
Original Article

Biallelic BRF2 mutations disrupt redox 

homeostasis as etiological factors in syndromic 

immunodeficiency and developmental disorders
Seobin Yoon,1,11 Seungbok Lee,2,3,11 Haeyoon Kwon,4,11 Hyo-Seung Kim,1 Jeong H. Joo,1 Soogil Hong,1
Soo Yeon Kim,2,3 Sesong Jang,3 Hyunju Lee,5 Hyoung Soo Choi,5 Anna Cho,5 Soyoung Jeong,6
Christine Suh-Yun Joh,6 Hyeonseo Oh,4 Eui-Hwan Choi,7 Murim Choi,4 Kangmo Ahn,8,9 Hyun Je Kim,6,10

Keun Pil Kim,1 and Jong-Hee Chae2,3

1Department of Life Science, Chung-Ang University, Seoul, Republic of Korea; 2Department of Genomic Medicine, Seoul National University Hospital, Seoul, Republic of 
Korea; 3Department of Pediatrics, Seoul National University College of Medicine, Seoul National University Children’s Hospital, Seoul, Republic of Korea; 4Department of 
Medicine, Seoul National University College of Medicine, Seoul, Republic of Korea; 5Department of Pediatrics, Seoul National University Bundang Hospital, Seongnam, 
Republic of Korea; 6Department of Biomedical Sciences, Seoul National University Graduate School, Seoul, Republic of Korea; 7Department of Biotechnology, Korea 
National University of Transportation, Chungju, Chungbuk, Republic of Korea; 8Department of Pediatrics, Samsung Medical Center, Sungkyunkwan University 
School of Medicine, Seoul, Republic of Korea; 9Department of Health Sciences and Technology, Samsung Advanced Institute for Health Sciences & Technology, 
Seoul, Republic of Korea; 10Genomic Medicine Institute, Seoul National University College of Medicine, Seoul, Republic of Korea

TFIIB-related factor 2 (BRF2) is a critical component in the 
recruitment of RNA polymerase III (RNA Pol III) to type III pro
moters containing a TATA box. These promoters regulate the 
expression of key elements such as U6 spliceosomal RNA, the 
tRNA processing enzyme RNase P, and selenocysteine tRNA. 
Despite the essential role of BRF2, the genetic disorders associ
ated with BRF2 mutations and their molecular pathogenesis 
remain poorly defined. In this study, we identified and character
ized novel biallelic BRF2 variants with impaired RNA Pol III ac
tivity in a familial case presenting with multisystem anomalies, 
malignancy, and primary immunodeficiency. Whole-exome 
sequencing revealed compound heterozygous BRF2 variants pre
dicted to disrupt interaction with the TATA box-binding pro
tein. Subsequent gene expression profiling of the patient’s whole 
blood cells using single-cell RNA sequencing was conducted. 
Clinically, the patient exhibited recurrent infections and hypo
gammaglobulinemia in early childhood, which improved over 
time but was followed by the development of low-grade B cell 
lymphoma during adolescence, necessitating chemotherapy. 
Functional analyses in human cells expressing the BRF2 variants 
demonstrated defective BRF2-dependent RNA Pol III transcrip
tion of redox-regulating genes, specifically GPX1 and GPX4. 
These findings establish a pathogenic link between BRF2 
dysfunction and disrupted redox homeostasis, offering mecha
nistic insights into the hemato-immunological and develop
mental abnormalities observed in affected individuals and high
lighting potential implications for clinical management.

INTRODUCTION

The regulation of gene expression is fundamental to the intricate 
processes of human development, with each gene contributing crit

ically to cellular architecture and function.1 Among the core ele
ments of this regulatory network is RNA polymerase III (RNA Pol 
III), a specialized transcriptional complex responsible for synthesiz
ing a distinct subset of genes essential for cellular viability and ho
meostasis.2–4 These transcriptional targets include transfer RNAs 
(tRNAs), indispensable for protein synthesis, as well as other small 
noncoding RNAs that support diverse cellular processes.5,6 The co
ordinated interplay among RNA Pol III subunits facilitates tight 
regulation of this transcriptional machinery.7 Within this frame
work, a key RNA Pol III-specific transcription factor (TF), TFIIB- 
related factor 2 (BRF2), plays an essential role in directing RNA 
Pol III to type III promoters, thereby enabling the expression of 
crucial noncoding RNAs such as U6 spliceosomal RNA, selenocys
teine (SeCys) tRNA, and RNY1–5. This transcriptional activity is vi
tal for maintaining cellular homeostasis, particularly through its 
involvement in redox regulation. SeCys tRNA is necessary for the 
biosynthesis of selenoproteins, many of which are integral to detox
ifying reactive oxygen species (ROS) and preserving redox balance. 
Perturbations in BRF2 expression—especially its upregulation— 
have been shown to disrupt this balance, resulting in aberrant gene 
expression profiles and contributing to the pathogenesis and pro
gression of several malignancies.8,9 In addition, BRF2 has been 
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directly implicated in modulating cellular responses to oxidative 
stress, influencing redox sensitivity and resistance, as demonstrated 
in lung adenocarcinoma models.2 Collectively, these findings posi
tion BRF2 as a redox-sensitive transcriptional regulator that inte
grates RNA Pol III-mediated gene expression with oxidative stress 
signaling pathways.

Notably, BRF1, a homologous gene to BRF2, encodes another core 
component of the RNA Pol III transcriptional machinery. Patho
genic variants in BRF1 cause cerebellofaciodental syndrome (MIM: 
616202), a neurodevelopmental disorder characterized by cognitive 
impairments, craniofacial dysmorphisms, and dental anomalies.10

Both BRF1 and BRF2 cooperate with the TATA binding protein 
(TBP) and BDP1 to form the transcription initiation complex 
required for RNA Pol III-mediated transcription of noncoding 
RNAs.11 The clinical significance of this complex is further under
scored by disease-causing mutations in its associated components: 
TBP mutations are implicated in spinocerebellar ataxia 17 (MIM: 
607136), and biallelic mutations in BDP1 are linked to congenital 
deafness (MIM: 618257). While BRF2 has garnered increasing atten
tion for its role in cancer biology, no inherited disorders have thus far 
been definitively attributed to BRF2 mutations.

The identification of biallelic BRF2 variants in an individual provides 
critical insight into the molecular mechanisms driving complex 
phenotypic manifestations. These mutations impair RNA Pol III ac
tivity at type III promoters, leading to transcriptional dysregulation 
that contributes to delayed cellular progression and reduced expres
sion of redox-regulating proteins. In this study, we investigate the 
molecular basis of genetic disorders arising from BRF2 mutations us
ing cultured human cells as a model system to explore the down
stream molecular and cellular consequences. A central focus of this 
investigation is the expression of redox-associated proteins, particu
larly the glutathione peroxidases GPX1 and GPX4, in the context of 
BRF2 dysfunction.2 GPX enzymes play a pivotal role in cellular de
fense against oxidative stress by neutralizing ROS and preserving 
redox equilibrium.12,13 Disruption of this balance has been impli
cated in a range of pathological conditions, including neurodegener
ative diseases, malignancies, and developmental disorders.14–16

Importantly, the phenotypic spectrum associated with biallelic 
BRF2 mutations includes diverse clinical features such as immuno
logical dysfunction and developmental delay, emphasizing the broad 
physiological consequences of these genetic aberrations. Primary im
munodeficiency disorders—characterized by defective or absent im
mune function—render individuals highly susceptible to recurrent 
infections, dysregulated inflammatory responses, autoimmunity, 
and increased risk of malignancy.17–19 The co-occurrence of devel
opmental delay and primary immunodeficiency presents significant 
clinical challenges, necessitating a comprehensive understanding of 
the genetic drivers of these disorders.17–22 This study aims to delin
eate the relationship between BRF2 mutations and redox protein 
gene expression, with the overarching goal of elucidating the molec
ular basis for syndromic immunodeficiency resulting from RNA Pol 
III dysfunction at type III promoters.11,22 Employing a multidisci

plinary approach that integrates advanced genetic analyses, molecu
lar and cellular biology techniques, and physiological assessments, 
we seek to define the precise pathophysiological mechanisms by 
which biallelic BRF2 mutations impair RNA Pol III-mediated tran
scription and disrupt downstream biological pathways. This 
comprehensive strategy enables the mapping of molecular alter
ations to defects in redox regulation, immune function, and develop
mental biology, offering mechanistic insight into the multifaceted 
clinical presentations observed in affected individuals. Ultimately, 
this study not only advances the understanding of BRF2-associated 
pathogenesis but also informs the development of therapeutic strate
gies targeting RNA Pol III-regulated pathways implicated in genetic 
disorders.

RESULTS

Clinical characteristics

The patient was delivered via Cesarean section at 37+1 week of gesta
tion, with a birth weight of 2.215 kg, and presented with multiple 
congenital anomalies. Postnatal physical examination revealed poly
dactyly of the right fifth toe, which was surgically corrected 
(Figure 1A). At 2 months of age, the patient underwent corrective 
surgery for a duplex kidney on the right side (Figure 1B). Additional 
dysmorphic features included a prominent forehead, hypertelorism, 
and downslanting palpebral fissures (Figure 1C). As the patient grew 
older, hypodontia became evident, with seven permanent teeth, 
including both molars, absent due to abnormal dentition.

At 4 months of age, the patient was admitted to Seoul National Uni
versity Hospital (SNUH) with a prolonged febrile illness and persis
tent respiratory symptoms lasting over 1 month. Immunological 
evaluation demonstrated reduced levels of CD19 and immunoglob
ulin (Ig)G/A/M, consistent with a diagnosis of primary immunode
ficiency, prompting the initiation of monthly intravenous immuno
globulin (IVIG) therapy. At 6 months, the patient developed 
tachypnea and fever, and chest computed tomography (CT) re
vealed bilateral peribronchial pneumonic infiltrates (Figure 1D). 
Microbiologic investigations suggested concurrent Pneumocystis 
jirovecii pneumonia and cytomegalovirus (CMV) infection, with 
both P. jirovecii PCR and urinary CMV antigen tests returning pos
itive results, and a CMV viral load of 166 copies/mL. IVIG was dis
continued at 10 months of age; however, the patient required mul
tiple subsequent hospitalizations at SNUH for recurrent 
pneumonia (at 24 and 37 months) and pneumococcal meningitis 
(at 26 and 31 months). Serial measurements of IgG/A/M consis
tently showed persistently low IgM levels, remaining below 40 
in most assessments. Febrile seizures accompanied each episode 
of meningitis. IVIG therapy was reinitiated and maintained with 
regular monitoring of Ig levels until the patient reached 12 years 
of age.

Developmentally, the patient achieved independent ambulation by 
12 months and exhibited no overt delays during early childhood. 
Brain MRI conducted at 6 months revealed a mega cisterna magna 
and mildly enlarged extra-axial spaces without parenchymal 
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abnormalities (Figure 1E). Two electroencephalograms, performed 
before the age of 3 years, were within normal limits. However, aca
demic difficulties became evident during the patient’s middle and 
high school years, with the patient consistently performing in the 
lower percentiles of her class. At 16 years of age, neurocognitive eval
uation revealed a full-scale intelligence quotient of 60, consistent 
with mild intellectual disability.

Following the cessation of IVIG therapy, the patient did not experi
ence severe infections; however, chronic cervical lymphadenitis per
sisted, necessitating repeated courses of antibiotics for exacerbations. 
At 13 years of age, she presented to the SNUH clinic with right cer

vical lymphadenopathy. Subsequent CT imaging revealed multifocal 
patchy consolidations in both lungs, as well as enlargement of right 
axillary, subclavian, lower neck, and mediastinal lymph nodes 
(Figure 1F). A 2-cm nodule was also identified in the lower pole of 
the right kidney. All lesions demonstrated hypermetabolic activity 
on positron emission tomography (PET)-CT. Histopathological ex
amination of the lymph nodes confirmed the diagnosis of low-grade 
B cell lymphoma. The patient underwent chemotherapy and has re
mained in remission for over 1 year, with no evidence of disease 
recurrence. Additionally, she was diagnosed with autoimmune 
thyroiditis at age 8 and has since been maintained on levothyroxine 
for subclinical hypothyroidism.
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Figure 1. Clinical features of the patient with the biallelic BRF2 mutations 

(A) The patient presented with polydactyly of the right fifth toe. (B) A duplex kidney was identified on the right side, as shown in abdominal CT and PET scan images. (C) 

Dysmorphic facial features of the proband and her affected sibling, who passed away at 19 months of age due to Pseudomonas sepsis. (D) At 6 months of age, the patient 

developed pneumonia, with chest CT revealing diffuse ground-glass opacities along the bronchovascular bundles. (E) Brain MRI findings at 6 months of age revealed no 

significant abnormalities in the brain parenchyma. (F) Multifocal patchy consolidations were observed in both lungs, and a 2-cm nodule was detected in the lower pole of the 

right kidney. Additionally, hypermetabolic multiple lymph node enlargements were observed in the PET-CT scan. (G) Pedigree and BRF2 mutation status of the patient and 

her family members.
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The patient’s older sister exhibited a clinical phenotype similar to that 
of the proband (Table S1), presenting with multiple congenital anom
alies, including craniosynostosis, cleft palate, and clubfoot. As shown 
in Figure 1C, both siblings shared similar facial dysmorphisms, 
including a prominent forehead, hypertelorism, and downslanting 
palpebral fissures. The sister also experienced recurrent pneumonia 
beginning in infancy and ultimately died of Pseudomonas sepsis at 
19 months of age, likely attributable to a congenital immunodefi
ciency. In contrast, the patient’s older brother remains healthy, with 
no history of recurrent infections or congenital anomalies.

Identification of biallelic BRF2 variants

Two rare, non-silent variants in the BRF2 gene were identified in the 
patient (Figure 1G): a paternally inherited nonsense variant 
(c.379C>T, p.Arg127Ter) and a maternally inherited missense 
variant (c.782C>T, p.Pro261Leu). To detect potential pathogenic al
terations not captured by whole-exome sequencing, whole-genome 
sequencing was performed. However, no additional pathogenic can
didates were identified apart from the compound heterozygous BRF2 
variants. The combined annotation-dependent depletion (CADD) 
scores for the nonsense and missense variants were 36.0 and 26.7, 
respectively.23 Notably, neither variant has been reported in the ho
mozygous state in the Genome Aggregation Database (gnomAD) or 
Bravo (https://bravo.sph.umich.edu/) database (see Table S2). 
Further screening of our in-house database, which includes genotype 
information from more than 7,500 exomes and 5,000 genomes from 
patients with rare diseases and their family members, also revealed 
no individuals carrying these variants in a compound heterozygous 
or homozygous state, except for the proband.24

In the gnomAD database (version 4.1.0), 97 predicted loss-of-func
tion (pLoF) variants were identified in the BRF2 gene, with allele fre
quencies ranging from 6.19 × 10− 7 to 9.67 × 10− 5.25 Although 30.8 
pLoF variants were expected based on statistical models, only 17 
were observed, yielding an observed-to-expected ratio of 0.55 (90% 
confidence interval: 0.38–0.83). Notably, none of the identified var
iants were present in the homozygous state. Similarly, the Bravo 
database listed 37 pLoF variants, with allele frequencies between 
3.31 × 10− 6 and 5.63 × 10− 5, and no individuals were homozygous 
for any of these variants. These findings underscore the rarity of the 
identified BRF2 variants and support their potential pathogenicity in 
an autosomal recessive context. DNA samples from the patient’s 
deceased older sister were unavailable due to her passing more 
than 5 years earlier at a different institution. However, genotyping 
of the healthy older brother confirmed that he did not carry either 
of the identified variants (Figure 1G).

Sequence alignment and structural analysis of BRF2

The BRF2 protein consists of four distinct domains: the Zn-ribbon/B- 
reader/B-linker, N-cyclin repeat, C-cyclin repeat, and the C-terminal 
domain (Figure 2A). In silico three-dimensional protein modeling 
was employed to localize the mutation sites within the BRF2 structure. 
The Arg127 residue is situated within the N-cyclin repeat domain, 
while Pro261 is located in the C-cyclin repeat domain. The C-cyclin 

repeat domain interacts with the major groove of DNA upstream of 
the TATA box and forms a key interface with TBP.2,26–28 In contrast, 
the N-cyclin repeat domain—analogous to the corresponding region 
in TFIIB—interacts with the phosphodiester backbone of DNA. To 
facilitate visualization of the mutations, the Arg127Ter and 
Pro261Leu sites were highlighted in blue and red, respectively 
(Figure 2A). Multiple sequence alignment of the BRF2 protein across 
species, including chimpanzee, rhesus monkey, rabbit, horse, dog, 
elephant, chicken, and frog, revealed strong evolutionary conservation 
(Figures 2B and S1). The Pro261 residue, in particular, demonstrated 
high interspecies conservation (Figure 2B). Although AlphaMissense 
classified the Pro261 variant as being of ambiguous pathogenicity, 
most substitutions at this position were predicted to be pathogenic. 
Additionally, the phyloP100way conservation score for this site was 
7.99, supporting significant evolutionary constraint (Figure 2B). Struc
tural modeling of the BRF2-TBP/DNA complex further revealed 
hydrogen bond interactions among DNA, TBP, and BRF2 in the 
wild-type configuration (Figure 2C). Specifically, Arg127 forms a direct 
interaction with TBP, while Pro261, through Tyr260, engages with the 
non-template DNA strand. Mutations at either Arg127 or Pro261 are 
therefore likely to disrupt the formation of the TFIIIB complex, leading 
to impaired RNA Pol III function.

Single-cell transcriptomic analysis of PBMCs from the BRF2- 

mutant patient and healthy controls

We performed single-cell transcriptomic profiling of peripheral 
blood mononuclear cells (PBMCs) obtained from the patient 
harboring BRF2 mutations and four age-matched pediatric healthy 
controls. After quality control and the exclusion of platelet and red 
blood cell contaminants, a total of 42,735 high-quality cells were re
tained for analysis (Figure S2). To identify potential BRF2 
deficiency–associated transcriptional changes, we conducted gene 
set enrichment analyses (GSEA) using the Kyoto Encyclopedia of 
Genes and Genomes, Reactome, and Gene Ontology (GO): Biological 
Process gene sets on the combined PBMC dataset (patient vs. con
trols). All significantly enriched pathways that met the criteria of 
adjusted p < 0.05 and |normalized enrichment score (NES)| > 2 
were negatively enriched in the patient sample (i.e., NES < − 2). These 
included selenoamino acid metabolism, and response of EIF2AK4 
(GCN2) to amino acid deficiency, suggesting a marked impairment 
in BRF2-TFIIIB-mediated transcriptional processes (Figure 3A).

Cluster annotation based on canonical immune marker genes iden
tified 12 major immune cell subsets, including B cells, myeloid and 
plasmacytoid dendritic cells, classical and non-classical monocytes, 
natural killer cells, plasma cells, and T cell populations (Figures 3B 
and S3). To determine whether the observed transcriptional deficits 
were confined to specific immune lineages or shared across cell types, 
we calculated AUCell scores for representative downregulated path
ways. Patient-derived cells consistently exhibited lower AUCell 
scores across all major immune cell lineages, particularly in pathways 
impacted by tRNA deficiency, such as selenoamino acid metabolism 
and the GCN2-mediated amino acid starvation response (Figures 3C 
and S4). These results suggest that BRF2-associated RNA Pol III 
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Figure 2. Sequence alignment and structural analysis of BRF2 

(A) Schematic illustration of BRF2 domain organization and mutations, with the ARG127 nonsense mutation marked in blue and the PRO261 missense mutation marked in 

red.2 (B) Amino acid sequence alignment across species, with the top showing phyloP scores alongside the BRF2 amino acid sequence. The 201st–300th amino acids of 

BRF2 are displayed, with mutation sites indicated by asterisks. Blue in the alignment indicates low conservation positions, while red denotes highly conserved amino acids. 

(Homo sapiens (GenBank: NM_018310) Pan troglodytes (GenBank: XM_001169914) Macaca mulatta (GenBank: XM_015145163) Oryctolagus cuniculus (GenBank: 

XM_002720786) Equus caballus (GenBank: XM_023630782) Canis lupus familiaris (GenBank: XM_038689903) Loxodonta africana (GenBank: XM_064272818) Gallus 

gallus (GenBank: XM_424383) Xenopus tropicalis (GenBank: XM_031897566).). (C) Tertiary structure of the BRF2-TBP/DNA complex, with close-up views of the PRO261 

(i) and ARG127 (ii) sites.2 The deletion region caused by the ARG127 nonsense mutation is colored white, and the dots between the DNA and protein domains represent 

hydrogen bond interactions (Protein Data Bank: 4ROC).
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dysfunction exerts broad, cell-type-independent effects on immune 
transcriptomes at the single-cell level.

Patient-specific monocyte subset exhibits altered expression of 

immune and redox-related genes

To further investigate the lineage-specific consequences of BRF2 defi
ciency, we analyzed immune cell proportions across all individuals and 
found an expansion of classical monocytes in the patient, along with a 
relative reduction in T cell subsets (Figure 4A). Given this marked 
expansion, we assessed transcriptional differences between classical 
monocytes derived from the patient and those from healthy controls. 
Subclustering analysis of classical monocytes identified 8 transcription
ally distinct subsets (m1–m8). Cluster m5 was composed almost exclu
sively of patient-derived cells (90%), whereas cluster m7 consisted pre
dominantly of cells from healthy controls (97%) (Figure 4B). Based on 
these patterns, we designated m5 and m7 as representative of patient- 
specific and control-like monocytes, respectively. Notably, expression 
of selenoprotein genes reliant on RNA Pol III-transcribed tRNAs, 
such as SELENOK and the oxidoreductase GPX4, were significantly 
reduced in m5 compared to m7 (Figure 4C). Further supporting the 
notion that redox regulation is impaired across immune lineages, a 
similar reduction in GPX4 and SELENOK was also observed in a pa
tient-specific B cell subcluster (Figure S5).

To elucidate the broader functional implications of these transcrip
tional changes, we conducted differential expression analysis between 
m5 and m7, identifying the top 40 differentially expressed genes 
(DEGs), which were visualized via heatmap (Figures 4D and S6). m7 
(control-like) cells showed elevated expression of genes involved in 
chemotaxis (CXCL3 and CCL7), cell adhesion (ITGB8 and ICAM1), 
apoptosis regulation (PHLDA129 and FTH130), and immune activation 
(IL1B, CD83, and CD109), whereas these gene modules were broadly 
downregulated in m5 (patient-specific) cells. Subsequent GSEA of 
the DEGs revealed downregulation of multiple pathways integral to 
monocyte function in the m5 cluster. These included pathways 
involved in responses to inflammatory cytokines, immune tolerance 
maintenance, and recruitment to peripheral tissues (Figure 4E).

Validation of gene expression changes induced by BRF2 

mutations

This study focuses on the identification and functional characteriza
tion of the biallelic BRF2 mutants BRF2-Pro261Leu and BRF2- 
Arg127Ter. HEK293T cells were transfected with plasmids encoding 

either wild-type BRF2 or one of the two mutant BRF2 variants, and 
protein expression was confirmed via western blot analysis 
(Figure 5A). As BRF2 functions as a subunit of the TFIIIB complex, 
which is particularly active during the S and G2 phases of the cell cy
cle,9,31 we first examined the effects of ectopic expression of wild- 
type and mutant BRF2 on cell-cycle progression in HEK293T cells 
(Figure 5B). Cells overexpressing BRF2 exhibited a modest increase 
in the S and G2 phases relative to those transfected with an empty 
vector; however, the overall cell-cycle distribution remained largely 
unchanged regardless of whether BRF2 was wild-type, missense 
mutated, or nonsense mutated (Figure 5B). Next, we assessed tran
script levels of GPX1, GPX4, and 7SK, which are regulated by 
BRF2-TFIIIB activity. Overexpression of wild-type BRF2 led to a sig
nificant upregulation of these transcripts. In contrast, the BRF2 mu
tants (Pro261Leu and Arg127Ter) resulted in marked reductions in 
transcript abundance. Specifically, GPX1 levels decreased to 0.58 ± 

0.19 and 0.65 ± 0.14, GPX4 decreased to 0.56 ± 0.19 and 0.64 ± 

0.14, and 7SK RNA decreased to 0.50 ± 0.14 and 0.62 ± 0.08, respec
tively (Figure 5C). These findings suggest that BRF2 mutations 
impair the role of BRF2 in mediating RNA Pol III-dependent tran
scription at type III promoters, thereby reducing expression of its 
downstream gene targets. To further validate the functional role of 
BRF2 in HEK293T cells, we performed BRF2 knockdown using small 
interfering RNA (siRNA). Three siRNA constructs targeting BRF2 
were evaluated for knockdown efficiency (Figure 5D). siBRF2 num
ber 1 reduced BRF2 expression by 28%, siBRF2 number 2 by 84%, 
and siBRF2 number 3 achieved the most robust reduction at 92% 
(Figure 5D). siBRF2 number 3 was therefore selected for subsequent 
experiments. Upon siRNA-mediated depletion of BRF2, transcript 
levels of GPX4 were reduced to 54% of control, GPX1 to 52%, and 
7SK RNA to 64% (Figure 5E). These results confirm that both muta
tion and knockdown of BRF2 suppress expression of BRF2-depen
dent transcripts.

BRF2-regulated gene expressions in embryonic development 

and genome integrity gene sets

We conducted RNA sequencing (RNA-seq) analyses on siControl- 
and siBRF2-treated cells, revealing distinct differences in gene 
expression profiles between the two groups (Figures 6A and 6B). 
DEGs were evaluated for enrichment in GO categories. Upregulated 
DEGs were significantly enriched in gene sets associated with tran
scriptional regulation (Figure 6C), with “regulation of transcription 
from RNA polymerase II promoter” emerging as the most enriched 

Figure 3. Single-cell transcriptomic profiling of PBMCs from a BRF2-mutant patient compared to healthy controls 

(A) GSEA of bulk PBMCs (patient vs. healthy controls). Volcano plot showing normalized enrichment scores (NESs) for gene sets significantly enriched in the patient vs. 

controls (adjusted p < 0.05). Negatively enriched pathways (left) in the patient include selenoamino acid metabolism and response of EIF2AK4 (GCN2) to amino acid 

deficiency, processes associated with tRNA activity. Only a limited number of pathways show positive enrichment (right). (B) Uniform manifold approximation and projection 

(UMAP) clustering of PBMCs. UMAP projection of integrated single-cell transcriptomic data from the BRF2-mutant patient and four pediatric healthy controls, colored by 

major immune cell types. Distinct clusters represent T cells (CD4+, CD8+), B cells, classical and non-classical monocytes, natural killer (NK) cells, dendritic cells (DCs), and 

others. (C) AUCell scores for BRF2-related downregulated pathways. Violin plots showing AUCell scores for two gene sets responsive to tRNA deficiency—Reactome: 

selenoamino acid metabolism and Reactome: response of EIF2AK4 (GCN2) to amino acid deficiency—across major immune cell types. Dots within violins indicate mean 

values calculated from log-normalized expression data. Scores are compared between the patient (orange) and healthy controls (HC; green). Across all cell types, patient 

cells consistently exhibit lower AUCell scores, indicating a broad impairment of BRF2/TFIIIB-dependent transcription in immune cells.
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Figure 4. Analysis of classical monocyte subclusters in a BRF2-mutant patient and healthy controls 

(A) Cell type proportions across samples. The stacked bar chart illustrates the distribution of broad immune cell types (e.g., B cells, T cells, NK cells, classical monocytes) in 

the patient and four HCs. The patient’s PBMCs show a notably higher proportion of classical monocytes compared to controls. (B) UMAP projection of classical monocytes, 

depicting eight subclusters (m1–m8). Clusters are colored by m1–m8 designations. The patient-specific cluster m5 is distinguishable in the patient, whereas the m7 cluster 

contains predominantly HC cells. (C) Selenoprotein gene expression in classical monocyte clusters. Violin plots of GPX4 (top) and SELENOK (bottom) expression in clusters 

(legend continued on next page) 
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term (p = 9.41E− 24). Additional highly ranked gene sets were asso
ciated with embryonic development, including “anterior/posterior 
pattern specification” (p = 1.78E− 12) and “embryonic skeletal sys
tem morphogenesis” (p = 2.47E− 7). In contrast, downregulated 
DEGs were predominantly enriched in categories related to “DNA 
repair” (p = 3.70E− 4) and “DNA metabolic processes” (p = 
3.98E− 4) (Figure 6D).

BRF2 expression is reduced under redox stress

We next assessed the effect of redox stress on BRF2 transcription, 
given its role as a redox-sensitive regulator of SeCys tRNA expres
sion, which is critical for the synthesis of detoxification enzymes.13

To examine transcript levels of BRF2, GPX1, and GPX4 under oxida
tive stress conditions, HEK293T cells were treated with 600 μM 
tert-butyl hydroperoxide (tBHP) for 3 h. Cell viability declined 
significantly after 3 h of tBHP exposure compared to 1-h and 2-h 
treatments, with the 3-h duration resulting in extensive cell damage 
(Figure S7). Under these conditions, BRF2 expression was reduced 
by approximately 66%, indicating that oxidative stress suppresses 
BRF2 transcription (Figures 7A and 7B). Similarly, GPX1 and 
GPX4 transcript levels were reduced by 4% and 54%, respectively, 
compared to untreated HEK293T cells (Figures 7A and 7B). These 
findings suggest that oxidative stress inhibits BRF2 expression and 
consequently downregulates the expression of key selenoproteins 
involved in cellular detoxification.

Overexpression of wild-type BRF2 enhances expression of type 

III promoter-dependent genes, while BRF2 mutations result in 

reduced viability

Previous studies by Vannini et al. demonstrated that overexpression 
of BRF2 mitigates redox stress-induced reductions in SeCys tRNA 
levels.2 To further elucidate BRF2-dependent gene regulation under 
redox stress conditions, cells were transfected with constructs ex
pressing either wild-type BRF2, a missense BRF2 mutant, or a 
nonsense BRF2 mutant, followed by exposure to tBHP to induce 
oxidative stress. Protein expression of BRF2 was confirmed via west
ern blot analysis (Figure 7C). Transient overexpression of BRF2 was 
achieved using an overexpression vector, resulting in a substantial 
increase in BRF2 protein levels (Figure 7C). To assess changes in 
BRF2-dependent gene expression under oxidative stress, quantitative 
real-time PCR was performed in cells overexpressing BRF2 in the 
presence of tBHP. Redox stress significantly decreased transcript 
levels of GPX1, GPX4, and 7SK (Figure S8A). This downregulation 
of type III RNA Pol III-dependent genes under oxidative conditions 
likely results from the reduction in BRF2 expression during redox 
stress (Figures 7A and 7B).

Co-expression experiments with the BRF2 missense (Pro261Leu) 
and nonsense (Arg127Ter) mutants were also conducted, and 
expression levels of RNA Pol III-dependent genes were analyzed 
by quantitative real-time PCR (Figures S8B and S8C). Co-expres
sion of the mutants led to reduced transcript levels of GPX1, 
GPX4, and 7SK. However, transcript levels of these BRF2-depen
dent genes were comparable between cells expressing either 
BRF2-Pro261Leu or BRF2-Arg127Ter alone and those co-express
ing both mutants (Figures S8B and S8C). Under basal redox 
conditions, GPX1 transcript levels declined to 0.44-, 0.40-, and 
0.44-fold, respectively, in cells expressing the same mutant config
urations. In contrast, wild-type BRF2 overexpression resulted in a 
3.7-fold increase in GPX1 transcript levels compared to the empty 
vector control (Figure S8B). GPX4 RNA levels were 2.49-fold 
higher in cells overexpressing wild-type BRF2 relative to controls, 
while expression was reduced by 0.5- and 0.41-fold in BRF2- 
Pro261Leu and BRF2-Arg127Ter-transfected cells, respectively. 
In co-transfected cells, the transcript level was decreased by 
0.63-fold. Similarly, 7SK transcript levels in wild-type BRF2-trans
fected cells were 1.6-fold higher than in empty vector controls 
(Figure S8B). Conversely, 7SK expression was significantly 
reduced in cells expressing mutant BRF2—by 0.43-fold in BRF2- 
Pro261Leu, 0.35-fold in BRF2-Arg127Ter, and 0.47-fold in co- 
transfected cells (Figure S8B).

Under redox stress conditions, transcript levels of antioxidant genes 
and 7SK were reduced in cells overexpressing either BRF2 mutant 
(Figure S8C). GPX1 expression was 1.62-fold higher in cells overex
pressing wild-type BRF2 compared to controls, whereas GPX1 tran
script levels were reduced by approximately 50% in cells expressing 
either mutant alone or in combination (Figure S8C).

GPX4 expression was reduced by 0.55-fold in BRF2-Pro261Leu- 
transfected cells, 0.62-fold in BRF2-Arg127Ter-transfected cells, 
and 0.56-fold in cells co-expressing both mutants. By contrast, 
GPX4 transcript levels were 2.2-fold higher in cells expressing 
wild-type BRF2 compared to the control group (Figure S8C). In cells 
transfected with the BRF2-Pro261Leu mutant, 7SK expression was 
approximately 30% lower than in empty vector controls. Similarly, 
7SK transcript levels were reduced by 0.73-fold in BRF2- 
Arg127Ter-transfected cells and by approximately 40% in cells co- 
expressing both mutants (Figure S8C). In contrast, overexpression 
of wild-type BRF2 resulted in a 2.85-fold increase in 7SK transcripts 
relative to the empty vector (Figure S8C). These findings suggest that 
co-expression of BRF2-Pro261Leu and BRF2-Arg127Ter mutants 
results in a marked reduction in type III RNA Pol III-dependent 

m5 and m7. The patient-specific cluster (m5) exhibits markedly lower expression of these selenoprotein-related genes compared to cluster m7. The central horizontal 

line in each violin represents the median, and statistical significance was determined using the Wilcoxon rank-sum test (p values indicated by asterisks; p < 0.001: 

***, p < 0.0001: ****). (D) Heatmap of 40 top differentially expressed genes (DEGs; m5 vs. m7). Unsupervised clustering of the top DEGs (by avg_log2FC) shows that m7 

(healthy-like) monocytes highly express genes involved in adhesion, chemotaxis, and apoptosis, whereas m5 (patient-like) monocytes have diminished expression of these 

functional markers. The color scale represents log-normalized expression values. (E) GSEA plots for Reactome: chemokine receptors bind chemokines (NES = − 2.61, 

adjusted p < 6.5E− 6), hallmark: tumor necrosis factor alpha (TNFa) signaling via nuclear factor κB (NFkB) (NES = − 3.73, adjusted p < 5.91E− 37), and Reactome: interleukin 

10 signaling (NES = − 2.94, adjusted p < 1.94E− 9), indicating significant downregulation in the m5 cluster.
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gene expression under oxidative stress. To assess whether RNA Pol 
III itself was affected by BRF2 mutations under redox stress, 
POLR3A—a core subunit of the RNA Pol III complex—was evalu
ated via western blot. POLR3A expression remained stable regardless 
of BRF2 mutation status or oxidative stress exposure (Figure S9), 

indicating that neither BRF2 mutations nor redox stress significantly 
impact RNA Pol III protein levels.

In HEK293T cells overexpressing wild-type BRF2, transcript levels of 
BRF2-dependent genes increased despite the presence of oxidative 

A

C

D E

B

Figure 5. Gene expression change in BRF2 mutations and depletion 

(A) Overexpression of BRF2 or BRF2 mutants. The ectopic expression levels of BRF2 or two types of BRF2 mutants were determined by western blot analysis. (B) Cell-cycle 

pattern in BRF2- and BRF2 mutant-overexpressing HEK293T cells. Cell-cycle analysis was conducted in HEK293T cells with empty vector (Empty), BRF2 wild-type (BRF2), 

and BRF2 mutated genes (BRF2 Pro261Leu and BRF2 Arg127Ter). (C) Effects of BRF2 and BRF2 mutants on gene expression. RNA levels of BRF2-related genes, including 

GPX1, GPX4, and 7SK were determined by quantitative real-time PCR. Three independent experiments were performed, and the bar graphs indicate averages and standard 

deviations (SDs). (D) Depletion of BRF2 via siRNA. Three siBRF2 candidates were selected, and BRF2 expression levels in BRF2-depleted HEK293T cells with each siRNA 

candidate were confirmed using immunoblot analysis. (E) Transcript levels of BRF2-related genes. Quantitative real-time PCR was performed to determine the RNA 

expression levels of GPX1, GPX4, and 7SK in BRF2-depleted cells. Three independent experiments were performed, and error bars indicate the mean ± SD.
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stress (Figure 7D). Specifically, the expression levels of GPX1 and 
GPX4 increased by approximately 1.5- and 1.8-fold, respectively, 
compared to cells transfected with an empty plasmid (Figure 7D), 
while 7SK RNA levels increased by approximately 1.3-fold. In 
contrast, cells expressing BRF2 mutants exhibited a marked reduc
tion in transcript levels of BRF2-dependent genes, irrespective of 
the mutation type (Figure 7D). In cells overexpressing the missense 
mutant BRF2-Pro261Leu, GPX1 and GPX4 transcript levels were 
0.68 ± 0.14 and 0.80 ± 0.16, respectively, relative to empty plasmid 
controls, and 7SK RNA levels decreased by approximately 0.7 
(Figure 7D). Similarly, in cells expressing the nonsense mutant 
BRF2-Arg127Ter, transcript levels of GPX1, GPX4, and 7SK RNA 
were 0.71 ± 0.04, 0.74 ± 0.13, and 0.65 ± 0.04, respectively 
(Figure 7D). These data suggest that wild-type BRF2 overexpression 
under oxidative stress rescues the expression of BRF2-dependent 
genes. To further evaluate the role of antioxidant supplementation, 
we examined the effect of selenium on GPX4 expression under redox 
stress. Cells transfected with an empty vector, wild-type BRF2, or 
BRF2 mutants were treated with selenium, and GPX4 transcript 
levels were quantified by quantitative real-time PCR (Figure S10). Se
lenium treatment significantly increased GPX4 expression under all 
conditions, regardless of BRF2 mutation status. In selenium-treated 
cells overexpressing wild-type BRF2, GPX4 levels were approxi
mately 33-fold higher compared to empty vector-transfected cells 
under redox stress (Figure S10). Likewise, GPX4 transcript levels 
increased by approximately 17-fold and 16-fold in cells expressing 
BRF2-Pro261Leu and BRF2-Arg127Ter, respectively, relative to 
stressed controls (Figure S10). These findings indicate that selenium 
treatment, in conjunction with BRF2 overexpression, including 
mutated forms, can partially restore antioxidant gene expression un
der oxidative conditions.

We further investigated cell viability under oxidative stress. In cells 
transfected with an empty plasmid, viability was 29.3%, compared 
to 35.7% in those overexpressing wild-type BRF2 (Figure 7E). By 
contrast, overexpression of BRF2 mutants significantly reduced cell 
viability to 17.7% in cells expressing the missense variant and 
16.1% in cells expressing the nonsense variant (Figure 7E). Notably, 
in the absence of oxidative stress, cell viability did not differ signifi
cantly among groups. HEK293T cells transfected with an empty vec
tor showed 94% survival, while those expressing wild-type BRF2 ex
hibited 94.4% survival, and 95%–96% of cells expressing the BRF2 
mutants survived (Figure S11A). These findings suggest that overex
pression of wild-type BRF2 under redox stress conditions restores 
the expression of BRF2-dependent genes, including selenoproteins, 
thereby enhancing cellular viability. In contrast, BRF2 mutations 
exacerbate the deleterious effects of oxidative stress on cell survival. 
Finally, we assessed whether depletion of GPX4, a selenoprotein syn

thesized using SeCys tRNA transcribed by type III RNA Pol III, 
would impact 7SK expression and cell viability. Among the siRNA 
constructs tested, candidate 3 (siGPX4 number 3) demonstrated 
the most effective knockdown efficiency (Figure S11B). GPX4 knock
down resulted in reduced 7SK levels and increased cell death 
(Figures S11C–S11E).

In HEK293T cells treated with siGPX4 under non-stress conditions, 
7SK transcript levels decreased to 0.74-fold relative to cells treated 
with a control siRNA (siControl) (Figure S11D). Under oxidative 
stress, GPX4 knockdown exerted a more pronounced effect, 
reducing 7SK expression to 0.18-fold compared to siControl-treated 
cells (Figure S11D). Regarding cell viability, 86.5% of siControl cells 
remained viable under baseline conditions, whereas viability 
decreased to 78.3% in GPX4-depleted cells. Under redox stress, 
GPX4 knockdown significantly impaired cell survival, with only 
49.7% of siGPX4-treated cells remaining viable, compared to 63.1% 
in the siControl group (Figure S11E).

Dramatic decrease in BRF2-dependent genes in BRF2-depleted 

cells during redox stress

Mutations that impair BRF2 function suppress RNA Pol III activity, 
leading to decreased transcription of BRF2-dependent genes, 
including members of the GPX family and 7SK RNA. Oxidative 
stress further exacerbates this dysfunction by downregulating 
BRF2 expression, thereby reducing antioxidant enzyme levels. To 
investigate BRF2-dependent gene expression under oxidative stress 
conditions, HEK293T cells were treated with tBHP and transfected 
with siRNA targeting BRF2. Redox stress alone reduced BRF2 tran
script levels to 0.58 ± 0.21, whereas combined treatment with siBRF2 
and redox stress further decreased expression to 0.40 ± 0.17 
(Figure 7F). During oxidative stress, GPX1 transcript levels were 
reduced to 0.39 ± 0.15 in siControl-treated cells and to 0.36 ± 0.10 
in siBRF2-treated cells. Similarly, GPX4 levels declined to 0.42 ± 

0.19 and 0.35 ± 0.10, respectively (Figure 7F). We found that 7SK 
RNA expression also decreased to approximately 51.51% in siCon
trol-treated cells and to 42.52% in siBRF2-treated cells under the 
same conditions (Figure 7F). Under oxidative stress, BRF2 protein 
levels were reduced in siControl cells and nearly abolished in 
BRF2-depleted cells (Figure S12). Consistently, expression of seleno
proteins, including GPX1 and GPX4, was suppressed by approxi
mately 85% upon BRF2 inhibition in redox-stressed cells 
(Figure S12). These findings collectively indicate that BRF2 depletion 
significantly impairs type III promoter-dependent gene expression in 
the context of oxidative stress, thereby increasing cellular vulnera
bility. Furthermore, reduced BRF2 expression impaired cell prolifer
ation, as reflected by decreased transcript levels of proliferation 
markers PCNA and MCM2–10 in BRF2-depleted HEK293T cells 

Figure 6. BRF2-regulated gene expressions in both RNA Pol II-dependent and -independent gene sets 

(A) Heatmap displaying the Euclidean distances between RNA-seq samples based on sample similarity. (B) MA plot illustrating the differential expression of genes between 

siBRF2-treated and untreated samples. (C and D) Dot plots show Gene Ontology (Biological Processes) significantly enriched in upregulated (C) and downregulated (D) 

DEGs.
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(Figure S13). Collectively, these findings highlight the important role 
of BRF2 in supporting cell-cycle progression and maintaining redox 
homeostasis—critical functions that underpin metabolic processes 
such as immune response, development, and cellular growth 
(Figure 7G).

DISCUSSION

Understanding the molecular basis of genetic disorders is critical for 
elucidating disease mechanisms and informing the development of 
targeted therapeutic interventions. In this study, we investigate the 
pathogenic consequences of the biallelic BRF2 mutations, 
c.782C>T (p.Pro261Leu) and c.379C>T (p.Arg127Ter), which are 
associated with impaired RNA Pol III-mediated transcription, 
particularly affecting the expression of GPX family genes. These 
LoF BRF2 variants result in heightened sensitivity to redox stress, 
thereby contributing to the clinical manifestations observed in the 
patient and suggesting broader implications for syndromic 
immunodeficiency.

The pathogenicity of the BRF2 variants is supported by a combina
tion of computational predictions and population-level evidence. 
Both the nonsense (Arg127Ter) and missense (Pro261Leu) variants 
exhibited elevated CADD scores (36.0 and 26.7, respectively), consis
tent with a high likelihood of deleterious impact. Additionally, the 
Pro261 residue demonstrated strong evolutionary conservation, as 
reflected by a high phyloP100way score, with proline conserved 
across amphibians and higher vertebrates (Figure 2B). Notably, 
neither variant was present in the patient’s unaffected sibling, and 
no homozygous or compound heterozygous individuals harboring 
these mutations were identified in public variant repositories or 
our in-house dataset, emphasizing the rarity of these alleles. Struc
tural modeling further revealed that both variants disrupt key inter
actions within the N-cyclin and C-cyclin repeat domains of BRF2, 
compromising RNA Pol III functionality. Collectively, these findings 
support the pathogenicity of the BRF2 mutations in an autosomal 
recessive context.

Clinically, the patient’s immunological phenotype was atypical, lack
ing alignment with well-characterized immunodeficiency syn
dromes. However, the history of severe, recurrent infections— 
including Pneumocystis pneumonia, CMV infection, recurrent bacte
rial pneumonias, and pneumococcal meningitis—indicated pro
found immunocompromise. The clinical history of the patient’s 
older sibling, who experienced congenital anomalies and recurrent 
infections leading to fatal Pseudomonas sepsis during infancy, 
further supports a hereditary immunodeficiency linked to the 
BRF2 mutations. These findings suggest a novel immunodeficiency 
phenotype associated with BRF2 dysfunction that diverges from clas
sical classifications and warrants further investigation.

The single-cell RNA-seq analysis of the patient sample revealed both 
broad and cell-type-specific transcriptional abnormalities in PBMCs 
from the patient harboring BRF2 mutations. Pathways sensitive to 
intracellular tRNA availability, such as selenocysteine metabolism 
and the GCN2-mediated amino acid starvation response, were 
among the most strongly downregulated in the patient sample 
when compared to controls. This pattern was recapitulated across 
all major immune cell types, suggesting the systemic impact of 
BRF2 dysfunction on tRNA-dependent cellular processes. Within 
this global landscape of immune cells, classical monocytes stood 
out due to their marked expansion in the patient and the emergence 
of a distinct subpopulation (m5) largely absent in healthy controls. 
This cluster was characterized by reduced expression of key seleno
protein genes such as SELENOK and GPX4, suggesting impaired 
incorporation of selenocysteine due to defective RNA Pol III-medi
ated tRNA transcription. In addition, m5 monocytes displayed 
downregulation of gene modules related to chemotaxis, adhesion, 
apoptosis regulation, and immune activation, suggesting compro
mised capacity for immune surveillance and tissue infiltration. These 
data support the hypothesis that BRF2 mutations lead to transcrip
tional insufficiency, affecting both fundamental metabolic processes 
and monocyte-mediated immune responses, potentially contrib
uting to the patient’s immunodeficiency phenotype.

Figure 7. Redox stress and abnormal function of BRF2 cause a defect in type III RNA Pol III-dependent transcription 

(A) BRF2 expression level after treatment with tert-butyl hydroperoxide (tBHP). Following the induction of redox stress with tBHP, western blot analysis was performed to 

confirm BRF2 expression levels. (B) Quantification of BRF2, GPX1, and GPX4 protein expression levels during redox stress. The expression levels of BRF2 protein under 

redox stress were quantified using Bio-Rad software. Three independent experiments were performed, and error bars indicate the mean ± SD. (C) Induction of redox stress in 

HEK293T cells with ectopic expression of BRF2 or BRF2 mutants. Protein levels of BRF2 or BRF2 mutants under redox stress were determined via western blot analysis. (D) 

RNA expression levels of BRF2-related genes. Expression levels of GPX1, GPX4, and 7SK were confirmed by quantitative real-time PCR in BRF2-overexpressing or BRF2 

mutant-overexpressing cells during oxidative stress. Three independent experiments were performed, and error bars indicate the mean ± SD. (E) Cell viability analysis in 

BRF2-overexpressing or BRF2 mutant-overexpressing HEK293T cells under redox stress. tBHP-induced redox stress was applied to BRF2-overexpressing or BRF2 mutant- 

overexpressing HEK293T cells. (+) indicates tBHP-treated cells. Cells were stained with propidium iodide (PI) and thiazole orange (TO), and the survival rate was analyzed 

using FACS. Green dots indicate live cells, while black dots represent apoptotic/dead cells; results were quantified using a FACSCalibur flow cytometer. The ratio of live to 

apoptotic cells is shown at the bottom, with green indicating the proportion of live cells and black representing apoptotic/dead cells in the doughnut graph. (F) RNA expression 

levels of BRF2 and BRF2-related genes in BRF2-depleted cells under redox stress. HEK293T cells were treated with siControl and siBRF2, along with tBHP to induce redox 

stress, and transcript levels of BRF2, GPX1, GPX4, and 7SK were measured by quantitative real-time PCR. Three independent experiments were performed, and error bars 

show the mean ± SD. (G) A proposed model of RNA Pol III-mediated transcription at type III promoters. BRF2 mutants may impair the ability of the complex to function under 

redox stress. Normally, TFIIIB, together with BRF2, transcribes selenocysteine tRNA, which is crucial for the synthesis of selenoproteins like GPX1 and GPX4. These se

lenoproteins are vital for maintaining redox homeostasis and protecting cells from oxidative damage. However, under oxidative stress, BRF2 mutants may fail to effectively 

form the TFIIIB complex, leading to reduced expression of selenocysteine tRNA and, subsequently, lower selenoprotein production. This deficiency may result in significant 

disruptions to essential cellular processes, including immune response, development, cell growth, and genome stability.
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At the molecular level, this study demonstrates that biallelic BRF2 
mutations disrupt RNA Pol III activity specifically at type III pro
moters, leading to transcriptional dysregulation of critical noncod
ing RNAs. RNA Pol III is essential for the synthesis of small struc
tural RNAs, such as tRNAs and spliceosomal RNAs, which are 
vital for protein translation and RNA processing. Consequently, 
impairment of RNA Pol III transcription resulting from BRF2 muta
tions is expected to compromise fundamental aspects of cellular ho
meostasis. Notably, beyond canonical RNA Pol III targets, we iden
tified a selective downregulation of redox-associated genes, including 
GPX1 and GPX4, as well as U6 spliceosomal RNA. These findings 
highlight a mechanistic link between BRF2-dependent RNA Pol III 
transcription and the regulation of redox homeostasis, which plays 
a critical role in immune cell development and function.6,22

Notably, impaired expression of essential selenoproteins, including 
GPX4, a key enzyme responsible for detoxifying ROS was observed, 
implicating BRF2 mutations in the disruption of redox-sensitive 
pathways. The transcription of SeCys tRNA, which is required for 
the synthesis of antioxidant enzymes such as GPX1 and GPX4, is 
mediated by RNA Pol III, with BRF2 playing a central regulatory 
role. Dysregulation of GPX1 and GPX4 expression suggests that 
redox imbalance may significantly contribute to the patient’s clinical 
phenotype.32–35 Redox homeostasis, maintained through a dynamic 
equilibrium between oxidants and antioxidants, is essential for 
cellular viability and physiological function.36 Glutathione peroxi
dases are critical for ROS detoxification and cellular protection 
against oxidative injury.12 Dysfunction of these enzymes may shift 
the cellular redox state toward oxidative stress, thereby initiating 
downstream events that drive disease pathogenesis.37 Under moder
ate oxidative stress, BRF2 activity is rapidly suppressed via redox- 
dependent modifications, functioning as a regulatory mechanism 
to limit SeCys tRNA synthesis. This early downregulation might 
reflect a cellular strategy to conserve resources and prioritize Nrf2- 
driven stress-response gene expression.2 During this initial phase, 
the existing SeCys tRNA pool is sufficient to support basal selenopro
tein synthesis. However, under prolonged oxidative stress, this sup
pression becomes detrimental. To meet the increased demand for Se
Cys tRNAs, BRF2 must be reactivated or overexpressed, enabling 
continued selenoprotein expression. This adaptive BRF2 upregula
tion appears context dependent, allowing cells in persistently 
stressed environments to maintain redox homeostasis and evade 
apoptosis.

A growing body of literature implicates redox imbalance in a broad 
array of human diseases, including neurodegenerative conditions, 
malignancies, and developmental disorders.14–16 In this context, 
BRF2 depletion was associated with delayed cell growth, potentially 
attributable to redox dysregulation impacting cell-cycle progression 
or DNA damage repair. Moreover, oxidative stress has been shown 
to perturb intracellular signaling, impair cell proliferation and differ
entiation, and promote genomic instability, processes that are closely 
linked to the etiology of developmental abnormalities.38 ROS serve as 
key modulators of diverse biological processes, including apoptosis, 

cell proliferation, lineage commitment, and intracellular signaling 
cascades.39 During embryogenesis, ROS act as signaling intermedi
ates, influencing TFs involved in immune cell development, blasto
cyst maturation, neurogenesis, and limb morphogenesis.39–42

Accordingly, perturbations in redox balance can exert profound ef
fects on normal development. Oxidative modifications to DNA 
further contribute to genomic instability and have been implicated 
in cancer pathogenesis.43,44 There is increasing evidence that oxida
tive stress during the prenatal period can result in craniofacial anom
alies and neurodevelopmental conditions such as autism spectrum 
disorder and attention-deficit/hyperactivity disorder.45–47 Thus, the 
maintenance of redox equilibrium is fundamental to ensuring 
cellular integrity and proper organogenesis.

In murine models, homozygous loss of GPX4 results in embryonic 
lethality by embryonic day 7.5, whereas heterozygous deficiency con
fers increased vulnerability to oxidative stress.48–51 Furthermore, 
GPX4 depletion induces cell death in critical tissues, including the 
brain, liver, and heart, culminating in a spectrum of developmental 
anomalies.52,53 Deficiency in GPX4 has also been implicated in motor 
neuron degeneration, paralysis, and impaired T cell-mediated im
mune responses.52–54 Clinically, mutations in GPX4 are causative 
of Sedaghatian-type spondylometaphyseal dysplasia, a rare and lethal 
autosomal recessive disorder characterized by skeletal malforma
tions, agenesis or hypoplasia of the corpus callosum and cerebellum, 
and profound developmental delays.52,55–57 These phenotypes 
exhibit striking similarities to the congenital anomalies observed in 
our patient, including polydactyly, craniofacial dysmorphism, im
munodeficiency, and increased susceptibility to infection. These 
findings emphasize that redox imbalance, particularly due to 
impaired glutathione peroxidase activity, can precipitate severe pre
natal developmental abnormalities and immunological dysfunction.

Restoration of redox equilibrium, whether through antioxidant sup
plementation or modulation of redox-regulatory pathways, may 
represent a viable strategy to attenuate disease progression and 
improve clinical outcomes.58 Our data indicate that elucidating the 
molecular mechanisms underlying redox dysregulation, particularly 
in the context of BRF2 mutations, is essential for the development of 
targeted therapeutic interventions. Accordingly, we propose that 
correcting redox imbalance may provide a promising approach for 
managing BRF2-associated immunodeficiency and developmental 
delay. Therapeutic strategies aimed at restoring BRF2-dependent 
redox homeostasis may mitigate disease severity and alleviate clinical 
symptoms.59,60 Moreover, the identification of downstream effectors 
in redox signaling pathways could reveal additional pharmacological 
targets. Notably, our study demonstrated that selenium supplemen
tation rescued the impaired GPX4 expression and redox stress re
sponses in BRF2-mutant cells, suggesting that selenium may partially 
restore compromised antioxidant defenses arising from BRF2 
dysfunction.

This study is not without limitations. The primary limitation lies in 
its reliance on data derived from a single patient, which inherently 
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constrains the generalizability of the findings. Nevertheless, the inte
gration of clinical observations, genetic analyses, and functional as
says provides robust evidence implicating BRF2 LoF mutations in 
the observed clinical phenotypes. The identification of biallelic 
BRF2 mutations resulting in impaired RNA Pol III function—partic
ularly at type III promoters—establishes a molecular framework for 
subclassifying patients based on their underlying genetic etiology. To 
assess the broader relevance of these findings, we analyzed genomic 
data from roughly 7,500 exomes and 5,000 genomes of rare disease 
patients and their family members but did not identify any additional 
cases with biallelic BRF2 mutations (data not shown). This suggests 
that such mutations represent an exceptionally rare genetic event, 
even within the Korean population. The complexity of disorders 
associated with BRF2 mutations underscores the necessity of a multi
disciplinary investigative approach, integrating genomics, cellular 
biology, and clinical insights to fully elucidate disease mecha
nisms.61–63 The application of diverse experimental strategies— 
including molecular assays, advanced imaging, and in vivo 
modeling—will be essential for further clarifying pathogenesis and 
identifying actionable therapeutic targets.64–67 This study delineates 
the molecular underpinnings of the multisystem anomalies and 
hemato-immunologic abnormalities associated with BRF2 muta
tions that compromise RNA Pol III activity. We underscore the cen
tral role of redox imbalance in disease pathogenesis and propose that 
targeted interventions aimed at restoring redox homeostasis may 
offer clinical benefit. Our ongoing work focuses on dissecting the 
complexity of redox signaling networks and defining how BRF2- 
mediated transcriptional programs modulate these pathways, with 
the goal of informing precision medicine strategies tailored to the ge
netic profiles of affected individuals.

MATERIALS AND METHODS

Whole-exome and whole-genome sequencing for pathogenic 

variant identification

Whole-exome sequencing of the proband and their parents was con
ducted as a trio using Illumina technology, following previously 
described methodologies.68 Sequence reads were aligned to the hu
man reference genome (GRCh37) and processed in accordance 
with the Genome Analysis Toolkit Best Practices workflow.69

Variant annotation was conducted using ANNOVAR with reference 
to the RefSeq gene set and gnomAD.25,70 The ClinVar database was 
additionally consulted to identify any previously reported variants in 
the proband.71 To identify novel pathogenic variants, the analysis 
focused on rare, non-silent variants, including nonsynonymous 
SNVs, coding insertions or deletions, and splicing variants, with an 
allele frequency of less than 0.001 in gnomAD. Parental exome 
data were used to identify de novo variants as well as homozygous 
or compound heterozygous variants, based on dominant and reces
sive inheritance models, respectively. Candidate variants were classi
fied according to the guidelines of the American College of Medical 
Genetics and Genomics.72

Following the identification of biallelic BRF2 variants by whole- 
exome sequencing, whole-genome sequencing was subsequently 

conducted on the proband to screen for additional pathogenic vari
ants, including those in noncoding or structural regions. Sequence 
reads were generated using the Illumina NovaSeq 6000 platform 
and processed as described above, except that the GRCh38 human 
reference genome was used. Details of the variant calling and filtra
tion pipeline specific to whole-genome sequencing have been 
described previously.73

Cell culture and induction of redox stress

HEK293T cells were cultured in Dulbecco’s modified Eagle’s me
dium (catalog no. 11995-073, Gibco, USA) supplemented with 
10% fetal bovine serum (FBS; catalog no. 16000-044, Gibco) and 
100 U/mL penicillin-streptomycin (catalog no. 15140-122, Gibco). 
Cells were maintained in a humidified incubator with 5% CO2. To 
induce redox stress, cells were treated with 600 μM tBHP (catalog 
no. 458139, Sigma-Aldrich, USA) for 3 h.

Depletion and expression of BRF2

BRF2 knockdown was achieved using siRNAs specific to human BRF2 
(siRNA ID: 55290) and a negative control (catalog no. SN-1003), both 
predesigned and synthesized by Bioneer (Republic of Korea). siRNAs 
were diluted in Opti-MEM medium (catalog no. 31985-070, Gibco) 
and transfected using Lipofectamine RNAiMAX (catalog no. INV- 
13778-150, Thermo Fisher, USA). HEK293T cells were incubated 
with the transfection complex for 48 h under standard culture condi
tions. The sequence of the siRNA targeting BRF2 was 5′-GAGAA 
GATGCTGTCTCGAA-3′. To overexpress BRF2, HEK293T cells 
were transfected with the pCMV-SPORT6-BRF2 vector obtained 
from the Korea Human Gene Bank (Republic of Korea; clone ID: 
hMU000733). Two mutant constructs were generated: a cytosine-to- 
thymine substitution at nucleotide position 782 (Pro261Leu) and a 
cytosine-to-thymine substitution at position 379 (Arg127Ter). All 
expression vectors, including the wild-type and mutant forms, were 
validated by DNA sequencing prior to use.

Quantitative real-time PCR

Total RNA was extracted using the RNeasy Mini Kit (catalog no. 
74104, Qiagen, Germany), and cDNA synthesis was performed using 
the cDNA Synthesis Kit (catalog no. EZ005, Enzynomics, Republic of 
Korea), following the manufacturer’s instructions. Quantitative real- 
time PCR was carried out using SYBR Green (catalog no. K-6251, 
Bioneer) on a CFX Connect Real-Time PCR system (catalog no. 
1855201, Bio-Rad, USA). The primer sequences used for qRT-PCR 
were as follows: BRF2 (forward primer: 5′-cagaagtggagacccgagag- 
3′, reverse primer: 5′-cagggagggttagggacact-3′),74 7SK (forward 
primer: 5′-attgatcgccagggttgat-3′, reverse primer: 5′-ctctatcggg 
gatggtcgt-3′),75 GPX1 (forward primer: 5′-tgctcggcttcccgtgcaaccagt- 
3′, reverse primer 5′-ggtgatgagcttggggtcggtcat-3′),76 GPX4 (forward 
primer: 5′-gaggcaagaccgaagtaaactac-3′, reverse primer: 5′-ccgaac 
tggttacacgggaa-3′),77 and 5s rRNA (forward primer: 5′-ggccatac 
caccctgaacgc -3′, reverse primer: 5′-cagcacccggtattcccagg -3′).2

Each quantitative real-time PCR reaction included 10 ng cDNA. 
The thermal cycling protocol consisted of an initial denaturation at 
95◦C for 3 min, followed by 40 cycles of 95◦C for 10 s, 53◦C for 
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10 s, and 72◦C for 30 s. Relative expression levels were calculated us
ing the 2− ΔΔCq method, with 5s rRNA serving as the endogenous 
control (ΔCq = Cq_target − Cq_control; ΔΔCq = ΔCq_ 
experimental − ΔCq_baseline).

Bulk RNA-seq for BRF2-depleted cell lines

Total RNA was extracted from siBRF2-treated cells using the RNeasy 
Mini Kit (catalog no. 74104, Qiagen). RNA integrity was assessed using 
the Agilent 2100 Bioanalyzer (Agilent Technologies, USA). Libraries 
were prepared with the TruSeq Stranded Total RNA Ribo-Zero 
H/M/R kit (Illumina, USA), and sequencing was performed on the 
Illumina HiSeq X platform. Reads were aligned to the human reference 
genome (GRCh38) using STAR in 2-pass mode.78 Transcript and gene 
expression levels were quantified using RSEM.79 DEGs were identified 
using DESeq2,80 with statistical thresholds of adjusted p < 0.001 and ab
solute log2 fold change >0.5. Principal-component analysis (PCA) was 
conducted using the 500 most variable genes. Heatmaps of selected 
gene sets were generated using the pheatmap package.81 GSEA was per
formed using the Enrichr database.82

Western blot analysis

Western blotting was performed as described previously.83 Cells 
were washed with PBS and lysed using cell lysis buffer supplemented 
with protease inhibitor cocktail (catalog no. 1873580, Roche, 
Switzerland) and 1 mM PMSF. The primary antibodies used were 
as follows: anti-BRF2 (catalog no. sc-390312, Santa Cruz Biotech
nology, USA), anti-GPX1 (catalog no. ab108429, Abcam, UK), 
anti-GPX4 (catalog no. ab125066, Abcam), and anti-glyceraldehyde 
3-phosphate dehydrogenase (catalog no. ab8245, Abcam). The 
secondary antibodies included horseradish peroxidase (HRP)-conju
gated anti-mouse IgG (catalog no. 115-035-003, Jackson 
ImmunoResearch Laboratories, USA) and HRP-conjugated anti- 
rabbit IgG (catalog no. 111-035-003, Jackson ImmunoResearch Lab
oratories). Western blot signals were developed with the ChemiDoc 
MP Imaging System (catalog no. BR17001402, Bio-Rad, USA). Pro
tein expression was quantified using BioRad Image Lab software.

Cell viability assay

Cell viability was assessed using a cell viability kit (catalog no. 
349483, BD Biosciences, USA) in accordance with the manufac
turer’s instructions. Cells were stained with thiazole orange and pro
pidium iodide, followed by a 5-min incubation. The survival rate was 
determined by FACS analysis using a BD Accuri C6 cytometer, with 
data acquisition and analysis conducted using Accuri C6 software.

Cell-cycle analysis

Cells were harvested and fixed in 70% ethanol overnight. After 
ethanol removal, cells were stained with propidium iodide. Cell-cycle 
progression was analyzed using a FACSCalibur flow cytometer (BD 
Biosciences) and quantified with ModFit software.

PBMC isolation

PBMCs were isolated from 16 mL of blood obtained from the patient 
using heparin-coated CPT tubes (BD Biosciences). Following collec

tion, samples were centrifuged at 1,800 × g for 20 min to separate the 
cell layers. The PBMC layer was carefully harvested and transferred 
into a 15-mL conical tube containing 1 mL RPMI medium supple
mented with 10% FBS. Purified PBMCs were cryopreserved in Cell 
Banker 1 (AMSBIO, UK) as the cryoprotectant medium and stored 
in liquid nitrogen until single-cell RNA library preparation. All pro
cedures were approved by the SNUH institutional review board (IRB 
nos. 2204-112-1317 and 1101-110-353), and informed consent was 
obtained from the study participant and her legal guardians.

Single-cell cDNA and library preparation

Single-cell cDNA synthesis and library preparation were performed 
according to the manufacturer’s protocols (10x Genomics [USA], 5′

HT v2, CG000424, Rev D). To enable multiplexed sample analysis, 
samples were pooled into a single Gel Beads-in-Emulsion (GEM) re
action. GEMs were generated using the Chromium Controller (10x 
Genomics), where individual cells were encapsulated with gel beads 
containing 10x barcodes, unique molecular identifiers, and oligo(dT) 
primers. Reverse transcription was initiated immediately following 
GEM formation to convert mRNA transcripts into cDNA. After 
disassembly of the GEMs, full-length cDNAs tagged with 10x barc
odes were purified using SILANE magnetic beads (catalog no. PN 
2000048, 10x Genomics) and amplified to achieve sufficient yield. 
Amplified cDNAs were then used to construct gene expression li
braries, incorporating P5 and P7 priming sites for compatibility 
with the NovaSeq sequencing platform (Illumina, USA). Library 
quality and yield were assessed using the 4150 TapeStation system 
(Agilent Technologies).

Genomic DNA purification and single-nucleotide polymorphism 

array

Genomic DNA (gDNA) was extracted from PBMC samples using 
the QIAamp DNA Kit (Qiagen). The extraction process employed 
a rapid spin-column method utilizing optimized buffers and en
zymes to lyse PBMCs and stabilize nucleic acids. Following lysis, 
multiple wash steps were carried out via the spin column to eliminate 
contaminants, and the purified gDNA was eluted in Buffer AE. The 
quality of the isolated gDNA was assessed by measuring the concen
tration and purity of double-stranded DNA using a NanoDrop spec
trophotometer. Additional quality control was performed using the 
TapeStation 4200 system. The gDNA samples were then analyzed 
for single-nucleotide polymorphisms using the Illumina Infinium 
Asian Screening Array on a bead chip platform.

Single-cell RNA-seq quality control and data analysis

The generated FASTQ files were aligned to the human reference 
transcriptome (hg38) using Cell Ranger (version 7.1.0). Samples 
were demultiplexed using Demuxafy84 to assign each cell to its orig
inating donor. To reduce ambient RNA contamination, SoupX was 
applied, and doublets were identified and removed using 
scDblFinder. Quality control was performed using the Seurat pack
age (version 5.0.3), excluding cells with fewer than 200 or more 
than 3,000 detected genes, as well as those with mitochondrial 
gene content exceeding 5% or hemoglobin contamination exceeding 
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10%. After filtering, a total of 42,735 cells were retained from the pa
tient and 4 age-matched pediatric healthy controls. All samples were 
merged into a single Seurat object for data integration and normal
ization, using default parameters. The top 2,000 variable features 
were selected for PCA. Harmony was employed to correct for poten
tial batch effects, and dimensionality reduction was further refined 
using uniform manifold approximation and projection. Clustering 
was conducted using the Louvain algorithm, and clusters were 
manually annotated based on canonical immune cell markers. 
DEGs were identified via the Wilcoxon rank-sum test, with signifi
cance defined as p < 0.05. GSEA was performed on the DEGs using 
the fgsea package, and results were visualized with R and GraphPad 
Prism (version 8).
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