines (randomization test, 10,000 bootstrap replicates).

(D) Detection of WDRS reference and variant proteins in adult flies by western blot. Representative bands for HA-tagged WDRS reference
and variant proteins at 36.6 kDa (top) along with the actin loading control 41 kDa (bottom). UAS-WDRS5::HA reference and variant trans-
genes were expressed ubiquitously using Actin-Gal4.

(E) Direct fluorescence micrographs of nuclei of HEK293T/17 cells expressing YFP-WDRS fusion proteins (green). Nuclei were stained
with Hoechst 33342 (blue). Scale bar: 10 um.

(F) WDRS (green) is shown as part of the core COMPASS complex, with RbBPS (yellow), ASH2L (blue), DPY30 (purple), and KMT2A
(cyan) (PDB: 6KIV). The nucleosome is shown in gray. The locations of affected amino acids in individuals with missense variants are
shown with magenta balls.

(G) WDRS (green; p.33-332) is shown together with RbBPS (yellow; p.1-380) and KMT2A (cyan; p.3764-3969) as part of the core
COMPASS complex (PDB: 6KIV). The locations of affected amino acids in individuals with missense variants are shown with magenta
balls from three different angles facing the WIN site (I), the WBM site (II), and a side between WIN and WBM (III).

(H) BRET assays for WDRS5-RbBPS5 interaction in live cells. Left, mean BRET saturation curves =95% confidence interval fitted using a
nonlinear regression equation assuming a single binding site (n = 4; y = BRETmax * x/(BRET50/x); GraphPad) showing a strong
BRET signal for Rluc-RbBPS with YFP-WDRS. Right, corrected BRET values measured with an acceptor/donor ratio of 1:1 (n = 3, one-
way ANOVA and post-hoc Bonferroni test). NLS, YFP fused to a C-terminal nuclear localization signal as control protein. p values
show significance for the comparison of WDRS variant with the WDRS wild-type.
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missense variants. In our BRET assays, we investigated
a single protein-protein interaction of heterologously
expressed fluorescently tagged proteins, and we may not
have been able to detect subtle shifts in WDRS-RbBPS
interaction dynamics or possible changes in the composi-
tion of the protein complexes involved.

Using three-dimensional structure analyses, we were not
able to predict a likely pathogenic mechanism for the
p-(Lys245Arg) variant. One hypothesis to explain pathoge-
nicity of this variant could be that the variant affects a so-
far-uncharacterized interaction site with RbBP5 or KMT2A/
C, as a comparison of available three-dimensional struc-
tures between human KMT2A and yeast COMPASS com-
plex suggests even more extensive interaction surfaces be-
tween WDRS and histone methylases (Figure S3). Another
hypothesis is that the p.(Lys245Arg) variant affects the
interaction with other molecules that are not involved in
the COMPASS complex.

In addition to the 11 individuals with missense variants
in our study, we identified a de novo intronic variant in
WDRS affecting a canonical splice site (c.742-2del) in an
individual with multiple skeletal abnormalities, a cleft pal-
ate, acquired microcephaly, short stature (—2 SD), and
normal development at 4 years of age (Table S1; Note S1).
The skeletal abnormalities included right radial hypopla-
sia, absent right thumb, four metacarpals of the left
hand, hypoplastic thumb bones, soft tissue syndactyly
1-2 of the left hand, and T7 butterfly vertebra with normal
lower extremities. Of note, this patient also had a left ven-
tricular noncompaction cardiomyopathy, a rare cardiac ab-
normality also present in individual 10, with missense
variant p.(Asp231Asn). While five different in silico splice
prediction tools all predicted a loss of the acceptor site of
the 12™ exon of WDRS, the consequences at mRNA and
protein levels are unclear. Three of the splice prediction
tools predicted the creation of a new acceptor site 9 bp up-
stream from the current acceptor site, resulting in an in-
frame loss of three amino acids (p.248-250) (Note S1).
Interestingly, these three amino acids are located on the
surface of WDRS in the region that interacts with RbBPS.
All in all, it is likely that this de novo variant affecting a ca-
nonical splice site is a pathogenic variant, but it remains
unclear how the effect of this splice variant relates to the
effect of the missense variants reported in our study.

Our study represents the characterization of multiple
probands with a Mendelian disorder associated with germ-
line variants in WDRS. It is worth mentioning that,
beyond the cases described here, one additional de novo
variant in WDRS5 has been reported in the literature: a
p-(Lys7Gln) variant, found in a child with a conotruncal
heart defect with a right aortic arch.”’ This missense
variant is located in the N-terminal tail of WDRS, an intrin-
sically disordered region of the protein (not available for
three-dimensional protein structure analysis), which is
not involved in the beta-propeller structure of WDRS,
and has been shown to be dispensable for COMPASS com-
plex assembly.’” A study in Xenopus tropicalis shows that

this p.(Lys7Gln) variant might interfere with the ability
of WDRS to localize to the bases of left-right organizer cilia,
independent from the H3K4-methylation-related func-
tions of WDRS.?! The p.(Lys7GIn) variant is located in a
different region of the WDRS protein compared with the
variants here. Moreover, complete phenotypic details are
not available for this individual, and it is currently unclear
whether this reported individual has the WDRS5-associated
neurodevelopmental disorder presented in this study or
this specific variant gives rise to a different disorder with
different pathogenic mechanisms.

To the best of our knowledge, truncating variants (e.g.,
frameshift or nonsense variants) in WDRS have not been
identified in any published disease cohort or in control
individuals (e.g., in the gnomAD or TOPMED database).
According to sequencing data from the gnomAD database,
WDRS is extremely intolerant for both missense and loss-
of-function variation. The gene has a loss-of-function
observed/expected upper bound fraction (LOEUF) score
of 0.124, which is well within the first decile of most high-
ly constrained genes against loss of function.'® In contrast
to the absence of truncating variants, heterozygous chro-
mosomal microdeletions encompassing the whole WDR5
gene have been reported; the Decipher database lists 11
heterozygous deletions that include WDRS.?* This means
that haploinsufficiency for WDRS is compatible with life,
but it is unclear how the loss of WDRS contributes to spe-
cific phenotypes found in individuals with these deletions,
as all deletions are larger than 3 Mb and encompass many
other genes as well.

While our research provides clear evidence that rare
WDRS variants can cause a Mendelian disorder, further
studies are needed to assess the exact pathogenic mecha-
nisms that play a role in causing the phenotypic features
in individuals with this disorder. Our experimental ap-
proaches in D. melanogaster and human cell lines show
intact mutant protein expression, localization, and pro-
tein-protein interactions for all variants tested. Three-
dimensional protein structure analysis supports a model
in which the variants disturb protein-protein interactions
of WDRS with COMPASS complex-related proteins. All in
all, dominant-negative or gain-of-function mechanisms
of pathogenicity might be most likely. Thus, future studies
might benefit from testing for these possible effects instead
of general loss-of-function effects. Also, as WDRS is known
to have many different functions in important cellular pro-
cesses, future research on WDRS should also target down-
stream consequences of impaired WDRS functions, for
example by using RNA expression analyses or histone
methylation or DNA methylation profiling. In addition,
the question remains whether all variants in our study
exert pathogenicity via a similar mechanism or if different
mechanisms are at play. Two individuals in our cohort
(4 and 11) had distinct features compared with other
individuals (severe micrognathia, small mouth, down-
slanted palpebral fissures, and hearing loss), which
might be caused by a distinct or additional mode of
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pathogenicity. Larger follow-up cohort studies are needed
to perform detailed genotype-phenotype correlations for
WDRS variants to carefully characterize the complete spec-
trum of WDRS-associated phenotypes and molecular
underpinnings.

In conclusion, by identifying and characterizing individ-
uals with rare de novo missense variants in WDRS5, we sug-
gest the presence of a novel Mendelian neurodevelopmen-
tal disorder. The associated phenotype consists of ID,
speech and language impairments, epilepsy, and/or ASD.
In addition, a wide spectrum of associated features is re-
ported, including but not limited to aberrant growth param-
eters, skeletal abnormalities, and cardiac abnormalities.
More clinical and functional studies are needed for a further
delineation of the full clinical and mutational spectrum and
the pathogenic mechanisms associated with this disorder by
combining data from clinical and experimental approaches.
Based on the results of our study, we can already add
WDRS to the growing list of human disease genes encoding
COMPASS complex family subunits, such as KMT2A (MIM:
159555), KMT2B (MIM: 606834), KMT2C (MIM: 606833),
KMT2D (MIM: 602133), KDM6A (MIM: 300128), SETD1A
(MIM: 611052), and SETDI1IB (MIM: 611055), thereby
further confirming the important role of COMPASS com-
plex family members, and more specifically WDRS, as high-
ly important contributors to crucial (neuro)developmental
processes.

Data and code availability

The clinical dataset used for this study is included in the supple-
mental information (Table S1). No other datasets were generated
during this study.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.xhgg.2022.100157.
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Study participants and consent

Individuals with WDR5 variants were identified via matchmaking using GeneMatcher?, the Dutch
genetic diagnostic variant classification database (VKGL database)?*, ClinVar® and denovo-db®.
Clinical data and details on variants were collected in a Castor EDC database’. Informed consent
was obtained from all participating families. For all pictures of affected individuals, specific
consent to publish clinical photographs was obtained. All procedures in this study

matched local ethical guidelines of the participating centres, and are in accordance with the

Declaration of Helsinki.

Next generation sequencing and in silico variant analyses

Details on next generation sequencing methods used to identify the WDR5 variants found in all
individuals are included in table S1. Variants were analysed using Alamut Visual 2.10.
Conservation was studied using a Clustal® alighment of WDR5 amino acid sequences extracted
from Uniprot (human, mouse and C. elegans)®. To assess the likelihood of pathogenicity, the

prediction programs SIFT, PolyPhen-21* and CADD v1.4!? were used.

Drosophila strains and RNAi knock down assays

Flies were reared on standard cornmeal-agar media at 25°C with a 12h/12h light/dark cycle at
70% humidity. The ubiquitous driver line, Act5C-Gal4 (stock # 4414), mushroom body driver line,
R14H06-Gal4 (stock # 48667), UAS-mCherry-RNAi (mCherry®™A stock # 35785), and UAS-wds-RNAi
(wdsfMstock # 32952) were obtained from the Bloomington Drosophila stock center. Reference
and variant UAS-WDR5::HA transgenic flies were generated as previously described®®. Briefly, the
Gateway (Thermo Fisher Scientific) compatible WDR5 cDNA open entry clone (NCBI Acc. #:
BC001635.1) in pDONR223 was shuttled to the pGW-attB-HA destination vector using LR
Clonase Il (Thermo Fisher Scientific, Cat# 11791020) as per manufacturer’s protocol. To generate
WDRS variants, site-directed mutagenesis using the Q5 site-directed mutagenesis kit (NEB -

E0554S) was employed. Constructs were verified using Sanger sequencing. All UAS-WDR5::HA



constructs were microinjected into embryos expressing ¢C31 integrase with a 2nd chromosome
attP docking site VK37 (PBac{y[+]-attP}VK00037)*® and identified by w+ (encoded by the mini-

white gene in pGW-attB-HA vector).

Wds RNAI lines were validated as previously described® Y”. Expression of wds®™" with a
ubiquitous Act-Gal4 driver resulted in complete lethality and gPCR on knockdown larvae showed

that the expression level of wds is reduced 87% when compared to controls (p=0.0023, t-test).

Primers for generation of UAS-WDRS5 variant Drosophila

Forward and Reverse Primers (5' to 3')

UAS-WDR5::HAPA6P_F GACTTTGCCACCTCACTCGGATC
UAS-WDRS5::HAP-AEPR TTGAGGCACTTCCCTGTT

WDR5::HA P-R19C_F TGGTCTCTGTTGCATCTGGGA
WDR5::HA P-RI%C.R TCATAGCTACTTGAAACTATCAAG
WDR5::HA PA2LY.F TGGGACACCGTCTCGGGCCAG
WDR5::HA P-A20V_R GATGCGACAGAGACCATCATAGCTACTTGAAAC
WDR5::HA P-T208M_F TGCCTGAAGATGCTCATCGATGACGAC
WDR5::HA P-T208M_R CTGGCCCGAGGCGGTGTC

WDR5::HA P-P213NF CATCGATGACAACAAcCccccC
WDR5::HA P-D213N.R AGCGTCTTCAGGCACTGG

WDRS5::HA P-K24>R_F GACTACAGCAGGGGGAAGTGC
WDR5::HA P-<245R_R CCAGAGCTTCAGAGTGTTG

Drosophila memory assays

Short-term memory (STM) and long-term memory (LTM) was assessed using courtship
conditioning, as previously described®2°. Briefly, for each fly pair a courtship index (CI) was
calculated, which is the proportion of time spent courting over 10 min. The memory index (Ml)
represents the percentage reduction in courtship behaviour in trained flies compared to naive and
is used to compare memory between different genotypes. Ml was calculated using the formula:

M1 = (X Clnaive - X Clirained) / X Clnaive. Statistics were generated as previously described®® 2°,
Western Blotting

For the western blot with lysates from UAS-WDR5::HA Drosophila, protein was extracted from 10
adult flies expressing UAS-WDR5::HA reference and variant transgenes via the ubiquitous Act-
Gal4 driver. Western blotting was preformed according to standard protocols using rabbit anti-HA
(1:1000; Cell Signaling Technology C29F4), mouse anti-B-tubulin (1:5000; Developmental Studies
Hybridoma Bank [DSHB]) primary antibodies, and horseradish-peroxidase-conjugated secondary
antibodies goat anti-rabbit (1:3000; Bio-Rad 170-6515) and goat anti-mouse (1:3000; Bio-Rad 170-
6516).



For the western blot with lysates from HEK293/T17 cells, whole-cell lysates were collected by
treatment with RIPA buffer (Cell Signalling) supplemented with 1% PMSF and protease inhibitor
cocktail (Roche). Samples were incubated for 20 min at 4 °C followed by centrifugation for 30 min
at 12,000 rpm at 4 °C. Proteins were resolved on 4-15% Mini-PROTEAN TGX Precast Gels (Bio-
Rad) and transferred onto polyvinylidene fluoride membranes using a TransBlot Turbo Blotting
system (Bio-Rad). Membranes were blocked in 5% milk for 1 h at room temperature and then
probed with mouse-anti-EGFP (1:8000; Clontech, 632380). Next, membranes were incubated with
HRP-conjugated goat-anti-mouse IgG (1:10,000; Jackson ImmunoResearch) for 1 h at room
temperature. Bands were visualized with Novex ECL Chemiluminescent Substrate Reagent
(Invitrogen) using a ChemiDoc XRS + System (Bio-Rad). Equal protein loading was confirmed by

probing with mouse-anti-B-actin antibody (1:10,000; Sigma, A5441).

DNA expression constructs for cell based assays and site-directed mutagenesis

WDRS5 (NM_017588.3) and RbBP5 (NM_005057.4) coding sequences were amplified using primers
listed below. cDNAs were subcloned using Hindlll/Xbal (WDR5) and Sall/BamH| (RbBP5)
restriction sites into pRluc and pYFP, created by modification of the pEGFP-C2 vector (Clontech) as
described before.?! Variants in WDR5 were generated using the QuikChange Lightning Site-
Directed Mutagenesis Kit (Agilent). The primers used for site-directed mutagenesis are listed

below.

Primers for amplifying and subcloning of WDR5 and RbBP5 cDNAs

WDR5-cloning-F AGAATTAAGCTTGTTGGCGACGGAGGAGAAGAA
WDR5-cloning-R GGATCCTCTAGATTAGCAGTCACTCTTCCACA
RBBP5-cloning-F1 GACGATGTCGACTGCTGAACCTCGAGTTGCTGGA
RBBP5-cloning -R1 TCCGGTGGATCCTCATAACAGTTCTGAGATTG

Primers used for site-directed mutagenesis

WDR5-R196C-R CAAGTAGCTATGATGGTCTCTGTTGCATCTGGGACA
WDR5-R196C-F TGTCCCAGATGCAACAGAGACCATCATAGCTACTTG
WDR5-A201V-R ATCTGGGACACCGTCTCAGGCCAGTGC
WDR5-A201V-F GCACTGGCCTGAGACGGTGTCCCAGAT
WDR5-T208M-R AGGCCAGTGCCTGAAGATGCTCATCGATGAC
WDR5-T208M-F GTCATCGATGAGCATCTTCAGGCACTGGCCT




Cell culture
HEK293T/17 cells (CRL-11268, ATCC) were cultured in DMEM supplemented with 10% fetal bovine
serum and 1x penicillin-streptomycin (all Invitrogen) at 37°C with 5% CO,. Transfections were

performed using Geneluice (Millipore) following the manufacturer’s protocol.

Fluorescence microscopy

HEK293T/17 cells were grown on poly-D-lysine (Sigma) coated coverslips. Cells were fixed with 4%
paraformaldehyde (PFA, Electron Microscopy Sciences) 48 h after transfection with YFP-tagged
WDRS variants. Nuclei were stained with Hoechst 33342 (Invitrogen). Fluorescence images were
acquired with a Zeiss LSM880 confocal microscope and Airyscan detector, with a 2.0 zoom factor

using ZEN Image Software (Zeiss).

Three-dimensional (3D) protein modelling

The effects of the identified variants on the WDRS5 protein and its interaction with other proteins
in the COMPASS family complexes were analyzed using YASARA View?? with FoldX v4.0 plugin?.
For the WDRS structure, PDB file 2GNQ was used. PDB files 6KIV and 6KIW?* were used for the
analysis of the core COMPASS complexes, respectively; the 6UHS5 file?® of the yeast COMPASS
model was used for the comparison with the human COMPASS complex. To optimize the position
of amino-acid sidechains, all the PDB files that were used were corrected by the FoldX repair
function using default settings. Different protein structures were aligned with SHEBA procedure?,

as implemented in YASARA.

BRET assay

BRET assays were performed as previously described 2. HEK293T/17 cells were transfected in
white clear-bottomed 96-well plates with increasing molar ratios of YFP-fusion proteins and
constant amounts of Rluc-fusion proteins (donor/acceptor ratios of 1/0.5, 1/1, 1/2, 1/3, 1/6, 1/9).
YFP and Rluc fused to a C-terminal nuclear localization signal were used as control proteins. After
48 h, medium was replaced with phenol red-free DMEM, supplemented with 10% fetal bovine
serum (both Invitrogen), containing 60 uM EnduRen Live Cell Substrate (Promega). After
incubation for 4 h at 37 °C, measurements were taken in live cells with an Infinite M200PRO
Microplate reader (Tecan) using the Bluel and Greenl filters. Corrected BRET ratios were
calculated with the following formula: [Green1(experimental condition)/ Blu€ 1(experimental condition)] —

[Green1(control condition)/Blue1 (control condition)], With only the Rluc control protein expressed in the



control condition. Curve fitting was done with a non-linear regression equation assuming a single

binding site (y = BRETmax * x / (BRET50 / x) using GraphPad Prism Software.



Figure S1: Immunoblot analysis with lysates from HEK293/T17 cells
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Immunoblot of whole-cell lysates (HEK293/T17 cells) expressing YFP-tagged WDR5
variants probed with anti-EGFP antibody. Expected molecular weight for all variants is ~65
kDa. The blot was stripped and probed for B-actin to ensure equal protein loading.



Figure S2: MetaDome intolerance visualization of WDR5

Tolerant
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WDRS is coloured in line with the MetaDome tolerance scale shown. RbBP5 is shown in yellow
and KMT2A in cyan (PDB:6KIV). As can be seen in this figure, WDR5 is generally intolerant to
missense variants, but WDR5 amino acids that are known to interact with other proteins are most

intolerant (darker red).



Figure S3: Comparison of the core human KMT2A with the yeast COMPASS

complexes

The alignment of human WDR5 in complex with RbBP5 and KMT2A from the core COMPASS
complex (PDB:6KIV) with homologues of the yeast COMPASS complex (PDB:6UHS5) is shown:
WDRS5 (green, p.33-332) with its homologue Swd3 (grey, p.16-326); RbBP5 (yellow, p.1-380) with
its homologue Swd1 (light blue, p.1-435); KMT2A (cyan, p.3764-3969) with yeast homologue Setlc
(dark blue, p.819-999). Additionally, yeast Spp1 (purple) is shown. The Sppl homologue is not
present in human COMPASS family complexes. The locations of the amino acids that are affected
in patients identified in this study are shown with balls (magenta). Three different angles are
shown: WDRS5 faced from the WIN site (A), from the WBM site (B), and from the side between
WIN and WBM (C).

The human core COMPASS/COMPASS family complexes (eg., KMT2A) are highly conserved and
have a structure similar to the yeast COMPASS complex. Because the yeast COMPASS complex
proteins in the 3D model are more complete, substantially more extensive interaction of the
RbBP5 and KMT2A homologues with WDR5 homologues can be observed (red arrows).
Additionally, another interaction site of the WDR5 homologue is observed with a Spp1 protein

These 3D modelling data, in addition to the high conservation level and low tolerance to the
missense and LoF variants in the general population, suggest that also human WDR5 may have
significantly more extensive interaction surfaces within COMPASS family complexes and other
chromatin-remodelling complexes.



Supplemental note 1: Further details on individual 12 with c.742-2del (p.?)

variant

Facial features of individual 12 with a de novo c.742-2del (p.?) variant

Facial photographs of individual 12 at age 4y1m

Variant analysis using splice prediction programs for c.742-2del (p.?) variant

Prediction program

Possible effect of c.742-2del variant

SpliceSiteFinder-like

Loss of acceptor site (exon 12), possible creation of alternative acceptor site
9bp upstream, resulting in in-frame deletion of 3AA (p.(Cys248_Lys250del)?

MaxEntScan Loss of acceptor site (exon 12), possible creation of alternative acceptor site
9bp upstream, resulting in in-frame deletion of 3AA (p.(Cys248_Lys250del)?

GeneSplicer Loss of acceptor site (exon 12), possible creation of alternative acceptor site
9bp upstream, resulting in in-frame deletion of 3AA (p.(Cys248_Lys250del)?

NNSPLICE Loss of acceptor site (exon 12), skipping of exon 127?

SpliceAl Loss of acceptor site (exon 12) resulting in skipping of exon 12 or creation of

an alternative acceptor site 100bp downstream?

Three-dimensional analysis of c.742-
2del variant and missense variants in
WDR5

The WDR5 protein (green) in interaction
with RbBP5 (yellow) and KMT2A/MLL1
(cyan) (PDB:6KIV). The location of
amino acid substitutions (as the result
of missense variants in our study) is
shown in red. Amino acids involved in
the possible in-frame deletion
p.(Cys248 Lys250del) are depicted in
dark blue.




Supplemental note 2: Detailed description and visualization of the
predicted effect of identified WDR5 variants

p.(Ala169Pro)

Wild type residue role

Effect of the residue substitution

Alal69 is located in a turn from the third to fourth
WDRS5 beta-propeller. Despite the fact that the
Alal69 is located in close proximity to the KMT2A,
and KMT2C interaction sites, it does not directly
interact with the KMT enzymes.

Change from the alanine to a larger proline at this
position is predicted to result in a local backbone
change, because of the rigid sidechain of the
proline. This change is predicted to disturb the
flexibility and local structure of WDRS5, which will
disrupt the binding to the KMT enzymes.
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p.Alal69Pro

WDR5 (green) interaction with KMT2A (cyan) and RbBP5 (yellow), are shown from the core

COMPASS complex (PDB:6KIV). The mutated aminoacid and nearby aminoacids are shown with

sticks. The wild type alanine at the position p.169 is colored in magenta and the mutated proline in

purple.




p.(Arg196Cys)

Wild type residue role

Effect of the residue substitution

Argl196 is located on the WDR5 lateral surface for
interaction with RbBP5 and KMT2A enzymes.
Argl96 interacts with Asn3779 in the KMT2A
protein and Phe332 in the C-term tail of RbBBP5
but has no visible interactions with the KMT2C
protein.

Cysteine is a much smaller residue and does not
have a charge. Therefore, a change from the
arginine to cysteine at this position would result in
a loss of the hydrogen-bond with Asn3779 in
KMT2A, as well resulting in an empty pocket
between the WDR5, KMT2A and RbBBP5
interaction surfaces, which would lead to a loss of
packing interactions and disruption of the
interactions between the proteins.

p.Argl96Cys

p.Phe332

p.Asn3779

WDR5 (green) interaction with KMT2A (cyan) and RbBP5 (yellow), are shown from the core

COMPASS complex (PDB:6KIV). The mutated aminoacid and nearby aminoacids are shown with

sticks. The wild type arginine at the position p.196 is colored in magenta and the mutated cysteine

in purple.




p.(Ala201Val)

Wild type residue role

Effect of the residue substitution

Ala201 is located on the WBM surface of WDR5
and interacts with RbBP5. It is located in clear
proximity to Arg56 and Leu54 in the RbBP5
protein.

Despite the fact that valine is also small and non-
polar, it has a bigger sidechain than alanine.
Therefore, change to a valine at this position could
affect the interaction with RobBP5 because of the
change of the interaction surface.

p.Ala201Val

WDRS5 (green) interaction with KMT2A (cyan) and RbBP5 (yellow), are shown from the core

COMPASS complex (PDB:6KIV). The mutated aminoacid and nearby aminoacids are shown with

sticks. The wild type alanine at the position p.201 is colored in magenta and the mutated valine in

purple.




p.(Thr208Met)

Wild type residue role

Effect of the residue substitution

Thr208 in WDRS5 interacts with several RbBP5 C-
term tail amino acids (Ala331, Pro334).
Additionally, it makes a hydrogen-bond with a
backbone of Ala331 in RbBBP5.

Methionine has a substantially bigger size than
threonine and is not able to form the hydrogen-
bond with RbBP5 Ala331. Therefore, a change to
methionine at this position is expected to disrupt
the WDRS interaction interface with RbBPS5.

p.Thr208Met

p.Ala331
p.Phe332
p.Pro334

WDR5 (green) interaction with KMT2A (cyan) and RbBP5 (yellow), are shown from the core

COMPASS complex (PDB:6KIV). The mutated aminoacid and nearby aminoacids are shown with

sticks. The wild type threonine at the position p.208 is colored in magenta and the mutated

methionine in purple.




p.(Asp213Asn)

Wild type residue role

Effect of the residue substitution

Asp213 is located in a WDRS5 hydrophylic loop,
which is involved in the interaction with the KMT
enzymes. Although located distantly, it may
interact with a positively charged KMT2A Lys3878,
because the lysine has a highly flexible sidechain.

Additionally, Asp213 forms a hydrogen-bond with
Asn235 in WDRS.

Change to the aspartate would result in a similar
amino acid with similar size, although the negative
charge of the aspartic acid would be lost. The
hydrogen bond with WDR5 Asn235 would be lost
due to this change, which may disrupt the stability
and position of the loop, and, therefore, affect
interaction with the KMT enzymes. Additionally, it
can lose interactions with positively charged KMT
residues. However, the exact effect of the variant
is unknown.

p.Asn325

p.Lys3878

p.Asp213Asn /

WDRS5 (green) interaction with KMT2A (cyan) and RbBP5 (yellow) are shown from the core
COMPASS complexes (PDB:6KIV and 6KIW, respectively). The mutated aminoacid and nearby
aminoacids are shown with sticks. The wild type aspartic acid at the position p.213 is colored in

magenta and the mutated aspartate in purple.




p.Asn325

p.Asp213Asn

WDR5 (green) interaction with KMT2C (orange) and RbBP5 (yellow) are shown from the core
COMPASS complexes (PDB:6KIV and 6KIW, respectively). The mutated aminoacid and nearby

aminoacids are shown with sticks. The wild type aspartic acid at the position p.213 is colored in

magenta and the mutated aspartate in purple.



p.(Lys245Arg)

Wild type residue role Effect of the residue substitution

Lys245 located in a position that is a significant A change from lysine to arginine at this position,

distance from the site of interaction with RbBP5 would result in a similar amino acid by charge and

and KMT enzymes and is not known to be involved | flexibility of the side-chain with minimal effect on

in a protein interaction. protein structure or interactions. Even though
arginine is slightly larger, the effect of this variant
is not clear.

p.Lys245Arg

WDRS5 (green) interaction with KMT2A (cyan) and RbBP5 (yellow), are shown from the core
COMPASS complex (PDB:6KIV). The mutated aminoacid and nearby aminoacids are shown with
sticks. The wild type lysine at the position p.245 is colored in magenta and the mutated arginine in

purple.
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