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Abstract

SUPT16H encodes the large subunit of the FAcilitate Chromatin Transcription (FACT) complex, which functions as a nucleosome
organizer during transcription. We identified two individuals from unrelated families carrying de novo missense variants in SUPT16H.
The probands exhibit global developmental delay, intellectual disability, epilepsy, facial dysmorphism and brain structural abnormali-
ties. We used Drosophila to characterize two variants: p.T171I and p.G808R. Loss of the fly ortholog, dre4, causes lethality at an early
developmental stage. RNAi-mediated knockdown of dre4 in either glia or neurons causes severely reduced eclosion and longevity.
Tissue-specific knockdown of dre4 in the eye or wing leads to the loss of these tissues, whereas overexpression of SUPT16H has no
dominant effect. Moreover, expression of the reference SUPT16H significantly rescues the loss-of-function phenotypes in the nervous
system as well as wing and eye. In contrast, expression of SUPT16H p.T171I or p.G808R rescues the phenotypes poorly, indicating that
the variants are partial loss-of-function alleles. While previous studies argued that the developmental arrest caused by loss of dre4 is
due to impaired ecdysone production in the prothoracic gland, our data show that dre4 is required for proper cell growth and survival
in multiple tissues in a cell-autonomous manner. Altogether, our data indicate that the de novo loss-of-function variants in SUPT16H
are indeed associated with developmental and neurological defects observed in the probands.

Introduction
Chromatin structure and the epigenetic status play key roles in
regulating gene expression as they are required for the precise
orchestration of many fundamental cellular processes (1–3). Dys-
regulation of chromatin and epigenetic regulators are associated
with numerous human diseases (4,5). Indeed, pathogenic variants
of genes encoding chromatin organizers and remodelers have
been shown to be causative factors of several neurodevelopmen-
tal disorders (NDDs) (6–10).

SUPT16H (MIM: 605012) encodes the large subunit of the
FAcilitate Chromatin Transcription (FACT) complex (11,12). The
FACT complex is evolutionarily conserved (13,14) and functions
as a histone chaperone that interacts with both H2A-H2B and
H3-H4 and is predicted to bind DNA (15–18). The FACT complex
is involved in nucleosome disassembly and reassembly during
transcription, DNA replication and repair (11,19–22). Recently,
SUPT16H has been associated with a NDD with dysmorphic facies
and thin corpus callosum (MIM: 619480) (23). Five de novo variants
have been reported and predicted to be pathogenic based on

clinical similarities and in silico prediction. Bioinformatic analyses
of the data from large-scale cohorts and multiple databases also
identified and prioritized SUPT16H as a high-confidence candidate
gene associated with NDDs (24). Indeed, SUPT16H orthologs are
essential genes in multiple model organisms. There is no available
Supt16h knockout mice model yet in the International Mouse
Phenotyping Consortium (IMPC) (25). In zebrafish, supt16h is
required for the formation of hematopoietic stem and progenitor
cells, and the mutant fishes die 3 days post fertilization (26). In
Drosophila, dre4 mutant flies die at first instar larval stage (27,28).
Due to the early lethality associated with the loss of the function
of SUPT16H orthologs, the pathogenic effects of the SUPT16H
variants have not been studied much in vivo.

Here, we report two pediatric probands carrying de novo vari-
ants in SUPT16H that exhibit global developmental delay (GDD),
intellectual disability (ID), epilepsy, structural abnormalities in
the brain and facial dysmorphism. We study the function of the
fly ortholog and modeled the variants in in vivo assays. Loss of
the fly ortholog causes the loss of many tissues and severely
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Table 1. Clinical features of the probands with heterozygous de novo variants of SUPT16H

Proband 1 Proband 2

Variant c.512C > T(p.Thr171Ile) c. 2421C > T(p.Gly808Arg)
Variant type Missense Missense
Inheritance De novo De novo
Sex Male Female
Current age Died at 10 years 5 years 10 months
Developmental delay Delayed motor and language development Delayed motor and Language development
Cognitive delay/intellectual disability + +
Seizures + Recurrent, alleviated by Valproic acid

treatment
Structural brain abnormality Bilateral cerebral atrophy, bilateral

frontotemporal extracranial space widening,
multiple small cysts in the corpus callosum

Bilateral brain atrophy, hydrocephaly, bilateral
ventriculomegaly

Head Increased head circumference, scaphocephaly,
prominent forehead

Craniofacial malformation

Eye − Small eye fissure and wide eye distance
Ear Large ears, hearing impaired Low-set ears
Nose Flat nasal bridge Flat nasal bridge, short upturned nose
Mouth Thick lips −
Congenital heart defects + +

+: symptom presented; −: no symptom described.

affects cell growth and survival in a cell-autonomous manner.
Our functional analyses indicate that the SUPT16H variants asso-
ciated with the probands are partial loss-of-function alleles.

Results
Clinic features of probands
Clinical features of the probands are summarized in Table 1, and
a more detailed clinical description for both individuals is shown
in Supplemental note.

Briefly, proband 1 is a boy with severe GDD. Computed tomog-
raphy (CT) revealed plumped ventricles and widened bilateral
cerebral sulci at the age of 2 years. The boy presented with
cognitive retardation, facial deformities and seizures at the age
of 4 years, and the magnetic resonance imaging (MRI) showed
bilateral cerebral atrophy, bilateral frontotemporal extracranial
space widening and multiple small cysts in the corpus callosum.
He also presented with symptoms in multiple organs and tissues
including macrocephaly (>3 SD at the age of 2 years), hearing
impairment, long and yellow body hairs, congenital heart defects,
and abnormalities in joint movement and muscle tension.

Proband 2 is a girl born at ∼30 weeks. She was diagnosed
with encephalopathy, neonatal respiratory distress syndrome and
neonatal pneumonia shortly after birth. The cranial ultrasound
showed bilateral ventriculomegaly and the cardiac ultrasound
indicated a ventricular septal defect, atrial septal defect and
mitral regurgitation. Epileptic seizures and fever occurred at the
age of 10 months, and epileptic symptoms were alleviated after
treatment with valproate. The brain MRI revealed no abnormal-
ities at this stage. At the age of 2 years, she presented with ID,
GDD and special facial features, and her electroencephalogram
was still abnormal.

SUPT16H p.G808R is predicted to be pathogenic,
whereas the prediction of the p.T171I
pathogenicity is ambiguous
The SUPT16H protein is composed of several functional domains
(Fig. 1A), including an N-terminal domain (NTD), a dimerization
domain (DD), a middle domain (MD) and a C-terminal domain

(CTD) (29–31). Each domain is reported or predicted to be impor-
tant for the normal function of the protein: The NTD interacts
with the H3-H4 tail of a nucleosome; the DD is responsible for
dimerization of SUPT16H to form a heterodimer with SSRP1 as
the FACT complex; the MD is reported to interact with the H3-
H4 tetramer as well as the H2A-H2B dimer, and possibly binds
to DNA; the CTD interacts with the H2A-H2B dimer (12,32–36).
The two de novo missense variants identified in this study, p.T171I
and p.G808R (Fig. 1A, labeled in red) are in the NTD domain and
MD domain of SUPT16H, respectively. The variants identified in
this and previous studies are not limited to specific domains but
scattered throughout the protein (Fig. 1A, labeled in red and blue,
respectively), suggesting that there is no hotspot. The pLI score
of SUPT16H is 1 with an o/e (observed/expected) ratio of 0.05,
suggesting a high probability of intolerance to loss of function.
SUPT16H is also constrained for missense variants, with a Z score
of 5.1 with an o/e ratio of 0.4 in gnomAD (37). In silico pathogenicity
predictions gathered by MARRVEL (13) showed that the p.G808R
variant is likely to be pathogenic whereas the pathogenicity of
p.T171I is questionable (Table 2).

The fly ortholog of SUPT16H, dre4, is an essential
gene
To investigate the pathogenicity of these variants in SUPT16H
in an animal model, we utilized a humanization strategy of
Drosophila melanogaster (38,39). The sole ortholog of SUPT16H in
fly is dre4. Fly Dre4 and human SUPT16H proteins are highly
conserved with 76% similarity and 59% identity (DIOPT score
of 14/16, DRSC Integrative Ortholog Prediction Tool) (13,14)
(Supplementary Material, Fig. S1A). Loss-of-function mutants of
dre4 cause developmental arrest at the first to second instar stage
(27). Unfortunately, none of these mutants are currently available
from stock centers. We therefore generated a new loss-of-function
allele of dre4 using the CRISPR-mediated genome editing strategy
(40–42). We generated a 5 nt deletion allele (dre4KO1) which leads
to a frameshift and premature stop codon at the 29th amino
acid at the beginning of the second exon (Fig. 1B). dre4KO1/dre4KO1

homozygous mutant flies die as first or second instar larvae. In
addition, the dre4KO1 allele fails to complement the deficiency
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Figure 1. dre4, the ortholog of SUPT16H, is an essential gene in fly. (A) Schematic of human SUPT16H protein with its structural domains and de novo
variants found in the probands (red for cases in this study; blue for cases in previous report). The protein domains of SUPT16H and the function of each
domain are indicated. (B) Schematic of dre4 genomic span. The guide RNA (gRNA) target site and two independent RNAi target sites are indicated. dre4KO1

generated by CRISPR is an early stop gain with 28 amino acids remaining. DNA sequences are shown as codon triplets. The gRNA sequence is shadowed
in purple and the Protospacer Adjacent Motif (PAM) is colored in orange. (C) Complementation test of dre4KO1. The lethality caused by loss of dre4 can
be rescued with a genomic rescue construct. (D) Real-time PCR quantification of the relative mRNA level of dre4 showing the knockdown efficiency of
the two dre4 RNAi lines. Unpaired t test, ∗∗P < 0.01, ∗∗∗P < 0.001, mean ± SEM. (E) Ubiquitous knockdown of dre4 causes lethality at early stage.

Df(3 L) Exel6088 (43) that covers the genomic region of dre4
(Fig. 1C). Finally, a genomic rescue construct (GR) Dp(3;2)GV-
CH321-36E03 that contains the gene (44) fully rescues the lethality
of dre4KO1/dre4KO1 animals, indicating that the lethality is indeed
due to loss of dre4 (Fig. 1C).

Given the early lethality of the dre4KO1 mutant, we tested two
independent RNAi constructs, dre4 RNAi-1 and dre4 RNAi-2 (45)

(Fig. 1B; dre4 RNAi-1 targets a common exon of dre4, dre4 RNAi-
2 targets the 3’UTR of dre4), to reduce the expression of dre4
globally or in specific tissues. Ubiquitous knockdown of dre4
using these two RNAi constructs reduced the mRNA levels of
dre4 by 80–90% (Fig. 1D), and both caused first to second instar
lethality (Fig. 1E), similar to the dre4KO1/dre4KO1 mutant animals.
Immunofluorescence staining using an antibody against Dre4 (a



Human Molecular Genetics, 2023, Vol. 32, No. 6 | 987

Table 2. Bioinformatic predictions of the pathogenicity of SUPT16H variants

Proband 1 Proband 2

Genomic position 14:21838027G > A 14:21826154C > T
Amino acid change p.T171I p.G808R
Allele frequency in gnomAD 0.00000398, 1 heterozygous Absent
CADD score 22.5 31
PolyPhen2 hDiv (rare allele) 0.004 Benign 1.000 probably damaging
PolyPhen2 hVar (Mendelian disease) 0.003 Benign 0.999 probably damaging
Mutation taster Disease causing Disease causing
M-CAP 0.003 likely benign 0.076 possibly pathogenic
PROVEAN 2.492 neutral −7.497 deleterious

CADD, combined annotation dependent depletion; PolyPhen, poly morphism phenotyping; M-CAP, Mendelian Clinically Applicable Pathogenicity; PROVEAN,
Protein Variation Effect Analyzer.

gift from Dr Joan Conaway) showed that the protein localizes to
nuclei (Fig. 2), consistent with its role in nucleosome organization.
In human, SUPT16H is broadly expressed across tissues, including
the nervous system (46). Similarly, Dre4 is widely distributed in
multiple larval tissues including the fat body, wing disc, eye disc,
salivary gland, ring gland and brain (Fig. 2), suggesting that dre4
may be required in many tissues in fruit flies.

Loss of dre4 causes severe phenotypes in
multiple tissues and the SUPT16H reference
cDNA rescues the phenotypes more effectively
than the two variant cDNAs
To assess if human SUPT16H and fly Dre4 are functionally
conserved, we expressed the SUPT16H reference cDNA in the
dre4KO1/dre4KO1 mutant flies. Although we did not observe an
obvious rescue of lethality in this scenario, we found that
expression of SUPT16H cDNA can partially rescue the early
lethality caused by ubiquitous knockdown of dre4 to a later stage
(Supplementary Material, Fig. S1B). These data suggest that that
SUPT16H and Dre4 have functionally conservative properties, but
the human protein cannot fully substitute for the loss of the fly
protein.

Given that the probands present with NDDs, we assessed the
requirement of dre4 in the nervous system. We expressed dre4
RNAi specifically in glia or neurons using repo-GAL4 and elav-
GAL4, respectively. Reducing dre4 expression with dre4 RNAi-1 in
glia causes a 100% lethality at the pupal stage (Fig. 3A). This
lethality is fully rescued by expression of the human SUPT16H
reference cDNA, whereas expression of the variants failed to
rescue the lethality (Fig. 3A). These data show that dre4 is required
in glial cells and that both human variants may affect pro-
tein function. Interestingly, we found that reducing dre4 specif-
ically in the perineurial glia using Tret1–1-GAL4 (47) is suffi-
cient to cause lethality, and reducing dre4 specifically in the
subperineurial glia using moody-GAL4 (48,49) lowered the viability
to ∼30%. However, knocking down dre4 using nrv2-GAL4 (50,51),
which is expressed in all the other subsets of glia except the
perineurial and subperineurial glia, did not obviously affect the
flies (Supplementary Material, Fig. S2). These observations indi-
cate that the requirement of dre4 may vary among different glial
cell types, and that the perineurial and subperineurial glia are
likely to be more sensitive to a reduction in the level of Dre4
protein. Expressing dre4 RNAi-1 in neurons also killed all the flies
at the pupal stage, but expressing dre4 RNAi-2 allows most flies
(∼80%) to survive to adults. However, escapers die within 10 days
after eclosion (Fig. 3B). Co-expressing the reference SUPT16H dra-
matically increases the lifespan of the eclosed flies, whereas

expression of either SUPT16H p.T171I or p.G808R is much less
efficient in rescuing the lifespan decrease caused by knockdown
of dre4 (Fig. 3B).

Since both probands have dysmorphic features (Table 1), we
examined if dre4 is required in other tissues, including eyes and
wings. Tissue-specific knockdown of dre4 in the eye during devel-
opment using the ey-GAL4 driver leads to headless flies (Fig. 3C,
upper panel). Similarly, a very severe loss-of-wing phenotype was
observed using the wing disc pouch nub-GAL4 driver (Fig. 3C, lower
panel). Co-expressing reference SUPT16H partially rescued the
morphology defects caused by lack of dre4, while expressing the
variant cDNAs showed very limited rescue ability (Fig. 3C).

In summary, our results show that SUPT16H and Dre4 are
partially conserved, and that the conservation is sufficient to
allow us to ‘humanize’ the flies to assess the nature of SUPT16H
variants. Our data indicate that the SUPT16H p.T171I and p.G808R
variants are partial loss-of-function alleles.

Ectopic expression of human SUPT16H does not
cause toxic effects in flies
Since the probands carry de novo variants in SUPT16H, the
dominant phenotypes could be due to the dominant-negative or
gain-of-function nature of the variants. Alternatively, they may be
due to a loss of function that leads to a partial haploinsufficiency.
To test these alternatives, we overexpressed human SUPT16H
in flies. We ubiquitously overexpressed the SUPT16H reference
and variant cDNAs using different GAL4 drivers and assessed
the relative frequency of the progeny. The fly progeny expressing
either the reference or the variant SUPT16H are viable as adults
with expected Mendelian survival ratios (Fig. 4A). In addition,
tissue-specific overexpressing SUPT16H reference or variant
cDNAs in fly eyes (ey-GAL4) or wings (nub-GAL4) did not cause
obvious morphological defects (Fig. 4B). These results show
that expressing the reference or variant SUPT16H in flies has
no dominant or toxic effects. Given that we provide evidence
that the two de novo SUPT16H variants are partial loss-of-
function alleles, they are likely to have a partial haploinsufficient
effect.

dre4 functions in a cell-autonomous fashion
Our tissue-specific knockdown experiments showed that dre4
is required for development of multiple tissues and is likely
to be required in a cell-autonomous fashion. However, earlier
studies suggested that the developmental arrest at L1–L2 stage
observed in dre4 mutant was associated with a deficiency in the
production of ecdysone in the prothoracic gland (PG) (27,28), a
steroid hormone that controls the molting transitions as well

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac259#supplementary-data
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Figure 2. Fly, Nottingham UK is widely expressed during development and , Queens Medical Centre, Nottingham UKmostly confined to nuclei.
Immunofluorescence staining using antibody against Dre4 (green in all panels) showing that Dre4 is distributed in multiple tissues in developing
larvae, including fat body (A), wing disc (B), ring gland (C), eye disc (D), salivary gland (E) and brain (F). (B’), (D′) and (F’) are higher magnification images
of the regions indicated by dashed rectangles in (B), (D) and (F), respectively. Note the nuclear localization of Dre4. Nuclei are labeled by DAPI (blue) in
(A) and (C). The fat body cells are outlined by Phalloidin staining (red) in (A) and (A’). The prothoracic gland (PG) is outlined by phm-GAL4 > UAS-myr.RFP
(red) in (C) and (C’), the corpus allatum (CA) and corpora cardiaca (CC) of the ring gland are indicated by white and yellow dashed lines, respectively.
Scale bar: 20 μM in (B’), (D′) and (F′); 50 μM in other panels.

as metamorphosis (52). dre4 is expressed in PG and the protein
localizes to the cell nuclei (Fig. 2C). Knocking down dre4 using
the PG specific phm-GAL4 driver (53) almost fully abolishes the
nuclear localization (Supplementary Material, Fig. S3A), suggest-
ing efficient knockdown of dre4 in PG. PG specific dre4 knockdown
significantly impairs normal growth of the PG tissue (Fig. 5A and
Supplementary Material, Fig. S3A) and causes a developmental
arrest at L3 stage (Fig. 5B and Supplementary Material, Fig. S3B).
However, as mentioned above, flies die at L1–L2 stage when
dre4 is ubiquitously knocked down using the same dre4 RNAi

(Fig. 1E), consistent with the null allele that we generated.
In addition, when we expressed dre4 RNAi predominantly
in the dorsal part of wing disc pouch using MS1096-GAL4
(Supplementary Material, Fig. S4A), the level of cleaved Caspase3,
a general marker for cell apoptosis (54,55), significantly increased
when compared to the level in the ventral compartment of the
same wing disc (Supplementary Material, Fig. S4B). These data
indicate that the severe loss-of-function phenotypes of dre4
mutant flies may not be exclusively due to reduced ecdysone
production. Instead, loss of dre4 leads to increased cell apoptosis,

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac259#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac259#supplementary-data
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https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac259#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac259#supplementary-data
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Figure 3. Loss of dre4 causes severe phenotypes in multiple tissues that can be rescued by the SUPT16H reference cDNA but less effectively so by the
two variant cDNAs. (A) Glia expression of dre4 RNAi-1 causes lethality that can be fully rescued by co-expressing the SUPT16H reference cDNA, but is
not rescued by expressing the variants. UAS-Empty is used as a negative control in all the following experiments and figures. (B) Neuronal expression of
dre4 RNAi-2 causes reduced life span, which can be partially rescued by co-expressing SUPT16H reference cDNA, but less efficiently so by the variants.
The number of flies tested for each genotype is indicated. (C) Expressing dre4 RNAi-2 in the eye (upper panel) or wing (lower panel) of the flies causes
a complete loss of the head or wing, respectively. Co-expressing the SUPT16H reference cDNA strongly but not fully rescues the phenotype. However,
co-expressing the variant cDNAs show less efficient rescue ability. Scale bar, 0.2 mm.
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Figure 4. Ectopic expression of SUPT16H cDNAs in flies does not cause toxic effects. (A) Fly progeny that ubiquitously express SUPT16H reference
or variant cDNAs are viable as adults. The crosses are listed under the table. Based on the Mendelian ratios, the expected frequency of the progeny
carrying both GAL4 and UAS-SUPT16H cDNA is 0.5. (B) Ectopic expression of SUPT16H cDNAs in eyes (upper panel) or wings (lower panel) does not cause
morphological defects.
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and the developmental defects in multiple tissues are likely to
contribute to the lethality at an early stage.

To establish that dre4 functions cell autonomously, we
employed the flippase-out clone strategy (56) that permits the
removal of dre4 in random cells to allow comparison between
dre4 knockdown cells and neighboring wild-type cells within the
same tissue. In the absence of a heat shock, there is leaking
flippase activity that is sufficient to produce some GAL4 to drive
the knockdown of dre4 in a few cells. We focused on larval fat
body cells, large flat cells of uniform size that are commonly
used for flippase-out clone analysis at single-cell resolution.
Immunofluorescent staining showed that the dre4 knockdown
cells (GFP positive) barely produce Dre4 protein (Fig. 5C), further
validating that dre4 RNAi lines knock down the gene efficiently.
Notably, these cells are much smaller than the neighboring wild-
type cells, clearly showing that dre4 is autonomously required for
growth of these cells (Fig. 5C). The cell size reduction phenotype
can be fully rescued by expression of the human reference
SUPT16H but is only partially rescued by the variants identified in
the probands (Fig. 5D and 5E), again supporting that the variants
are loss-of-function alleles.

Discussion
Here we report two unrelated individuals with de novo missense
variants in SUPT16H, a gene encoding the large subunit of the
nucleosome organizer FACT complex. Both individuals have GDD,
ID, seizures, structural abnormalities in the brain and some facial
malformation.

SUPT16H localizes to 14q11.2. The microdeletion of chromo-
some region at 14q11-q22 is associated with a syndrome char-
acterized by a spectrum of symptoms including developmental
delay, cognitive impairment, autism, abnormal head size and
facial dysmorphism (MIM: 613457) (57–61). The deletion of chro-
mosome 14q11.2 ranges from 100 kb to >1 Mb, with a minimal
common deletion region of ∼35 kb that covers only two genes,
SUPT16H and CHD8 (58). Which gene accounts for the symptoms
is not obvious. Disruptive variants of CHD8, a gene encoding a
chromatin remodeling factor, have been mainly associated with
autism spectrum disorder and macrocephaly (62–64) and loss of
function of chd8 in zebrafish also recapitulated increased head
size features of the human phenotype (62). Given that SUPT16H
probands display overlapping symptoms with the 14q11-q22 dele-
tion syndrome, including delayed gross and cognitive develop-
ment, facial dysmorphism, congenital heart defects, as well as
abnormal brain structure and seizures, it is possible that the
phenotypes caused by the deletion are likely due to haploinsuf-
ficiency of both genes.

Although in vitro studies of SUPT16H and its orthologs have
defined their biochemical properties, the in vivo functions of
SUPT16H and its orthologs are less well studied at the organismal
level, mainly because of the early lethality caused by the loss of
the gene(s) in several species. In this study, taking advantage of
tissue-specific RNAi-mediated knockdown, we reveal the func-
tional requirement of dre4 and show that it is required for the
development of multiple tissues, including the nervous system,
wing and eye. Also, the requirement of dre4 varies in different
types of glia. This observation indicates that different tissues and
cells have different sensitivity to the level of dre4. Early studies in
flies suggested that dre4 loss affects ecdysone production in ring
glands and that this loss causes developmental arrest, arguing
for an endocrine mechanism of dre4 through control of ecdysone
production. However, we show that dre4 is expressed in most or

all tissues and that it is essential for cell survival, including the
ring gland. We further show that dre4 acts in a cell-autonomous
manner in fat body cells using flippase-out clone analysis. Loss of
dre4 causes a very severe cell size reduction in the cells expressing
dre4 RNAi but does not affect neighboring cells. Based on its broad
expression and essential role in cell growth and survival across
tissues, our data show that SUPT16H/dre4 acts cell-autonomously.

Our data show that expression of the human SUPT16H ref-
erence cDNA is capable of suppressing most of the phenotypes
associated with the loss of dre4 in fly. In contrast, the variants are
less efficient in rescuing the loss-of-function phenotypes, arguing
that they are partial loss-of-function mutations. In addition, the
ectopic overexpression assay suggests that the variants are less
likely to have a dominant-negative or gain-of-function effect.
In summary, our data indicate that the two de novo variants of
SUPT16H (p.T171I and p.G808R) are disease-causing and provide
compelling in vivo evidence that SUPT16H is associated with NDDs.

Materials and Methods
Next generation sequencing and human genetics
analyses
Whole genome sequencing of the probands and data analyses
were performed at the clinical sites. Firstly, cutadapt (65) (v1.15)
was used to trim adaptor sequences at the tail of sequencing
reads, and the sequencing reads were aligned to human reference
genome (UCSC hg19) with BWA (66) (v0.7.15). Duplicated reads
were marked by Picard (v2.4.1). Qualimap (67) (v2.2.1) was used
to calculate base quality metrics, genome mapping rate and the
coverage of targeted regions. Base quality score recalibration,
indel realignment and variant (SNVs and InDels) calling were
performed following the best practice protocol of the Genome
Analysis Toolkit (68) (GATK, v3.8). Variant filtering was done by
a finely tuned in house script. Pass-filter variants were anno-
tated using the Pubvar variant annotation engine and VEP (69)
(release 88). Variants that fit the dominant and recessive inher-
itance models were separately identified. Variants meeting any
of the following criteria were excluded from genetic analysis:
maximum population frequency was large than 0.01, genotype
confidence was low or the variants were predicted as benign
by all five algorithms (SIFT (70), PolyPhen 2 (71), MetaSVM (72),
MCAP (73) and MutationTaster (74)). The pathogenic evidence of
candidate disease-causing variants were scored by InterVar (75)
(1.0.8) according to ACMG guidelines (76). All the above analyses
were performed on Seqmax.

Fly stocks and maintenance
The fly strains used in this study were either generated in house or
obtained from the Bloomington Drosophila Stock Center (BDSC).
All the flies were reared on standard fly food and were cultured
at room temperature unless specified. The fly stocks are listed:

y1, v1; P{TKO.GS04655}attP40 (BDSC_80846)
w∗;P{GAL4-nos.NGT}40; P{UAS-Cas9.P2}attP2 (BDSC_67083)
dre4KO1 (generated in this study)
w1118; Df(3L)Exel6088, P{XP-U}Exel6088/TM6B, Tb1 (BDSC_7567)
w1118; Dp(3;2)GV-CH321-36E03, PBac{GV-CH321-36E03}VK00037/

CyO (BDSC_90150)
UAS-SUPT16HReference-VK37 (generated in this study)
UAS-SUPT16HT171I-VK37 (generated in this study)
UAS-SUPT16HG808R-VK37 (generated in this study)
UAS-Empty vector-VK37The inserted (generated in house) is in regular

front, not in italic (ARC-EM), Nottingham UK
y1 sc∗ v1 sev21; P{TRiP.GL00017}attP2 (BDSC_35149)

14q11.2
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Figure 5. dre4 functions in a cell-autonomous fashion. (A) Expression of dre4 RNAi-1 in the prothoracic gland of ring gland (driven by phm-GAL4, the
expression region is outlined by myr.RFP in red) impairs normal development of the prothoracic gland. Nuclei are labeled by DAPI (blue). Scale bar,
50 μm. (B) Expression of dre4 RNAi-1 in the ring gland leads to developmental arrest at the L3 stage. Note that normal age-matched flies develop into
dark pupae and eclose at day 10 when raised at 25◦C (left panel). phm-GAL4 > UAS-dre4 RNAi-1 flies are arrested as L3 and fail to properly pupate and
eclose (right panel). Scale bar, 1 mm. (C) Representative confocal image of fat body flippase-out clones stained with antibody against Dre4 (red). Cell
clones expressing dre4 RNAi-1 are labeled with GFP (green). Note that the cells expressing dre4 RNAi (white arrow) have reduced Dre4 and are much
smaller in size than surrounding cells. Cell outlines are indicated by Phalloidin (white). Scale bar, 50 μm. (D) Representative confocal images showing
the rescuing of cell size by co-expressing SUPT16H cDNA in dre4 RNAi-1 clones (green). Co-expression of the SUPT16H reference cDNA rescues cell size
more efficiently than the variants. Cell outlines are indicated by Phalloidin (red). Nuclei are labeled by DAPI (blue). Scale bar, 50 μm. (E) Quantification
of fat body cell size. Each point in the graph represents one confocal image randomly taken from larval fat body samples. For each image, cell size of
the dre4 RNAi-1 clones (green) and the wild-type cells surrounding the clones were measured, and the mean value of the cell size was used for ratio
calculation. More than three larvae were dissected for each genotype. Unpaired t test, ∗P < 0.05, ∗∗∗∗P < 0.0001, mean ± SEM.
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y1 sc∗ v1 sev21; P{TRiP.HMS01332}attP2 (BDSC_34344)
y1 v1; P{y[+t7.7] v[+t1.8] = TRiP.JF01355}attP2 (BDSC_31603)
y1 w∗; P{tubP-GAL4}LL7/TM3, Sb1 Ser1 (BDSC_5138)
y1 w∗; P{Act5C-GAL4}17bFO1/TM6B, Tb1 (BDSC_3954)
w∗; P{GAL4-da.G32}UH1, Sb1/TM6B, Tb1 (BDSC_55851)
y1 w∗; P{Act5C-GAL4}25FO1/CyO, y+ (BDSC_4414)
w1118; P{GAL4}repo/TM3, Sb1 (BDSC_7415)
P{GAL4- elav.L}2/CyO (BDSC_8765)
w∗; P{nub-GAL4.K}2 (BDSC_86108)
w∗; P{nrv2-GAL4.S}3; P{nrv2-GAL4.S}8 (BDSC_6797)
w∗; M{Tret1-1-GAL4.S}ZH-86Fb/TM6B, Tb1 (BDSC_94539)
w∗; P{moody-GAL4.SPG}2 (BDSC_90883)
w∗; P{GAL4-ey.H}3-8 (BDSC_5534)
w1118 P{GawB-ΔKE}BxMS1096-KE (BDSC_8696)
w1118; P{UAS-myr-mRFP}2/TM6B, Tb1 (BDSC_7119)
y1 w∗; P{phm-GAL4.O}22 (BDSC_80577)
hsFlp; UAS-Dcr-2; Act > CD2 > Gal4, UAS-GFP/TM6B (77)

Generation of dre4KO1 allele
The dre4KO1 allele was generated using CRISPR/Cas9 genome
engineering technology as previously described (40). Briefly, a dre4
TKO transgenic line carrying a single-guide RNA (sgRNA) is avail-
able from stock center (BDSC_80846) (78). The designed sgRNA
(ACGCCTCTACACGGAATGGA) targets the first exon in both dre4
isoforms. dre4 TKO flies were crossed to nos-Cas9 transgenic flies.
The first generation (F1) of male progeny carrying sgRNA and
Cas9 were then crossed to third chromosome balancer flies y w;
Dr/TM6C, Sb, Tb. Single F2 males were crossed to y w; Dr/TM6C,
Sb, Tb to establish ∼10 individual stocks with potential indel
mutations. We crossed out nos-Cas9 and sgRNA transgene (both
marked by y+) by selecting y− flies. Heterozygous F2 parent male
or F3 progeny were screened for indel mutation by performing
single fly genomic PCR using primer pairs flanking the targeted
genome region, followed by Sanger sequencing of unpurified
PCR product. Indel prediction from sequencing chromatograms
was performed by Inference of CRISPR Edits (ICE) analysis.
Several indel mutants were isolated and one with an early stop
codon in the second exon, designated as dre4KO1, was used in
this study.

Measurement of survival ratio
To measure the survival ratio, heterozygous Tub-GAL4/TM6B or
Act-GAL4/TM6B flies were crossed to homozygous UAS-SUPT16H
cDNA flies; homozygous da-GAL4 flies were crossed to heterozy-
gous UAS-SUPT16H cDNA/CyO flies. The expected Mendelian ratio
is 0.5 for the three crosses. The number of progeny for each
genotype was counted, and the survival ratio was calculated.

Generation of dre4 RNAi flippase-out clone
dre4 RNAi clones in fat body were generated by crossing UAS-dre4
RNAi strains to hsFlp; UAS-Dcr-2; Act > CD2 > Gal4, UAS-GFP/TM6B
(77). The CD2 cassette is flanked by FRT sites and is inserted
in between Actin promoter and GAL4 sequence, preventing the
expression of GAL4. The flies were kept at 29◦C to induce
spontaneous Flippase expression that removes the CD2 insert
to activate Act-GAL4 expression and drive knockdown of dre4 in
GFP-marked cells.

Generation of UAS-SUPT16H reference and
variant transgenic lines
UAS-SUPT16H reference and variant transgenic flies were
generated as previously described (79). Briefly, SUPT16H reference
cDNA coding sequence (CDS) was synthesized and ordered from

GenScript (Clone ID: OHu64837D, ORF clones Accession NO:
XM_011536381). SUPT16H cDNA CDS were first subcloned into
the Gateway compatible entry vector pDONR223 by BP cloning
(BP clonase II, Thermo Fisher Scientific, Nottingham UK) and
sequentially into the destination vector pGW-attB-HA by LR
cloning (LR clonase II, Thermo Fisher Scientific #11791100) (80).
The UAS-SUPT16HT171I and UAS-SUPT16HG808R were generated by
site-directed mutagenesis (PCR kit: iProof™ High-Fidelity DNA
Polymerase, BIORAD #1725301; Mutagenesis template digestion:
DpnI restriction enzyme, NEB # R0176L) and fully sequenced
(Sanger).

The following primers (5′-3′) were used.
To clone SUPT16H CDS into entry vector:
SUPT16H_attB1_Fw: GGGGACAAGTTTGTACAAAAAAGCAGGCT-

TAATGGCTGTGACTCTGGACAAAGAC
SUPT16H_attB2_Rv: GGGGACCACTTTGTACAAGAAAGCTGGGT

TTTACTTCCTCTTTTTCTTGGGGGGT
To generate T171I point mutation:
SUPT16H_T171I_Fw: GTTGTGGCATATATCATCGCTGTAAAG-

GAGGATG
SUPT16H_T171I_Rv: CTTTACAGCGATGATATATGCCACAACTG-

CACTG
To generate G808R point mutation:
SUPT16H_G808R_Fw: CTTGGGATTTAACAGAGCTCCCTATAG-

GAG
SUPT16H_G808R_Rv: CTATAGGGAGCTCTGTTAAATCCCAAGTC

CC
Sanger Verification M13_F: GTAAAACGACGGCCAG
Sanger Verification SUPT16H_S1: CACTTTGGGGCTATCACTTG
Sanger Verification SUPT16H_S2: CAGCAGATTCAGAAAGCTCG
Sanger Verification SUPT16H_S3: GAAGCGGCACACGGATGTGC
Sanger Verification M13_R: CAGGAAACAGCTATGAC
All constructs were inserted into the VK37 (PBac{y[+]-attP}VK00

037) docking site by φC31-mediated transgenesis (44).

Immunohistochemistry and confocal microscopy
Larval tissues were dissected in 1× PBS, fixed in 4% paraformalde-
hyde for 20 min at room temperature, washed in PBS (3 × 10 min),
blocked in PBT–BSA (0.1% Triton X-100 detergent, 1% BSA in PBS),
incubated in the primary antibody (Rabbit anti-dre4, 1:1000, gift
from Dr Conaway (81)) solution in PBT–BSA at 4◦C overnight,
washed in 0.1% PBT (3 × 10 min), incubated with secondary
antibody (1:200, goat anti-Rabbit; conjugated to Alexa 488 or
Cy3, Jackson ImmunoResearch #111–545-003 and #111–165-144,
respectively) for 2 h at room temperature (avoid from light) and
washed in 0.1% PBT (3 × 10 min). Phalloidin (1:100, 647 nm,
Invitrogen #A22287) was added in the secondary antibody solu-
tion. Stained tissues were mounted in DAPI-Vectashield (Vector
Labs #H1200). For the experiments without antibody staining,
phalloidin were diluted in 0.1% PBT. The images were captured
using a confocal microscope (Leica SP8) and processed using
ImageJ-FIJI software.

Imaging of adult fly wing and eye
For the imaging of the wings of adult flyies, the wing blades were
dissected and mounted in a glycerol/ethanol 1/1 mixture. Only
the wings of females were used. For the imaging of the eyes of
adult flies, the flies were frozen to death at −20◦C and glued on a
slide with double-side sticky tape. The samples were imaged using
bright field Stereomicroscope (Leica MZ16) and processed using
ImageJ-FIJI software.
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Real-time PCR
Real-time PCR was performed as previously described (82) with
the following changes: All-In-One 5X RT MasterMix (abm#G592),
iTaq Universal SYBR Green Master Mix (BioRad#1725120) and a
BioRad C1000 Touch Cycler were used.

The following primers (5′-3′) were used.
rp49_D.mel_Fw: TGTCCTTCCAGCTTCAAGATGACCATC
rp49_D.mel_Rv: CTTGGGCTTGCGCATTTGTG
dre4_RT-PCR_Fw: GGCCACCATTTGTCATCACG
dre4_RT-PCR_Rv: ATGTCGCAGGAGTTGAGCC

Web resources
1000 Genomes, http://www.internationalgenome.org/
CADD, https://cadd.gs.washington.edu/
ClinVar, https://www.ncbi.nlm.nih.gov/clinvar/
dbSNP, https://www.ncbi.nlm.nih.gov/projects/SNP/
DECIPHER, https://decipher.sanger.ac.uk/
DGV, http://dgv.tcag.ca/dgv/app/home
DIOPT, https://www.flyrnai.org/cgi-bin/DRSC_orthologs.pl
ExAC, http://exac.broadinstitute.org/
gnomAD Browser, https://gnomad.broadinstitute.org
HUGO Gene Nomenclature Committee, https://www.genenames.org/
Human reference genome (UCSC hg19), https://genome.ucsc.edu
IMPC, https://www.mousephenotype.org/
Inference of CRISPR Edits (ICE) analysis, https://www.synthego.com/
InterVar, http://wintervar.wglab.org
MARRVEL, http://marrvel.org
M-CAP, http://bejerano.stanford.edu/mcap/
MutationTaster, https://www.mutationtaster.org/
OMIM, https://omim.org/
Picard Toolkit, https://broadinstitute.github.io/picard/
PolyPhen-2, http://genetics.bwh.harvard.edu/pph2/
PROVEAN, http://provean.jcvi.org/
Pubvar variant annotation engine, www.pubvar.com
RefSeq, https://www.ncbi.nlm.nih.gov/refseq/
SIFT, http://sift.jcvi.org
Seqmax, www.seqmax.com
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