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Abstract

Background: Xeroderma pigmentosum (XP) is a rare, autosomal, recessive DNA repair-deficiency disorder with a fre-
quency of 1-3 per million livebirths in Europe and USA but with higher frequencies in isolated islands or in countries
with a high level of consanguinity. XP is characterized by high incidence of skin cancers on sun-exposed sites. Recent
improvement in life expectancy of XP patients suggests an increased risk of frequently aggressive and lethal internal
tumors. Our purpose was to quantify relative risks of internal tumor development for XP patients by tumor type, XP-
subtype, patients’ages and ethnicity through comparison with the US general population.

Methods: We analyzed four independent international well-characterized XP cohorts (from USA, UK, France and Bra-
zil) with a total of 434 patients, where 11.3% developed internal tumors and compared them to the American general
population. We also compiled, through PubMed/Medline, a dataset of 89 internal tumors in XP patients published
between 1958 and 2020.

Results: In the combined 4-XP cohort, relative risk of internal tumors was 34 (95% confidence interval (Cl) 25-47)
times higher than in the general population (p-value = 1.0E—47) and tumor arose 50 years earlier. The XP-C group was
at the highest risk for the 0-20 years old-patients (OR =665; 95% Cl 368-1200; p-value =4.3E—30). The highest risks
were observed for tumors of central nervous system (OR=331;95% Cl 171-641; p-value = 2.4E—20), hematologjical
malignancies (OR=120; 95% CI 77-186; p-value = 3.7E—36), thyroid (OR=74; 95% CI 31-179; p-value =1.2E—8) and
gynecological tumors (OR=91; 95% Cl 42—193; p-value =3.5E—12). The type of mutation on the XPC gene is associ-
ated with different classes of internal tumors. The majority of French XP-C patients (80%) are originated from North
Africa and carried the XPC delTG founder mutation specific from the South Mediterranean area. The OR is extremely
high for young (0-20 years) patients with more than 1300-fold increase for the French XPs carrying the founder
mutation.

Conclusion: Because the age of XP population is increasing due to better sun-protection and knowledge of the dis-
ease, these results are of particular importance for the physicians to help in early prevention and detection of internal
tumors in their XP patients. Few preventive blood analyses or simple medical imaging may help to better detect early
cancer appearance in this population.
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Introduction

Xeroderma pigmentosum (XP) is an autosomal reces-
sive disease, caused by deficient nucleotide excision
repair (NER) [1-3]. XP is rare with an incidence of
1-3/1,000,000 in Europe [4] and USA [5], while it is
more common in some countries such as Japan [6],
Pakistan [7] and Comoros [8]. One of the highest fre-
quencies of XP patients (>100/1,000,000) is reported in
North Africa and associated with high allelic frequency
of a causative mutation in the population and with tra-
ditions of consanguinity [9]. Characteristic findings of
XP include photosensitivity, actinic keratosis, cutane-
ous atrophy and early onset of cutaneous tumors [8,
10-13]. There are seven complementation groups that
are involved in the classical XP disease, caused by bi-
allelic mutations in one of XPA, B, C, D, E, E G genes
[12, 14]. The XP Variant (XP-V) is NER-proficient but
is caused by mutations in the POLH gene coding the
translesion DNA polymerase-n [15, 16].

NER is involved in repair of various bulky adducts
besides UV-induced-photoproducts, such as those
induced by genotoxins in cigarette smoke, genotoxic
food contaminants or ROS-induced DNA damage [12].
We hypothesize that NER deficiency might also be a
cause of increased risk of non-skin cancers. Indeed, a
12-fold increased frequency of developing internal neo-
plasms in XP was reported in the past [17]. In line with
that, we described 25-fold increased mutation rates in
leukemia developed by XP patients with a characteris-
tic mutational profile [18].

In order to quantify the risk of internal tumors in the
XP population, we analyzed data from 4 international
clinically well-characterized XP cohorts. In parallel, we
conducted a systematic research investigating all pub-
lished reports on internal tumors (non-skin cancers) in
XP patients since 1958.

Method

Data sources

We searched PubMed for “xeroderma pigmentosum”
and analyzed papers describing non-redundant inter-
nal tumors. The first paper appeared in 1958 [19] and
the latest is this one. We defined as internal tumors
all described malignant tumors in XP patients except
those due to sun exposure such as skin cancers. Lip
and tongue tumors and cutaneous angiosarcoma have
also been removed because they are partially linked to
sun exposure [8]. We retrieved clinical descriptions,

complementation groups and tumor characteristics in
88 XP patients (89 tumors) [20-45].

French cohort

Among 176 XP patients diagnosed in our laboratory, we
already described 23 internal tumors [18, 28, 29, 35, 42]
and 9 new patients are reported here. All patients were
followed in University hospitals in France and sometimes
in North Africa. Skin biopsies or blood samples were sent
to the Laboratory of DNA repair-deficient diseases at
Gustave Roussy (Villejuif, France) or to the Hematology
Center at Saint-Louis Hospital (Paris, France) for molec-
ular diagnosis. DNA repair activities, determination of
XP complementation groups, Sanger sequencing of XP
genes were done as already published [8].

The French cohort is composed of 64% XP-C patients
(80% of them are originated from North Africa), 18% are
XP-V, 8.5% are XP-D, 7.5% are XP-A, 2 patients are XP-E,
one patient is XP-F and one is XP-G.

Written informed consent was provided by patients
or their relatives in accordance with the Declaration of
Helsinki and French law. This study was approved by the
Institutional Review Board of the University Institute of
Hematology (IUH; Saint-Louis Hospital, Paris, France),
the French Agency of Biomedicine (Paris) (Arrété
n°2001/904 and Ref: AGO08-0321 GEN of 27/09/2008;
www.agence-biomedecine.fr/Genetique) and the Euro-
pean Commission “Geneskin: Genetics of human geno-
dermatosis” (Brussels, Belgium).

Brazilian, English and American cohorts

English (89 XPs) and Brazilian (32 XPs) cohorts were
published [39, 44]. Up-to-date information concerning
the American NIH xeroderma pigmentosum cohort [34,
45] (137 XPs) is a personal communication of Dr. K.H.
Kraemer (NIH, Bethesda, USA).

Results

Risk of development of internal tumors in XP patients
Cohorts of XP patients

We performed a meta-analysis and systematic review
of 4 independent XP cohorts: 137 patients in the
American NIH cohort (A-XP) with 14 internal tumors
(10.2%); 176 patients from France (F-XP) with 32 inter-
nal tumors (18.2%); 32 patients from Brazil (B-XP) with
2 internal tumors (6.3%) and 89 patients in the English
cohort (UK-XP) with 2 internal tumors (2.2%) (Table 1;
Additional file 1: Figure S1A). These cohorts have been
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Table 1 Distribution of internal XP tumors and complementation groups* among the four independent XP cohorts
Tumor types* XP cohorts’
A-XP (137) (delTG)* F-XP (176) (delTG)* B-XP (32) (delTG)* UK-XP (89) (delTG)*
Breast 0 1 0 0
CNS 4 3(3) 0 2
Gl 0 1XP-V 1 XP-V 0
HEM 4(2) 17.(17) 0 0
KI 0 (1) 0 0
LU 3 0 0 0
THY 2 (incl. 1 XP-E) 3(3) 0 0
Female 1 5(5) 1(1) 0
Male 0 1 XP-V 0 0
Total 14(2) 32(29) 2(1) 2(0)

" All these internal tumors occurred in XP-C patients except for 4 patients indicated in the Table
T A-XP, F-XP, B-XP and UK-XP refer to the American, French, Brazilian and English XP cohorts (see Methods)

 CNS refers to central nervous system, Gl to gastro-intestinal, HEM to hematological malignancies, KI to kidney, LU to lung, THY to thyroid tumors, “Female” means
tumor of the woman reproductive system and “Male” tumor of the man reproductive system

$ Number of XP patients carrying the founder delTG XPC mutation from North Africa [13]

independently set up to follow XP patients in terms of
clinical, genetic and epidemiological studies without any
bias concerning internal tumors.

Risk of internal tumors in the 4-combined XP cohort

To estimate frequencies and risks of internal tumors
in XP population, we combined all 4-aforementioned
cohorts into a unique one consisting of 434 XP patients
and including 50 internal tumors (for 49 XP patients).
The XP patients develop internal tumors much more
frequently than the American general population (11.3%
vs 0.47%, p-value=3.4E—58; binomial test, two-sided)
(Additional file 1: Figure S1A). The tumor spectrum in
XP is characterized by an excess of hematological malig-
nancies (HEM), central nervous system (CNS), thyroid
(THY) and gynecological (FEM) tumors as compared to
the general population (Fig. 1A). Ages of onset of internal
tumors in combined XP cohort is significantly lower than
in the general population (Fig. 1B).

The Odds ratio of developing internal tumors (exclud-
ing the tumors of reproductive systems that are treated
separately by taking into account the gender informa-
tion) for the 434 XP-cohort is 34 (95% Cl=25-47;
p-value=1.0E—47) (Table 2). The particularly strong
risks are observed for CNS, HEM, THY and FEM tumors
(OR from 74 to 331; Table 2). Age stratification reveals
highest risks of tumor onset at young ages of XP patients
(0—20 years; OR: 665) (Table 2).

XP-C complementation group represents 54% of the
434 XPs-cohort, however 94% of the internal tumors
occurred in XP-C (XP-C vs. non-XP-C; OR=9.8, 95%

CL 3.5—38.1; two-sided Fisher test p-value=3.4E—8)
(Table 1).

Risk of internal tumors in the French cohort with the delTG
XPC mutation (from North African origin) vs the other XP
populations

The French XP cohort is composed of 176 patients
including 113 XP-C. The vast majority (80%) originated
from North Africa, belonged to consanguineous fami-
lies and shared the same founder mutation: ¢.1643_1644
delTG; p.Val548AlafsX572 (called here XPC “delTG”). We
previously estimated that this mutation appeared around
1250 years ago in North Africa indicating that all these
patients should have common ancestors [13].

Eighteen % of this French cohort (31 patients for 32
tumors) developed internal tumors (Table 1), demon-
strating a 56-fold increased risk as compared to the gen-
eral population (p-value=3.6E—35) (Table 2). Among
these 31 patients, 2 are XP-V (6.5%) and 29 are XP-C
(93.5%) among which 28 (90%) originated from North
Africa, and carry the XPC delTG mutation: 59% are
hematological malignancies, 17% gynecological tumors,
10% THY tumors and 10% CNS tumors (Table 1).
Genetic homogeneity of the French XP cohort and this
high risk of internal tumors might introduce bias in the
estimates of risks of internal tumors in the overall XP
population. To control for this possibility, we reproduced
all the previous analyses on the 3-combined cohorts after
excluding the French one: all the results concerning the
increased risk of internal tumors in XP are still observed.
In the 3-combined cohorts (without the F-XP cohort) the



Nikolaev et al. Orphanet Journal of Rare Diseases

A 21
0.4
0.3
0.2
9
7
0.1
2
1 [
0.0 I

(2022) 17:104

General
population

. 4-cohorts XP

Relative Frequencies

5
3
1 I 1
n ln

Breast CNS FEM GI HEM KiI LU MAL THY
Tumor Types

B =k General population == XP

1 =
IS
g 075
o
2
2
o 0.50 -
5]
>
£
S 025-
o)
[ P<2.2 E-16
a

o -

0 20 40 60 80

Age (years)
Fig. 1 Characteristics of XP patients reported in 4 independent
XP cohorts. A. Spectrum of tumor types in the 50 tumors versus
general population. Relative frequencies of XP internal tumor
types (excluding skin cancers) in the grouped 4 XP cohorts (red)
as compared to the general American population (blue). The
red numbers correspond to the raw counts of XP tumors. One
patient had two independent tumors. B. Kaplan—Meier plot with
95% confidence intervals of the age of internal tumor onset in XP
population versus the general population. The p-value is given as
compared to the American general population

highest cancer risks are again observed for CNS, HEM,
THY and FEM tumors (OR: 37-371); the most impor-
tant risks are again for the young XPs and particularly the
XP-C group. At the same time, the French XP-Cs with
the delTG mutation exhibit greater risks for all categories
of tumors and ages, except for CNS tumors, which show
lower Odds ratios than in the pooled 3 cohorts (Table 2).
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Risk of internal cancer in each independent XP cohort

The Odds ratios of developing internal tumors (exclud-
ing the tumors of reproductive systems) in comparison to
the general population are 56 (95% CI=37-84) for F-XP,
33 (95% CI=19-59) for A-XP, 10 (95% CI=1.4-73) for
B-XP and 7 (95% CI=1.8-30) for UK-XP (Additional
file 1: Figure S2A). This confirms the previous combined
data analysis that the French XP-C are at a very high risk
of developing internal tumors.

We stratified the XP cases by tumor types, ages and
XP complementation groups, and revealed a particularly
increased tumor risk in some categories. Odds ratios for
CNS tumors are the highest in three cohorts: 469 for
A-XP, 361 for UK-XP and 272 for F-XP. The Odds ratios
for hematological malignancies are 253 for the F-XP
cohort and 71 for the A-XP cohort. The risk for thy-
roid tumors is also high in F-XP and A-XP (111 and 94,
respectively) (Additional file 1: Figure S2B) (95% CI and
p-values are indicated in the Additional file 1: Figure S2).
XP patients aged 0-20 years old exhibit an Odds ratio
of 1330 for the F-XP and 594 for the A-XP (Additional
file 1: Figure S2C). XP-C patients are at very high risk,
particularly in the F-XP, A-XP and the UK-XP cohorts.
They demonstrate the highest Odds ratios for develop-
ing CNS tumors and hematological malignancies in F-XP
and A-XP cohorts (Additional file 1: Figures S3A, B).

The Odds ratios for the tumors of the reproductive sys-
tems are also high for the female F-XP (135), A-XP (32)
and B-XP (120) corresponding mainly to uterine tumors;
while the risk for male-related tumors was not statisti-
cally significant compared to the general population
(Table 2 and Additional file 1: Figure S3C) (95% CI and
p-values are indicated in the Additional file 1: Figure S3).

Description of all XP patients with internal tumors reported
in the literature
Additionally, case reports were published describing
XP patients with internal tumors. Following PubMed
search, we established an exhaustive list of 89 internal
tumors developed by 88 XP patients that corresponds to
79 tumors reported in the literature starting from 1958
up to 2020, one unreported tumor indicated to us by Dr.
K.H. Kraemer for the American cohort (NIH, Bethesda,
USA) and 9 unpublished tumors from the French XP
cohort (reported here in Table 3 and Additional file 1:
Table S1). The distributions of these patients according to
gender and country of origins are indicated in Additional
file 1: Tables S2 and S3. Of course, the 50 internal tumors
described in the 4 well-characterized XP cohorts are part
of these 89 reported internal tumors.

The tumor spectrum in the XP case reports is differ-
ent from the general population for non-skin cancers
(https://seer.cancer.gov). The most frequent are HEM
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Table 2 Risk (OR) of internal tumors according to tumor types, ages and complementation groups following combined analysis of the
4 XP cohorts and of only 3 cohorts excluding the French one (biased for the delTG XPC mutation) as well as the French cohort alone

4 cohorts 3 cohorts (French cohort French cohort French/other 3 cohorts
excluded)

OR 95%Cl  p-value OR 95%Cl p-value OR 95%Cl  p-value OR_F/OR_3cohorts
Allinternal tumors 34 25-47 1.0E—=47 21 13-35 49E—-16 56 37-84 36E-35 264
CNS 331 171-641  24E-20 371 165-834 27E-14 272 87-853  23E-07 073
HEM 120 77-186  37E-36 37 14-99 54E-06 253 154-418 75E-35 684
THY 74 31-179  12E-08 49 12-199  81E-04 111 35-346  34E-06 224
FEM* 91 42-193  35E-12 50 6-187 8.0E—4 135 53-329 69E-10 27
MAL* 9 1.3-69 0.10 - - - 10 0.24-55 01 -
Age 0-20 665 368~ 43E-30 266 84-841  25E-07 1330 654~ 19E-25 500

1200 2701

Age 21-40 234 153-358 15E—47 132 64-271 6.0E—15 381 221-655 26E-35 289
Age 41-60 22 8-60 48E-05 25 8-82 30E-04 16 2-116 6.5E-02 062
Age 61-80 7 2-30 36E-02 10 2-44 19E-02 - - - -
XP-C 64 45-90 39E-54 42 24-74 39E-18 90 58-140  16E-38 213
XP-E 36 5-281 31E-02 46 6-372 25E-02 - - - -
XP-V 1 3-47 14E-02 12 2-91 8.1E-02 11 1-78 92E-02 087

“We had no access to the gender of XP patients from the UK cohort. Calculations have been made by using the three other XP cohorts

Same legend as in Table 1

(34%), CNS (16%), gynecological (13%) and thyroid (9%)
tumors while in the general population these tumors only
represent 8.9%, 1.3%, 9.8% and 3.3% of all tumors, respec-
tively (Additional file 1: Figure S4A). This distribution is
very similar to the one shown for the 4 international XP
cohorts (Fig. 1A) indicating there is no distribution bias
between the analyzed XP patients.

The median age at diagnosis of internal tumors in XP
patients was significantly lower than in general popula-
tion, 21 years vs.~65 years, respectively (Additional
file 1: Table S4) (Mann—Whitney-Wilcoxon two-sided
Test p-value <2.2E—16). The age at diagnosis of internal
tumors in XPs varied between tumor types (Fig. 2). The
median ages at diagnosis are 15 years for CNS tumors
(range: 7-38) and 22.5 years for HEM (range: 3—36). Sim-
ilar median ages are found for thyroid, head & neck, kid-
ney and gynecological tumors, while patients developing
lung (58y), urological (60y) and digestive (50y) tumors are
substantially older (Fig. 2 and Additional file 1: Table S4).
For example, a 28-years difference of median ages at
diagnosis is observed between hematological malignan-
cies and digestive tumors in XP patients (P=1.6E—5 X*
test, Additional file 1: Figure S5).

Internal tumors are frequently lethal in XP patients
(Additional file 1: Figure S4B). The median age of
death is 25 years. For the patients with HEM the delay
between diagnosis and death is an average of 2 years
(range: < 1-10 years) and for the CNS tumors, the average
time is 1.5 years (range: 1-9 years).

Among the 65 patients, for whom the mutated XP
gene was identified, the XP-C group is the most frequent
(83%), followed by XP-V (9%) and XP-A (3%) (Addi-
tional file 1: Table S2). Tumor types occurring at early
ages in XP are almost exclusively associated with the
XP-C group: the hematological malignancies (92% are
XP-Cs), CNS tumors (90%), gynecological tumors (100%)
and thyroid cancers (86%). However, this trend is not
observed for digestive and urological cancers associated
with later onset in XP (Additional file 1: Table S4).

In this studied collection of internal XP tumors, there
were 37 (38 tumors) patients with identified del TG muta-
tion representing 42% of the whole cohort and 69% of the
XP-C patients (Additional file 1: Table S2). At the same
time, hematological malignancies, gynecological and
thyroid tumors in delTG patients represented 81%, 80%
and 71% of known complementation groups, confirm-
ing the increased risk of these malignancies in the XP-C
delTG patients as compared to the remaining XP cohort.
The highest risk for XP-C patients with another germline
mutation than delTG is for CNS tumors (Additional
file 1: Table S4).

Discussion

To calculate the risk factors of XP patients to develop
internal tumors, we made use of 4 very-well character-
ized XP cohorts from different countries and different
laboratories. The Odds ratio for all classes of internal
tumors is 34 for the pooled 4 XP cohorts and can go as
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Ages (year)

CNS KI

HN THY FEM HEM BREASTGI LU  MAL

Tumor types

Fig. 2 Ages of diagnosis (when known) of internal tumors in all
reported XP patients grouped by tumor types. Each black point
represents the age at diagnosis for one XP patient with internal
tumor. CNS: central nervous system; KI: kidney; HN: head and neck;
THY thyroid; FEM: female-reproductive system related tumor; HEM:
hematological malignancies; Gl: gastro-intestinal; LU: lung; MAL:
male-related tumor. The unique Fibrohistiocytoma is not indicated
here

high as 331 folds for CNS, tumors, 120 folds for HEM
and to more than 600 folds for XP patients aged up to
20 years old (Table 2). We calculated the risk factors
by comparison with the American general population
because the American XP patients represent 32% of the
combined cohorts and the American registry of cancer
incidence (SEER database) is very comprehensive and
well-maintained. Therefore, this use of cancer incidence
statistics of the American general population, as a con-
trol group for non-US XP cohorts, might cause biases
in the estimates of their relative cancer risk as the cor-
responding populations might be different from the
US-population by susceptibility to some cancer types.

Several transgenic mice with germline mutations on
XP genes have been constructed. Interestingly enough,
internal tumors such as liver, lung cancers or lympho-
mas are frequently developed in these different XP-
mouse models confirming the role of NER deficiency in
internal cancers [46] (Supporting Methods and Addi-
tional file 1: Table S5) and corroborate human findings.

Among the 4-analyzed XP cohorts, the French one
is predominantly associated with one founder muta-
tion in the XPC gene which makes it a homogeneous
cohort. The reported delTG mutation gives rise to a
stop codon and a total absence of the XPC protein, as
already described [13]. However, most of the reported
XPC mutations also give rise to stop codons and did
not appear to be associated with a high level of inter-
nal cancers. So, a combination of this specific mutation
and ethnicity of the patients should be involved in their
high risk to develop internal tumors.

Page 10 of 12

Predisposition to hematological malignancies was one
of the most pronounced features in young XP patients.
The types of hematological malignancies in XP were dif-
ferent from typical sporadic MDS/AML but resembled
tumors in patients previously-treated by chemotherapy
for a first cancer [42], although the young XP patients
were not treated by any anti-tumoral protocol before
tumor diagnosis. This similarity suggests that young XPs
have rapidly accumulated spontaneous DNA lesions
that were not repaired due to NER deficiency. We have
recently reported that the mutation load was more than
25-fold higher in XP-C hematological malignancies than
in the same tumor types in the general population with
a very strong bias toward mutations located on non-
transcribed strands [18]. The somatic mutations found
in XP-C leukemias closely resemble COSMIC signature
8 [18, 47] that suggests the presence of unrepaired spon-
taneous purine DNA lesions probably induced by an
endogenous oxidative process [18, 29, 48—51].

The high predisposition to hematological malignancies
of XP-C patients carrying the North-African germline
mutation is also observed in the American cohort (Odds
ratio: 74; p value="7.0 E—14; Fisher exact two-sided test)
and remains unexplained. Whole exome sequencing of
DNA in several patients and their parents did not show
any additional pathogenic DNA variants that could be
potentially implicated in predisposition to leukemia [42].
We thoroughly searched for additional modifier variants
in the genomes and exomes of delTG patients with leu-
kemia (see Additional file 1: Supporting Methods). We
identified only one Identical by Descent Segment in all
patients. The region of intersection spans 1.02 Mb and
includes 13 genes including XPC. Besides delTG muta-
tions there were no common or unique pathogenic muta-
tions in these genes (Additional file 1: Figure S6). This
analysis reduces the possibility that a common genetic
variant in Mediterranean XP-C patients with delTG
mutation be responsible for increased risk of leukemia in
this cohort.

The patients’ lifestyle with North-African traditions
and food may be exacerbating potential internal DNA
damage [9, 13]. For example, charcoaled foods used
in North Africa are known to produce genotoxic mol-
ecules, such as Acrolein that leads to exocyclic muta-
genic dG damage [52]. Additionally, the powerful
mutagen Aflatoxin B1, known to induce DNA lesions at
Gs that are repaired by NER [48], is present in the food
in Africa and induces liver cancers. It is plausible that
other types of genotoxic contaminants in food from
North Africa might be carcinogenic for XP-C patients.
Another possibility is that sun-exposure induces some
kind of general oxidative stress that will produce DNA
lesions not repaired by delTG XP-C patients. Indeed,
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the XPC protein has also been involved in other DNA
repair pathways such as Base Excision Repair [12, 49].

Conclusion

It is essential that the physicians who treat XP patients
be aware of this strong predisposition since XP patients
now live longer due to better sun-protection and better
knowledge of the disease [53]. The importance of early
diagnosis of CNS, thyroid and gynecological cancers
and HEM cannot be over-emphasized. The MDS/AML
occurring in XP-C patients often appeared following
several years of anemia [42] that should be searched
for by a regular annual blood analysis starting around
the age of 10. Regular gynecological exams and thyroid
echography are easy to perform on a regular basis.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513023-022-02203-1.

Additional file 1: Table S1. Distribution of internal tumors of all reported
XP patients according to organs, complementation groups, ages at diag-
nosis and death Table S2. Distribution of the complementation groups
of all reported XP patients with internal tumors Table S3. Countries of
familial origins of all reported XP patients with internal tumors Table S4.
Characteristics of internal tumors according to the complementation
group of all reported XP patients. Table S5. Risk (OR) of internal tumors in
mouse XP gene-knockout experiments without exogeneous mutagens
Fig. S1. Percent of XP patients with internal tumors in the 4 independ-
ent XP cohorts Fig. S2. Odds Ratio for internal tumor risk in XP patients
as compared to the American general population stratified by each
individual cohort, tumor types and patient ages. Fig. $3. Odds Ratio for
internal tumor risk in XP patients as compared to the American general
population stratified by complementation groups, tumor types and
reproductive system-related tumors. Fig. S4. Relative frequencies of XP
internal tumor, tumor occurrence and survival in all reported XP patients.
Fig. S5. Probability of the absence of internal tumors in XP patients strati-
fied between digestive cancers and hematological malignancies. Fig. S6.
Analysis of the common haplotypes in XP-C delTG patients with leukemia.
Supporting References.
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