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ANATOMICAL PATHOLOGY
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Summary

About 60—70% of hidradenoma papilliferum (HP), a benign
tumour of the anogenital region, were recently described to
harbour mutations in major driver genes of the PISK/AKT/
MAPK-signalling pathways. However, the underlying ge-
netic defects of the non-mutant cases are still unknown.
Using a 409 gene panel, we employed targeted next
generation sequencing to investigate the mutational land-
scape in a cohort of seven PI3K/AKT-negative cases and
five cases with known hotspot mutations in either PIK3CA
or AKT1. In total, we identified 29 mutations in 22 of 409
genes. The four cases with PIK3CA hotspot mutations
carried no or only few additional mutations. The AKT1
hotspot mutated case harboured additional mutations in
four genes (SYNE1, ADAMTS20, EP400 and CASC5). At
least two of these genes are involved in or contribute to the
PIBK/AKT-pathway. In the seven non-hotspot mutated
cases we observed 18 mutations. Each case carried at
least one mutation in a gene contributing to or involved in
PIBK/AKT-signalling. Affected genes were PIK3CA (n=1,
non-hotspot mutation), PIK3R1 (n=3), SYNE1, AR, IL6ST,
PDGFRB, KMT2C, AR, BTK, DST, KAT6A, BRDS3,
RNF213, USP9X, ADGRB3, MAGI1, and IL7R (each gene
mutated once). The identified PIK3CA and PIK3R1 muta-
tions lead to constitutive activated PISK/AKT-signalling. In
conclusion, we demonstrate the genetic basis of HP in all
cases. Our data suggest that tumourigenic alterations in
the PI3K/AKT-pathway are indispensable in HP and
establish a homogenous morphomolecular entity with a
functionally converging and selecting tumourigenic
mechanism.
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INTRODUCTION

Hidradenoma papilliferum (HP) (synonym: papillary hidra-
denoma) is a benign tumour developing from anogenital
mammary-like glands (AGMLG). It usually occurs as a

single nodule of the vulva or perianal region in middle-aged
females.’ Histologically, it resembles mammary intraductal
papilloma and presents as an intradermal solid or cystic
nodule composed of tubules and occasional papillae, lined by
apocrine secretory cells with a continuous layer of myoepi-
thelial cells underscoring its clinically benign nature.

Our group was the first to report hotspot mutations in
PIK3CA and AKTI as the most prevalent genetic aberration
in HP.”> Of the 15 cases in our initial series, eight showed
recurrent missense mutations in PIK3CA and two in AKT].
Single cases harboured mutations in APC, BRAF (V600E),
and ERBB4. However, in two cases we could not detect any
mutations by targeted massive parallel sequencing applying a
panel comprising hotspot regions of 50 genes known to be
related to cancer.

Subsequently, three other groups published comparable
genetic results. The initial two conducted hotspot Sanger
sequencing of KRAS, BRAF, PIK3CA, and AKTI with
additionally HRAS and NRAS in the first study. Liau et al.
discovered mutations in PIK3CA in 19 of 30 cases (one with
an additional BRAF V600E mutation) and an AKT/ muta-
tion in one case. In 10 cases, they did not detect any mu-
tation.” Goto et al. identified PIK3CA mutations in two of
seven cases and an AK7] mutation in one case, while in four
cases they did not detect any mutation.* More recently,
Konstantinova et al. applying the same panel as we did,
detected a PIK3CA mutation in one of five HP cases but no
mutations in their other four cases.” We further communi-
cated recurrent PIK3CA mutations in four additional cases
but also two more cases without mutations in the hotspot
regions of the 50 analysed genes.(’ Collectively, 63 cases
were sequenced of which 34 (54%) showed mutations in
PIK3CA and four (6%) in AKTI, solidifying deregulated
PI3K/AKT signalling as a common denominator of most
cases. Still, 22 cases (35%) reported so far had no detected
mutations (albeit using limited hotspot-focused Sanger
sequencing in 14 cases).

To wuncover the genetic basis of our own so far
mutation-negative cases, we employed targeted next gen-
eration sequencing with a much larger 409 gene panel on
a cohort of seven PI3K/AKT-negative cases together with
five cases known to harbour hotspot mutations in PIK3CA
or AKTI.
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MATERIAL AND METHODS

Tumour samples and DNA extraction

Twelve formalin-fixed, paraffin-embedded (FFPE) HP samples (11 of vulvar
and 1 of perianal location; Table 1) were collected from the archive of the
Institute of Pathology in Munich, Germany (the project was approved by the
ethics committee of the Technical University Munich; project# 331/17 S).
The diagnosis of HP was established by at least two expert histopathologists
according to current diagnostic criteria (WHO classification’). Minimal
tumour cell content was 60%. Prior to comprehensive panel sequencing,
PIK3CA/AKTI mutation status in all cases was determined applying the
AmpliSeq Cancer Hotspot Panel v2.

Five to eight sections (8 pm thick) of FFPE tumour specimens were
macrodissected using razor blades, deparaffinised and digested with Pro-
teinase K overnight followed by automated extraction of nucleic acids using
the Maxwell 16 RSC extraction system (Promega, USA). DNA concentration
was measured fluorimetrically using the QuBit 3.0 system (Thermo Fisher
Scientific, USA) and DNA quality was independently determined by a qPCR
assay (RNAseP assay; Thermo Fisher Scientific) as described previously.8

HPV and HSV1/2 detection

Nested multiplex PCR” was used for the specific detection of the following
high-risk human papillomavirus (HPV) genotypes: HPV-16, -18, -31, -33,
-35, -39, 45, -51, -52, -56, -58, -59, -66, and -68. Furthermore, the low-risk
types HPV-6, -11, -42, -43, and -44 were also included in the analysis.

For the detection of herpes simplex virus (HSV) 1 and 2, PCR was performed
with specific primers targeting the respective thymidine kinase gene (HSV1:
forward 5'-ATACCGACGATATGCGACCT-3', reverse 5-TTATTGCCGT-
CATAGCGCGG-3'; HSV2: forward 5-GGGTTTGTCCGCTTCGTAAC-3',
reverse 5'-GGGAAGAAGAGAGGCGAGAA-3") and PCR conditions as fol-
lows: initial denaturation at 95°C 10 min, followed by 30 cycles 94°C 2 min,
55°C 2 min, 72°C 3 min and final elongation for 7 min at 72°C.

Library preparation and semiconductor sequencing

For sequencing we applied the AmpliSeq Comprehensive Cancer Panel
(AmpliSeq CCP, Thermo Fisher Scientific) consisting of four primer pools

yielding 15,992 amplicons covering almost the complete exonic regions of

409 cancer-related genes (see Supplementary Table 1, Appendix A, for a
summary of genes). Massive parallel sequencing was performed as previously
described'” on an Ton S5XL sequencing system using a 540 Chip and the Ion
Chef 540 sequencing chemistry.

Data analysis and prediction of copy number variations

The Torrent Suite Software (version 5.8.0) was used for processing the raw
sequencing data and alignment against the human genome (version hgl9)
using TMAP algorithm. Coverage data and mutation analysis was obtained
using the build-in plugins variantCaller (version 5.8.0.19), and coverage
Analysis (version 5.8.0.8). Annotation of the variants was performed using a
custom built variant annotation pipeline using ANNOVAR.'' Sequencing
reads were visualised using the Integrative Genomics Viewer Browser IGV,
http://www.broadinstitute.org/igv/) and variants were checked for germline or
somatic origin using the COSMIC (catalogue of somatic mutations in cancer)

Table 1 Basic clinicopathological characteristics of the cohort

Characteristic n
Number of cases 12
Mean age, years (range) 58 (37-88)
Location

Vulva 11

Perianal 1
Mean size, cm (range) 0.9 (0.2-1.3)
Mutation status (Cancer hotspot panel v2)

PIK3CA hotspots 4

AKT1 hotspot 1

No hotspot mutation 7

PIK3RI MUTATIONS IN HIDRADENOMA PAPILLIFERUM 363

database,'”> dbSNP, and Exome Variant Server (http://evs.gs.washington.edu/
EVS/).

Coverage data summary for each sample and amplicons generated by the
Torrent Suite software were used for the identification of copy number var-
iations (CNVs; amplifications and deletions) using a four-step algorithm as
previously described.®'?

Immunohistochemistry

Immunohistochemistry for P-Akt was performed on 2 pm-thin sections pre-
pared with a rotary microtome (HM355S; Thermo Fisher Scientific) using a
Bond RXm system (Leica, Germany; all reagents from Leica) with a primary
antibody against P-Akt (residue Ser473; #4060; 1:50; Cell Signaling, USA).
Briefly, slides were deparaffinised using deparaffinisation solution, pretreated
with Epitope retrieval solution 2 (corresponding to EDTA buffer pH8) for 80
min and primary antibody incubation for 30 min at 38°C. Antibody binding
was detected with a polymer refine detection kit without post-primary reagent
and visualised with DAB as a dark brown precipitate. Haematoxylin was used
for counterstaining.

RESULTS

Our cohort of HPs comprised 12 cases. Eleven (92%) were
located at the vulva. Median diameter of all tumours was
0.7 cm (range 0.4-1.5 cm). Median age at diagnosis was
44 years (range 25-61 years). Characteristic morphological
features of HP are exemplified in Fig. 1 and Supplementary
Fig. 1 (Appendix A). Table 1 provides an overview of
basic patient characteristics. All cases were negative for HPV
DNA (data not shown) or HSV 1 and 2, respectively.

Employing targeted high-coverage semiconductor-based
next generation sequencing resulted in a mean coverage of
513 (range 50-9,565) and mean total reads of 8,010,054
(range 5,818,850-10,433,089). Amplicons with a mean
coverage below 50 reads (n=396, 2.5%) were excluded from
copy number analysis. No changes of gene copy numbers
could be detected in any of the analysed genes.

At least one mutation could be identified in all of the 12
cases. A detailed summary of identified mutations is shown in
Table 2.

Among PIK3CA hotspot mutated HPs (p.E542K,
p.E545K, and p.H1047R) only in half of the cases additional
mutations were found (2/4 samples: Case 1, TET2 p.R1366C,
KMT2C p.A1685S; Case 3, FLCN p.A324Efs*30) whereas
the sample carrying the AKT! p.E17K hotspot mutation
(Case 5) harboured four additional mutations in SYNEI,
ADAMTS20, EP400, and CASC5 (Table 2). Samples 2 and 4
did not carry any additional mutations besides the known
PIK3CA hotspot mutations.

In the seven samples without classic hotspot mutations,
mutations in the range from one to seven were present
(Table 2). Interestingly, besides mutations in SYNEI,
PDGFRB, KMT2C (aka MLL3), AR, and BTK, we detected a
PIK3CA non-hotspot mutation (p.E109_I112del; Case 7) and
three samples with mutations in PIK3RI (p.Q579_Y580del,
p.K567_L570del, and p.I571_L573del). The PIK3CA dele-
tion was not previously reported but is located in a known
hotspot region affecting the proximal part of the linker region
close to the p85 binding region. Mutations and small in-frame
deletions in this region, mcludmg remdues 109 and 112, are
considered activating mutations.''* The detected PIK3RI
(p85) deletions clustered in the SH2 domain, which is
important for interaction with pl110 (PIK3CA), and corre-
sponds to a known hotspot reglon of small deletions known to
influence PI3 activation.””™"” A schematic overview of the
domain structure of these genes and location of the identified
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Case 3 Case 7
PIK3CA p.H1047R

PIK3CA p.E109_I112del
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Case 8
PIK3R1 p.Q579_Y580del

Fig. 1 Histological characteristics of papillary hidradenoma. (A) Overview of H&E-stained hidradenoma papilliferum (scale bar = 3 mm). (B) Higher magnification
displays varying proportions of glandular acini, tubules, papillae, and small cysts (scale bar = 1 mm). (C) High power view highlights the two cell layers, i.e., the outer
basal (myoepithelial) and the inner secretory lining with occasional apical snouts (scale bar = 200 [tm).

mutations is shown in Fig. 2A. Immunohistochemistry
applying a phosphor-specific Akt antibody indeed revealed
the activating effect of all identified PIK3CA and PIK3RI
mutations found in our cohort (examples shown in Fig. 2B).
Additionally, we also detected activation of the pathway in
cases without PI3 mutations (ADGRB3, MAGI1/IL7R, IL6ST;
shown in Supplementary Fig. 1, Appendix A).

Pathway analysis of the mutated genes

A detailed analysis of the mutated genes identified in HP
reveals that nearly all genes except for ADAMTS20 and DST
are known to be involved in the PI3K/AKT signalling
pathway. Fig. 3 shows an overview of the genes, with
PIK3CA and PIK3RI being the most frequently affected
genes, and four of seven previously PI3K/AKT-mutation
negative cases harbouring defects in PIK3CA non-hotspot
regions (Case 7) or in PIK3RI (Cases 8, 9, and 10).

DISCUSSION

In the present study, we sequenced 12 cases of HP including
seven cases that were negative for mutations in a previous
study employing a limited 50 tumour-related gene hotspot
panel. Applying a larger gene panel covering nearly the
complete coding region of 409 known tumour-related genes,

we have now thoroughly studied the genetic background to
an extent not previously undertaken in this entity.

Of note, the seven previously considered mutation-
negative cases harboured at least one mutation involved or
closely associated with the PI3K/AKT signalling pathway.
Among others we detected one non-hotspot mutation in
PIK3CA (p.E109_I112del) and three cases with PIK3RI
mutations, one of which (p.K567_L570del) is listed in the
COSMIC database'” and has been reported in two cases of
breast cancer and single cases of neuroblastoma, lung, and
prostate cancer. Both genes are members of the class I PI3
kinases and are known to interact with each other during
signalling through this pathway. PIK3CA encodes the cata-
lytic subunit p110 of PI3Ka. which interacts with the regu-
latory subunit p85 encoded by the PIK3R1 gene. While most
mutations in PIK3CA occur in the helical (p.E542, p.E545) or
kinase domain (p.H1047) of pllOOL,20 in some cases muta-
tions in the region adjacent to the p85 domain have been
reported in breast and ovarian cancer'>"'> which potentially
influence the interaction between the two subunits. Especially
in this region, several small in-frame deletions in PIK3CA are
recorded in the COSMIC database and it is well known that
these small deletions occur predominantly in the regions of
p85 binding sites'* (i.e., p85 binding domain and C2 domain)
which facilitate interaction between p110a and the regulatory



Table 2 Mutated genes in papillary hidradenoma
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Case CHPv2 CCP COSMIC
PIK3CA AKTI Gene (acc no.) cDNA Protein Frequency Coverage
1 p-E545K No mutation PIK3CA (NM_006218) c.1633G>A p-E545K 44% 1520 COSM763
TET2 (NM_001127208; c.4296C>T p-R1366C 53% 491 No entry
Transcript variant 1)
KMT2C (aka MLL3; ¢.5053C>T p-A1685S 10% 3752 COSM249560
NM_170606)
2 p-E542K No mutation PIK3CA (NM_006218) c.1624G>A p-E542K 42% 1432 COSM760
No additional mutation
3 p-H1047R No mutation PIK3CA (NM_006218) c.3140A>G p-H1047R 40% 602 COSM775
FLCN (NM_144606; c.971_983delinsAAG  p.A324Efs*30 50% 463 No entry
transcript variant 2)
4 p-H1047R No mutation PIK3CA (NM_006218) c.3140A>G p-H1047R 47% 521 COSM775
No additional mutation
5 No mutation p.E17K AKTI1 (NM_005163) c.49G>A p-E17K 49% 797 COSM33765
SYNEI (NM_033071) ¢.5876C>T p.A1959V 43% 379 COSM1596003
ADAMTS20 (NM_025003) ¢.2395A>C p-S799R 57% 692 No entry
EP400 (NM_015409) c.9095A>G p-Q3032R 40% 291 No entry
CASC5 (NM_170589) c.1201C>A p.L4011 58% 490 No entry
6 No mutation No mutation [L6ST (aka gp130; c.2216C>T p-P739L 48% 235 No entry
NM_002184)
7 No mutation No mutation PIK3CA (NM_006218) ¢.324_336delinsG p-E109_I112del 73% 465 No entry
PDGFRB (NM_002609) c.1570G>A p.-V524M 9% 398 No entry
SYNE1 (NM_033071) c.4047G>A p-W1349* 32% 167 No entry
KMT2C (aka MLL3; c.6847C>A p-L22831 48% 263 No entry
NM_170606)
AR (NM_000044) c.88G>C p-V30L 53% 236 No entry
BTK (NM_000061) ¢.290G>C p-R97T 50% 159 No entry
8 No mutation No mutation PIK3RI (NM_181523) ¢.1733_1738del p-Q579_Y580del 45% 440 No entry
9 No mutation No mutation PIK3RI (NM_181523) ¢.1697_1708del p.K567_1.570del 33% 1451 COSM449998
DST (NM_015548) c.4676A>G p-E1559G 49% 267 No entry
10 No mutation No mutation PIK3RI (NM_181523) ¢.1710_1718del pI1571_L573del 19% 1501 No entry
KAT6A (aka MYST3; c.1111T>A p.S371T 49% 1628  No entry
NM_006766)
BRD3 (NM_007371) c.1271C>T p-A424V 44% 458 No entry
RNF213 (NM_001256071; c.4156G>C p-D1386H 41% 300 No entry
transcript variant 3)
USP9X (NM_001039590; ¢.3763C>G p-Q1255E 46% 276 No entry
transcript variant 3)
11 No mutation No mutation ADGRB3 (aka BAI3; c.2816G>C p-S939T 57% 561 No entry
NM_001704)
12 No mutation No mutation MAGII (NM_004742) c.908C>A p-P303H 49% 328 COSM6098103
IL7R (NM_002185) c.112T>C p-Y38H 50% 508 No entry

Cases 1-5 represent samples with previously identified hotspot mutations in the PI3K/AKT-pathway, Cases 6—12 samples without known hotspot mutations. The
estimated frequency of the mutated allele (allelic ratio) is given in percent. The coverage indicates absolute reads at the mutated position of the amplicon.

subunit p85a.. Although the deletion identified in our study
has not been described before, we hypothesised that this
variation is functional. Indeed, immunohistochemical analysis
of this mutation applying a phosphor-specific Akt antibody
revealed the activating effect of this PIK3CA mutation. The
small deletions in the PIK3RI gene occur predominantly in
the region of p110 binding, the so called inter-Src homology
2 (inter-SH2) domain and are known to diminish the inhibi-
tory effect of p85a on pllOot.lS’lg Philp and colleagues15
were the first to describe these small deletions in PIK3RI
and showed that deletions in this region lead to constitutive
activation of PI3K. This was further confirmed by Miled and
colleagues1 ¥ who analysed the effects of mutations located in
the binding sites of PIK3CA and PIK3RI by crystallographic
and biochemical approaches. Comparable to the result for the
identified PIK3CA small deletion, we were able to show also
that the identified deletions of PIK3RI led to constitutive
activation of PI3K signalling by immunohistochemistry as
shown in Fig. 2B.

SYNEI was mutated in two cases of HP and one of these
mutations has been reported in endometrioid carcinoma

before.”! One case showed a mutation in MAGII which was
previously detected in a patient with lung adenocarcinoma.
Of special interest are cases 6, 11, and 12 that neither
harboured mutations in AKT, PIK3CA, nor PIK3RI. The
detected mutations in IL6ST, ADGRB3, MAGII, and IL7R
were not listed as somatic variants in the 1000 Genomes
Project or EXAC database.”” Further, they were not recorded
in the disease associated databases COSMIC,]2 ClinVa_r,23
OncoKB,24 or the scientific literature.

In silico analysis provides strong support for a pathogenic
role of the detected MAGI1 p.P303H mutation. Membrane-
associated guanylate kinase, WW and PDZ domain-
containing protein 1 (MAGI1) is acting as a scaffolding
protein at tight junctions25 and was found to function as a
tumour suppressor gene in colorectal cancer cell lines.”° MAGI1
overexpression inhibited AKT and MEK signalling activity in
cell lines of human T-cell leukaemia, while a knockdown of
MAGI1 led to increased AKT and MEK signalling activity.27
Therefore, we speculate that the detected MAGI1 p.P303H
mutation might interfere with the tumour suppressive func-
tion of MAGII and enhance PI3K/AKT-signalling.
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Class | PI3K p.E545K p.H1047R
p.E109_I112del

PIK3CA (p110 catalytic subunit)

PIK3R1 (p85 regulatory subunit)

p.Q579_Y580del
p.I571_L573del
A p.K567_L570del

Fig. 2 (A) Schematic view of the two genes, members of the class I PI3K family, most commonly mutated in our cohort. Mutations are indicated by red lines. Black
bars indicate known mutation hotspots in breast and ovarian cancer. BH, BCR homology domain; C2, C2 domain; HD, helical domain; ip85, p85 interacting domain;
iSH2, SH2 inter domain (p110 binding domain); KD, kinase domain; PR, proline rich region; RBD, RAS binding domain; SH, Src homology region. (B) Results of
immunohistochemistry applying a specific P-Akt antibody. Examples of the activating effect of the mutations in the PIK3CA and PIK3RI genes in three of the mutated
cases are shown.

RNF213
\(p-D1386H /.

—6 [ — e
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Fig. 3 Overview of the affected pathway indicating the PI3 kinases and pathway-contributing genes as causative for the development of the neoplasia.

Possibly, this effect is further augmented by the concur- JAK/STAT signalling pathway, for example in mammary
rently detected IL7R p.Y38H mutation (Case 12). Cytokine gland development and tumoun'genesis.30 Adhesion G-pro-
receptors interleukin 6 signal transducer (IL6ST, aka tein-coupled receptor B3 (ADGRB3, aka BAI3) was found to
gpl?:O)28 and interleukin 7 receptor (IL7R)*’ are both be significantly mutated in many tumour entities (5.9% of all

involved in the activation of PI3K/AKT-signalling via the cases of The Cancer Genome Atlas studies).’’*> However,



mechanistic data are lacking and we could not find literature
linking it directly to PI3K/AKT signalling. The large family
of G protein-coupled receptors has an established role in all
steps of tumourigenesis3 * but the subfamily of adhesion G
protein-coupled receptors is less well studied.™

However, in silico analysis of detected mutations IL6ST
p-P739L and IL7R p.Y38H and also ADGRB3 p.S939T did
not provide convincing support for a causative pathogenic
role of these specific alterations. At the same time, mutation
effect prediction algorithms were shown to have suboptimal
negative predictive values, meaning that truly pathogenic
mutations are being erroneously labelled neutral or passenger
mutations.”> Therefore, such in silico analysis remains a
prediction and does not exclude functional significance.

To analyse the potential effect of these variants on PI3K
signalling we also performed immunohistochemical staining
applying a phospho-AKT antibody. Thereby we were able to
demonstrate the constitutive activating effect of the identified
mutations also in those cases without mutations in PIK3CA
or PIK3R1 [cases: 6 (IL6ST), 11 (ADGRB3) and 12
(MAGII/IL7R)] as shown in Supplementary Fig. 1
(Appendix A).

Papillary neoplasms of the breast which can be viewed as a
morphological correlate of HP were also shown to harbour
mutations in AK7/ and PIK3CA in almost two-thirds of
cases.””! Furthermore, three cases of intraductal papillary
mucinous neoplasms of minor salivary glands—also a
neoplasm with similarities to HP—were recently reported to
carry the hotspot mutation AK7TI p.E17K, further expanding
the spectrum of PI3K/AKT-activated neoplasms.36 Since we
could find mutations of the extended PI3K/AKT-signalling
pathway in all cases in HP, one might speculate that a com-
parable mutational spectrum could be uncovered if these
morphologically similar and pathogenic related entities were
sequenced with a larger targeted gene panel or with an
exome/genome wide approach.

From a molecular point of view, clinically benign tumours
are still largely understudied. For some major entities and rare
tumour types, mutations in oncogenic driver genes and path-
ways associated with malignant tumours”” were identified, and
although viewed as benign, some of these tumours might still
pose challenges in patient management (as reviewed by
Marino-Enriquez and Fletcher’’). In addition, through gaining
a better understanding of the molecular evolution of clinically
benign tumours, one can also learn mechanisms important for
tumour biology of their malignant counterparts.

By uncovering mutations in the extended PI3-kinase/AKT
signalling network in every single case investigated, our
study provides further evidence that genetic alterations in this
specific pathway are highly likely to be indispensable for the
formation of HP. Moreover, in conjunction with previous
reports,” ® our results underscore that mutations in these
driver genes alone are core components in tumour biology
but are not sufficient to drive fully competent malignant
behaviour (e.g., invasiveness, metastatic spread).3

More generally, our data argue that extended molecular
profiling can be of use for the fraction of tumours where the
phenotype is unequivocal and well known but the expected
recurrent genotype is unknown. Examples, especially in rare
tumour types, are numerous and occur frequently in daily
routine diagnostics.’’ Based on our results, it is very likely
that a systematic comprehensive approach will uncover less
prevalent but functionally uniform genetic lesions, which
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rather occur in certain signalling cascades or networks”’ than
in a single gene across many tumour types of different de-
grees of biological and clinical behaviour.

There are certain limitations of our study. First, HP is a rare
neoplasm and we further focused our attention on largely
PI3K/AKT-negative cases. Therefore, while our cohort of 15
cases is sizeable compared to previous studies,” © it is still a
rather small number of cases. Secondly, while this is the most
comprehensive sequencing of HP to date,” ® we did not
conduct exome or even full genome sequencing. This would
not have been feasible since those assays ideally require fresh
frozen tissue™ which we did not have available. Given the
rarity of this neoplasm, prospective collection of fresh frozen
tissue would take years.

Still, there remains a possibility that additional pathogeneti-
cally important mutations, also in other pathways, are to be
found in a larger cohort and with more extensive sequencing
setups. While we only performed an extended targeted
sequencing approach and not full genome sequencing, we used
a comparatively large 409-gene panel so that the most
commonly mutated cancer genes and pathways were well
covered. In addition, our mutation data supports a PI3K
dependent molecular pathogenesis in 100% of cases investi-
gated, as activation of PIK3/AKT signalling could be confirmed
by phospho-AKT specific immunohistochemistry in all cases.
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