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Abstract

Background: Miller syndrome is a rare type of postaxial acrofacial dysostosis
caused by biallelic mutations in the DHODH gene, which is characterized mainly
by craniofacial malformations of micrognathia, orofacial clefts, cup-shaped ears,
and malar hypoplasia, combined with postaxial limb deformities like the absence
of fifth digits.

Methods: In this study, a prenatal case with multiple orofacial-limb abnormities
was enrolled, and a thorough clinical and imaging examination was performed.
Subsequently, genetic detection with karyotyping, chromosomal microarray
analysis (CMA) and whole-exome sequencing (WES) was carried out. In vitro
splicing analysis was also conducted to clarify the impact of one novel variant.
Results: The affected fetus displayed typical manifestations of Miller syndrome,
and WES identified a diagnostic compound heterozygous variation in DHODH,
consisting of two variants: exon(1-3)del and c.819+5G > A. We conducted a fur-
ther in vitro validation with minigene system, and the result indicated that the
¢.819+5G > A variant would lead to an exon skipping in mRNA splicing.
Conclusions: These findings provided with the first exonic deletion and first
splice site variant in DHODH, which expanded the mutation spectrum of Miller
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1 | INTRODUCTION

Human acrofacial dysostosis (AFD) is an umbrella term
of a group of at least 18 congenital conditions exhibit-
ing a combination of craniofacial and limb anomalies
(Wieczorek, 2013). Among AFDs, the Miller syndrome
(also known as Genee-Wiedemann or Wildervanck-Smith
syndrome, OMIM #263750) is a postaxial type character-
ized by micrognathia, orofacial clefts, malar hypoplasia,
aplasia of the medial lower lid eyelashes, coloboma of the
lower eyelid and cup-shaped ears combined with postaxial
limb deformities, including the apparent absence of either
the fifth or both the fourth and fifth rays of the hands and
feet, with or without ulnar and fibular hypoplasia (Miller
et al., 1979). This disorder has been described for more
than 50years, but there were only ~50 associated reports,
making it extremely rare (Genée, 1969; Wiedemann, 1973).

This autosomal recessive condition, Miller syndrome,
was also famous for being the first entity resolved by exome
sequencing (Ng et al., 2010), then responded by another
whole genome study (Roach et al., 2010). The DHODH gene
(OMIM*126064) was identified as the causative gene of this
disease. DHODH is located at chromosome 16q22.2 and
contains nine exons encoding dihydroorotate dehydroge-
nase, which catalyzes the fourth step in de novo pyrimidine
biosynthesis (Minet et al., 1992). To date, only 21 DHODH
variants in nine studies have been reported to cause Miller
syndrome (https://www.hgmd.cf.ac.uk/; pro V2021.10;
details see Table 1), demonstrating a low incidence of
this condition and a strong conservatism of DHODH
gene (Bukowska-Olech et al., 2020; Duley et al., 2016;
Fujikura, 2016; Hou et al., 2020; Kinoshita et al., 2011;
Ng et al., 2010; Orozco Rodriguez et al., 2022; Rainger
et al., 2012; Roach et al., 2010); in them, missense variants
accounted for the most part (~69.6%, Table 1), and the others
were base-level deletion, duplication or frameshift variants.
The subjects of previous studies were limited to Caucasian
and Japanese populations, and there are no reports on
other ethnic groups. Additionally, due to the low number of
identified variations, it is still unable to fully establish the
genotype—-phenotype association of Miller syndrome.

In the present study, we identified a fetus with craniofa-
cial and limb abnormalities through prenatal ultrasonog-
raphy. Subsequently, amniocentesis and prenatal genetic
diagnosis were conducted. A heterozygous compound
variation in DHODH gene was identified and verified. In

syndrome and offered reliable evidence for genetic counseling to the affected

acrofacial dysostosis, DHODH gene, Miller syndrome, whole exome sequencing

vitro study was performed to investigate the specific im-
pact of one potential splicing variant.

2 | MATERIALS AND METHODS
This study was approved by the Ethics Committee of
Shijiazhuang Obstetrics and Gynecology Hospital.
Informed consent was provided by the participants. All
procedures performed in the present study were in ac-
cordance with the Declaration of Helsinki 1964 and its
later amendments or comparable ethical standards.

2.1 | Subjects and clinical evaluation

At June 2021, a couple with fetus displaying in utero
multiple anomalies was enrolled in our center. Clinical
evaluation was made via the combination of ultrasound
monitoring and magnetic resonance imaging (MRI) at
mid trimester and a comprehensive survey on family
history.

2.2 | Karyotyping and copy number
variation (CNV) analysis

To conduct a prenatal genetic detection, amniocentesis
was performed to obtain the amniotic fluid (AF) sample
according to routine process. Conventional chromosomal
karyotyping by G-binding was performed to detect overall
chromosomal anomalies (Arsham et al., 2017). Genomic
DNA was extracted from AF and the parents' peripheral
blood using samples QIlAamp DNA Midi Kit (Qiagen,
Dusseldorf, Germany). Chromosomal microarray analy-
sis (CMA) and testing with CytoScan 750K SNP-array
(Affymetrix Inc., Santa Clara, USA) were carried out ac-
cording to the manufacturer's manual workflow on all
fetal specimens in order to investigate genomic CNVs
with clinical significance.

2.3 | Whole-exome sequencing

Whole-exome sequencing (WES) was employed to detect
the sequence variants in the probands’ fetal samples, as
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TABLE 1 Miller syndrome-related variants in the DHODH gene (cited from HGMD database, in order of genomic position).

No. Genomic coordinates Reference base(s)
1 chr16:72045983-72045983 G

2 chr16:72046010-72046010 T

3 chr16:72046055-72046055 C

4 chr16:72046082-72046082 A

5 chr16:72046089-72046091 CCA

6 chr16:72048381-72048395 GTTCTGGGCCATAAA
7 chr16:72048540-72048540 C

8 chr16:72050942-72050942 G

9 chr16:72055100-72055100 C

10 chr16:72055110-72055110 G

11 chr16:72055110-72055110 G

12 chr16:72055110-72055110 G

13 chr16:72055115-72055116 CT

14 chr16:72056285-72056285 C

15 chr16:72057095-72057095 C

16 chr16:72057169-72057169 C

17 chr16:72057375-72057375 C

18 chr16:72057435-72057435 C

19 chr16:72057438-72057438 G

20 chr16:72057468-72057468 G

21 chr16:72058085-72058085

22 chr16:?-? Uncertain
23 chr16:72056379-72056379 G

Note: DHODH gene: NM_001361.5.

Variant HGVS description Protein Reference
base (s) (NM_001361.5) alteration (PMID)
A c.56G>A p-G19E 19915526
© c.83T>C p-L28P 21851494
T c.128C>T p-P43L 33262786
G c.155A>G p-E52G 22692683
C c.165_166del p-H55Efs*21 27370710
G c.248_261del p-L83Pfs*11 31980526
T c.403C>T p-R135C 19915526
A c.454G>A p-G152R 19915526
T c.595C>T p-R199C 19915526
GC ¢.610dupC p-L204Pfs*55 27219052
A c.605G>A p-G202D 19915526
C c.605G>C p-G202A 19915526
C c.611delT p-L204Rfs*7 19915526
T c.730C>T p-R244W 19915526
T c.851C>T p-T2841 19915526
T c.925C>T p-R309W 27370710
T c.976C>T p-R326* 22692683
T c.1036C>T p-R346W 19915526
A c.1039G> A p.-A347T 21851494
A c.1069G > A p-A357T 22692683
G c.1175A>G p.D392G 19915526
del exon(1-3)del Null This study
A c.819+5G>A p-236_264del? This study

Abbreviations: HGMD, The Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/ac/index.php); HGVS, Human Genome Variation Society (http://
www.hgvs.org/); PMID, PubMed reference ID (https://pubmed.ncbi.nlm.nih.gov/).

described in our previous study (Yang et al., 2022). Briefly,
the target-region sequence enrichment was performed
using the Agilent Sure Select Human Exon Sequence
Capture Kit (Agilent, Palo Alto, CA, USA).DNA librar-
ies were tested by quantitative PCR, where the size, dis-
tribution and concentration were determined using
Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA).
Along with ~150bp pair-end reads, the NovaSeq-6000
platform (Illumina, Inc., San Diego, CA, USA) was used
for sequencing of DNA with ~300pM per sample with
NovaSeq Reagent kit. Sequencing raw reads (quality level
Q30%>90%; and the quality criteria was listed at https://
www.illumina.com/science/technology/next-generation
-sequencing/plan-experiments/quality-scores.html;  ac-
cessed on 25 September 2022) were aligned to the human
reference genome (accession No. hgl9/GRCh37) using the
Burrows Wheeler Aligner tool, and PCR duplicates were
removed using Picardv1.57. Variant calling was performed
with the Verita Trekker® Variants Detection system (v2.0;

Berry Genomics, Beijing, China) and Genome Analysis
Tool Kit (https://software.broadinstitute.org/gatk/;
accessed on 25 September 2022). Then, variants were an-
notated and interpreted using ANNOVAR (v2.0) (Wang
& Hakonarson, 2010) and Enliven® Variants Annotation
Interpretation systems (Berry Genomics), based on the
common guidelines by ACMG (American College of
Medical Genetics and Genomics) (Richards et al., 2015).
To assist with the interpretation of variant pathogenic-
ity, we referred to three frequency databases (ExAC_EAS,
http://exac.broadinstitute.org, accessed on 25 September
2022; gnomAD_exome_EAS, http://gnomad.broadinsti
tute.org, accessed on 25 September 2022; 1000G_2015aug_
eas, https://www.internationalgenome.org, accessed on
25 September 2022) and HGMD (Human Gene Mutation
Database, pro v2021.10); Revel score (a combined method
of pathogenicity prediction) (Ioannidis et al., 2016) and
pLI score (representing the tolerance for truncating vari-
ants) were also employed.


https://www.illumina.com/science/technology/next-generation-sequencing/plan-experiments/quality-scores.html
https://www.illumina.com/science/technology/next-generation-sequencing/plan-experiments/quality-scores.html
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Sanger sequencing was performed as a validation
method with the 3500DX Genetic Analyzer (Applied
Biosystems, Thermofisher, LA, CA,USA).

2.4 | Invitro study on the novel splicing
site variant

Scince a novel variant (DHODH: c.819+ 5G > A) was adja-
cent to the splice site of Exon 6, we inferred that it might
affect the normal mRNA splicing. Splice site prediction
algorithms of DANN and dbscSNV also indicated it to be
deleterious (data not shown). Therefore, an in vitro vali-
dation experiment was conducted.

In short, the minigene expression plasmids containing the
Exon5-Exon7 segment of either the DHODH wild-type (WT)
or the ¢.819+5G > A mutant (MT) were constructed with a
commercially designed expression backbone, pMini-CopGF.
Subsequently, HEK (human embryonic kidney) 293T tool
cells were cultured and transfected by either of these plas-
mids, respectively. 48 h later, the cells were collected and the
RNA sample was extracted and reversely transcripted into
cDNA. Subsequently, particular impact on mRNA splic-
ing was analyzed via PCR fragment amplification, AGE
(agarose gel electrophoresis), and Sanger sequencing; the
primer sequences used for PCR and sequencing were {-
globin intron-F, 5'-GATATACACTGTTTGAGATGAGGA-3;
DHODH-R, 5-TACCAAGGAGAGGAAATCAC-3'.

3 | RESULTS

3.1 | Clinical manifestations

The pregnant women, aged 30 with her first pregnancy,
came to our center for regular prenatal examination.
At the 12th gestational week, ultrasonography re-
vealed that the fetus manifested micrognathia, short-
ened forearm, wrist angulation (Figure 1a), cleft palate
(Figure 1b), enhanced echogenicity in both kidneys
(Figure 1c), significantly larger bladder (Figure 1d)
and umbilical cord cysts (Figure 1e). At 20th week, the
fetus was found to present with low-set ears, bilateral
ulnas absence, adductive and flexed elbow joints, and
the fifth digits missing (Figure 1f,g). The subsequent
MRI test additionally indicated that the fetus had
shortening in distal extremities, ulna and tibia hypo-
plasia (Figure 1h).

The couple chose to induce labor with informed consent
at 21th™? week. The general appearance of the aborted
fetus confirmed the results of prenatal imaging, including
cleft palate. It was a boy with severe micrognathia, mild
zygomatic dysplasia, short palpebral fissures, short wide
neck, and lower “cup-shaped” ears. The forearms were ex-
tremely short, the elbows were abducent, and the hands
were “hook-like”. The fifth phalanxes of both hands and
feet were absent, and the third and fourth fingers and toes
exhibited syndactyly (Figure 1i).

FIGURE 1 Ultrasonography, MRI, and appearance images of the affected fetus. (a) Micrognathia, forearm shortening, wrist angulation,

abnormal angle of wrist and ankle (arrows). (b) Cleft palate (arrow). (c) Slightly stronger echogenicity of both renal parenchyma, mild

separation of renal pelvis. (d) Bladder (BL) enlargement. (¢) Umbilical cord cysts (CY). (f) Fifth finger absence. (g) Abnormal ankle angle

(arrow). (h) MRI: retracted mandible, abnormal ankle angle, and absence of the tibia (arrows). (i) Appearance: micrognathia, zygomatic

dysplasia, short palpebral fissures, short wide neck, cup-shaped ear, hook-like wrist, fifth digits missing.
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3.2 | Genetic finding

The fetal karyotype and CMA results were normal. WES
identified a compound heterozygous variation in the
DHODH gene, consisting of two variants, namely exon(1-
3)del and NM_001361: c.819+ 5G > A. According to famil-
ial validation, it was demonstrated by Sanger sequencing
that the former variant was inherited from the pregnant
woman, while the latter one was from her husband
(Figure 2a,b). We summarized the currently identified
variants in the DHODH gene associated with Miller syn-
drome, exhibited in the form of gene and protein diagrams
(Figure 2c, corresponding to Table 1).

tedine_\w/p y-| 2

3.3 | The affect of DHODH: c.819+5G >a
variant on splicing

In order to elucidate the specific impact of the DHODH:
c.819+ 5G > A variant on mRNA splicing, we carried out
a minigene expression experiment. And the AGE result
indicate that by the wild-type (WT) transfection, the target
band could be amplified with a 527bp size, as predicted;
while by the mutant (MT) transfection, the amplicon size
was 413bp (Figure 3b). This result was consistent with
those predicted by the in silico methods. Then, we recy-
cled each gel band and collected the corresponding DNA
sample from it for Sanger sequencing validation. Results

(a) (b)
B DHODH: c.819+5G>A B DHODH: exon1-3 del
I — = - — T ——
1 2 ‘
11-1 \‘ /A\ A \ i i 2
IR TS TErY b N1
I Dol [ f\j N\:\M‘,‘,N (\‘\'”'\f\ \”u}\’\ “l‘" e
1 ”‘,‘f/‘ ,‘}_‘w;‘»ll’il‘ \;‘“’\[i\}v V\‘ 2 2 & & & & & & & & & & & B8
B DHODH: c.819+5G>A
B DHODH: exon1-3 del -1 ] W
L llllllllllllll
Vv
1-2
(c)
DHODH gene (NM_001361.4)
exon1-3 del c.819+5G>A
¢|976C>T——¢.1036C>T
¢.155A>G ¢.403C>T c.605G>A/C  ¢.730C>T —¢.925C>T
c.128C>T ¢.1039G>A
.83T>C_ | ¢-165_166deICA ¢.454G>A c851C> ‘ CATEASG
¢.56G>A ¢.248_261del T e1069G>A

DHODH Protein (Q02127)

I i o T -
P-G19E w‘ P-P43L | E52G | p.R135C p.G152R p.R199C p.GZ(LDIA p.T2841 p.R309W p.R3zs{p.A347T J p.D392G
p.L28P p.H55EfS*21 p.L204Rfs*7 p. R244W p.R346W p.A357T
p.L83Pfs*11 p.L204Pfs*55

FIGURE 2 Genetic variations of DHODH in this study and literature. (a) The pedigree of this family. The object of the arrow is the
proband. (b) Two variants and their carriage among family members. (c) All the Miller-syndrome-associated variants detected in DHODH so
far, shown in the form of gene and protein pattern diagrams. The red characters show the variants detected in this study.
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FIGURE 3 Results of the in vitro minigene experiment. (a) A diagram of the vector construction process, including the restriction
endonuclease sites, variant site (red fonts). (b) AGE result showing the bands of the amplified product in either wild-type (WT) or mutant
(MT) transfected cells. (c) Sanger sequencing results of the WT and MT indicating the c.819+ 5G > A variant caused the Exon6 skipping. (d)

Model diagram further explaining the results in (b) and (c).

demonstrated that in the WT the normal transcript was
produced, while in the MT there was a exon-skip at Exon 6
of the expression segment (Figure 3c). A pattern diagram
corresponding to this mechanism was shown in Figure 3d.

4 | DISCUSSION

Human cranial-maxillofacial development is a com-
plex and elaborate process and is related to hundreds of
Mendelian dysmorphologies (Bhat, 2020). The extremely
low incidence and mutation amount of DHODH-caused
Miller syndrome, one recessive type of AFD, adds a layer
of mystery to its pathogenesis (Duley et al., 2016). There
has been even less in-depth research into the effects of
specific mutations of DHODH gene (Orozco Rodriguez
et al., 2022).

In this study, we conducted a systematic clinical and
radiographic evaluation of a child with prenatal cranial-
maxillofacial and limb abnormalities. The gross examina-
tion of the fetus after labor induction also confirmed that
the abnormalities in appearance and multiple systems of
the fetus were consistent with previous reports (Donnai
et al., 1987). Further genetic analysis revealed a novel
compound heterozygous DHODH variation involving two
variants, namely exon(1-3)del and ¢.819+ 5G > A. The in-
terpretation of the former variant was based on the dif-
ferences in exon capture efficiency presented in our WES
data. This variant is most likely to cause the mRNA failed
to be properly transcribed, thus to cause a null variation
at protein level. To further detect the specific breakpoints
which have not been certain by now, other sequence anal-
ysis methods such as WGS (whole genome sequencing)
are needed. In terms of the ¢.819+5G> A variant, it is
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clear that the base substitution did not occur at classical
splicing site. So, to further clarify its effect on splicing, we
designed and performed in vitro validation experiments,
and the result showed an Exon6 deletion, which was in
line with the in silico predictions. Based on this result,
we can predict that in vivo, the variant is most likely to
cause a peptide deletion, namely p.236_264del. However,
whether this presumption is true still needs to be tested by
sequencing in situ specimens. Up to our knowledge, these
findings are the first identification of the exonic deletion
and splice-site variant in DHODH, which is of great value
for the expansion of its mutation type and the develop-
ment of future functional research.

In regards of the function of DHODH, its biochemi-
cal function is almost clear, which is responsible for the
orotate production and significant in the pyrimidine de
novo synthesis (Loffler et al., 2015). Yet, its cell biological
function is still a hot topic of research in recent years,
especially in the field of oncology. Sykes et al. (2016)
revealed that DHODH is an important regulator of cell
differentiation and metabolism, and its inhibition has
a alleviating effect on the differentiation block in the
course of acute myeloid leukemia. Similarly, Bajzikova
et al. (2019) demonstrated that reactivation of DHODH-
driven pyrimidine synthesis can overcome cell cycle ar-
rest and restore tumor cell growth in a cancer cell model
with respiratory defects. These results have been con-
firmed by more studies in cancer, for example, DHODH
can be used as a therapeutic target for small-cell lung
cancer (Li et al., 2019); targeting DHODH-driven pyrim-
idine synthesis enhances the molecular therapeutic re-
sponse of glioblastoma stem cells (Wang et al., 2019); and
high DHODH expression in esophageal squamous cell
carcinoma promotes cell proliferation by stabilizing the
B-catenin pathway (Qian et al., 2020). Mao et al. (2021)
recently clarified that DHODH mediated ferroptosis
could inhibit tumor growth and might be a potential
therapeutic strategy.

Balasubramaniam et al. (2014) indicated that Genetic
aberrations of pyrimidine pathways lead to diverse clin-
ical manifestations including neurological, immunologi-
cal, hematological, renal impairments, adverse reactions
to analogue therapy, and association with malignancies.
Yet in developmental biology, the function of DHODH
has been relatively poorly studied. By studying zebrafish
embryos, White et al. found that DHODH could regulate
the transcription elongation of neural crest and mela-
noma, and the inactivation of DHODH would have a se-
rious impact on the development of neural crest (White
et al., 2011). Rainger et al. (2012) showed that DHODH,
Cad, and Umps were strongly expressed in the embry-
onic pharyngeal arch and limb bud, supporting a site-
and stage-specific requirement for de novo pyrimidine

o | . i« Medici 70f 9
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synthesis. Kondo et al. recently reported that buquinna,
an inhibitor of DHODH, induced cell cycle arrest, stem-
ness loss, and cell death in mouse pluripotent stem cells
(MPSCS) (Kondo, 2021). Fang et al. found that although
the missense mutation of DHODH did not affect the nor-
mal mitochondrial localization of the protein, it might
lead to the destruction of protein stability or the reduction
of enzyme activity (Fang et al., 2012), and speculated that
DHODH might induce the phenotype of Miller syndrome
through mitochondrial dysfunction (Fang et al., 2013);
they also found that the loss of DHODH interfered with
mitochondrial function and osteogenic differentiation of
osteoblasts (Fang et al., 2016). In animal experiments,
Dickinson et al. (2016) found that knockout of the mouse
homolog of DHODH is homozygous-lethal, indicating
that this gene is very important for mammalian embry-
onic development. But even with these efforts, the role of
DHODH in developmental biology, especially how it reg-
ulates the development of cranial-maxillofacial tissues,
remains somewhat thin.

In conclusion, for the first time in Chinese population,
we identified a novel compound heterozygous DHODH
variation consisting of one exonic deletion and one splic-
ing variant in a fetus with multiple prenatal abnormalities.
This work has constructive implications for further estab-
lishing genotype-phenotype association for the DHODH-
caused Miller syndrome and for further understanding of
the function of this gene.
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