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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 
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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 .
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