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Abstract

Background: Ataxia-telangiectasia (A-T) is a rare genetic disorder characterized by a distinct
range of clinical manifestations, including progressive ataxia, immunodeficiency, and

radiosensitivity.

Methods: Clinical data, laboratory results, and genetic data were collected from forty-three
A-T patients. Whole exome sequencing and Sanger sequencing were done for the patients
clinically diagnosed as suffering from A-T. Based on the phenotype severity of the disease,

patients were divided into severe and mild sub-groups.

Results: The median (IQR) age of diagnosis in this cohort was 5 (3-7) years and various
types of clinical manifestations, including fever (p= 0.005), lower respiratory tract infection
(p= 0.033), diarrhea (p= 0.014), and hepatosplenomegaly (p= 0.032) were significantly
higher amongst patients diagnosed with the severe phenotype. Our results showed a strong
correlation between phenotype severity and mutation type. The chance of having severe
phenotype in patients who have severe mutations, including frameshift and nonsense, was 7.3
times higher compared to patients who were categorized in the mild genotype group (odds
ratio= 7.3, p= 0.006). Thirty-four types of mutations including 9 novel mutations, were

observed in our study.

Conclusion: Molecular analysis provides the opportunity for accurate diagnosis and timely
management in A-T patients with chronic progressive disease, especially infections and the
risk of malignancies. This study characterizes for the first time, the broad spectrum of
mutations and phenotypes in Iranian A-T patients which are required for carrier detection and
reducing the burden of disease in future using the patients’ families and for the public health

care system.

Keywords: Ataxia-telangiectasia (A-T), ATM, Whole-exome sequencing, Class switching
recombination (CSR), phenotype severity.
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Key massages
We reported the genetic basis of 43 A-T patients and identified 9 novel homozygous
mutations in the ATM gene. This study confirmed the wide spectrum of mutations and

phenotypes within A-T patients.

Introduction

Ataxia-telangiectasia (A-T; OMIM #208900) is an autosomal recessive multisystem disorder,
characterized by progressive cerebellar degeneration, oculocutaneous telangiectasia, variable
immunodeficiency, cancer susceptibility, and radiation sensitivity [1, 2]. In general,
individuals with A-T present various clinical, immunological, and laboratory features [3].
Different forms of A-T have been described, since a significant subset of patients manifest
severe signs/symptoms and are categorized as early-onset or classic A-T, whereas a minority
of cases with mild signs/symptoms are classified as late-onset or mild A-T phenotype [4].
The incidence of this monogenic disorder is estimated to be between 1:40,000 to 1:300,000

depending on the degree of consanguinity rate in populations [5].

A-T is caused by mutations in the ataxia telangiectasia mutated (47M) gene localized to
chromosomal region 11q22.3-23.1. This gene contains 66 exons (with 62 coding exons)
spread over 150 kb of genomic DNA, and has an open reading frame of 9,168 nucleotides
[6]. ATM encodes the ATM protein, which is a large serine/threonine-protein kinase (~350
KDa) involved in DNA double-strand break (DBS) repair, maintaining genomic stability, cell
cycle control, and cell survival [7]. Moreover, ATM function is important to B and T cell
receptor development as well as class switching recombination (CSR) in activated B cells [8].
The most common type of A7TM mutations in A-T patients are null mutations, leading to a
truncation of the ATM protein. Patients with these types of 4TM mutations usually present
with the classic form of A-T [9, 10].

In the present study, we performed whole-exome sequencing on patients with a clinical
diagnosis of A-T to identify mutations in the affected gene in patients. In addition to
identifying mutations in ATM, we classified A-T patients based on phenotype severity to
evaluate the clinical manifestations and laboratory data in different genotype groups of these

patients.
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Material and Methods

Patients

This study was performed on all available A-T patients recruited by the Research Center for
Immunodeficiencies (RCID) and submitted to the Iranian national registry for primary
immunodeficiencies (PIDs) [11] during the period 2018-2020. According to the updated
diagnostic criteria of the European Society for Immunodeficiencies (ESID) [12], the presence
of ataxia, telangiectasia, and an elevated level of alpha-fetoprotein (AFP) were considered as
inclusion criteria. A questionnaire was designed which collected patients' demographical
data, family history, consanguinity, clinical manifestations, and laboratory findings. Based on
the disease severity, patients were divided into two different groups, (i) a severe group:
patients who were diagnosed with the severe form of the disease, including different
hospitalization visits due to recurrent infections and other non-infectious complications; (ii) a
mild group: patients who experienced only mild forms of infections and were treated as out-
patients for the entire course of the disease. Also, based on mutation severity, patients were
divided into two groups those with null mutations or non-null mutations and were examined
for demographic, clinical and laboratory characteristics. Written informed consent was
obtained from all participants. The present study was confirmed by the ethics committee of

Tehran University of Medical Sciences (No. 1398042).

Whole-exome sequencing

Peripheral blood was obtained from all patients, and DNA was extracted using the salting-out
method, as described previously [13]. The coding and flanking intronic regions were enriched
using the Twist Human Core Exome kit according to standard protocols and were sequenced
using the Illumina NovaSeq platform, performed by CeGaT GmbH, Germany. The resulting
sequencing reads were mapped to the human reference genome (hg19) using the Burrows-
Wheeler Aligner (BWA) [14]. In addition, using SAMtools pileup, variants were called and
subsequently annotated using ANNOVAR. For analysis of WES, we followed the protocol
described previously for prioritizing candidate variants, predicting their effect on protein,
homozygosity mapping, large deletion and copy number variation (CNV) detection [15-18].
Updated guidelines of the American College of the Medical Genetics and Genomics (ACMG)

were used for interpretation of molecular sequencing and disease variant evaluation regarding
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allele frequencies in the population databases, functional and immunological data, and

familial segregation [19].

Statistical analysis

Statistical analysis was performed by SPSS software package, version 24 (SPSS Inc.,
Chicago, IL, USA). Median and interquartile range (IQR) were calculated and compared for
demographical data and laboratory findings of A-T patients using the Mann-Whitney U test.
To analyze the categorical variables from the frequency table, the Chi-square test or Fisher's
exact test were performed. Logistic regression was used to obtain the odds ratio between
phenotype severity and mutation severity. A P-value of less than 0.05 was considered to be

statistically significant for all tests.

Result

Clinical data

A total of 43 A-T cases, including 23 females (53.5%) and 20 males (46.5%) with the median
(IQR) age of 5.0 (3.0-7.0) years old at the time of diagnosis, were registered in the present
study. Thirty-eight (83.87%) of the patients were born in a consanguineous family. The
median (IQR) age of ataxia and telangiectasia was 1.5 (1.0-2.2) years and 4.0 (2.0-5.0) years,
respectively. The median (IQR) diagnostic delay of the patients was 4.1 (3.6-5.3) years. The
major demographic and laboratory findings of the patients with A-T are provided in Table 1.

As previously established [20], ataxia-telangiectasia is a rare disease with a broad spectrum
of clinical manifestations. Our patients were diagnosed with various clinical presentations,
including infections, skin complications, diarrhea, visual impairment, autoimmunity,
hepatosplenomegaly, and malignancy. Based on past medical history of all patients, 22
patients were hospitalized and categorized in the severe phenotype group. Ataxia was the
most common clinical manifestation, which was reported in all patients. Thirty-five patients
(83.3%) experience telangiectasia, which is significantly higher among patients with a severe
phenotype (p=0.041). Fever reported in half of the patients was significantly higher in
patients with severe phenotype than patients with a mild phenotype (p=0.005). Most patients
(n=30) were diagnosed with different types of infections, including otitis media and
respiratory tract infection. As expected, lower respiratory tract infection (LRTI) was more

common in patients diagnosed with a severe phenotype compared to patients with a mild
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phenotype (p=0.033). The detailed clinical manifestations of patients with A-T are
summarized in Table 2. Moreover, our investigations showed that the incidence rate of
diarrhea and hepatosplenomegaly was significantly higher among severe patients (p=0.014)
compared to the mild ones (p=0.032), respectively. Immunoglobulin class switch
recombination (CSR) defect was observed in 46.5% (n=20) of all patients. Our results also
revealed that a defect in the CSR mechanism is significantly higher in patients with a severe
phenotype (n=14) than patients with a mild phenotype (n=6, p=0.033) (Figure 1). Based on
mutation severity, there is no significant difference regarding the phenotype between patients

with null mutation and patients with non-null mutation (Table 2).

Genetic diagnosis results

Molecular diagnosis was conducted on all the 43 patients who participated in this study.
Genetic analysis confirmed the clinical A-T diagnosis for all patients and revealed that 38 out
of 43 patients (88.3%) had a homozygous mutation; however, a compound heterozygous

mutation was found in five patients (11.6%).

Thirty-four different variants were found in our study, 25 of which have been reported

previously in online genetic databases, including (http:/www.hgmd.cf.ac.uk,

https://asia.ensembl.org). We identified 9 novel ATM mutations in our patients (Figure 3). Of

these nine new variants, six variants (deletion exonl, deletion exons 37-48,
c.9097 9101dupAATTT, ¢.6807+1G>C, c¢.8741T>A and c.1834C>A) were pathogenic
changes, while 3 other variants (c.5003A>G, ¢.6452G>C, c.1159A>C) were considered as
VUS mutations. Taken together, based on the ACMG criteria, 31 of the mutations were
pathogenic or likely pathogenic (LP), and 4 of them were classified as VUS mutations
(Figure 2). The most frequent type of mutation was a nonsense stop-gained mutation, which
was observed in 27% of patients. Large deletions and small deletions were also observed in
23% and 13% of patients, respectively. Other types of mutations including missense
mutation, small deletion/insertion, splicing, and large duplications were seen in 32% of
patients. Altogether, small deletion (13%), small duplication/insertion (9%), large deletion
(23%), and large duplication (1%), resulted in frameshift mutations, that were observed in
46% of patients. 73% of patients were identified with nonsense and frameshift mutations,
which cause the null deletion mutation. The chance of having severe phenotype in patients
who have severe mutations, including frameshift and nonsense, is 7.3 times higher compared

to patients who are categorized in the mild phenotype group (OR= 7.3, p= 0.006), that is
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statically significant. The detailed genetic analysis results are provided in Table 3. Of note,
the chance of CSR defect occurrence in patients with severe mutations, including frameshift
and nonsense, was 1.3 higher rather than patients with mild mutations; however, the odds

ratio (OR) is not significantly different (OR: 1.3, p=0.37).

In this study we found 6 patients with deletion EX62-63 mutations and 5 patients with
nonsense ¢.664C>T mutations. All patients with EX62-63 deletion mutation had a history of
recurrent hospitalization due to respiratory tract infections, especially pneumonia. In four
patients with the ¢.664C> T mutation, involvement with recurrent infections including
respiratory tract was observed in two patients with skin disorders and in two patients with
hepatosplenomegaly. The detailed clinical manifestations of these patients are provided in

Table 4.

Discussion

A-T is an autosomal recessive disorder with multisystem involvement caused by homozygous
or compound heterozygous mutations in the ATM gene [21, 22]. To date, more than 600
different mutations have been reported for A-T (www.hgmd.cf.ac.uk), including missense,
nonsense, splicing, small indels, large deletions, and duplications in the 62 coding exons of
the ATM gene [23]. Based on the human gene mutation database or HGMD
(www.hgmd.cf.ac.uk), the common type of 4TM mutations in A-T patients are small deletion
(26%), nonsense (19%), missense (18%), and splicing (16%) mutations [24]. In the present
study, we report the most common types of ATM mutation in Iranian population. These
mutations include nonsense 27%, large deletion 23%, missense 18%, and small deletion 13%.
Based on these findings, the frequency of missense mutations in our population is consistent
with HGMD reports, whereas the frequency of large deletion mutations in our cohort is
significantly higher than in HGMD. In general, the most common type of ATM mutation in
A-T patients are null mutations (66% in HGMD vs. 73% in our study) that cause a truncation
of the ATM protein.

Identifying mutations using conventional methods in A-T patients is challenging due to the
large size of the ATM gene without apparent hotspots. Next-generation sequencing [25]
technology is an accurate and cost-effective diagnostic method for A-T [26]. Here, we

investigated the molecular basis of disease in 43 unrelated A-T patients with different clinical
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and immunological features from different regions of Iran for the first time. In general, thirty-
four different mutations were found in our study, of which nine variants had not previously
been reported. Furthermore, our results demonstrated that there is a significant correlation
between phenotype severity and mutation severity. Generally, our findings showed that
patients carrying null 47M mutations suffer a more severe phenotype than those with

missense or splice-site mutations. T

Gait abnormality and telangiectasia are the major diagnostic criteria of A-T patients,
appearing at an early age. In our study, all the A-T patients were suffering from gait
abnormality, and 83.3% of them had appearance of telangiectasia. Furthermore, the
evaluation of serum AFP concentration is another diagnostic marker, as it is increased in
approximately 95% of patients with A-T [27]. In this study, all patients at the time of initial
diagnosis had high AFP concentrations. The most common manifestation of
immunodeficiency in A-T is pulmonary infections that are often progressed by increasing age
and neurological deterioration [28, 29]. Based on the findings of this study, it can be
concluded that more than 70% of A-T patients suffer from recurrent infections, especially
respiratory tract infections. The other types of non-infectious complications such as
malignancy and visual impairment have rarely occurred in our patients. Generally, A-T as a
monogenic disorder has phenotypic heterogeneity, and the severity of manifestations varies in
different patients, even between patients within the same family, which point to the influence

of genetic and environmental modifying factors in this disease.

According to serum immunoglobulin (Ig) level profile, A-T patients can be categorized into
various groups, including normal Ig levels, IgA deficiency, IgG subclass deficiency,
hypogammaglobulinemia, and hyper IgM (HIgM) phenotypes [30]. Some A-T patients
exhibit a HIgM-like phenotype along with the complete Ig CSR defect. In these particular
patients, low class-switched Igs such as IgG, IgA, and IgE occur, but a normal or elevated
level of IgM and/or IgD are observed [3, 31]. A-T patients with CSR defects have been
reported with a more serious disease course, leading to poor quality of life in earlier ages and
shorter survival [30, 32-35]. Evidently, the most frequent manifestation of immunodeficiency
in this group of A-T patients is respiratory infections that can frequently occur in the first
years of life [28, 29]. The results of this study showed that patients in the severe group had a
significantly higher incidence rate of the CSR defect than the mild group. It seems that this

immunological defect can also significantly impact the aggravation of clinical symptoms,
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shorter survival and reduced quality of life in earlier ages in these patients. In addition, it
seems that the severe form of the disease may frequently occur in A-T patients with HIgM-
like phenotype. Therefore, it is recommended that these patients be monitored accurately and

receive more precise therapy.

In our cohort, nine novel homozygous 47TM variants (c.6452G>C in AT-9, Deletion exon 37-
48 in AT-10, Deletion exon 1 in AT-13,¢.9097 9101dupAATTT in AT-19, and c.5003A>G
in AT-28, c.1159A>C in AT-32, c.6807+1G>C in AT-35, c.8§741T>A in AT-40 and
c.1834C>A in AT-41) were identified using WES. Based on the criteria of the ACMG,
€.6452G>C, ¢.5003A>G, and c.1159A>C were considered as VUS mutations. ¢.6452G>C
homozygous missense has occurred at the last nucleotide of exon 44, hence it may affect the
splicing process. Moreover, the prediction of computational tools such as MutationTaster,
CADD, and Polyphen support the deleterious effect of the variant on the gene or gene
product. ¢.5003A>G and c.1159A>C homozygous missense has occurred at exon 33 and 9,
respectively, and prediction tools such as MutationTaster, MutationAssessor, DANN,
FATHMM-MKL, M-CAP, MVP, and Polyphen confirm the deleterious effect of the variant
on the gene or gene product. In our population, we also found ¢.7308-6T>G homozygous
splicing region variant as another VUS, which has been reported in HGMD as pathogenic in
an 8-year-old Iranian patient with A-T. However, multiple lines of in silico analyses such as
MutationTaster and CADD suggest no impact of the variant on the ATM gene or gene
product. According to the human gene mutation database or HGMD (www.hgmd.cf.ac.uk),
the most common type of A7M mutations is frameshift and nonsense variant constituting
about 70% of A-T cases. As a result, the majority types of 47M variants comprise null
mutations that lead to a truncation of the ATM protein. Individuals with these types of ATM
mutations present A-T classical phenotype as its most common form [9, 10]. The classic form
of A-T manifest early-onset, severe, multisystem, and progressive disease [4]. Furthermore,
missense, in-frame, or leaky splice-site mutations, which lead to some residual ATM kinase
activity, result in milder neurological problems, absence of immunodeficiency and longer

survival but with higher risk for development of malignancy [9, 10].

In this study, all our patients had the classical type of A-T, but exhibited highly variable
clinical symptoms. Hence, we divided the patients into severe and mild phenotypic groups.
We observed that patients in the severe group were significantly diagnosed with null

mutations, which confirms the effect of ATM genotype on the intensity of the resulting
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clinical phenotype. According to our results, the frequency of telangiectasia, fever, lung
infection, diarrhea, and hepatosplenomegaly in patients of the severe group was significantly
higher than the mild group. Immunologically, in patients of the severe group, IgG level was
significantly lower than in the mild group. Also, in this study, we had patients with similar
mutations (6 patients with EX62-63 deletion and 5 patients with ¢.6658C> T). Based on a
comparison of their clinical signs, large deletion in the end exons of the ATM gene appears to
be significantly associated with severe infection, especially of the lower respiratory tract, but
not with skin, organomegaly, and autoimmune disorders. In terms of immunological profile,
66.6% of patients had CSR deficiency. It also appears that patients with the nonsense
mutation ¢.6658C> T are prone to infection (80%), skin disorders (40%) and organomegaly
(40%). Also, significantly all patients with this mutation had immunological defects (60%
had CSR-D and 40% had IgA-D).

In our study population, the most frequent type of A7M mutation was a nonsense and
frameshift mutation (in 73% of patients), which is in accordance with previously reported
studies [36]. A Chinese cohort reported that 33.33% and 41.66% of ATM mutations were
missense and frameshift, respectively [37]. In addition, frameshift and missense were the
most common types of mutations in the Spanish population [38]. Although Cavalieri et al.
[39] reported that 2% of all ATM mutations were related to large genomic deletions (LGD) in
an Italian cohort, this type of mutation was higher (25% of all ATM mutations) in the
Japanese population [40]. In our study, 17% of ATM mutations were considered as LGD.

Different founder mutations have been identified in various nations, including Norwegian,
Costa Rican, Italian, Polish, and Amish/Mennonite [41]. Haplotype analysis in 11 Norwegian
families revealed that the similarity of 55% of ATM variants with the same haplotype is an
affirmation of the founder effect [42]. In contrast, no founder variants were reported in a
Chinese study population, which may be related to population diversity [37]. Due to the high
rate of consanguinous marriages in Iran [43], founder effects are expected to exist;
nevertheless, we did not observe any founder effects in the current cohort even within

specific geographical location (data not shown).

Conclusions
We characterized the genetic basis of 43 classical cases of A-T disease and identified 9 novel

homozygous mutations in the ATM gene. This study confirmed the wide spectrum of

10
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Table 1. Demographic and laboratory features of patients with ataxia-telangiectasia.

Patients
Patients
with
All Patients Patients with non-
P- null P-
Parameter patients with severe with mild null
value | mutatio value
(n=43) form (n=22) | form (n=21) mutations
ns
n=12
(n=31) { )
Age at diagnosis, years 5.0 (3.0- 5.0 (3..0-
5.0(3.0-8.0) | 5.0(3.0-7.0) | 0.446 5.5(3.0-7.0) | 0.935
(IQRT) 7.0) 7.0)
Age at onset of ataxia, 1.5 (1.0- 1.5 (1.0-
1.5(1.0-3.0) | 1.7(1.0-2.0) | 0.915 1.0 (1.0-2.0) | 0.454
years (IQR) 2.2) 3.0)
Age at onset of infection, 3.0 (1.0- 2.5(1.2- 5.0 (1.8-
3.0(1.0-5.5) | 2.0(0.7-7.0) | 0.842 0.390
years (IQR) 6.5) 5.5) 10.0)
Age at onset of
4.0 (2.0- 3.0 (2.0-
telangiectasia, years 5.0) 3.0(1.6-5.0) | 4.5(3.0-6.0) | 0.134 5.0) 4.0 (1.7-6.2) | 0.854
(IQR) ' '
Delay diagnosis, years 3.0 (1.0- 3.0 (1.0-
4.0(1.7-5.2) | 1.9(0.4-4.7) | 0.093 2.0(0.2-6.1) | 0.830
(IQR) 5.0) 5.0)
Sex, N (%)
Male 20 (46.50) 7 (31.8) 15 (68.2) 0.06 14 (45.2) 7 (58.3) 0.510
Female 23 (53.50) 13 (61.9) 8 (38.1) ' 17 (54.8) 5(41.7)
Consanguinity, N (%) 38 (88.4) 19 (86.4) 19(90.5) | 0.674 | 28(90.3) | 10(83.3) 0.593
Mortality, N (%)
Alive 37(86) 18 (81.8) 19 (90.5) 0.653 | 26(83.9) 11 (91.7) 0.653
Dead 4(9.3) 3(13.6) 1(4.8) 3(9.7) 1(8.3)
133.0 148.5
153.5(88.2- | 124.5(95.7- 124.0 (98.0-
AFP (93.7- 0.554 (90.0- 0.731
321.7) 191.0) 244.5)
290.7) 314.0)
656.0 750.0 644
242.0 (66.2- 0.014 668 (500.0-
IgG*, mg/dl (IQR) (155.7- (502.0- (108.0- 0.168
849.2) * 990.0)
915.0) 981.7) 910.0)
7.0 (4.0- 55(2.3- 7.5 (5.0- 6.5 (3.6-
IgA, mg/dl (IQR) 0.160 7 (5.0-74.0) 0.246
15.7) 15.2) 17.2) 8.0)
194.0 220
209.5(85.5- | 184 (112.5- 150 (71.2-
IgM, mg/dl (IQR) (109.5- 0.546 (115.5- 0.077
552.0) 262.5) 200.0)
360.2) 442.5)
1.0 (1.0- 1.0 (1.0-
IgE, IU/ml (IQR) 1) 1.0 (1.0-4.1) | 1.0(1.0-4.2) | 0.777 45) 1.0 (1.0-3.4) | 0.575

"IQR, interquartile range rang; *Ig, immunoglobulin.

* P value < 0.05 is statistically significant.
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552 Table 2. Clinical manifestations of patients with ataxia-telangiectasia.
Variable All Patients with Patients with P- Patients Patients with P
patients severe mild value with null non-null _—
(n=43) phenotype phenotype mutations mutations
(n=22) (n=21) (n=31) (n=12) ¢
Ataxia 43 22 (100%) 21 (100%) - 31 (100%) 12 (100%) -
(100%)
Telangiectasia 35 21 (95.5%) 14 (70.0%) 0.041 26 (83.9%) 9 (75%) 0.27
(83.3%) * 9
Fever 21 16 (72.7%) 5(25.0%) 0.005 17 (54.8%) 4 (33.3%) 0.18
(48.9%) * 5
Cold 19 10 (45.5%) 9 (45.0%) 0.619 16 (51.6%) 3(27.3%) 0.27
(44.2%) 3
Infection 30 18 (81.8%) 12 (60.0%) 0.081 24 (77.4%) 6 (50%) 0.06
(70.0%) 1
Otitis media 14 9 (40.9%) 5(25.0%) 0.259 10 (32.3%) 4 (33.3%) 0.82
(32.5%) 0
URTI 14 9 (40.9%) 5(25.0%) 0.338 8 (25.8%) 6 (50%) 0.59
(32.5%) 2
LRTTF 18 13 (59.1%) 5(25.0%) 0.033 10 (32.2%) 8 (66.6%) 0.81
(41.8%) * 4
Skin 13 9 (40.9%) 4(21.1) 0.200 10 (32.2%) 3(27.3) 0.71
manifestation (30.2%) 9
Diarrhea 14 11 (50.0%) 3 (15.0%) 0.014 10 (32.2%) 4 (33.3%) 0.80
(32.5%) * 3
Hepatosplenome | 5 (11.6%) 5(22.7%) 0 (0%) 0.032 3(9.6%) 2 (16.6%) 0.67
galy * 4
Malignancy 2 (4.6%) 2 (9.1%) 0 (0%) 0.489 1(3.2%) 1(8.3%) -
Autoimmunity 8 (18.6%) 6(27.3%) 2 (10.0%) 0.243 5(16.12%) 3(27.3%) 0.76
8
553  TURTIL, Upper respiratory tract infection; *LRTI, lower respiratory tract infection.
554  * Pvalue < 0.05 is statistically significant.
555
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556 Table 3. ATM mutations detected in patients with ataxia-telangiectasia

Name Zygosity ATM mutation AA change Exon/Intron Type of Pathogenicity Ref.
mutation (ACMG)
AT-1 Homo Deletion EX62-63 - 62-63 Frameshift pT [44]
AT-2 Homo c.67C>T p.R23* 2 Nonsense P [45]
AT-3 Compound c.1537C>T p-Q513* 10 Nonsense [46]
hetero ¢.8050C>T p-Q2689* 55 Nonsense VCV000479048
AT-4 Homo ¢.3244-3245insG p-H1082Rfs*14 22 Frameshift P [47]
AT-5 Homo ¢.3895delG p.A1299Pfs*50 26 Frameshift P SCV000217647.4
AT-6 Homo c.6658C>T p-Q2220* 46 Nonsense P VCV000407464
AT-7 Homo ¢.3600-3601delTT p.F1201 Wfs*3 25 Frameshift P [48]
AT-8 Compound ¢.8907T>G p-Q2684* 55 Nonsense [49]
hetero ¢.8050C>T p-Q2969* 62 Nonsense VCV000479048
AT-9 Homo €.6452G>C p.R2151T 44 Missense vUs § Novel
AT-10 Homo Deletion EX37-48 - 37-48 Frameshift P Novel
AT-11 Homo c.5585delA p.S1863Lfs*54 37 Frameshift P [50]
AT-12 Homo c.6658C>T p-Q2220%* 46 Nonsense P VCV000407464
AT-13 Homo Deletion EX1 - 1 Frameshift P Novel
AT-14 Compound ¢.6259delG p-E2087Kfs*9 43 Frameshift P [50]
hetero c.6658C>T p-Q2220%* 46 Nonsense P VCV000407464
AT-15 Homo €.5552_5553insC p.Q1852Pfs*5 37 Frameshift P [50]
AT-16 Homo c.6047A>G p-D2016G 41 Missense Lp¥ VCV000140823
AT-17 Compound c.6198+1G>A Splice donor IVS 42 Splicing error P [51]
hetero c.6047A>G p-D2016G 41 missense LP VCV000140823
AT-18 Compound 18-61 duplication - 18-61 Frameshift P [52, 53]
hetero c.7788G>A p-E2596= 52 synonymous LP
AT-19 Homo ¢.9097 9101dupAAT p-L3035Ifs*8 63 Frameshift P Novel
TT
AT-20 Homo ¢.7308-6T>G - IVS 49 Splicing error VUS [54]
AT-21 Homo ¢.8046-8047delTA p-12683Tfs*4 55 Frameshift P [55]
AT-22 Homo €.6658C>T p.Q2220* 46 Nonsense P VCV000407464
AT-23 Homo ¢.829G>T p-E277* 7 Nonsense P [56]
AT-24 Homo €.6658C>T p.Q2220* 46 Nonsense P VCV000407464
AT-25 Homo Deletion EX62-63 - 62-63 Frameshift P [44]
AT-26 Homo Deletion EX62-63 - 62-63 Frameshift P [44]
AT-27 Homo ¢.3600 3601delTT p.F1201 Wfs*3 25 Frameshift P [48]
AT-28 Homo ¢.5003A>G p-L1668P 33 Missense VUuS Novel
AT-29 Homo c.3102T>G p.Y1034* 21 Nonsense P VCV000556315
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AT-30 Homo Deletion EX62-63 - 62-63 Frameshift P [44]
AT-31 Homo ¢.5712dupA p.S1905fs*12 38 Frameshift P VCV000141416
AT-32 Homo c.1159A>C p-K387Q 9 Missense VUS Novel
AT-33 Homo Deletion EX62-63 - 62-63 Frameshift P [44]
AT-34 Homo Deletion EX61-62 - 61-62 Frameshift P [57]
AT-35 Homo c.6807+1G>C - IVS 46 Splicing error P Novel
AT-36 Homo c.829G>T p.E277* 7 Nonsense P [56]
AT-37 Homo Deletion EX62-63 62-63 Frameshift P [44]
AT-38 Homo ¢.6199-1G>T - IVS 42 Splicing error P [44]
AT-39 Homo c.664C>T p.Q222%* 7 Nonsense P [58]
AT-40 Homo c.8741T>A p.12914N 60 Missense LP Novel
AT-41 Homo c.1834C>A p.L6121 12 Missense LP Novel
AT-42 Homo c.6067G>C p.G2023R 41 Missense Lp [59]
AT-43 Homo Deletion EX37-48 - 3748 Frameshift P Novel

557  1P: Pathogenic, * LP: Likely pathogenic, $VUS: Variant of uncertain significance

558

559

560
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Tabl&4d1 Clinical features of A-T patients with same 47M mutations.

Mutation Deletion EX62-63 c.6658C>T (p.02220%)

Patient AT-1 AT-25 AT-26 AT-30 AT-33 AT-37 AT-6 AT-12 AT-14 AT-22 AT-24
Ataxia + + + + + + + + + + +
Telangiectasia + + + + + + + + + + +
Fever + + - + + - + + + _ -
Cold + - + + - - + + + N R
Recurrent infection + + + + + + + + + - +
URTI ' + - - - - _ - n T - -
LRTI* + + + + + + + + + - -
Pneumonia + + + + + + + + + N R
Otitis media + - - - - _ _ i T N -
Skin manifestation - - - - - - - - - T T
Diarrhea + - - - _ _ ¥ N T N N
Hepatosplenomegaly - - - - - - + N T _ N
Malignancy - - - - - + - - - - -
Autoimmunity - - - - - - - N - T N
Immunologic profile | CSR-DS | CSR-D | CSR-D | 1gA-D N CSR-D CSR-D CSR-D CSR-D IgA-D IgA-D

T URTB@A2pper respiratory tract infection; * LRTI, lower respiratory tract infection; S CSR-D, class switching recombination
defectSHZA-D, IgA deficiency; "N, Normal Ig level
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565 Patients with CSR defect

566

567 Figure 1. Frequency of CSR defect in the study groups of Ataxia-telangiectasia. CSR
568 defect is significantly higher in patients with severe phenotype than patients with a mild
569 phenotype.
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Figure 2. Frequency of 47M mutations in patients with ataxia-telangiectasia.
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589 Figure 3. Nine novel ATM mutations in Iranian patients with ataxia-telangiectasia.
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