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Abstract

Autosomal recessive (AR) complete signal transducer and activator of transcription 1 (STAT1) 
deficiency is an extremely rare primary immunodeficiency that causes life-threatening mycobacterial 
and viral infections. Only seven patients from five unrelated families with this disorder have been so 
far reported. All causal STAT1 mutations reported are exonic and homozygous. We studied a patient 
with susceptibility to mycobacteria and virus infections, resulting in identification of AR complete 
STAT1 deficiency due to compound heterozygous mutations, both located in introns: c.128+2 T>G 
and c.542-8 A>G. Both mutations were the first intronic STAT1 mutations to cause AR complete 
STAT1 deficiency. Targeted RNA-seq documented the impairment of STAT1 mRNA expression and 
contributed to the identification of the intronic mutations. The patient’s cells showed a lack of 
STAT1 expression and phosphorylation, and severe impairment of the cellular response to IFN-γ 
and IFN-α. The case reflects the importance of accurate clinical diagnosis and precise evaluation, 
to include intronic mutations, in the comprehensive genomic study when the patient lacks 
molecular pathogenesis. In conclusion, AR complete STAT1 deficiency can be caused by compound 
heterozygous and intronic mutations. Targeted RNA-seq-based systemic gene expression assay may 
help to increase diagnostic yield in inconclusive cases after comprehensive genomic study.
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Introduction

Signal transducer and activator of transcription 1 (STAT1) is a 
latent cytoplasmic transcription factor that has a fundamental 
role in signal transduction from type I (IFN-α and IFN-β), type 

II (IFN-γ) and type III (IFN-λ) interferons and also IL-27 (1). In 
response to IFN-γ, IFN-α/β or IL-27stimulation, STAT1 forms a 
homodimer called gamma-interferon activation factor (GAF). 
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GAF translocates to the nucleus and binds to gamma-activating 
sequences (GAS) to induce the transcription of target genes in-
volved in antimycobacterial immunity (1, 2). STAT1 also forms a 
heterotrimer with STAT2, and IRF9, which is known as interferon-
stimulated gene factor 3 (ISGF3), after stimulation by IFN-α/β. 
ISGF3 binds the interferon-stimulated response element (ISRE) 
and induces target genes involved in anti-viral immunity (1, 2).

Inborn errors in human STAT1 immunity cause at least 
four types of primary immunodeficiency (PID): (i) autosomal 
recessive (AR) complete STAT1 deficiency, (ii) AR partial 
STAT1 deficiency, (iii) autosomal dominant (AD) STAT1 defi-
ciency and (iv) AD STAT1 gain of function (3). Among them, 
AR complete STAT1 deficiency is an extremely rare PID that 
causes life-threatening mycobacterial and viral infections. 
Indeed, only seven patients from five unrelated families with 
AR complete STAT1 deficiency have been so far reported 
(3–7). Those patients show complete functional impairment 
of STAT1-dependent response to type I  and type II inter-
ferons (4). This is a purely recessive disorder and no haplo-
insufficiency at the STAT1 locus has been reported for any 
of the known cellular or clinical phenotypes (3). Prognosis 
of the patients with AR complete STAT1 deficiency is poor, 
and hematopoietic stem cell transplantation (HSCT) is the 
only curative treatment. Three patients received HSCT and 
long-term survival was achieved in two patients. Overall, 
five of the seven patients died before 18 months of age from 
mycobacterial infections (two patients), viral infections (two 
patients) or multiorgan failure in the course of HSCT (one pa-
tient) (summarized in Table 1) (3, 7). Therefore, early diag-
nosis and appropriate therapeutic intervention are necessary 
to avoid life-threatening events in this disorder.

Here, we report a patient with AR complete STAT1 defi-
ciency due to compound heterozygous mutations, c.128+2 
T>G/c.542-8 A>G, in STAT1. Both mutations were the first in-
tronic STAT1 mutations reported to cause AR complete STAT1 
deficiency. The case reflects the importance of inclusion of 
non-coding regions and intronic mutations to obtain an ac-
curate clinical diagnosis and precise evaluation in the com-
prehensive genomic study when the patient lacks molecular 
pathogenesis. In addition, targeted RNA sequencing (RNA-
seq)-based systemic gene expression assay may enhance 
diagnostic yield in inconclusive cases after comprehensive 
genomic study.

Methods

Case report
The patient is a 6-year-old Japanese boy who was born to 
non-consanguineous parents (Fig. 1A). He had no family his-
tory of PID. At the age of 1 month, the patient developed re-
spiratory syncytial virus (RSV) bronchiolitis and was treated 
with non-invasive positive pressure ventilation. He received 
a Bacillus Calmette–Guérin (BCG) vaccination at 9 months. 
Five weeks later, the patient developed lymphadenitis in the 
left axillary region. He then presented with a skin rash and 
fever. Lymph node biopsy was performed at 11 months. The 
histopathological finding of the lymph nodes showed no 
granuloma. Mycobacterium tuberculosis was detected by 
PCR from the lymph nodes and bone marrow. The patient 

was started treatment with isoniazid (INH), rifampicin (RFP) 
and ethambutol (EMB) with the suspicion of M. tuberculosis 
infection. Twenty days later, the vaccine strain BCG was 
confirmed as the pathogen by southern blotting. Therefore, 
the patient was given a diagnosis of disseminated BCG. 
Laboratory tests showed leukocytosis (47 800  μl−1) [refer-
ence range (RR) 6000–17 500] and high levels of C-reactive 
protein (CRP: 10.8  mg dl−1). Serum immunoglobulin levels 
were normal. The patient displayed normal respiratory burst 
and normal T-lymphocyte activation after phytohemagglu-
tinin (PHA) or concanavalin A (ConA) stimulation. No obvious 
abnormality was observed in the T- and B-cell counts, with 
normal results for T-cell receptor excision circles (TRECs) and 
K-deleting recombination excision circles (KRECs). Deep 
and comprehensive phenotyping of immune cell subsets 
detected a decreased frequency of Th1 cells and myeloid 
dendritic cells (mDCs), and an increased frequency of Th17 
cells (Supplementary Table 1). Since initial antimycobacterial 
agents were clinically effective, the treatments with INH, RFP 
and EMB were continued after diagnosis of disseminated 
BCG. Cumulatively, the patient received INH, RFP and EMB 
for 40, 28 and 2 months from this episode, respectively. The 
patient was diagnosed with Mendelian susceptibility to myco-
bacterial disease (MSMD) and subjected to trio-exome ana-
lysis at the age of 11 months. However, trio-exome analysis 
failed to confirm the genetic etiology at that time.

After that episode, he developed severe and recurrent in-
fections, summarized in Supplementary Table 2. At the age 
of 1 year and 4 months, he developed acute asthma associ-
ated with influenza A infection. The laboratory tests showed 
an elevated level of serum CRP (12.0  mg dl−1) without the 
findings of pneumonia on radiological imaging. At the age 
of 2  years and 1 month, he presented with febrile seizure. 
The blood examination showed thrombocytopenia (platelets 
4.0 × 109 L−1), and elevated levels of serum ferritin (8404 μg 
L−1, RR 20–250) and soluble IL-2 receptor (8270 U ml−1, RR 
157–474). Although no obvious splenomegaly or evidence 
of hemophagocytosis in the bone marrow was detected, the 
patient was suspected of having developed hemophagocytic 
lymphohistiocytosis (HLH) secondary to infection with an un-
known pathogen and was successfully treated with dexa-
methasone palmitate. At the age of 2 years and 11 months, he 
developed bronchiolitis with a positive result of Mycoplasma 
pneumoniae antigen and treated with azithromycin. At the 
age of 3  years and 1  month, he developed bilateral tibial 
osteomyelitis with an elevated level of serum CRP (29.7 mg 
dl−1). No obvious pathogen was identified from a biopsied 
specimen by cultivation, and the osteomyelitis did not re-
spond to antibacterial drugs. It gradually improved with a 
long clinical course. Although there was no evidence, con-
tinuous treatment with antimycobacterial agents might have 
contributed to the improvement of patient’s illness. At the age 
of 3 years and 6 months, he developed pneumonia due to 
human metapneumovirus (hMPV). He suffered from dyspnea 
and showed an elevated level of serum CRP (24.5 mg dl−1). 
At the age of 3 years and 9 months, he developed severe 
enterocolitis with bilious vomiting and paralytic ileus asso-
ciated with rotavirus infection. At the age of 3  years and 
10  months, he suffered from Kawasaki disease-like symp-
toms (a combination of fever, rash, swelling of the lips and 

D
ow

nloaded from
 https://academ

ic.oup.com
/intim

m
/article/32/10/663/5865324 by guest on 17 April 2024

http://academic.oup.com/intimm/article-lookup/doi/10.1093/intimm/dxaa043#supplementary-data
http://academic.oup.com/intimm/article-lookup/doi/10.1093/intimm/dxaa043#supplementary-data


Intron mutations cause STAT1 deficiency  665

neck lymph nodes, and conjunctival injection) with elevated 
atypical lymphocytes and serum CRP (10.2 mg dl−1). These 
symptoms improved spontaneously without intravenous im-
munoglobulin treatment. At the age of 4 years and 2 months, 
he presented with pneumonia, which responded to antibac-
terial treatment. The prophylaxis with INH was suspended at 
the age of 4 years and 4 months. At the age of 4 years and 
8 months, 2 weeks after receiving his varicella vaccination, 
he developed vaccine-strain-induced varicella with a typical 
rash and fever, that was treated with oral acyclovir. At the 
age of 4 years and 9 months, he developed life-threatening 
M.  malmoense mediastinal lymphadenitis and tibial osteo-
myelitis (Fig.  1B). The histopathological findings of medi-
astinal lymph node biopsy showed no granuloma formation 
(Fig.  1C). The symptoms gradually improved after starting 
RFP, EMB, and clarithromycin (CAM). At the age of 5 years 
and 4 months, he developed influenza A  respiratory infec-
tion, which was treated with peramivir (CRP 19.3 mg dl−1).

The systemic gene expression assay with targeted RNA-
seq was performed and identified decreased STAT1 ex-
pression with aberrant splicing. The exome data were then 
reanalyzed, resulting in identification of compound hetero-
zygous intronic mutations, c.128+2 T>G/c.542-8 A>G, in 
STAT1. The patient was thus given a diagnosis of AR com-
plete STAT1 deficiency.

Genomic DNA and whole exome sequencing
Genomic DNA was eluted from whole blood with a QIAamp 
DNA Mini Kit (Qiagen, Hilden, Germany). Whole exome 

sequencing (WES) library preparation was performed with 
SureSelect XT or QXT Reagent Kit (Agilent Technologies, 
Santa Clara, CA, USA) and SureSelect XT Human All Exon V5 
Kit (Agilent Technologies). The library was sequenced using 
the HiSeq1500 system (Illumina, San Diego, CA, USA), and 
the variants were annotated as previously described (8). For 
the first analysis of exome data, we selected the following 
variants with a global minor allele frequency (GMAF) >0.05 
as candidate variants: variants in the cording sequence 
excluding synonymous variants, variants located within five 
base points from exon–intron boundaries or variants re-
ported as probably damaging, possibly damaging, disease_
causing_automatic, or disease_causing in dbNSPF (https://
sites.google.com/site/jpopgen/dbNSFP), or variants reported 
in OMIM (https://www.ncbi.nlm.nih.gov/omim) or Clinvar 
(https://www.ncbi.nlm.nih.gov/clinvar/). As for the second 
analysis (reanalysis) of the exome data, we filtered the vari-
ants as previously described (8).

Targeted RNA-seq and expression analysis
Total RNA was extracted from the peripheral blood mono-
nuclear cells (PBMCs) from the patient and 10 other PID 
patients without genetic etiology after WES. Libraries for 
the targeted RNA-seq consisting of 426 immune-related 
genes, which include PID responsible genes reported from 
International Union of Immunological Societies in 2017 
(IUIS 2017), were prepared using an Agilent SureSelect 
Strand Specific RNA library construction kit with RNAs pre-
pared by the Trizol method (Ambion). RNAs derived from 

Table 1.  Summary of the patients with AR complete STAT1 deficiency

Family Pt Age at 
onset 
(months)

Origin STAT1 
mutations

Mycobacterial 
infections

Other infections Outcome Ref.

1 1 3 Saudi 
Arabia

c.1757- 
1758delAG 
(homozygous)

Disseminated BCG Recurrent disseminated  
HSV-1

Died (16 months), 
disseminated HSV-1 
(meningoencephalitis)

(4, 
18)

2 2 2 Saudi 
Arabia

c.1799 T>C 
(p.L600P) 
(homozygous)

Disseminated BCG Severe virus infection  
(suspected)

Died (12 months), viral-like 
illness

(4)

2 3 3 Saudi 
Arabia

c.1799 T>C 
(p.L600P) 
(homozygous)

Disseminated 
mycobacterial 
disease

 Died (3 months) (3)

2 4 3 Saudi 
Arabia

c.1799 T>C 
(p.L600P) 
(homozygous)

Disseminated 
mycobacterial 
disease

 Died (3 months) (3)

3 5 3 Pakistan c.1928 insA 
(homozygous)

Disseminated BCG Polio III, parainfluenza II,  
rhinovirus, EBV

HSCT (8 months), died 
(11 months) by fulminant 
EBV and multiorgan failure

(5)

4 6 10 Pakistan c.372 G>C 
p.Q124H 
(homozygous)

Disseminated 
Mycobacterium 
kansasii

CMV, HSV-1, sepsis, enterovirus 
meningitis

HSCT (4 years 7 months), 
alive with multiple and 
severe complications

(6, 
23)

5 7 8 Australia c.88delA 
(homozygous)

No Multisystem hyper-inflammation,  
MMR vaccine: encephalopathic,  
HHV6, HLH

HSCT (14 months), alive (7)

6 This 
case

11 Japan c.128+2 T>G/ 
c.542-8 A>G 
(compound 
heterozygous)

Disseminated BCG RSV, Influenza A, hMPV  
infections; paralytic ileus  
by rotavirus; vaccine-induced  
varicella, HLH

Alive (6 years)  
M. malmoense- 
positive mediastinal 
lymphadenitis

BCG, Bacillus Calmette–Guérin; CMV, cytomegalovirus; EBV, Epstein–Barr virus; HHV6, human herpesvirus 6; HLH, hemophagocytic 
lymphohistiocytosis; hMPV, human metapneumovirus; HSCT, hematopoietic stem cell transplantation; HSV, herpes simplex virus; RSV, respira-
tory syncytial virus.
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PID genes were enriched by hybridization with PID panel 
probes using a SureSelect target enrichment system (Agilent 
Technologies). The enriched libraries were sequenced on an 
Illumina MiSeq under a 75-base paired-end run mode and 
the obtained reads were mapped to the human reference 
genome (NCBI build 37.1) using STAR (9, 10). For expres-
sion analysis, the count data were extracted using Rsubread 
(11) and normalized using DESeq2 (12). To analyze the effect 
of splice-site mutations, the splicing pattern was assessed 
manually with IGV software (13).

The detailed methods of quantitative PCR and reverse 
transcription PCR (RT-PCR) are shown in the Supplementary 
Methods.

Flow cytometry
The PBMCs were isolated by density gradient centrifugation. 
The PBMCs were suspended at a density of 104 cells μl−1 
in serum-free RPMI1640. The cells were incubated with IFN-
γ (1000 IU ml−1) or IFN-α (1000 IU ml−1) for 15 min at 37°C 
in the presence of FITC-conjugated CD14 (BD Biosciences, 
Franklin Lakes, NJ, USA). They were then washed in 

RPMI1640 and were fixed and permeabilized according 
to the BD Phosflow protocol (Protocol III). They were next 
stained with FITC-conjugated anti-CD14 and PE-conjugated 
anti-pSTAT1 (pY701) (BD Biosciences), and subjected to flow 
cytometric analysis to analyze STAT1 phosphorylation. Data 
were analyzed with FlowJo software (BD Biosciences).

Immunoblot analysis and electrophoretic mobility 
shift assay
The PBMCs or SV40 fibroblasts were incubated in the pres-
ence or absence of IFN-γ (1000 IU ml−1) or IFN-α (1000 IU 
ml−1) for 15  min and subjected to immunoblot analysis. 
Immunoblot analysis was performed as described previously 
(14, 15). The following primary antibodies used for immuno-
blotting: an anti-pSTAT1 (pY701) antibody (Cell Signaling 
Technology, Danvers, MA, USA), an anti-STAT1α antibody 
against total STAT1 (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) and an anti-β-actin antibody (Sigma-Aldrich, St. 
Louis, MO, USA). Electrophoretic mobility shift assay (EMSA) 
was conducted as previously described (15, 16). Briefly, the 
cells were stimulated by incubation for 15 min with 1000 IU 

Fig. 1.  (A) Family pedigree. The proband is indicated with an arrow. Healthy individuals are shown in white. (B) Chest CT at 4 years 9 months. 
Mediastinal lymphadenitis is shown with a yellow arrow. (C) Hematoxylin and eosin staining of mediastinal lymph node biopsy shows the infil-
tration of various inflammatory cells, such as lymphocytes, plasmacytes and neutrophils without granuloma formation. (D) Sanger sequence. 
Compound heterozygous mutations, c.128+2 T>G and c.542-8 A>G, in STAT1 identified in the patient. His mother carried heterozygous 
c.128+2 T>G, whereas his father and sister carry the heterozygous c.542-8 A>G mutation.
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ml−1 IFN-γ or 1000 IU ml−1 IFN-α. We then incubated 10 μg of 
nuclear extract with 32P-labeled (αdATP) GAS (from FCGR1 
promoter) or ISRE (from ISG15 promoter) probes for 30 min 
and subjected them to analysis.

Ethics statement
We obtained written informed consent for genomic analysis 
and blood sample-based functional studies of the patient, 
parents and siblings in accordance with the Declaration 
of Helsinki. The genetic analysis and blood sample based 
functional studies were approved by the Institutional Review 
Board of Hiroshima University and Tokyo Medical and Dental 
University.

Results

Identification of biallelic variants in STAT1
High-molecular-weight genomic DNA was extracted from per-
ipheral blood. Trio-WES, which was performed at 11 months 
of age, identified a novel heterozygous variant, c.128+2 
T>G, in the STAT1 gene in the patient and his asymptomatic 
mother (Fig.  1A and D). Rare variants in other known PID-
related genes reported in IUIS 2017 (LRBA, NBN, NHEJ1 
and TBX1) were also identified (Supplementary Table 3) 
(10). However, they were not inferred to be disease-causing 
based on the clinical manifestations and their inheritance 
pattern. The c.128+2 T>G STAT1 variant was confirmed by 
Sanger sequencing (Fig.  1D). Monoallelic dominant nega-
tive and loss-of-function mutations in STAT1, which are nor-
mally expressed at the protein level, have been identified in 

patients with MSMD (2, 15–20). In contrast, a familial study 
of patients with AR STAT1 complete deficiency, which inves-
tigated parents with monoallelic loss-of-expression mutation 
in STAT1, revealed that there is no haploinsufficiency at the 
STAT1 locus (3). The c.128+2 T>G variation identified in this 
study’s patient was located at an essential splice site and was 
suspected to disturb STAT1 protein expression. Based on a 
previous study that showed a lack of haploinsufficiency, to-
gether with the presence of this variant in the asymptomatic 
mother, the pathogenicity of the c.128+2 T>G variant was 
missed at the first analysis of the exome data.

A systemic gene expression assay using targeted RNA-
seq identified decreased STAT1 expression and exon skip-
ping at exon 8 of STAT1. We thus thoroughly reanalyzed the 
exome data and identified a novel heterozygous intronic 
variant, c.542-8A>G, which was missed by the filtering pro-
cess of first analysis of the exome data (filtering strategy of 
the first analysis of exome data is detailed in Methods). This 
variant was confirmed by Sanger sequencing and was iden-
tified in the asymptomatic father and elder sister (Fig.  1A 
and D). Therefore, the patient was determined to have com-
pound heterozygous variations, c.128+2 T>G/c.542-8 A>G, 
in STAT1. Neither variant was found in the Single Nucleotide 
Polymorphism Database (dbSNP), 1000 Genome Projects, 
the Exome Aggregation Consortium (ExAc) database or the 
genome aggregation database (gnomAD).

Targeted RNA-seq and qPCR
A targeted RNA-seq-based systemic gene expression assay 
of PBMCs was implemented to investigate the molecular 
pathogenesis of the patient. This assay ranked STAT1 as 
among the top five genes with reduced expression in the pa-
tients when we used the other 10 inconclusive PID patients 
as controls (Fig.  2). As expected, the splicing pattern as-
sessed manually with IGV software revealed intron retention 
at exon 3 associated with the c.128+2 T>G variant (Fig. 3A). 
Furthermore, we identified abnormal splicing in the form of 
exon skipping at exon 8 of the STAT1 gene (Fig. 3B). We next 
performed an RT-PCR assay for STAT1 from PBMCs of the 
patient and two healthy individuals. The RT-PCR assay, which 
spanned exon 3 and exon 7 of STAT1, confirmed the reduced 
expression of STAT1 mRNA and the presence of intron re-
tention by detecting approximate 1350 bp band in the pa-
tient (Supplementary Figure S1). The RT-PCR assay, which 
spanned exon 6 and exon 10 of STAT1, also confirmed the 
presence of exon skipping at exon 8 by detecting approxi-
mate 300 bp band in the patient. To confirm the result of the 
targeted RNA-seq and evaluate the impact of the biallelic 
STAT1 variations on mRNA synthesis, we carried out qPCR 
from PBMCs of the patient and a healthy control. This con-
firmed a severe decrease of STAT1 mRNA in the patient’s cells 
(9.4% of STAT1 mRNA compared with the control’s) (Fig. 4A).

Impaired STAT1 protein expression and phosphorylation
We performed flow cytometry to analyze the STAT1 function 
by detecting its phosphorylation (pSTAT1) upon IFN-γ or IFN-
α stimulation. The CD14+ monocytes from a healthy control 
showed pSTAT1 upon IFN-γ or IFN-α (Fig. 4B). In contrast, 
the CD14+ monocytes from the patient completely lacked 

Fig. 2.  Dysregulated STAT1 expression in the patient’s PBMCs. 
MAplot showing differentially expressed genes in the patient com-
pared with inconclusive PID patients (control, n = 10) analyzed by 
target RNAseq. Each plot displays genes in the target RNAseq panel 
(n = 426). Count data of each gene was obtained by Rsubread and 
normalized with DESeq2. The X axis indicates average log2 ex-
pression of normalized counts in control and the Y axis represents 
the log2 fold change (Log2FC) of normalized counts in the patient 
against average normalized counts of control.
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pSTAT1 in response to IFN-γ or IFN-α. To confirm this finding, 
PBMCs from the patient and a healthy control were stimu-
lated with IFN-γ or IFN-α and subjected to immunoblot ana-
lysis. As shown in Fig. 4C, PBMCs from the patient showed 
a complete lack of STAT1 protein expression and its phos-
phorylation upon IFN-γ or IFN-α stimulation. These results are 
comparable to the patient’s clinical manifestations, showing 
a series of severe mycobacterial and viral infection, together 
with identifying a lack of granuloma formation associated with 
mycobacteria infection. Taken together, the biallelic variations 
identified in the patient were determined to be pathogenic 
mutations. The patient was thus given a diagnosis of AR com-
plete STAT1 deficiency.

STAT1 phosphorylation and DNA-binding ability in SV40-
transformed fibroblasts
To confirm the molecular defects observed in the patient’s 
PBMCs, we assessed the STAT1 protein and phosphorylation 
using SV40-transformed fibroblasts (SV40 fibroblast) from the 
patient, two healthy controls and a disease control from a pa-
tient with AR complete STAT1 deficiency (STAT1−/−). The SV40 
fibroblasts from the patient, as well as STAT1−/− SV40 fibro-
blasts, showed a complete lack of STAT1 protein expression 
and its phosphorylation upon IFN-γ and IFN-α stimulation 
(Fig. 5A). Next, the DNA-binding ability of the wild-type (WT) 
and mutant STAT1 proteins was analyzed by EMSA. The SV40 
fibroblasts were stimulated with IFN-γ or IFN-α for 15 min and 

subjected to EMSA. As shown in Fig. 5(B), SV40 fibroblasts 
from the patient, as well as the STAT1−/− SV40 fibroblasts, 
presented a complete loss of DNA-binding activity to GAS 
in response to IFN-γ or IFN-α stimulation. These results sug-
gested that not only PBMCs but also SV40 fibroblasts from 
the patient lacked a cellular response to IFN-γ or IFN-α.

Impaired cellular response to IFN-γ and IFN-α
STAT1 plays a non-redundant role in the up-regulation of 
target genes upon IFN-γ and IFN-α stimulation. The CD14+ 
monocytes from the patient and controls were stimulated with 
IFN-γ (100 IU ml−1) or IFN-α (100 IU ml−1) for 6 h. They were 
then subjected to RNA-seq. The patient’s CD14+ monocytes 
showed global dysregulation of STAT1 target genes upon the 
monocytes being stimulated with IFN-γ and IFN-α (Fig.  6). 
These results suggest that the patient’s cells display impaired 
responses to IFN-γ and IFN-α.

Discussion

We herein reported a patient with AR complete STAT1 de-
ficiency due to STAT1 compound heterozygous mutations, 
both located in introns: c.128+2 T>G and c.542-8 A>G. Both 
mutations were private and absent from the public data-
bases. Five mutations in STAT1 have been reported to cause 
AR complete STAT1 deficiency in previous studies (3–7). All of 
the previously reported STAT1 mutations are located in exonic 
regions and have been identified in the homozygous state. 

Fig. 3.  Biallelic abnormal splicing of STAT1 in the patient detected by targeted RNAseq. (A) The c.128+2 T>G STAT1 mutation induced intron 
retention at exon 3, which was shown by IGV software with the coverage over the intronic region (gray lines) only in the patient sample (upper 
panel). (B) Exon skipping at exon 8 (red arrow) as a result of the c.542-8 A>G mutation was shown with a Sashimi plot. Each line (red line: pa-
tient, blue line: normal) and number indicate junctions and read counts, respectively
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Fig. 4.  (A) Expression of STAT1 mRNA in PBMCs from the patient and a healthy control. Target gene expression was normalized against GAPDH 
and presented as n-fold increase over the expression in the healthy control. (B) Flow cytometry analysis of STAT1 phosphorylation in CD14+ cells 
after stimulation with IFN-γ (1000 IU ml−1, red line) or IFN-α (1000 IU ml−1, blue line). (C) Immunoblot analysis of STAT1 protein and its phosphor-
ylation in PBMCs from the patient and a healthy control. The PBMCs were stimulated with IFN-γ (1000 IU ml−1) or IFN-α (1000 IU ml−1) for 15 min 
for the analysis. NS: no stimulation; γ: IFN-γ; α: IFN-α

Fig. 5.  (A) The SV40 fibroblasts from the patient and STAT1−/− SV40 fibroblasts showed complete lack of STAT1 protein expression and its phos-
phorylation upon IFN-γ and IFN-α. NS: no stimulation; γ: IFN-γ; α: IFN-α (B) The DNA-binding ability of the WT and mutant STAT1 proteins was 
analyzed by EMSA. The SV40 fibroblasts from the patient, as well as STAT1−/− SV40 fibroblasts, presented complete loss of DNA-binding activity 
to GAS in response to IFN-γ or IFN-α. NS: no stimulation; γ: IFN-γ; α: IFN-α.
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Therefore, the current case is the first AR complete STAT1 de-
ficiency due to intronic STAT1 mutations. These mutations re-
sulted in severe impairment of STAT1 mRNA expression. The 
c.128+2 T>G mutation was identified by WES during the first 
data analysis, whereas the c.542-8 A>G mutation was missed 
at that time because the default filtering strategy stringently 
excluded intronic variants beyond five base pairs from the 
exon–intron boundary. Monoallelic loss-of-function STAT1 mu-
tations, which results in normal expression and exert a dom-
inant negative effect on WT STAT1-mediated IFN-γ signaling, 
specifically disturb host immunity to mycobacteria and 
cause MSMD (called AD partial STAT1 deficiency). In con-
trast, the previous studies, which analyzed relatives of cases 
with AR complete STAT1 deficiency, clearly show a lack of 

haploinsufficiency in human STAT1 (3–7, 21–23). The patient 
in the present study was clinically diagnosed as MSMD when 
the first exome data analysis was performed. The pathogen-
icity of the c.128+2 T>G mutations was thus missed at that 
time because the mutations were inherited from the patient’s 
asymptomatic mother and predicted to disturb STAT1 protein 
expression by disturbing its splicing.

The identification of intronic mutations by comprehensive 
genomic study can be challenging. Such mutations are easily 
missed in the filtering process of considerable numbers of 
variants of unknown significance (VUS) in the analysis of 
exome data. Reflecting this difficulty, it took nearly 4  years 
to confirm the molecular cause in the current study. To inves-
tigate PID-related genes with a low expression level effect-
ively, we performed targeted RNAseq, which enriched 426 
immune-related genes, by focusing on PBMCs. This assay 
successfully ranked STAT1 as one of the top five genes with 
reduced expression in the patient when we used another 10 
inconclusive PID patients as controls. This assay also de-
tected exon skipping at exon 8 of STAT1 due to the c.542-8 
A>G mutation. The results suggested that targeted RNAseq 
is a potentially useful diagnostic tool for identifying incon-
clusive PID patients after WES. Recent studies revealed 
that RNAseq-based comprehensive transcriptomic analysis 
is a useful tool for detecting mis-splicing, which improved 
the diagnostic yield of inconclusive cases by WES. This in 
turn led to an approximately 10–35% increase in the detec-
tion of pathogenic variants (24–26). One major difficulty in 
transcriptomic analysis is tissue-specific expression (26). 
Regarding this point, PID has an advantage as a target 
disease for RNA-seq because we can use PBMCs for ana-
lysis. However, the introduction of RNA-seq in the diagnosis 
of PID patients is still in its primitive stage.

After the first genetic study, which was performed at the 
age of 11 months, the patient presented over the following 
several years with several episodes of severe virus infections. 
He developed severe influenza A infection (at 1 and 5 years 
old), hMPV pneumonia (at 3  years old), enterocolitis and 
paralytic ileus by rotavirus (at 3 years old) and vaccine-strain 
induced varicella (at 4 years old). Especially, the episodes of 
paralytic ileus by rotavirus and vaccine-strain induced vari-
cella strongly suggested that the patient was prone to vir-
uses. Retrospectively, these infectious phenotypes, together 
with the histopathological finding of mycobacterial lymph-
adenitis, which lacked granuloma formation, suggested 
AR complete STAT1 deficiency as a differential diagnosis. 
Indeed, the lack of granuloma formation is a typical finding 
in patients with AR complete IFN-γR1, IFN-γR2 or STAT1 
deficiency (27, 28). However, the clinical rarity and lack of 
awareness of AR complete STAT1 deficiency makes suspi-
cion of this disorder unlikely. The delayed diagnosis in the 
current study highlights the importance of clinical information 
and recognition of the characteristic findings of specific dis-
orders to minimize overlooking pathogenic mutations in WES. 
Genetic diagnosis brings significant change in management 
in 25–37% of patients with PID (29, 30). Indeed, it was de-
cided that the patient in the present study should undergo 
HSCT after confirming the molecular diagnosis of AR com-
plete STAT1 deficiency. However, the diagnostic yield of next-
generation sequencing in PID patients ranges from 15 to 46% 

Fig. 6.  Global dysregulation of STAT1 target genes upon IFN-γ and 
IFN-α stimulation in patient’s CD14+ monocytes. The CD14+ mono-
cytes from the patient and controls were stimulated with IFN-γ (100 
IU ml−1; left) or IFN-α (100 IU ml−1; right) for 6 h and subjected to RNA 
sequencing. Log2FC: Log2 fold change. 
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(median = 25%) (31) and has room for improvement. The ex-
perience of the case presented in this study suggests that the 
introduction of targeted RNAseq has the potential to improve 
the diagnostic yield of patients with PID.
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