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AbsTrACT 
background ataxia telangiectasia (a-t) is a 
neurodegenerative disorder. While patients with classic 
a-t generally die in their 20s, some patients with variant 
a-t, who have residual ataxia-telangiectasia mutated 
(atM) kinase activity, have a milder phenotype. We 
noticed two commonly occurring ATM mutations that 
appeared to be associated with prolonged survival 
and decided to study patients carrying one of these 
mutations.
Methods Data were retrospectively collected from 
the Dutch, italian, german and French a-t cohorts. to 
supplement these data, we searched the literature for 
patients with identical genotypes.
results this study included 35 patients who were 
homozygous or compound heterozygous for the ATM 
c.3576g>a; p.(Ser1135_lys1192del58) mutation 
and 24 patients who were compound heterozygous 
for the ATM c.8147t>c; p.(Val2716ala) mutation. 
compared with 51 patients with classic a-t from the 
Dutch cohort, patients with ATM c.3576g>a had a 
longer survival and were less likely to develop cancer, 
respiratory disease or immunodeficiency. this was also 
true for patients with ATM c.8147t>c, who additionally 
became wheelchair users later in life and had fewer 
telangiectasias. the oldest patient with a-t reported 
so far was a 78-year-old patient who was compound 
heterozygous for ATM c.8147t>c. atM kinase activity 
was demonstrated in cells from all patients tested with 
the ATM c.8147t>c mutant protein and only at a low 
level in some patients with ATM c.3576g>a.
Conclusion compared with classic a-t, the presence of 
ATM c.3576g>a results in a milder classic phenotype. 
Patients with ATM c.8147t>c have a variant phenotype 
with prolonged survival, which in exceptional cases may 
approach a near-normal lifespan.

InTroduCTIon
Ataxia telangiectasia (A-T; OMIM 208900) is an 
autosomal recessive neurodegenerative disease 
caused by biallelic mutations in the ataxia-telangiec-
tasia mutated (ATM) gene (OMIM 607585), which 
encodes the ATM kinase enzyme.1 ATM kinase 
plays a role in numerous cellular processes such 
as cell cycle control and DNA repair and is acti-
vated by DNA double strand breaks.2 The classic 

phenotype includes childhood-onset cerebellar 
ataxia with extrapyramidal movement disorders, 
oculocutaneous telangiectasias, immunodeficiency 
with recurrent infections, pulmonary dysfunction, 
increased sensitivity to ionizing radiation, increased 
serum alpha-fetoprotein (AFP) levels and high risk 
of malignancies. Patients with classic A-T usually 
become wheelchair users around the age of 10 years 
and die in the second or third decade of life due to 
a malignancy or respiratory failure.3 4

Besides this classic phenotype, milder so-called 
variant phenotypes exist. The disease course in such 
patients is characterised by a later-onset and slower 
progression of milder and predominantly extrapyra-
midal (instead of cerebellar) motor abnormalities.5 
Respiratory disease and immunodeficiency are not 
evident in variant A-T, although these patients still 
have an increased cancer risk. Their lifespans are 
much longer compared to patients with the classic 
phenotype.4 5 Variant A-T is frequently associated 
either with missense or leaky splice site mutations 
that allow for some ATM protein with residual 
ATM kinase activity to be formed.6–9 Apart from 
residual ATM kinase activity, other factors, such 
as modifying genes and environmental factors, are 
suggested to play a role in the mechanisms that lead 
to milder phenotypes of A-T.10

A-T is a rare disorder with an estimated incidence 
of circa 3:1.000.000.11 12 Hundreds of different 
mutations of the ATM gene have been recorded 
that lead to A-T.13 Although founder mutations 
have been reported, true mutational hotspots 
have never been recognised in the ATM gene, and 
many patients seem to have ‘private’ mutations. 
All of these factors together hamper the recogni-
tion of potential genotype–phenotype correlations. 
Phenotype prediction based on patient genotype, 
however, would be very welcome given the wide 
disease spectrum of A-T and may become even 
more important since whole exome sequencing and 
neonatal screening for primary immunodeficiencies 
may increase the number of—preclinical—patients 
that will be diagnosed.14

Here we compare the phenotypes of patients 
with A-T who are compound heterozygous or 
homozygous for one of two pathogenic ATM muta-
tions, c.3576G>A and c.8147T>C, instigated by 
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the clinical impression that both groups of patients appeared to 
have a milder disease course.

MeThods
Ascertainment of dutch cohort
Two ATM mutations that are prevalent in the Dutch A-T cohort 
were studied: the c.3576G>A; p.(Ser1135_Lys1192del58) 
splice site mutation in exon 24 and the c.8147T>C; p.(Va-
l2716Ala) missense mutation in exon 55. This study arose from 
the observation of an unexpected clinically milder phenotype in 
A-T patients with these mutations.

First, Dutch patients who were compound heterozygous or 
homozygous for one of these two ATM mutations were included. 
Clinical, laboratory and genetic data were retrospectively 
collected from our database and from patient medical records 
at Radboud University Medical Center, Nijmegen, the Neth-
erlands. Second, we collected corresponding data on patients 
with classic A-T (who did not have any of the two mutations 
mentioned above) from the Dutch cohort. The classic A-T pheno-
type was defined as described in the introduction part of this 
paper, with absence of ATM kinase activity. We finally compared 
the clinical and laboratory characteristics of patients with the 
ATM c.3576G>A or c.8147T>C mutations to the patients with 
classic A-T.

ATM gene mutation analysis and measurement of ATM protein 
expression and ATM kinase activity in lymphoblastoid cell lines 
were performed using methods described previously.15 16 In 
families in which only one patient was studied at the protein 
level, we assumed the same results for siblings.6 All patients have 
been reported in previous papers,4–6 17 18 except for one with 
ATM c.3576G>A, and 10 patients who were included in the 
classic A-T reference group. In this study, the follow-up period 
was extended until 1 April 2018.

Literature search and ascertainment of Italian, German and 
French patients
To expand the data from the Dutch cohort, we searched the 
literature (PubMed) and the ATM database of the Leiden Open 
Variation Database (LOVD)13 for patients with A-T who were 
compound heterozygous or homozygous for one of the two 
ATM mutations mentioned above. In PubMed, we combined the 
search terms ‘ataxia telangiectasia’, ‘ATM gene’ and ‘mutations’. 
Additional articles were retrieved by hand-searching through 
reference lists.

For patients of whom clinical data were incomplete or 
missing,19–24 authors were contacted for additional infor-
mation. This led to a collaboration with our Italian (LC), 
German (TD, CS and DS) and French (AF and NM) coauthors, 
enabling a substantial extension of data on previously described 
patients19–29 and inclusion of novel data on hitherto unpub-
lished patients.

ATM gene mutation analysis and measurement of ATM protein 
expression and ATM kinase activity had been performed using 
methods previously described in the Italian,25 30 German28 31 
and French29 cohorts. In patients 55 .F2, 55.F3a, and 55.F6a, 
1 hour treatment with 1 µM camptothecin (Sigma-Aldrich) was 
performed instead of ionising radiation for phospho-KAP1 acti-
vation by western blot. The latter was revealed using Odyssey 
blocking buffer (LI-COR #927–40000), appropriate fluores-
cent secondary antibody and LI-COR-Odyssey infrared scanner 
(LI-COR).

data extraction and analysis
In addition to the genotype, the following data were collected 
for all patients: gender, age at 1 April 2018 or age of death, 
cause of death, age of onset, presenting feature, age of being 
wheelchair users or age of loss of independent walking, pres-
ence of respiratory disease (ie, recurrent infections or pulmonary 
dysfunction measured with spirometry), presence of telangiecta-
sias, serum AFP and immunoglobulin levels (IgA, IgM, IgG and 
subclasses), expression of ATM protein and presence of residual 
ATM kinase activity. ATM mutations were designated according 
to the LOVD,13 and the revised ATM exon numbering system 
was used. Serum AFP levels were considered elevated if the 
level exceeded the age-related reference values of our laboratory 
(ie, >10 µg/L) or in case this was stated in the original paper. 
Serum immunoglobulin levels were compared with age-related 
reference values32 and were classified as deficient, low, normal 
or high. Deficiency was defined as serum IgA levels below 7 mg/
dL, IgG levels below 250 mg/dL, IgG2 levels below 50 mg/dL 
and IgM levels below 10–15 mg/dL (children) and 20–30 mg/dL 
(adults).32

statistical analysis
Because of non normal distribution, medians with ranges are 
presented in table 1. All comparisons were made for the group 
with the ATM c.3576G>A mutation versus classic A-T, or the 
group with the ATM c.8147T>C mutation versus classic A-T. 
Differences in the categorical variables (ie, sex, specific cause 
of death and presence of malignancy, telangiectasias, respiratory 
disease, immunodeficiency, increased serum AFP level, ATM 
protein expression and ATM kinase activity) were assessed using 
the Fisher’s exact test. For differences in the follow-up duration 
and median (age-related) serum AFP levels between groups, the 
Mann-Whitney-Wilcoxon test was used. Kaplan-Meier survival 
curves were constructed and differences in the time dependent 
variables (ie, survival, median age at time of death, age at time 
of onset, age at time of wheelchair users/loss of autonomous 
walking and age at time of malignancy) were established using 
the log-rank rest, including only patients who had experienced 
the event by the end of follow-up or censoring patients who were 
alive at the end of follow-up in case of survival. Cox’s propor-
tional hazards analyses were performed to calculate HRs with 
95% CIs for these variables, censoring patients without the event 
at the end of follow-up. The statistical analysis was done using 
SPSS V.22 for Windows. A p value below 0.05 was considered 
statistically significant.

resuLTs
Details of the patients in the study cohort are described in 
online supplementary table 1 for the ATM c.3576G>A muta-
tion and in online supplementary table 2 for the ATM 
c.8147T>C mutation. The Dutch A-T cohort included four 
patients with the ATM c.3576G>A mutation and five patients 
with the ATM c.8147T>C mutation. In the Italian cohort, 
20 patients with the ATM c.3576G>A mutation were avail-
able.21–23 25 26 The German cohort comprised five patients with 
the ATM c.3576G>A mutation28 and two patients with the ATM 
c.8147T>C mutation.19 27 The French cohort included two 
patients with the ATM c.3576G>A mutation24 29 and 11 patients 
with the ATM c.8147T>C mutation.24 33 The literature contained 
four additional patients with the ATM c.3576G>A mutation27 
and six patients with the ATM c.8147T>C mutation.27 34 35 Alto-
gether 59 patients with A-T from 41 families were included in 
this study (24 men, 35 women, age range: 2–78 years). Follow-up 
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Table 1 Characteristics of patients with the ATM c.3576G>A and c.8147T>C mutations, compared with patients with classic A-T

Classic A-T (n=51) c.3576G>A (n=35) c.8147T>C (n-=24)

Frequency Frequency P value or 95% CI Frequency P value or 95% CI

Characteristics 

Number of patients

  Dutch cohort 51 4 5

  Italian cohort 0 20 0

  German cohort 0 5 2

  French cohort 0 2 11

  Literature 4 6

Mutations*

  Homozygous 13 18 0.011† 0 0.007†

  Compound heterozygous 38 15 24

Sex

  Male 27 17 0.827† 7 0.081†

  Female 24 18 17

Status

  Deceased 30 11 0.016† 2 <0.001†

  Alive 21 24 22

Median follow-up duration 
(years)

14 27 0.001‡ 36 0.001‡

Range 4–54 Range 2–56 Range 2–78 

Estimated survival (years) 18 46 <0.001§ ¶ <0.001§

death 

Number of deaths* 30/51 9/33 0.007† 2/ 24 <0.001†

Cause of death known* 27 9 2

  Malignancy 12 3 0.705† 2 0.224†

  Respiratory failure 9 5 0.267† 0 1.000†

  Both 3 0 0.558† 0 1.000†

  Other 3 1 1.000† 0 1.000†

Median age at time of death 
(years)

15 33 0.098§ ¶ 0.870§

Range 4–54 Range 13– 50 Range 7–47 

HR for death Ref HR 0.25 0.12 0.52** HR 0.07 0.02- 0.29**

onset of first neurological symptoms 

Number of patients* 50/51 31/32 0.153† 21/24 0.094†

Median age at time of onset 
of neurological symptoms 
(months)

17 24 0.001§ 24 <0.001§

Range 4–60 Range 8–156 Range 6–384 

HR for onset ref HR 0.48 0.30–0.78** HR 0.32 0.17- 0.61**

Wheelchair use / loss of autonomous walking 

Number of patients* 31/40 18/18 0.045† 7/17 0.013†

Median age at time of 
wheelchair use/loss of 
autonomous walking
(years)

10 10 0.223§ 35 <0.001§

Range 7–18 Range 4–23 Range 9–63 

HR for wheelchair use/loss of 
autonomous walking

ref HR 0.75 0.39–1.46** HR 0.03 0.00- 0.21**

Malignancy 

Number of patients 20/51 7/35 0.097† 6/24 0.301†

Median age at diagnosis of 
malignancy (years)

12 16 §0.807§ 32 0.120§

Range 4–52 Range 6–33 Range 7–42

HR for malignancy Ref HR 0.33 0.14–0.78** HR 0.29 0.11- 0.73**

Telangiectasias* 

Number of patients 46/49 32/34 1.000† 8/22 <0.001†

respiratory disease*
(including recurrent infections) 

Number of patients 42/49 10/27 <0.001† 1/21 <0.001†

Immunodeficiency * 

Number of patients 41/50 6/32 <0.001† 3/21 <0.001†

Continued

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

edgenet-2018-105635 on 28 F
ebruary 2019. D

ow
nloaded from

 

http://jmg.bmj.com/


311van Os NJH, et al. J Med Genet 2019;56:308–316. doi:10.1136/jmedgenet-2018-105635

Genotype-phenotype correlations

Classic A-T (n=51) c.3576G>A (n=35) c.8147T>C (n-=24)

Frequency Frequency P value or 95% CI Frequency P value or 95% CI

Increased serum AFP level * 

Number of patients 45/46 23/24 1.000† 19/19 1.000†

Median AFP level (µg/L) 240 52 <0.001‡ 172 0.029‡

Range 3–660 Range 10–145 Range 29–400

expression of ATM protein * 

Number of patients 12/30 13/19 0.079† 11/11 0.001†

ATM kinase activity * 

Number of patients 0/30 3/9 0.009† 11/11 <0.001†

*For some patients, values were missing: those patients were excluded from statistical analysis.
†Fisher’s exact test. 
‡Mann-Whitney-Wilcoxon.
§Log-rank test. 
¶Could not be calculated because of small numbers of deceased patients.
**Cox regression analysis.
A-T, ataxia telangiectasia; AFP, alpha-fetoprotein; ATM, ataxia-telangiectasia mutated. 

Table 1 Continued

Figure 1 Scatter plot of patients with classic a-t and a-t patients with ATM c.3576g>a and c.8147t>c mutations. a-t, ataxia telangiectasia.  

started at birth for all patients, despite the diagnosis being estab-
lished several months or years later. Forty-six patients were alive 
at the end of follow-up or at the time of publication in the litera-
ture. A general summary of the characteristics of the patients per 
mutation, compared with 51 Dutch patients with classic A-T, are 
shown in figures 1, 2; table 2, figure 3 and table 1.

c.3576G>A; p.(ser1135_Lys1192del58) splice site mutation 
(deletion of exon 24)
A total of 35 patients with this ATM mutation were included. 
Gender distribution was equal. Eighteen patients were homozy-
gous for the ATM c.3576G>A mutation and 15 were compound 
heterozygous. The majority of patients were of Mediterranean 
origin: 21 were Italian, 8 Turkish, 2 Georgian and 2 Bulgarian. 

The remaining two patients were of German and Belgian origin. 
The median follow-up period of this group was 27 (range 
2–56) years, with the oldest patient being 56 years at the end of 
follow-up (24.It12). During the follow-up period, 11 patients 
died (of which two with an unknown age of death) with a 
median age at time of death of 33 (range 13–50) years. Only 
five patients died before age 30 years, while 15 patients survived 
beyond this age. The other patients were under 30 years and 
still alive at the end of follow-up. The estimated survival was 
46 years. Compared with classic A-T, patients with the ATM 
c.3576G>A mutation had a better survival (HR 0.25 [95% CI 
0.12 to 0.52]) (figure 2) (see online supplementary table 1).

The onset of neurological symptoms was a little later in life 
than in classic A-T (with a median of 24 [range 8–156] months vs 
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Figure 2 Survival of patients with classic a-t and a-t patients with ATM c.3576g>a and c.8147t>c mutations. a-t, ataxia telangiectasia.

Table 2 Additional table to figure 2

Years 0 10 20 30 40 50 60 70 80

Classic At risk 51 34 15 6 3 2 0

Deceased 0 9 20 26 27 28 30

Censored† 0 8 16 19 21 21 21

c.3576G>A* At risk 33 29 25 13 6 1 0

Deceased 0 0 1 4 5 9 9

Censored† 0 4 7 16 22 23 24

c.8147T>C At risk 24 20 16 15 8 3 1 1 0

Deceased 0 1 1 1 1 2 2 2 2

Censored† 0 3 7 8 15 19 21 21 22

*Two patients with the ATM c.3576G>A mutation (24.It6c-d) were excluded from this analysis.
†Censored patients are patients that were alive in this age category at the end of follow-up. Differences in number of patients at risk are a result of deceased and censored 
patients. Deceased and censored numbers are cumulative.

17 [range 4–60] months [p=0.001] and an HR for onset of 0.48 
[95% CI 0.30 to 0.78]). Loss of independent walking occurred 
at the same time as patients with classic A-T (median 10 years 
for both groups, HR for wheelchair 0.75, 95% CI 0.39 to 1.46). 
Malignancies occurred less frequently in patients with the ATM 
c.3576G>A mutation compared with patients with classic A-T 
(7/35 vs 20/51 patients, HR for malignancy 0.33, 95% CI 0.14 
to 0.78), but no difference was observed in age of diagnosis of 
malignancy between these two groups (median 16 years vs 12 
years). Respiratory disease and immunodeficiency were less 
common among patients with the ATM c.3576G>A mutation 
(both p=<0.001). Serum AFP levels were lower in patients with 
ATM c.3576G>A mutations compared with patients with classic 
A-T (p=<0.001) (figure 3).

Expression of ATM protein was assayed in 19 patients with the 
ATM c.3576G>A mutation and identified in 13 of them slightly 
more that in the group of patients with classic A-T (p=0.079).

Some very low ATM kinase activity was described for three 
homozygous patients from the literature,27 but we could not find 
measurable ATM kinase activity in three homozygous patients 
from the Dutch cohort (analysed before 2013).6 For patient 
24.D1, ATM kinase activity assays were repeated in February 
2018, again showing absence of ATM activity (figure 4).

c.8147T>C; p.(Val2716Ala) missense mutation (exon 55)
The ATM c.8147T>C mutation was detected in 24 patients 
who were all compound heterozygous for this mutation. The 
majority of patients were women (70.1%, p=0.081) and of 
Western European origin; the median follow-up period was 36 
(range 7–78) years. Only two patients were deceased at the end 
of follow-up (at 7 years and 47 years, HR for death 0.07, 95% CI 
0.02 to 0.29) (figure 2), so median survival and age at time of 
death could not be calculated. Both died from a malignancy, one 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

edgenet-2018-105635 on 28 F
ebruary 2019. D

ow
nloaded from

 

http://jmg.bmj.com/


313van Os NJH, et al. J Med Genet 2019;56:308–316. doi:10.1136/jmedgenet-2018-105635

Genotype-phenotype correlations

Figure 3 Scatter plot of serum aFP levels of patients with classic a-t and a-t patients with ATM c.3576g>a and c.8147t>c mutations (every patient 
with known serum aFP level is displayed only once). a-t, ataxia telangiectasia; aFP, alpha-fetoprotein. 

of them at the age of 7 years. Fifteen patients survived beyond 
30 years of age. The oldest patient was 78 years old at last visit 
(55.G1) (see online supplementary table 2).

The median age at time of onset of first neurological symp-
toms was much later compared with patients with classic A-T (24 
[range 6–384] months; p=<0.001), while the HR for onset was 
0.32 (95% CI 0.17 to 0.61). Only seven patients were wheel-
chair users at a median age of 35 years, whereas 10 patients were 
still able to walk at the end of follow-up. Six patients developed 
a malignancy (HR for malignancy 0.29, 95% CI 0.11 to 0.73); 
five of them had breast cancer. The median age at time of onset 
of the malignancy was 32 (range 7–42) years compared with 12 
(range 4–52) years among patients with classic A-T (p=0.120). 
Patients with the ATM c.8147T>C mutation less often had telan-
giectasias, respiratory disease or immunodeficiency, compared 
with patients with classic A-T (all p=<0.001). Serum AFP levels 
were increased in all patients with this mutation and lower 
compared with patients with classic A-T (p=0.029).

ATM protein expression and ATM kinase activity were studied 
in 11 patients and found to be present in all, in contrast to the 
results in patients with classic A-T (p=0.001 and p=<0.001, 
respectively).

dIsCussIon
Compared with patients with classic A-T, patients with one 
or two ATM c.3576G>A mutations in our study generally 
have a longer survival and are less likely to develop a malig-
nancy, respiratory disease and immunodeficiency. Presence of 
an ATM c.8147T>C mutation in variant A-T patients appears 
to be correlated with longer survival, a much later median age 
at time of onset and wheelchair and with a reduced likelihood 
to develop a malignancy, telangiectasias, respiratory disease and 
immunodeficiency.

c.3576G>A; p.(ser1135_Lys1192del58) splice site mutation
Although A-T patients with the ATM c.3576G>A mutation had 
a statistically significantly later age of onset of first neurological 
symptoms compared with patients with classic A-T, the differ-
ence of 7 months is unlikely to be clinically relevant. Since there 
is no difference in age at becoming wheelchair users either, we 
believe the neurological phenotype of patients with this partic-
ular mutation does not differ from the classic A-T phenotype. 
However, the non-neurological characteristics in this group 
are milder compared with patients with classic A-T. This would 
imply that in the clinical spectrum of A-T, patients with ATM 
c.3576G>A mutations are phenotypically between ‘classic’ and 
‘variant’ A-T and could be called ‘mild classic’ (figure 5).

Patients with the ATM c.3576G>A mutation are less likely to 
develop a malignancy, but when they do it is at the similarly 
young age as in patients with classic A-T.

Most patients with the ATM c.3576G>A mutation were of 
Mediterranean origin, and a founder effect has been confirmed 
by haplotype analyses in Turkish and Italian patients.16 25 36 37

The reason for the milder phenotype in these ATM 
c.3576G>A patients is unclear. If the c.3576G>A allele itself 
was indeed important, then perhaps patients homozygous for 
the ATM c.3576G>A mutation would be milder compared 
with compound heterozygous patients. However, this seems 
not true since some of the longest survivors (24.It6a-b, and 
24.It7 and 24.It12) were compound heterozygous and not 
homozygous for the ATM c.3576G>A mutation and have a 
truncating second mutation. Indeed almost all compound 
heterozygous patients with the ATM c.3576G>A mutation had 
a second null mutation (ie, frameshift and nonsense). There-
fore, it is likely that other factors, such as modifying genes or 
environmental factors, play a role in the course of the disease 
in these patients.
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Figure 4 absence of atM activity/signalling in cells from patient 
24.D1 who is homozygous for the ATM c.3576g>a splice site 
mutation. ATM, ataxia-telangiectasia mutated. 

Figure 5 ATM c.3576g>a and c.8147t>c mutations in the spectrum of 
a-t. a-t, ataxia telangiectasia. 

ATM protein levels could be detected by western blotting in all 
but six patients. Three were compound heterozygous and three 
were homozygous for the ATM c.3576G>A mutation. However, 
two other compound heterozygous patients with a second trun-
cating mutation did have expression of ATM protein, but the 
expression level was very low. In the compound heterozygous 
patient who had a higher ATM expression level,29 the second 
mutation was a missense mutation that would account for this 
increase. ATM protein expression was absent in the patient that 
has survived the longest so far (24.It12). Altogether no clear 
correlation was observed between the ATM protein expression 

level and the clinical phenotype in patients with the ATM 
c.3576G>A mutation.

In the paper by Demuth et al, three homozygous patients 
with the ATM c.3576G>A mutation were suggested to have 
very low ATM kinase activity, since their cell lines responded 
to irradiation and to treatment with bleomycin by increased 
phosphorylation of p53 serine 15, accompanied by p53 stabili-
sation in western blot anayses.27 Possibly, some leakiness of the 
mutation caused measurable expression of ATM kinase activity 
in the cells from these homozygous patients. In contrast, in 
six other homozygous patients with presence of ATM protein 
who were tested, no ATM kinase activity could be detected. 
When we retrospectively looked at the blots from the homo-
zygous Dutch patients, some variation in signal was seen, but 
this was not consistent enough to be sure that there was any 
authentic residual ATM kinase activity. A more sensitive ATM 
kinase/signalling assay is needed to investigate this further as 
we could be at the very limit of detection of activity with the 
current assays. Alternatively, final assessment of this mutation 
may require analysis in cells different from lymphoblastoid 
cell lines, as splicing is tissue specific. The three patients with 
detectable residual ATM kinase activity did not clearly show a 
milder clinical phenotype compared with other homozygous 
ATM c.3576G>A patients without detectable residual ATM 
kinase activity.

While evidence suggests that the ATM c.3576G>A mutation is 
associated with a milder clinical phenotype, it is not clear how. It 
may be that the mutation is leaky, and detection of ATM activity 
is inefficient or that these patients also carry other modifying 
genes contributing to the milder phenotype.

C.8147T>C; p.(Val2716Ala) missense mutation
The ATM c.8147T>C mutation is a pathogenic missense muta-
tion that so far has been described in a compound heterozy-
gous A-T state only. The Val2716Ala mutation is located in the 
N-terminal part of the PI-3 kinase domain adjacent to Lys2717 
which, together with Asp2720, His2872, Asp2870, Asn2875 
and Asp2889, is predicted to bind ATP or the essential Mg+ion. 
A mutation in any of these will probably result in loss of ATM 
activity.38 39 Occasional mutant amino acids (such as Phe2827Cys 
and Arg2832Cys) in the ATM PI-3 kinase-like domain, however, 
as well as Leu3035Phe in the FATC domain cause reduction in 
the level of ATM activity/signalling but not its abolition.7 The 
Val2716Ala mutation also results in a reduction of ATM activity 
and is being a conservative change may mean that its effect on 
adjacent Lys2717 ATP binding is not sufficient to result in aboli-
tion of all activity.

This mutation is suggested to be a Dutch founder mutation.5 
Homozygosity for this mutation has not been described yet, 
suggesting that homozygosity for this mutation may be mini-
mally disease causing.

Interestingly, respiratory failure was not a cause of death in 
either patient with the ATM c.8147T>C mutation, in contrast 
to 44.4% and 55.6% of known deaths due to lung disease in the 
groups with patients with classic A-T and patients with the ATM 
c.3576G>A mutation, respectively. One patient died at the age 
of 7 years from a malignancy of unspecified origin27 and seems 
to be an exceptional case within this group. She had no immuno-
deficiency, no recurrent infections and only a mild neurological 
phenotype with ataxia disappearing at the age of 6 years. Ataxia 
disappeared at 6 years of age in two other patients described 
by Demuth et al.27 We could not find other descriptions of 
this phenomenon in A-T. Three French patients with the ATM 
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c.8147T>C mutation had an immunodeficiency,34 but only one 
of them had recurrent infections.

The prevalence of lymphoid malignancies in patients with the 
ATM c.8147T>C mutation was low in contrast to patients with 
classic A-T,40 consistent with absence of immunodeficiency in 
them. Five of six patients with a malignancy developed breast 
cancer, which is a prevalent type of cancer in A-T patients with 
residual ATM kinase activity.40

The present study includes one German patient who was still 
alive at the age of 78 years, an exceptionally advanced age, even 
for variant A-T, and the oldest patient reported to date. This 
patient had a combination of ATM c.8147T>C with a frameshift 
ATM mutation in the last exon where there is a possibility of 
expression of a slightly truncated protein; whether or not this 
contributed to her milder phenotype is not known (online supple-
mentary figure S1). Since the clinical phenotype in compound 
heterozygous patients with the ATM c.8147T>C mutation is 
relatively mild, the phenotype of any patient with A-T homo-
zygous for this mutation might be even milder. Identification of 
such patients may possibly broaden the clinical spectrum of A-T 
to hitherto unrecognised phenotypes, such as pure and simple 
neurological disorders, for example, ‘torticollis only’ or ‘periph-
eral neuropathy only’, or a cancer predisposition syndrome with 
intolerance to radiation therapy.

The fact that serum AFP levels were elevated in almost all 
patients with the ATM c.3576G>A and c.8147T>C mutations 
confirms that serum AFP assessment is a reliable first screening 
tool for patients in whom A-T is suspected. AFP levels were lower 
in patients with both mutations compared with classic A-T, even 
with the relatively large number of young patients with classic 
A-T in this cohort, while it is well known that AFP levels increase 
with age in A-T.41 In separate analyses for patients <20 years 
and ≥20 years of  age,  the  statistically  significantly differences 
in serum AFP levels between classic A-T and patients with both 
ATM mutations did not change.

strengths and limitations
For the comparisons between A-T patients with the ATM 
c.8147T>C mutation and patients with classic A-T, we did 
not include patients with the ATM c.3576G>A mutation in 
the classic A-T group. This may suggest that the patients with 
classic A-T are a selected group. Therefore, we conducted 
separate analyses where we added the patients with the ATM 
c.3576G>A mutation to the classic A-T group. This did not lead 
to substantial differences in the results, except for the HR of 
malignancy (HR 0.48, 95% CI 0.20 to 1.18) and for the differ-
ence in median AFP level (p=0.662, additional data available 
on request).

This study is the first to provide an overview of all published 
and well-documented patients with the ATM c.3576G>A and 
c.8147T>C mutations, and it shows that these mutations are 
relatively common in A-T. Furthermore, this study shows that 
international collaborations are necessary in order to gain suffi-
cient evidence for what is expected based on clinical observa-
tions in small numbers of cases. Besides genetic databases such 
as the LOVD database, an international clinical database for 
rare disorders such as A-T would simplify this kind of study. 
Increasing insights in genotype–phenotype correlations will 
hopefully lead to better understanding of the pathophysiolog-
ical mechanisms that underlie A-T. In addition, ascertainment 
bias could be prevented in this manner, since unpublished cases 
would not be missed.

ConCLusIon
This study shows that classic A-T patients with the ATM 
c.3576G>A mutation had a milder clinical phenotype in terms of 
prolonged survival and lower susceptibility to the development 
of malignancies, respiratory disease and immunodeficiency. The 
underlying reason for this remains unsolved; possibly very low 
levels of ATM activity or the effect of unidentified modifying 
genes may be important. They contrast with variant A-T patients 
carrying the c.8147T>C missense mutation who additionally 
showed a later onset and slower progression of neurological 
symptoms. This phenotype is associated with a clear cellular 
retention of ATM kinase activity. In the era of next-generation 
sequencing, one may expect that very early (or even preclinical) 
diagnosis of A-T will occur in the near future. Therefore, reli-
able phenotype prediction may become increasingly important, 
particularly when it deviates positively from the classic A-T 
phenotype .

Author affiliations
1Department of Pediatric neurology, amalia children’s Hospital, radboud University 
Medical center, nijmegen, the netherlands
2Department of neurology, Donders institute for Brain, cognition and Behaviour, 
radboud University Medical center, nijmegen, the netherlands
3Department of clinical and Molecular Medicine, Sapienza Università di roma, 
rome, italy
4Department of Pediatrics, Pediatric infectious Disease and immunology, amalia 
children’s Hospital, radboud University Medical center, nijmegen, the netherlands
5Department of internal Medicine, radboud institute for Molecular life Sciences, 
radboud University Medical center, nijmegen, the netherlands
6inSerM UMr 830, institut de recherche, institut curie, PSl research University, 
Paris, France
7Service de génétique, institut curie Hôpital, Paris, France
8French national reference center for Primary immune Deficiencies (cereDiH), 
Pediatric immuno-Haematology and rheumatology Unit, Biostatistics Unit, necker 
enfants Malades University Hospital, assistance Publique-Hôpitaux de Paris, Paris, 
France
9laboratory of Human genetics of infectious Diseases, necker Branch, inSerM UMr 
1163, imagine institute, Paris, France
10inSerM UMr 1163, Sorbonne Paris cité, imagine institute, Paris Descartes 
University, Paris, France
11Department of Health evidence, radboud institute for Health Sciences, radboud 
University Medical center, nijmegen, the netherlands
12Department of neurology, Hannover Medical School, Hannover, germany
13institute of Human genetics, University of Wurzburg, Wurzburg, germany
14School for cancer Studies, University of Birmingham, Birmingham, UK
15gynaecology research Unit, Hannover Medical School, Hannover, germany

Acknowledgements We want to thank the twan Foundation (Veenendaal, the 
netherlands) for their support. We thank our colleagues from the multidisciplinary 
a-t team from the radboud University Medical center (nijmegen, the 
netherlands): Koen van aerde, Michiel van der Flier, Marjo van gerven, Helma 
Hijdra, anjo Janssen, Peter Merkus, Marieke Hunnekens, Michiel Schoenaker and 
riet Strik-albers. We would like to thank Sirwan Darweesh for statistical help. We 
would like to thank romain Micol, alain Fischer and Dominique Stoppa-lyonnet. 
We would like to thank neurologist Hans Kolbe, emeritus from Hannover Medical 
School, for his first suspicion of a-t in the german patient who was 59 years old 
at that time.

Contributors all authors contributed to revising the work critically for important 
intellectual content and gave approval for the final version of the manuscript. 
nJHvO, cMrW and MaaPW conceptualised and designed the study and wrote 
the manuscript. nJHvO, lc, cMrW, MvD, Jvg, cS, DS, nM, aF and tD helped with 
acquisition of data. nJHvO, cMrW, nr, aMrt, BPVdW and MaaPW analysed and 
interpreted the results.

Funding this study was funded by the twan Foundation (Veenendaal, the 
netherlands).

disclaimer the funder had no involvement.

Competing interests BPcvdW receives research support from ZonMW, 
Hersenstichting, radboud University Medical center, and Bioblast Pharma.

Patient consent not required.

ethics approval this study was approved by the regional committee on research 
involving Human Subjects arnhem-nijmegen. 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

edgenet-2018-105635 on 28 F
ebruary 2019. D

ow
nloaded from

 

https://dx.doi.org/10.1136/jmedgenet-2018-105635
https://dx.doi.org/10.1136/jmedgenet-2018-105635
http://jmg.bmj.com/


316 van Os NJH, et al. J Med Genet 2019;56:308–316. doi:10.1136/jmedgenet-2018-105635

Genotype-phenotype correlations

Provenance and peer review not commissioned; externally peer reviewed.

data sharing statement not published anonymised data are available by request 
from any qualified investigator for purposes of replication of procedures and results.

reFerenCes
 1. Savitsky K, Bar-Shira a, gilad S, rotman g, Ziv Y, Vanagaite l, tagle Da, Smith S, Uziel 

t, Sfez S, ashkenazi M, Pecker i, Frydman M, Harnik r, Patanjali Sr, Simmons a, clines 
ga, Sartiel a, gatti ra, chessa l, Sanal O, lavin MF, Jaspers ng, taylor aM, arlett 
cF, Miki t, Weissman SM, lovett M, collins FS, Shiloh Y. a single ataxia telangiectasia 
gene with a product similar to Pi-3 kinase. Science 1995;268:1749–53.

 2. Shiloh Y. atM and related protein kinases: safeguarding genome integrity. Nat Rev 
Cancer 2003;3:155–68.

 3. Boder e. ataxia-telangiectasia: an overview. Kroc Found Ser 1985;19:1–63.
 4. van Os nJH, Jansen aFM, van Deuren M, Haraldsson a, van Driel ntM, etzioni a, 

van der Flier M, Haaxma ca, Morio t, rawat a, Schoenaker MHD, Soresina a, taylor 
aMr, van de Warrenburg BPc, Weemaes cMr, roeleveld n, Willemsen M. ataxia-
telangiectasia: immunodeficiency and survival. Clin Immunol 2017;178:45–55.

 5. Verhagen MM, abdo WF, Willemsen Ma, Hogervorst FB, Smeets DF, Hiel Ja, Brunt 
er, van rijn Ma, Majoor Krakauer D, Oldenburg ra, Broeks a, last Ji, van’t Veer lJ, 
tijssen Ma, Dubois aM, Kremer HP, Weemaes cM, taylor aM, van Deuren M. clinical 
spectrum of ataxia-telangiectasia in adulthood. Neurology 2009;73:430–7.

 6. Verhagen MM, last Ji, Hogervorst FB, Smeets DF, roeleveld n, Verheijen F, catsman-
Berrevoets ce, Wulffraat nM, cobben JM, Hiel J, Brunt er, Peeters ea, gómez garcia 
eB, van der Knaap MS, lincke cr, laan la, tijssen Ma, van rijn Ma, Majoor-Krakauer 
D, Visser M, van ’t Veer lJ, Kleijer WJ, van de Warrenburg BP, Warris a, de groot iJ, de 
groot r, Broeks a, Preijers F, Kremer BH, Weemaes cM, taylor Ma, van Deuren M, 
Willemsen Ma. Presence of atM protein and residual kinase activity correlates with 
the phenotype in ataxia-telangiectasia: a genotype-phenotype study. Hum Mutat 
2012;33:561–71.

 7. taylor aM, lam Z, last Ji, Byrd PJ. ataxia telangiectasia: more variation at clinical and 
cellular levels. Clin Genet 2015;87:199–208.

 8. Mcconville cM, Stankovic t, Byrd PJ, Mcguire gM, Yao QY, lennox gg, taylor Mr. 
Mutations associated with variant phenotypes in ataxia-telangiectasia. Am J Hum 
Genet 1996;59:320–30.

 9. Stewart gS, last Ji, Stankovic t, Haites n, Kidd aM, Byrd PJ, taylor aM. residual ataxia 
telangiectasia mutated protein function in cells from ataxia telangiectasia patients, 
with 5762ins137 and 7271t-->g mutations, showing a less severe phenotype. J Biol 
Chem 2001;276:30133–41.

 10. rothblum-Oviatt c, Wright J, lefton-greif Ma, Mcgrath-Morrow Sa, crawford tO, 
lederman HM. ataxia telangiectasia: a review. Orphanet J Rare Dis 2016;11:159.

 11. Swift M, Morrell D, cromartie e, chamberlin ar, Skolnick MH, Bishop Dt. the 
incidence and gene frequency of ataxia-telangiectasia in the United States. Am J Hum 
Genet 1986;39:573–83.

 12. Woods cg, Bundey Se, taylor aM. Unusual features in the inheritance of ataxia 
telangiectasia. Hum Genet 1990;84:555–62.

 13. leiden Open Variation Database version 3.0, 2018. https:// databases. lovd. nl/ shared/ 
genes/ atM.

 14. Mallott J, Kwan a, church J, gonzalez-espinosa D, lorey F, tang lF, Sunderam U, rana 
S, Srinivasan r, Brenner Se, Puck J. newborn screening for SciD identifies patients 
with ataxia telangiectasia. J Clin Immunol 2013;33:540–9.

 15. Barone g, groom a, reiman a, Srinivasan V, Byrd PJ, taylor aM. Modeling atM 
mutant proteins from missense changes confirms retained kinase activity. Hum Mutat 
2009;30:1222–30.

 16. Broeks a, de Klein a, Floore an, Muijtjens M, Kleijer WJ, Jaspers ng, van ’t Veer lJ. 
atM germline mutations in classical ataxia-telangiectasia patients in the Dutch 
population. Hum Mutat 1998;12 330–7.

 17. Hiel Ja, van engelen Bg, Weemaes cM, Broeks a, Verrips a, ter laak H, Vingerhoets 
HM, van den Heuvel lP, lammens M, gabreëls FJ, last Ji, taylor aM. Distal spinal 
muscular atrophy as a major feature in adult-onset ataxia telangiectasia. Neurology 
2006;67:346–9.

 18. Mandigers cM, van de Warrenburg BP, Strobbe lJ, Kluijt i, Molenaar aH, Schinagl 
Da. ataxia telangiectasia: the consequences of a delayed diagnosis. Radiother Oncol 
2011;99:97–8.

 19. Keimling M, Volcic M, csernok a, Wieland B, Dörk t, Wiesmüller l. Functional 
characterization connects individual patient mutations in ataxia telangiectasia 
mutated (atM) with dysfunction of specific Dna double-strand break-repair signaling 
pathways. Faseb J 2011;25:3849–60.

 20. chessa l, leuzzi V, Plebani a, Soresina a, Micheli r, D’agnano D, Venturi t, Molinaro 
a, Fazzi e, Marini M, Ferremi leali P, Quinti i, cavaliere FM, girelli g, Pietrogrande 
Mc, Finocchi a, tabolli S, abeni D, Magnani M. intra-erythrocyte infusion of 
dexamethasone reduces neurological symptoms in ataxia teleangiectasia patients: 
results of a phase 2 trial. Orphanet J Rare Dis 2014;9:5.

 21. Broccoletti t, Del giudice e, amorosi S, russo i, Di Bonito M, imperati F, romano a, 
Pignata c. Steroid-induced improvement of neurological signs in ataxia-telangiectasia 
patients. Eur J Neurol 2008;15:223–8.

 22. gilad S, chessa l, Khosravi r, russell P, galanty Y, Piane M, gatti ra, Jorgensen tJ, 
Shiloh Y, Bar-Shira a. genotype-phenotype relationships in ataxia-telangiectasia and 
variants. Am J Hum Genet 1998;62:551–61.

 23. Magliozzi M, Piane M, torrente i, Sinibaldi l, rizzo g, Savio c, lulli P, De luca 
a, Dallapiccola B, chessa l. DHPlc screening of atM gene in italian patients 
affected by ataxia-telangiectasia: fourteen novel atM mutations. Dis Markers 
2006;22:257–64.

 24. Micol r, Ben Slama l, Suarez F, le Mignot l, Beauté J, Mahlaoui n, Dubois d’enghien 
c, laugé a, Hall J, couturier J, Vallée l, Delobel B, rivier F, nguyen K, Billette de 
Villemeur t, Stephan Jl, Bordigoni P, Bertrand Y, aladjidi n, Pedespan JM, thomas c, 
Pellier i, Koenig M, Hermine O, Picard c, Moshous D, neven B, lanternier F, Blanche 
S, tardieu M, Debré M, Fischer a, Stoppa-lyonnet D. cereDiH network investigators. 
Morbidity and mortality from ataxia-telangiectasia are associated with atM genotype. 
J Allergy Clin Immunol 2011;128:382–9.

 25. chessa l, Piane M, Magliozzi M, torrente i, Savio c, lulli P, De luca a, Dallapiccola B. 
Founder effects for atM gene mutations in italian ataxia telangiectasia families. Ann 
Hum Genet 2009;73(Pt 5):532–9.

 26. Maserati e, Ottolini a, Veggiotti P, lanzi g, Pasquali F. ataxia-without-telangiectasia 
in two sisters with rearrangements of chromosomes 7 and 14. Clin Genet 
1988;34:283–7.

 27. Demuth i, Dutrannoy V, Marques W, neitzel H, Schindler D, Dimova PS, chrzanowska 
KH, Bojinova V, gregorek H, graul-neumann lM, von Moers a, Schulze i, nicke M, 
Bora e, cankaya t, Oláh É, Kiss c, Bessenyei B, Szakszon K, gruber-Sedlmayr U, Kroisel 
PM, Sodia S, goecke tO, Dörk t, Digweed M, Sperling K, de Sá J, lourenco cM, Varon 
r. new mutations in the atM gene and clinical data of 25 at patients. Neurogenetics 
2011;12:273–82.

 28. Sandoval n, Platzer M, rosenthal a, Dörk t, Bendix r, Skawran B, Stuhrmann M, 
Wegner rD, Sperling K, Banin S, Shiloh Y, Baumer a, Bernthaler U, Sennefelder H, 
Brohm M, Weber BH, Schindler D. characterization of atM gene mutations in 66 
ataxia telangiectasia families. Hum Mol Genet 1999;8:69–79.

 29. Jacquemin V, rieunier g, Jacob S, Bellanger D, d’enghien cD, laugé a, Stoppa-
lyonnet D, Stern MH. Underexpression and abnormal localization of atM products 
in ataxia telangiectasia patients bearing atM missense mutations. Eur J Hum Genet 
2012;20:305–12.

 30. Delia D, Mizutani S, Panigone S, tagliabue e, Fontanella e, asada M, Yamada t, taya 
Y, Prudente S, Saviozzi S, Frati l, Pierotti Ma, chessa l. atM protein and p53-serine 
15 phosphorylation in ataxia-telangiectasia (at) patients and at heterozygotes. Br J 
Cancer 2000;82:1938–45.

 31. Dörk t, Bendix-Waltes r, Wegner rD, Stumm M. Slow progression of ataxia-
telangiectasia with double missense and in frame splice mutations. Am J Med Genet 
A 2004;126a:272–7.

 32. Sullivan K, Stiehm re. Stiehm's Immune Deficiencies. 1 ed: academic Press, 
2014:1156.

 33. Méneret a, ahmar-Beaugendre Y, rieunier g, Mahlaoui n, gaymard B, apartis e, 
tranchant c, rivaud-Péchoux S, Degos B, Benyahia B, Suarez F, Maisonobe t, Koenig 
M, Durr a, Stern MH, Dubois d’enghien c, Fischer a, Vidailhet M, Stoppa-lyonnet D, 
grabli D, anheim M. the pleiotropic movement disorders phenotype of adult ataxia-
telangiectasia. Neurology 2014;83:1087–95.

 34. Kuhm c, gallenmüller c, Dörk t, Menzel M, Biskup S, Klopstock t. novel atM mutation 
in a german patient presenting as generalized dystonia without classical signs of 
ataxia-telangiectasia. J Neurol 2015;262:768–70.

 35. lohmann e, Krüger S, Hauser aK, Hanagasi H, guven g, erginel-Unaltuna n, Biskup S, 
gasser t. clinical variability in ataxia-telangiectasia. J Neurol 2015;262:1724–7.

 36. cavalieri S, Funaro a, Porcedda P, turinetto V, Migone n, gatti ra, Brusco a. atM 
mutations in italian families with ataxia telangiectasia include two distinct large 
genomic deletions. Hum Mutat 2006;27:1061.

 37. campbell c, Mitui M, eng l, coutinho g, thorstenson Y, gatti ra. atM mutations 
on distinct SnP and Str haplotypes in ataxia-telangiectasia patients of differing 
ethnicities reveal ancestral founder effects. Hum Mutat 2003;21:80–5.

 38. guarini a, Marinelli M, tavolaro S, Bellacchio e, Magliozzi M, chiaretti S, De Propris 
MS, Peragine n, Santangelo S, Paoloni F, nanni M, Del giudice i, Mauro Fr, torrente 
i, Foà r. atM gene alterations in chronic lymphocytic leukemia patients induce a 
distinct gene expression profile and predict disease progression. Haematologica 
2012;97:47–55.

 39. Yamamoto K, Wang J, Sprinzen l, Xu J, Haddock cJ, li c, lee BJ, loredan Dg, 
Jiang W, Vindigni a, Wang D, rabadan r, Zha S. Kinase-dead atM protein is highly 
oncogenic and can be preferentially targeted by topo-isomerase i inhibitors. Elife 
2016;5.

 40. reiman a, Srinivasan V, Barone g, last Ji, Wootton ll, Davies eg, Verhagen MM, 
Willemsen Ma, Weemaes cM, Byrd PJ, izatt l, easton DF, thompson DJ, taylor aM. 
lymphoid tumours and breast cancer in ataxia telangiectasia; substantial protective 
effect of residual atM kinase activity against childhood tumours. Br J Cancer 
2011;105:586–91.

 41. Stray-Pedersen a, Borresen-Dale al, Paus e, lindman cr, Burgers t, abrahamsen tg. 
alpha fetoprotein is increasing with age in ataxia-telangiectasia. Eur J Paediatr Neurol 
2007;11:375–80.

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

edgenet-2018-105635 on 28 F
ebruary 2019. D

ow
nloaded from

 

http://dx.doi.org/10.1126/science.7792600
http://dx.doi.org/10.1038/nrc1011
http://dx.doi.org/10.1038/nrc1011
http://www.ncbi.nlm.nih.gov/pubmed/2415689
http://dx.doi.org/10.1016/j.clim.2017.01.009
http://dx.doi.org/10.1212/WNL.0b013e3181af33bd
http://dx.doi.org/10.1002/humu.22016
http://dx.doi.org/10.1111/cge.12453
http://www.ncbi.nlm.nih.gov/pubmed/8755918
http://www.ncbi.nlm.nih.gov/pubmed/8755918
http://dx.doi.org/10.1074/jbc.M103160200
http://dx.doi.org/10.1074/jbc.M103160200
http://dx.doi.org/10.1186/s13023-016-0543-7
http://www.ncbi.nlm.nih.gov/pubmed/3788973
http://www.ncbi.nlm.nih.gov/pubmed/3788973
http://dx.doi.org/10.1007/BF00210809
https://databases.lovd.nl/shared/genes/ATM
https://databases.lovd.nl/shared/genes/ATM
http://dx.doi.org/10.1007/s10875-012-9846-1
http://dx.doi.org/10.1002/humu.21034
http://dx.doi.org/10.1002/(SICI)1098-1004(1998)12:5<330::AID-HUMU6>3.0.CO;2-H
http://dx.doi.org/10.1212/01.wnl.0000224878.22821.23
http://dx.doi.org/10.1016/j.radonc.2011.02.007
http://dx.doi.org/10.1096/fj.11-185546
http://dx.doi.org/10.1186/1750-1172-9-5
http://dx.doi.org/10.1111/j.1468-1331.2008.02060.x
http://dx.doi.org/10.1086/301755
http://dx.doi.org/10.1155/2006/740493
http://dx.doi.org/10.1016/j.jaci.2011.03.052
http://dx.doi.org/10.1111/j.1469-1809.2009.00535.x
http://dx.doi.org/10.1111/j.1469-1809.2009.00535.x
http://dx.doi.org/10.1111/j.1399-0004.1988.tb02879.x
http://dx.doi.org/10.1007/s10048-011-0299-0
http://dx.doi.org/10.1093/hmg/8.1.69
http://dx.doi.org/10.1038/ejhg.2011.196
http://dx.doi.org/10.1054/bjoc.2000.1168
http://dx.doi.org/10.1054/bjoc.2000.1168
http://dx.doi.org/10.1002/ajmg.a.20601
http://dx.doi.org/10.1002/ajmg.a.20601
http://dx.doi.org/10.1212/WNL.0000000000000794
http://dx.doi.org/10.1007/s00415-015-7636-4
http://dx.doi.org/10.1007/s00415-015-7762-z
http://dx.doi.org/10.1002/humu.9454
http://dx.doi.org/10.1002/humu.10156
http://dx.doi.org/10.3324/haematol.2011.049270
http://dx.doi.org/10.7554/eLife.14709
http://dx.doi.org/10.1038/bjc.2011.266
http://dx.doi.org/10.1016/j.ejpn.2007.04.001
http://jmg.bmj.com/

	Genotype–phenotype correlations in ataxia telangiectasia patients with ATM c.3576G>A and c.8147T>C mutations
	Abstract 
	Introduction
	Methods
	Ascertainment of Dutch cohort
	Literature search and ascertainment of Italian, German and French patients
	Data extraction and analysis
	Statistical analysis

	Results
	c.3576G>A; p.(Ser1135_Lys1192del58) splice site mutation (deletion of exon 24)
	c.8147T>C; p.(Val2716Ala) missense mutation (exon 55)

	Discussion
	c.3576G>A; p.(Ser1135_Lys1192del58) splice site mutation
	C.8147T>C; p.(Val2716Ala) missense mutation
	Strengths and limitations

	Conclusion
	References


