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Hypomyelinating leukodystrophy (HLD) is a rare genetic heterogeneous disease that can affect myelin
development in the central nervous system. This study aims to analyze the clinical phenotype and
genetic function of a family with HLD-7 caused by POLR3A mutation. The proband (IV6) in this family
mainly showed progressive cognitive decline, dentin dysplasia, and hypogonadotropic hypogonadism.
Her three old brothers (IV1, IV2, and IV4) also had different degrees of ataxia, dystonia, or dysarthria
besides the aforementioned manifestations. Their brain magnetic resonance imaging showed bilateral
periventricular white matter atrophy, brain atrophy, and corpus callosum atrophy and thinning. The
proband and her two living brothers (IV2 and IV4) were detected to carry a homozygous mutation

of the POLR3A (NM_007055.4) gene c. 2300G >T (p.Cys767Phe), and her consanguineous married
parents (I111 and 1112) were p.Cys767Phe heterozygous carriers. In the constructed POLR3A wild-

type and p.Cys767Phe mutant cells, it was seen that overexpression of wild-type POLR3A protein
significantly enhanced Pol Ill transcription of 5S rRNA and tRNA Leu-CAA. However, although

the mutant POLR3A protein overexpression was increased compared to the wild-type protein
overexpression, it did not show the expected further enhancement of Pol lll function. On the

contrary, Pol lll transcription function was frustrated (POLR3A, BC200, and tRNA Leu-CAA expression
decreased), and MBP and 18S rRNA expressions were decreased. This study indicates that the
POLR3A p.Cys767Phe variant caused increased expression of mutated POLR3A protein and abnormal
expression of Pol Ill transcripts, and the mutant POLR3A protein function was abnormal.

Keywords POLR3-related hypomyelinating leukodystrophy, POLR3A gene, HLD-7, RNA polymerase III
(Pol III), Myelination

Leukodystrophy is a group of heterogeneous neurodegenerative diseases characterized by abnormal white matter
imaging'. They are classified as hypomyelinating leukodystrophy (HLD) and non-hypomyelinating leukodystro-
phy based on white matter abnormalities on magnetic resonance imaging (MRI) of the brain®. POLR3-related
hypomyelinating leukodystrophy (POLR3-HLD) is an autosomal recessive hypomyelinating leukodystrophy fea-
tured by neurological and non-neurological systems, and its typical clinical phenotype includes hypomyelination,

!Department of Traditional Chinese Medicine, Shengli Clinical Medical College of Fujian Medical University,
Fujian Provincial Hospital, Fuzhou, China. 2Department of Neurology, Fujian Medical University Union Hospital,
Fuzhou 350001, China. 3Fujian Provincial Key Laboratory of Emergency Medicine, Fujian Provincial Institute of
Emergency Medicine, Fujian Emergency Medical Center, Fuzhou 350001, China. “Pediatrics Department, Fujian
Provincial Hospital, Fuzhou 350001, China. *Department of Neurology, Fujian Provincial Hospital, Fuzhou 350001,
China. ®Department of Neurology, Youxi County General Hospital, Sanming 365100, China. ’Department
of Geriatric Medicine, Fujian Provincial Center for Geriatrics, Fujian Provincial Hospital, Fuzhou 350001,
China. ®These authors contributed equally: Dan-dan Ruan, Xing-lin Ruan, Ruo-li Wang and Xin-fu Lin. “email:
linfan@fjmu.edu.cn; docluo0421@aliyun.com; zz128cy@163.com; lyfd02068@163.com

Scientific Reports|  (2024) 14:7638 | https://doi.org/10.1038/s41598-024-58452-6 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-58452-6&domain=pdf

www.nature.com/scientificreports/

hypodontia, and hypogonadotropic hypogonadism, therefore it is also known as 4H syndrome®. POLR3-HLD is
caused by mutations in the POLR3A, POLR3B, POLRIC, and POLR3K genes, which encode subunits of human
RNA polymerase III (Pol IIT)*. Pol III is the largest of the three RNA polymerases, containing 17 subunits.
POLR3A encodes the largest subunit of Pol III, which together with POLR3B forms the catalytic center of the
enzyme. Pol I1I is involved in the transcription of a variety of small molecules of non-coding RNAs (NC-RNAs),
including transfer RNAs (tRNAs), 5S ribosomal RNA (rRNA), 7SL and 7SK RNAs, and U6 small nuclear RNA’.
Most Pol IIT transcripts are involved in the regulation of essential processes such as transcriptional regulation,
RNA processing, and protein translation®, and the normal function of Pol III plays a key role in the maintenance
and development of myelin’. In addition, Pol III-transcribed brain cytoplasmic 200 RNA (BC200 RNA) is highly
expressed in the central nervous system (CNS), so its role in neurological disorders deserves further investigation.
BC200 RNA is a primate brain-specific non-messenger RNA®, which is considered to be a translational regulator
in the synaptic-dendritic structural domain of neurons and is associated with the regulation of dendritic local
protein synthesis’. However, the role of BC200 RNA in myelin formation is rarely studied.

The impairment of Pol III or tRNA function can easily affect the CNS. A variety of neurological diseases,
including several leukodystrophy, have been found to result from mutations in genes associated with tRNA
biology'®>. POLR3A gene is constitutively expressed in all tissues, and although it is not expressed at very high
levels, it is the highest in the cerebellum'*. POLR3A mutation may lead to dysfunction of Pol III, which affects
the expression of certain tRNAs that are more abundant in the CNS, and thus disrupts protein synthesis'°. In our
previous work, we identified a hypomyelinating leukodystrophy-7 (HLD-7) family and detected the homozy-
gous variation of POLR3A (NM_007055.4) gene c. 2300G > T (p.Cys767Phe). At present, there is no literature
to study the function of the mutation site, and its clinical significance is unclear. Therefore, this study intends to
analyze the clinical phenotype of the family and study the function of the mutation site to further investigate the
pathogenicity of this mutation. It is expected that this study can improve clinicians’ understanding of the HLD-7
and POLR3-HLD disease spectrum and provide a reference for clinical diagnosis and treatment of this disease.

Materials and methods

Research object

The proband (IV6, Fig. 1a), a 36-year-old female, presented to our hospital with the chief complaint of “dizzi-
ness and memory decline for 16 years”. Collect the relevant medical history and clinical data of the proband and
other members of the family, such as biochemistry, serum ceruloplasmin, thyroid function including thyroid
stimulating hormone (TSH), free triiodothyronine (FT3), and free thyroxine (FT4), parathyroid hormone, and
sex hormone (follicle-stimulating hormone [FSH], luteinizing hormone [LH], estradiol [E2], progesterone [P4],
testosterone [T], prolactin [PRL]). The results of breast color ultrasound, vaginal color ultrasound, brain MRI,
electroencephalogram (EEG), electromyogram (EMG), blink reflex, somatosensory evoked potential (SEP),
and event-related evoked potential P300 of the proband were collected. This study was approved by the Ethics
Committee of Fujian Provincial Hospital, China, and all the family members participating in this study signed
informed consent forms.

Extraction of genomic DNA

Peripheral blood of the proband and family members were collected with an ethylenediaminetetraacetic acid
anticoagulant tube, and genomic DNA of the proband and family members were extracted according to the
instructions of the QIAamp DNA Blood Mini Kit (QIAGEN Co., Ltd.). The extracted DNA samples were exam-
ined using the NanoDrop instrument, agarose gel electrophoresis, and Qubit, and used for the subsequent
sequencing process.

Whole-exome sequencing and variant screening and interpretation

Next-generation sequencing (NGS) was performed on the proband. Break genomic DNA and use a reagent kit
for end-repaired, adding adenine bases, and connecting connectors, the genomic DNA library was obtained
after polymerase chain reaction (PCR) amplification and PCR product purification. NEXome Core Panel and
Hybridization and Wash kits were used for a whole-exome capture in the library, and the quality of the library was
tested after PCR linear amplification. The coverage of the target area is 99.63%, and the average sequencing depth
of the target area is 160.88 x. After passing the standard, PE 150 sequencing was performed using a DNBSEQ-T7
sequencer. The capture target genes involved include NOTCH3, POLR3A, POLR3B, POLR3K, POLRIC, CYP7BI,
and MADD. The sequenced fragments were compared with the UCSC hg19 human reference genome by BWA
software, and the data were sorted and de-duplicated using Picard and Samtools markdup software, then the data
were analyzed for single nucleotide variant and insertion and deletion using GATK software, and copy number
variation at the exon level was detected using ExomeDepth. Combined with the data of mutation detection, the
phenotypic-related sites were analyzed by Exomiser software, and the suspicious mutations were screened and
interpreted according to the American College of Medical Genetics and Genomics guidelines. Primer 5.0 was
used to design specific primers for the upstream and downstream positions of the target mutation site sequence,
and the target region was amplified. Sanger sequencing was performed using an ABI 3730XL DNA sequencer
(ABL, USA). The amplified fragment length of the target sequence of c. 2300G > T (p.Cys767Phe) of POLR3A
(NM_007055.4) was 800 bp, and the primer was F: TGAGGGCCTCGGTATCTACAA; R: TGATCGGAAATC
GGGCATCT. The annealing temperature was 60 °C. The primers were synthesized by Beijing liuhe BGI Tech-
nology Co., Ltd.
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Figure 1. Genogram and Sanger sequencing diagram of the family. (a) Pedigree diagram of a family with
hypomyelinating leukodystrophy-7, in which III1 is also complicated by Finnish type renal amyloidosis; the
proband (arrow) carries a homozygous mutation of POLR3A (NM_007055.4) ¢.2300G > T (p.Cys767Phe); blue
indicates carrying POLR3A (NM_007055.4) ¢.2300G > T (p.Cys767Phe) variant. (b) The proband had dentin
dysplasia. (c) ¢.2300G > T (p.Cys767Phe) homozygous mutant at exon 17 of POLR3A gene. (d) ¢.2300G>T
(p.Cys767Phe) heterozygous mutant at exon 17 of POLR3A gene. (e) Sanger sequencing verification map of the
wild-type POLR3A gene.

Plasmid construction and identification

The coding sequences (CDS) of POLR3A (NM_007055.4) and POLR3A p.Cys767Phe mutant were constructed
into pCDH-CMV-MCS-EF1-copGFP-T2A-puro vector, Xbal/NotI was selected as the double digestion site, and
the N-terminal end of the CDS carried the FLAG tag. The target gene was amplified and verified by sequencing.
The plasmid vector construction and related PCR primer synthesis were done with the assistance of Wuhan gene
create Co., Ltd (Wuhan, China).

Cell culture and transfection

The hela cells were placed in 1640 complete culture medium containing 1% Penicillin-Streptomycin Solution
and 10% Fetal bovine serum and cultured at 37 °C in a 5% CO?2 incubator, and the cells were routinely passaged
at approximately 90% cell density. The hela cells were digested and collected by trypsin, and the cells were laid
on a 6 cm cell-culture dish at a density of 5 x 10° cells/plate in an appropriate complete medium. The cells were
incubated overnight in a 37 °C incubator with 5% CO?2 according to the cell adherence, and transient transfec-
tion could be started after the cells were fully adherent. Prepare TurboFect-DNA Mix according to TurboFect
instructions, add 6 ug of plasmid and 12 pL of TurboFect into 600 uL of Opti-Medium and mix gently, and then
incubated at room temperature for 15 min. Add TurboFect-DNA Mix drop by drop to the cell culture medium of
the above monolayer cells, shake the dish gently and mix well, and incubate in a 37 °C incubator containing 5%
CO2. After 8-12 h of incubation, the medium was replaced with serum-containing medium preheated at 37 °C,
and after continuing the culture up to 48 h, cell samples were collected for subsequent verification of cell function.
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Real-time quantitative polymerase chain reaction (RT-qPCR)
The cells were collected for RNA extraction, reverse transcription, and qRT detection. Primers were designed
with Primer 5.0 (Table 1).

Cell immunofluorescence

After being fixed, transparent, and blocked, the transfected hela cells were incubated overnight at 4 °C with the
Flag primary antibody (Anti-FLAG 1:1000). The transfected hela cells were rinsed with phosphate-buffered saline
(PBS) three times; the fluorescent secondary antibody (Goat Anti-Mouse, final concentration 2 ug/mL) was added
and incubated at room temperature in the dark for 2 h, rinsed 3 times with PBS; stained with 4',6-diamidino-
2-phenylindole and incubated at room temperature for 10 min, rinsed 3 times with PBS; sealed with 50% glycerol;
and photographed by laser confocal microscopy after sealing.

Western Blot

The hela cells were cultured and lysed, the total protein was extracted, and the protein concentration was detected
with a multifunctional enzyme marking instrument. After the electrophoresis device was set up, protein samples,
as well as protein Maker, were added to the wells on the electrophoresis gel in the desired order using a pipette
or a loading needle. After electrophoresis, the proteins were wet transferred to the polyvinylidene fluoride
(PVDF) membrane. The membrane after protein transfer was rinsed with Tris-buffered saline with 0.1% Tween®
20 (TBST) and sealed at room temperature for 1 h by adding 5% bovine serum albumin (BSA) blocking solu-
tion per 0.1 mL/cm?. After sealing, the PVDF membrane was rinsed with TBST once. The primary antibody
(Anti-FLAG, 1:2000; Anti-a-Tubulin, 1:1000) was diluted with 5% BSA to the appropriate concentration, put
into PVDF membrane and react at 37 °C for 1 h or overnight at 4 °C; after washing the membrane 3 times, add
the secondary antibody (Goat Anti-Mouse) labeled with horseradish peroxidase diluted with 5% BSA, and put
it into the PVDF membrane and react at room temperature for 1 h; wash for 5 times and then expose.

Statistics

The data of 2724€T values obtained by RT-qPCR were statistically analyzed by GraphPad Prism version 6.0
software. The measurement data were expressed as mean * standard error of the mean. A one-way analysis of
variance was used for comparison between multiple groups. The least significant difference test was used for
comparison among groups.

Ethical approval

All procedures were performed in accordance with the tenets of the Declaration of Helsinki and the study was
approved by the Ethics Committee of Fujian Provincial Hospital, Fuzhou, China. All participants and legal
guardians of the minors involved in the present study provided written informed consent.

Results

Clinical phenotypes

The proband (IV6) is a 36-year-old woman. The proband had paroxysmal dizziness and memory decline at the
age of 20, manifested by frequent forgetfulness, accompanied by rapid temper, but her life and work had not

Primer name Primer sequence (5'-3)

hPOLR3A qRT F GCTCGACCATAGGATGGGTA
hPOLR3A gqRT R TTCTCCTCTTGGGACAGCAT
MBP qRT F CTCCCAAGGCACAGAGACAC
MBP qRT R GGAGCCGTAGTGAGCAGTTC
BC200 qRT F GCCTGTAATCCCAGCTCTCA
BC200 qRT R GGTTGTTGCTTTGAGGGAAG
hGAPDH F CAAGGTCATCCATGACAACTTTG
hGAPDH R GTCCACCACCCTGTTGCTGTAG
5SrRNA qRT F GCCATACCACCCTGAACG

5S rRNA qRT R AGCCTACAGCACCCGGTATT
tRNA Leu-CAA qRT F CTCAAGCTTGGCTTCCTCGT
tRNA Leu-CAA qRT R GAACCCACGCCTCCATTG

7SK RNA qRT F AGAGGACGACCATCCCCGAT
7SKRNA qRT R TGGAAGCTTGACTACCCTACGT
18S rRNA qRT F GTAACCCGTTGAACCCCATT
18S rRNA qRT R CCATCCAATCGGTAGTAGCG
28S rRNA qRT F AGAGGTAAACGGGTGGGGTC
28S rRNA qRT R GGGGTCGGGAGGAACGG

Table 1. Primers used in real-time quantitative polymerase chain reaction.
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been significantly affected. Brain MRI in the local hospital showed white matter degeneration and cerebellar
atrophy. Urine routine indicates microalbuminuria. No headache, limb numbness, fever, nausea, vomiting, speech
confusion, and no dyskinesia. There was a history of delayed eruption of deciduous teeth and infertility. She
has no history of drinking, taking drugs, and taking phenothiazines, no history of psychosis, encephalitis, brain
trauma, and stroke, and no history of adverse reactions to vaccines. The proband had menarche at the age of 17
and had irregular menstruation, requiring long-term oral estradiol tablets/estradioland dydrogesterone tablets.
Married at the age of 34, currently infertile. Her parents (III1 and III 2) were consanguineous marriage and had
no similar medical history, but her three older brothers (IV1, IV2, and IV4) all had a history of cognitive dys-
function. Physical examination: height 167 cm, weight 60 kg, BMI 21.26 kg/m?, good nutritional status, normal
blood pressure in both prone and standing positions, no K-F ring in the cornea, dentin dysplasia (Fig. 1b), no
significant abnormalities in heart, lung, and abdominal examination. Breast and pubes development stagnated
at Tanner Stage I, vulvar development was immature, and there were no deformities in spine and limb develop-
ment. Nervous system physical examination: clear consciousness, clear speech, answering questions correctly,
cooperative examination; memory slightly decreased, MMSE 27 points, MoCA 15 points (bachelor degree). The
sense of smell was normal, and the cranial nerve examination was normal. The muscle strength, muscle ten-
sion, and tendon reflex of the limbs were normal. Bilateral superficial and deep sensation existed symmetrically.
The movement was flexible, and the gait was normal. The bilateral finger-nose test was accurate, the alternating
movement test was coordinated, the heel-knee-tibia test was normal, and Romberg’s sign was negative. Bilateral
pathological signs were negative. Auxiliary examination: Thyroid function examination in other hospitals showed
that TSH 0.92 (0.27 ~4.20) ulU/ml, FT3 5.87 (3.1 ~ 6.8) pmol/L, and FT4 16.9 (12 ~ 22) pmol/L; anti-mullerian
hormone 5.24 (0.777 ~ 5.24) ng/ml; repeated monitoring of sex hormone levels showed E2 13.7 ~ 26 (49 ~291)
pg/ml, FSH 0.05~0.17 (1.79 ~5.12) mIU/ml, LH 0.01 (1.20 ~ 12.86) mIU/ml, PRL 2.06 ~ 3.7 (3.34 ~ 26.72) ng/ml,
P40.29~0.55 (5.16 ~ 18.56) ng/ml, and T 0.35 ~ 0.46 (0.1 ~0.75) ng/ml. At that time, the gonadotropin-releasing
hormone (GnRH) stimulation test showed that LH and FSH had no significant response. Breast color ultrasound
showed that the structure of the glandular layer was disordered and the arrangement was not clear. Vaginal
ultrasound shows the posterior position of the uterus, with a clear contour and regular shape, approximately
42 mm x 39 mm x 27 mm in size; its muscular layer has uniform echoes and no obvious abnormal mass echoes
was observed. After admission, a craniocerebral MRI showed multiple tiny nodular foci in the pituitary gland,
considering microadenoma; hypomyelination of the white matter of the brain; brain atrophy; and atrophy and
thinning of the corpus callosum (Fig. 2). EEG, EMG, and blink reflex tests showed no significant abnormalities
(the detailed results of EMG can be found in Supplementary Table S1). SEP: both upper limbs were normal, the
left lower limb was abnormal, and the right lower limb was normal (see Supplementary Table S2). P300 detection:
P300 waveform differentiation and repeatability were acceptable, the latency was slightly prolonged and the reac-
tion time was prolonged (Table 2). No obvious abnormality was found in biochemistry and serum ceruloplasmin.

The proband’s eldest brother (IV1), height 180 cm, delayed puberty, unmarried and infertile. IV1 had delayed
eruption of permanent teeth and lack of the right maxillary median incisor. Neurological symptoms appeared at
the age of 16, mainly characterized by personality changes, emotional instability, memory loss, slurred speech,
and progressive walking difficulties. He began to use a wheelchair at the age of 21 because he was unable to stand.
He became bedridden around the age of 30 and has been dead for 3 years (age of death 38). The proband’s second
brother (IV2) was 39 years old, height 184 cm, and had a son and a daughter. His children are all healthy. IV2 had
delayed eruption of permanent teeth, delayed puberty, and no significant abnormalities in sex steroid levels. At
the age of 20, he began to experience personality changes, manifesting as euphoria, exaggerated delusions, and
gradually developing memory loss and unstable walking, and currently can still walk independently. Physical
examination: there was no obvious abnormality in the general examination and physical examination of the
heart, chest, and abdomen. He was clearly conscious, could answer correctly, and was more euphoric, but was
uncooperative in the intelligence examination and could not complete the clock drawing test. The cranial nerve
examination was negative, the muscle tension of the extremities was normal, the muscle strength of both upper
limbs was grade 5, and the muscle strength of both lower limbs was grade 4. Mild atrophy of extremity muscles.
The bilateral finger-nose test was normal, the heel-knee-tibia test was uncooperative, the walking straight line was
not possible, Romberg’s sign was positive, and bilateral superficial and deep sensory examination was uncoop-
erative. Tendon reflexes of both upper limbs (+), tendon reflexes of both lower limbs (+ + +). Patellar clonus (-),
bilateral ankle clonus (+), and bilateral pathological signs (+). P300 detection: P300 waveform differentiation and
repeatability were poor, with prolonged latency and reaction time (Table 2). The proband’s third brother (IV4),
38 years old, height 180 cm, and had 2 sons. His sons were both healthy. IV4 had delayed eruption of decidu-
ous teeth and lack of the left maxillary canine; puberty was delayed but sex steroid levels were not significantly
abnormal. He started to experience neurological symptoms at the age of 23, first manifesting as excessive speech
and was treated with oral olanzapine in an external psychiatric unit (details unknown). Thereafter, he gradually
developed decreased speech, dullness, and memory loss. He developed progressive unsteadiness in walking at the
age of 30 and started using a wheelchair at the age of 35 due to inability to stand. Physical examination: partial
cooperation on physical examination, malnourished appearance, and sent to hospital in a wheelchair. Cardiac,
thoracic, and abdominal examinations showed no abnormalities. He was clearly conscious, with a dull expres-
sion and markedly decreased reaction speed, and was unable to complete the clock drawing test. Difficulty in
eye tracking and scanning, with bilateral nasolabial folds symmetrical in a natural state, and tongue extension
in the center; minimal speech, dysarthria, and the remaining cranial nerve examination were uncooperative.
The muscle tension of both lower limbs was increased, and the muscle strength of the extremities was grade 3.
Moderate-to-severe atrophy of extremity muscles. The ataxic motor and bilateral superficial and deep sensory
examinations were uncooperative. Tendon reflexes of both upper limbs (+), tendon reflexes of both lower limbs
(+++), patellar clonus (), bilateral ankle clonus (+), and bilateral pathological signs (+). P300 detection: no
definite P300 wave was observed. The craniocerebral MRI of the three old brothers of the proband all showed
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Figure 2. Craniocerebral magnetic resonance imaging (MRI) results of the proband. (a-i) Craniocerebral
MRI showed that the pituitary gland was approximately 3.8 mm in height, with a flat upper edge and a slightly
sunken saddle base, and multiple tiny nodules with equal and slightly long T1 signals and slightly long T2
signals were seen inside, and the dynamic enhancement showed relatively slightly low signals, the larger one
being approximately 2.2 mm in diameter; bilateral periventricular white matter atrophy and degeneration,
with short linear and patchy equal and slightly long T1 and slightly long T2 signals, and slightly high T2-Flair
signal; cerebral sulcus, cistern, and ventricle were generally widened; corpus callosum atrophy and thinning,
particularly at the knee and body of the corpus callosum.

symmetrical white matter abnormalities around the ventricles, corpus callosum thinning, and cerebellar atrophy.
Unfortunately, except for P300, IV2 and IV4 did not cooperate with EMG and SEP testing, so it was difficult to
distinguish whether their extremity muscle atrophy was wasting atrophy or atrophy due to peripheral neuropa-
thy. All members of this family also refused to undergo nerve biopsy. In addition, the father of the proband had
manifestations of proteinuria and nephritis, and is currently undergoing hemodialysis in their local hospital due
to uremia. He was diagnosed with Finnish type renal amyloidosis by gene sequencing in our department. The
clinical features of the proband and family members were summarized in Table 2.

Screening for mutated genes

Through the analysis of NGS and exon capture techniques, a homozygous mutation c. 2300G > T (p.Cys767Phe)
in exon 17 of POLR3A (NM_007055.4) was found in the proband (IV6), which led to the conversion of cysteine
(Cys) to phenylalanine (Phe) at position 767 of POLR3A protein. The proband’s two surviving brothers (IV2
and I'V4) also carried a homozygous mutation of POLR3A (p.Cys767Phe), and their consanguineous married
parents (III1 and II12) carried a heterozygous mutation of POLR3A (p.Cys767Phe). In addition, V1, V2, V3, and
V4 also carried the POLR3A (p.Cys767Phe) heterozygous mutation (Fig. 1c—e).

Cloning of POLR3A wild-type and p.Cys767Phe mutant

The pCDH-CMV- POLR3A-EF1-copGFP-T2A-Puro, pPCDH-CMV- POLR3A ¢.2300G > T-EF1-copGFP-T2A-
Puro, and control were transiently transfected. The fluorescence and growth of cells showed that the cells were
in good condition (Fig. 3a).

Expression of POLR3A wild-type and p.Cys767Phe mutant in hela cells
The expression of exogenous POLR3A protein in the cells was detected by WB (Fig. 3b). The results showed
that compared with the control group, the expression of POLR3A protein increased after overexpression of both
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Subject IV vl v2 V4
Gender Female Male Male Male
Age (years) 36 Deceased 39 38
Height (cm) 167 180 184 180
POLR3A p.Cys767Phe Hom Unknown Hom Hom
é)g“e; So(fyoer;:;t of neurological symp- | , 16 20 23
Cognitive dysfunction Mild Moderate to severe Moderate to severe Severe
Puberty development Delayed, stagnant Delayed Delayed Delayed
Hypogonadotropic hypogonadism | Yes Unknown No No

Abnormal tooth development

Delayed eruption of deciduous
teeth and dentin dysplasia

Delayed eruption of permanent
teeth and lack of the right maxil-

lary median incisor

Delayed eruption of permanent
teeth

Delayed eruption of deciduous
teeth and lack of the left maxillary
canine

Pubes development stagnated at

Normal hair development, but

Hair and nails Tanner Stage II with normal nails Unknown Normal nails partially missing
Ataxia No Yes Yes Yes
Dysarthria No Yes No Yes
Dystonia No Yes No Yes
Muscle atrophy of extremities No Unknown Mild Moderate to severe
Extremity muscle strength Normal Unknown MUSCI.E strength of both lower Extremity muscle strength grade 3
limbs is grade 4
Tendon reflexes of extremities Normal Unknown Bllatergl upper limbs (+), bilateral Bllatergl upper limbs (+), bilateral
lower limbs (+++) lower limbs (+++)
Bilater.al superficial and deep Normal Unknown ND ND
sensation
Bilateral pathological signs Negative Unknown Positive (+) Positive (+)
EMG Normal Unknown ND ND
Latency of blink reflex Left stimulus: 11.3/34.2/34.5; Right
R1/R2/R2’ (ms) stimulus: 12.2/34.5/35.0 Unknown ND ND
Bilateral upper limbs normal; left
SEP lower limb abnormal, right lower | Unknown ND ND
limb normal
P300 latency 398/416/436 Unknown 454/453/401 No definite waveform
Fz/Cz/Pz (ms)
P300 amplitude .
F2/Cz/Pz (mV) 487/536/533 Unknown 243/243/260 No definite waveform
Wheel-chair use No Yes No Yes
Age at death (years) N/A 38 N/A N/A

Table 2. Clinical characteristics of the patients in the family with hypomyelinating leukodystrophy-7. The
craniocerebral magnetic resonance imaging of patients in this family with hypomyelinating leukodystrophy-7
(HLD-7) all showed symmetrical white matter abnormalities around the ventricles, corpus callosum
thinning, and cerebellar atrophy. Patients with HLD-7 all showed psychiatric symptoms such as euphoria,
anxiety disorders, and emotional instability at an early stage of the disease. This family has not presented
with symptoms of optic atrophy, epilepsy, or postural tremor. The detailed results of IV6’s EMG and SEP

can be found as Supplementary Tables S1 and S2 online. Hom, homozygote; EMG, electromyography; SEP,
somatosensory evoked potential; ND, not done; N/A, not applicable.

POLR3A wild type and POLR3A c. 2300G > T mutants, and the expression of POLR3A protein was higher than
that of the wild type after POLR3A c. 2300G > T mutation. The expression of POLR3A, MBP, BC200, 5S rRNA,
tRNA Leu-CAA, 7SK RNA, 18S rRNA, 28S rRNA, and internal reference in cells was detected by RT-qPCR
(Fig. 4). The results showed that the overexpression of wild-type POLR3A protein could significantly enhance Pol
III transcription of 5S rRNA, tRNA Leu-CAA. However, although the mutant POLR3A protein overexpression
was increased compared to the wild-type protein overexpression, it did not show the expected further enhance-
ment of Pol III function. On the contrary, Pol III transcription function was frustrated (POLR3A, BC200, and
tRNA Leu-CAA expression decreased), and the expression of MBP and 18S rRNA was decreased, suggesting
that the mutant POLR3A protein function was abnormal.

Localization of POLR3A wild-type and p.Cys767Phe mutant in cells
Immunofluorescence was used to detect the expression and localization of the POLR3A protein (Fig. 5). Con-
sidering the effect of endogenous POLR3A, this part of the experiment was performed using Flag antibody, and
the results showed that wild-type POLR3A protein and POLR3A ¢.2300G >T mutant protein were uniformly
distributed in the cytoplasm, and the expression of POLR3A protein was enhanced after POLR3A c. 2300G>T

mutation.
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Figure 3. The situation of cell culture and the detection results of Western Blot (WB). a. Basal culture growth
of hela cells after transfection. b. The expression of exogenous POLR3A protein in the cells was detected by WB.
Original blots/gels are presented in Supplementary Fig. S1.

Bioinformatics prediction of proteins

The protein structure of POLR3A was searched at https://www.rcsb.org/sequence/7AE1L, and the mutated protein
structure was predicted by Chimera software. Using chimera software to predict the hydrogen bond of POLR3A
protein structure, it can be seen that the original 767 Cys can form a hydrogen bond with 765 Ser and 764 Gly,
but the hydrogen bond cannot be formed after mutation (Fig. 6).

Discussion

HLD-7 is an autosomal recessive hereditary leukodystrophy associated with POLR3A mutation'®. POLR3A is
located on the q22.3 of chromosome 10 and consists of 31 exons, encoding Pol III catalytic subunit A (POLR3A)
protein'®. POLR3A is essential for normal nucleolus function, ribosome assembly, and protein translation!”'8.
POLR3A interacts with multiple subunits of Pol III. POLR3A pathogenic mutants can directly interfere with
the ability to bind DNA, alter the catalytic cleft structure, and interfere with the protein interactions between
POLR3A and other Pol I1I subunits, thereby impairing the normal assembly of Pol III*.

Interestingly, the effect of POLR3A mutations on protein expression seems to be variable in different studies.
Previous studies have found that the level of POLR3A protein decreased in fibroblasts derived from patients
with 4H syndrome, and the level of POLR3A protein in cortical and cerebral white matter of individuals with
4H syndrome decreased, with a more significant decrease in cerebral white matter'®. Reduced levels of POLR3A
protein were also observed in HEK293 clonal cell lines and MO3.13 cell lines carrying the POLR3A p.M852V
mutation®. However, in a study of the effects of POLR3A mutations on mRNA and proteins in fibroblasts from
patients with Wiedemann-Rautenstrauch syndrome, POLR3A mutations resulted in a decrease in wild-type
POLR3A mRNA and POLR3A protein expression, while the expression of mutant proteins increased sharply
18, In addition, in the POLR3-HLD mouse model with the import of the POLR3A ¢.2015G > A (p.Gly672Glu)
mutation, the levels of the POLR3A protein in the mutant mice and the major protein components of myelin in
the mouse cerebellum (myelin basic protein (MBP), proteolipid protein, and myelin-associated glycoprotein)
were comparable to those of wild-type mice, and the myelin formation of mutant mice was not significantly
impaired ?!. In fibroblasts from a patient carrying a compound heterozygous mutation in POLR3A ¢.3721G> A
(p.Val1241Met) and the splicing region c.1771-6C > G, quantitative real-time PCR assays showed that the RNA
expression level of Pol III target genes (HNRNPH?2, UBB, LTF, and HSP90AA1) decreased and overexpression
of wild-type POLR3A protein rescued the basic expression of Pol III target genes or reached higher levels, while
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Figure 4. Expression levels of Pol III transcripts. The relative expression of POLR3A, MBP, BC200, 5S

rRNA, tRNA Leu-CAA, 7SK RNA, 18S rRNA, 28S rRNA, and internal reference were detected by Real-time
quantitative polymerase chain reaction. Data are presented as mean + standard error of the mean, n=3; ns, not
significant, *P <0.05, **P<0.01, ***P<0.001, ****P<0.0001.

overexpression of POLR3A protein with p.Vall1241Met mutation did not rescue their expression or even appeared
at lower levels'®. This not only confirms the pathogenicity of POLR3A p.Val1241Met, but also suggests that the
mutant POLR3A protein is functionally weaker than the wild type, and its elevated expression may even cause
alteration or loss of Pol III function.

The transcriptional activity of Pol III is closely related to the regulation of cell growth, cell cycle, and cell dif-
ferentiation processes?. Two hypotheses exist regarding potential possible mechanisms for POLR3-HLD: one is
that mutations in the gene encoding the Pol III subunit result in reduced levels of tRNA and/or other NC-RNAs
that are critical to myelin formation®. Oligodendrocytes are myelin-forming cells of the CNS. During myelin
development or remyelination, oligodendrocytes need to produce large amounts of proteins to mature, and dis-
ruption of tRNA transcription can cause dysregulation of global protein translation during the critical phase of
myelin development, ultimately leading to abnormal myelin formation®?. The second hypothesis suggests that
reduced Pol I1I function can lead to reduced levels of specific Pol III transcripts involved in transcription, RNA
processing, and translation, thus affecting the development and function of oligodendrocytes and/or neurons®.

Alterations in the expression of POLR3A-regulated genes and ribosomal transcripts may affect ribosome
production, protein synthesis, and the regulatory processes of RNA polymerases I and IT'. 5S rRNA is the small-
est RNA component of the ribosome, and the cytoplasmic ribosomes of all species contain highly conserved 5S
rRNAZ. The presence of 55 rRNA, a component of the large ribosomal subunit, is extremely important for the
normal function of the ribosome®®. 7SK RNA is a nuclear transcript produced by Pol III, which plays a crucial
role in the transcriptional regulation of RNA polymerase II through binding to the transcriptional elongation
factor P-TEFb?. It has been suggested that 7SK RNA is a major regulator of neuronal development and function?.
Expression levels of tRNA™, 55 rRNA, 7SK RNA, and 7SL RNA were found to be decreased in fibroblasts from
patients with HLD affected by the POLR3K mutation®. In contrast, blood RNA analysis in patients with stri-
atal involvement phenotype due to POLR3A mutation showed an overall decrease in tRNA abundance and an
increase in 55 rRNA and 7SK RNA levels®. In a study in which endogenous POLR3A ¢.2554A >G (p.M852V)
was introduced into HEK293 cells by CRISPR-Cas9 technique to obtain a homozygous mutant clone and two
compound heterozygous clones with null allele, the POLR3A mRNA levels of the compound heterozygote with
p-M852V mutation were decreased, but the POLR3A mRNA level of the homozygote with p.M852V mutation
was not decreased; precursor tRNA levels were reduced as a whole in all three mutant cells®. In our study
p-Cys767Phe mutant resulted in increased expression of mutant POLR3A protein. To further analyze the role
of the p.Cys767Phe mutant in transcriptional control, we used RT-qPCR to detect the expression of Pol III
transcripts. We observed that both tRNA-Leu-CAA and 18S rRNA levels were decreased after the POLR3A
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Figure 5. The expression and localization of POLR3A protein in hela cells. The wild-type POLR3A protein
and POLR3A ¢.2300G > T mutant protein were uniformly distributed in the cytoplasm, and the expression of
POLR3A protein was enhanced after POLR3A c. 2300G > T mutation.

p.Cys767Phe mutation compared to the wild type. Considering that Pol III is central to tRNA production, changes
in tRNA may be the main pathogenic mechanism of the POLR3A mutant'®, and the decrease of 18S rRNA level
suggests that this mutant may have an impact on the transcriptional regulation of RNA polymerase I. In addition,
5S rRNA levels were elevated after the p.Cys767Phe mutation compared to the wild type. Although the levels
of the transcriptional regulator 7SK RNA after the p.Cys767Phe mutation were not significantly different from
those of the wild type group, there was an overall trend of increased levels of 7SK RNA compared to the control
group. The increased expression of Pol III-specific transcripts may be a compensatory response to the decrease
of tRNA level and preferential recruitment of Pol I1I to their promoters®.

This study also observed that the POLR3A p.Cys767Phe mutation led to a decrease in the level of BC200 RNA.
BC200 is a long non-coding RNA that plays an important regulatory role in the translation process of human
neuronal cells**. BC200 RNA was the most downregulated Pol III transcript in several datasets of POLR3A
p-M852V mutant cells; moreover, BC200 RNA was also decreased in fibroblasts from patients with POLR3-HLD
and in the MO3.13 cell line of oligodendrocytes carrying the POLR3A ¢.2554A > G (p.M852V) mutation®. The
above results indicated that BC200 RNA may be particularly sensitive to Pol III functional abnormalities®’, and
may play an essential role in the pathogenic mechanism of POLR3-HLD. However, considering that BC200
RNA was overexpressed in a variety of tumor cells and was critical to cancer cell survival and proliferation®, and
MO3.13 cell lines were established from tumors, it cannot be excluded that BC200 RNA expression and function
are unique to this cell line?**2 In addition, the POLR3A p.Cys767Phe mutation also caused the decrease of MBP
mRNA expression in this study. MBP is the second most abundant protein in the myelin sheath of the CNS and
is an adhesion agent in the formation of multilayered dense myelin sheaths of the mammalian CNS, playing
an important role in myelin formation*. MO3.13 cell lines expressing oligodendrocyte precursor cells charac-
teristics could differentiate into a more mature oligodendrocyte phenotype with enhanced MBP expression®.
After the differentiation of MO3.13 cells, the mRNA level of the MBP gene in POLR3A p.M852V mutant cells
was significantly lower than that in wild-type cells %°. This suggested that the POLR3A mutation could impair
the expression of MBP, an important marker for mature oligodendrocytes. Indeed, the functional consequences
of various mutations in the genes encoding Pol III subunits are unknown, and how Pol III mutations cause
diseases that are mainly confined to the CNS and a few other tissues remains a mystery. Because differences in
the affected CNS cell types may result in different clinical phenotypes, Pol III dysfunction may affect different
cell types differently, leading to a diversity of disease mechanisms?.
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Figure 6. Structure prediction of the POLR3A protein. a. Three-dimensional structure of POLR3A protein.
b. The local base structure of Cys at position 767. c. The local base structure of mutation to 767 Phe. d. Local
structure diagram of 767 Cys with adjacent amino acids. e. Local structure diagram of 767 Phe with adjacent
amino acids. The black lines represent hydrogen bonds.

From a clinical perspective, there is also heterogeneity in the clinical phenotype caused by POLR3-HLD,
which can involve both the neurological and non-neurological systems. Typical neurological involvement can
present with neurodevelopmental delays such as learning difficulties and intellectual disability, and can also
result in signs and symptoms of cerebellar, pyramidal, and extrapyramidal system involvement such as ataxia,
tremor, dysarthria, spasticity, and dystonia®. Non-neurological features usually include dental abnormalities
(absent or delayed eruption of teeth); endocrine abnormalities (delayed, halted, or absent puberty and short
stature); and ocular abnormalities (myopia, optic atrophy, and cataracts)’. POLR3-HLD often occurs in infancy
or childhood, and the earlier the age of onset, the more severe the clinical phenotype is likely to be*®. Compared
with POLR3B mutations, POLR3A mutations usually lead to more serious clinical phenotypes and shorter life
expectancy for patients®”. Craniocerebral MRI has high sensitivity in the diagnosis of white matter abnormalities
in the CNS. The typical MRI presentation of POLR3-HLD was diffuse hypomyelination with variable T1 signal
intensity (low, high, or equal signal), T2 high signal in the white matter of the brain, and relative T2 hypointense
signal in specific structures such as the anterolateral nuclei of the thalami, dentate nucleus, globus pallidus,
pyramidal tracts of the posterior limb of the internal capsule, and optic radiations; cerebellar atrophy; and thin-
ning of the corpus callosum>”!**. Compared to POLR3B mutations, hypomyelination was more obvious on
MRI in patients with POLR3A mutations, whereas the changes in the cerebellar hemispheres and vermis were
significantly milder®>*. POLR3A mutation can lead to gradually obvious cerebellar signs, but cases of cerebellar
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atrophy not observed by MRI have been previously reported*. It should be noted that diffuse hypomyelination is
not a necessary imaging feature of POLR3-related disease, and patients with POLR3A or POLR3B mutations can
present without hypomyelination*"*>. However, the simultaneous appearance of the above MRI manifestations
is a unique imaging feature of POLR3-HLD*.

Due to the high phenotypic heterogeneity of POLR3A mutations, different families carrying the same muta-
tion may result in different phenotypes*. However, distinct intrafamilial variation is relatively rare ¥. Interestingly,
members of the same family in our study carried the same variant, but there was significant clinical heterogeneity
between them. All the cases in this study had delayed puberty and abnormal teeth, and the first mental symp-
toms were prominent, with cognitive impairment. Motor function was also affected in the older brothers of the
proband. Among them, the proband was characterized by cognitive dysfunction and endocrine abnormality,
puberty development was delayed, and the development of breasts and pubes stagnated at Tanner Stage II. After
receiving long-term hormone replacement therapy, repeated monitoring of E2, FSH, LH, and P4 remained at
low levels. Combined with the results of the GnRH stimulation test and craniocerebral MRI, the gonadotropin
deficiency of the proband was considered to be at the pituitary level. Craniocerebral MRI of the proband showed
brain atrophy, atrophic degeneration of the white matter of the brain, and atrophy and thinning of the corpus
callosum, but no obvious symptoms of ataxia or motor impairment. At the onset of POLR3-HLD, it may only
show cognitive dysfunction, but motor symptoms do not exist®. Unlike the proband, her three old brothers have
varying degrees of ataxia, dystonia, or dysarthria in addition to cognitive impairment, and have a more rapid
progression of impaired motor function. In addition, the proband had microalbuminuria and her father had
the phenotype of proteinuria, nephritis, and uremia, while the other members of the family did not have renal
complications. POLR3A mutations are associated with WRS, and a case of fatal hyperkalemic renal failure in a
three-day-old male infant with features of WRS has been reported, but whether WRS is associated with structural
renal anomalies requires more evidence to confirm**. Regrettably, we currently also have no evidence to suggest
a correlation between the renal phenotype of this family and the POLR3A ¢.2300G > T mutant.

As the diagnosis of POLR3-HLD is a combination of typical clinical presentation, brain MRI features, and
pathogenic gene testing, the complexity of the clinical phenotype may pose a challenge for early diagnosis®.
Dental developmental abnormalities and hypogonadotropic hypogonadism are not prevalent in POLR3-HLD,
and in the absence of dental or endocrine abnormalities, brain MRI may better assist in the diagnosis of the
disease®”%. When patients have corresponding symptoms or signs, and there are diffuse hypomyelination and
cerebellar atrophy on craniocerebral imaging, clinicians should highly doubt the possibility of POLR3-HLD and
consider the sequencing of POLR3A and POLR3B genes in time.

In conclusion, HLD-7 is a hereditary hypomyelinating leukodystrophy and its clinical features may differ
greatly. As the disease can involve multiple systems, its diagnosis and management need multidisciplinary com-
prehensive treatment. The intrafamilial variation in this study not only increased the research value of the family
to some extent, but also enriched the clinical phenotypic spectrum of POLR3-HLD disease. Although mutants
causing POLR3-HLD may affect the normal assembly or biogenesis of Pol III, the functional mechanisms of
how these mutations lead to myelin formation deficiency remains to be investigated. In this study, we found that
wild-type POLR3A protein overexpression significantly enhanced Pol III transcription of 5S rRNA, tRNA Leu-
CAA; however, the increased overexpression of the p.Cys767Phe mutant POLR3A protein compared with the
wild-type protein overexpression did not cause the expected further enhancement of Pol III function, but rather
frustrated Pol ITI transcriptional function, suggesting an abnormal function of the mutant POLR3A protein. This
study initially confirmed the pathogenicity of the POLR3A p.Cys767Phe mutation, which will provide a reference
for further studies on the pathogenic mechanism of POLR3-HLD in the future.

Data availability
The datasets generated and/or analysed during the current study are available in the ClinVAR repository, and the
accession number is SCV003928000 (https://www.ncbi.nlm.nih.gov/clinvar/variation/1473885/).
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