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WHY STUDY RARE HUMAN GENETIC DISEASES?
Importance of Natural History Studies 

• CARE FOR AFFECTED PATIENTS
• DISCOVER MECHANISMS OF DISEASE
• DOCUMENT BASELINE PARAMETERS  - USE FOR 

COMPARISON WITH FUTURE TREATMENTS 
• DEVELOP NEW THERAPEUTIC PARADIGMS: USING 

SMALL NUMBERS OF PATIENTS AT HIGH RISK OF 
CANCER



Outline 

• Early history of xeroderma pigmentosum (XP)
• NIH studies of XP and trichothiodystrophy (TTD)  –

clinic to laboratory and back
• Molecular Epidemiology
• Patient Management



Moriz Kohn 1837 - 1902

FIRST DESCRIPTION OF XERODERMA PIGMENTOSUM
1874 - MORIZ KAPOSI



1953 – Watson and Crick describe double helix DNA 
structure
1964 – Richard Setlow and Phil Hanawalt separately 
describe DNA repair replication in bacteria
1968 – James Cleaver describes DNA repair defect in XP



Kenneth Kraemer
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Detailed clinical and 
laboratory description of 

15 XP patients –
Varied phenotypes 

Donated cells from all patients to cell bank 
– made available to scientific community

Annals Int Med 1974



XERODERMA PIGMENTOSUM 
CLINICAL FEATURES

Mol. Medicine
Today 5: 86 (1999)

Premature photoaging of epidermis



XP VARIANT - XP4BE
Polymerase eta 
defect
Died age 27 yr of
metastatic melanoma

Multiple PTEN mutations
in metastatic melanoma
lesions

Wang et al JID 2009



AFRICAN BROTHERS WITH 
XERODERMA PIGMENTOSUM

Mahindra et al JAAD 59:881 (2008)

23 y/o 17 y/o

SCC
Pigmented

BCC
XP reported in all races



XERODERMA PIGMENTOSUM / 
COCKAYNE SYNDROME

XP/CS group B - XP11BE 28 yr       Mother         



photo1994

DR. DIRK BOOTSMA - ROTTERDAM

Reported 2 complementation groups in XP cells in 1972
Genetic Heterogeneity of Xeroderma Pigmentosum demonstrated by Somatic Cell Hybridization 
E. A. DE WEERD-KASTELEIN, W. KEIJZER & D. BOOTSMA
Nature New Biology 238: 80–83 (1972)

https://www.nature.com/articles/newbio238080a0#auth-E__A_-DE_WEERD_KASTELEIN
https://www.nature.com/articles/newbio238080a0#auth-W_-KEIJZER
https://www.nature.com/articles/newbio238080a0#auth-D_-BOOTSMA
https://www.nature.com/nature-newbio


AUTORADIOGRAPHY WITH CELL FUSION 

Annals Int Med 1974

Each cell supplies what the other is missing –
they COMPLEMENT each other

- 3 complementation groups in Netherlands;
- 3 in NIH



5 complementation groups 
– named in order of 

increasing residual repair
Mutat Res1975

Co-operation/ collaboration 
among laboratories studying DNA Repair



Arch Derm 1987

XP literature review –
830 patients

50 yr

XP patients develop skin cancer 
50 years earlier than in the general population

Strong evidence of the importance of 
DNA Repair in PREVENTION of skin cancer



XP Registry– 132 patients

70% had skin cancer – median age 8 years

Arch Derm 1994



SITES OF BASAL CELL CARCINOMA AND 
SQUAMOUS CELL CARCINOMA 

IN XP AND NORMALS

Arch Dermatol 130: 1018 (1994)

Similar site distribution of non-melanoma skin cancer 
in XP patients and normals



SITES OF MELANOMA 
IN XP AND NORMALS

Arch Dermatol 130:1018 (1994)

Similar site distribution of melanoma skin cancer 
in XP patients and normals

BUT melanoma site distribution is DIFFERENT  from 
basal cell and  squamous cell carcinoma 

in XP patients and normal 
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Age at diagnosis in decades (yr)

XP median-9 yr Nonmelanoma skin cancer
General population 

median 67 yr
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Age at diagnosis in decades (yr)

Melanoma General population 
median  55 yrXP median-22 yr

106 XP patients 1971-2009 General population

EARLY AGE OF ONSET OF 
SKIN CANCER IN XERODERMA PIGMENTOSUM

Bradford et al J Med Gen 2010

58 yr

33 yr

10,000-fold increase in skin cancer

Melanoma induction mechanism different 
from non-melanoma skin cancer

BUT WE DO NOT UNDERSTAND THE MECHANISM 
OF MELANOMA INDUCTION BY UV



XP-D   Age 9 mo
photosensitive

XP-C   Age 23 yr
Non-photosensitive

XP-A   Age 35 yr
photosensitive

XP-C   Age 2 yr
Non-photosensitive

PHOTOSENSITIVE AND NON-PHOTOSENSITIVE XP PATIENTS

Bradford et al
J Med Gen 2010

About 50% of XP patients have 
acute burning on minimal sun exposure



40 YEARS FOLLOW-UP OF XERODERMA PIGMENTOSUM AT NIH
HEARING LOSS AND ACUTE BURNING ON MINIMAL SUN EXPOSURE ARE 
PREDICTORS OF PROGRESSIVE NEUROLOGICAL DEGENERATION (n=73)

Totonchy DiGiovanna.. Kraemer  Brain 2013 

Audiograms may be used as predictors 
of XP neurological abnormalities:

>10dB hearing loss was associated with 
39-fold increased risk of XP neurological degeneration

54 yr

2013



XP12BE 
– XP-A

death age 44

4 yr 17 yr 41 yr

24% (n=25) of the XP patients had neurodegeneration

40 YEARS FOLLOW-UP OF XERODERMA PIGMENTOSUM AT NIH
PROGRESSIVE NEURODEGENERATION  with BRAIN ATROPHY

20 yr 41 yr
Infantile sized brain at autopsy
Lai…DiGiovanna…Kraemer  Acta

Neuropath Comm 2013

Bradford..DiGiovanna..Kraemer. J Med Gen 2010



XP-G PATIENTS – SEVERE and MILD DISEASE

XP65BE – 14 y/o

XP/CS 
Died age 6 y/o

Emmert et al J Invest Dermatol (2002)

No neurological
disease

XP82DC – 3 y/o



MUTATIONS IN XPG (ERCC5 ) GENE 

Emmert et al J Invest Dermatol (2002)

PREMATURE 
STOP

PREMATURE 
STOP

PREMATURE 
STOP MISSENSE

MUTATION
Mild disease

Small amount of residual activity 
sufficient to  prevent neurological degeneration



40 YEARS FOLLOW-UP OF XERODERMA PIGMENTOSUM AT NIH
REDUCED SURVIVAL IN XERODERMA PIGMENTOSUM 

30 yr

XP patients with neurological abnormalities have lower survival 

Bradford … Kraemer J Med Gen 2010

BUT WE DO NOT KNOW THE CAUSE OF THE NEUROLOGICAL DAMAGE
- Possibly cyclopurines, other oxidative lesions? 



UV HYPERSENSITIVITY 
OF XERODERMA PIGMENTOSUM CELLS



DNA REPAIR –
THE LIFEGUARD OF THE GENE POOL



UV PHOTOPRODUCTS



NUCLEOTIDE EXCISION REPAIR PATHWAY

DiGiovanna and Kraemer JID 2012

XPA DAMAGE 
RECOGNITION/VERIFICATION 

BEFORE TFIIH BINDING

XP-C & XP-E

XP-B & XP-D
UNWIND THE DAMAGED AREA

BASAL TRANSCRIPTION

XP-F & XP-G MAKE
INCISIONS 

ON EITHER SIDE OF
THE DAMAGE

POLYMERASE AND LIGASE 
FILL THE GAP



Modified from DiGiovanna and Kraemer JID 2012

TFIIE
(GTF2E1
GTF2E2)

Molecular Defects (15)

RNF113A



DNA REPAIR 
IN INTERNAL CANCERS AND AGING



INTERNAL CANCERS IN XPC PATIENTS 

LUNG 
CANCER

ASTROCYTOMA
SPINAL CORD

GLIOMA 
BRAIN



MIXED PHENOTYPE ACUTE LEUKEMIA 
19 y/o XP-C patient from Morocco 

Unpublished

40+ skin cancers; multinodular thyroid; North African XPC founder mutation 

Digital droplet PCR shows 
Multiple oncogenic mutations

Sikandar 
Khan

Maxwell
Lee

Howard 
Yang

Single cell RNA sequencing  
shows differential clonal 

expression

Deficient DNA repair leads to multiple hematologic mutations 

18% blast cells: B/myeloid, T/B/myeloid, T/B blasts
9 oncogenic mutations

Hematologists, NHLBI –
Sawa Ito, Karolyn Oetjen



HEMATOLOGIC NEOPLASMS IN XERODERMA PIGMENTOSUM

Oetjen…Kraemer, DiGiovanna, Haematologica (2018)

MDS – myelodysplastic syndrome; AML – acute myeloid leukemia; MPAL – mixed phenotype acute leukemia

Question: Why is this North African founder mutation associated with 
hematologic neoplasms? - 13/161 (8%) of patients with homozygous founder 
mutation had MDS, AML or T-ALL -Sarasin et al Blood (2019) 

DNA repair plays a role in prevention of hematologic neoplasms 



EARLY AGE OF THYROID NODULES IN 
XERODERMA PIGMENTOSUM PATIENTS

16/29 (55%) XP patients had 
thyroid nodules on ultrasound 

Samuel 
Kouatcheu

30 yr
2 XP patients had thyroid cancer

Thyroid cancer  
TFG-NTRK1 
fusion mutation 

DNA repair plays a role in prevention of thyroid nodules and cancer
Premature Aging 

Radiology CC –
Jamie Marko



2022
• 34 - fold increased risk for all internal tumors
• CNS tumors, hematologic cancer most 

commonly seen



PREMATURE MENOPAUSE IN WOMEN WITH 
XERODERMA PIGMENTOSUM

Merideth, Tamura… Kraemer
Obstetr Gynecology (2019)

23 yr

Deborah 
Tamura

Premature menopause 
(before age 40) occurred 
in 14/45 (31%) of the XP 
women 18 years or older

DNA repair plays a role in maintenance of normal ovarian function
Premature Aging 

9 women had documented 
primary ovarian insufficiency
2 women had atrophic 
ovaries on autopsy

Ob-Gyn NHGRI –
Melissa Merideth



TRICHOTHIODYSTROPHY (TTD)
DNA REPAIR/ TRANSCRIPTION  GENES



Zhou … Kraemer JAAD 2010

TRICHOTHIODYSTROPHY:  CLINICAL FEATURES

COLLOIDION 
MEMBRANE

AT BIRTH

SHORT, SPARCE
BRITTLE SCALP  
AND EYEBROW 

HAIR
LONG 

EYELASHES
4 Y/O

XPDTIGER-TAIL
BANDING 

(POLARIZED 
MICROSCOPY)
TRICHOSCHISIS

(POLARIZED 
MICROSCOPY)

MATERNAL 
PREGNANCY

ABNORMALITIES

DYSMYELINATION

TTD patients have mutations
in XP genes (XPD, XPB) 

but no increase in cancers 

TTD is primarily a developmental disorder

20-fold increased risk of death under age 10 yr
(Faghri, Tamura, Kraemer, DiGiovanna J Med Gen 2008)

9 of 36 TTD CHILDREN in our study DIED!

Alan Zhou



DECREASED SURVIVAL OF TTD PATIENTS 
WITH ERCC2/XPD MUTATIONS OR LOW IgG

Randall, Kraemer et al Br J Hematol 2019

Reduced survival of trichothiodystrophy patients with  
ERCC2 (XPD) mutations or immune deficiency

42



John DiGiovanna M.D.
Senior Research Physician



PROGRESSIVE AVASCULAR NECROSIS OF HIPS 
IN YOUNG TRICHOTHIODYSTROPHY PATIENT 

DiGiovanna et al  Am J Med Gen 2022



Hip pain progressing to inability to walk 
with bilateral osteonecrosis of hips 
– Poor post-surgical course - XPD

DiGiovanna et al  
Am J Med Gen 2022



Increased mortality of TTD patients with 
Peripheral osteopenia – all had XPD mutations



Pre-term delivery
Pre-eclampsia
HELLP syndrome (hemolysis, 
elevated liver enzymes, low platelets)
Prematurity
Low birth weight

81% of mothers with XPD mutations carrying 
a TTD fetus have pregnancy complications

DNA repair/transcription genes play a role in 
normal fetal development

Deborah 
Tamura

No mothers with XPD mutations carrying 
a XP fetus have pregnancy complications



Brittle  hair, sparse 
eyebrows

Mild nystagmus, 
micrognathia

Microcephaly, Short stature

Ichthyosis involving the trunk, 
back, scalp and legs

Tiger-tail banding under 
polarized light microscopy

Hair shaft abnormalities 
(fracturing; irregular contour)

TTD PATIENT: 10 Y/O INDIAN MALE

No mutations in known TTD genes 
(XPB, XPD, TTD-A, TTDN1)



GTF2E2 MUTATION 

GTF2E2

• Reduced TFIIE 
protein

• Normal post-UV cell 
survival

• Normal level of 
XPB, XPD

• Normal post-UV 
localization of NER 
proteins 

Patient has reduced GTF2E2 protein 
but normal nucleotide excision repair

“Pure” transcription defect

Kuschal et al Am J Human Genetics 201649



DEEP PHENOTYPING with HIERARCHICAL CLUSTERING of CLINICAL FEATURES
ASSISTS IN PROGNOSIS

Elizabeth 
Heller

Jennifer 
Pugh

George
Nelson

Unpublished

66 patients with ERCC2 (XPD) mutations: 
30 XP, 13 XP/TTD, 23 TTD

TTDN1 
patients have 

distinct 
phenotype
JID 2014 

TTD patients have a greater reduction in survival 
than the XP or XP/TTD patients

50



DNA REPAIR GENES
IN GENERAL POPULATION 

MOLECULAR EPIDEMIOLOGY



1 million carriers of the XPA mutation in Japan

Cancer risk of XPA heterozygotes is not known



USE OF BIG DATA TO ESTIMATE PREVALENCE OF 
DEFECTIVE DNA REPAIR VARIANTS IN THE US POPULATION

Question:  Do databases of exome sequences reliably correlate with the 
prevalence of individuals with defective DNA repair?

Jennifer 
Pugh

Large exome databases revealed high frequencies of 2 DNA repair 
gene mutations associated with xeroderma pigmentosum

Pugh … Kraemer JAMA Derm 2018



CONCLUSION: Discrepancy between large number of XP genotypes in 
database and known number of XP patients.

Pugh … Kraemer JAMA Derm 2018

PREDICTED FREQUENCY OF XP IN THE UNITED STATES 

These frequencies estimate the presence of more than 8,000 people with 
xeroderma pigmentosum in the US who are homozygous for these 

mutations, yet only 4 individuals were clinically identified. 

HYPOTHESIS: Unsuspected mutations in known skin cancer genes may be 
responsible for some of the high frequency of skin cancers in the general 
population.

55



MANAGEMENT OF PATIENTS WITH 
XERODERMA PIGMENTOSUM



XERODERMA PIGMENTOSUM
SUN PROTECTION



ORAL ISOTRETINOIN PREVENTS NEW SKIN 
CANCERS IN XERODERMA PIGMENTOSUM

Kraemer et al NEJM 315: 1615 (1988)

Oral retinoid effective in PREVENTION of new cancers in XP patients



SIDE EFFECTS OF ORAL ISOTRETINOIN 
FOR XERODERMA PIGMENTOSUM

Kraemer et al 
NEJM 315:1615 (1988) 

Multiple side effects by use of oral retinoid in XP patients



LONG TERM SUN PROTECTION IN 
XERODERMA PIGMENTOSUM

XP34BE
5 yr

XP35BE
1 yr

Living in Denver, CO

XP34BE
23 yr

XP35BE
19 yr

Moved to Seattle, WA

XPD family

No skin cancers



Long Time Partners

OUR PATIENTS AND 
THEIR FAMILIES



STAFF and COLLABORATORS
KRAEMER LAB MEDICAL STUDENTS COLLABORATORS

Sikandar Khan Christine Liang NIH- CLINICAL NIH- LAB FOREIGN

Christiane Kuschal Andrea Morris Tom Hornyak Paul Meltzer- NCI Shin-Ichi Moriwaki - Japan

Taro Masaki Tara Rao Nicholas Patronas Tom Schneider - NCI Steffen Emmert – Germany

Kyoko Imoto Salma Faghri Suvimol Hill Vilhelm Bohr - NIA Hanoch Slor – Israel

Hiroki Inui Jared Jagdeo Mark Raffeld Carl Baker - NCI Engin Gozukara - Turkey

Takahiro Ueda Priya Mahindra Richard Lee Jesssie Chen - NCI Miria Stefanini – Italy

Kyu Seon Oh Mansi Sarihan Brian Brooks Xiaoling Luo - NCI Koos Jaspers – Netherlands

Seiji Takeuchi Xiaolong  Zhou Carmen Brewer USA-not NIH Robert Sarkany - UK

Yun Wang Michael Xiong Melissa Merideth Thomas Ruenger- Boston U Alan Lehmann - UK

Xiaohui (Jane) Tan Mariam Totonchy Colleen Hadigan Thomas Darling – USUHS Kiyoji Tanaka – Japan

Jennifer Boyle Rina Allawh NCI - EPI Amy Paller - NW Chikako Nishigori - Japan

Ryusuke Ono Alexandra Barsell Margaret Tucker Vera Price - USF Yuko Hirai - Japan 

CLINICAL Elizabeth Heller Alisa Goldstein Richard Gatti -UCLA Jean-Marc Egly - France

John DiGiovanna Melissa Levoska Porcia Bradford Alain Sarasin - France

Deborah Tamura Grant Randall Jennifer Pugh



• Co-chair with Dr. V. Bohr, NIA.
• Established 1985
• Monthly videoconferences
• 8 linked sites across US (now 

unlimited virtual lectures)
• >250 lectures archived at 

http://videocast.nih.gov
• e-mail list:  >1200 subscribers 

worldwide
• kraemerk@nih.gov



THANK YOU
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