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ABSTRACT
◥

The success of genome-wide association studies (GWAS) in
identifying common, low-penetrance variant-cancer associations
for the past decade is undisputed. However, discovering additional
high-penetrance cancermutations in unknown cancer predisposing
genes requires detection of variant-cancer association of ultra-
rare coding variants. Consequently, large-scale next-generation
sequence data with associated phenotype information are needed.
Here, we used genotype data on 166,281 Icelanders, of which, 49,708
were whole-genome sequenced and 408,595 individuals from the
UK Biobank, of which, 41,147 were whole-exome sequenced, to test
for association between loss-of-function burden in autosomal genes
and basal cell carcinoma (BCC), the most common cancer in
Caucasians. A total of 25,205 BCC cases and 683,058 controls were
tested. Rare germline loss-of-function variants in PTPN14 con-
ferred substantial risks of BCC (OR, 8.0; P ¼ 1.9 � 10�12), with a

quarter of carriers getting BCC before age 70 and over half in their
lifetime. Furthermore, common variants at the PTPN14 locus
were associated with BCC, suggesting PTPN14 as a new, high-
impact BCC predisposition gene. A follow-up investigation of
24 cancers and three benign tumor types showed that PTPN14
loss-of-function variants are associated with high risk of cervical
cancer (OR, 12.7, P ¼ 1.6 � 10�4) and low age at diagnosis. Our
findings, using power-increasing methods with high-quality rare
variant genotypes, highlight future prospects for new discoveries
on carcinogenesis.

Significance: This study identifies the tumor-suppressor gene
PTPN14 as a high-impact BCC predisposition gene and indicates
that inactivation of PTPN14 by germline sequence variantsmay also
lead to increased risk of cervical cancer.

Introduction
Basal cell carcinoma (BCC) arises in the basal cells of follicular or

interfollicular skin. Mortality from BCC is very low and it rarely

metastasizes. However, its high incidence and tendency to occur as
manyprimary lesionsmeans that it is a substantial clinical andeconomic
burden (1). As with the other major forms of skin cancer, the main
environmental risk factor is UV irradiation, derived primarily from
exposure of unprotected skin to sunlight or artificial UV sources (2).

Some sequence variants confer high risk of BCC. Gorlin syndrome,
characterized by a high propensity to develop early onset and multiple
primary BCC, is caused by mutations in the PTCH1, PTCH2 or SUFU
genes, components of the Hedgehog (Hh) signaling pathway (3, 4).
Patients with xeroderma pigmentosum carry mutations in DNA
excision repair genes and have high risks of developing early onset
BCC (1). Approximately 33 common, low- or moderate-risk suscep-
tibility loci have been reported from genome-wide association studies
(GWAS; ref. 5). These loci often, but not always, affect pigmentation
traits and UV sensitivity (6–8).

Several germline predisposition genes are mutated somatically in
BCC tumors, for example, PTCH1, SUFU, TP53, MYCN, CASP8,
and TERT (9–13). Even though the majority of tumors acquire
mutations in the Hh pathway and/or TP53 genes, somatic sequence
variants have also been reported in the protein tyrosine phosphatase
gene PTPN14, a key modulator of the Hippo–YAP pathway (9, 14).
That finding suggests that deregulation of Hippo–YAP signaling plays
a key role in BCC pathogenesis, a notion with some experimental
support (15, 16). However, germline sequence variants in PTPN14 or
any other Hippo–YAP pathway components predisposing to cancer
have hitherto not been found.
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Here, we used large next-generation sequencing training sets from
Iceland and the UK Biobank to enable the imputation of rare, loss-of-
function variants in chip-typed individuals in each population. We
used this extensive information on genetic variation to carry out gene-
level loss-of-function burden tests to look for new BCC predisposition
genes. We report that germline loss-of-function mutations in PTPN14
confer high risk of BCC.

Sequence variants that predispose to BCC can also confer risk of
other forms of cancer. For example, patients with Gorlin syndrome are
strongly predisposed to develop medulloblastoma and the BCC-
associated TP53 variant confers increased risk of gliomas, prostate
cancer, and colorectal adenoma (4, 12). The Hippo–YAP pathway has
previously been implicated in human papillomavirus (HPV) patho-
genesis and in a number of human cancers besides BCC (17–24).
Interestingly, our follow-up investigations of the PTPN14 mutations
revealed a dramatically increased risk of cancer of the uterine cervix
and suggestive evidence of an association with growth hormone (GH)
secreting pituitary adenomas.

Materials and Methods
An overview of the study populations and methods

In this study, we combine whole-genome and whole-exome
sequence data with datasets based on imputation of thus identified
sequence variants into chip-genotyped individuals and their relatives
to perform loss-of-function burden tests for association with BCC.We
have sequenced the whole genomes of 49,708 Icelanders to a median
coverage of 37x and imputed the resulting sequence variants into
116,573 Icelanders who had chip genotypes and 290,482 of their close
relatives. We also analyzed exome sequence data from 41,147 parti-
cipants of British ancestry in the UK Biobank (25) and imputed the
resulting sequence variants into the remaining 367,448 participants of
British ancestry who had only chip genotypes (Fig. 1A). We applied a
gene-based loss-of-function burden test, which tests for association
with the combined count of all rare loss-of-function alleles [minor
allele frequency (MAF) <2%] in each gene, to test for association
among 25,205 BCC cases and 683,058 controls (Supplementary Tables
S1–S2). To maximize the number of variants tested, we combined
imputable loss-of-function variants (which are testable in chip-
genotyped individuals) with non-imputable variants (which can be
tested only in sequenced individuals) by including sequencing
status as a covariate in the test for association. That way we were
able to increase the sample size and hence the power to detect
association with a gene, as well as more genes being tested in total
(Fig. 1B and C; Supplementary Fig. S1A–S1H). Analyses that are
restricted to imputed samples only would fail to include the rarest
variants, for example, singletons—sequence variants only observed
once in a dataset. The approaches used to restrict to high-quality
sequence variants in the burden tests in Iceland are described in
detail in the Supplementary Material. Results for loss-of-function
burden tests from both populations were combined by a meta-
analysis on the gene level.

The Icelandic study population
Genotype data

The extensive genotype information on the Icelandic population has
been previously described (26). In brief, Illumina technology, includ-
ing GAIIx, HiSeq, HiSeqX, and NovaSeq machines, was used to
sequence thewhole genomes of 49,708 Icelanders to amedian coverage
of 36.9x (mean depth of at least 17.8x) at deCODE genetics. Genotypes
of SNPs and indels were identified and their genotypes jointly called

using Graphtyper (version 1.4; ref. 27). All the sequenced individuals
had also been chip-typed and long-range phased (28) and information
about haplotype sharing was used to improve genotype calls. The
variants foundwere then imputed into 116,573 Icelanders whoseDNA
had been genotypedwith various Illumina SNP chips and phased using
long-range phasing. Using genealogic information, genotype proba-
bilities for 290,482 untyped relatives of the genotyped individuals were
calculated to further increase the sample size for association analysis
and to increase the power to detect associations. To annotate sequence
variants, predicted variant consequence terms as defined by the
Sequence Ontology Project (29) were applied to variants via Ensembl
release 92 and variant effect predictor (VEP) version 92.1 (30) accord-
ing to our previously described scheme (31). As an example, the
Sequence Ontology’s definition of a splice region variant is: “A
sequence variant in which a change has occurred within the region
of the splice site, either within 1–3 bases of the exon or 3–8 bases of the
intron.”

Phenotype data
The Icelandic BCC dataset consisted of 5,574 histologically con-

firmed cases with associated ICD10 (C44) and SNOMED-M (8090–
8094, 8097, 8098) codes and 294,094 controls. The controls were
recruited through different genetic research projects at deCODE
genetics and collectively approximate a population sampling of the
at-risk age groups. Association testing was performed with age, age
squared, gender and an indicator function for the overlap of the
lifetime of the individual with the time span of phenotype collection
as covariates to account for differences between cases and controls.
Other Icelandic cancer/benign tumors case–control datasets usedwere
described previously (12, 32–34). Information on cancer diagnosis in
genotyped individuals in Iceland is from the population-based Ice-
landic Cancer Registry (ICR; ref. 35), which has registered all solid,
non-cutaneous cancers in the entire population of Iceland since 1955
but registration of skin and hematological cancers started in the 1980s.
ICR registration is based on the ICD system and includes information
on histology (systemized nomenclature of medicine, SNOMED).
Collectively, over 94% of diagnoses in the ICR have histological
confirmation, whereas for BCC, case definition is solely based on
histological confirmation. Thyrotropin (thyroid stimulating hormone;
mIU/L) was measured in blood samples of Icelanders seeking medical
care between the years 1997 and 2017 at the Landspitali University
Hospital or at the Clinical Laboratory in Mjodd, Reykjavik, Iceland.
Themeasurements were normalized to a standard normal distribution
using quantile–quantile normalization and then adjusted for center,
gender, year of birth and age at measurement. For individuals for
which more than one measurement was available we used the average
of the normalized value. The study was approved by the National
Bioethics Committee in Iceland (IRB approval no.VSN-20–004) and
written informed consent was obtained from all participants.

The UK Biobank study population
Genotype data

We downloaded the FE version of the UK Biobank plink-formatted
exome files (field 23160; see URLs) for 49,991 samples (41,147 of
white-British ancestry). The quality control applied to variants in the
UK Biobank exome sequencing data has been described, with single-
tons validated by visual inspection using criteria that have been shown
to correlate well with Sanger validation (36). Variants were mapped in
house to National Center for Biotechnology Information (NCBI)
Genome Reference Consortium Build 38 (GRCh38). Whole-exome
sequence variants passing filters (MAF > 0, genotyping yield > 0.5,
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HWE P > 0) were then used to create a haplotype reference panel that
was phased using the phased genotype chip data of 408,595 indivi-
duals (25). The genotypes from the exome-sequencing were then
imputed into the chip-typed individuals (367,448 of white British
ancestry) using in house methods (26, 28). Variants consequence was

annotated using VEP version 92.1 (30) and a single VEP annotation
was assigned to each sequence variant according to our previously
described scheme (31) using Refseq genes from Ensembl release 92.
We visually examined the binary alignment files for the 10 variants
from UK Biobank included in the combined analysis of PTPN14 gene

Figure 1.

Gene-based loss-of-function burden association testing with BCC in Iceland and the UK Biobank. A, An overview of the datasets used in the study. Sequenced
samples are whole-genome sequenced in Iceland and whole-exome sequenced in the UK Biobank. The data from the UK Biobank are restricted to individuals of
white-British ancestry. Association testing in Iceland additionally uses familial imputation of first- and second-degree relatives of the individuals in the sequenced
and imputed datasets. Genes with >4 loss-of-function allele carriers in at least one population were included in the association testing. As shown in B for
Iceland and C for the UK Biobank, the number of genes tested is increased when sequenced and imputed samples are combined, irrespective of the number of
loss-of-function allele carriers considered, >4, >100, or >1,000.
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burden in Iceland and the UK to confirm their quality. All passed a
threshold of amean sequencing depth >12 and an allelic balance >0.24.

Phenotype data
The UK Biobank BCC data consist of 19,631 histologically con-

firmed cases and 388,964 controls of European ancestry (self-reported
white British with similar genetic ancestry based on principal com-
ponent analysis and with consistent reported and genetically deter-
mined gender), recruited between 2006 and 2010 ages 40–69, and with
follow-up until 2016 (25). In addition to limiting the set of controls to
individuals of European ancestry, association tests included age,
gender, and 40 principal components as covariates. Data on cancer
diagnoses, year of diagnosis and deaths were provided to the UK
Biobank by the Medical Research Information Service based at the
National Health Service Information Center (UK) and The Informa-
tion Services Division, a part of NHS Scotland (see URLs). Cancer
registries collect information on cancer diagnoses from hospitals,
cancer centers, treatment centers, hospices, nursing homes, private
hospitals, cancer-screening programs, other cancer registers, general
practices, death certificates, Hospital Episode statistics, and cancer
waiting time data. Completeness of case ascertainment in English
cancer registries has been reported as 98%–99%, in a study linking
routine cancer registration with information from the Hospital Epi-
sode Statistics database (37). BCCwas ascertained from cancer registry
data using ICD10 (C44) and SNOMED-M (8090–8094, 8097, 8098)
codes (data-fields 40006 and 40011, respectively), indicating cutane-
ous BCC. Cervical cancer was ascertained using ICD10 code C53
(Malignant neoplasm of cervix uteri). Pituitary adenoma was ascer-
tained as ICD10 D35.2 (Benign neoplasm: Pituitary gland), acromeg-
aly as E22.0 (Acromegaly and pituitary gigantism), hyperprolactinae-
mia as E22.1 (hyperprolactinaemia), and Cushing syndrome as E24
(Cushing syndrome). Ethical approval for UK Biobank was received
from the NorthWest Research Ethics Committee (REC 11/NW/0382)
and written informed consent was obtained from all participants.

The 23andMe study population
The 23andMe BCC study population has been described previous-

ly (38). Briefly, BCC cases were self-reported in answers to online
questionnaires. The validity of the self-reporting was determined by
medical record review of a subset of cases. Subjects were genotyped on
Illumina BeadChip platforms. Individuals were included in the study if
they had >97% European ancestry as determined from genotype data.
23andMe, Inc., a genetics company provided free access to anon-
ymized genetic and phenotypic data. All information came from
research participants who provided informed consent to participation
in research, in accord with 23andMe’s human subjects protocol
(reviewed and approved by Ethical and Independent Review Services,
an AAHRPP accredited IRB).

Statistical analysis
Weused logistic regression assuming an additivemodel in the case–

control analyses to test for association between loss-of-function gene
burdens and BCC/other cancers/benign tumors, treating disease status
as the response and genotype counts as covariates, using likelihood
ratio test to compute two-sided P values. Individuals were coded as 1 if
they carry any of the loss-of-function variants (splice acceptor, splice
donor, stop gained, frameshift, stop lost, start lost) in the autosomal
gene being tested and as 0 otherwise. Themodel also includes available
individual characteristics that correlate with phenotype status. In
Iceland, these are: County of birth, gender, current age or age at death
(first and second order terms included), availability of blood sample for

the individual and an indicator function for the overlap of the lifetime
of the individual with the time span of phenotype collection. For the
UKBiobank association testing, 40 principal components were used to
adjust for population substructure and age and gender were included
as covariates in the logistic regression model. The association analysis
for both the Icelandic and the UK Biobank datasets was done using
software developed at deCODE genetics (26). We used linkage dis-
equilibrium (LD) regression to account for inflation in test statistics
due to cryptic relatedness and stratification (39). LD scores were
downloaded from an LD score database (see URLs). With a set of
1.1 million variants, we regressed the x2 statistics from our association
tests on the LD scores and used the intercept as a correction factor. P
values were then adjusted by dividing the corresponding x2 values by
the correction factors. The estimated correction factor for BCC based
on LD score regression was 1.24 for the Icelandic and 1.07 for the UK
datasets, respectively.

Meta-analysis was performed on the summary results from Iceland
and theUKusing afixed effects inverse varianceweightedmethod (40),
in which the datasets were allowed to have different population
frequencies for alleles and genotypes but were assumed to have a
common odds ratio (OR) andweightedwith the inverse of the variance
of the effect estimate derived from the logistic regression.

The quantitative trait, normalized and adjusted measurements of
thyrotropin, was tested using a linear mixed model implemented in
BOLT-LMM (41).

RNA-sequencing analysis
For the RNA analysis, data from the GTEx database were used as

described in the Supplementary Material.

Gene-burden
We collapsed rare and low frequency (<2% minor allele frequency)

loss-of-function variants by autosomal genes for the gene-based
burden tests performed (42, 43). Assuming that all loss-of-function
variants have the same phenotypic effect, collapsing genotypes across
the variants maximizes the power to detect association (44). Only
variants with imputation information >0.8 were included in the
genotype collection among the imputed samples. We report carrier
status among imputed samples if genotype probability exceeds 0.9.
Previously reported loss-of-function burden tests have used arbitrarily
chosen frequency thresholds (45) up to 5%, with some as low as 0.1%
MAF (46) as a way to attenuate the probability of false-positive loss-of-
function variants in the burden test. Here, we filtered on loss-of-
function MAF below 2% because pathogenic variants can be of higher
MAF in populations with the founder effect, such as in Iceland (32, 47).

We used UCSC as a source for Refseq Protein coding genes. The
number of Refseq autosomal protein coding genes is 18,482 (P value
threshold: 0.05/18,482¼ 3� 10�6).We restricted our analysis to genes
with at least five copies of loss-of-function alleles in at least one of the
populations as we do not have the power to detect association with
rarer combined loss-of-function variants. This approach resulted in
11,149 and 14,912 genes being tested for association with BCC in
Iceland and the UK Biobank, respectively, and a total of 15,294 genes
included in the meta-analysis (Fig. 1A; Supplementary Table S3).

Data availability statement and URLs
The authors declare that the data supporting the findings of

this study are available within the article, its Supplementary Data
files and upon reasonable request. The UK Biobank data can be
obtained upon application (ukbiobank.ac.uk). The summary data
from the loss-of-function gene-burden tests for BCC will be made
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available at http://www.decode.com/summarydata. URLs: UK Bio-
bank cancer data: http://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/
CancerLinkage.pdf, LD score database: https://data.broadinstitute.
org/alkesgroup/LDSCORE/eur_w_ld_chr.tar.bz2, the UK Bio-
bank exome sequence data: http://biobank.ctsu.ox.ac.uk/show
case/label.cgi?id¼170.

Results
We found 27,251 and 165,810 rare loss-of-function variants in

11,852 and 16,976 genes in Iceland and the UK Biobank, respectively,
using whole-genome and whole-exome sequences (Fig. 1A). The
difference in number of variants found in the two datasets is primarily
because of differences in the nature of the two datasets. The Icelandic
sample represents a much larger fraction of the Icelandic population
than theUKBiobank of the British population (15% vs.0.08%), and the
Icelandic population is a founder population whereas the UK popu-
lation is a much larger and diverse population. Sequencing method,
sequencing depth, calling and quality control of polymorphisms may
also contribute to the difference. Of these variants, we were able to
impute 16,373 (60.1%) and 37,218 (22.5%) into Icelandic and UK
Biobank samples, respectively, with imputation information above 0.8
(Fig. 1A). The most common reason for failure of variants to impute
adequately was a lack of carriers in the sequenced set (Supplementary
Fig. S2). The greater fraction sampled of the Icelandic population than
the UK one mostly explains the higher imputation rate of rare variants
in Iceland (28).

Genome-wide results of the loss-of-function burden tests are shown
in Supplementary Fig. S3 (Manhattan Plot) and detailed in the
Supplementary Material Online. We found that the loss-of-function
variant burden in one gene, PTPN14, was associated with BCCwith an
OR of 8.2 [95% confidence interval (CI), 4.4–15.3; P ¼ 3.5 � 10�11].
Thirteen loss-of-function variants in PTPN14 were included in the
analysis, three from Iceland and 10 from the UK, with no overlap of
variants between the populations (Supplementary Table S4). The
variants were distributed throughout the gene and did not cluster in
a location that would suggest a partial loss-of-function, such as the last
exon (32, 48). To validate and improve the Icelandic imputations, we
used Sanger sequencing to confirm the PTPN14 variants in the
sequenced and imputed carriers as well as in 53 chip-typed relatives
(imputed as non-carriers) of the sequenced samples for two of the
rarest loss-of-function variants. In total, 148 Icelandic samples from
carriers and potential carriers were Sanger sequenced (Supplementary
Tables S5 and S6). The additional sequencing resulted in the identi-
fication of three additional imputed carriers and the reclassification of

five imputed carriers as non-carriers, changing the combined OR
estimate to 8.0 (95% CI, 4.5–14.3; P ¼ 1.9 � 10�12; Table 1; Supple-
mentary Table S6).

In the sequence data, we found two rare Gorlin syndrome loss-of-
function variants in PTCH1 in Iceland (Supplementary Table S7).
These sequence variants were not present in the BCC-affected carriers
of the PTPN14 loss-of-function variants. Similarly in the UK Biobank,
the BCC-affected carriers of the PTPN14 loss-of-function variants did
not carry Gorlin syndrome variants.

All of the PTPN14 loss-of-function variants are very rare. The most
common variants among the sequenced individuals were carried by 12
in Iceland [carrier frequency (CF)¼ 0.024%, ca. 1 in 4,000] and 4 in the
UK (CF ¼ 0.0097%, ca. 1 in 10,000; Supplementary Table S4). The
combined carrier frequency of PTPN14 loss-of-function variants in
Iceland was 0.034% among sequenced individuals and 0.065% among
imputed individuals, whereas the corresponding frequencies were
0.034% and 0.005% in the UK Biobank (Table 1). The lower carrier
frequency among imputed individuals in the UK Biobank was
observed because only one of the 10 variants found there could be
imputed. We estimate the population-attributable risk (49) for the
loss-of-function variants in PTPN14 in Iceland to be 0.33%. Given how
rare the loss-of-function variants are, we compared the probabilities of
BCC cases among carriers of the PTPN14 loss-of-function variants as
opposed to BCC cases among non-carriers using Fisher exact test and
confirmed that the results presented in Table 1 are not sensitive to the
choice of statistical test used (Supplementary Table S8).

The genome Aggregation Database (gnomAD, v2.1.1) of 141,456
individuals reports 27 individuals carrying a total of 23 loss-of-
function variants in PTPN14 (CF ¼ 0.019%). Most genes have fewer
observed loss-of-function variants than expected (median o/e ratio ¼
0.48) and the o/e ratio for PTPN14 is 14/59.9 ¼ 0.23 (canonical
transcript; ref. 50). Among the 13 loss-of-function variants in the
PTPN14 burden, two of the variants found in the UK, p.Ala928Gluf-
sTer36 and p.Arg74Ter, were found in individuals of European
ancestry in gnomAD (one copy each).

We were able to impute four of the 13 loss-of-function variants,
three in Iceland and one in theUKBiobank (Supplementary Table S9).
Three of the four associated nominally with increased risk of BCC, but
none passed genome-wide significance on its own (Supplementary
Table S4). Combined, association of the three Icelandic variants was
genome-wide significant [P ¼ 1.1 � 10�9, taking into account
the number of autosomal protein coding RefSeq genes in the genome
(P < 0.05/18,482 ¼ 3.0 � 10�6; refs. 51, 52)]. Association of the
10 UK variants combined was nominally significant and with an
effect consistentwith that in Iceland (Table 1,P for effect heterogeneity

Table 1. Association results for a meta-analysis of PTPN14 loss-of-function burden tests with BCC in Iceland and in the UK Biobank.

Sequenced samples Imputed samples Burden
Dataset N LOF Group Non-Carr Carr CF (%) Non-Carr Carr CF (%) OR (95% CI) P

Icelanda 3 Control 48,033 13 0.034 114,069 64 0.065 9.29 (4.54–19.03) 1.1 � 10�9

Case 1,658 4 2,428 12
UK Biobank 10 Control 39,229 11 0.034 349,710 14 0.005 6.08 (2.27–16.25) 3.2 � 10�4

Case 1,904 3 17,719 5
Combined 13 Control 87,262 24 — 463,779 78 — 8.02 (4.49–14.32) 1.9 � 10�12

Case 3,562 7 20,147 17

Note: Sample size weighted meta-analysis of P-values generated with Fisher exact test in the Icelandic dataset (sequenced and imputed samples): P value¼ 3.4�
10�10 and for the UK Biobank dataset: P value ¼ 5.8 � 10�5 (see Supplementary Table S8).
Abbreviations: Carr, number of individuals carrying a loss-of-function variant (genotype probability >0.9); CF, carrier frequency; CI, confidence interval; N LOF,
number of loss-of-function variants; Non-Carr, number of individuals who did not carry a loss-of-function variant; OR, odds ratio.
aPhenotype and imputed genotype information of first- and second-degree relatives of genotyped individuals is included in the association testing.

Olafsdottir et al.

Cancer Res; 81(8) April 15, 2021 CANCER RESEARCH1958

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/8/1954/3090481/1954.pdf by guest on 19 M

ay 2023

http://www.decode.com/summarydata
http://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/CancerLinkage.pdf
http://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/CancerLinkage.pdf
http://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/CancerLinkage.pdf
https://data.broadinstitute.org/alkesgroup/LDSCORE/eur_w_ld_chr.tar.bz2
https://data.broadinstitute.org/alkesgroup/LDSCORE/eur_w_ld_chr.tar.bz2
https://data.broadinstitute.org/alkesgroup/LDSCORE/eur_w_ld_chr.tar.bz2
http://biobank.ctsu.ox.ac.uk/showcase/label.cgi?id=170
http://biobank.ctsu.ox.ac.uk/showcase/label.cgi?id=170
http://biobank.ctsu.ox.ac.uk/showcase/label.cgi?id=170
http://biobank.ctsu.ox.ac.uk/showcase/label.cgi?id=170


¼ 0.49). Excluding the single most significant loss-of-function variant
(c.-1_2delinsATGG found in Iceland, OR ¼ 8.9, P ¼ 9.7 � 10�8), the
remaining loss-of-function variants associated with BCC with an OR
of 7.3 (95% CI, 3.2–16.8; P ¼ 3.3 � 10�6; Supplementary Table S10).
The association with BCC remained significant if any one of the other
variants was left out (Supplementary Table S10). Therefore, the
combined loss-of-function burden effect was not overly dependent
on any single variant. Moreover, the association could not have been

detected with standard single-variant methods, but rather depended
on the use of burden testing.

The high penetrance of PTPN14 loss-of-function variants is appar-
ent in Fig. 2A and B that display BCC-free survival curves for carriers
and non-carriers in Iceland and the UK Biobank (Fig. 2A and B). In
Iceland, the probability of BCCby age 70 among carrierswas 27% (95%
CI, 12%–40%) compared with 3.4% (95% CI, 3.3%–3.6%) for non-
carriers. In the UK Biobank, the corresponding numbers were 26%

Figure 2.

Comparison of BCC event-free survival rate among
carriers and non-carriers of loss-of-function (LOF)
sequence variants in the PTPN14 gene among chip-
typed individuals in Iceland (A) and the UK Biobank
(B) using Kaplan–Meier survival curves. Number of
individuals in Iceland: 166,100, thereof 93 carriers.
Included in the survival analysis are all born before
2015 as last year of diagnosis is 2014. Number of
individuals in the UK Biobank: 408,595, thereof 33
carriers. Last year of diagnosis is 2016. Carrier status
¼ 1 if probability of collapsed LOF PTPN14 variant
genotype is larger than 0.9 in imputed samples.
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(95% CI, 2%–45%) and 6.4% (95% CI, 6.3%–6.5%). The Icelandic data
span a broader range of ages, and we estimate the probability of BCC
among carriers at age 80 as 44% (95% CI, 20%–60%) and among non-
carriers 7.1% (95% CI, 6.9%–7.4%; Supplementary Table S11). These
numbers are not as high as the estimated population incidence for
BCC (1), probably because the BCC cases have histopathologically
confirmed diagnoses and are therefore not inclusive of all BCC cases.
The PTPN14 loss-of-function variant burden was not associated with
age at diagnosis among BCC cases when tested using a linear model
(Iceland: b ¼ �4.9 years; 95% CI, �12.3 to 2.4; UK Biobank: b ¼ 1.6
years; 95% CI, �4.7 to 7.9; Supplementary Fig. S4A and S4B, Sup-
plementary Table S12).

We tested for association between the loss-of-function variants in
PTPN14 and 24 cancer and three benign tumor types. After accounting
for multiple testing with Bonferroni correction (P < 0.05/27 ¼ 1.9 �
10�3), cervical cancer associated with PTPN14 loss-of-function var-
iants with a large effect estimate (OR, 12.7; 95%CI, 3.4–47.6; P¼ 1.6�
10�4) with no evidence of heterogeneity between the effect estimates
from Iceland and theUKBiobank (Phet¼ 0.51;Table 2). Thisfinding is
driven by the Icelandic data as there were no carriers of PTPN14 loss-
of-function variants among the cervical cancer cases in the UK
Biobank. However, because of how rare the loss-of-function variants
are and how few cervical cancer cases are in the UK Biobank, the
probability of seeing no carriers is 0.35, given the strength of the

association in the Icelandic data. Among the Icelandic cervical cancer
cases, we found that the carriers of the PTPN14 burden were younger
at diagnosis than non-carriers (b ¼ �15.2 years; 95% CI, �29.3 to
�1.1; P ¼ 0.036; Supplementary Table S12, Supplementary Fig. S5).

We also saw a nominally significant association of PTPN14 variants
with pituitary adenoma (OR¼ 8.7 and P¼ 8.0� 10�3), which did not
survive correction for multiple testing. Pituitary adenomas are clas-
sified according to the type of pituitary hormones secreted (if any;
ref. 53). Combining the available phenotype data from Iceland and the
UK Biobank, we examined a sub-phenotype of pituitary adenoma
causing acromegaly (GH secreting) as well as indications of other types
of pituitary adenoma, that is, hyperprolactinaemia (prolactin-
secreting adenoma) and Cushing syndrome (ACTH-secreting adeno-
ma).We also examined the blood level of thyrotropin.We observed an
association onlywith acromegaly andwith a large effect (OR, 47.7; 95%
CI, 4.8–477.1; P ¼ 1.0 � 10�3). This association was nominally
significant in both Iceland and the UK Biobank (Iceland: P ¼ 0.03,
UK Biobank: P ¼ 0.01). These observations indicate that the PTPN14
loss-of-function burden association with pituitary adenoma may be
driven by GH-secreting subtypes (Supplementary Table S13).

We tested for association between loss-of-function variants in
PTPN14 and pigmentation phenotypes but found no indication that
the association with BCC is mediated through pigmentation traits
(Supplementary Table S14).

Table 2. Association of thePTPN14 loss-of-function burdenwith BCC, 24 additional cancers and three benign tumor types in Iceland and
the UK Biobank combined and by country of origin.

Meta Iceland UK Biobank Iceland UK Biobank
Phenotype OR P Phet OR P OR P N aff N ctrl N aff N ctrl

BCC of the skin 8.02 1.9 � 10�12 0.49 9.29 1.1 � 10�9 6.08 3.2 � 10�4 5,574 294,094 19,631 388,964
Cervical cancer 12.68 1.6 � 10�4 0.51 13.06 1.4 � 10�4 0.00 0.69 899 135,331 1,065 219,786
Pituitary adenomaa 8.72 8.0 � 10�3 0.88 8.10 0.03 10.60 0.13 464 292,460 945 407,562
Ovarian cancer 7.60 0.02 0.41 8.26 0.02 0.00 0.59 874 145,125 1,512 219,339
Leiomyoma of uterusa 2.42 0.03 0.72 2.14 0.15 2.89 0.09 6,683 117,118 19,461 201,435
Hepatocellular carcinoma 6.83 0.14 0.76 7.01 0.14 0.00 0.84 253 371,305 232 396,453
Thyroid cancer 3.35 0.17 0.65 3.45 0.16 0.00 0.73 1,285 298,173 655 407,852
Non-Hodkins lymphoma 0.00 0.20 1.00 0.00 0.27 0.00 0.53 1,305 356,143 2,073 406,434
Multiple myeloma 0.00 0.22 1.00 0.00 0.24 0.00 0.71 1,542 313,882 775 407,732
Endometrial cancer 0.00 0.24 1.00 0.00 0.31 0.00 0.54 1,090 116,560 1,821 219,030
Colorectal cancer 1.83 0.33 0.30 2.00 0.27 0.00 0.37 4,641 313,578 4,562 403,945
Brain cancer 0.00 0.39 1.00 0.00 0.43 0.00 0.75 722 356,726 542 407,965
Esophageal cancer 0.00 0.39 1.00 0.00 0.46 0.00 0.67 695 203,319 999 405,883
Kidney cancer RCC 0.08 0.43 0.82 0.12 0.53 0.00 0.59 1,921 355,981 1,499 407,008
Melanoma 1.81 0.45 0.53 1.17 0.88 3.16 0.33 1,784 297,884 4,603 403,904
Testicular cancer 3.74 0.45 0.62 4.32 0.41 0.00 0.71 367 191,230 727 186,929
CLL and SLL 0.00 0.47 1.00 0.00 0.53 0.00 0.71 488 200,747 777 406,105
Squamous cell skin cancer 1.77 0.48 0.33 2.03 0.39 0.00 0.40 2,092 277,414 3,851 403,031
UADT cancer 2.15 0.50 0.69 2.24 0.48 0.00 0.74 995 257,560 642 403,031
Lung cancer 1.54 0.51 0.41 1.65 0.45 0.00 0.46 5,143 294,109 3,013 405,494
Prostate cancer 1.40 0.53 0.26 0.90 0.87 3.15 0.20 6,357 117,090 9,243 177,661
Bladder cancer 1.96 0.56 0.11 0.00 0.20 4.12 0.26 2,228 315,993 2,777 404,105
Pancreatic cancer 1.63 0.67 0.64 1.73 0.63 0.00 0.68 1,328 277,762 902 405,980
Gallbladder and gallways cancer 0.00 0.71 1.00 0.00 0.75 0.00 0.84 134 164,098 249 403,275
Mesothelioma 0.00 0.74 1.00 0.00 0.81 0.00 0.82 79 179,848 312 387,815
Breast cancer 1.18 0.75 0.15 0.55 0.42 2.41 0.22 6,908 292,623 14,507 394,088
Colorectal adenomaa 1.17 0.76 0.14 1.35 0.57 0.00 0.16 10,929 235,619 12,752 395,755
Gastric cancer 0.89 0.91 0.73 0.92 0.94 0.00 0.72 2,905 237,954 812 407,783

Note: Sex-specific controls are used in the association testing for sex-specific phenotypes.
Abbreviations: aff, affected; ctrl, controls; CLL and SLL, chronic lymphocytic leukemia and small lymphocytic lymphoma; UADT cancer, upper aerodigestive tract
cancer (32).
aBenign tumor types.
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We collected 161 PTPN14 variants found in the combined
dataset predicted to have moderate biological impact and tested
them for association with BCC (Supplementary Table S15, Supple-
mentary Table S2). One variant, rs17022807, a splice region variant
of MAF ¼ 8.0% (mean of Iceland and the UK, with imputation
information >0.9 in both datasets), associated with BCC with an OR
of 1.08 (P ¼ 3.1 � 10�5, Bonferroni corrected P value threshold
0.05/161 ¼ 3.1 � 10�4; Supplementary Table S15). The association
of rs17022807 and BCC replicated in BCC summary level GWAS
data from 23andMe, Inc. (12,945 BCC cases and 274,252 controls).
Combined analysis of rs17022807 in Iceland, the UK Biobank and
23andMe produced a genome-wide significant result (OR, 1.09; 95%
CI, 1.06–1.12; P ¼ 1.3 � 10�8; Supplementary Table S16). We note
that rs17022807 cannot explain the association of the PTPN14 loss-
of-function burden with BCC as there is no correlation between the
genotype count of rs17022807 and the PTPN14 loss-of-function
burden in either population tested (r2 ¼ 4.0 � 10�5 and r2 ¼ 6.3 �
10�6 in Iceland and the UK, respectively). Using GTEx RNA-
sequence data from both sun exposed and non-sun exposed skin,
we were not able to detect an effect of the annotated splice region
variant rs17022807 on PTPN14 RNA abundance or splice site
utilization.

No associations with BCC have been reported previously for
common germline variants at the PTPN14 locus. To further investigate
BCC associations at the locus, we conducted a meta-analysis of all
variants in a 2-MB window around the splice region variant
rs17022807 in the datasets from Iceland, the UK Biobank, and
23andMe. Two intronic variants in PTPN14 associated with BCC with
lower P values than rs17022807. One is in strong LD with rs17022807
(rs3104458, r2 ¼ 0.74, MAF ¼ 9%), the other less so (rs6700380, r2 ¼
0.11, MAF ¼ 37.7%; Supplementary Table S17; Fig. 3). It was not
discernable whether rs6700380 and rs17022807 are independent sig-
nals (see Supplementary Method). We were not able to detect an
association between rs17022807 and cervical cancer or pituitary
adenoma in a combined analysis of Iceland and the UK Biobank
(Supplementary Table S18).

Discussion
We conducted loss-of-function burden tests across autosomal genes

and detected an association between PTPN14 high-impact variants
and BCC. A genome-wide significant association with common
variant/variants at the locus reinforced our conclusion that PTPN14
is a new BCC predisposition gene. Through an investigation of several

Figure 3.

Regional association plot for the splice region variant rs17022807. The P values (�log10) of variant associationswith BCC in themeta-analysis of Iceland, UK Biobank,
and 23andMe are shown against their NCBI Build 38 positions in a 2MBwindowaround the index splice region variant rs17022807. Number of cases versus controls in
Iceland, UK Biobank, and 23andMe: 5,574/294,094, 19,631/388,964, 12,945/274,252 or a total of 38,150/957,310. The colors of the genomic variants reflect the LD (r2)
in the Icelandic dataset with the index variant. Only markers found in all three datasets are plotted to avoid inconsistency in calculated P values by sample size. The
horizontal bar at the top of the figure denotes the P value for the combinedPTPN14 loss-of-function (LOF) burden test in Iceland and the UKBiobank for BCC. There is
no correlation between the genotypes of the rare LOF variants (not displayed in the plot) in the PTPN14 burden and rs17022807.
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cancer and benign tumor types, we found that the combined PTPN14
loss-of-function variants potentially confer high risk of cervical cancer
and GH-secreting pituitary adenomas. We did not detect association
between the common variant (rs17022807) and cervical cancer or
pituitary adenoma; however, our power to detect such an association is
much less than for BCC.

Very rare instances of homozygous loss-of-function variants in
PTPN14 cause choanal atresia (bony and/or membranous occlusion of
the nasal passages) and lymphedema (54, 55). However, no pheno-
types in heterozygous carriers have been described.

The finding that PTPN14 is a causal gene in BCC pathogenesis
is supported by a previous report of somatic mutations in the
gene. Bonilla and colleagues (9) found that of 293 BCC tumors
explored, 23% had presumptive loss-of-function and deleterious
missense mutations in PTPN14 and that 61% of the variants were
truncating. PTPN14 bridges the tumor-suppressive functions of p53
to the Hippo–YAP pathway, which plays a crucial role in main-
taining the balance between basal stem cell proliferation and
differentiation in epidermis (14–16, 20, 56). PTPN14 is transcrip-
tionally activated by p53 or p63 (20, 57). Binding of PTPN14 to YAP
and other components of the Hippo–YAP pathway promotes the
cytoplasmic sequestration of YAP and thereby inhibits the growth
promoting and potentially oncogenic activities of YAP in the
nucleus (Fig. 4; refs. 58–60).

High-risk forms of HPV are etiological agents of cervical cancer.
Cellular transformation is carried out by the E6 and E7 oncoproteins of
the virus, predominantly through their interactions with the tumor-
suppressor proteins p53 and Rb, respectively. However, these inter-
actions do not fully account for the transforming activity of the virus.
Recently, it was found that high-risk HPV E7 proteins bind also to
PTPN14 and target it for proteasomal degradation. As a result,
differentiation is impaired and survival is enhanced in infected epi-
thelial cells (19, 22, 23). Taken together with our observation that
PTPN14 loss-of-function variants are associated with high risk of
cervical cancer, these findings suggest that oncogenic transformation
by HPV in the cervix may be potentiated by a germline loss-of-
function of one of the PTPN14 alleles. This intriguing possibility
warrants further investigation.

GH-secreting pituitary adenomas cause pituitary gigantism or
acromegaly, depending on whether the tumor arises before or after
epiphyseal closure. Acromegaly and pituitary gigantism are exceed-
ingly rare with annual incidences of about 10 and 8 cases per million
persons, respectively, and frequently have an underlying genetic
defect (33, 53, 61). Rostomyan and colleagues (62) carried out genetic
testing in a population of 143 patients with pituitary gigantism.
Although AIP was the single most commonly mutated gene, more
than 50% of patients had no identified genetic cause and the disease
was more aggressive in these idiopathic patients. We confirmed

Figure 4.

PTPN14 and the Hippo–YAP pathway. Signaling through the Hippo pathway activates LATS1. LATS1 phosphorylates YAP, resulting in its sequestration in the
cytoplasm. PTPN14 expression is activated by p53 or p63. PTPN14 binds to YAP, again resulting in sequestration of YAP in the cytoplasm. PTPN14 also inhibits YAP
indirectly through stimulation of LATS1 kinase activity. PTPN14 can be inactivated by binding to HPV E7 proteins, by somatic sequence variant, and by germline
sequence variant (as reported in this article). If inhibition of YAP is removed, the protein translocates to the nucleus where it acts as a transcriptional coactivator of
target genes in cooperation with the TEAD family of transcription factors. Transcriptional activation by YAP can lead to expansion of stem and progenitor cell
compartments, inhibition of differentiation, tissue overgrowth, and oncogenesis. For clarity, not all components of the pathways are depicted.
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that none of the pituitary adenoma-affected carriers of the PTPN14
loss-of-function variants carried a sequence variant in a known
predisposing gene (AIP, CDH23, GPR101, CDKN1B, MEN1, and RET;
refs. 61, 63, 64). Further analyses are needed to pursue our provocative
observation of an association ofPTPN14 loss-of-function variants with
pituitary adenoma, apparently driven primarily by an association with
the GH-secreting form.
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