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Abstract

Purpose: Diphthamide is a post-translationally modified histidine essential for messenger RNA
translation and ribosomal protein synthesis. We present evidence for DPH5 as a novel cause of
embryonic lethality and profound neurodevelopmental delays (NDDs).

Genet Med. Author manuscript; available in PMC 2023 July 01.
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Methods: Molecular testing was performed using exome or genome sequencing. A transgenic
Dph5 knockin mouse (C57BL/6Ncrl- Dph5emIMbpiMmucd) was created for a DPH5 p.His260Arg
homozygous variant identified in 1 family. Adenosine diphosphate—ribosylation assays in DPH5
knockout human and yeast cells and in silico modeling were performed for the identified DPH5
potential pathogenic variants.

Results: DPHS5 variants p.His260Arg (homozygous), p.Asn110Ser and p.Arg207Ter
(heterozygous), and p.Asn174LysfsTer10 (homozygous) were identified in 3 unrelated families
with distinct overlapping craniofacial features, profound NDDs, multisystem abnormalities, and
miscarriages. Dph5 p.His260Arg homozygous knockin was embryonically lethal with only

1 subviable mouse exhibiting impaired growth, craniofacial dysmorphology, and multisystem
dysfunction recapitulating the human phenotype. Adenosine diphosphate—ribosylation assays
showed absent to decreased function in DPH5-knockout human and yeast cells. In silico modeling
of the variants showed altered DPH5 structure and disruption of its interaction with eEF2.

Conclusion: We provide strong clinical, biochemical, and functional evidence for DPH5 as a
novel cause of embryonic lethality or profound NDDs with multisystem involvement and expand
diphthamide-deficiency syndromes and ribosomopathies.

Keywords

Nonverbal neurodevelopment delays; Novel gene discovery; Precision animal modeling; Precision
genomics; Translational genetics

Introduction

Neurodevelopmental disorders (NDDs) are genetically heterogeneous lifelong conditions
that affect more than 3% of the pediatric population.! NDDs include global developmental
delays; speech, language, and communication impairments; social and behavior issues;
autism spectrum disorders; and neuropsychiatric conditions with high clinical variability;
often, NDDs also have associated neurologic or multisystem involvement. Despite the
increasing use of next generation sequencing methods, including exome sequencing

(ES), genome sequencing (GS), and RNA sequencing, the underlying genetic etiology

can be identified only in 9% to 50% of individuals with the highest yield among

those with profound NDDs, including intellectual disabilities, epilepsy, and multisystem
involvement.1~8 We sought to determine the molecular basis of individuals with nonverbal
NDDs in the Precision Genomics program, a novel initiative at University of California,
Davis (UCD), Sacramento, to promote translational research. We used deep phenotyping and
clinical ES and GS to obtain an accurate genetic diagnosis that can be returned to patients
and their families. We collaborated with the UC Davis Mouse Biology Program to create
targeted mouse models to determine the pathogenicity of variants of unknown significance
(VUS) and/or genes of unknown significance to advance translational genomics and provide
precision health care.

Through this program, we identified our index family harboring a rare homozygous
missense variant p.His260Arg in DPH5 (OMIM 611075) as a potential cause of profound
NDDs in 2 affected siblings. Diphthamide is a post-translationally modified amino acid

Genet Med. Author manuscript; available in PMC 2023 July 01.
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histidine ineEF2 that is highly conserved from archaebacteria to humans.”10 eEF2 is
essential for ribosomal translocation during messenger RNA (mRNA) translation and protein
synthesis in cells.1! The exact role of diphthamide is unclear; however, it serves as a target
for bacterial adenosine diphosphate (ADP)-ribosylating toxins such as diphtheria toxin (DT)
and Pseudomonas exotoxin A that inactivates eEF2 and stops protein synthesis in cells.10.12
The biosynthesis of diphthamide is complex and involves multiple components, namely
DPH1 to DPH7 along with the methylating cofactor S-adenosyl methionine (SAM).13:14 To
date, DPH5 has not been reported as a disease-causing gene, although pathogenic variants
in DPH1 have been reported as causing autosomal recessive intellectual disability with
distinct craniofacial features, CNS abnormalities, seizures, and digital abnormalities.15-17
Given the similarities in the phenotype, DPH5 was hypothesized as the potential causative
gene in our subjects, and a targeted knockin mouse model for the p.His260Arg variant

was initiated. While the mouse phenotyping was on-going, DPHZ pathogenic variants

were also reported as causing NDDs and craniofacial dysmorphology similar to DPH1
disorder in 2 independent families by Hawer et al, 18 who proposed that DPHI- and
DPHZ-related disorders were diphthamide-deficiency syndromes and ribosomopathies.
Furthermore, 2 additional unrelated families with rare variants in DPH5 were identified
through GeneMatcher.

In this study, we reported that biallelic, pathogenic homozygous, and compound
heterozygous variants in DPH5 cause profound NDDs with distinct craniofacial features and
multisystem involvement in 3 unrelated families. We reported that homozygous predicted
loss-of-function (LoF; frameshift) variant results in more severe disorder with miscarriages,
still birth, and neonatal mortality. We presented evidence to prove pathogenicity of the
DPH5 variants using functional studies, biochemical tests, and computational modeling

and proposed that DPH5-related diphthamide-deficiency syndrome is a novel autosomal
recessive Mendelian disorder.

Materials and Methods

Human subjects

ES and GS

Study participants were recruited after obtaining Institutional Review Board approved
consent at each institute, namely UCD; Boston Children’s Hospital (BCH), Boston; and
King Faisal Specialist Hospital and Research Center, Riyadh. Five affected individuals, their
parents, and an unaffected sibling from 3 unrelated families participated in clinical and
research genetic studies. Detailed phenotyping was performed in family 1 by S.P.S. at UCD,
family 2 by J.S. at BCH, and family 3 by F.S.A. at King Faisal Specialist Hospital and
Research Center. Children in Family 1 and 2 presented to the clinic with profound NDDs. In
the neonate intensive care unit, family 3 was identified immediately after birth. The national
and international collaboration was established through GeneMatcher.19

ES was performed for family 1 by GeneDx,20 family 2 underwent clinical GS at Baylor
through UDN, 21 and family 3 underwent ES in Saudi Arabia as previously described.22

Genet Med. Author manuscript; available in PMC 2023 July 01.
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Mouse knockin model

The Dph5 His260Arg mouse model was developed and analyzed under an approved
protocol reviewed by the UCD Institutional Animal Care and Use Committee and in
accordance with the Association for Assessment and Accreditation of Laboratory Animal
Care, International, and the Office of Laboratory Animal Welfare. All mice were housed

and cared for in accordance with the Guide for the Care and Use of Laboratory Animals
Eighth Edition.23 Mice were socially housed in individually ventilated cages (Optimice IVC,
Animal Care Systems) on a 12:14 hour (6 AM to 8 PM) light cycle during the production
phase and on a 12:12 hour (6 AM to 6 PM) light cycle during maintenance. Temperature
ranges in the room were maintained between 68 and 79 °F, and mice were maintained on
standard laboratory rodent chow (Rodent chow, Envigo 2918).

To study the in vivo functional impact of the p.His260Arg variant in DPH5, a targeted
murine knockin of the homologous p.His260Arg was achieved using clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 genome editing (Supplemental Figure
1A). Briefly, single-cell C57BL/6N mouse zygotes were harvested from superovulated
females and electroporated using standard protocols encompassing CRISPR ribonucleic
protein and a single-stranded DNA oligonucleotide repair template to result in homology-
directed repair of the desired region. The CRISPR ribonucleoprotein cleaves the mouse
genome, and homology-directed repair of the knockin segment was assisted by the single-
stranded DNA oligonucleotide repair template containing the desired change p.His260Arg
(Supplemental Figure LA—-E, Supplemental Table 1).

The genetically manipulated embryos were surgically transferred into the oviducts of
pseudopregnant CD1 female mice, and after gestation, pre-weaned mouse pups were
sampled and genetically tested by end point polymerase chain reaction (PCR) and
sequencing to definitively identify founder mice harboring the desired pathogenic variant,
p.His260Arg. Two founder mice were successfully generated and bred with C57BL/6N
wild-type (WT) mice for generation of germline transmission mice (N1). The N1 mice
genotypes were confirmed by PCR, and heterozygous animals were intercrossed to generate
the desired cohorts of male and female homozygous mice for phenotyping analysis.

Embryo collection and micro computed tomography imaging

Embryos were dissected from pregnant females on embryonic day 18.5 and transferred to
heparinized (1 U/mL phosphate-buffered saline [PBS]) Ca2*/Mg?*free PBS at 37 °C. The
placenta and umbilical cord were sectioned, and the yolk sacs were collected for genotyping.
The embryos were euthanized by exsanguination and submerged in 4% paraformaldehyde
(PBS) fixative for 4 to 5 days at 4 °C on a rocker and stored at 4 °C in PBS containing
0.02% sodium azide until processed for micro computed tomography (UCT). Please see
Supplemental Data for additional methods and imaging details.

Phenotyping assessment tests

The heterozygous mice underwent extensive phenotyping from age 5 weeks, including
weekly body weight measurements, SHIRPA, grip strength, open field, marble burying,
social and object novelty, acoustic startle, X-rays, auditory brain response, and gross

Genet Med. Author manuscript; available in PMC 2023 July 01.
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pathology at necropsy. The schedule of the phenotyping assays and detailed descriptions
of the phenotyping tests are included in the Supplemental Data.

In silico modeling

Homology models of WT and p.His260Arg, p.Asn110Ser, p.Arg207Ter, and
p.Asn174LysfsTer10 variants of human DPH5 were generated with the program Yet
Another Scientific Artificial Reality Application,242> using the DPHS5 crystal structures

of Entamoeba histolytica (PDB-1D 314T) and Pyrococcus hirokoshii (PDB-1D 2EGL,
2DXW, 2Z6R and 2E7R) as templates. All homology modeling (HM) was conducted

using the default settings in the macro hm_build.mcr and involved BLAST-searches,
multiple sequence alignments, loop modeling and refinement, and molecular dynamics
based simulated annealing minimization. The quality of each model was assessed during the
HM computations using z-scores based on dihedrals and 1-dimensional and 3-dimensional
packing. For each system, between 5 and 8 initial HM models were generated followed by
construction of the best hybrid model. For a better understanding of the effect of different
pathogenic variants, the hybrid models were then superposed onto our previous model of
the DPH5-eEF2 complex of Saccharomyces cervisaé® and the S cervisae DPH5 model
deleted (retaining SAM and eEF2). All structural analyses were conducted using Molecular
Operating Environment 2018.010126.

Analyses of DPH5 variants in recombinant MCF7 DPH5-K0 complementation assays

MCF7 breast cancer cell line—derived DPH5-knockouts (KOs) were used as described
previously to assess the effect of DPH5, p.Asn110Ser, p.Asnl174LysfsTer10, p.Arg207Ter,
and p.His260Arg variants on diphthamide synthesis.2’ Radioimmunoprecipitation assay
buffer extracts of the DPH5KO cells that were transfected with recombinant expression
plasmids encoding DPH5WT and p.Asn110Ser, p.Asn174LysfsTer10, p.Arg207Ter,

and p.His260Arg variants were exposed to DT and biotinylated nicotinamide adenine
dinucleotide (Bio-NAD) for an hour at 25 °C. The extracts were then subjected to reducing
sodium dodecyl sulfate—polyacrylamide gel electrophoresis and blotted to membranes that
were probed with streptavidin-horseradish peroxidase and peroxidase substrate to detect
the presence of biotinylated eEF2. The presence of diphthamide (generated by recombinant
DPH5 in the DPH5-KO background) results in a band at approximately 100kDa. Additional
details of ADP-ribosylation assays are similar to that described previously by Mayer et al.28
It is important to note that such assays provide variant proteins via recombinant multicopy
expression. Therefore, enzymes with reduced activities can still help in the synthesis of
diphthamide if increased expression levels compensate their partial inactivation.

Yeast cultivation and mutagenesis

To overcome limitations of MCF7 assays caused by multicopy expression of variant

DPH5, ADP-ribosylation and phenotype assays of S cerevisiae variants harboring single-
copy chromosome—encoded DPHS5 variants can be applied. DPH5 enzymes are highly
conserved among eukaryotes, including yeast, and human pathogenic variants, namely
p.Asn110, p.Asnl74, p.Arg206, and p.His260, corresponding to the S cerevisiae variants
p.Asnl1ll, p.Asnl75, p.Arg205, and p.His257 were identified (Supplemental Figure 3).
Yeast strains used and generated for this study are listed in Supplemental Table 3. Genomic

Genet Med. Author manuscript; available in PMC 2023 July 01.
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aph5 missense variants p.Asn111Ser (human p.Asn110Ser) and p.His257Arg (human
p.His260Arg) were generated using the 2-step method for the introduction of missense
variants as described previously.2? PCR-mediated pUG27 cassettes3C were integrated

into the 3”-untranslated region of gph5in BY4741 cells using standard lithium acetate
transformation and selection on minimal yeast nitrogen base (YNB) medium lacking
histidine. Correct insertion of the pUG27 cassette was verified by diagnostic PCR with
primers positioned outside the ap/5 locus (Supplemental Table 4). Site-directed mutagenesis
PCR was performed on a fragment consisting of aph5, including the pUG27 cassette in

the 3’-untranslated region inserted in a pJET1.2 cloning vector (Thermo Fisher scientific;
catalog number 1231). The resulting potential pathogenic variants were amplified via PCR
and transformed in cells via pUG73-based agph5 disruption. After recovery on yeast extract
peptone dextrose plates at 30 °C overnight, counterselection was performed by growing cells
in liquid YNB media lacking histidine and containing 1 g/L 5"-fluorootic acid at 30 °C for 8
hours and plating 50 uL of the liquid culture on YNB-plates lacking histidine and containing
5’-fluorootic acid (1 g/L). Resulting variant cells were verified using standard colony PCR
protocols and DNA sequencing of PCR products amplified from genomic DNA.

Yeast ADP-ribosylation assays

ADP-ribosylation assays were performed with total protein extracts of the yeast BY4741
strains for WT, gph5KO, and the 2 missense variants, p.Asn111Ser and p.His257Arg,
whose activities could not be differentiated from WT DPH5 in MCF7 assays. The

presence or absence diphthamide was assessed by incubating the extracts with DT and
biotinylated nicotinamide adenine dinucleotide. The presence of diphthamide results in
successful ADP-ribosylation and generates biotinylated eEF2. This can be detected by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis blots probed with streptavidin—
horseradish peroxidase and peroxidase substrate.28

Yeast phenotypic assays

Results

Phenotypic assays of WT gph5and variant agph5 yeast derivatives were performed by
spotting 10-fold cell dilutions starting at optical density (600 nm) of 1 on full yeast extract
peptone dextrose media containing 80 or 100 pg/uL hygromycin B. A plasmid carrying the
catalytic ADP-ribosylation domain of DT fused to a galactose-inducible promoter (pSU8)31
was transformed into WT agph5 and potential pathogenic variants to assess intracellular
activity of the toxin. For the DT assay, cells were spotted in 10-fold serial cell dilutions
starting at optical density (600 nm) of 1 on YNB medium lacking leucine and containing the
indicated concentrations of raffinose and galactose. All plates were incubated for 2 to 3 days
at 30 °C.

Patient studies

We report on 5 individuals, 3 females and 2 males from 3 unrelated families with variants

in DPHS5, ages ranging from 11 days to 10 years. Family 1 is a consanguineous Syrian
family with 2 siblings presenting with profound NDDs and intellectual disability, remaining
nonverbal with an inability to function independently. The older 10-year-old female carried a

Genet Med. Author manuscript; available in PMC 2023 July 01.
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diagnosis of congenital hypotonia and cerebral palsy. She was born at 42 weeks gestational
age with a history of intrauterine growth retardation and macrocephaly at birth per parental
report (currently she is normocephalic). She presented with dysphagia and failure to thrive
and required gastrostomy-jejunostomy tube feeds. She was crawling for ambulation until
age 9 years, after which she has been able to walk a few steps independently, albeit

with an unsteady gait. She had distinct craniofacial features, including broad forehead,
sparse eyebrows, epicanthal folds, short nose with upturned tip, downturned corners of the
mouth, poor dentition, tapering fingers, and short third toes, bilaterally (Figure 1A). Her
younger sibling, an 8-year-old male, also presented with profound NDDs and intellectual
disability, remaining nonverbal; he was crawling but not walking, had infantile onset
seizures, and was dysphagic and required gastrostomy-jejunostomy tube feeds. He had
facial features similar to his sister and, in addition, had ocular melanocytosis, pathologic
high myopia, and brachydactyly (Figure 1B and 1G). Additional clinical features and
investigations are summarized in Table 1 as family 1, individuals A and B. Family history
was significant for consanguinity and a male sibling who died at age 1 week in a hospital in
Syria (Figure 1J, family 1). ES (Materials and Methods) revealed a homozygous variant

of uncertain significance (VUS) in DPH5, NM_001077394.2:¢c.779A>G, p.His260Arg
(NC_000001.11:9.100990487T>C; Genome Aggregation Database [gnomAD] v3.1.1, minor
allele frequency [MAF] = 6.57 x 107%)32 in the 2 affected siblings with an unaffected sister
and both parents being heterozygous for the DPH5 variant.

Family 2 was recruited from BCH and had 2 affected siblings harboring

DPH5 compound heterozygous variants in frans: (1) NM_001077394.2:¢.619C>T,
p.Arg207Ter (NC_000001.11:9.100992652G>A; MAF = 2.631 x 107°)32 and (2)
NM_001077394.2:¢.329A>G, p.Asn110Ser (NC_000001.11:9.101013750T>C; MAF =
1.204 x 107°).32 The older sibling, a 9-year-old male, presented with profound NDDs and
intellectual disability, remained nonverbal, and had a history of seizures and congenital
aortic dilatation. He had distinct facial features, including broad forehead, depressed
midface, upslanting palpebral fissures, sparse eyelashes, mild epicanthal folds, thick alveolar
ridges, and gray sclera with ocular melanocytosis similar to affected individuals in family
1 (Figure 1C, Table 1, family 2, individual A). His 1-year-old sister also had profound
NDDs, seizures, and congenital aortic dilatation with facial features similar to her brother
(Figure 1D, Table 1, family 2, individual B). Parents were of European ancestry and
nonconsanguineous with 4 other siblings unaffected (Figure 1J, family 2).

Family 3 harbored a DPH5homozygous VUS, NM_001077394.2:¢.521dup
(p.Asn174LysfsTer10) variant (NC_000001.11:9.100995122dup; absent in gnomAD)32 in

a preterm female. She had ventricular septal defect, pulmonary stenosis, pericardial effusion,
brachycephaly, and an enlarged cistema magna. Her facial features included broad forehead,
bitemporal narrowing, sparse eyebrows, epicanthal folds, wide palpebral fissures, broad
nasal bridge, rounded nasal tip, downturned corners of mouth, and triangular chin, which
were similar to individuals in families 1 and 2 (Figure 1E). She died at age 11 days owing

to multisystem complications. Chest and abdominal X-ray showed evidence of extensive
pneumoperitoneum due to bowel perforation (Figure 1F). Brain magnetic resonance imaging
showed bilateral minimal tentorial subdural hemorrhages and enlarged cisterna magna with
normal myelination and gyration (Figure 1G, Table 1, family 3A). Family history was
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significant for consanguinity and multiple spontaneous miscarriages, 1 stillbirth, and 1
neonatal death (Figure 1J, family 3).

Murine modeling

The orthologous Dph5_p.His260Arg targeted murine knockin were generated using
C57BL/6N embryonic stem cells and backcrossed to C57BL/6N mice. A total of 43 pups
were born from a series of intercross breeding producing 7 litters (14 WT, 28 heterozygous,
and 1 homozygous). The 1 subviable live homozygous female mouse exhibited extreme low
birthweight, rounded head and short blunted snout, polydactyly on 1 foot, a depigmented
patch on the abdomen, and abnormal behavior with obsessive grooming of the face when
held (Figure 2A-C). The female mouse was found dead at age 24 days, and necropsy
showed autolyzed tissues and hemorrhage around the lambdoid sutures of the skull (Figure
2D).

The additional breeding of Dph5 p.His260Arg heterozygous mice to further evaluate the
subviability of homozygous mice resulted in gravid heterozygous females. In total, 20
embryos from 3 heterozygous females were harvested on embryonic day 18.5 days for gross
morphology and UCT evaluation. Yolk sac genotyping of 14 male and 6 female embryos
identified 7 WT, 6 heterozygous, and 7 homozygous embryos. All WT and heterozygous
Dph5_p.His260Arg embryos were of typical development. All 7 homozygous embryos were
small, and gross morphological examination revealed a fully penetrant phenotype as all 7
embryos presented with a range of anomalies with varying degree of severity, including
polydactyly (4/7), eye anomalies (4/7), edema (3/7), shortened frontonasal prominence
(2/7), facial cleft (2/7), abnormal head shape (2/7), and exencephaly (1/7) (Figure 2E).

The pCT images revealed a range of findings, including facial clefts, microphthalmia,
anophthalmia, exencephaly, shortened frontonasal prominence, vascular hemorrhages with
edema, situs inversus of the dorsal aorta, and ventricular septal defects recapitulating the
human phenotype (Figures 2F-2J, Supplemental Table 2). The viable WT and all but 2

of the 28 heterozygous mice were of typical development. The 2 atypical heterozygous
Dph5 p.Hi-s260Arg mice exhibited craniofacial dysmorphology, decreased body weight,
and reduced neuromuscular function. However, when the mice were euthanized at 16 weeks,
no major organ abnormalities were identified by necropsy and histology (Supplemental
Figure 2). While these findings in the 2 atypical heterozygote mice are not consistent with
that in heterozygote humans who have no craniofacial dysmorphic features or other clinical
manifestations, some differences in phenotype between mice and humans are expected.
Depending on the genetic background of the inbred mice, when human knockin variants

are tested in mice, there is a high likelihood that the phenotype observed may be more

(or less) intense than in the human patient. We created these pathogenic variants on an
inbred background, which increases the possibility of any potential genetic modifiers to

be homozygous compared with that in the humans who are outbred and less likely to be
homozygous at any modifier loci. For the Dph5 p.His260Arg variant, given that we observed
a very severe phenotype (late embryonic/postnatal death) in the homozygous mouse than

in the homozygous human, it is plausible to see milder observable phenotypes in the
heterozygous mouse that may partially mimic the phenotype(s) seen in the patient, even
though it is a recessive disorder in humans.

Genet Med. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shankar et al.

Page 10

In silico modeling

The in silico models created using Yet Another Scientific Artificial Reality Application
and Molecular Operating Environment 2018.0101 for DPH5 p.His260Arg showed protein
structure and folding similar to WT; however, it resulted in a positive charge with repulsion
and weakening of the DPHS5 interaction with eEF2 (Figure 3A-3D). DPH5 p.Asn110Ser
seemed to weaken dimer stability impairing DPH5-eEF2 interaction (Figure 3E). The
premature stop

p.Arg207Ter and p.Asn174LysfsTer10 variants occur in the terminal exon of DPH5and are
not expected to be subject to nonsense mediated decay. The DPH5 p.Arg207Ter truncating
variant removed a significant portion of DPH5 and disrupted interaction with eEF2 (Figure
F and G). The DPH5 p.Asn174LysfsTer10 truncates the DPHS5 protein surface causing
significantly reduced interaction with eEF2 and a solvent exposed SAM (Figure H and 1).

Analyses of DPH5 variants in recombinant MCF7-DPH5ko complementation assays

DT exclusively ADP-ribosylates eEF2 that harbors diphthamide. ADP-ribosylation assays
based on recombinant expression of variant DPH5 enzymes in DPH5 deficient human
MCEF7 cells can hence be applied for sensitive detection of diphthamide synthesis.

The absence of ADP-ribosylation signals in turn reflects the loss of functionality of

variant DPH5 enzymes.1428 The results of ADP-ribosylation analyses of DPH5 enzymes
carrying the human variants reveal total lack of enzymatic activity for p.Arg207Ter
(c.619C>T) and minimal signal detectable for p.Asn174Lysfs (c.521dupA) (Figure4A).
However, p.Asn110Ser (¢c.329A>G) and p.His260Arg (c.779A>G) revealed residual
activities sufficient to provide diphthamide-eEF2 upon multicopy plasmid-driven expression
in MCF7-DPH5ko as shown by robust detection of biotinylated eEF2 (Figure 4A).

Analyses of DPH5 variants in S cerevisiae

The MCF7 assay is consistent with DPH5-deficient phenotypes for individuals who

carry homozygous p.Asn174LysfsTer10 alleles. Individuals with homozygous p.His260Arg
or compound heterozygous p.Arg207Ter and Asn110Ser alleles, however, cannot be
unambiguously called DPH5-compromised based on MCF7-DPHko results. MCF7 assays
provide variant proteins via recombinant multicopy expression. Enzymes with reduced
activities may still help in the synthesis of diphthamide if increased expression levels
compensate for their partial inactivation. This assay limitation can be overcome with S
cerevisiae variants harboring single-copy chromosome—encoded DPH5 variants at those
positions that were identified in patients. Given DPH5 enzymes are highly conserved
among eukaryotes, including yeast, p.Asn110, p.Asn174, p.Arg206, and p.His260 in human
DPHS5 corresponding to p.Asn11l, p.Asnl75, p.Arg205, and p.His257 were identified in

S cerevisiae (Supplemental Figure 3). The S cerevisiae system not only provides DPH5
variants in single-copy chromosome—encoded form for in vitro

ADP-ribosylation assays, but also enables the assessment of phenotypes: yeast cells with
reduced or no diphthamide show resistance to ADP-ribosylating DT and hypersensitivity
toward the aminoglycoside antibiotic hygromycin.1® The analyses of the DPH5 variants
p.Asn110Ser and p.His260Arg (yeast equivalents p.Asn111Ser and p.His257Arg) revealed
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the presence of diphthamidylated eEF2 in both strains. Thus, both variants retain sufficient
activity to still produce diphthamide in yeast that generate signals indistinguishable from
WT by toxin-induced ADP-ribosylation (Figure 4B). In contrast, the (more sensitive)
phenotype assays indicated that diphthamide synthesis was partially compromised, resulting
in intermediate phenotypes (Figure 4C and 4D). Both missense variant strains tolerated DT
better than WT cells but were not as resistant as strains with completely inactivated DPH5
(Figure 4C). In addition, both variant strains were more sensitive to hygromycin than WT
cells but less sensitive than strains with completely inactivated DPH5 (Figure 4D).

Discussion

We identified biallelic variants in DPH5, including homozygous p.His260Arg,

compound heterozygous p.Arg207Ter in trans with p.Asn110Ser, and homozygous
p.Asn174LysfsTer10 in 3 unrelated families and described their phenotype characterized
by distinct craniofacial features, multisystem dysfunction, profound NDDs, multiple
miscarriages, and neonatal death (Table 1). Individuals of all 3 families shared craniofacial
features, which included broad forehead, frontal bossing, sparse hair and eyebrows,
epicanthal folds, broad nasal bridge with rounded nasal tip, and triangular chin; all were
normocephalic and had short stature and failure to thrive before G tube placement. Two
families had a history of miscarriages and early infant deaths. All had profound NDDs,
with intellectual disability remaining nonverbal with poor mobility and inability to function
independently. Cardiac features and respiratory system involvement were variable. All had
hypotonia or peripheral spasticity with brain magnetic resonance imaging findings ranging
from normal to diffuse paucity of white matter to cerebellar atrophy. We also noted similar
cranioectodermal features and multisystem involvement with autosomal recessive mode of
inheritance for DPH1 and DPH218:33 disorders, whereas de novo variants in £EF2 cause
similar craniofacial features but milder NDDs34 (Supplemental Table 5). In addition, a
missense variant in E£F2was reported as causing autosomal dominant spinocerebellar
ataxia type 25 affecting multiple generations in 1 family but with no other NDDs.34

In this study, we provided in vivo and in vitro functional studies and computational
modeling data to prove pathogenicity of the DPH5 variants and propose DPH5 as a

novel cause of diphthamide-deficiency disorders. The human phenotype was recapitulated
in the Dph5 pH260R knockin mouse model with multisystem abnormalities, including
craniofacial, ophthalmologic, cardiac, visceral, and hemopoietic in most homozygous
embryos that were nonviable. The only live born homozygous mouse exhibited extremely
low birthweight, failure to thrive, craniofacial dysmorphology, polydactyly, unusual
grooming behavior, and early death.

The in silico modeling with the observed variants revealed alterations of DPH5 protein
structure or electrostatic charge differences that disrupted the interaction between DPH5

and eEF2 with implications on mRNA translation and protein synthesis. The ADP-
ribosylation assays in MCF7 DPH5-KO cells revealed absent or decreased activity for DPH5
p.Arg207Ter, the premature stop variant, and the DPH5 p.Asn174LysfsTer10 frameshift
variant that is predicted to result in aberrant charge and premature stop protein. Furthermore,
phenotype analyses of yeast strains carrying missense variants corresponding to DPH5
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p.Asn110Ser and DPH5 p.His260Arg revealed reduced function of these variants evidenced
by decreased DT and increased hygromycin-sensitivity.

DPH5 (OMIM 611075) is a methyl transferase with a highly conserved domain (Figure

11) critical to the biosynthesis of diphthamide, a post-translationally modified amino

acid histidine on eEF2 essential for ADP-ribosylation, mRNA translation, and protein
synthesis.13:14.18.35-37 A recent transcriptome study of Dph5-KO cells in the gut of adult
Drosophila suggests that DPH5 has a role in the regulation of ribosome biogenesis genes.38
DPH?5 is ubiquitously expressed in all tissues in humans.3? The complete absence of DPH5
function is not compatible with life as shown by the embryonic lethality of the Dph5<o/ko
line (unpublished KOMP/Sanger data). Biallelic total or near total LoF pathogenic variants
in humans may also result in abortions and early fetal losses as seen in family 3 harboring
the homozygous frameshift variant p.Asn174FysfsTer10. Multiple miscarriages, still birth,
and neonatal mortality were reported in this family. We postulated that the presence of
residual DPH5 function results in live births with multisystem abnormalities and profound
NDDs as seen in family 1 with the homozygous p.His260Arg missense variant and in family
2 with the compound heterozygous variants, p.Arg207Ter in frans with p.Asn110Ser. DPH5
has a probability of being (LoF) intolerant score of 0 and an FoF observed/expected upper
bound fraction of 0.77 (0.48-1.27) (gnomADV2.1.1),32 suggesting the tolerance of DPH5
to LoF in heterozygous state but not in homozygous state with compound heterozygotes
probably retaining intermediate functionality.32

In summary, we provide clinical, molecular, functional, biochemical, and computational
data as proof of pathogenicity for the DPH5 variants p.Asn110Ser, p.Asn174LysfsTer10,
p.Arg207Ter, and p.His260Arg, establishing DPH5 related diphthamide-deficiency
syndrome as a novel autosomal recessive disorder expanding the disorders caused by
diphthamide biosynthesis pathway genes.15:18:33

Ribosome biogenesis is essential for mRNA translation, protein synthesis, and cell growth
and proliferation. Defects in ribosome biogenesis have been reported to cause Treacher
Collins Syndrome, Diamond-Blackfan anemia, and Shwachman-Diamond syndrome that
are referred to as ribosomopathies.%0 However, in other putative ribosomopathies such

as Blooms and Werner syndrome and cohesinopathies, the stress responses associated

with ribosomal defects and/or mMRNA translation alterations may contribute to disease
phenotype and severity.40 Diphthamide is essential for translational accuracy and ribosomal
protein synthesis,12:18 although additional studies are needed to understand the exact
pathophysiology of diphthamide-deficiency disorders.

Our study highlights the power of clinical translational genomics and precision modeling
in determining the pathogenicity of a VUS and accelerating new gene discoveries.
Furthermore, the Dph5 p.His260Arg mouse model serves as a valuable resource for
understanding the critical role of diphthamide biosynthesis genes in organogenesis and
development. In addition, it serves as a model for in vivo therapeutic options and advances
in precision medicine.
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Figure 1. Clinical features of individuals with DPH5 variants.
A., B. Siblings from family 1. C., D. Siblings from family 2. E-G. Proband from family 3.

Craniofacial appearance, including sparse hair and eyebrows, broad forehead with frontal
bossing, epicanthal folds, broad nasal bridge, upturned nasal tip, and triangular chin, seen in
all individuals; down turned corners of the mouth seen in individuals (A) and (E). B. Poor
dentition. F. Chest and abdominal X-ray with pneumoperitoneum owing to perforated bowel.
G. Axial view of head computed tomography showing bilateral minimal tentorial subdural
hemorrhage and enlarged cisterna magna. H. Brachydactyly of toes for individual (B) from
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family 1. I. Schematic of DPH5 protein showing that all variants identified in the 3 families
fall within the conserved domain diphthine methyl ester synthase. J. Family pedigrees of 3
families harboring DPH5 variants. Pedigree 1 is for family 1 with 2 affected siblings born
to a consanguineous family from Syria. Pedigree 2 is for family 2 with 2 affected siblings
of European ancestry from Boston. Pedigree 3 is for family 3 from Saudi Arabia showing
additional affected sibling and an affected first cousin.
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Figure 2. Images of prenatal and postnatal homozygous Dph5 mice.
A-C. Homozygous female Dph5 pH260R mouse aged at 21 days presenting with decreased

body size, dysmorphic head morphology, depigmented patch on abdomen, and polydactyly
of left hind foot. D. Postmortem photo at age 24 days with observed hemorrhage around
the lambdoid skull sutures. E., F. Photomicrographs of embryonic day (ED) 18.5(1) Wild
type (WT) and (2-7) homozygous Dph5 embryos with their corresponding micro computed
tomography (LCT) images (sagittal sections) showing: (4, 7) facial clefts, (7) exencephaly,
(5,6) microphthalmia, (7) anophthalmia, (4-6) shortened frontonasal prominence, and (5,6)
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vascular hemorrhage with edema. G., H. uCT images (transverse sections) of ED 18.5 (1)
WT and (2, 4, 6, 7) homozygous Dph5embryos through (7) head and (8) heart showing
facial cleft (arrow i), microphthalmia (arrow ii), anophthalmia with exencephaly (arrow iii),
situs inversus of the dorsal aorta (arrow iv) (and arch aorta, not shown), and ventricular
septal defects (arrow v). Arrows in(H, 1) WT show normal position of dorsal aorta and
closed heart interventricular septum. 1., J. uCT images of visceral cavity (transverse section),
and frontal sections of (1) WT and (2-6) homozygous embryos showing diaphragmatic
hernia (arrow vi), edema in pleural cavity, lymphatic sacs, brain vesicles and trunk (arrow
vii), hypoplastic/absent pineal gland (arrow viii), and hypoplastic stomach (arrow ix).
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Figure 3. Homology models of wild type (WT), p.His260Arg, p.Asn110Ser, p Arg207Ter, and
p.Asn174LysfsTer 10 variants of human DPH5 and inter action with eEF2.

A. Human WT DPH5 dimer (gray/golden) in complex with eEF2 model (green). B. Zoomed
image of (A), p.His260 interacts favorably with p.Arg711 and p.Lys582 of eEF2. In yeast
DPHS5, p.His260 corresponds to p.His257, interacting in the same way with eEF2.16. C., D.
p.His260Arg homology modeling fold is identical to the WT. p.Arg260 will be positioned at
the protein interface interacting with eEF2. In the S cervisae system, the corresponding
residue interacts with p.Arg711 and p.Lys582 of eEF2; the p.His260Arg variant will
introduce repulsion owing to its positive charge and weakened protein—protein interaction.
C. Sideview (eEF2 interacting from the right; not shown). D. Rotated (90°) zoom-in facing
the interaction region binding to eEF2. E. p.Asn110 is located at the DPH5 monomer—
monomer interface region. p.Asn110Ser variant may weaken the dimer stability and thus
lead to malfunctioning DPH5-eEF2 interaction. It is also possible that exchange of SAM

(as eEF2 is methylated 4 times by DPH5) is impaired by the variant. F., G. p.Arg207Ter
truncation variant. F. This truncation will remove a large part of the region interacting with
eEF2, including p.His260 (dark blue showing the truncated parts of monomer 1), as well as
SAM binding (light blue showing the truncated part of monomer 2). It can thus be expected
that DPH5—-€EF?2 interaction as well as DPH5 functionality is severely disrupted. G. DPH5
truncated at p.Arg207, showing the exposed SAM and the much smaller area of interaction
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toward eEF2. H., I. The p.Asn174LysfsTer10 introduces a stop codon after p.Leu182 in the
p.Asn174LysfsTer10 variant, leading to premature truncation and reduced area of interaction
with eEF2. I. The interaction between the p.Asn174LysfsTer10 variant DPH5 and eEF2 is
significantly reduced, and SAM is largely solvent exposed. ACP, 3-amino-3carboxypropyl;
SAM, S-adenosyl methionine.
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Figure4. XXX.

A. ADPR assays indicate loss of function of DPH5 p.Arg207Ter and p.Asn174LysfsTer10.
Radioimmunoprecipitation assay extracts of MCF7 DPH5-knockout (KO) cells?’ transfected
with expression plasmids encoding DPH5WT, p.Asn174LysfsTer10, p.Asn110Ser,
p.Arg207Ter, and p.His260Arg were incubated with DT and biotinylated nicotinamide
adenine dinucleotide (Bio-NAD) to assess the presence or absence of diphthamide.
Successful ADPR with Bio-NAD as substrate generates biotinylated eEF2, which can

be detected in sodium dodecyl sulfate—polyacrylamide gel electrophoresis blots probed
with streptavidin-horseradish peroxidase and peroxidase substrate. Presence of diphthamide
(generated by recombinant DPH5 in the DPH5-KO background) therefore produces a

band at approximately 100 kDa and is seen with WT, p.Asn110Ser, and p.His260Arg.
Reactions without DT and extracts of nontransfected or mock-transfected cells serve as
controls. B-D. Assays diagnostic for yeast diphthamide modification capacity in vivo. B.
ADPR assay with total protein extracts of yeast BY4741 strains WT (DPHS), aphs4,
p.Asn111Ser, and p.His257Arg. Extracts were incubated with DT and Bio-NAD to assess
the presence or absence of diphthamide. Presence of diphthamide results in successful
ADPR and produces a band at approximately 100 kDa as seen with WT and p.Asn111Ser
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and p.His257Arg variants. Reactions without DT serve as controls. C. Phenotypic spot
assay investigating growth inhibition by the diphthamide-dependent DT. Cells carrying

the galactose inducible DT expression vector pSU831 were 10-fold serially diluted and
cultivated on medium containing the indicated concentrations (%[weight/volume]) of raf
and/or gal at 30 °C for 3 days. Cells with the 2 variants p.Asn111Ser and p.His257Arg
exhibited higher tolerance to DT than WT but much less than the cells with gph5A. D. Assay
displaying sensitivity to diphthamide-indicative translation inhibitor drug hygromycin B18
was examined by cultivation on medium containing the indicated doses of hygromycin B at
30 °C for 2 days. Cells with the p.Asn111Ser and p.His257Arg variants were more sensitive
to hygromyecin than WT cells but less sensitive than cells with gph5A. ADPR, adenosine
diphosphate-ribosylation; DT, diphtheria toxin; gal, galatose; raf, raffinose; WT, wild type.
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