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What has ATM taught us so far 
about ataxia-telangiectasia (A-T)?
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…and what are we still learning 
from A-T about ATM?
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Ataxia-Telangiectasia (A-T) 
 Autosomal recessive

 1:40,000 – 1:100,000
 Ataxia

 Cerebellar atrophy (begins with loss of Purkinje cells), 
leading to severe neuromotor dysfunction

 Telangiectasia
 Chronic lung disease
 Immunodeficiency; recurrent infections
 Cancer predisposition
 Thymic and gonadal atrophy
 Growth retardation
 Endocrine abnormalities
 Genome instability (chromosomal breakage)
 Acute sensitivity to ionizing radiation
 Broad variability of the A-T phenotype

McKinnon, 2004

Differential sensitivity of tissues/cells to the A-T mutation  
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Symptoms Developing in Young Adults with A-T

 Liver inflammation and cirrhosis

 Metabolic syndrome

 Type 2 diabetes mellitus

 Hyperlipidemia

 Incapacitating fatigue 

 Osteoporosis

 Different spectrum of cancers:
 Fewer lymphomas and leukemias 

compared to younger children with A-T

 Higher proportion of solid tumors
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 Different spectrum of cancers:
 Fewer lymphomas and leukemias 
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 Higher proportion of solid tumors
Shiloh et al., 1982

Premature senescence 
of primary A-T fibroblasts



Majd Haj

Premature Senescence of Primary A-T Fibroblasts

Proliferation Rate

Majd Haj, unpublished
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Premature Senescence of Primary A-T Fibroblasts

Accumulation of endogenous DNA damage

Majd Haj, unpublished



A-T Carriers
 1% -2% in various populations

 Cancer predisposition? 
An ongoing controversy…

 Carrier screening carried out in two communities, each with a single A-T mutation
 Cohorts visited twice in 7 years and subsequently followed through the National Cancer Registry.

Siegal Sadetsky
Angela Chetrit
Relly Forrer
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		Results 2: A-T heterozygotes show a significantly higher rates of cardiovascular and circulatory  diseases and eye conditions

				heart disease, hypertention and other peripheralvascular diseases (age >30)

				yes				no

				No.		percent		No.		percent

		carriers		15		30.6%		34		69.4%

		non-carriers		37		15.8%		197		84.2%

		significance		*  OR=2.85      95% CI  1.42-5.71

		*  Multivariate analysis adjusted for age, gender and smoking
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Cardiovascular Diseases among A-T Carriers
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39/732

HR=1.91 95%CI=0.93-3.91
Multivariate analysis adjusted for age, gender and smoking habits
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Cancer in A-T Carriers

Cancer types: breast, lung, bladder, brain, lymphomas, melanoma (in situ), thyroid, 
hypopharynx, pancreas, kidney, stomach, hepatic flexure of colon, cervix uteri. 

Controlled for gender, age and smoking. Hazard ratio: 2.03; 95%CI: 0.91-4.57 
p=0.085. 
Significance particularly strong for participants below 50 yr of age at diagnosis 

Age at end of follow-up

Shiloh et al., Carcinogeneris 1982

Slight premature aging 
in A-T carriers



ATM

Genome Stability Index

A continuum of variation in maintenance of 
genome stability in human populations

Colombo et al., 2020



Defective response to double-strand breaks in the DNA
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Endogenous DNA Damage in Mammalian Cells

Lesion Events/cell/day Reference

Single-strand break 55,200          Tice and Setlow, 1985
Depurination 12,000          Lindahl, 1977

13,920          Tice and Setlow, 1985
Depyrimidination 600          Lindahl, 1977

696          Tice and Setlow, 1985
06-methylguanine 3,120           Tice and Setlow, 1985
Cytosine deamination                        192 Tice and Setlow, 1985
Glucose-6-phosphate adduct             2.7 Bucala, et al, 1985
Thymine glycol       270             Saul et al, 1987
Thymidine glycol       70                       Saul et al, 1987
Hydroxymethyluracil 620                      Saul et al, 1987
8-oxo-G                                             178                      Shigenaga et al 1989
Interstrand cross-link               8 Bernstein and Bernstein, 1991
Double-strand break 8            Bernstein and Bernstein, 1991

Erling Seeberg
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DSB

Transducers

Effectors

ATM

ATM

The DSB Response

Sensors/
Mediators

ATM

Banin et al.; Canman
et al., Science 1998

The DSB response network  is 
highly structured and streamlined 
in space and time 

Importance of checks and balances

Savitsky et al., Science 1995
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Physical and Functional Dynamics of DDR Factors 
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ATM
1 3056

PI3-Kinase-Related Protein Kinases (PIKKs)

ATR

FAT PI3K FATCDOMAINS:

1 2644

DNA-PKcs
1 4128

mTOR/FRAP

1 2549

hSMG-1
1 3031

TRRAP
1 3830
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Sapir Schlam 

Phosphoproteomics reveals novel modes of 
function and inter-relationships among PIKKs in 
response to genotoxic stress

Ruedi Aebersold
Ariel Bensimon

ETH Zϋrich



Sapir Schlam 

Phosphoproteomics reveals novel modes of 
function and inter-relationships among PIKKs in 
response to genotoxic stress

 Stringent criteria for defining hits

 Special attention to dephosphorylations

 Validation of scores of new phosphorylation targets using selection reaction 
monitoring (SRM)

 PIKKs remain the main players in genotoxic stress-induced 
phosphorylations, but motifs of additional protein kinases are present 
(e.g., CK-1)

 Close relationships among PIKKs 

 Matching hits with our DDR meta-analysis database
Sapir Schlam, unpublished



Distinct Patterns of NCS-Induced Phosphorylation 
Dynamics and PIKK-Dependence
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NCS-treated WT cells,  4 hr,  71 p-sites

2017



What happens to ATM substrates in A-T cells?

Normal A-T

ATM
WT

NCS - 20 min

Inhibitor - - ATMi ATRi DNA-PKi

p824/KAP-1

Total KAP-1

p824/KAP-1

Total KAP-1
A-T

NCS - 20 min

Inhibitor - - ATRi DNA-PKi



What happens to ATM substrates in A-T cells?

Normal A-T

ATM

 Most of the strictly ATM-dependent p-sites in WT 
cells did not respond in A-T cells.

 61 sites did respond in A-T cells.

 The early phosphorylations were 
DNA-PK-dependent and the 
late ones – ATR-dependent.

ATR
65%

Non-PIKK
15%

DNA-PK
36%

9

30 12

10





A General Role for ATM in Maintaining Genomic Stability

Noncanonical 
DNA structures

Mitotic checkpoint

Nucleotide metabolism

Transcription

Replication

Shiloh, 2014



ATM is a Homeostatic Protein Kinase

Shiloh & Ziv, 2013



Shiloh & Lederman, 2016



Understanding A-T
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Understanding A-T

Comparison of WT 
to ATM-deficient 
tissues/cells using 
‘omics’ profiling  
usually shows 
marked differences.

A developmental defect?



Cerrato, 2020

The cerebellar degeneration in A-T: 
a case for genome instability



Ataxia with ocular
motor apraxia 5 (AOA5)

XRCC1 
partial deficiency

Spinocerebellar ataxia with
axonal neuropathy (SCAN1)

TDP1 deficiency

Healthy control

A-T
ATM 

deficiency
Ataxia with ocular 

motor apraxia 1 (AOA1)
Aprataxin (APTX) 

deficiency

Microcephaly with 
seizures (AOA4)

PNKP 
deficiency

Ataxia with ocular 
motor apraxia 2 (AOA2)

Senataxin (SETX) 
deficiency

Autosomal Recessive Cerebellar Ataxias Resulting from DNA Repair Deficiencies



Tzur-Gilat et al., Mech. Age. Dev. 2014
Tal & Shiloh, Methods in Mol. Biol. 2016
Tal et al., DNA Repair 2018

Cerebellar Organotypic Cultures
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Tal & Shiloh, Methods in Mol. Biol. 2016
Tal et al., DNA Repair 2018

Cerebellar Organotypic Cultures

Calbindin-D 28k (CaBP)     DAPI

CaBP
NeuN
DAPI



Calbindin-d28k/H3K9me3/HP1α/DAPI

Purkinje Cells Chromatin: 
Mostly Euchromatic

Aya Tzur-Gilat



 A combination of factors creating a particularly unfortunate background for ATM loss:

 No regeneration, long life

 High metabolic rate and oxidative stress

 Open chromatin: DNA exposed and vulnerable to ROS attack

 Very high transcriptional activity

 Presumed formation of abnormal mRNAs resulting from genotoxic stress 

 Special importance for ATM’s roles in responding to ongoing DNA damage 
and regulation of redox balance

 Random loss of transcripts, eventually including some that are essential for 
Purkinje cells function and/or survival

 Process is stochastic and slow

 Malfunctioning Purkinje cells might be more harmful than cell loss 

Why are Purkinje Cells Sensitive to ATM Loss More 
than Other Types of Neurons?



Using Laboratory Mouse Models 
to Study A-T

 Atm-knockout mice: some phenotypic features 
are similar in A-T patients and the mouse model, 
some are augmented in the animals, and others 
are diminished (background-dependent).

 Atm-/- on a C57BL/6J background: Up to the age of 
20 months - normal cerebellar histology and a slight, 
but distinct behavioral phenotype.

 Marked differences between WT and Atm-/- cerebellar 
tissues are observed using ‘omics’ methods. 

 Strategies for boosting the cerebellar phenotype…

Ari Barzilai

Marina Alfo
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Bhavana 
Velpula Sharone Naor

Majd Haj

Kenneth 
Hollander

Yann Frey Sapir Schlam 



The David and Inez 
Myers Foundation



Renate Klein
1981 - 2016

A-T is first and foremost like a very 
exclusive club. I like to think of it as a 
country club because the entrance fee 
is so high. The club keeps growing 
because A-T kids are being diagnosed 
sooner and we adults are living longer 
because of treatments…
We are born into this club that spans 
the entire globe. No one really wants 
to be a member, but we all do the best 
we can with the bodies we are given.
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