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When the lifeguard of the gene pool
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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




FIRST DESCRIPTION OF XERODERMA PIGMENTOSUM
1874 - MORIZ KAPOSI

%

T L e, ; AL
YT L=

A%
BACTERANEMEITEN 13 K, K, ALLG, ERAXKENAAUSE 1¥ WIEN, LIC., ¥1¢,

WERAD

Vool 0N L

DISEASES OF THE SKIX.
IXCLUD] U .;
EXANTHEMATA. r
€
r i
[ / H
mﬁl_fmnmmin HEBRA, M,;.D;.’,..m.n E

;o

MORIZ_KAPOSI, )LD,

DOCENT U, EM. ASSISTENT AN DER XLINIX JUR UAUTERANED IN WIEN, I

E -

VOL. 111

T

?mutm AKD EDITED MY
AREN TAY, F.R.OS,

ASSISTANT-SURGECY TO INE IOSDOY¥ NOSINTAL AND 70 THE EIACKFEIABS BOSFITAL FOB
DISCASES OF THE SEIN, SUGIOX 70 THE NORTU-FASTERN HOSTITAL FOR CHILDEFY.

=

THE NEW SYDENITAM SOCIETY,
LONDOY.

MUCCCLXXIY.
\&7
v (g1 f

e s
§ T ——

—pr—e———

Moriz Kohn 1837 - 1902



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

Defective Repair Replication of DNA in Xeroderma
Pigmentosum

by Normal skin fibroblasts can repair ultraviclet radiation damage te

DNA by inserting new bases into DNA in the form of small patches.
J. E. CLEAVER Cells from patients with the hereditary disease xeroderma pig-
Laboratory of Radiobiclogy, mentosum carry a mutation such that repair replication of DNA is
University of California Medical Center, either absent or much reduced in comparison to normal fibroblasts.
San atients with xeroderma pigmentosum develop fatal skin cancers

NMATURE, VOL. 218, MAY 18,
1968 pen exposed to sunlight, and so the failure of DNA repair in the

skin must be related to carcinogenesis.
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Reprinted from ANNALS OF INTERNAL MEDICINE Vol. 80, No. 2, Feb. 1974
Printed in U.5.A.

Xeroderma Pigmentosum

An Inherited Disease with Sun Sensitivity, Multiple Cutaneous

Neoplasms, and Abnormal DNA Repair

Moderator: JAY H. ROBBINS, M.D. Discussants: KENNETH H. KRAEMER, M.D.,
MARVIN A. LUTZNER, M.D., BARRY W. FESTOFF, M.D., and HAYDEN G. COON, Ph.D,

Bethesda, Maryland

Detailed clinical and
laboratory description of
15 XP patients —
Varied phenotypes

DNA repair comprise four distinct complementation DNA-repair defect has been studied in fibroblast
groups, indicating that at least four mutations can strains from approximately 60 patients with xero-
cause defective DNA repair. derma pigmentosum. In the Dermatology Branch of

the National Cancer Institute we have performed
photobiological studies of the DNA-repair process in

Dr. Jay H. Ropeins*: Xeroderma pigmentosum is various types (_'f cells from 15 of these patients, rep-
5 =0 J recentina 17 Findrede (Q-15% We have also evalu-

u
% of the normal DNA repair rate, show many of the cu-
1 and numerous freckles with different intensities of pig-
orneal transplant. The deformities of the nosa and left
, whose cells have no detectable defect in UV-induced

.igmen;asum, The white, relatively disease-free areas of
s obtained several years earlier from sun-protected, rela-

] u u u u va and the destruction of the left lower eyelid. C. Patient

559, of the normal DNA repair rate, The parents of pa-

[ro— iease. The nose of Patient 5 has undergone several surgi-
jons. D. Back and buttocks of Patient &, showing the

ZLW  TewIuary iusm ot AND@IS OT INTEIMAl MECGICINE * VOIUME 85U * NUmDer 2

Annals Int Med 1974




XERODERMA PIGMENTOSUM
CLINICAL FEATURES

"\g;f ipidermis

X8

Mol. Medicine
Today 5: 86 (1999)



XP VARIANT - XP4BE

Polymerase eta
defect

Died age 27 yr of
metastatic melanoma

Multiple PTEN mutations
In metastatic melanoma
lesions

SQUAMOUS CELL WA, Wang et al JID 2009



AFRICAN BROTHERS WITH
XERODERMA PIGMENTOSUM

17 ylo

Pigmented XP reported in all races
BCC

SCC

Mahindra et al JAAD 59:881 (2008)



XERODERMA PIGMENTOSUM /
COCKAYNE SYNDROME

XPICS group B XP11BE 28 yr Mother



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)

photo1994


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
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Figure 9. Autoradiogram of unfused mon

{a to d) and of binuclear fibroblasts (e to g

treated culture containing cells from Patier

are in different complementation groups, The cells were exposed
to 150 ergs/mm® of UV light and treated as described in the
legend of Figure 3. The binuclear cell with numerous grains over
its nuciei (e) is a heterokaryon whese nuclei have complemented
each other, since both nuclei seem to have a normal or nearly
normal amount of UViinduced *HTdR incorporation, compared
with the incorporation in the normal cells in Figure 38. The
other binuciear cells (f and g) are homokaryons, and their nu.
clei have no more incorporation than the nuclel of the unfused
mononuclear cells (a to d). (Acid hematoxylin, magnification,
» 420.)
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FIVE COMPLEMENTATION GROUPS IN XERODERMA PIGMENTC3UM

K.H. KRAEMER', E.A. DE WEE#D-KASTELEIN?, J.H.

ROBBINS', W, KEIJZER?,
S.F, BARRETT', R.A. PETINGA' AND D, BOOTSMA®

! Dermatology Branch, NationaNCancer Institute, National Igfltitutes of Health, Bethesda,
Maryland 20014 (U.S.A.) and 2 DMwggtment of Cell Biolgg#and Genetics,
Erasmus University, P.O, Box 1738, Ro - Vetherlands)

(Received July 24th, 1975)
(Accepted July 28th, 1975)

Summary

A collaborative study was undertaken to determine the relationship between
the three DNA repair complementation groups in xeroderma pigmentosum
found at Erasmus University, Rotterdam, and the four groups found at the
National Institutes of Health, Bethesda. The results of this study reveal that
there are five currently known complementation groups in xeroderma pig-
mentosum.

Introduction

Patients with xeroderma pigmentosum (XP) develop malignancies and pig-
mentation abnormalities on areas of skin exposed to sunlight [10]. Skin fibro-
blasts from most patients with this autosomal recessive disease are unable to
perform excision repair of UV-induced pyrimidine dimers in their DNA as rap-
idly as normal fibroblasts [2,3,10]. This defective repair can be manifest as a
decreased rate of UV-induced unscheduled DNA synthesis (UDS) [2,3,10]. In
1972 investigators at Erasmus University, Rotterdam, found two complementa-
tion groups in XP by showing that nuclei in heterokaryons formed by fusing
fibroblasts from certain pairs of such repair-defective XP patients performed
UV-induced UDS at a normal rate [11]. Subsequently a third complementation
group was found among the Rotterdam XP strains [12].

The demonstration of genetic heterogeneity for DNA repair among the Rot-
terdam XP

5 complementation groups
— named in order of

Increasing residual repair
Mutat Res1975

TABLE II1

COMPARISON OF UV-INDUCED UDS IN THE REPRESENTATIVE XP STRAINS MEASURED IN
BOTH INSTITUTES

UV-induced UDS {% of normal rate)

Rotterdam® NIH'Zl

Complementation group Strain

Control donors
XP25R0O
XP12BE
XP1LO

XP11BE

XP4RO
XP1BE
XP2BE

XPS5BE
XP2RO

ressed as a percentage of the levels found in normal cé se of 10 J/m?Z.
2

b Expressed as a percentage of the levels found in normal cells after a UV dose of 30 J/m*.

e Co-operation/ collaboration
among laboratories studying DNA Repair



Reprinted from the Archives of Dermatology
Faoruary 1987, Volume 123
Copyright 1987, American Medical Association

Review Article

XP literature review —
830 patients

Xeroderma Pigmentosum

Cutaneous, Ocular, and Neurologic
Abnormalities in 830 Published Cases

Kenneth H. Kraemer, MD; Myung M. Lee; Joseph Scotto, MS

« Quantitative frequencies of clinical abnormalities in
xeroderma pig were d by abstracting
published descriptions of B30 patients in 297 articles
abtained from a survey of the medical literature from
1874 to 1982. The median patient age was 12 years with
nearly equal numbers of male and female patients. Cuta-
neous symploms (sun sensitivity or freckling) had a
median age of onset of between 1 and 2 years. Forty-five
percent of the patients described had basal cell carcino-

ma or sq cell car of the skin. The modian
age of first 1! skin

with xeroderma pigmentosum was 8 years, more than 50
years less than that g patients with skin in

lho Llnltod sum Melanomas were reported in 5% of

t anf tha haenl and

mental deterioration, hyporeflexia or areflexia, and pro-
gressive deafness in some patlonts Iin association with

dwarfism and i t devel t. There was

Xeroderma pigmentosum is a rare genetic disease
with clinical and cellular hypersensitivity to
ultraviolet radiation and defective DNA repair.
Patients with xeroderma pigmentosum experience
sun-induced cutaneous and ocular abnormalities,
mcludmg neoplasia. Some patients have, in addition,
progressive neurologic degeneration. Xeroderma pig-
mentosum, thus, serves as a model disorder linking
defective DNA repair with clinical abnormallues
and neoplasia. Quantitative information concerning
the frequency of various clinical features of xeroder-
ma pigmentosum would be useful in guiding patient
management and in increasing understanding of the
msmfestatmns of defective DNA repair. To obtain

and ta anmnlamant tha

alrcnnbtlinm manidl.

Cumulative %

XP patients develo
50 years earlier than in the general population

of xeruder;l';; ﬁ;gmentos—u_r_n was p prepnred to pmbe for 207
items of clinical or laboratory information. A separate
form was prepared for each patient mentioned in a report.

| 3

[ ]

50 yr

& Xeroderma Pigmentosum
{n = 430)
Cutaneous Cancers

® Xeroderma Pigmentosum
(n = 188)

Cutanecus Symptoms r

p skin cancer

or pigmentation) was reported for 430 patients. Age at first skin
cancer was reported for 186 patients and is compared with aae

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

Arch Dermatol—Vol 123, Feb 1987

ma Pigl Kraemer et al 241

Arch Derm 1987



FReprinted from the Archives of Dermatology
August. 1984 Volume 130
Copyright 1994, American Medical Association

STUDY

The Role of Sunlight and DNA Repair
in Melanoma and Nonmelanoma Skin Cancer

The Xeroderma Pigmentosum Paradigm

Kenneth H. Kraemer, MD; Myung-Moo Lee, MD; Alan D. Andrews, MD; W. Clark Lambert, MD, PhD

Background and Design: The frequency of melanoma
and nonmelanoma skin cancer is increasing rapidly in the
United States. However, the linkage of these cancers o sun
exposure has been questioned because of differences in
anatomic site distribution. To obtain insights into the de-
velopment of these skin cancers, we examined reports of
132 patients with xeroderma pigmentosum (XP), an in-
herited cancer-prone, DNA repair-deficient disorder with

cancers (basal cell and squamous cell carcinomas), an-
terior eye cancers, and tongue cancers, but unlike that
ol internal neoplasms, was increased 1000-fold or more
in patients with XP who were younger than 20 years. As
in the general population, the anatomic distribution of
melanomas was different from that of nonmelanomas in
the patients with XP.

XP Registry— 132 patients

R

cell carcinoma, and 22% had mclanoma The {mqucncy

of melanomas, like the frequency of nonmelanoma skin

(Arch Dermatol. 1994;130:1018-1021)

Dermatology, Columbia
University College of
Physicians and Surgeons, New
York, NY (Dr Andrews); and
the Departments of Laboratory
Medicine and Pathology and
Dermatology, University of
Medicine and Dentistry of New
Jersey, New Jersey Medical
School, Newark, NJ

(Dr Lambert). Dr Lee is

now with the Division of
Dermatology, Department of
Family Practice, US Air Force
Medical Corps, Yokota {Japan)
Air Base Hospital.

HE FREQUENCY of both mel-
anoma and nonmelanoma
skin cancer is increasing
rapidly in the United
States.'” The degree of asso-

marku] dmual and u-llular UV h) pu:.cn-
sitivity and defective DNA repairinall cells,
developnumerous skin cancers.*” Inasearch
for insight into factors that are important in
the development of melanoma and nonmela-
noma skin cancers in humans, we analyzed
information obtained from reports to the Xe-
roderma Pigmentosum Registry, Newark, NJ.

— T

A total of 132 patients with XP were reg-
istered: 72 males and 60 females. The

group was young, with a median age of 16
years; 123 of the patients were younger
than 40 years. Malignant skin neoplasms
were reported in 93 (70%) of the pa-
tients. The median age for development of

[
tiple skin cancers: 73 patients had more
than one cancer (20 of these had both basal
cell carcinoma and melanoma), and 32 pa-
tients had more than 20 skin cancers each
(based on the 82 reports in which the num-
ber of skin cancers was specified).

See Methods on next page

ARCH DERMATOL/VOL 130, AUG 1994
1018

70% had skin cancer — median age 8 years

Arch Derm 1994



SITES OF BASAL CELL CARCINOMA AND
SQUAMOUS CELL CARCINOMA
IN XP AND NORMALS

XerodermaPigmentosum US Population
Face, Head, and Neck Face Head, and Neck
87% 81 %
Trunk Trunk

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

2% U u 2%

n =401 n=26817

<5% 5-15% 16-40% a1s0% [ >s0%

Scottoet.al., 1981

Arch Dermatol 130: 1018 (1994)



SITES OF MELANOMA
IN XP AND NORMALS

XerodermaPigmentosum US Population

Face, Head, and Neck (l D Face,Head, and Neck
Similar site distribution of melanoma skin cancer
in XP patients and normals

(UpperExtremltles \ ( UpperExtremities\
23%

BUT melanoma site distribution is DIFFERENT from
basal cell and squamous cell carcinoma
in XP patients and normal

<1, 5-15% 16-40% s1-s0% [ >80%
Young et. al., 1981

Arch Dermatol 130:1018 (1994)



EARLY AGE OF ONSET OF

SKIN CANCER IN XERODERMA PIGMENTOSUM

XPmedian-9yr  Nonmelanoma skin cancer |
0 - General population

58 vr medlan 67 yr

Proportion of NMSC patients

diagnosed at selected age

10,000-fold increase in skin cancerl
A

0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79
Age at diagnosis in decades (yr)

04 Melanema General population

2 035 . ff szii :%:;, gg median 55 yr
Melanoma induction mechanism different
from non-melanoma skin cancer

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

106 XP patients ... covl ~vriesu ot sbbiablidd o eearonwred Gen 2010

o
=
wn

60+



PHOTOSENSITIVE NON-PHOTOSENSITIVE

XP-D Age 9 mo XP-C. Age 2 yr

phOtOS( ‘ Ab;)ut 50% of XP patients have ysensitive
gg acute burning on minimal sun exposure o

Bradford et al
. JMedGen 2010

XP-A Age 35 yr XP-C Age 23 yr
photosensitive Non-photosensitive
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4 Frequency PTA (dB HL)

100+

90-

804

70+

60+

50+

40-

30+

204

10+

-10

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)

All XP patients by bur~- phenotype

IN=73 patients /D

110+

| Normal Population- ISO 7029|

Audiograms may be used as predictors
of XP neurological abnormalities:

(o)

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

-©- Female
+ Noise exposure

BRAIN

apoumna of nrorosy 2013

Mariam B. Totonchy. Deborah Tamura. Matthew

L]
P e PP S PR PP P D@

Age in years

T T T T T S. Pantell et al.

Auditory analysis of xeroderma pigmentosum
1971-2012: hearing function, sun sensitivity and
DNA repair predict neurological degeneration

Totonchy DiGiovanna.. Kraemer Brain 2013



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

XP12BE
— XP-A
death age 44

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




XP-G PATIENTS - SEVERE and MILD DISEASE

XP/CS
Died age 6 y/o

XP82DC -3 y/
yro Emmert et al J Invest Dermatol (2002)



MUTATIONS IN XPG (ERCCS5 ) GENE

2 345 6 7 8 9101112 1314 15

176 112 &12151144 208 1074 245 120 214 A4 201 90 597 bp
5762 1462 676 3097 30« 859 1961 bp

Small amount of residual activity

sufficient to prevent neurologlcal degeneration
rebgh s =T IVIIOOENSE

“ m MUTATION
LU Mild disease

heterozygote
frameshift mutation

Emmert et al J Invest Dermatol (2002)



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

:-9' — 1984 Life Table
! 30 yr
- e— 1 ™

—it XP patili:‘s_‘l_“" —rt

i

Proportion of Patients Alive

| | T | T | T
50 6 T
Age (years)

I Y—3""" ---- Non-XP neuro abnl
XP patlents with neurological abnormalities have lower survival

] Neurological Status —‘_l_-._l
0.6 - T T

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

Patients

Bradford ... Kraemer J Med Gen 2010

Age (years)



UV HYPERSENSITIVITY
OF XERODERMA PIGMENTOSUM CELLS

XP : NER defective XP variants

(effect of 2mM caffeine)

. e - Normal tcaff

©
¥
>
-
/p)
BN

6

UV dose J/m’ UV dose J/m’




DNA REPAIR -
THE LIFEGUARD OF THE GENE POOL




UV PHOTOPRODUCTS

cyclobutane pyrimidine dimer

adjacent pyrimidines

[6-4] pyrimidine-pyrimidone\product
([6-4] PP)




NUCLEOTIDE EXCISION REPAIR PATHWAY

Global Genome Repair (GGR) '

Damage
recognition
XP-C & XP-E
XPA DAMAGE

RECOGNITION/VERIFICATION
BEFORE TFIIH BINDING

DNA
unwinding

XP-B & XP-D
UNWIND THE DAMAGED AREA

Incision

XP-F & XP-G MAKE
INCISIONS
ON EITHER SIDE OF
THE DAMAGE

anscription Coupled Repair (TCR)

DNA
lesion

DNA pol /3 RPA
PCNA, RF-C DNA ligase |

T TT T T
POLYMERASE AND LIGASE
FILL THE GAP
DNA excision ||1|||1|||||i||‘r'TI‘ITI'I'I'IT

and de novo

synthesis w

DiGiovanna and Kraemer JID 2012



DNA REPAIR DISORDERS

and Molecular Defects (15)

Clinical Disorders (10)

Xeroderma
Pigmentosum

XP-E
(DDB2)

XP Variant
(POLH)

. XPF
XP-B

UV-SENS
Syndrome

CS-A
(ERCCS)

cs- { 4

(ERCCE)

Xeroderma Pigmentosum/
Cockayne Syndrome

XP-G

(ERCCS5) = ;
ERCC1 COrS
(ERCCY) : Syndrome

Cockayne
Syndrome

L A rccs)

l P '-with Ne_uruloglcal' XP-D

Abnormalities (ERCC2)

Trichothiodystrophy

Modified from DiGiovanna and Kraemer JID 2012




DNA REPAIR
IN INTERNAL CANCERS AND AGING




INTERNAL CANCERS IN XPC PATIENTS

’:"_"‘L _..:' .. ‘:-_‘.‘ i
ﬁ" ‘!__‘ _‘_-. i “.\_.- .""‘ y 'f'
L “uig r LS

XP3BE  XP23BE XP24BE
LUNG ASTROCYTOMA  GLIOMA

CANCER SPINAL CORD BRAIN



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

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

18% Dblast cells: B/myeloid, T/B/myeloid, T/B blasts Hematologists, NHLBI —

9 oncogenic mutations Sawa Ito, Karolyn Oetjen

0.50

Sikandar 0.40 i | : : EEEEE?—F;GJ
Deficient DNA repair leads t ,_ @iRtologic mutations Maxwell
S Gad ; o Lee

Digital droplet PCR shows cell RNA sequencmg

Multiple oncogenic mutations shows differential clonal AR
expression Howard
| | Yang
. mtsa I Fami ixzr1 I ncorn 0 0 ° 0 © > UnPUinShed

I ccuis DN s«
B ovcii B notcui nras [ Ran2q TSNE-1



HEMATOLOGIC NEOPLASMS IN XERODERMA PIGMENTOSUM

Sex/Age Complementation Mutation Outcome
Gro up

MDS/AML M/34 yr. c.1643-1644delTG Died 38 yr. - AML
c.1103 1104delAA

[t~ BAAD »on e PR ~Lo Lo BlLo W ; 07 | m thﬂS
DNA repair plays a role in prevention of hematologic neoplasms Fplant

Diffuse Large B M/29 yr. C c.1643-1644delTG Died 30 yr. — disease
Cell Lymphoma progression
MPAL F/19 yr. C c.1643-1644delTG  Alive 20 yr. - chemotherapy

Mutations in Red are a common founder mutation.
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)

Oetjen...Kraemer, DiGiovanna, Haematologica (2018)



Cumulative proportion with nodules (%)

100

80

EARLY AGE OF THYROID NODULES IN
XERODERMA PIGMENTOSUM PATIENTS

P

- == Radiology CC —  samuel
S Jamie Marko Kouatcheu

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

Premature Aging |

® XPn=16

********* | 2 XP patients had thyroid cancer

A Normaln=24,757

Thyroid cancer

Age (years)

60 s TFG-NTRK1
fusion mutation

Thyroid nodules in xeroderma pigmentosum patients: a feature
of premature aging

5. Ou Kouatchou' @ ) Marks® @ Do Tamura® « 5. G Khan'© - C R Lee™® . ) L DiGlovanna’® - K. H. Kraemer®

Necsived: 31 Sugust 2020/ Accegried: 12 Ocbobsr 2020
=] n Sohety of Endocrinclogy (B1E) 2020




Nikolaev et al.
Orphanet Journal of Rare Diseases (2022) 17:104 O rpha HEtJDU rnal Of

https://doi.org/10.1186/513023-022-02203-1 Rare Diseases

RESEARCH Open Access

Increased risk of internal tumors in DNA
repair-deficient xeroderma pigmentosum
patients: analysis of four international cohorts

Sergey Nikolaev'’, Andrey A. Yurchenko' and Alain Sarasin®’

2022
« 34 - fold increased risk for all internal tumors
 CNS tumors, hematologic cancer most
commonly seen




PREMATURE MENOPAUSE IN WOMEN WITH

XERODERMA PIGMENTOSUM

Ob-Gyn NHGRI —

General Population Mellssa Merldeth Deborah
= median -52.9 yr
I 2% Tamura

-
e

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

PROPORTION OF WOMEN UNDERGOING
MENOPAUSE AT SELECTE

Xeroderma Pigmentosum T T 1T (VT 70)] VT tITG 7\
0.6 median - 29.5 yr 18 ears or OIder
05 L \l/ 23 yr women y

ﬁ
04 9 women had documented
o - primary ovarian insufficiency
0.2 -
01 I I 2 women had atrophic
oo 1N ovaries on autopsy
10-19 20-29 30-39 40-49 50-59
AR e e a T Merideth, Tamura... Kraemer

Obstetr Gynecology (2019)



TRICHOTHIODYSTROPHY (TTD)
DNA REPAIR/ TRANSCRIPTION GENES




TRICHOTHIODYSTROPHY CLINICAL FEATURES

MATERNAL — L
PREGNANCY Alan Zhou
AB| SHORT, SPARCE
BRITTLE SCALP
MEMBRANE . AND BV ESROW
A ELRL TTD patlents have mutations LONG
in XP genes (XPD, XPB) 4YI0
TIGER-TAIL . . XPD
BANDING but no increase in cancers
(POLARIZED ]
N 20-fo|d increased rlsk of death under age 10 yr
T (Faghri, Tamura, Kraemer, DiGiovanna J Med Gen 2008)
9 of 36 TTD CHILDREN in our study DIED!
MICROSCOPY) NG

Zhou ... Kraemer JAAD 2010



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

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

10042 - - 100+
! '
--------------------- ll-
|
. |
|

[ [ J | Ll

507 p=0.04 b 1 p=0.002

-+- |gG<5.00g/L n=6
—— 1gG>5.00g/L n=34

Percent survival
Percent survival
(4]
o

—— ERCC2 n=25
-+. Other Genes n=15

1 1 1 1 0 1 1 1 1
0 10 20 30 40 0 10 20 30 40
Age at Last Observation (years) Age at Last Observation (years)

Randall, Kraemer et al Br J Hematol 2019
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Debilitating hip degeneration in trichothiodystrophy:
Association with ERCC2/XPD mutations, osteosclerosis,
osteopenia, coxa valga, contractures, and osteonecrosis

John J. DiGiovanna' | Grant Randall*? | Alexandra Edelman® | Rina Allawh! |
Michael Xiong® | Deborah Tamura® | Sikandar G. Khan' | Elizabeth R. H. Rizza® |
James C. Reynolds® | Scott M. Paul* | Suvimol C.HilP | Kenneth H. Kraemer?

John DiGiovanna M.D.
Senior Research Physician




PROGRESSIVE AVASCULAR NECROSIS OF HIPS
IN YOUNG TRICHOTHIODYSTROPHY PATIENT

TTD3548E
10/19/06, ag 9/5/07, age 7

L

1/11/08, age 7 5/9/08, age 8 3/6/09, age 8

-

No femoral Subluxation and : .
& - Necrosis of RT . Bilateral Avascular
ahn?nnalltles slight flattening of RT femoral head I:::::: :;:J Necrosis
Limitation of femm:al head RT hip pain persists; TR e e Hip pain (bilateral);
movement without  RT hip pain; favors LT favors LT hip P Unable to walk
hip pain hip

Wi# 3; AVNStagel Wi 2; AVN Stagell W# 2; AVN Stage Il W# 1; AVN Stage Il W# 0; AVN Stage I
ﬁ

Walking Ability Scale: W#0-3

DiGiovanna et al Am J Med Gen 2022



WALKING ABILITY

Hip Pain / Walking Ability Scale - Deceased Patients

-~ TTD412BE-D (M)
-A- TTD354BE-D (F)
Y. TTD351BE-D (M)

©- TTD355BE-D (M)

’/ SURGERY

1— DEATH

\

WALKING ABILITY
—

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

Hip Pain / Walking Ability Scale - Living Patients
Y @

4 TTD328BE-D (M)

{3 TTD421BE-D (F)

TTD401BE-D (M)

-©- TTD405BE-D (F)

- TTD519BE-D (M)

7 TTD462BE-D (F)

/ SURGERY

(M) - MALE
(F) -FEMALE

T O 1
5 10 15 20

DiGiovanna et al
Am J Med Gen 2022



Survival for TTD subjects, effect of Perip_Osteo

variable strata Perip_Osteo absent (n=8) === Perip Osteo present (n=15)

1.00 1

0.751

QL
=

Increased mortality of TTD patients with
Peri_pheral osteopenia — all had XPD mutations

0.251

Cox model p = 0.006
Kaplan Meier p = 0.03

0.004

Years



PRENATAL DIAGNOSIS
Prenat Diagn (2011)

Published online in Wiley Online Library 2
wileyonlinelibrary.com) DOI: 10.1002/pd.2829 -

~r
High-risk pregnancy and neonatal complications in the DNA
repair and transcription disorder trichothiodystrophy: report ST—
of 27 affected pregnancies Tamura
Deborah Tamural—Aalicca Maridath23 JTahn 1 DiCiovannal Yiaalang Zha Margarat A Thelrg

Alisa M. Goldste

roana Mosien’] 01 Yo Of mothers with XPD mutatlons carrying
~a TTD fetus have pregnancy complications

Pre-term delivery
Pre-aclamnsia

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

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



TTD PATIENT: 10 Y/O INDIAN MALE

Brittle hair, sparse
eyebrows
Mild nystagmus,
micrognathia

Tiger-tail banding under
polarized light microscopy

Ichthyosis involving the trunk,
back, scalp and legs

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

MWIH

$] Hair shaft abnormalities
Microcephaly, Short stature (fracturing; irregular contour)



GTF2E2 MUTATION

34kDa

40 kDa
GTF2E2 e e = g

Actin -Tueaaaa
42kDa

ratio 1 ] 0.35 0.96

« 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

G-L |y 4y Sy 45

but normal nucleotide excision repair
“Pure” transcription defect

Kuschal et al Am J Human Genetics 2916



DEEP PHENOTYPING with HIERARCHICAL CLUSTERING of CLINICAL FEATURES

ASSISTS IN PROGNOSIS

66 patients with ERCC2 (XPD) mutations: patizlt)lezave
30 XP, 13 XP/TTD, 23 TTD distinct
phenotype
JID 2014

1.00+ S —--:-rH.———H-Hl-H—I-[—_-“- - == XP (n = 30, 6 deaths)
—+ XPMTTD (n = 13, 2 deaths)

; " . TTD (n =23, 9 deaths)
0.75- ' H

0.25-

Fraction Alive
o
n
o

TTD vs. XP p=0.004
TID vs. XPTTD NS
XPvs. XPITTD NS

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

b

X il

Elizabeth
Heller

Pugh

Nelson
Unpublished



DNA REPAIR GENES
IN GENERAL POPULATION
MOLECULAR EPIDEMIOLOGY




Available online at www.sciencedirect.com

ScienceDirect SR

x-3 .15,. S k Fundamental and Molecular
ELSEVIER

Mechanisms of Mutagenesis
Mutation Research 601 (2006) 171-178

www.elsevier.com/locate/molmut
Community address: www.elsevier.com/locate/mutres

Heterozygous individuals bearing a founder mutation in the XPA
DNA repair gene comprise nearly 1% of the Japanese population

Yuko Hirai®™*, Yoshiaki Koclama“, Asao Noda?,
Harry M. Cullings©, Donald G. MacPhee ¢, S v

azmmer-kedama °, Kiyohiko Mabuchi
Kenneth H. Kraemer€, Charles E. Land!, Nori Nakamura®

1 million carriers of the XPA mutation in Japan

~ pepartment of dIANSIICS, Kadiaion LJJecls Kesearcn rounaanon, d-Z Hyiyama rark, Miami-ku, Hirosnima /3£-us12, Japan
4 Radiation Effects Research Foundation, 5-2 Hijiyama Park, Minami-ku, Hiroshima 732-0815, Japan

Cancer risk of XPA heterozygotes is not known
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Available online 14 August 2006



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?

Table 2. Higher Frequency of XPF (ERCC4) and XPC Mutations in Genetic Databases Compared With Phenotypic XP Observed in the United States

Estimated % of Total No. of Total No. of

% of Alleles Homozygous Genetic Genetic
Mutation Total No. of Reported in Affected Homozygotes Homozygotes
Complementation Associated Alleles No. of No. of Database Individuals Reported in Estimated in
Group (Gene) With XP Sequenced Individuals Alleles (q) (9%)? Database Database® rs No.”

gnomAD

QeF(RcCa)  pp379SD 276560 138280 112€_ 041 esx10° Ca 228 D 51799802

XPF (ERCCA) a n% 277 034 138517 124 2.00x 1077 0 0.03 rs121913049
Gec_ p.P334H° 274914 137457 8R__ 030 _D929x10° 7 128 D 1574737358
Large exome databases revealed high frequencies of 2 DNA repair
gene mutations associated with xeroderma pigmentosum

Jennifer

Pugh Pugh ... Kraemer JAMA Derm 2018



PREDICTED FREQUENCY OF XP IN THE UNITED STATES

US estimations
XPF (ERCC4) p.P379S NA 3231000009 NA 0.41°¢ 1.65x 107> 3f rs1799802
XPF (ERCC4) p.R799W NA 3231000009 NA 0.04° 2.00 x 1077 117 069 rs121913049
XPC p.P334H NA 3231000009 NA 0.30° 9.29 x 10°° 1f @ rs74737358
65 XP mutations” NA NA NA 1.13¢ 2.81x107 300 (USonly)" 90079 NA

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.

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

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

Pugh ... Kraemer JAMA Derm 2018



MANAGEMENT OF PATIENTS WITH
XERODERMA PIGMENTOSUM




XERODERMA PIGMENTOSUM
SUN PROTECTION

Visible




ORAL ISOTRETINOIN PREVENTS NEW SKIN
CANCERS IN XERODERMA PIGMENTOSUM

. : = . s . i TIME COURSE OF THERAPY AND BIOPSIES
Table 1. Number of Skin Cancers in Patients with Xeroderma
Pigmentosum before, during, and after Therapy with Oral Isotreti- S N T R o TOTERTE .
noin (2 mg per Kilogram per Day). e |
w 1 |
BEFORE DURING AFTER 5 207 =
TREATMENT* TREATMENT* TREATMENTT g .
PATIENT AGE/SEX (2 YRrR) (2 YR) (12—14 Mo) g T UG A
number (number per vear) LOL +
S | : 4
1 19/F 18 (18.0) i :
2 12/F 37 (18.5) 4 (2.0) 20 (38 1t S sf— 4 :
3 17/M 23 (11.5) 6 (3.0) 20 (20.0) , [ : -~ .
4 39/M 10 (5.0) 3.(1.5) 4 (3.4) o " e e
& 3 4 5 6

10/M 8 (4.0) 9 (4.5) 10 (10.0) o SRR

ISOTRETINOIN

0.5 MG/KG/DAY

Oral retinoid effective in PREVENTION of new cancers in XP patients

Kraemer et al NEJM 315: 1615 (1988)



SIDE EFFECTS OF ORAL ISOTRETINOIN
FOR XERODERMA PIGMENTOSUM

Table 2. Frequency of Side Effects Observed in
Seven Patients with Xeroderma Pigmentosum dur-
ing Treatment with Oral Isotretinoin (2 mg
per Kilogram per Day).

No. oF PATIENTS
SipE EFFECT AFFECTED

Dry skin

Cheilitis :

Blepharitis or Conjunctivitis
Lightening or disappearance of freckles
Increased serum triglycerides
Abnormal liver-function tests
Arthralgias

Staphylococcal infection (perioral)
Multiple pyogenic granulomas

Skeletal toxicity

NN WALEIAIIN

Kraemer et al
NEJM 315:1615 (1988)




LONG TERM SUN PROTECTION IN
XERODERMA PIGMENTOSUM

Moved to Seattle, WA

XP35BE XP34BE
19 yr 23 yr

re

XP34BE  XP35BE
Syr 1yr

B

Living in Denver, CO

XPD family |
No skin cancers
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OUR PATIENTS AND
THEIR FAMILIES
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DN REPAIR

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
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