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Résumé

Polykystose rénale autosomique dominante et cancers cutanés
non-mélanomateux post-transplantation rénale : les mutations non
troncantes du gene PKD1 comme facteur de risque génétique

C Geneste, B Sautenet, A Bretagnol, E Chevallier, F Von Tokarski, L Machet, JM Halimi, M Biichler

La polykystose rénale autosomique dominante (PKRAD) est la premiere cause génétique
d’insuffisance rénale, avec principalement des mutations des genes PKD1 (75%) et PKD2 (15%). Elle
mene dans de nombreux cas a une transplantation rénale. Plusieurs études ont montré que les patients
présentant une mutation de PKD/ présentaient une insuffisance rénale terminale 20 ans plus tot que
ceux présentant une mutation de PKD?2. Par ailleurs, le traitement immunosuppresseur au long cours,
nécessaire apres une transplantation, est connu pour favoriser la survenue de cancers cutané non
mélanomateux (CCNM). Dans plusieurs cohortes, la PKRAD est un facteur de risque indépendant de
développement de CCNM apres transplantation rénale. Jusqu'a présent, il n'existe aucune cause
connue, y compris génétique, permettant d’expliquer l'association entre ' ADPKD et 1incidence des
CCNM apres transplantation. L’objectif de cette étude est d’évaluer si un type de mutation de PKD]
ou PKD?2 est associé a un risque accru d’apparition de CCNM.

Nous avons mené une étude rétrospective monocentrique incluant tous les patients atteints de
PKRAD transplantés rénaux au CHU de Tours de 1987 a 2016. Nous avons utilisé notre base de
données clinico-biologique, comprenant des études génétiques, et effectué des analyses multivariées
avec ajustement sur les facteurs de risque de CCNM.

Nous avons inclus 245 polykystiques transplantés rénaux: 206 (84,1%) avaient une mutation
de PKDI et 19 (7,8%) de PKD2. La durée moyenne de suivi était de 10,8 + 6,3 ans. Au total, 162 cas
de CCNM ont été diagnostiqués pendant la période de suivi, chez 69 patients (28,2%). L'incidence des
CCNM a 20 ans en cas de mutation de PKD/ était de 48,9%. Le risque de CCNM était plus faible en
cas de mutation de PKD/ troncante par rapport aux non troncantes (p=0,023). Ce risque restait
significatif en analyse multivariée apres ajustement sur 1'dge, le sexe, le phototype et le traitement
immunosuppresseur d'induction (risque relatif a 0,37 IC 95% [0,21-0,68], p<0,01). Une mutation
PKD1 non troncante était également un facteur de risque de multiple CCNM apres transplantation en
anlyse multivariée [Odds ratio pour chaque CCNM supplémentaire: 2,08 IC 95% (1,45-2,94),
P<0,001]. Nos résultats montre qu’étre porteur d'une mutation non troncante de PKD/ est un facteur

de risque indépendant du développement de CCNM apres une transplantation rénale.

Mots-clés: - Polykystose rénale autosomique dominante
- Cancer cutané non-mélanomateux
- Transplantation rénale
- Mutation de PKD1



Abstract

Autosomal dominant polycystic kidney disease and
nonmelanoma skin cancer after kidney transplantation:
a genetic influence of nontruncating PKDI mutations

C Geneste, B Sautenet, A Bretagnol, E Chevallier, F Von Tokarski, L Machet, JM Halimi, M Biichler

Autosomal dominant polycystic kidney disease (ADPKD) is the most common inherited cause
of kidney failure in adults, with predominantly PKDI (75%) and PKD2 (15%) mutations, leading to
renal transplantation. Several studies showed that patients with PKDI mutation had end-stage renal
disease onset 20 years earlier than those with PKD2 mutation. Furthermore, the long-term
immunosuppressive treatment needed after kidney transplantation can facilitate the occurrence of
nonmelanoma skin cancer (NMSC). In various cohorts, kidney graft recipients with ADPKD have a
higher risk of NMSC than renal recipients with other causes. To date, there is no known cause,
including genetic, to explain the association between ADPKD and the incidence of NMSC after
transplantation. We investigated whether the increase in risk of NMSC after transplantation is due to a
specific type of mutation in PKD/ or PKD?2.

We conducted a retrospective monocenter study including all renal graft recipients with
ADPKD who underwent transplantation at our institution between 1987 and 2016. Given the clinico-
biological database, including genetics studies, we performed multivariate analysis with adjustment on
risk factors for NMSC.

We included 245 renal graft recipients with ADPKD: 206 (84.1%) with a PKDI mutation and
19 (7.8%) a PKD2 mutation. The mean duration of follow-up was 10.8 £ 6.3 years. Overall, 162 cases
of NMSC were diagnosed during the follow-up period in 69 patients (28.2%). The incidence of NMSC
at 20 years with a PKDI mutation was 48.9%. In this population, the risk of NMSC was reduced with
a truncating versus nontruncating mutation (p=0.023). The risk remained significant after adjustments
for age, sex, phototype and immunosuppressive induction therapy on multivariate analysis (HR 0.37,
CI95% [0.21-0.68], p<0.01). A nontruncating PKDI mutation was a predictor of multiple skin cancer
after transplantation [odds ratio for each additional skin cancer: 2.08, CI1 95% (1.45-2.94), P < 0.001].
Our findings suggest that a nontruncating PKD1 mutation is an independent risk factor for NMSC

developing after kidney transplantation.

Keywords: - Autosomal dominant polycystic kidney disease
- Nonmelanoma skin cancer
- Renal transplantation

- PKD1 mutation
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Abréviations

CCNM : cancer cutané non mélanomateux

PKRAD : polykystose rénale autosomique dominante

Abbreviations

ADPKD : autosomal dominant polycystic kidney disease
Aza : azathioprine

BCC : basal cell carcinoma

CI : confidence interval

CREBBP : c-AMP response element-binding protein
CsA : cyclosporine A

EGF : epidermal growth factor

ESRD : end-stage renal disease

FK : tacrolimus

HR : hazard ratio

IL-2 : interleukin-2

LFAT1 : anti-leukocyte function-associated antigen 1
MMF : mycophenolate mofetil

MSG : mutation strength group

mTOR : mammalian target of rapamycin

NMD : no mutation detected

NMSC : nonmelanoma skin cancer

PTLD : post-transplantation lymphoproliferative disease

SCC : squamous cell carcinoma
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INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is the most common
inherited cause of kidney failure in adults, with prevalence ranging from 1:500 to 1:4000.
Inactivating somatic mutations of a PKD gene, which lead to loss of function of the
corresponding polycystin, cause clonal expansion of kidney cyst epithelium and cyst
formation. The typical phenotype is progressive kidney cyst development and expansion
leading to end-stage kidney disease (ESRD) in middle age, with a risk of 50%"2. ADPKD is
classically inherited as an autosomal dominant disease resulting from heterozygous mutations
in PKD]1 or PKD2.

Heterozygous germ-line mutations, predominantly in PKD! (on the short arm of chromosome
16, Fig 1.) in 77% of cases or in PKD?2 (on the long arm of chromosome 4) in 13% of cases,
are responsible for ADPKD, with a penetrance of nearly 100%. In 10% of patients, no

mutation in PKD1I or PKD?2 is found with current testing methodologies’.
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Figure 1. PKDI cytogenetic Location: 16p13.3, which is the short (p) arm of chromosome
16 at position 13.3. Molecular Location: base pairs 2,088,708 to 2,135,898 on chromosome
16 (Homo sapiens Annotation Release 109, GRCh38.p12, 47 190 base pairs — 15730 aa)

The severity of disease, even in mutation characterized cases, is variable and inversely
correlated with the level of polycystin 1 function®. In recent years, the Genkyst cohort (a
regional cohort involving all private and public nephrology centers in the west of France)
described the largest mutation screening in patients with ADPKD, to link the type of mutation
to clinical outcome. The authors showed that patients with PKDI mutation had ESRD onset
21.6 years earlier than those with PKD?2 mutation” . Similarly, the same applies to patients

with PKD]I truncating mutation compared to patients with PKDI nontruncating mutation®.
After renal transplantation, the need to maintain a long-term immunosuppressive

treatment increases the risk of some types of cancer, including skin cancer. Nonmelanoma

skin cancers (NMSC), including basal cell carcinoma (BCC) and squamous cell carcinoma
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(SCC), are the most common, with an incidence of up to 40% to 80% at 20 years post-kidney

transplantation’.

Several studies have shown that kidney graft recipients with ADPKD have a higher
risk of NMSC than renal recipients with other causes. This difference has been observed in

different populations, US and Europealnlo’11

. To date, there is no known cause, including
genetic, to explain the association between ADPKD and the incidence of NMSC after
transplantation.

Here, we investigated whether the increase in risk of NMSC after transplantation is
due to a specific type of mutation in the PKD1 or PKD2 gene. We conducted a retrospective
monocenter study including all renal graft recipients with ADPKD who underwent
transplantation at our institution between 1987 and 2016. Given the clinico-biological

database, including genetics studies, we performed multivariate analysis with adjustment on

risk factors for NMSC.
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PATIENTS AND METHODS

Study population
This was a retrospective observational study performed in a French University Hospital from
January 1987 to July 2016. All renal graft recipients with ADPKD who were followed for at
least 3 months at our institution were included.

Induction immunosuppressive therapy was administrered in almost all cases, whether
with antithymocyte globulins or interleukin-2 (IL-2) receptor antagonists (Beyong 1999).
Maintenance immunosuppressive therapy, included cyclosporine, tacrolimus or, more
recently, mammalian target of rapamycin (mTOR) inhibitors, mycophenolate mofetil (starting
at 2 g/day) or azathioprine (2 mg/kg/day). Prednisone (1 mg/kg/day for the first 2 weeks) was
progressively decreased and withdrawn within the first year after transplantation in patients
with low immunological risk. Patients with acute rejection episodes received
methylprednisolone for 3 to 5 days, followed by oral prednisone. With steroid-resistant
rejection, polyclonal antibodies were prescribed.
Ambulatory follow-up was performed once a month during the first year post-transplantation
and further once a year in most cases. Patients were referred annually to a dermatologist for

cutaneous examination, according to the current recommendations.

Diagnosis of ADPKD and genetic status
The diagnosis of ADPKD was based on a personal history of progressive renal failure
associated with a suggestive family history of ADPKD and typical ultrasonography'?,
tomodensitometry or MRI evidence of polycystic kidneys. These patients or family members
were included when possible in the Genkyst cohort. Genkyst is a cross-sectional study
involving >70 nephrologist investigators working in France. Patients with ADPKD from the
Genkyst cohort were recruited from dialysis centers and by nephrology and transplant
consultations between 2009 and January 2015. This study involved a genetic testing with
mutation screening for the coding regions of PKDI, PKD2, neutral a-glucosidase AB
(GANAB), hepatocyte nuclear factor 1 B (HNFIB), uromoduline (UMOD), secretory 63
(SEC63), protein kinase C subtrate SOK-H (PRKCSH) and LDL-R-related protein 5 (LRPS).
For PKD1, the mutation effect (truncating versus nontruncating) was also reported.

The mutation screening protocol consisted of extraction of DNA on magnetic beads,
amplification of the sequences of interest, sequencing and comparison with the reference

sequence [PKDI (NM_001009944.2), PKD2 (NM_000297.2), HNFIB (NM_000458.1),
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SEC63 (NM_007214.4), PKRCSH (NM_002743.2), UMOD (NM_003361.2), LRPS5
(NM_002335.2) and GANAB (NM_198335.3)]. Genetic analysis was performed in the
laboratory of molecular genetics and histocompatibility of Brest University Hospital Center

(consent form in Appendix 1, p.34).

Data collection

Data were extracted from the local database and individually collected in each hospital
records. Patients were informed about the data collection and a signed consent was mandatory
for genetic analysis.

Data collected on the day of transplantation were recipient characteristics (sex, age,
skin phototype, history of cancers, dialysis duration before transplantation), number of grafts,
donor characteristics (sex, age, deceased or living donor) and immunosuppressive induction
therapy. For patients who underwent transplantation twice, the induction treatment of the graft
preceding the appearance of a first NMSC (in case of NMSC) was retained; otherwise, the use
of antithymocyte globulins was retained if it was used at least once.

Data collected after transplantation were immunosuppressive maintenance therapy at 3
months, acute rejection episodes, the use of rituximab and the occurrence of all types of

histologically proven cancers.

Definition of phototype
The phototype of each patient was determined by a dermatologist based on the Fitzpatrick
classification'® and recorded in the file. When this information was missing, skin phototype
was determined by two independent trained nephrologists who participated in the follow-up.
In case of disagreement, the two physicians discussed their point of view and gave a final
result.

Six stages were defined as follows:
- Phototype I: skin color ivory white; easily sunburned; no tanning
- Phototype II: skin color white; easily sunburned; minimal tanning with difficulty
- Phototype III: skin color white; moderate sunburning; moderate and uniform tanning
- Phototype IV: skin color beige/olive, light tanning; minimal sunburning; moderate and easy
tanning
- Phototype V: skin color light brown or tanned; rare sunburning; profuse tanning

- Phototype VI: skin color dark brown or black; no sunburning; profuse tanning
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Most of patients lived in a temperate climate in the Loire valley.

Definition of NMSC
NMSC included cases of biopsy-proven BCC, SCC and Bowen’s disease (considered in situ
SCC). Melanomas, cutaneous Kaposi’s sarcomas, primary cutaneous lymphomas and other

rare types of skin tumor, including adnexal skin tumors, were therefore excluded.

Statistical analysis

Continuous data are presented as mean + SD and categorical data as proportions. Cox models
were used in univariate and multivariate analyses to assess the association between mutation
type (PKD1, truncating, nontruncationg, PKD2 mutation or no mutation detected), age, sex,
phototype, time on dialysis before transplantation, history of cancer before transplantation,
number of grafts, immunosuppressive treatments, and the development of NMSC after
transplantation. Results are expressed as hazard ratios (HR), 95% confidence intervals (CI)
and P-values.

Multivariate analyses included the following variables: mutation type, age, sex, skin
phototype and immunosuppressive induction by antithymocyte globulin antibodies. Poisson
regression was used to assess whether the mutation effect on PKDI (truncating or not) was
associated with multiple skin cancers after transplantation, estimating odds ratios (OR) and
95% CI. GraphPad Prism 5 and R v3.2.3 (R Foundation for Statistical Computing, Vienna,

Austria) were used for analysis. P < 0.05 was considered statistically significant.
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RESULTS

Overall, 309 ADPKD patients received a renal transplant and 245 were included in our
cohort (Fig 2). Mean duration of follow-up (£SD) was 10.8 + 6.3 years (median 9.9 years;
range 0.4-31.3 years; total observation period 2641 patient-years).

1750 renal graft recipients in Tours
between January 1987 and July 2016
(2057 grafts)

309 renal graft recipients
with ADPKD

4 follow-up < 3 months

60 non-genotyped

245 patients included

Figure 2. Flow chart (ADPKD : autosomal dominant polycystic kidney disease)
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Baseline characteristics

PKDI mutation was identified in 206 patients (84.1%) and PKD2 mutation in 19
(7.8%); no mutation was detected in 20 patients (8.2%) (Table 1). Listing of the detected
mutations (with genetic location, number of patients with the mutation and NMSC associated)
is available in Appendix 3 (p.35).

Mean age at transplantation was 54.6 + 9.9 years. The median length time on dialysis
before transplantation was 16.5 months. Overall, 130 patients were men (53.1%). At the time
of transplantation, patients with a PKD2 mutation were older than those with a PKDI
mutation (65.6 + 8.3 vs 53.5 £ 9.1 years). Most patients had a phototype of II or III because
they were of Caucasian origin. A history of cancer before transplantation was reported in
4.1% of all transplant recipients; at least 0.8% of these patients had an NMSC before
transplantation, all with a PKD1 mutation.

Nearly 10% (9.8%) of the patients had a history of kidney transplantation.
Immunosuppressive induction therapy included antithymocyte globulin antibodies for 45.7%
and IL-2 receptor antagonists for 48.6% (mainly after 1999); 4.5% of patients had no
induction therapy. Immunosuppressive maintenance therapy at 3 months included 45.7% on
cyclosporine, 51.8% tacrolimus and 4.5% mTOR inhibitors (sirolimus or everolimus); 86.1%
mycophenolate mofetil and 11.8% azathioprine. Nearly all patients (92.2%) were still
receiving corticosteroids at 3 months after transplantation. Only 4.5% received a kidney from
a living donor.

At least one acute rejection episode occurred in 26.8% of the patients; 35 (14.7%) had
biopsy-proven solid cancer (excluding NMSC) or post-transplantation lymphoproliferative

disease (PTLD) after transplantation.
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Table 1. Population characteristics of renal graft recipients with autosomal do-
minant polycystic kidney disease (ADPKD) and PDK1 or PDK2 mutation or no

mutation detected (NMD)

Renal graft recipients with ADPKD, n (%)

Characteristics e PROZ
mutation mutation NMD
{n=206) (n=19) (n=20)
Sex
Male 108 (52.4) 12{63.2) 10 {50.0)
Female 98 (47.6) 7(36.8) 10 (50.0)
Age at transplantation (year)
18-50 63 (30.6) 0 & (30.0)
=50 143 (69.4) 19 {100) 14 (70.0)
mean + 5D 53.519.1 65.6+ 8.3 56.2+12.6
Skin phototype
1 2(1.0) 1(5.3) 0
2 84 (40.8) 8(42.1) 8 (40.0)
3 92 (44.7) g (47.4) 7(35.0)
a4 21(10.2) 1(5.3) 3 (15.0)
S5o0r6 3(1.5) 0 1(5.0)
History of NMSC 2{1.0) 0 0
History of cancer {non-NMSC) 10 {4.9) 0 0
Time on dialysis before transplan-
: 20.7120.6 15.2+18.7 37.4%53.3
tation (month) (mean + SD)
Mumber of grafts
1 134 (29.3) 18{94.7) 19 (95.0)
2 22(7.2) 1(5.3) 1(5.0)
Donor characteristics (17 graft)
Male 129 (62.6) 13 (68.4) 15 (75.0)
Apge (mean £5D) 49,.5+15.7 68.5+10.4 57.1+15.5
Deceased donor 195 (94.7) 19 {100) 20 (100)
Immunosuppressive induction
IL-2 receptor antagonists 95 (46.1) 15 (78.9) 9 (45.0)
Antithymocyte antibodies 97 (47.1) 4(21.0) 11 (55.0)
Anti-LFAI antibodies 3(1.5) o 0
Mo induction 11(5.3) 0 0
Immunosuppressive medications
(at 3 months after transplantation)
Tacrolimus 100 (48.5) 13 (68.4) 14 (70.0)
Ciclosporine 101 {49.0) 5126.3) 6 (30.0)
MMF 173 (24.0) 19 {100} 19 (95.0)
mTOR inhibitors 9 (4.4) 1(5,3) 1(5.0)
Azathioprine 28 (13.8) o 1(5.0)
Corticosteroids 189 (91.7) 18{94.7) 19 (95.0)
Use of rituximab 1(0.5) 2110.5) 0
Acute rejection episode 61 (29.6) 4(21.0) 5(25.0)
Occurrence after transplantation
Solid cancer {excluding NMSC) 23 (11.2) 21(10.5) 3 (15.0)
FTLD 7(3.4) 0 0

Data are n (%) unless indicated. PED (polycystic kidney disease), NMSC (nonmelanoma
skin cancer}, IL-2 (interteukin-2), LFAT (leukocyte function-associated antigen 1), MMF

{mycophenolate mofetil), mTOR (mammalian target of rapamycin), PTLD (post-transplant

lymphoproiiferative disease)



Among the 206 patients with a PKDI mutation, 150 (72.8%) had a truncating
mutation and 56 (27.2%) a nontruncating mutation (Table 2). The mean age at transplantation
was 52.9 + 8.6 and 55.1 £ 10.3 years with a truncating and nontruncating mutation,
respectively. Immunosuppressive induction treatment was based on antithymocyte antibodies

for 46.7% of patients with a truncating mutation and 48.2% with a nontruncating mutation.

Table 2. Characteristics of renal graft recipients with truncating or
nontruncating PKDI mutation
Truncating Nontruncating

Characteristics mutation mutation
(n=150) {n=56)
Sex
Male 77(51.3) 31 (55.4)
Female 73 (48.7) 25 (44.6)
Age at transplantation (year)
18-50 48 (32) 15 {26.8)
> 50 102 (68.0) 41 (27.3)
mean 50 52918.6 55,1+10.2
Skin phototype
| 1{0.7) 1(1.8)
2 60 {40.0) 24 (42.9)
3 72 {48.0) 20 (35.7)
4 13 (8.7) 8 (14.3)
5 1{0.7) 2(3.6)
Immunosuppressive induction
IL-2 receptor antagonists 72 (48.0) 23 (41.1)
Antithymocyte antibodies 70 {46.7) 27 (48.2)
Anti-LFAL antibodies 2{1.3) 1(1.8)
No induction 6 (4.0) 5(8.9)

Data are n (%) unless indicated.
PED (polyoystic kidney disease), IL-2 (interleukin-2), LF&1 (leukocyte function-
associated antigen 1)
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Distribution of cases of nonmelanoma skin cancer

In total, 162 cases of NMSC were diagnosed during follow-up in 69 patients (28.2%);
57 patients with a PKD1 mutation (27.7% of patients with a PKDI mutation), 8 with a PKD?2
mutation (42.1% of this population), and 4 with no mutation detected (20% of this
population). At least one NMSC developed in 36 (24.0%) patients with a PKDI truncating
mutation and 21 (37.5%) with a nontruncating mutation. A total of 18% of the patients had at
least one case of BCC, 12.2% one case of SCC, and 6.9% one case of Bowen’s disease (Table
3a); 6.9% had multiple types of NMSC. Nearly half of the patients with NMSC after
transplantation (47.8%, n=99) had more than one NMSC during follow-up (Table 3b).

Table 3. Patients with ADPKD suffering from NMSC after renal transplantation

(a) Occurence of NMSC during follow-up: BCC, SCC and Bowen's disease

Genetic status BCC SCC Bowen Total
PKD1 mutation (n=206) 37(18.0) 27(13.1) 15(7.3) 57 (27.7)
Truncating mutation (n=150) 25(16.7) 15 {10.0) 8(5.3) 36 (24.0)
Montruncating mutation [n=56) 12 (21.4) 12 (21.4) 7({12.5) 21(37.5)
PKD2 mutation (n=18) 5(26.3) 2 (10.5) 1(5.3) 8 (42.1)
NMD (n=20) 2 (10.0) 1(5.0) 1(5.0) 4(20.0)
Total (n=245) 44 (18.0) 30({12.2) 17 (6.9) 69 (28.2)

(b) Number of NMSCs per patient during follow-up

Genetic status 1 NMSC 2 NMSCs =3 NMS5Cs
PKD1 mutation (n=206) 28 (13.5) 10 (4.9) 19 (9.2)
Truncating mutation (n=150) 20(13.3) 7{4.7) 9 (6.0}
Montruncating mutation [n=56) 8(14.3) 3(5.4) 10 (17.9)
PKD2 mutation (n=18) 5(26.3) 0 3(15.8)
NMD {n=20) 3 (15.0) 0 1(5.0)
Total (n=245) 36 (14.7) 10 (4.1) 23 (9.4)

Data are n patients (% of the genetic status population).
NMSC inonmelanoma skin cancer), ADPKD (autosomal dominant polycystic kidney disease), NMD (no mutation de-
tected), SCC (squamous cell carcinoma), BCC (basal cell carcinoma)
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Incidence of NMSC during follow-up

At 10 years after transplantation, at least one NMSC occurred in 27.4% of patients

with a PKDI mutation, 69.2% with a PKD2 mutation and 15.5% with no mutation detected.

The incidence of NMSC in the PKDI population was 48.9% at 20 years and 68.6% at 30

years (Fig. 3).
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Figure 3. Survival without NMSC: Kaplan—Meier curves of time from transplantation to
cancer diagnosis in 245 renal graft recipients with ADPKD (206 with PKDI mutation, 19
with PKD2 mutation and 20 with no mutation detected [NMD]).
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The incidence of NMSC was higher with a nontruncating than truncating PKDI
mutation (p=0.023) (Fig. 4). At 10 years after transplantation, 20.3% of patients with a
truncating PKD1 mutation and 39.9% with a nontruncating PKD1 mutation had at least one
NMSC. The incidence of NMSC at 20 years was 45.3% with a truncating mutation and 55.5%

with a nontruncating mutation.
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Figure 4. Survival without NMSC: Kaplan—Meier curves of time from transplantation to
cancer diagnosis in 206 renal graft recipientswith PKD1 mutation.
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Risk factors for NMSC in renal graft recipients with ADPKD

Risk of developing NMSC after transplantation was increased with a PKD2 mutation
and a PKD1 nontruncating mutation (Table 4). Risk of NMSC was increased with age and
sex, and was reduced with induction with antithymocyte antibodies as immunosuppressive
induction on univariate analysis. The length of time on dialysis before transplantation, number

of grafts and immunosuppressive therapies did not significantly increase the risk of NMSC.

Table 4. Risk factors for nonmelanoma skin cancer during follow-up in autosomal
dominant polycystic kidney disease: univariate analysis.

NMSC

HR 95% Cl P-value
Genetic factors
PKD1 (yes/no) 0.48 0.25-0.90 0.023
PKDI truncating vs nontruncating
o 0.54 0.31-0.93 0.025
PKD2 (yes/na) 3.62 1.70-7.72 < 0.001
NMD (yes/no) 1.02 0.37-2.81 0.97
Clinical parameters
Age {per 10 years) 1.70 1.26-2.29 < 0.001
Sex (male vs female) 2.04 1.23-3.39 0.006
Skin phototype < 3 (yes/no) 2.19 0.88 - 5.44 0.09
Time on dialysis (per year of dialysis) 0.89 0.75- 1.06 0.19
History of cancer before transplantation
st 1.27 0.40 - 4.07 0.68
1graftvs 2 grafts 1.31 0.70 - 2.46 0.40
Immunosuppressive medications
Immunosuppressive induction
(antithymocyte antibodies vs IL-2
receptor antagonists/anti-LFA1) e Ut e
Induction vs no induction 0.81 0.25- 2.58 0.72
FK vs CsA 1:19 0.72-1.98 0.50
mTOR inhibitor [yes/no) 1.34 0.42-4.32 0.61
MMEF vs Aza 1.38 0.77-2.47 0.27

MMEC {nonmelanoma skin cancer), PED (polycystic kidney disease), NMMD (No mutation de-
tected), IL-2 (interleukin-2), LFAL {leukocyte function-associated antigen 1), FE {tacrolimus),
CzA (cyclosporine A), mTOR imammalian target of rapamycin), MMF {mycophenolate mofe-
til}, Aza (azathioprine), HR (hazard ratio), Cl (confidence interval).
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On univariate analysis, with a PKD1 mutation, risk of NMSC was increased with only
age (HR 1.49, 95% CI [1.06-2.08], p=0.02) and sex (HR 2.70, 95% CI [1.50-4.88], p <0.001)
(Table 5).

Table 5. Risk factors for nonmelanoma skin cancer during follow-up in patients
with ADPKD and a PKDI mutation: univariate analysis.

NMSC
HR 95% Cl P-value
PKD1 truncating vs nontruncating
g 0.54 0.31-0.93 0.025
mutation
Genetic factors
Age (per 10 years) 145 1.06-2.08 0.020
Sex (male vs female) 2.70 1.50-4.88 = 0.001
Skin phototype = 3 (yes/no) 1.79 0.71-4.50 0.21
Time on dialysis (per year of dialysis) 0.88 0.72- 1.08 0.24
History of cancer before transplantation
1.42 0.44-4.57 0.56
(yes/no)
1graftvs 2 grafis 1.28 0.64 - 2.54 0.49
Immunosuppressive medications
Immunosuppressive induction
(antithymocyte antibodies vs 1L-2
i ; 0.60 0.23-1.06 0.077
receptor antagonists/anti-LFAL)
Induction vs no induction 0.89 0.28 - 2.86 0.85
FKE vs Csh 1.38 0.77 - 2.46 0.28
mTOR inhibitor (yes/no) .43 0.07 - 3.58 0.4%
MMF vs Aza 1,6 0.68 - 2.93 0.13

NMSC (nonmelanoma skin cancer), PED (polycystic kidney disease), IL-2 {interleukin-2),
LFAL (leukocyte function-associated antigen 1), FK (tacrolimus), CsA {cyclosparine 4), mTOR
(mammalian target of rapamycin), MMF (mycophenolate mofetil), Aza (azathiopring], HR
[hazard ratioc), ClI (confidence interval).
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On multivariate analysis including the variables age at transplantation, sex, skin
phototype and induction with antithymocyte antibodies (Tables 6 and 7), PKD2 mutation was
no longer associated with the occurrence of NMSC (HR 1.76, 95% CI [0.77—4.02], p=0.18).
However, risk of NMSC was reduced with a PKDI1 truncating versus nontruncating mutation

(HR 0.39, 95% CI [0.21-0.72], p<0.01).

Table 6. Genetic status in autosomal dominant polycystic kidney disease as
a risk factor for nonmelanoma skin cancer after kidney transplantation:

multivariate analysis

MNMSC

adjusted HR  95% CI P-value
Genetic factors
PKD1 (ref) : : :
PKD2 [yes/no) 1.76 0.77-4.02 0.18
NMD (yes/na) 1.16 0.41-3.29 0.77
Adjustement criterias
Age (per 10 years) 1.88 1.35-2.62 < 0.001
Sex (male vs female) 1.98 1.20-3.49 0.012
skin phototype < 3 (yes/no) 2.09 0.81-5.18 0.12
Antithymocyte antibodies (yes/no) 0.76 0.44-1.3 0.31

NMSC (nonmelanoma skin cancer), PED (polycystic kidney disease], NMD (no muta-
tion detected), ref (reference), HR (hazard ratio), Cl {Confidence interval).

Table 7. PKD1 mutation effect as a risk factor for nonmelanoma skin cancer
after kidney transplantation: multivariate analysis

NMSC
adjusted HR  95% CI P-value
PKD1 truncating mutation (yes/no) 0.39 0.21-0.72 0.002
Age (per 10 years) 1.85 1.26-2.71 0.001
Sex [male vs female) 3.68 1.95-6.95 < 0.001
skin phototype < 3 {yes/no) 1.70 0.67 - 4.33 0.26

Antithymocyte antibodies (yes/no) 0.58 0.32-1.06 0.076
MMEC (nonmelanoma skin cancer), PKD (polycystic kidney disease), HR (hazard ra-
tio), Cl iconfidence interval).

28



Poisson regression was used to consider patients with more than one skin cancer.
Despite adjustment for age, sex, skin phototype and induction with antithymocyte anibodies,
PKDI nontruncating mutation was a predictor of multiple skin cancer after transplantation
[OR for each additional skin cancer: 2.08, 95% CI (1.45-2.94), P < 0.001]. We did not adjust
on the duration of follow-up because it was similar in the two groups (11.4 + 6.2 years with a

truncating mutation and 11.6 £+ 6.9 years with a nontruncating mutation).
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DISCUSSION

Our analysis indicates an increased risk of developing both NMSC and multiple
NMSC after kidney transplantation in a specific population, patients with a PKDI
nontruncating mutation. Indeed, this mutation effect remained a risk factor for the
development of BCC, SCC and Bowen’s disease, even after adjustments for age, sex, skin
phototype and immunosuppressive induction'*". Of note, a low CD4 lymphocyte count has
been associated with skin cancers in kidney transplant recipients16 but was not confirmed in
all studies'’. Our results did not reveal an increased risk for patients with a PKD2 mutation or
no mutation detected. Nonmelanoma skin cancers are a concern because they are the most
common cancers after transplantation'* and are associated with significant morbidity and

mortality.

Our distribution of genetic status was consistent with that of other ADPKD
cohorts™®® : 84% with PKDI mutation (72.8% truncating and 27.2% nontruncating), 7.8%
PKD?2 mutation and 8.2% no mutation detected. Proportions and incidence of NMSC after
transplantation agreed with other studies, also in polycystic cohorts'®, and concerning the
increased risk in patients with ADPKD as compared with other kidney disease (20.1% vs
9.9% in all patients who underwent transplantation in Tours). This results have been showed
in our cohort of renal graft recipient with ADPKD' and in two large retrospective american
studies'""’. Finally, mean age at ESRD onset was 51.1 + 8.4 years with a truncating mutation

and 53.3 + 10.4 years with a nontruncating mutation. This difference was less than in the

Genkyst cohort, finding a median age at ESRD onset of 55.6 and 67.9 years, respectively®.

Nevertheless, several works found a strong correlation between the type of PKDI
mutation and renal survival’. Indeed, results of renal survival in patients with a truncating or
nontruncating PKDI mutation were confirmed in a large study of 1120 patients®. Moreover,
PKDI mutation types have been analysed in more detail. Truncating mutations (frameshifting
indels, nonsense mutations, canonical splicing changes, and in-frame indels > 5 amino acids)
were defined as mutation strength group 1 (MSGI1) and nontruncating mutations (missense,
in-frame indels < 4 amino acids and noncanonical splicing events) as strongly predicted
(MSG?2) and weakly predicted (MSG3) nontruncating by bioinformatics assay. Severe disease

was associated more with strong than weak predicted nontruncating PKD1 mutations®.
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The effect of the type of mutation in patients with ADPKD on the incidence of NMSC
after transplantation has never been studied. This is the first study to reveal this finding. The
underlying mechanisms linking PKDI nontruncating mutation and NMSC are not clear;
however, genetic factors such as interleukine-10 genotype seem associated with skin cancer in
renal transplant patients®’. We therefore hypothesized that there might be candidate genes
influencing cutaneous tumorogenesis. For instance, the C-AMP response element (CREB)
gene is located in the short arm of chromosome 16 at position 13.3 as for the PKDI gene.
Changes in the structure of chromosome 16 are associated with several types of cancer. An
example is acute myeloid leukemia with chromosomal translocation disrupting the region of
chromosome 16 containing CREB. CREB-binding protein plays a role in regulating cell
growth and division, which helps prevent the development of cancers. The effect of mutation
types of ADPKD patients on the incidence of NMSC could be related to a genetic local effect
related to CREB. In fact, genomic analysis of lymph node metastases from primary SCC
showed frequent (28%) CREBBP mutation?'. The role of CREBBP in SCC is unclear, but a
second study found CREBBP inactivation associated with tumor progression in SCC*.

In the same way, dysregulation of the epidermal growth factor (EGF) gene, located on
chromosome 4 near PKD?2, has been associated with the growth and progression of certain
cancers, and perhaps NMSC?. It could be a candidate gene. However, our results showed no
difference in occurrence of NMSC with and without a PKD?2 mutation, perhaps because of the
small number of patients.

Thus, the mutation position could be important (Appendix 2, p.35), so we separated
PKDI mutations in two groups, 3’ half versus 5’ mutation position. Codon 2151 is the
midpoint in the PKD1 coding region. The two mutation groups did not differ in incidence of
NMSC. The only reported allelic effect of ADPKD causing genes was a weak effect of PKD1
mutation position on the severity of renal disease®* and the occurrence of intracranial
aneurysms”, with 5’ mutations more severe than 3’ mutations; analysis performed in a larger
cohort showed no difference either®.

Polycystin-1, the protein encoded by PKDI and underexpressed in the presence of
PKDI mutation, has a role in cation transport, mechanosensitivity, cell-cell/matrix
interactions and also regulation of the cell cycle. The neoplastic nature of renal cysts in
ADPKD has been recognized for several years26. Zheng et al.?’ reported that in vitro
overexpression of polycystin-1 induced apoptosis and cell cycle arrest in the Go/G1 phase in

cancer cells. As the authors hypothesized, another explanation for our results could be a
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potential suppressor tumor role of polycystin-1, which is expressed in many tissues, in
particular the skin®.

Finally, our findings suggest a genetic predisposition of developing NMSC after
kidney transplantation. The two categories of nontruncating mutation (MSG2 and MSG3)
may explain our results. Disease severity did not differ by mutation types or truncating and
nontruncating PKD2 mutations (but the frequency of nontruncating mutations was low).

Pathophysiologic explanations remain to be demonstrated.

Of note, the incidence of solid cancers (excluding skin cancers) or PTLD after
transplantation for patients with and without ADPKD was previously analysed and did not
significantly differ in renal graft recipients who underwent transplantation at our institution'’,
Again, PKDI nontruncating mutation carriers are an exception in that they more frequently

exhibited solid organ cancer than did other patients (data not shown).

Several study limitations must be considered. First, in our PKD2 and NMD
populations, the issue of allelic effect on the incidence of NMSC after transplantation was not
addressed because of the small number of patients. These two populations were too different
to be compared. Second, we could not test other risk factors for NMSC, such as sun exposure,
HPV infection or tobacco consumption. Of note, nearly all the patients lived in the center of
France and were of caucasian origin. Furthermore, this study was a retrospective analysis, and
some information may not have been available. Finally, among the 305 patients with ADPKD
who underwent transplantation in our institution, 60 could not be genotyped because of death

and/or graft failure at the time of data collection.

In conclusion, we showed a significant association between the type of mutation and
nonmelanoma skin cancer in renal graft recipient with ADPKD. We found a nontruncating
PKDI mutation as an independent risk factor for developing NMSC after kidney
transplantation. This is the first study of genetic predisposition of NMSC developing after
kidney transplantation in these patients. Therefore, ADPKD genetic information can identify a
population at increased risk that requires close clinical monitoring. Preventing skin cancer
should be a major concern in these patients. Finally, the genetic mechanisms underlying these

results need to be investigated in detail.
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APPENDICES

Appendix 1: Consent form for genetic testing

Formulaire de consentement.

Je soussigné Mr, Mme, Mlle né(e)le / /  etdemeurant

Certifie :

= Avoir été informeé de la nature et des objectils des analyses proposées par le Dr

= Accepter que le prélévement de sang soit effectué pour ["analyse de I"ADM
A des fins de recherche (étude n=1)
A des fins médicales (étude n®2)

- Autoniser, a des fins de recherche le recueil, la saisie et I"analyse des données contenues dans
mon dossier médical, dans le plus strict respect du secret médical. Le traitement informatigue
et statistique de ces données sera mené par 'investigateur de "étude ou pour son compte en
respect des informations prévues par la loi informatique et liberté (article 40}

- Avoir éé informé que mon échantillon d’ADN sera stocké sous forme codée de maniére a ce
que mon identité reste confidentielle. La durée de stockage a été fixée a 10 ans, période au
bout de laquelle mon échantillon sera détruit.

= Savoir que je peux a tout moment demander des informations complémentaires

= Savoir que je peux refuser de participer sans en indiquer les raisons, ou relirer ma
participation 4 tout moment

- Savoir que je peux demander la destruction de mon échantillon d’ADN en contactant le
Professeur Lebranchu et le laboratoire de biochimie et biologie moléculaire du CHRU de
Tours.

Fait en quatre exemplaire (dossier, patient, un par laboratoire) & Tours le

Signature du patient Signature du médecin
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Appendix 2. Gene structure of PKD1, showing the intron/exon structure. Exons are shown
with solid box; introns are shown with thin line arrow heads; 3' and 5' UTR regions are

indicated by open boxes. Some exons numbers are labelled above. This graph was generated
by using UCSC genome browser.
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Appendix 3: Listing of detected mutations, with genetic location, number of patients with
the mutation and NMSC associated. (a) PKD1 truncating mutations (x3), (b) PKD1
nontruncating mutations, (c) PKD2 mutations

(a)
PKD1 truncating mutations Exon Intron Num-ber Ok Bercntis) st
patients NMSC
c.74 T5delinsT 1 - 1 -
c.74del 1 - 1 -
grande délétion 1 - 1 1
c.114del 1 - 2 1
c.1029del 5 - 2 1
c.1445del 7 - 2 -
p.E499% 7 - 1 -
c.1751_1757del g - 1 -
c.2444 2445ds 11 - 1 -
c.24%94dup 11 - 2 1
p.QT18% 11 - 2 -
c.2886 2887del 12 - 1 -
c.2901del 12 - 1 -
p.Glut073%c 3217G=T) 14 - 1 -
£.3423 3484del 15 - 1 -
©.3538 3538dup 15 - 1 -
£.3812_3813del 15 - 2 -
c.3920dup 15 - 1 -
c. 4247 4248del 15 - 1 -
c.4375del 15 - 1 -
c.4580del 15 - 1 1
c.4924del 15 - 1 -
c.5014 5015del 15 - (] 3
£.5598 6600del 15 - 1 -
c.5778del 15 - 1 -
c.5968 59369del 15 - 5 3
£.5982 5994del 15 - 2 -
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(a2)

PKD1 truncating mutations Exon Intron Num.ber OF Patient(slwie,
patients NMSC
c.6247 B25%up 15 - 1
c.6549 B550del 15 - 1 1
c.B577 _B583del 15 - 1
c.B720 BV21del 15 - 2
c.B727 B728del 15 - 1
c.6994 7000del 15 - 1
p.5968-5969de] 15 - 2 1
p.GIn1621%(c 4861C=T) 15 - 1
p.GIn2158%(c B4T2C=T) 15 - 1
p.Q2011X 15 - 1
p.Q2158% 15 - 1
p. Tyr1693%(c 5079C=A) 15 - 1
c.74dup 15 - 1
p.Q1875X 15 - 1
c.5981_59%4delinsG 15 - 1
c.6994 7000del 16 - 1
c. 7113 _7114del 17 - 1
c.7390del 18 - 1
p.Arg2430%(c. 7288C=T) 18 - 3 2
p.R2430% (c.7288C=T) 18 - 1
c. 7737 _T747del 20 - 3 1
p.Q2602X 20 - 1
p.Q2606X 20 - 1
c.7870del 21 - 1
p.GIn2641%(c. 7921C=T) 21 - 1
p.Y2622% 21 - 1
c.8070del 22 - 1
PED1delE22 22 - 1 1
c.8420 B430del 23 - 1
c.8435del 23 - 1
p.Q27T84% 23 - 1 1
p.Tyr2891*%c_8973C=G) 25 - 1
c.9202-2A=G 26 - 1 1
p.W3263% 29 - 1
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(a3)

PKD1 truncating mutations Exon Intron Num-l}er OF | Paventia) with
patients NMSC
c. 1007 3del 3 - 1 -
c.10215dup 32 - 2
c.10050+574 10499+392de| 32,33 - 1 1
c10739del 36 - 1 -
¢ 10845 10950dup 37 - 1 -
c. 1107-1G=C 38 - 1
p.Trpd726%(c 11177G=A) 39 - 1 -
p.W3T26X 34 - 2
c. 11314 11324del 40 - 3
c.11386dup 40 - 1
pQ3IB21K 44 - 1 -
p.Q3821% 41 - 1 -
c.11554del 42 - 1 1
c. 11792 11793dup 43 - 1
c.11923 1134 2de| 43 - 2 1
p.W3939X 43 - 1 1
p.Q3355K 43 - 1 -
p-Gln4004%(c 12010C=T) 44 - 1 1
p. Q404 2% 44 - 2 -
pGInd004* 44 - 2 -
p.R4021X 44 = 1 =
c.12253del 45 - 1 1
c.12440dup 45 - 4 2
c. 12608 12635del 46 - 1 -
p. Q4241 46 - 2 -
pArgd021%(c 12061C=T) 1/42-45 - 1
c.6831del - p.R427EWW 15 - 46 - 1 -
PKD1Dele25-46 25 to 46 - 1 =
c.9397+744 10221-73del 27 to 32 - 3 2
c.10051-519_10499+338del 31a3a3 - 1
c.35942T=G - 3 1 1
c. 1202-1G=C - 5 1 -
c A722+1 1722+ 3delins AGT - B 3 1
c.298545G=C - 13 1 1
c.3161+5G=T - 13 1 -
c.3296-1G=T - 14 2 -
c.6915+2T=C - 15 1 -
c B017-2A-5 - 21 2
c.10821+1G=A - 36 8 3
c.12004-2A>0 - 43 4 2

38



(b)

PKD1 nontruncating mutations Exon Intron Num!}erof Ratienlis} With
patient NMSC
p-Leu56Pro 1 g
p.C155Y 4 1
variation p.L385R g 2 2
p.A432V B 1
pVald60Asp B a3
p.Args11Trp (. 1831C=T) 9 1
p. Y6980 [ 2092T=3G) 10 4 4
p.AlaB00Glu 11 1 1
p.Leu727Pro (c.2180T=C) 11 3 1
c.3719_3721del 15 1 1
p.W2298R 15 2
p.y20280 15 1
p.Cys2370Arg (c.7108T=C) 17 2 1
c 7236 7238delCCA 18 1
p.AZ407P 18 1
p.T2422P 18 3 3
c.8284 8295del 23 1 1
C.8557 8562del 23 1
p.E2TT1K (c.B311G=A) 23 1
p.T3126 26 1
c 9564 9566del 27 1
p.G3144E 27 2
p.G3144R 27 1
p.T3135M 27 1
p.Val3184Gly (c. 9551T=G) 27 2 1
p.F3213L 28 1
c: 9859 9861del 29 1
p.W32635 29 1
p.Gly36514sp (c 10952G=A) 37 3 2
p.L3667P 3 1
c. 11249 11250delinsAl(p R37500Q) 39 2 1
p.Leu38s0Pro (c. 11639T=C) 42 1
£.11980_11988dup 43 2
p.R4Z7BW 45 1 1
p.N775 2 2 1
variation p.Arg3835Prolc. 11504G=C) 41 i
p.K414TE 45 1
p.Y325C 5 1 1
1

c.1246_1248del
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PKD2 mutations Exon Intron Num%&erof Patsant{n) with
patient MNMSC
p.Glud5"c 283G=T) 1 - 1 1
c.817_818del 3 - 1
p.GIn255%c 763C=T) 3 - 1 1
p.Arg306%(c. 916C=T) 4 - il
p.Arg325%c 973=T) 4 - 1 1
c.1175_1177del 5 - 1
p.R4B4K B - 1
p.RA92¥X B - 1 1
p.Argbod*{c 1960C=T) 9 - 1 1
p.RB654X 9 - 1 1
p.KT35% 11 - 1
p.LysT35%c.2203A=T) 11 - 1
c.2568 2569del 14 - 3 2
p.Arg325GIn 14 - 1]
del10-15 {g. 88983145 g.89011203 10215 - 1
C.224041G=A - 11 1
DelPKD2 - - 1
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Résumé : La polykystose rénale autosomique dominante (PKRAD) est la premiére cause
génétique d’insuffisance rénale, avec principalement des mutations des genes PKDI (75%) et PKD2
(15%). Elle mene dans de nombreux cas a une transplantation rénale. Plusieurs études ont montré que
les patients présentant une mutation de PKD/ présentaient une insuffisance rénale terminale 20 ans
plus tdt que ceux présentant une mutation de PKD?2. Par ailleurs, le traitement immunosuppresseur au
long cours, nécessaire apres une transplantation, est connu pour favoriser la survenue de cancers
cutané non mélanomateux (CCNM). Dans plusieurs cohortes, la PKRAD est un facteur de risque
indépendant de développement de CCNM apres transplantation rénale. Jusqu'a présent, il n'existe
aucune cause connue, y compris génétique, permettant d’expliquer 1'association entre I'ADPKD et
lI'incidence des CCNM apres transplantation. L’objectif de cette étude est d’évaluer si un type de
mutation de PKDI ou PKD?2 est associé a un risque accru d’apparition de CCNM.

Nous avons mené une étude rétrospective monocentrique incluant tous les patients atteints de
PKRAD transplantés rénaux au CHU de Tours de 1987 a 2016. Nous avons utilisé notre base de
données clinico-biologique, comprenant des études génétiques, et effectué des analyses multivariées
avec ajustement sur les facteurs de risque de CCNM.

Nous avons inclus 245 polykystiques transplantés rénaux: 206 (84,1%) avaient une mutation
de PKDI et 19 (7,8%) de PKD2. La durée moyenne de suivi était de 10,8 + 6,3 ans. Au total, 162 cas
de CCNM ont été diagnostiqués pendant la période de suivi, chez 69 patients (28,2%). L'incidence des
CCNM a 20 ans en cas de mutation de PKD] était de 48,9%. Le risque de CCNM était plus faible en
cas de mutation de PKD/ troncante par rapport aux non troncantes (p=0,023). Ce risque restait
significatif en analyse multivariée apres ajustement sur 1'dge, le sexe, le phototype et le traitement
immunosuppresseur d'induction (risque relatif a 0,37 IC 95% [0,21-0,68], p<0,01). Une mutation
PKD1 non troncante était également un facteur de risque de multiple CCNM aprés transplantation en
anlyse multivariée [Odds ratio pour chaque CCNM supplémentaire: 2,08 IC 95% (1,45-2,94),
P<0,001]. Nos résultats montre qu’étre porteur d'une mutation non troncante de PKD/ est un facteur
de risque indépendant du développement de CCNM apres une transplantation rénale.

Mots-clés: - Polykystose rénale autosomique dominante
- Cancer cutané non-mélanomateux
- Transplantation rénale

- Mutation de PKD1
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