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Genomic Landscape Profiling of Breast Cancer

in PTEN Hamartoma Tumor Syndrome (PHTS)

Abstract

by

TAKAE MIZUKAMI

Germline PTEN variants (PTEN hamartoma tumor syndrome, PHTS)
confer up to 85-91% lifetime risk of female breast cancer (BC). BCs arising in
PHTS are clinically distinct from sporadic BCs, including younger age of onset,
multifocality, and an increased risk of second primary BCs. Yet, there is no
previous investigation into the underlining genomic landscape of this entity. We
sought to address the hypothesis that BCs arising in PHTS have a distinct
genomic landscape compared to sporadic counterparts. We performed and
analyzed exome sequencing from 44 breast tissues from women with germline
PTEN variants who developed BC. The control cohort comprised of 497 sporadic
BCs from The Cancer Genome Atlas (TCGA) dataset. We demonstrate that
PHTS-derived BCs have a distinct somatic mutational landscape compared to
the sporadic counterparts, namely second somatic hits in PTEN, distinct
mutational signatures and increased genomic instability. The PHTS group had a
significantly higher frequency of somatic PTEN variants compared to TCGA
(22.7% versus 5.6%; odds ratio [OR] 4.93; 95% confidence interval [CI] 2.21 to
10.98; p<0.001), and a lower mutational frequency in PIK3CA (22.7% versus

33.4%; OR 0.59; 95% CI 0.28 to 1.22; p=0.15). Somatic variants
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in PTEN and PIK3CA were mutually exclusive in PHTS (p=0.01), but not in
TCGA. There appear to be two genomically distinct groups of PHTS BCs,
depending on the pathogenicity of underlying germline PTEN variants.

We then examined copy number variations (CNV) and expression data to further
characterize the somatic landscape of PHTS-derived BC. To examine CNV, we
used the same exome sequencing data from 44 PHTS-derived BC cases
described above and an expanded TCGA cohort with 558 women with sporadic
BCs. We demonstrated that PHTS-derived BCs have several distinct CNV peaks
compared to TCGA. Furthermore, RNA sequencing data revealed that PHTS-
derived BCs have distinct inferred immunologic cell types, which points toward
cancer immune evasion. Gene expression data also revealed previously
described Tier-1 PHTS-derived BC, with pathogenic germline PTEN variants,
appears to have vitamin E degradation as a key pathway in tumorigenesis. In
conclusion, our findings have important implications for the personalized
management of PTEN-related BCs, which are currently treated similarly to the
sporadic BCs. Germline PTEN alterations are expected to be identified more
frequently as an important underlying cause of BCs, especially in the context of
more accessible genetic testing. More effective and targeted treatment strategies

are warranted for this unique group of women affected by BCs.
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CHAPTER |: BACKGROUND AND SIGNIFICANCE
Sporadic breast cancer - Epidemiology, staging, and survival

Breast cancer (BC) is the most common type of cancer among women
worldwide. In 2020, 2.3 million new cases of BC and about 685,000 deaths from
this disease have been reported globally*. In the United States alone, 287,850
new cases and 43,250 deaths are estimated to have occurred in the period of
2017-20192. The lifetime risk of developing BC is approximately 12.9% among
women in the United States, based on the Surveillance, Epidemiology, and End
Results (SEER) 2017-2019 data?. BC is a heterogeneous disease with complex
causes®. The majority of cases are sporadic, which do not occur in the setting of
hereditary cancer syndromes. Environmental, lifestyle, or other unknown factors

are usually attributable to sporadic cases®.

The survival rate of BC varies, depending on the extent of the disease
burden and affected organs at the time of initial diagnosis. The most commonly
used clinical staging system is set by the American Joint Committee on Cancer
(AJCC), which is an anatomical staging called the TNM staging system, based
on primary tumor size (T stage), the number of axillary lymph nodes involved with
malignancy (N stage), and the presence of distant metastases (M stage)®. Based
on this system, clinicians describe the extent of disease from stage 0 (in situ
carcinoma) to stage | and stage Il (early and localized disease), stage Il (locally
advanced) and stage IV (distant metastasis). More recently, the staging system

has been refined to include molecular markers as well as tumor grade (AJCC 8t
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edition)®. The clinical staging is useful for many reasons but the information is

most importantly, prognostic.

In general, the survival rate decreases as the clinical stage advances.
When BC has not spread beyond the breast, thus localized disease (stage | and
I), the 5-year survival is 99-100%. When the cancer spreads beyond the breast
but is still limited to the locoregional lymph nodes (stage Il and 1ll), the 5-year
survival rate is approximately 86%. Finally, when the cancer cells spread to
distant organs beyond the breast as well as the locoregional lymph nodes (stage
IV), the 5-year survival rate goes down to approximately 30%?2. The disease
course of each BC case is complex and heterogeneous, and other factors
including histologic grade and clinical subtypes based on tumor markers affect

survival rates’8,

Clinical subtypes of breast cancer

BC arises in the epithelial components of the ducts or lobules of the
breast. When cancerous epithelial cells are confined within the duct (intraductal)
or lobule (intralobular) without invading thorough the basement membrane, the
cancer is non-invasive and called ductal carcinoma in situ (DCIS) and lobular
carcinoma in situ (LCIS), respectively. BC is further classified into clinical
subtypes based on tumor markers detected by immunohistochemistry (IHC) and
fluorescence in situ hybridization (FISH)®. Three important tumor markers for

breast cancer are estrogen receptor (ER), progesterone receptor (PR) and
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human epidermal growth factor receptor 2 (HER2)'°. Based on the IHC
expression and FISH, it is important to recognize four BC subtypes in the clinical
setting: ER+/PR+/HER2-, ER+/PR+/HER2+, ER-/PR-/HER2+, and ER-/PR-

/HER2-.

Intrinsic subtype classification, on the other hand, is based on gene
expression profiling, and groups BCs into five subtypes: luminal A, luminal B,
HER?2 over-expressed, basal-like and normal-like tumors®, Luminal A and B
tend to correlate with ER+ BC, HER2 over-expressed with HER2+ BC, and basal

subtype with triple negative breast cancer (TNBC)?®.

Current treatment approaches for sporadic breast cancer

Treatment strategies are determined based on multiple factors, including
staging, tumor characteristics including tumor markers (ER, PR, HER2), tumor
grade, proliferation rate, and each patient’s functional status. The main
modalities for breast cancer treatment include local management with surgery
and radiation, and systemic therapies including hormonal therapy,
chemotherapy, immune therapy, and targeted therapy. For early stage (stage |
and Il) and many cases of locally advanced breast cancers (stage lll), treatment
is given with curative intent in combination with surgery, radiation, and systemic
therapies (either neoadjuvant or adjuvant). Systemic therapy options mainly
depend on the tumor marker results, such as hormonal therapy for ER+ BC and

HERZ2-directed therapy for HER2-positive BC.
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When BC metastasizes to distant organs, such as bone, liver, lung, and/or
brain, the disease is not considered curable, and the main focus will be to palliate
symptoms and potentially prolong overall survival while keeping good quality of
life. Depending on the sites of metastasis and degree of disease burden, a
combination of modalities may be used including chemotherapy, radiation
therapy and rarely surgery. Since many metastatic BC cases are not surgical,
systemic therapy is mainly used when appropriate. In addition to conventional
chemotherapy and hormonal therapy, a number of targeted therapies have
become available and continue to evolve. Trastuzumab, a HER2 tagged therapy
with monoclonal antibody, is the first systemic treatment which was developed to
specifically treat BC with HER2 amplification, a genomic alteration giving cancer
cells survival advantage leading to aggressive phenotype. This approach
specifically blocks HER2 signaling and is thus highly effective for BC with HER2
amplification, which can be detected by immunohistochemistry (IHC) and
confirmed with fluorescence in situ hybridization (FISH). Since the FDA approval
of trastuzumab, a number of other anti-HER2 therapies, with subset conjugated
to drug, have been developed and approved, including pertuzumab,
margetuximab, lapatinib, neratinib, tucatinib, ado-trastuzumab emtansine (T-

DM1), trastuzumab emtansine, and fam-trastuzumab deruxtecan-nxki.

For certain cases, targeted therapies are used such as mammalian target
of rapamycin (mTOR) inhibitors, cyclin-dependent kinase (CDK) inhibitors, and
phosphatidylinositol-4, 5-bisphosphate 3-kinase, catalytic subunit (PIK3CA)

inhibitors. These therapeutic agents inhibit specific oncogenic pathways, thus
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more targeted for certain type of breast cancers. The mTOR inhibitor is a protein
kinase inhibitor of the mTOR protein, which is one of the key molecules in the
phosphatidylinositol-3-kinase (PI3K) pathway?. The U.S. Food and Drug
Administration (FDA) has approved everolimus in combination with exemestane,
a hormonal therapy, for the treatment of postmenopausal women with hormone
receptor (HR)-positive, HER2-negative BCs whose tumors failed an aromatase
inhibitor (letrozole or anastrozole) in the metastatic setting®*4. Another important
agent targeting the PI3K pathway is alpelisib, a PIK3CA inhibitor. PIK3CA is an
oncogene, which drives many cases of sporadic BCs when somatic gain-of-
function mutations are present. Alpelicib was FDA approved in combination with
fulvestrant for postmenopausal women and men with HR-positive, HER2-
negative, somatically PIK3CA-mutated breast cancer after failing an endocrine
regimen in the metastatic setting®®. Furthermore, alpelisib was also approved as
a systemic therapy for adult and pediatric patients with severe PIK3CA-related

overgrowth syndrome (PROS)?.

The CDK family plays an important role in the cell cycle by
phosphorylating retinoblastoma (RB) protein, thus promoting progression of cell
division. By selectively targeting CDK 4 and 6, CDK 4/5 inhibitors inactivate these
kinases and thus dephosphorylate RB, leading to cell cycle arrest'’. FDA
approved ribociclib*®, palbociclib®, and abemaciclib?® in combination with an
aromatase inhibitor for women with HR-positive, HER2-negative advanced or
metastatic BC. Abemaciclib with endocrine therapy (tamoxifen or an aromatase

inhibitor) was further approved by the FDA for women with HR-positive, HER2-
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negative, node-positive, early BC with high risk of recurrence and a Ki-67 score

greater than 20% in the adjuvant setting?..

More recently, approved targeted therapies include sacituzumab
govitecan-hziy, an antibody-drug conjugate which targets TROP-2. This drug was
first approved by the FDA for triple negative breast cancer (TNBC) in the
metastatic setting after two or more prior systemic therapies??. This agent has
also been approved for BC beyond TNBC, more specifically for unresectable
locally advanced or metastatic, hormone receptor (HR)-positive, HER2-negative
BC which failed endocrine therapy and at least two additional systemic

therapies??.

In January of 2023, the FDA approved elacestrant for ER-positive, HER2-
negative, ESR-1 somatically mutated advanced or metastatic BC after failing one
endocrine regimen?. Elacestrant is an oral selective estrogen receptor degrader
and targets endogenous estrogens. The Phase Il EMERALD trial stratified
eligible patients by ESR-1 mutation status, which showed significant
improvement in median progression free survival (PFS) in the ESR-1 mutation
group?*. Similarly to alpelisib, this is another example of targeted therapy which

was FDA approved based on somatic mutational status.

Lastly, immunotherapy, which targets the PD-1/PD-L1 pathway has been
used to treat selected cases of BC. Agents which are used in this setting include
pembrolizumab for metastatic and early-stage, high-risk TNBC?>26 and
dostarlimab for advanced tumors of any type, including BC, with DNA mismatch

repair deficiency (AMMR) 27, for which biomarkers such as PD-1/PD-L1 positivity
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and dMMR are used as biomarkers indicating potential efficacy. Although
immunotherapy has been only recently introduced as part of treatment strategies
for BC, there are hopes for immunotherapy as one of the potentially important
modalities since BC, similarly to other solid tumors, is now well-recognized as an
immune-mediated or immune-failure disease. Before immunotherapy becomes a
promising treatment strategy for BC in general, there remain many challenges
including low response rate?®, resistance to immune therapy?® and immune-
related adverse effects3C. Furthermore, heterogenic immunogenicity is an
inherent challenge in BC, which adds another layer of complexity for

immunotherapy to be effective®?.

Genomic landscape of sporadic breast cancer

In sporadic BCs, acquired alterations occur in the DNA of the epithelial
component of the breast, which confer survival advantage to the cancer initiating
cells, leading to carcinogenesis. This is purely somatic in nature, meaning the
disease-causing genomic changes are only found in the cancer cells of the
affected organ. Cancer-promoting genomic alterations either promote
uncontrolled cell proliferation (oncogene) or inhibit suppression of tumor

development (tumor suppressor gene).

The genomic landscape of sporadic BCs has been well-documented and
characterized in the literature. The Cancer Genome Atlas (TCGA) Network

reported a comprehensive molecular analysis of human breast tumors, which
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included 825 BC samples to examine the somatic landscape of sporadic BCs®2.
This landmark study revealed that there are characteristic somatic mutational
patterns based on clinical subtypes. In the luminal subtypes (in general, estrogen
receptor positive [ER+] and human epidermal growth factor 2 negative [HER2-]),
the most frequently mutated gene was PIK3CA (45-29%), followed by TP53 (29-
12%), GATA3 (14-16%), and MAP3K1 (5-13%). In the HER2-enriched subtype
and basal-like subtypes, the most frequently mutated gene was TP53 (72-80%),

followed by PIK3CA (9-39%) and MLL3 (5-7%)).

Since PIK3CA mutations are the most common somatic mutation type
found in the sporadic BC, alpelisib, an FDA-approved PIK3CA targeted therapy,
has become one of the important treatment strategies for BC with somatic

alterations in PIK3CA in the metastatic setting33.

Hereditary breast cancer syndromes

The cause of each BC is complex and often multifactorial. Sporadic BCs
tend to arise from environmental factors, such as exposure to carcinogens
including tobacco use, or can be hormonally driven. Fundamentally, however,
cancer is a genomic disease with molecular mechanisms leading to its
development and progression initiating at the genomic level. Approximately 5-
10% of all BCs are associated with hereditary cancer syndromes, which
predispose affected women to breast cancer development at younger ages“.

Hereditary BC arises in the setting of germline mutations in cancer susceptibility
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genes, including BRCA1, BRCA2, PTEN, TP53, STK11, and CDH13. Cancers
arising in this context tend to be more aggressive, multifocal and occur at a

younger age than sporadic counterparts.

For example, hereditary breast and ovarian cancer (HBOC) syndrome is a
well-known clinical entity caused by germline pathogenic mutations in BRCA1
and BRCA2 genes. The BC risk by age 80 years has been reported to be 72%
for BRCA1 and 69% for BRCA2 mutation carriers with BC incidences increasing
rapidly until ages 30 to 40 years for BRCAL and until ages 40 to 50 years for
BRCA2 mutation carriers3®. Women with HBOC are also at higher risk for
contralateral BC and ovarian cancer, while men are at a higher risk for prostate
cancer. Both men and women with HBOC have increased risk for pancreatic

cancer3S,

Similarly, pathogenic, or likely-pathogenic germline mutations in TP53,
PTEN, STK11, CDH1 cause Li-Fraumeni syndrome, PTEN hamartoma tumor
syndrome, Peutz-Jeghers syndrome and hereditary diffuse gastric cancer
(HDGC) syndrome, respectively. These entities also predispose carriers to
multiple types of cancers other than BC, warranting personalized screening and

preventative strategies.

Assessment and management of hereditary cancer syndromes

Genetic evaluation is a crucial part of comprehensive cancer care for

management and prevention of hereditary cancer. During cancer risk
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assessment, the goal is to identify patients with a personal history of cancer who
may be predisposed to additional primary cancers. Furthermore, it is important to
identify individuals without a personal history of cancer but who may be at an
increased risk of developing cancer based on their family history. Once we
identify individuals with higher risk for certain cancers, cancer surveillance, risk-

reduction and therapeutic strategies can be personalized and implemented.

An individual should be evaluated for hereditary BC syndromes based on
the personal and/or family history of certain types of cancers. In general,
clinicians should start to suspect hereditary BC syndromes when the BC
diagnosis occurs at a younger age (< 50 years old), more than one primary BC is
found in one individual, TNBC at any age, male BC, a known pathogenic or
likely-pathogenic mutation in a BC susceptibility gene in the family, and three or
more close relatives on the paternal or maternal side of the family are diagnosed
with BC36. Once a hereditary cancer syndrome is suspected, the individual
should proceed with genetic testing, guided by genetic counseling, to identify
pathogenic or likely pathogenic mutations in BC susceptibility genes. Other
cancer types, including ovarian cancer, pancreatic cancer, and prostate cancer,
in the family can provide further information supporting the possibility that a
hereditary BC syndrome may be present. Detailed testing criteria for hereditary
BC syndromes are outlined in the National Comprehensive Cancer Network

(NCCN) guidelines, which are updated regularly3®.

Since absolute risk of developing breast cancer in hereditary cancer

syndromes is high, individuals carrying pathogenic or likely pathogenic mutations
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in BC susceptibility genes are recommended to undergo increased cancer
surveillance and prophylactic surgeries®®. Information on germline mutation
status is useful to choose targeted therapies in some cases of BC. Olaparib, a
Poly (ADP-ribose) polymerase (PARP) inhibitor, has been approved by the FDA
to treat metastatic BC with germline BRCA1/2 mutation3’. The indication was
later expanded to be used in the adjuvant setting to treat HER2 negative, high-

risk early BC with germline BRCA1/2 mutations®.

There are currently no germline mutation-directed BC therapies for
individuals with pathogenic or likely pathogenic mutations in PTEN, TP53,

STK11, or CDH1.

Evaluation of PTEN hamartoma tumor syndrome (PHTS)

Before the discovery of PTEN and its recognition as a cancer susceptibility
gene, Cowden syndrome (CS) was first described in 1963 in a 20-years old
female who initially presented with a right-sided breast lesion®°. Other notable
features included scrotal tongue, oral papillomatosis, multiple thyroid adenomas,
and extensive fibrocystic disease of the breast. CS was then further
characterized to include other phenotypes that can impact multiple organ
systems, including dermatologic manifestations and multiple hamartomas*%42,
Importantly, CS was a clinical diagnosis based on established clinical diagnostic
criteria®?, until the susceptibility gene for CS was mapped to 10g22.23 in 19964,

In 1997, PTEN, a tumor suppressor gene, was identified as the molecular cause
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of CS#. In 1999, the term “PTEN hamartoma tumor syndrome (PHTS)” was
coined as a genetic diagnosis, encompassing all the clinical syndromes
associated with germline PTEN mutations, including CS, Bannayan-Riley-

Ruvalcaba syndrome, and other PTEN-related overgrowth syndromes?.

Since then, the phenotypic and molecular characterization of PHTS have
been codified in national practice guidelines. In the US, the National
Comprehensive Cancer Network (NCCN) guideline outlines the testing criteria for
PHTS as well as clinical diagnostic criteria for CS. Major criteria include personal
history of BC, endometrial cancer, follicular thyroid cancer, multiple Gl
hamartomas or ganglioneuroma, macrocephaly, and mucocutaneous lesions.
Minor criteria include personal history of autism spectrum disorder (ASD), colon
cancer, greater than 3 lesions of esophageal glycogenic acanthoses, lipomas,
intellectual disability (1Q less than 75), papillary or follicular variant of papillary
thyroid cancer, thyroid structural lesions (e.g., adenoma, nodules, goiter), renal
cell carcinoma, a single Gl hamartoma/ganglioneuroma, testicular lipomatosis
and vascular anomalies®®. To qualify for revised clinical diagnostic criteria for CS,
three or more major criteria (one must include macrocephaly, Lhermitte-Duclos
disease, or Gl hamartomas), or two major and three minor criteria need to be
met. Also, individuals who have close relatives with known pathogenic or likely-

pathogenic germline mutations in PTEN should be tested.

Family history may not be informative when clinical features of PHTS are
absent or there are no known pathogenic or likely-pathogenic mutations in the

family. The frequency of de novo PTEN mutations is reported to be 10.7% and
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maximally 47.6%%. When clinical suspicion of PHTS is made, it is useful to utilize
the Cleveland Clinic PTEN risk calculator, which provides the pretest probability
of detecting a germline PTEN variant*’. This online tool provides a Cleveland
Clinic (CC) score, which guides clinicians to make an informed decision whether
proceeding with genetic evaluation of the PTEN gene is warranted. Since the CC
score is also a surrogate of phenotypic burden, more extensive genetic testing
including exome sequencing may be beneficial in the research setting to identify
other genetic etiologies which are related to non-PTEN genes such as SDHx and
WWP14849_ This is particularly relevant for individuals who have a high CC score,
indicating a high phenotypic burden, and who yet test negative for germline

PTEN alterations.

Prevalence, clinical burden, and breast cancer predisposition of PTEN

hamartoma tumor syndrome (PHTS)

PTEN hamartoma tumor syndrome (PHTS) is one of the hereditary cancer
syndromes, which causes heritable predisposition to multiple types of cancer
including BC®°. In women with PHTS, BC represents the malignancy with the
highest lifetime risk of up to 85-91%, compared to 12.9% in the general
population®0-%4. The average age of diagnosis is between 38 and 46 years®,
compared to 63 years old in the general population®’. Furthermore, women with
PHTS have a significantly higher incidence of second primary malignant

neoplasms, particularly BC®°,
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PTEN, encoding phosphatase and tensin homolog (MIM: 158350), is a
tumor suppressor gene® and is among the most commonly somatically altered
genes in diverse sporadic malignancies including BC%%57, PHTS is a molecular
diagnosis that encompasses individuals harboring a germline PTEN mutation,
which causes heritable predisposition to multiple types of cancer including
breast, thyroid, kidney, endometrial and colon cancers, and melanoma®°. Among
all the PHTS component cancers, BC has the highest lifetime risk, followed by
thyroid cancer (approximately 35%), renal cell cancer (approximately 34%) and

endometrial cancer (approximately 28%)5%:58,

It has been estimated that the prevalence of Cowden syndrome (one of
the clinical manifestations of PHTS) is 1 in 200,000%°. However, this appears to
be an underestimation, as the incidence of PHTS is expected to increase as

clinical genetic testing becomes more widely accessible in the clinic.

PTEN tumor suppressor gene

PTEN is a tumor suppressor gene located on the long arm of chromosome
10 and codes for the PTEN protein®®. Like all tumor suppressor genes, a
mutation anywhere along the length of PTEN could lead to loss-of-function and
can be potentially disease-causing. Indeed, germline loss-of-function PTEN
mutations have been found across the span of the gene. Recurrent mutations,
however, tend to cluster in exons 5, 7 and 8 (phosphatase domain). The most

frequently found germline mutations at amino acid residue arginine at position
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130 (R130X/G/L/Q), occur in the phosphatase core motif within exon 58°. There
are two reasons for this: one is biological whereby the phosphatase domain
houses the most frequent mutations®!; and the R residues are encoded by the

triplet CGn where CpGs deaminate and thus are prone to mutations®2.

The PTEN gene is composed of nine exons, encoding the PTEN protein
made up of a total of 403 amino acids®®. The PTEN protein has a PIP-binding
domain (PBD), a phosphatase domain, a C2 membrane binding domain, a C-
terminal tail with a PDZ-binding motif. PTEN has a protein phosphatase activity
as well as a lipid phosphatase activity®3%4. The PTEN protein antagonizes the
action of PI3K via its lipid phosphatase activity®®. This downregulates the
downstream pathway including AKT/mTOR®6. When PTEN loses function or is
dysfunctional, the AKT/mTOR pathway will be upregulated, leading to increased

cell growth and dysregulated cell cycle®”.

PTEN signaling and overgrowth pathway in PHTS

PTEN was first recognized as a tumor suppressor gene based on somatic
PTEN loss in brain, breast and prostate cancers and later discovered as an
underlying genetic cause of Cowden syndrome, a subtype of PHTS, in 19974456,
PTEN is a negative regulator of the phosphatidylinositol 3-kinase (PI3K) activity,
an important oncogene which promotes cell growth and survival, occurring in
multiple human cancers including BC%8:¢°, PI3K has a 110 kDa catalytic subunit
encoded by PIK3CA gene and an 85 kDa regulatory subunit encoded by

PIK3R17%7L, Through its catalytic region, PI3K phosphorylates the third position
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of the phosphatidylinositol 4,5-biphospate (PIP2), a plasma membrane bound
phospholipid, to phosphatidylinositol 3,4,5-biphospate (PIP3), which leads to the
activation of the AKT serine/threonine kinase (AKT) and mammalian target of
rapamycin (mTOR) cell proliferation pathway’2. Conversely, as a tumor
suppressor, PTEN antagonizes PI3K activity by dephosphorylating PIP3 to PIP2,
thus dampening AKT/mTOR signaling.

Once PI3K is activated, AKT is recruited to the plasma membrane, leading
to phosphorylation of up to a hundred substrates, leading to multiple cellular
functions including anti-apoptotic effects, cell proliferation, and increase in the
glucose transporter GLUT4 translocation through the plasma membrane to
increase glucose catabolism”2. Downstream of PI3K activation is mMTORC1,
which activates multiple substrates, leading to cell proliferation by inactivating the
4E-binding protein 1 (4EBP1), which inhibits elF4E. The elF4E is the cap-binding
protein which binds to mRNA and allows translation initiation by recruiting
ribosomes to the mRNA73,

With defective PTEN functions leading to upregulation of PI3K/AKT/mTOR
pathway, PHTS clinically presents as an overgrowth syndrome, which inevitably

predisposes affected individuals to malignancies including BC"4.

Non-canonical roles of PTEN
Beyond the well-established canonical downstream PI3K/AKT/mTOR
pathway, PTEN has multiple non-canonical roles, eg, in the nucleus, mainly

involved in DNA repair, maintaining genomic integrity, chromatin remodeling and
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stabilization, the apoptotic process, and cell cycle regulation’>"”. PTEN shuttles
from the cytoplasm into the nucleus despite the absence of a classic nuclear
localization signal (NLS) region. There are many proposed mechanisms of how
the PTEN protein localizes into the nucleus. One of the mechanisms is by simple
diffusion through nuclear pores’®. Another mechanism for PTEN translocation
into the nucleus is through association with growth factor receptor bound protein
2 (GRB2) during oxidative stress’®. Other postulated means of the nuclear
localization of PTEN include transport via RAN GTPase, major vault protein
(MVP), monoubiquitylation of PTEN, and a non-classical NLS®®.

PTEN associates with chromatin within the nucleus. PTEN physically
interacts with the centromere at the CENP-C centromeric protein by its C-
terminus, which prevents breakage at the centromere and thus prevents
aneuploidy and keeps chromatin integrity’”:°. It also has been shown that
histone H1 interacts with PTEN via the C-terminal domain, facilitating chromatin
condensation’®. During mitosis, PTEN binds and co-localizes with the mitotic
kinesin motor EG5, ensuring the spindle fiber to be properly aligned®?.

Once inside the nucleus, PTEN induces RAD51, which is important in
DNA homologous recombination (HR) repair’’. PTEN further directly associates
with p53, a tumor suppressor, which leads to stabilization of p53 and facilitation
of cell cycle arrest®2. Once phosphorylated, PTEN binds to DNA damage sites
along with ATM and gamma H2AX to facilitate non-homologous end joining DNA
repaire®. Studies have also shown PTEN interacts with Mitotic Check-point

Complexes (MCC) including Cdc20, Mad1, and Mad28384, Furthermore, PTEN
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controls DNA replication by binding to the minichromosome maintenance
complex component2 (MCM2). Under replicative stress, PTEN dephosphorylates
MCMZ2 at serine 41 (S41), stalling replication fork progression, thus ensuring a
proper mitosis process®.

Nuclear PTEN also regulates excessive cell growth by prohibiting the
apoptotic process. For example, human glioblastoma cell lines which show the
presence of PTEN predominantly in the nucleus display nucleus condensation, a
marker of apoptosis, upon exposure to TNF-a®. Furthermore, nuclear PTEN
induces cell cycle arrest at the GO-G1 phase transition point by downregulating
cyclin D1. By arresting the progression of the cell cycle, nuclear PTEN
contributes to tumor suppression in addition to PISK/AKT/mTOR inhibition in the

cytoplasm®®,

Clinical management of PTEN hamartoma tumor syndrome (PHTS)

Once CS/PHTS is identified, enhanced surveillance is recommended for
breast, thyroid, colon, uterus, kidney, and skin. Women with PHTS should
undergo high-risk breast cancer screening with mammogram and breast MRI
beginning at age 30, and endometrial cancer screening with transvaginal
ultrasound and/or biopsy starting at age 30. Hysterectomy should be discussed
after completion of childbearing. For both genders, thyroid cancer screening with
ultrasound should be started at age 7. The current guideline recommends
starting whole-body skin check at the time of PHTS diagnosis and then annually.

However, in a recent prospective study, skin cancers were not observed in the
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pediatric population (age <=18 years). Thus, future guidelines should
recommend a baseline skin exam at the time of diagnosis and another skin
examination during puberty for children®’. Renal ultrasound should start at age
40, and colon cancer screening with colonoscopy at age 35. Children, especially
those with personal history of developmental delay, should have appropriate
autism spectrum disorder evaluation and subsequent management by a
neurodevelopmental specialist. Detailed screening recommendations are

outlined in the NCCN guidelines, which are routinely updated?3e.

Historically, PHTS-derived BCs have been treated similarly to sporadic
BCs, according to the standard of care in the absence of somatic landscape
data. Although targeting PTEN-associated alterations for therapeutic purposes
has tremendous challenges®®88, more targeted, personalized treatment

strategies to effectively treat PHTS-derived BCs are warranted.
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CHAPTER II: EXOME SEQUENCING REVEALS A DISTINCT SOMATIC
GENOMIC LANDSCAPE IN BREAST CANCER FROM WOMEN WITH
GERMLINE PTEN VARIANTS.

Introduction

PTEN hamartoma tumor syndrome (PHTS) causes heritable
predisposition to multiple types of cancer including breast, thyroid, kidney,
endometrial and colon cancers, and melanoma®°. BC has the highest lifetime
risk, which is up to 85-91%, with an average age of diagnosis between 38 and 46
years®0-%4, In contrast, the lifetime risk of developing BC in the general population
is estimated to be 12.9% with an average age of onset at approximately 61 years

of age?.

Clinically, BC arising in PHTS appear distinct from sporadic BC without
underling germline mutations in BC susceptibility genes including PTEN. This is
characterized by younger onset, multifocality and secondary BCs®. Yet, very
little is known regarding the molecular mechanism of tumorigenesis in PHTS-
derived BCs. As a result, they are treated similarly to sporadic BCs, according to
the standard of care in the absence of somatic landscape data. In order to
elucidate distinct underlying biological and molecular processes, we analyzed
exome sequencing data from 44 primary BCs arising in the setting of germline
PTEN variants (PHTS) and compared them to 497 sporadic BC samples from the

Cancer Genome Atlas (TCGA).

Subjects and methods
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Research participants

Approved by the Cleveland Clinic’s Institutional Review Boards (IRB),
written informed consents were obtained from each individual enrolled under the
study protocol. Among 6934 research participants prospectively accrued from
September 1, 2005 to September 10, 2020, we identified 3066 female
participants with a personal history of breast cancer (BC). Of these, 130 had
germline PTEN variants. We then identified 44 women with appropriate consents
for acquisition of biospecimens and whose tissues representing BC were
available for sequencing.

Germline PTEN mutation and deletion/duplication status was confirmed by
clinical genetic testing and verified by polymerase chain reaction (PCR) and/or
multiplex ligation-dependent probe amplification (MLPA). PTEN pathogenicity
predictions were derived from genetic test reports from orthogonal testing in
CLIA-certified facilities, ClinVar database classifications, and/or the ClinGen
gene-specific criteria for PTEN variant curation®. For unreported variants,
Franklin by Genoox, an online variant interpretation tool based on machine
learning and the American College of Medical Genetics and Genomics (ACMG)
criteria, was used in conjunction with expert opinions at the Genomic Medicine
Institute at the Cleveland Clinic (Cleveland, OH, USA). We classified variants in
the PTEN promoter region as mutation positive if the clinical presentations were
associated with Cowden syndrome or if the variants are known to affect PTEN
functions*7:59:90:91 'We further classified germline PTEN variants into two groups;

1) Tier 1 variants: classified as pathogenic or likely pathogenic by ClinVar or
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Genoox, or either large deletions, nonsense, or frameshift mutations which are
predicted to be damaging either by impairing PTEN function and transcript
stability; and 2) Tier 2 variants: classified as variants of uncertain significance or
likely benign by ClinvVar or Genoox, or they have never been reported with
sufficient supporting evidence. Tier 2 variants were initially classified as
mutations or determined as potentially deleterious based on clinical
presentations and functional evidence at the time of the individuals’ enroliment
into the study. We further defined Tier 1 derived tumors as TIER-1 and Tier 2
derived tumors as TIER-2. The baseline Cleveland Clinic score (CC score),
which is a semi-quantitative surrogate of age-related PHTS phenotypic burden?’,
was extracted from the Cleveland Clinic Genomic Medicine Institute’s relational
database.

Original formalin-fixed, paraffin-embedded (FFPE) samples representing
primary BC were obtained from respective healthcare institutions where the
pathology specimens were collected. Two of the 44 cases had exposure to
systemic chemotherapy prior to sample collection from which the source DNA
originated. Clinical information including tumor type, grade, stage, and hormone
receptor status was obtained by reviewing surgical pathology reports and

pertinent medical records (Table 1, 2 in the Results section).

DNA extraction
DNA was extracted from the FFPE samples using QlIAamp® DNA FFPE

Tissue kit (Qiagen, Maryland, USA). Briefly, tissues from FFPE blocks were
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deparaffinated with xylene and crude DNA was precipitated with 100% ethanol.
Following complete proteolysis of the samples with Proteinase K at 56 degrees
Celsius, DNA was extracted and purified using the column method according to
the manufacturer’s protocol with slight reagent volume modifications. For
matched germline samples, we obtained blood-derived genomic DNA originating
from whole blood from the PHTS individuals from the Genomic Medicine
Biorepository of the Genomic Medicine Institute at the Cleveland Clinic

(Cleveland, OH, USA) following standard procedures.

Processing of extracted DNA samples

Samples with sufficient DNA yields and quality were subjected to exome
sequencing. The DNA concentration was measured with the Qubit™ Fluorometer
dsDNA HS (High Sensitivity) Assay kit (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). While the ideal DNA concentration for sequencing library
preparation was considered to be 30-40 ng/uL, the range of DNA concentrations
of submitted samples was 9.6-68.4 ng/uL and 19.0-98.4 ng/uL, and the range of
sample volumes submitted was 30-45 pL and 30-60 pL for tumor and normal

samples, respectively.

Exome sequencing
The tumor-blood DNA pairs were sent to the Broad Institute Genomic
Services (Cambridge, MA, USA) for next generation sequencing (NGS). The

Broad Institute created libraries from the submitted DNA samples and used the
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lllumina HiSeq platform to generate NGS data. Of the 44 tumor-normal samples,
28 were processed with the Illumina Somatic Exome protocol and the remaining
16 with the TWIST Somatic Exome protocol (pair-end sequencing with read
length range of 67bp to 140 bp). The Illumina Somatic Exome protocol had target
depths of 20x and 50x for the normal and tumor samples, respectively. For the
TWIST Somatic Exome protocol, the target depth was x100 for both normal and
tumor samples. The raw data were quality controlled, aligned and sorted through
a standard NGS pipeline at the Broad Institute. Reads were aligned to the
reference human genome GRCh37/hg19 using the BWA-ALN aligner (version
0.5.9)%. Local realignment, duplicate removal and base quality score
recalibration were performed using the Genome Analysis Toolkit and Picard per
the Broad Institute standard protocol®3. The processed sequencing data, derived
from both tumor and blood samples, were delivered as binary alignment map

(BAM) files.

Sporadic breast cancer cohort

The control cohort data were derived from The Cancer Genome Atlas
(TCGA) breast cancer dataset from the Genomic Data Commons (GDC). BC
cases with available exome sequencing data were selected. Cases with germline
mutations in known cancer susceptibility genes were identified based on
previously published data®* and excluded. Pertinent clinical information of the
selected cases was obtained from Nationwide Children’s Hospital dataset, which

is publicly available from the GDC portal (universally unique identifier [UUID]
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8162d394-8b64-4da2-9f5b-d164c54b9608). The final control cohort comprised of
497 women with no known germline mutations in cancer susceptibility genes
and, thus, who developed sporadic BC (estrogen receptor [ER] positive/human
epidermal growth factor 2 [HER2] negative: n=308; ER+/HER2+: n=80; ER-
/HER2+: n=23; triple negative breast cancer [TNBC]: n=86). The original input
files (BAMs) of tumor and matched normal samples, aligned to reference human
genome GRCh38/hg38, were downloaded from the GDC archive website for
bioinformatics analyses.
Somatic variant calling

We analyzed the BAM files using our in-house bioinformatics pipeline,
which is composed of the following steps: 1) variant calling for somatic single-
nucleotide variants (SNVs) and small insertions and deletions (indels); 2) variant
annotation; 3) data visualization; 4) downstream analyses. To optimize recall
and precision in the variant calling step, we used three variant callers: 1) The
Genome Analysis toolkit (GATK) Mutect2 (version 4.1.9.0)%; 2) Strelka (version
2.9.10)%; and 3) VarDict (version 1.8.2)%. For each variant caller, we employed
the default settings. Outputs from these variant callers were combined by
SomaticCombiner®’, which generates a consensus set of somatic variants as a
single variant call format (VCF) file. Somatic variants which passed all the
SomaticCombiner filters with a read depth of at least 20x for normal (blood) and
20x for tumor samples were included for visual inspection using the Integrative
Genomics Viewer (IGV) (version 2.6.3). The cut-off of 20 (Phred-scaled quality

score) was used for both mean base call quality and mean mapping quality.
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Following the filtering step, the detected variants were annotated with
GATK4/Funcotator (version 4.1.9.0) according to the GATK best practice
workflow of the Broad Institute, which generates mutation annotation format

(MAF) files.

Variant filtration and selection

For targeted analysis, we aggregated lists of genes associated with BC
from the TCGA publication3?, NCCN Genetic/Familial High-Risk Assessment:
Breast and Ovarian guidelines (version 1.2022-August 11, 2021) and 22
previously reported gold standard (GS) genes for BC®. We further searched for
preliminary BC susceptibility genes and targetable BC-associated genes from the
literature and compiled a list to examine mutational status in these genes*8:%¢-116,
A total of 84 BC-associated genes were included in the final list (Table 3).
Variants in all BC-associated genes were manually reviewed using the IGV with
the original BAM files as input. The determination whether the variant reviewed
should pass or fail was made with modified criteria based on the standard
operating procedure (SOP) for somatic variant refinement of tumor-normal pair
sequencing data!!’. During visual inspection, SNVs and indels were allowed to
pass if the variant allele frequency (VAF) was greater than 5% and they were not
classified as benign or likely benign. Variants with VAFs between 2% and 5%
were retained if they were previously reported as pathogenic or likely pathogenic.
An online variant interpretation tool, Franklin by Genoox was used to assist with

variant classification. To remove variants found at relatively high frequencies in
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the general population (minor allele frequency [MAF] greater than 0.001 [0.1%]),
the allele frequency information for female samples from a large population
database was used (field “gnomAD_exome_AF_female” from the genome
Aggregation Database, gnomAD version 2.1, Funcotator Data Source version
1.7.20200429s). Sex determination for this gnomAD dataset is based on both X

heterozygosity and Y coverage and it contains a wide range of ancestries.

Identification of fequently mutated genes and gene interactions

In order to identify the most frequently mutated BC-associated genes, we
used the maftools package (version 2.10.0)*'8 in R to summarize and visualize
our dataset. R version used was R-4.1.2 for windows. Samples containing
variants in BC-associated genes which passed the manual review on IGV were
included in the analyses. We used metafor package in R (version 3.4.0)'1° to
identify which frequently altered genes are statistically significantly different in
frequency between PHTS and sporadic BC groups from TCGA. Forest plots were
created using GraphPad Prism version 9.0 (GraphPad Software, San Diego,
California, USA). The subset analyses were done to compare TIER-1 (n=31) and
TIER-2 (n=13) against TCGA BCs (n=497). To investigate the presence of gene
sets which were co-occurring or mutually exclusive in PHTS-all (TIER-1 and
TIER-2 BCs combined), we used the ‘somaticlnteractions’ function in maftools to
create a pair-wise correlation matrix plot based on Fisher’s exact test to identify

significant pairs of genes.
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Driver gene identification

To uncover cancer driver genes, we performed a cancer-type agnostic
gene ranking analysis using cDriver (version 0.4.2)%. The input files included
both synonymous and non-synonymous variants which passed all the
SomaticCombiner filters, with read depth of greater than 20x for both tumor and
normal, and with mean base call quality and mean mapping quality above 20
(Phred-scaled quality). An optimized VAF cutoff of 2% was used for this analysis
since we observed that known pathogenic variants in genes such as PIK3CA
(MIM: 114480), although rare, can occur with VAF lower than 5%. To generate
purity and ploidy information, FACETS (version 0.6.1), an R package, was

used?0,

Mutational signature identification

To characterize the genome-wide mutational landscape, we investigated
mutational signatures including apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like (APOBEC) enrichment, and single base substitution (SBS)
signatures. Variants which passed all the SomaticCombiner filters with minimal
read depths of 20x for both normal and tumor samples, and a VAF greater than
5% were included. We used the BSgenome package (version 1.62.0) to create a
matrix of nucleotide substitutions which served as input for APOBEC enrichment
and SBS signature analyses. APOBEC enrichment scores were estimated using
a previously described method'?!. We then used maftools ‘plotApobecDiff’

function to create a plot showing the difference in mutational load of tCw (W=A or

40



T) motif as well as differentially mutated genes between APOBEC enriched and
non-APOBEC enriched samples. For SBS signature analyses, we used non-
negative matrix factorization, NMF package in R (version 0.24.0)'??, to measure
the goodness of fit in order to determine the number of best match clusters.
Then, we used maftools ‘extractSignatures’ function to extract mutational
signatures to compare against known SBS signatures in the Catalogue of
Somatic Mutations in Cancer (COSMIC) legacy and SBS signature database.
Finally, we used maftools ‘plotSignatures’ function to plot best match SBS

signatures detected in our dataset.

Tumor mutational burden estimation

Tumor mutational burden (TMB) was calculated by taking the total number
of non-synonymous variants divided by a capture size of 30. This capture size is
based on the size of the coding region, for which 30Mb was employed. This
approximation is a generally accepted assumption that approximately 1% of the
whole human genome (an approximate total of 3 billion base pairs) is protein-
coding??3. Non-synonymous variants which passed all the SomaticCombiner
filters, had minimal read depths of 20x for both normal and tumor samples, and
had VAF greater than 5% were included. The cut-off of 20 (Phred-scaled quality)
was used for both mean base call quality and mean mapping quality. The TMB
was calculated for each sample which was then log2 transformed for optimum
scatterplot visualization. Kruskal-Wallis test was used to perform an overall

comparison of all eight BC groups (PHTS-all, TIER-1, TIER-2, all sporadic BC,
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ER+/HER2-, ER+/HER2+, ER-/HER2+, and TNBC). For post-hoc, pairwise
comparisons, we employed Mann-Whitney test with adjusted p-values <0.05 to

be considered statistically significant.

TCGA data analysis
We applied the same variant calling algorithm to the raw TCGA sporadic

BC dataset to make a head-to-head comparison with our PHTS series data.

Sample size estimation

We performed sample size calculations to determine the minimum number
of cases we need to show statistically significant genomic differences between the
PHTS and TCGA sporadic BC groups. In order to detect characteristic driver
mutations at the variant level, we used the two proportions derived from the
somatic PTEN mutation rate in the preliminary PHTS group with 29 samples
(21.0%) and that of sporadic luminal subtypes in literature (4.0%)3%124, We
estimated that 30 samples from PHTS and 250 samples from TCGA should be
sufficient to achieve a power of 81.0% with an alpha of 0.05 (two-sided) to detect

a significant difference.

Statistical analysis
To compare clinical characteristics and somatic mutational landscapes
between PHTS and TCGA BCs, a two-tailed Chi-squared or Fisher’s exact test

was applied to categorical variables. For continuous variables, analysis of
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variance was used. A logistic regression model was used for a binary outcome
with continuous independent variables. Statistical analyses were performed using
GraphPad Prism version 9.0 (GraphPad Software, San Diego California, USA),
except for statistical analyses incorporated in maftools (version 2.10.0)1*8, P-

values <0.05 were considered statistically significant unless stated otherwise.

Results
Notable differences in the clinical characteristics and somatic variant
spectra between PHTS-derived BCs and sporadic counterparts from TCGA
In all combined PHTS group (PHTS-all, n=44), the majority of cases had
ductal histology (86.4%), were ER positive (84.1%), progesterone receptor (PR)
positive (81.8%), and HER2 negative (84.1%). The most common grade was 2
(intermediate grade, 52.3%) and the majority of cases were early stage, namely
stages 0, | and Il (95.5%, including cases whose stages are unknown and
presumed to be early-stage). The median age of diagnosis was 49.5 years
(range, 34-85 years) and 47 years (range, 34-75 years) in PHTS and Tier 1,
respectively, both of which were significantly younger than that of TCGA
(median, 56 years; range, 34-85 years; p=0.003 [PHTS vs. TCGA] and p<0.001
[Tier-1 vs. TCGA]; Table 1). Compared to TCGA, PHTS-all displayed a
significantly higher proportion of ductal histology (86.4% vs 66.8%; p=0.007), and

of earlier clinical stages (95.5% vs 75.3%; p=0.001; Table 1).
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Table 1: Clinical characteristics of women with PHTS-derived breast cancers
compared to those with sporadic breast cancer from TCGA

haracteristi Tier 1 Tier 2 TCGA
Characteristics PHTS (n=44) (nf31) (n513) (nzcif;n P-value 2
Median age of diagnosis — yr. 49.5 470 53.0 56 0.003 b
Diagnosis age range — yr. 34 -85 34-75 40-85 34 -85 [<0.001]®
IQR (95% CI of median) (451;‘5554) (401-?36) (461-23?5) (551t76559) (>0.99)°
Age of diagnosis — No. (%)
=< 40 yr. 9 (20.5) 8 (25.8) 1(7.7) 35(7.0)
41-49 yr. 13 (29.5) 10 (32.3) | 3(23.1) | 111(22.3)
50-59 yr. 13 (29.5) 9(29.0) | 4(30.8) | 139 (28.0)
>= 60 yr. 9 (20.5) 4(12.9) | 5(38.5) | 212(42,7)
Tumor Type — No. (%)
Ductal 38 (86.4) 27 (87.1) | 11 (84.6) | 332 (66.8) 0.007¢
Lobular 1(2.3) 1(3.2) 0 (0) 117 (23.5) [0.02]¢
Mixed histology 5(11.4) 3(9.7) 2 (15.4) 15 (3.0) (0.24)¢
Other/Unknown 0 (0) 0 (0) 0 (0) 33 (6.6)
Stage - No. (%)
0 1(2.3) 1(3.2) 0(0) 0(0) 0.001¢
I 26 (59.1) 18 (58.1) | 8 (61.5) 88 (17.7) [0.3]¢
Il 11 (25.0) 7 (22.6) 4(30.8) | 286 (57.5) (0.5)¢
I 1(2.3) 1(3.2) 0 (0) 119 (23.9)
V. 1(2.3) 1(3.2) 0 (0) 4(0.8)
Unknown 4(9.1) 3(9.7) 1(7.7) 0
ER status — No. (%)
Positive 37(84.1) | 26(83.9) | 11(84.6) | 388(78.1) 0.25¢
Negative 6 (13.6) 4(12.9) | 2(15.4) | 109 (21.9) | [0.37]¢
Unknown 1(2.3) 1(3.2) 0 (0) 0 (0) (0.74) ¢
PR status — No. (%)
Positive 36 (81.8) 26 (83.9) | 10(76.9) | 338(68.0) 0.03¢
Negative 7 (15.9) 4 (12.9) 3(23.1) | 159 (32.0) [0.03]¢
Unknown 1(2.3) 1(3.2) 0 (0) 0 (0) (0.77)¢
HER2 status — No. (%)
Positive 5(11.4) 3(9.7) 2(15.4) | 101(20.3) 0.33f
Negative 37 (84.1) 26 (83.9) | 11 (84.6) | 396 (79.7) [0.49]f
Unknown 2 (4.5) 2 (6.5) 0 (0) 0 (0) (>0.99)f
Grade — No. (%)
I 12 (27.3) 7(22.6) | 5(38.5) | Unknown
Il 23 (52.3) 17 (54.8) | 6 (46.2) Unknown
I 9 (20.5) 7(22.6) | 2(15.4) | Unknown

Abbreviations: PHTS = all PTEN hamartoma tumor syndrome breast cancer cases
combined, Tier 1 = breast cancer cases arising from germline PTEN variants classified
as pathogenic or likely pathogenic, Tier 2 = breast cancer cases arising from germline
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PTEN variants classified as variants of unknown significance or likely benign, TCGA =
The Cancer Genome Atlas breast cancer cohort (all subtypes combined), IQR =
interquartile range, ER = estrogen receptor, PR = progesterone receptor, HER2 =
human epidermal growth factor receptor 2

& Comparison between PHTS and TCGA is shown, followed by Tier-1 compared to
TCGA (in the brackets) and Tier-2 compared to TCGA (in the parentheses). Differences
were considered statistically significant with p<0.01 (two-tailed, Bonferroni corrected)
unless stated otherwise

® While the PHTS group is normally distributed, TCGA cohort was not. Thus, a
nonparametric test (the Kruskal-Wallis) was performed. Adjusted p-value <0.05 is
considered statistically significant.

¢ Fisher’s exact test was performed between pure ductal vs non-pure ductal (lobular,
mixed, other, unknowns) to meet the criteria of all expected values greater than 1 and at
least 20% of the expected values greater than 5.

4 Fisher’s exact test was performed between early stage (0, I, Il, unknown) vs advanced
(IlMand IV) since Chi-squared test calculations on 2x6 require all expected values to be
greater than one.

¢ Fisher’s exact test was performed between positive marker status (ER or PR positive
and unknown) vs negative marker status (ER negative or PR negative) to meet the
criteria of all expected values greater than 1 and at least 20% of the expected values are
greater than 5. Unknown cases were considered ER and PR positive.

" Fisher’s exact test was performed between HER?2 positive vs. HER2 negative. One
unknown case was considered positive (for a case of ductal carcinoma in situ) and the
other, negative (for a case HER2-directed treatment history is not documented)
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Somatic variants in PTEN as the predominant, somatic oncogenic drivers

in PHTS-derived BCs, especially in TIER-1.

In PHTS-all BCs, PTEN and PIK3CA were the most frequently
somatically-mutated BC-associated genes, each affecting 22.7% of the samples,
followed by MAP3K1 (MIM: 600982 [13.6%]) , TP53 (MIM: 114480 [11.4%)),
GATA3 (MIM: 131320 [9.1%)]), and TBX3 (MIM: 601621 [9.1%]; Figure 1A and
Table 4). All the somatic hits in PTEN were distinct from the germline PTEN
variants (Table 2, 4), representing second hits to PTEN, while the underlying
germline PTEN variants represent the first hits per Knudson’s two-hit
hypothesis!?®. Most of these somatic variants have been previously reported and
considered pathogenic or likely pathogenic (Table 4). Two individuals had two
somatic hits in PTEN. The relative risk for the presence of somatic PTEN variants
was 4.03 (95% ClI, 2.1 to 7.75; p<0.001) in PHTS-all BCs compared to TCGA.
The relative risk for the presence of somatic PTEN variants was 5.15 in TIER-1
BCs (95% ClI, 2.7 to 9.9; p<0.01) while it was 1.36 in TIER-2 BCs (95% ClI, 0.2 to
9.3; p=0.75) compared to TCGA. The majority of somatic variants detected in
PIK3CA were pathogenic hotspot mutations (Table 4). Somatic variants in PTEN
and PIK3CA were found to be mutually exclusive in PHTS-all BCs and this was

statistically significant (p=0.01; Figure 1B).
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Table 2 Clinical characteristics of PHTS-related breast cancer series

Case ID | Histologic subtype D>(<yﬁ§;e Stage ER HER?2 sgoci e
PHTS-A IDC & DCIS 58 1A + - 14
PHTS-B IDC & DCIS 39 1A + - 25
PHTS-C IDC & DCIS 45 1A + - 34
PHTS-D IDC & DCIS 45 1A + - 20
PHTS-E IDC & DCIS 43 1A + - 42
PHTS-F IDC & ILC 56 A + - 46
PHTS-G IDC & DCIS 37 1B + - 43
PHTS-H IDC & DCIS 49 1A N/A N/A 22
PHTS-I IDC & DCIS 52 1B + - 13
PHTS-J IDC 37 1B - + 37
PHTS-K ;g{iu"rvg: lobular 60 IA + - 16
PHTS-L IDC & DCIS 54 1A + - 14
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Invasive

PHTS-M mucinous Ca & 46 A 7
DCIS

PHTS-N IDC & DCIS 65 1A 36

PHTS-O IDC & DCIS 44 1A 18

PHTS-P? IDC & DCIS 40 B ° 2
IDC with lobular

PHTS-Q features 58 1A 16

PHTS-R IDC & DCIS 62 1A 8
IDC with focal

PHTS-S infiltrating lobular 42 A 1
dif. & DCIS

PHTS-T IDC & DCIS 56 1A 51

PHTS-U IDC & DCIS 63 1A 28

PHTS-V IDC & DCIS 43 1A 41

PHTS-w | nvasive 52 Unk 2
mucinous Ca

PHTS-X IDC 56 A 1

PHTS-Y ILC & LCI 55 Unk 35
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Papillary Ca

PHTS-Z (invasive and in 50 IA - 18
situ) & DCIS
PHTS-AA | IDC & DCIS 34 IA - 20
PHTS-AB | IDC & DCIS 61 IIA - 25
PHTS-AC | IDC 75 A . 1
PHTS-AD | IDC 79 IA - 8
PHTS-AE | IDC & DCIS 85 IA - 7
PHTS-AF | IDC & DCIS 45 IA - 9
PHTS-AG | IDC & DCIS 39 Unk - 28
PHTS-AH | IDC 49 A - 8
PHTS-Al | IDC, DCIS & LCIS 38 IA - 32
PHTS-AJ | IDC 46 A - 36
PHTS-AK | DCIS 50 0 N/A 32
PHTS-AL? | IDC 60 Unk - 28
PHTS-AM | IDC & DCIS 47 A - 3
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PHTS-AN | IDC & DCIS 38 1B 32
PHTS-AO | IDC & DCIS 54 IA 28
PHTS-AP | IDC & DCIS 40 IA 24
PHTS-AQ | IDC & DCIS 53 1A 4
PHTS-AR | IDC & DCIS 47 \% 8
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Table 2 Clinical characteristics of PHTS-related breast cancer series (Continued)

p.(Arg233%)

VCV000007813.20

Final
Case ID Germllr_le PTEN Genoox Supporting evidence variant
variants classification priority
(Tier)
C.238A>T i Wang and Jiang 2008t
PHTS-A leely . g g 1
p.(Lys80%) pathogenic Ngeow et al. 20122
c.1003C>T . See ClinVar:
PHTS-B Pathogenic 1
p.(Arg335*) VCV000007833.40
i c.(801+1_802- 3
PHTS-C 1)_(1026+1_1027-1)del N/A Zhou et al. 2003 1
] See ClinVar:
PHTS-D €.1026+1G>A Pathogenic 1
VCV000183722.9
€.210-4_210-1del . See ClinVar:
PHTS-E Pathogenic 1
VCV000427615.2
c.697C>T ] See ClinVar:
PHTS-F Pathogenic 1
p.(Arg233*) VCV000007813.20
c.389G>A . See ClinVar:
PHTS-G Pathogenic 1
p.(Arg130GIn) VCV000007829.31
Cc.71A>G ] See ClinVar:
PHTS-H Pathogenic 1
p.(Asp24Gly) VCV000208723.9
Wang et al. 20114
PHTS-I c.-1195 1184del N/A 2
Tan et al. 2012°
€.549_550dup . See ClinVar:
PHTS-J N Pathogenic : 1
p.(Asn184Argfs*16) 9 VCV000484620.3
c.235G>A -
PHTS-K VUS Jaini et al. 2020° 2
p.(Ala79Thr)
c.517C>T ] See ClinVar:
PHTS-L Pathogenic 1
p.(Argl73Cys) VCV000189500.14
€.328C>G i See ClinVar:
PHTS-M Likely 1
p.(GIn110Glu) pathogenic VCV000428229.8
c.974T>C See ClinVar:
PHTS-N p.(Leu325Pro) VUS VCV000428231.3 2
Mighell et al. 20207
Cc.697C>T ) See ClinVar:
PHTS-O Pathogenic 1

51




Zhou et al. 20033

PHTS-P? €.-834C>T N/A Teresi et al. 20078
Tan et al. 2012°
c.518G>A . See ClinVar:
PHTS-Q ] Pathogenic
p.(Argl73His) VCV000376032.17
€.892C>G See ClinVar:
PHTS-R VUS
p.(GIn298GIu) VCV000127695.18
Wang et al. 20114
PHTS-S C.-1170C>T N/A
Tan et al. 2012°
] c.(0+1_1- . ]
PHTS-T 1)_(1212+1_1213-1)del N/A Jaini et al. 2020
€.315dup , See ClinVar:
PHTS-U Pathogenic
p.(Glu106%) VCV000468681.1
c.401T>G . See ClinVar:
PHTS-V Pathogenic
p.(Met134Arg) VCV000431829.2
c.1061C>A See ClinVar:
PHTS-W VUS
p.(Pro354Gin) VCV000143020.27
PHTS-X €.-1066_-1037del N/A Tan et al. 2012°
C.697C>T See ClinVar:
PHTS-Y Pathogenic
p.(Arg233¥) VCV000007813.20
€.1003C>T ) See ClinVar:
PHTS-Z Pathogenic
p.(Arg335*) VCV000007833.40
PHTS- €.732_733insGG Likely Wang and Jiang 2008*
AA p.(GIN245Glyfs*12) pathogenic Ngeow et al. 20122
PHTS- c.696dup /A Wang and Jiang 2008*
AB p.(Arg233Thrfs*10) Ngeow et al. 20122
PHTS- c.123_130del NUA Wang and Jiang 2008*
AC p.(Leud2Argfs*7) Ngeow et al. 20122
- Wang et al. 20114
PHTS C.-1170C>T N/A J
AD Tan et al. 20125
i Wang et al. 2011*
iETS C.-1170C>T N/A J

Tan et al. 2012°
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- Wang et al. 2011*
PHTS c.-1170C>T N/A J
AF Tan et al. 20125
PHTS- C.522T>A _ See ClinVar:
Pathogenic
AG p.(Tyrl74%) VCV000486227.3
PHTS- c.(0+1_1-1) (79+1_80- 5
AH 1)del N/A Zhou et al. 2003
€.635-9A>G Chen, et al. 2017°
PHTS-AI p.(Asn212Thrfs*12)¢ VUS Wang and Jiang 2008
Ngeow et al. 20122
c.892del . See ClinVar:
PHTS-AJ Pathogenic
p.(GIn298Lysfs*9) VCV000189432.1
PHTS- c.(79+1_80- ) Jaini et al. 20208
AK 1)_(164+1_165-1)del A Zhou et al. 2003°
- See ClinVar:
PHJS €.209+1G>T Pathogenic
AL VCV000229705.6
ZKI/ITS' C.-890C>T N/A Tan et al. 20125
PHTS- €.389G>A _ See ClinVar:
Pathogenic
AN p.(Arg130GIn) VCV000007829.31
PHTS- €.1003C>T , See ClinVar:
Pathogenic
AO p.(Arg335¥) VCV000007833.40
PHTS- c.1003C>T _ See ClinVar:
Pathogenic
AP p.(Arg335*) VCV000007833.40
PHTS- €.1147>G VUS See ClinVar:
AQ p.(Pro38=) VCV000184068.10
€.620G>T .
PHTS- Likely i
, See Franklin®
AR p.(Ser207lle) pathogenic

The transcript accession number for PTEN germline variants (RefSeq ID): NM_000314.3
Clinical stage is based on medical records or determined by pathology reports using the
American Joint Committee on Cancer (AJCC)7™ edition breast cancer staging criteria.
Abbreviations: Ca = Carcinoma, DCIS = Ductal carcinoma in situ, Dx = Diagnosis,
GMI= Genomic Medicine Institute at the Cleveland Clinic, Cleveland, OH,

IDC = Invasive ductal carcinoma, ILC = Invasive lobular carcinoma, LCIS = Lobular
carcinomain situ, Unk = Information unknown, VUS = variant of unknown significance,
yr. = years

@ Exposure to neoadjuvant chemotherapy

b Staging based on path report before neoadjuvant chemotherapy. Staging after neo-
adjuvant is reported to be IIA (yT1bN1aMx)
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¢ https://franklin.genoox.com/clinical-db/variant/snp/chr10-89712002-G-T (last accessed
on February, 23, 2022).

4The transcript change and predicted protein truncation were confirmed molecularly using
Rapid Amplification of cDNA Ends (RACE)
ClinvVar and Genoox websites access date: February 23, 2022.
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Table 3: Aggregated breast cancer (BC) associated genes

Coordinates (GRCh37/hg19)

Gene Name Chrom Start End

ABRAXAS1 4 84380669 84406253
AFF2 X 147582136 148082193
AKT1 14 105235685 105262085
AKT3 1 243651534 244006584
APC 5 112043194 112181936
AR X 66763862 66950461
ARID1A 1 27022505 27108595
ATM 11 108093793 108239829
BARD1 2 215590369 215674407
BRAF 7 140413127 140624729
BRCA1 17 41196311 41277381
BRCA2 13 32889644 32974405
BRIP1 17 59756499 59940889
CASP8 2 202098165 202152434
CBFB 16 67063051 67134961
CCND1 11 69455923 69469242
CCND2 12 4382927 4414519
CCND3 6 41902670 42016632
CCNE1 19 30302897 30315219
CD274 9 5450541 5470554
CDH1 16 68771194 68869440
CDK4 12 58141509 58146093
CDK®6 7 92234234 92465887
CDKN1B 12 12870301 12875303
CDKN2A 9 21967750 21995323
CDKNZ2B 9 22002901 22009312
CHEK?2 22 29083730 29137822
CTCF 16 67596428 67673080
EGFR 7 55086709 55279321
ERBB2 17 37844346 37884911
ERBB3 12 56473948 56497289
ESR1 6 151977806 152424409
ESR2 14 64693424 64805331
FANCM 14 45605132 45670093
FBXW7 4 153241695 153457244
FGFR1 8 38268660 38326153
FGFR2 10 123237843 123357972
FOXA1 14 38058756 38064454
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GATA3
IGF1
JAK2
KLLN
KMT2A
KMT2C
KRAS
MAP2K1
MAP2K4
MAP3K1
MET
MRE11
MUTYH
MYB
NBN
NCOR1
NF1
NOTCH1
NOTCH4
NTHL1
PALB2
PGR
PIK3CA
PIK3CB
PIK3R1
PTEN
PTPN22
PTPRD
RAD50
RAD51C
RAD51D
RB1
RECQL
RINT1
RPTOR
RUNX1
SDHB
SDHD
SEC23B
SF3B1
STK11
TBL1XR1
TBX3

10
12

10
11

12

15
17

11

(o2}

17
17

16
16
11

w

10

©

17
17
13
12

17
21

11
20

19

12

8096650
102789651
4984389
89618914
118307206
151832009
25358179
66679249
11924193
56111375
116312249
94148735
45794913
135502445
90945558
15932470
29421944
139388884
3505440
2089820
23614485
100900354
178866144
138371539
67511583
89623381
114356432
8314245
131892668
56769962
33419239
48877886
21621843
105172647
78518637
36160097
17345216
111957596
18488191
198283519
1205776
176737131
115108059
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8117161
102874341
5129948
89623290
118397547
152133088
25403863
66783882
12047145
56191979
116438431
94227010
45806112
135540310
90996895
16118848
29704695
139440500
3534689
2097835
23652631
101000544
178957881
138553770
67597649
89731687
114414381
10613002
131982041
56812972
33446879
49056026
21654569
105208124
78940168
36421599
17380527
111966518
18542059
198299817
1228430
176915270
115121980




TPS3 17 7571738 7590808
WWP1 8 87354775 87480732
XRCC2 7 152341860 152373226
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Table 4: Somatic variants in PTEN and PIK3CA detected in the PHTS series

HUGO

Sample symbol Interpretation (Genoox) | cDNA change Protein change
PHTS-AB | PTEN Likely pathogenic c.283_289del | p.(Pro95Serfs*2)
PHTS-AE | PTEN Pathogenic c.855 _856del | p.(Glu285Aspfs*12)
PHTS-AE | PTEN Likely pathogenic €.1026G>C p.(Lys342Asn)
PHTS-AK | PTEN | Likely pathogenic ¢.513_521del ﬂgﬁigﬂl—mlmde"
PHTS-E PTEN Likely pathogenic C.674_675del | p.(Tyr225Phefs*17)
PHTS-F PTEN Likely pathogenic ¢.535dup p.(Serl79Lysfs*11)
PHTS-G | PTEN Not previously reported | ¢.768_784del | p.(Phe257GInfs*35)
PHTS-J PTEN Likely pathogenic €.609_619del | p.(lle203Metfs*36)
PHTS-L PTEN Pathogenic c.741dup p.(Pro248Thrfs*5)
PHTS-L PTEN Pathogenic c.448G>A p.(Glul50Lys)
PHTS-Q | PTEN Pathogenic c.737C>T p.(Pro246Leu)
PHTS-Z PTEN Pathogenic C.464A>G p.(Tyr155Cys)
PHTS-AC | PIK3CA | Pathogenic c.3140A>G p.(His1047Arg)
PHTS-AD | PIK3CA | Pathogenic €.1258T>C p.(Cys420Arg)
PHTS-AF | PIK3CA | Pathogenic c.3140A>G p.(His1047Arg)
PHTS-AF | PIK3CA | Pathogenic €.2191C>T p.(GIn731%)
PHTS-AH | PIK3CA | Pathogenic €.1633G>A p.(Glu545Lys)
PHTS-AM | PIK3CA | Pathogenic c.3140A>T p.(His1047Leu)
PHTS-AO | PIK3CA | Likely pathogenic €.1093G>A p.(Glu365Lys)
PHTS-AQ | PIK3CA | Pathogenic €.1258T>C p.(Cys420Arg)
PHTS-AR | PIK3CA | Pathogenic c.3140A>G p.(His1047Arg)
PHTS-K | PIK3CA | Pathogenic c.3140A>G p.(His1047Arg)
PHTS-X PIK3CA | Pathogenic €.1633G>A p.(Glu545Lys)

RefSeq IDs: NM_000314.4 (PTEN), NM_006218.2 (PIK3CA).
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Figure 1: Somatic mutational landscape of PHTS-derived breast cancers (BCs)

and comparison to sporadic BCs from TCGA
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A. Oncoplot showing the distribution of non-synonymous somatic mutations in BC-
associated genes among the PHTS-all samples (TIER-1 and TIER-2 BCs combined).
Each column represents a sample and each row, a BC-associated gene with at least
one somatic variant detected in any sample. The gene names are listed in order of the
highest to the lowest mutational frequency, which is the proportion of all samples
affected (out of 44 samples) shown as a percentage. The top bar plot shows the number
of variants detected in each sample. The bar plot on the far right shows the number of
samples harboring variants in each gene. The bottom bar plot shows transition and
transversion patterns for each sample. Abbreviations: ins = insertion, del = deletion.

B. The correlation plot shows co-occurring and mutually exclusive gene pairs in PHTS-
all (TIER-1 and TIER-2 BCs combined). Pair-wise Fisher’s exact test (two-tailed) was
performed to identify statistically significant pairs. The numbers in brackets represent the
number of samples harboring non-synonymous variants in each gene. The plot shows
variants in PTEN and PIK3CA occur in a mutually exclusive manner in PHTS-all BCs
and this was statistically significant (p=0.01). The p-values for statistically significant
gene pairs are: p=0.006 for NF1 and AFF2, p=0.01 for KMT2C and TBX3, p=0.01 for
PTEN and PIK3CA, p=0.03 for FOXA1 and APC, and p=0.03 for GATA3 and CBFB.

C. The forest plot shows odds ratio (OR) to compare the PHTS-all series (n=44) and
TCGA cohort (n=497) for statistically significantly mutated BC-associated genes. OR >1
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indicates there were more somatic variants in the PHTS-all group (ATM, CBFB, and
PTEN). OR <1 indicates there were more somatic variants in the TCGA cohort (CDH1
and TP53). All BC subtypes from both groups are included in this analysis. The
horizontal bar represents 95% confidence interval (Cl).

D. The forest plot shows OR to compare TIER-1 BCs (n=31) and TCGA (n=497) cohort
for statistically significantly mutated BC-associated genes. OR >1 indicates there were
more somatic variants in the TIER-1 BC group (AFF2, AR, CBFB, ESR1, and PTEN).
OR <1 indicates there were more somatic variants in the TCGA cohort (TP53 and
PIK3CA). All BC subtypes from both groups are included in this analysis. The horizontal
bar represents 95% CI.

E. The forest plot shows odds ratio (OR) to compare TIER-2 BCs (n=13) and TCGA
cohort (n=497) for statistically significantly mutated BC-associated genes. OR >1
indicates there were more somatic variants in the TIER-2 BC group (TBX3 and CHEK?2).
All BC subtypes from both groups are included in this analysis. The horizontal bar
represents 95% CI

E. The forest plot shows odds ratio (OR) to compare TIER-1 series (n=31) and TIER-2
series (n=13) for statistically significantly mutated BC-associated genes. OR <1 indicates
there were less somatic variants in the TIER-1 group (PIK3CA). The horizontal bar
represents 95% CI.
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Genomic data reveal TIER-1 and TIER-2 BCs are two genomically different

types of tumors.

Subset analysis with TIER-1 BC cases (n=31) revealed a higher somatic
mutational frequency in PTEN (29.0%) and a lower mutational frequency in
PIK3CA (12.9%) compared to all the PHTS samples combined (PHTS-all, n=44).
Compared to TIER-1 BCs, TIER-2 had a higher mutational frequency in PIK3CA
(46.1%) and a lower frequency in PTEN (7.7%; Table 5). Based on the data
above, TIER-1 and TIER-2 BCs appear to be two genomically different types of
tumors. Thus, we performed TIER-1 and TIER-2 analyses separately, along with
our overall PHTS series (PHTS-all).

CC score is a clinically useful tool to provide pretest probability of
detecting a germline PTEN variant and is a useful surrogate of phenotypic
burden’. We performed logistic regression to examine if the CC score was
associated with the presence of somatic PTEN or PIK3CA variants in the PHTS
groups. In PHTS-all BCs, no significant association was found between the CC
score and the occurrence of somatic PTEN variants (odds ratio (OR) per 5-point
increase in CC score=1.28; 95% ClI, 0.98 to 1.72; p=0.08; Figure 2A). There
was, however, a statistically significant relationship between a lower CC score
and an increased likelihood of detecting somatic PIK3CA mutations (OR per 5-
point increase in CC score=0.54; 95% ClI, 0.31 to 0.78; p=0.007; Figure 2B).
This association persisted in TIER-1 (Figure 2C and 2D) but not in TIER-2 BCs

(Figure 2E and 2F).
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For the entire sporadic BC cohort from TCGA (n=497), including all the
four subtypes, TP53 was identified as the most frequently mutated BC-
associated gene, affecting 34.4% of the samples, followed by PIK3CA (33.4%),
CDH1 (MIM: 192090 [17.7 %]), GATA3 (11.3%), and KMT2C (MIM: 606833
[10.3%]). PIK3CA was the most frequently mutated gene in ER+ subgroups
(40.6% in ER+/HER2- and 36.3% in ER+/HER2+), while TP53 was the most
frequently mutated in ER- subgroups (73.9% in ER-/HER2+ and 82.6% in
TNBC). Somatic variants in PTEN were only found at low frequencies (5.6-7.0%),
with the highest of 7.0% in the TNBC subgroup and 5.6% in the combined
sporadic BC cohort (Table 5).

We found that several BC-associated genes were significantly more
somatically altered in PHTS-all BCs than in TCGA: ATM (MIM: 607585 [OR =
3.97; 95% ClI, 1.03 to 15.23; p=0.04]), CBFB (MIM: 121360 [OR = 3.97; 95% ClI,
1.03 to 15.23; p=0.04]), and PTEN (OR = 4.93; 95% Cl, 2.21 to 10.98; p<0.001).
In contrast, we found two significantly less altered BC-associated genes in
PHTS-all BCs than in TCGA: CDH1 (OR = 0.11; 95% Cl, 0.01 to 0.80; p=0.03)
and TP53 (OR =0.24; 95% CI, 0.09 to 0.63; p=0.04; Figure 1C). Compared to
TCGA, TIER-1 BCs had five BC-associated genes which were more significantly
altered: AFF2 (MIM: 300806 [OR = 5.22; 95% Cl, 1.36 to 20.03; p=0.02]), AR
(MIM: 313700 [OR = 8.50; 95% Cl, 1.49 to 48.34; p=0.02), CBFB (OR = 5.81;
95% ClI, 1.49 to 22.66; p=0.01), ESR1 (MIM: 114480 [OR = 16.53; 95% CI, 1.01
to 270.85; p=0.049]), and PTEN (OR = 6.85; 95% ClI, 2.89 to 16.26; p<0.001),

while two BC-associated genes were significantly less altered: PIK3CA (OR =
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0.30; 95% Cl, 0.10 to 0.86; p=0.03) and TP53 (OR = 0.28; 95% ClI, 0.10 to 0.82;
p=0.02; Figure 1D). TIER-2 BCs had two BC-associated genes which were more
significantly altered: CHEK2 (MIM: 604373 [OR, 13.72; 95% CI, 1.33-141.67;
p=0.03]) and TBX3 (OR, 6.48; 95% ClI, 1.66-25.22; p=0.007; Figure 1E)
compared to TCGA. When TIER-1 and TIER-2 BCs were compared, PIK3CA
was significantly less somatically mutated in TIER-1 compared to TIER-2 BCs
(OR, 0.17; 95% ClI, 0.04 to 0.79; p=0.02).

cDriver identified PTEN and TP53 as the top ranked driver genes in
PHTS-all and TCGA BCs, respectively (Table 6, 7). Other high-ranking BC-
associated genes in PHTS-all BCs included PIK3CA, MAP3K1, GATA3, CBFB,
and TBX3. While the top 10 genes ranked for TCGA samples were all known BC-
associated genes, some non-BC-associated genes were ranked as top driver
genes in PHTS-all BCs (ZNF253 [MIM: 606954], TCHH [MIM: 190370], STAP2
[MIM: 607881], NPIPA5 , ZNF676, MAGECL1 [MIM: 300223], MDC1[MIM:
607593]). PTEN remained to be the top driver gene but PIK3CA ranked number
six in TIER-1 BCs (Table 8). On the other hand, PIK3CA was identified as the
top driver gene but PTEN failed to be ranked within the top 14 in TIER-2 BCs

(Table 9).
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Table 5: Most frequently mutated breast cancer-associated genes in breast

cancers derived from PHTS and TCGA

PHTS TCGA

All-cases TIER-1 TIER-2 All cases ER+/HER2- ER+/HER2+ ER-/HER2+ TNBC

Genes (n=44) (n=31) (n=13) (n=497) (n=308) (n=80) (n=23) (n=86)

No. (%) No. (%) No. (%) No. (%) No. (%) No. (%) No. (%) No. (%)
PTEN 10 (22.7) 9 (29.0) 1(7.7) 28 (5.6) 17 (5.5) 5 (6.3) 0 (0) 6 (7.0)
PIK3CA 10 (22.7) 4(12.9) 6 (46.2) 166 (33.4) 125 (40.6) 29 (36.3) 2(8.7) 10 (11.6)
MAP3K1 6 (13.6) 3(9.7) 3(23.1) 45 (9.1) 32 (10.4) 8 (10.0) 3(13.0) 2(2.3)
TP53 5 (11.4) 4(12.9) 1(7.7) 171 (34.4) 62 (20.1) 21 (26.3) 17 (73.9) 71 (82.6)
GATA3 4(9.1) 4(12.9) 0(0) 56 (11.3) 48 (15.6) 8(10.0) 0 (0) 0(0)
TBX3 4(9.1) 1(3.2) 3(23.1) 22 (4.4) 19 (6.2) 1(1.3) 0 (0) 2(2.3)
AFF2 3(6.8) 3(9.7) 0 (0) 10 (2.0) 3(1.0) 4 (5.0 1 (4.4) 2(2.3)
ATM 3(6.8) 2(6.5) 1(7.7) 9(1.8) 5(1.6) 2(2.5) 0 (0) 2(2.3)
CBFB 3(6.8) 3(9.7) 0(0) 9(1.8) 7(2.3) 2(2.5) 0 (0) 0(0)
KMT2C 2(4.5) 1(3.2) 1(7.7) 51 (10.3) 38 (12.3) 8(10.0) 0 (0) 5(5.8)
NF1 2 (4.5) 2 (6.5) 0 (0) 16 (3.2) 10 (3.3) 3(3.8) 0 (0) 3(3.5)
RB1 2 (4.5) 1(3.2) 1(7.7) 15 (3.0) 3(1.0) 3(3.8) 0 (0) 9 (10.5)
RUNX1 2(4.5) 1(3.2) 1(7.7) 21 (4.2) 14 (4.6) 5(6.3) 0 (0) 2(2.3)
AR 2 (4.5) 2 (6.5) 0 (0) 4(0.8) 3(1.0) 1(1.3) 0 (0) 0(0)
FANCC 2(4.5) 2(6.5) 0(0) 0 (0) 0 (0) 0 (0) 0 (0) 0(0)

Abbreviations: PHTS = PTEN hamartoma tumor syndrome (germline PTEN variant
positive), TCGA = The Cancer Genome Atlas, TIER-1 = breast cancers arising from

germline PTEN variants classified as pathogenic or likely pathogenic, TIER-2 = breast

cancers arising from germline PTEN variants classified as variants of unknown
significance or likely benign,

ER = estrogen receptor, HER2 = human epidermal growth factor receptor 2, TNBC =

triple negative breast cancer

The table shows a comparison of the most frequently mutated BC-associated genes
between PHTS (all cases combined), TIER-1, TIER-2 and TCGA sporadic breast cancer
groups. The genes are listed in descending order by the percentage of samples
harboring somatic variants (single-nucleotide variants and indels) in each gene.
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Figure 2: Logistic regression and receiver operating characteristic (ROC) curves
for CC scores to predict somatic variants in PHTS, TIER-1 and TIER-2 breast

cancers
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A. The relationship between the CC score (per 5 point increase) and the presence of
somatic PTEN variants in PHTS-all BCs. Upper panel shows a logistic regression curve
with the CC score (per 5 point increase) on the x-axis and probability of detecting
somatic PTEN variants on the y-axis. Odds ratio (OR) was 1.28 (95% confidence interval
[CI], 0.98 t01.72; p=0.08). Lower panel shows ROC curve from the logistic regression
model. The area under the curve was 0.69 (95% CI, 0.50 to 0.88; p=0.08).

B. The relationship between the CC score (per 5 point increase) and the presence of
somatic PIK3CA variants in PHTS-all BCs. Upper panel shows a logistic regression
curve with the CC score (per 5 point increase) on the x-axis and probability of detecting
somatic PIK3CA variants on the y-axis. Odds ratio was 0.54 (95% ClI, 0.31 to 0.78;
p=0.007). Lower panel shows ROC curve from the logistic regression model. The area
under the curve was 0.83 (95% CI, 0.70 to 0.96; p=0.002).

C. The relationship between the CC score (per 5 point increase) and the presence of
somatic PTEN variants in TIER-1 BCs. Upper panel shows a logistic regression curve
with the CC score (per 5 point increase) on the x-axis and probability of detecting
somatic PTEN variants on the y-axis. Odds ratio was 1.23 (95% CI, 0.89 to 1.80;
p=0.24). Lower panel shows ROC curve from the logistic regression model. The area
under the curve was 0.63 (95% ClI, 0.39 to 0.86; p=0.27).

D. The relationship between the CC score (per 5 point increase) and the presence of
somatic PIK3CA variants in TIER-1 BCs. Upper panel shows a logistic regression curve
with the CC score (per 5 point increase) on the x-axis and probability of detecting
somatic PIK3CA variants on the y-axis. Odds ratio was 0.42 (95% CI, 0.15 to 0.79;
p=0.03). Lower panel shows ROC curve from the logistic regression model. The area
under the curve was 0.86 (95% ClI, 0.64 to 1.00; p=0.02).
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E. The relationship between the CC score (per 5 point increase) and the presence of
somatic PTEN variants in TIER-2 BCs. Upper panel shows a logistic regression curve
with the CC score (per 5 point increase) on the x-axis and probability of detecting
somatic PTEN variants on the y-axis. Odds ratio (OR) was 0.89 (95% confidence interval
[CI], -2.66 to 0.83; p=0.87). Lower panel shows ROC curve from the logistic regression
model. The area under the curve was 0.50 (95% CI, 0.22 to 0.78; p>0.99).

E. The relationship between the CC score (per 5 point increase) and the presence of
somatic PIK3CA variants in TIER-2 BCs. Upper panel shows a logistic regression curve
with the CC score (per 5 point increase) on the x-axis and probability of detecting
somatic PIK3CA variants on the y-axis. OR was 0.82 (95% ClI, -1.12 to 0.43; p=0.57).
Lower panel shows ROC curve from the logistic regression model. The area under the
curve was 0.52 (95% ClI, 0.20 to 0.85; p=0.89).
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Table 6. cDriver ranking in PHTS series (TIER-1 and TIER-2 BCs combined)

A. Raw ranking by cDriver, involving all variants detected (Top 20 genes)

1 PTEN 0.047717 1 1 2 12 14 9.82506 8
2 ZNF253 0.037606 1| 4 11 6 7 5.495057 0
3 PIK3CA 0.027754 1| 11 5 10 13 8.505611 0
4 ZNF676 0.02793 1| 10 7 10 6.295527 0
5 STAP2 0.039698 1 15 5 4.461452 0
6 MAP3K1 0.029022 1 13 7 4.893192 2
7 MAGEC1 0.027209 1| 12 8 7 6.262691 0
8 NPIPA5 0.03938 1| 3 17 4 3.733615 0
9 TCHH 0.023208 1| 21 3 11 15 9.402182 0
10 | GATA3 0.027985 1| 9 16 5 4.212189 4
11 | MDC1 0.026672 1| 14 12 4.985487 0
12 | CBFB 0.032082 0.9998 23 5 3.488581 2
13 | MUC7 0.028688 0.9995 26 4 6 3.389296 0
14 | SzT2 0.020738 1| 24 14 10 13 4.773305 0
15 | ZNF626 0.01944 1| 29 10 6 6 5.500638 0
16 | QRICH2 0.024409 0.9998 | 18 22 7 9 3.954906 0
17 | ERC2 0.020164 0.9999 | 25 18 7 7 4.296698 0
18 | AL139011.2% 0.025108 0.9993 | 17 28 4 4 3.453971 0
19 | ZNF695 0.025277 0.9991 | 16 29 4 5 3.349708 0
20 | ZNF468 0.019952 0.9998 | 27 21 5 6 4.146923 0
B. Driver ranking among BC-associated genes by cDriver (Top 6 genes)
. . sample no. | total no.
R | Gene | Row | mayes s | S | RPN | T o | SOT | e
1 PTEN 1 0.047717 1| 1 2 12 14 9.82506 8
2 PIK3CA 3 0.027754 1| 11 5 10 13 8.505611 0
3 MAP3K1 8 0.029022 1| 6 13 7 7 4.893192 2
4 GATA3 10 0.027985 1| 9 16 5 5 4.212189 4
5 CBFB 12 0.032082 | 0.9998 | 5 23 5 5 3.488581 2
6 TBX3 26 0.017271 | 0.9994 | 51 27 4 4 3.968849 3

Abbreviations: CCF = cancer cell fraction, no. = numbers

Cancer driver mutation ranking for all genes detected (A), calculated using cDriver. The
ranking is based on the combined statistical analyses from two types of Bayes models
(bayes.risk and bays.driver per cDriver software). The input data contained all variants
with VAF greater than 2%, including 2 additional splice site variants in PTEN. BC-genes
were extracted and ranking is created separately (B). Suggested final cut-off by cDriver

was 67.5 in this dataset.

& This gene is described as a novel protein and does not have an official HUGO gene
name assigned at the time of this study.
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Table 7. cDriver ranking in the TCGA cohort

A. Raw ranking by cDriver, involving all variants detected (Top 20 genes)

Rank Gene Bayes risk Iza}yes Risk | Driver ;ample no. total no. of CCF Indels

river Rank | Rank | with mutation mutation sum count
1 TP53 0.275493 1 1 1 170 174 166.8041 35
2 PIK3CA 0.111935 1 3 2 167 194 158.4778 6
3 GATA3 0.150403 1 2 4 57 60 51.87531 46
4 CDH1 0.100637 1 4 3 89 90 85.46817 52
5 MAP3K1 0.044361 1 7 6 49 69 43.0575 38
6 PTEN 0.058625 1 5 12 28 29 26.3021 11
7 TBX3 0.035263 1 15 21 23 23 19.92758 16
8 MAP2K4 0.036308 1 12 39 16 16 14.91751 4
9 FOXA1 0.032755 1 24 31 20 22 15.77101 3
10 RB1 0.03726 1 11 53 14 16 12.25576 6
11 CBFB 0.045846 1 6 72 9 9 8.955335 3
12 MIA2 0.029526 1 30 56 21 22 11.57539 0
13 RUNX1 0.023984 1 66 20 22 24 20.18999 14
14 KDM6A 0.029507 1 31 57 13 14 11.49238 5
15 CRNKL1 0.032815 1 23 67 15 17 9.955869 0
16 ZNF41 0.031227 1 26 71 11 11 9.000675 0
17 TINAG 0.032402 1 25 75 11 13 7.438018 0
18 MT-CO2 0.027461 1 38 69 12 12 9.387406 0
19 MT-ND2 0.024537 1 58 49 14 16 13.09031 3
20 AKT1 0.024291 1 61 47 14 14 13.63171 0

B. Driver ranking among BC-associated genes by cDriver (Top 10 genes)
Rerk | Gene | oo | gayesri | e | Rk | O | ol | (000 o | cop un | ek
mutation

1 TP53 1 0.275493 1 1 1 170 174 166.8041 35
2 PIK3CA 2 0.111935 1 3 2 167 194 158.4778 6
3 GATA3 3 0.150403 1 2 4 57 60 51.87531 46
4 CDH1 4 0.100637 1 4 3 89 90 85.46817 52
5 MAP3K1 5 0.044361 1 7 6 49 69 43.0575 38
6 PTEN 6 0.058625 1 5 12 28 29 26.3021 11
7 TBX3 7 0.035263 1 15 21 23 23 19.92758 16
8 MAP2K4 8 0.036308 1 12 39 16 16 14.91751 4
9 FOXAl1 9 0.032755 1 24 31 20 22 15.77101 3
10 RB1 10 0.03726 1 11 53 14 16 12.25576 6

Abbreviations: CCF = cancer cell fraction, no. = numbers

Cancer driver mutation ranking for all genes detected (A) in TCGA, calculated using
cDriver. The ranking is based on the combined statistical analyses from two types of Bayes
models (bayes.risk and bays.driver per cDriver software). The input data contained all
variants with VAF greater than 2% (A). BC-genes were extracted and ranking is created

separately (B). Suggested final cut-off by cDriver was 242.5 in this dataset
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Table 8. cDriver ranking for the TIER-1 BC series

A. Raw ranking by cDriver, involving all variants detected (Top 20 genes)

sample no.

total no.

ank | Gene | maesr | e | B Bver | P | Tor | COR | e
mutation mutation
1 PTEN 0.055157 1] 1 1 11 12 8.82506 7
2 MDC1 0.031277 1] 7 4 5 4540357 0
3 CBFB 0.040124 | 0.9998 | 2 10 5 3.488581 2
4 GATA3 0.032593 | 0.9999 | 6 4 4 3.842848 3
5 SzT2 0.02555 1] 12 8 10 4536931 0
6 ZNF626 0.023058 1] 15 5 5 5 0
7 STAP2 0.033917 | 09984 | 4 16 3 4 2.999914 0
8 MAGEC1 0.024195 | 0.9999 | 13 8 5 5 4.262691 0
9 PTENP1 0.027766 0.997 19 3 3 3 0
10 | OR2M5 0.035165 0.987 26 3 3 2.376391 0
11 | ZNF253 0.026195 | 0.9958 | 10 22 3 4 2.954371 0
12 | NCOA6 0.022565 | 0.9988 | 18 15 4 4 3.549924 0
13 | SCN11A 0.023096 | 0.9968 | 14 20 5 5 3.176556 0
14 | TCHH 0.019599 1| 34 2 7 9 6.300014 0
15 | SPDYC 0.033182 | 0.9687 | 5 38 3 4 2.166668 0
16 | ZNF100 0.019278 | 0.9999 | 37 7 5 5 4.886202 0
17 | Mucr 0.025711 | 09737 | 11 34 3 3 2.389296 0
18 | QRICH2 0.021925 | 0.9886 | 22 24 5 5 2.792701 0
19 | DTL 0.022612 | 0.9757 | 17 32 3 3 2.514485 0
20 | PALM2AKAP2 0.022917 | 0.9726 | 16 35 3 3 2.463767 1
B. Driver ranking among BC-associated genes by cDriver (Top 6 genes)
Rerk | Geone | oo | sayes ok | s | Rk | D | polvin | % | oCr | el
mutation mutation
1 PTEN 1 0.055157 1] 1 1 11 12 8.82506 7
2 CBFB 3 0.040124 | 0.9998 | 2 10 5 5 3.488581 2
3 GATA3 4 0.032593 | 0.9999 | 6 9 4 4 3.842848 3
4 MAP3K1 21 0.020886 | 0.9834 | 28 29 4 4 2.709942 1
5 TP53 26 0.017579 | 0.9994 | 60 11 5 5 4.191872 2
6 PIK3CA 29 0.017306 | 0.999 | 63 12 4 5 4 0

Abbreviations: CCF = cancer cell fraction, no. = numbers

Cancer driver mutation ranking for all genes detected (A), calculated using cDriver. The
ranking is based on the combined statistical analyses from two types of Bayes models
(bayes.risk and bays.driver per cDriver software). The input data contained all variants
with VAF greater than 2%. BC-genes were extracted and ranking is created separately

(B). Suggested final cut-off by cDriver was 35.5 in this dataset.
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Table 9 cDriver ranking for the TIER-2 BC series

A. Raw ranking by cDriver, involving all variants detected (Top 20 genes)

Rank Gene Bgyes Ba_yes Risk | Driver samvaltf] no. total no. of CCE sum Indels

risk driver Rank | Rank mutation mutation count
1 PIK3CA 0.055344 | 0.9999 6 2 6 8 4.505611 0
2 TCHH 0.056475 0.9981 4 4 4 6 3.102168 0
3 ZNF253 0.06151 0.9923 2 7 3 3 2.540686 0
4 AL139011.2* | 0.061801 0.99 1 8 3 3 2.453971 0
5 ZNF676 0.049351 0.9961 7 5 3 5 3 0
6 TBX3 0.047586 0.9953 8 6 3 3 2.968849 2
7 ZAN 0.039857 0.9999 | 16 1 6 9 4.916423 0
8 RPTN 0.041298 0.9998 | 12 3 5 6 4.635565 0
9 NPIPAS 0.060709 0.8965 14 2 4 1.733615 0
10 | DTD2 0.056356 0.9009 13 2 2 1.787671 0
11 | MAP3K1 0.046908 0.9563 12 3 3 2.18325 1
12 | ZNF714 0.036348 0.986 | 30 9 3 3 2.85802 0
13 | PPIP5K1 0.039689 0.864 | 17 15 3 4 1.886798 0
14 | STAP2 0.045249 0.6755 | 10 24 2 2 1.461538 0
15 | MUC17 0.032685 0.9716 | 54 11 4 4 2.686345 0
16 | MAGEC1 0.032813 0.8568 | 51 16 2 2 2 0
17 | TTF1 0.032407 0.7642 | 57 19 3 3 1.786943 0
18 | SLC39A6 0.036963 0.4869 | 26 34 2 2 1.311957 0
19 | CAD 0.032818 0.5659 | 50 28 3 3 1.467348 0
20 | ZNF695 0.036148 0.5097 | 32 33 2 3 1.349708 0

B. Driver ranking among BC-associated genes by cDriver (Top 3 genes)
rark | Gene | R | Bapes | e | ek | o | o | o | copeun | el
mutation mutation

1 PIK3CA 1 0.055344 | 0.9999 6 2 6 8 4505611 0
2 TBX3 6 0.047586 | 0.9953 8 6 3 3 2.968849 2
3 MAP3K1 11 0.046908 | 0.9563 9 12 3 3 2.18325 1

Abbreviations: CCF = cancer cell fraction, no. = numbers

Cancer driver mutation ranking for all genes detected (A), calculated using cDriver. The
ranking is based on the combined statistical analyses from two types of Bayes models
(bayes.risk and bays.driver per cDriver software). The input data contained all variants
with VAF greater than 2%. BC-genes were extracted and ranking is created separately
(B). Suggested final cut-off by cDriver was 13.5 in this dataset.
@ This gene is described as a novel protein and does not have an official HUGO gene
name assigned
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PHTS-derived BC has distinct somatic mutational signatures compared to

TCGA.

In order to identify genome-wide differences between PHTS and TCGA
BCs, we performed analyses including all BC-associated genes and non-BC-
associated gene variants detected in our pipeline. Previous studies showed
apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC), a
deaminase, to be one of the most important endogenous sources of mutagenesis
in human cancer, especially in BC'?1126, APOBEC-related somatic mutations
were found enriched in PHTS-all (9.1%), TIER-1 (3.2%), TIER-2 (23.1%), and
TCGA (21.0%) BCs. The mutational load between APOBEC and non-APOBEC-
enriched samples had no statistically significant difference in PHTS-all BCs
(p=0.62; Figure 3A). In contrast, there was a statistically higher mutational load
in APOBEC than in non-APOBEC-enriched samples in TCGA (p<0.001; Figure
3B). PIK3CA was one of the differentially mutated genes in TCGA (OR = 2.22;
95% CI 1.43 to 3.45; p<0.001) but not in PHTS-all, TIER-1 or TIER-2 BCs
(Figure 3A and 3B). Indeed, no differentially mutated genes were found in TIER-
1 or TIER-2 BCs.

Single base substitution (SBS) signature analysis identified five best-
match clusters in PHTS-all BCs: SBS1 (spontaneous or enzymatic deamination
of 5-methylcytosine), SBS2 (APOBEC Cytidine Deaminase [C>T]), SBS5
(unknown etiology), SBS6 (defective DNA mismatch repair) and SBS26
(defective DNA mismatch repair) (Figure 3C). Three out of these signatures

(SBS1, SBS2 and SBS5) persisted in TIER=1 BCs Figure 3D). In contrast, the
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TCGA cohort clustered into three best-matched groups: SBS2, SBS6, and
SBS29 (exposure to tobacco [chewing] mutagens) (Figure 3E). SBS29 was
identified in TCGA but not in PHTS-all or TIER-1 BCs. SBS29 signifies mutagens
like tobacco use'?” and may indicate environmental and lifestyle-related causes
contributing to carcinogenesis in sporadic BCs but not in PHTS-all or TIER-1
BCs. In PHTS and TIER-1 BCs, we identified the SBS1 signature, which is
strongly correlated with older age of cancer onset'?”:128, No significant SBS was

found for conversions in TIER-2 BCs.
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Figure 3: Genome-wide somatic mutational signature analyses
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A, B. Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC)
enrichment estimates are shown for the PHTS-all BCs (Panel A) and TCGA BC cohorts
(Panel B). Box plots on the left compare the differences in mutational burden between
APOBEC enriched (magenta) and non-APOBEC enriched (blue) samples. The vertical
bar represents 95% CI. The pie charts on the right show the proportion of C>T transition
events occurring in the TCW moitif (tCw load), indicated by dark blue shadowing.
APOBEC related mutations were found enriched in 9.1% of samples in the PHTS-all
group compared to 31.0 % in TCGA. For PHTS-all BCs, CCDC88C (MIM: 611204)
showed a mutational burden which was significantly higher in APOBEC enriched than
non-APOBEC enriched samples by Fisher’s exact test (odds ratio [OR] = 30.68; 95%
interval [CI], 1.19 to 2298.87; p=0.02) but PIK3CA did not (OR = 5.35, 95% CI, 0.33 to
87.36; p=0.15). For TCGA, genes showing statistically higher mutational burdens in
APOBEC enriched than non-APOBEC enriched samples by Fisher’s exact test are
shown in the right lower corner with corresponding barplots indicating differences in
mutational loads. Odds ratio, 95% CI and p-values for the top 8 differentiated genes in
Panel B are: HMCN1 (MIM: 608548 [OR = 4.85; 95% ClI, 2.30 to 10.50; p<0.001));
MXRAS5 (MIM: 300938 [OR = 7.94; 95% Cl, 2.51 to 29.06; p<0.001]); AKAP13 (MIM:
604686 [OR = 4.42; 95% CI, 2.93 to 139.34; p<0.001]); PIK3CA (OR = 2.22; 95% ClI,
1.43 to 3.45; p<0.001); ATP10B (MIM: 619791 [OR = 9.60; 95% Cl, 2.35 to 56.03;
p<0.001]); SETD2 (MIM: 612778 [OR = 9.60; 95% Cl, 2.35 to 56.03; p<0.001]); UBR5
(MIM: 608413 [OR = 16.16; 95% CI 3.37 to 153.71; p<0.001]); and SMG1 (MIM: 607032
[OR =12.7; 95% CI 2.50 to 124.68, p<0.001]). *** p-value <0.001, ** p-value <0.01, * p-
value <0.05.

C, D, E. Single base substitution (SBS) signatures in PHTS-all (Panel C), TIER-1 BCs
(Panel D) and TCGA (Panel E), respectively. SBS signatures were extracted and
compared against known SBS signatures from the Catalogue of Somatic Mutations in
Cancer (COSMIC) database. Cosign similarity was calculated to identify best matched
signatures and identified signatures are plotted.
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Germline PTEN variants trend to show increased genomic instability, a

hallmark of cancer??®, reflecting one of PTEN’s non-canonical roles

TIER-2 BCs had the highest TMB with a median of 2.57 (IQR, 3.22; 95%
Cl, 0.90-4.83), followed by TNBC (median, 2.30; IQR, 2.72; 95% CI, 1.90-3.00),
PHTS-all (median, 2.23; IQR 3.53; 95% CI 1.43-3.20), TIER-1 (median, 2.07;
IQR, 3.83; 95% CI, 0.77-3.47), ER+/HER2+ (median, 1.88; IQR, 2.19; 95% ClI,
1.47-2.23), ER-/HER2+ (median, 1.73; IQR, 1.57; 95% CI, 1.53-2.43), TCGA
groups all combined (median, 1.70; IQR, 1.97; 95% CI, 1.60-1.83) and
ER+/HER2- (median, 1.47; IQR, 1.63; 95% CI, 1.33-1.67). Although TIER-2 BCs
had the highest TMB value, there were no statistically significant differences
compared to any of the other groups (Figure 4). Among TCGA BC subtypes,
TNBC had a statistically higher median TMB than the ER+/HER2- cohort and all
sporadic BC combined (p<0.001). The failure to demonstrate statistically
significant difference in TMB between PHTS groups (especially TIER-2 BCs) and

the sporadic BC cohorts may be due to the limited sample size.
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Figure 4: Comparative analysis of Tumor Mutational Burden (TMB)

Median tumor mutational burden (TMB) in Mut/Mb
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Scatter plot showing log2 transformed tumor mutational burden (TMB) values from each
sample derived from the counts of non-synonymous variants with variant allele
frequency greater than 5%. In this plot, eight groups were compared with a Kruskal-
Wallis test. Each dot in the graph represents one sample. The black horizontal bars near
the center of the scatter plots represent log2 transformed median TMB values. The
vertical lines running perpendicular to the median bars represent 95% confidence
intervals (CI). The raw TMB median values in mutations per megabase (Mut/Mb),
interquartile ranges (IQR), and 95% Cls are shown in the right upper panel. Post-hoc
sub-analyses were performed with Mann-Whitney test and the results are shown in the
right lower panel. Adjusted p-values <0.05 are considered statistically significant.
Abbreviations: ns = not statistically significant, IQR = interquartile range, Mut/Mb =
mutations per megabase

76



Discussion

We identified notable differences in the clinical characteristics and somatic
variant spectra between PHTS-derived BCs and sporadic counterparts from
TCGA. Our data reveal several key findings, providing insights into distinct BC
biology in the background of germline PTEN alterations and their clinical
implications.

First, our findings are consistent with the hypothesis that high penetrance
germline variants influence somatic phenotypes!3°. Germline variants of high
penetrance in cancer susceptibility genes tend to acquire biallelic inactivation of
the gene harboring them and less likely to have other independent gain-of-
function driver alterations compared to tumors retaining heterozygosity in the
germline variants. Our data support this observation with the high frequency of
second (somatic) hits in PTEN (presumably resulting in biallelic inactivation), as
well as mutual exclusivity of somatic PTEN and PIK3CA mutations in PHTS-all
BCs, but not in TCGA. Data restricted to BCs arising in the background of
pathogenic or likely pathogenic PTEN germline variants (Tier 1) further support
this hypothesis.

Second, our overall data point to somatic variants in PTEN as the
predominant, somatic oncogenic drivers in PHTS-derived BCs, especially in
TIER-1. This is mainly supported by cDriver ranking PTEN as the top driver,
based on cancer cell fraction, mutational frequency and functional impacts®8.
Interestingly, there were two PHTS breast samples with two somatic hits in

PTEN. In the case of PHTS-AE, one somatic variant is a pathogenic frameshift
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deletion (NM_000314.4: c.855_856del, p.Glu285Aspfs*12) and the other, a likely
pathogenic variant at the last nucleotide of exon 8 (NM_000314.4: ¢.1026G>C,
p.Lys342Asn). In the other case (PHTS-L), both somatic variants are classified
as pathogenic. One is a frameshift in exon 8 (NM_000314.4: c.741dup,
p.Pro248Thrfs*5) and the other one, a missense mutation in exon 6
(NM_000314.4: c.448G>A, p.Glul50Lys). Itis therefore challenging to
distinguish which may be the driver mutation in either of these cases, and all of
them indeed appear damaging. Importantly, missense mutations in PTEN can
have dominant negative effects!3!, potentially making them as damaging or even
more damaging than frameshift truncating or nonsense mutations. Also, it is
possible we are detecting somatic variants from different cell populations (i.e.,
different clonal populations) with two distinct somatic hits in PTEN for either of
these cases. Further investigations, including gene expression analyses,
epigenetic studies and examination of the tumor microenvironment, are
warranted for mechanism resolution and to elucidate the functional impacts of the
second hit somatic variants in PTEN.

Third, our results corroborate that germline PTEN variants trend to
increased genomic instability, a hallmark of cancer!??, reflecting one of the
PTEN’s non-canonical roles. Accumulating evidence shows that normal PTEN
function are important in the maintenance of genome integrity”>. Despite lack of
statistical significance due to limited sample size, the numerically higher median
TMB values in PHTS-all, TIER-1, and TIER-2 BCs compared to TCGA also

suggest increased genomic instability due to germline PTEN variants and in line
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with PTEN’s role in maintaining genome stability’>132, Whether this may lead to
multiple global alterations in the genome warrants further investigation. We also
showed through mutational signature analyses that the mechanism of mutational
burden appears different between PHTS and TCGA BCs.

Fourth, we observed notable differences in mutational signatures between
PHTS-all and TIER-1 BCs compared to TCGA. The sporadic breast cancers from
TCGA dataset had a signature associated with mutagens such as tobacco-use,
indicating environmental and lifestyle etiologies while PHTS-all and TIER-1
groups lacked this signature (Figure 3C, 3D). Interestingly, one of the SBS
clusters in PHTS-all and TIER-1 BCs was SBS1, which is strongly correlated with
older age of cancer onset. Knowing the PHTS-all and TIER-1 groups had
significantly younger median ages of BC diagnosis, detecting this particular
signature may indicate that mutational patterns that usually accumulate with time
tend to occur much faster in PHTS-derived BCs, especially in the background of
pathogenic germline PTEN mutations (Tier 1). Of note, no significant SBS
signatures were found for conversions in the TIER-2 group, which is attributable
to its small sample size.

Fifth, all the PIK3CA somatic mutations detected in PHTS BCs have been
reported previously and classified as pathogenic or likely pathogenic (Table 4).
Furthermore, we found that lower CC scores may predict the presence of
somatic PIK3CA mutations arising in PHTS-all and TIER-1 BCs, illustrating that

germline variants in the setting of phenotypic burden (CC score) may inform
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somatic mutations in the BC tissue, which can provide clinically useful
information and precision management.

Finally, our genomic data reveal TIER-1 and TIER-2 BCs are two
genomically different types of tumors. This provides further evidence to support
the different pathogenicity predictions between Tier 1 and Tier 2 germline PTEN
variants, which are expected to influence the biology of carcinogenesis in BC
differently. Further in-depth research is warranted to investigate if this proposed
hypothesis has clinical significance in determination of pathogenicity in germline
variant calling.

This study has several limitations. First, this study may be limited by a
small sample size for PHTS, owing to the difficulty in identifying PHTS clinically.
Yet, we have a well-annotated, and homogeneous clinical cohort of PHTS
individuals, enabling us to provide clinically useful information for this apparently
rare but important population. Second, heterogeneity of each BC sample is an
inherent limitation of this study design. Third, not being genome sequencing, our
pipeline did not identify all genomic variations such as non-coding ones. Fourth,
two different exome sequencing platforms were used for the PHTS series. The
older platform, namely the Illumina Somatic Exome protocol, had a lower
sequencing coverage goal (20x for tumor) and the read distribution along target
regions tended to be less uniform, which may have affected sensitivity of variant
calling in certain areas. However, the average coverage for tumor samples was
129x (ranges from 42x to 261x) even for the older platform and as high as 261x

(range from 182x to 368x) for the newer platform, which appear appropriate.
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Fifth, this study focused on small genomic changes, including single nucleotide
variants and indels. Thus, our pipeline did not detect large deletions, insertions,
and chromosomal rearrangements. Sixth, this study was not designed to
examine epigenetic alterations.

Future directions include expanding on the size of our study cohort for
PHTS, examining larger changes in the genome beyond single nucleotide
variants and indels, studying non-coding and regulatory regions, gene expression
analyses and epigenetic studies. Taking fresh frozen breast tumor samples to
examine metabolites and microbiomes may also elucidate potential biological
mechanism of carcinogenesis and disease progression. More comprehensive
analysis with a multiomic approach would further facilitate the understating of
underlying biology of PHTS-derived BC. Since breast cancer samples are highly
heterogeneous within samples, a microdissection and/or specialized profiling
techniques would be useful to obtain information for each histologically distinct
region of the breast.

In conclusion, we demonstrate a characteristic genomic landscape in
PHTS-derived BCs. Currently, this entity is treated similarly to sporadic BCs,
according to the standard of care in the absence of somatic landscape data in
PHTS-derived tumors. Although targeting PTEN-associated alterations for
therapeutic purposes has tremendous challenges®%:8, our findings call for more
targeted, personalized strategies to effectively treat PHTS-derived cancers, a
population that will only rise in incidence as clinical genetic testing becomes

more widely accessible in the clinic.
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CHAPTER IlI: INTEGRATING SOMATIC COPY NUMBER VARIATIONS AND
GENE EXPRESSION IN BREAST CANCERS FROM WOMEN WITH PTEN

HAMARTOMA TUMOR SYNDROME

Introduction

Phosphatase and tensin homolog (PTEN), a tumor suppressor gene®®, is
one of the most frequently somatically altered genes in different malignancies
including breast cancer (BC)°’. PTEN hamartoma tumor syndrome (PHTS)
encompasses individuals harboring a germline PTEN mutation, which causes
heritable predisposition to specific cancers including breast, thyroid, kidney,
endometrial and colon cancers, and melanoma®. PHTS-derived BCs have
distinct clinical characteristics compared to sporadic counterparts. Women with
PHTS have up to 85% lifetime risk of breast cancer (BC), which is notably higher
than that in the general population (12.9% lifetime risk)°°. Furthermore, women
with PHTS have a much younger onset of BC diagnosis, as well as a significantly
higher incidence of second primary BC>°.

PHTS-derived BCs are distinct not only at the clinical but also at the
molecular and genomic levels. Recently, we found that BCs arising in the setting
of PHTS had a distinct somatic mutational landscape compared to that of their
sporadic counterparts'33. We demonstrated that PHTS-derived BCs had a high
frequency of somatic second hits to the PTEN gene (where the underlining
germline PTEN mutations represent the first hit), which appeared to be driving

carcinogenesis. Furthermore, BCs from PHTS patients with germline pathogenic
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or likely pathogenic PTEN variants (Tier-1 variants), had much fewer somatic
mutations in PIK3CA compared to those in TCGA and in PHTS-Tier 2 (variant of
unknown significance or likely benign variants) BC. Our findings were consistent
with the observation that the nature of the underlying germline mutations in

cancer tissues influences somatic phenotypes*.

BC biology and its genomic landscape are complex and need to be
understood in the context of large genomic and functional genomic changes such
as somatic copy number variation (CNV) and gene expression differences34135,
In this study, we further characterized the somatic landscape of PHTS-derived

BCs by examining somatic CNVs and the transcriptome.

Methods

Patients and DNA extraction

The PHTS series includes 44 women with a personal history of BC and
who had appropriate consents under the Cleveland Clinic institutional review
board protocol 8458 (IRB 8458) at the time of sample acquisition. Original
formalin-fixed paraffin-embedded (FFPE) samples representing primary breast
carcinoma were obtained from healthcare institutions where the pathology
specimens were originally collected. DNA was extracted from the FFPE blocks
using QlAamp® DNA FFPE Tissue kit (Qiagen, Venlo, Netherlands). Matched
blood-derived DNA originating from lymphoblastoid cell lines from the subjects

were obtained from the Genomic Medicine Biorepository at the Lerner Research
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Institute of the Cleveland Clinic (Cleveland, OH, USA). Baseline patient
characteristics including histologic subtypes, BC-specific tumor markers, age of
diagnosis, staging, grade, germline PTEN variants and their classifications, were
extracted from the Cleveland Clinic Genomic Medicine Institute’s relational

database and as previously described*:.

Exome sequencing

Next generation sequencing (NGS) was performed on the tumor-blood DNA
pairs using the lllumina HiSeq platform at the Broad Institute of MIT and Harvard
University. The raw data were quality controlled, aligned and sorted by the
computational pipeline at the Broad Institute to generate binary alignment map
(BAM) files for tumor and blood samples separately. Detailed methods for DNA

sample processing and sequencing methodology were previously described?®,

Copy number variation analysis

With the WES data from 44 PHTS-derived BC samples and 558 sporadic
BC samples from TCGA as input, the segmentation and raw copy number data
were obtained using FACETS (version 0.5.6), an open-source tool to analyze
allele-specific copy number variations?°. The critical value (cval) was specified at
50 to create an input for gistic2 (version 6.15.28)*3¢, which identifies significantly
recurrent copy number alterations in the somatic genome. We used the following
setting: a confidence interval of 95%, g-value of 0.01, amplification threshold of

0.3, and deletion threshold of -0.3. For other parameters, we used the default
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setting specified by gistic2. We applied the same CNV algorithm to the raw TCGA
sporadic BC dataset to make a head-to-head comparison with our PHTS series

data.

Patients and RNA extraction

FFPE tissue samples were available from a subset of the PHTS BC series
(n=29). RNA was extracted from the available FFPE blocks using AllPrep®
DNA/RNA FFPE kit or RNeasy FFPE kit (Qiagen). RNA concentration was
measured with the Qubit Fluorometer dsDNA HS (High Sensitivity) Assay kit
(Thermo Fisher Scientific, Waltham, MA, USA). While the ideal RNA
concentration for sequencing library preparation was 30—40 ng/mL, the range of
RNA concentrations of submitted samples was 57.6-540 ng/mL. The range of
280/260 ratio was 1.81 to 2.07. The extracted RNA was sent to the Genomics
Core of the Department of Genetics and Genome Sciences at Case Western
Reserve University (Cleveland, OH, USA) for library construction. The
constructed RNA libraries were then sent to the Genomics Core at the Cleveland

Clinic Lerner Research Institute (Cleveland, OH, USA) for RNA sequencing.

RNA-Seq library preparation and sequencing

The SMARTer Stranded Total RNA-Seq Kit v2 Pico Input Mammalian from
Takara Bio USA (protocol 050619) was used to prepare RNA-Seq libraries. The
total RNA input was adjusted to 100ng in 8ul of nuclease-free water. Since FFPE

samples intrinsically have highly degraded RNA, cDNA synthesis was performed
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without fragmentation. Subsequent PCR steps utilized the indexes from the
SMARTer RNA Unique Dual Index Kit — 24U (634451). Ribosomal cDNA was
depleted, and the final amplification included 13 cycles of PCR. Samples were
purified with AMPure beads and eluted in 18 pl of 5mM Tris Buffer. Final QC
included running samples (diluted 1:1 in water) on the HSD1000 tape on the
Agilent TapeStation and obtaining a Qubit reading (Thermo Fisher Scientific).
The constructed libraries were sequenced on an lllumina NovaSeq 6000
using an S2 flow cell, where dual-indexed paired-end 151 bp sequencing was
accomplished. Sequencing data were demultiplexed using bcl2fastq and FastQC

reports were generated to evaluate the sequence quality of each sample.

Differentially expressed gene analysis

Based on the FastQC report of the original FASTQ files generated by RNA
sequencing, we noted that the first three base pairs in reverse reads (R2)
consistently had low quality scores at the 5’ end. Thus, the first three base pairs
at the 5" end in R2 FASTQ files were clipped using trimmomatic (version 0.39)%.
Adaptor and ribosomal sequences were trimmed off using BBmap (version
37.96)'38. The optimized FASTQ files were then aligned to hg38 using STAR
(version 2.7.8)%%°,

FastQC reports were again obtained on STAR aligned FASTQ files. Five
out of 29 samples had less than 50% uniquely mapped reads, and were
excluded from differentially expressed gene analyses. We analyzed the 24

samples which passed quality control using DESeq2 (version 1.34.0) to identify
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differentially expressed genes with statistical significance!4?, defined as a false
discovery rate (FDR) < 0.05 and a log2-fold change > +/- 1 (greater than 2 for
overexpression and less than -2 for underexpression).

The hierarchical clustering heatmap was created using pheatmap (version
1.0.12)'#! and the volcano plot was created using EnhancedVolcano (version

1.12.0)*#?, using R (version 4.1.2).

CNV and transcriptome correlational analysis

We performed correlational studies to examine which cis-genes are
correlationally expressed with the chromosomal peaks detected by gistic2. For
each sample, the log2 fold change raw values from DESeq2 were tested for the
actual copy change values from gistic2. Pearson correlation analysis4® was used
for genes with normally distributed log2 fold changes, and Spearman
correlation'#4 for those with non-normal distributions. Normalization test was
performed using D’Agostino-Pearson omnibus normality test, Anderson-Darling
test, Shapiro-Wilk normality test and Kolmogrov-Smirnov normality test with the
default setting with alpha of 0.05 on GraphPad Prism version 9.0 (GraphPad
Software, San Diego, CA, USA). Bonferroni correction was performed to identify
statistically significant genes associated with the peak regions containing multiple

genes.

Breast cancer-associated genes
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For targeted analysis, we aggregated lists of genes associated with BC*3.
The selected genes were chosen from the TCGA BC publication32, NCCN
Genetic/Familial High-Risk Assessment: Breast and Ovarian guidelines (version
1.2022-August 11, 2021), 22 previously reported gold standard (GS) genes for
BC®8, preliminary BC susceptibility genes and targetable BC-associated genes
from the literature*®°8-116_ A total of 84 BC-associated genes were included in the

final list (Table 3).

Pathway analysis

Output from DESeq2, including HGNC gene ID, log2 fold changes and
adjusted p-values, was uploaded into the Ingenuity Pathway Analysis (IPA)
software (QIAGEN, Venlo, Netherlands). The data were then subjected to
functional annotations and canonical pathway analyses. The IPA’s Core Analysis
workflow was performed using default parameters. For Benjamini-Hochberg (B-
H) correction, the score cut off (A-log or B-H p-value) of greater than 1.3 was

used.

CIBERSORT and diversity analyses

The TCGA Breast Invasive Carcinoma (BRCA) RNA-Seq dataset was
downloaded using TCGAbiolinks package'®. Data retrieval was performed by
the three main TCGADbiolinks functions: GDCquery, GDCdownload and
GDCprepare. The raw feature count matrix was converted to transcripts per

million (TPM) and merged with PHTS data. The merged TPM matrix was
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processed for differential abundance analysis using the random-forest algorithm,
implemented in the DAtest package
(https://github.com/Russel88/DAtest/wiki/usage#typical-workflow). Briefly, the
performance of differential abundance methods was compared with False
Discovery Rate (FDR), Area Under the (Receiver Operator) Curve (AUC),
Empirical power (Power), and False Positive Rate (FPR). Based on the DAtest’s
benchmarking, we selected random forest as the method of choice to perform
differential abundance analysis. We assessed the statistical significance

(P <0.05) throughout, and whenever necessary, we adjusted p-values for
multiple comparisons according to the Benjamini-Hochberg method to control
false discovery rate while performing multiple testing on gene abundance
according to sample categories. We used CIBERSORT6 for performing RNA-
Seq deconvolution analysis and estimating immune cell fractions in our bulk

RNA-Seq data.

Statistical analysis

Statistical analyses were performed with GraphPad Prism version 9.0
(GraphPad Software, San Diego, CA, USA), except for statistical analyses
incorporated in maftools (version 2.10.0).118 P-values < 0.05 were considered

statistically significant unless otherwise stated.

Results
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Notable copy number variants (CNVs) in PHTS-derived BCs which are
distinct from the sporadic BCs from TCGA.

We identified seven significant amplification peaks and 46 significant
deletion peaks in PHTS-derived BCs (Figure 5A, Table 10, 11). In TCGA BCs,
there were 37 amplification peaks and 63 deletion peaks. Four out of seven CNV
amplifications (3p26.1, 6p22.2, 10921.2, 11q13.1) are present in PHTS-derived
BC samples but not in sporadic BC samples from TCGA. The most significant
peak in this group is at 6p22.2 (Figure 5B), which was absent in TCGA. This
region contains multiple histone-related genes including HIST1H1, HIST1H2,
HIST1H3, and HIST1H4 families. Nine out of 36 samples (25.0%) with significant
amplifications at 6p22.2 had somatic PTEN variants which were distinct from
their respective germline PTEN variants, while only one out of eight samples
(12.5%) without a 6p22.2 CNV amplification peak had a somatic PTEN hit. This
difference trended towards but did not reach significance (Odds ratio [OR] 2.33,
95% CI 0.29 to 28.9, p=0.66).

For deletion peaks, 28 out of 46 regions were present in PHTS BCs but
absent in TCGA BCs (Table 11). No amplification or deletion peaks in PHTS-
derived BCs contained any of the 82 BC associated genes (Table 10, 11)
including ERBB2, EGFR, PTEN, and TP53. In contrast, amplification peaks
containing CCND3 (6p21.1), CCND1 (11913.3), AKT1 (14932.33), and ERBB2
(17912), and deletion peaks containing NOTCH1 (9934.3) and STK11 (19p13.3)

were identified in TCGA BCs.
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Overall, there were three common amplification peaks between PHTS-
derived and TCGA BCs (Figure 6A), while there were 14 common deletion

peaks shared by the two groups (Figure 6B).
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Figure 5: Recurrent CNV peaks and altered cytobands in PHTS-derived BCs and

sporadic BCs from TCGA
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A. Genome plots showing recurrent CNV peaks identified by gistic2 in samples from
TCGA (top) and from PHTS-derived BCs (bottom). Red peaks represent recurrent
amplification and blue, deletion peaks. Genes contained in some of the significant peak
regions are shown. Positions of BC-associated genes are shown at the bottom of each
plot, shown in red if an amplification is present and in blue if a deletion is observed.

B. Gistic bubble plots showing significantly altered cytobands in BC samples from TCGA
(left panel) and in PHTS-derived BCs (right panel). The X-axis represent the number of
samples which had CNV alterations and the Y-axis, the number of genes each bubble
contains. The bubble size is according to -log10 transformed q values.
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Figure 6: CNV peak comparison between PHTS-derived and TCGA BCs showing

common and unique peaks
A.
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A. Venn diagram showing three common amplification peaks between PHTS-derived

BCs and TCGA BCs.

B. Venn diagram showing 14 common deletion peaks between PHTS-derived BCs and

TCGA BCs.
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Table 10: Amplification peaks detected by qistic2 in PHTS-derived BCs

Amplification peak

(no. of genes in the peak
region)

Genes in the region

(unadjusted p-value)

1921.3 (n=4)

ENSA* (p=0.012)

3p26.1

6p22.2 (n=11)

HIST1H2BI* (p=0.004)

10921.2 (n=3)

ARID5B (p=0.024)

11g13.1

14q11.2 (n=1)

[DAD1]* (p=0.019)

N O O B W N

17923.3 (n=24)

The number of genes found in each peak region is shown in parenthesis in the first
column. Genes in regions whose expression were statistically correlated with the peak
intensities are shown in the second column. The p-values shown in column 2 are
unadjusted. After Bonferroni correction, based on the number of genes tested within
each region, the genes indicated with an asterisk remained statistically significant.
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Table 11: Deletion peaks detected by gistic2 in PHTS-derived BCs

Deletion peak

(no. of genes in the peak

Genes in the region

(unadjusted p-value)

region)

1 1p36.21 (n=19) PRAMEF20 (p=0.046)

2 1g44 (n=20) OR2M4 (p=0.041), OR2M3
(p=0.0039), OR2T6 (p=0.022)

3 2p11.1 -

4 2q37.1 -

5 3p21.31 (n=5) MIR-711 (n=0.029)

6 3029 -

7 4p16.1 ;

8 4q13.2 -

9 5p15.33 -

10 |5qg23.3 -

11 5035.3 (n=3) SCGB3A1 (p=0.034)

12 6p21.32 -

13 6025.3 -

14 | 7p13 (n=3) POLR2J4* (p=0.013)

15 |7pll.2 -

16 | 7g22.1 -

17 [8p23.1 -

18 | 8q24.3 (n=4) LY6E (n=0.016)

19 9p13.3 -

20 | 9p11.2 (n=35) ANKRD20A1* (p=0.0006),
CNTNAP3B* (n=0.0011),
SPATA31A1 (n=0.0015)

21 | 9g34.3 -

22 | 10p12.1 (n=5) GAD2 (p=0.018), FAM238B (p=0.018)
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23

10p11.1

24 | 10g26.3 (n=9) KND1 (p=0.0055)

25 11p15.5 (n=3) MUC5B* (p=0.0007)

26 | 11p11.12 (n=59) ORSM11 (p=0.018), OR5J2
(p=0.040)

27 | 11q14.3 (n=16) FOLH1B (p=0.012)

28 12p13.33 -

29 |12q13.2 (n=16) OR10P1 (p=0.021)

30 | 13qgl12.11 (n=6) TPTE2 (p=0.025), ANKRD26P3
(p=0.032)

31 14q911.2 (peak A) -

32 14911.2 (peak B) -

33 |15q11.1 (n=1) CHEK2P2* (p=0.035)

34 16p13.11 -

35 |16qg22.1 (n=5) ARRS1 (p=0.011)

36 | 16q22.2 -

37 | 17p13.1 (n=7) MYH1* (p=0.006), MYH4 (p=0.029)

38 |17qg21.2 -

39 18p11.23 -

40 19p13.2 (peak A) (n=7) OR7G1* (p=0.006), MBD3L1
(p=0.035)

41 19p13.2 (peak B) -

42 19913.33 -

43 | 19q13.42 (n=4) NCR1 (p=0.047)

44 20913.33 -

45 21922.3 -

46 | 22g11.1 -
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The number of genes found in each peak region is shown in parenthesis in the first
column. Genes in regions whose expression were statistically correlated with the peak
intensities are shown in the second column. The p-values shown in column 2 are
unadjusted. After Bonferroni correction, based on the number of genes tested within
each region, the genes indicated with an asterisk remained statistically significant.
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Several genes within amplified or deleted chromosomal regions are
correlationally expressed in PHTS-derived BCs

In order to examine if any of the genes present within the identified CNV
peaks are overexpressed for amplification peaks (7 peaks) or underexpressed for
deletion peaks (46 peaks), we performed correlational studies between the
height intensity of each peak and log2-fold expression changes (presence vs
absence of the peak) for each gene in the peak regions. For significant peaks in
PHTS-derived BCs, we found some genes are correlationally expressed and
remained statistically significant after Bonferroni correction. For the amplification
peak at 1g21.3, for instance, ENSA was correlationally over-expressed. There
were no genes identified in the amplification peak at 14g11.2, but the closest
gene by distance called DAD1 was found to be correlationally overexpressed
with this peak. For deletion peaks, the following genes were found to be
correlationally underexpressed at the corresponding regions: POLR2J4 at 7p13;
ANKRD20A1 and CNTNAP3B at 9p11.2; MUC5B at 11p15.5; CHEK2P2 at
15911.1; MYH1 at 17p13.1; and OR7G1 at 19p13.2 (Table 11). Among genes
tested in the 6p22.2 region, HIST1H2BI was correlationally overexpressed by
independent Fisher’'s exact test (p=0.0043). However, this finding did not remain

statistically significant after Bonferroni correction (Table 11).

99



Several CNV peaks are more significant in Tier-1 compared to Tier-2 PHTS-
BCs

In our previous work, we studied two groups of tumors classified by the
pathogenicity5 of the underlying germline PTEN variants. Tier-1 germline PTEN
variants (n=31) are classified as pathogenic or likely pathogenic, while Tier-2
germline PTEN variants (n=13) as variants of unknown significance (VUS, n=8)
or likely benign (n=5). To further characterize the differences between these two
types of tumors, we examined which CNV peaks are more significantly amplified
or deleted using Fisher’s exact test. Tier-1 BCs had three more significant
deletion peaks compared to Tier-2 BCs, namely at 15p15.33, 19913.33, and
21922.3 (Figure 7). None of the genes identified in these peaks have

correlationally expressed transcripts.
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Figure 7: Comparison of CNV peak occurrences showed three chromosomal
regions more frequently deleted in Tier-1 over Tier-2 derived BC samples
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Bar graph showing amplification (A.) and deletion peaks (D.) at each significant CNV
peak on the X-axis. The Y-axis represents the percentage of samples with statistically

significant peaks present in each region. Blue bars represent Tier-1 derived BC samples,

orange, Tier-2. Statistically significant different regions between Tier-1 and Tier-2 BCs
are shown with a red asterisk along with the p-value calculated by Fisher’s exact test.
The genes contained in the regions with statistically significant tests are listed in the
white boxes.
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Transcriptome analysis reveals several differentially expressed genes in
Tier-1 compared to Tier-2 PHTS-BCs

We further examined the differences between Tier-1 and Tier-2 derived
BCs at the transcriptome level by performing differential gene expression
analysis. A hierarchical clustering heatmap showed Tier-1 and Tier-2 derived
BCs clustered into two distinct patterns of differentially expressed genes (Figure
8A). We identified a total of 18 differentially expressed genes with 10
overexpressed (MUC6, PRAME, RP11_788H181, PRSS33, COX6B2,
AC0053364, RBM24, IGFN1, mir-4477, and CYP4F12) and 8 underexpressed
(RP11_530192, BEX1, mir-3156, ANKRD30B, FAR2P1, PENK, GLYATLZ2, and
ANKRD30BP1; Figure 8B and Table 12). There were two Tier-2 derived BC
samples which clustered among Tier-1 derived BC samples. Overall, we found
no clear association between gene expression differences and BC subtypes or

the presence of somatic PTEN or PIK3CA variants (Figure 8B).
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Figure 8: RNA-seq data showing two distinct groups in PHTS-derived BC

samples, identifying alpha-tocopherol degradation as a significant biological

pathway in Tier-1 PHTS-BC
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Tier 1 vs Tier 2
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A. Heatmap of hierarchical clustering based on 28 differentially expressed (DE) genes,
showing the PHTS-derived BC samples cluster into two groups, namely Tier-1 and Tier-
2 (log2 fold change +/- 1, p < 0.05). The X-axis lists the sample ID and right Y-axis
shows the DE gene IDs included in this analysis.

B. Enhanced volcano plot of RNAseq transcriptome data showing differentially
expressed genes in Tier-1 BCs compared to Tier-2 (log2 fold change +/- 1, p < 0.05).
The x-axis shows the magnitude of change (2 fold change) and the Y-axis, statistically
significance in -log10P.
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Table 12: Top differentially expressed genes detected by DESeqg?2 (Tier-1

compared to Tier-2 BC)

Overexpressed genes Fold changes
MUCG6 5.065
PRAME 4.318
RP11 788H181 4.178
PRSS33 4.092
COX6B2 3.071
AC0053364 2.648
RBM24 2.402
IGFN1 2.178
mir-4477 2.161
CYP4F12 2.096
Underexpressed genes Fold changes
RP11 530192 - 4.657
BEX1 -4.139
mir-3156 -2.975
ANKRD30B -2.910
FAR2P1 -2.338
PENK -2.227
GLYATL2 -2.204
ANKRD30BP1 -2.018

We chose false discovery rate (FDR) threshold of 0.05 and log2 fold change threshold of
+/- 1.
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Pathway analysis based on the differentially expressed genes reveals a-
tocopherol degradation to be a statistically significant canonical pathway

in Tier-1 over Tier-2 BCs

We then examined which biological pathways are characteristic of Tier-1
BCs compared to Tier-2 BCs. Using the transcriptomic data from RNA
sequencing as input, Ingenuity Pathway Analysis (IPA) revealed three enriched
canonical pathways by Fisher’s exact test for Tier-1: 1) alpha-Tocopherol
Degradation, 2) BEX2 Signaling Pathway, and 3) Oxidative Phosphorylation.
After Benjamini-Hochberg correction, the first pathway, alpha-Tocopherol

Degradation, remained statistically significant (P=0.037).

Immune Cell Population Characterization reveals PHTS-derived BCs have
immune suppressed and immunotherapy resistant phenotypes compared
to TCGA-BCs

In order to characterize patterns of immune cell populations infiltrating or
surrounding breast carcinomas, we used CIBERSORT!#¢ to impute immune cell
compositions in PHTS-derived and TCGA-derived BCs. Beta-clustering based on
fractions of each cell population showed that the PHTS BC group is distinct from
the sporadic TCGA BC counterparts (Figure 9A). We identified certain immune
cell populations whose proportions are significantly increased in PHTS-derived
BCs (t-test p<0.05), namely naive B cells, MO macrophages, M2 macrophages,
resting mast cells, monocytes, activated NK cells, and regulatory T cells (Figure

10, Table 13). In contrast, the TCGA BCs had significantly greater predicted
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proportions of cell populations including dendritic cells (resting), eosinophils, M1
macrophages, mast cells, CD4 memory activated T cells, CD8 T cells, follicular
helper T cells, and gamma delta T cells (Table 13). Relatedly, we compared the
gene abundance between PHTS-derived BCs and TCGA BCs for PD-L1
(CD274), CTLA4, and PD-1 (PDCD1). The TCGA BCs had significantly
increased (Fisher’s exact test p<0.05) abundance in these genes (CD274,

p=0.014; CTLA4, p=0.003; PDCD1, p=0.001; Figure 9B).
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Figure 9: Immune cell population characterization and immunotherapy target

gene abundance in PHTS-derived BCs versus sporadic BCs
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A. Box plot showing beta-clustering based on fractions of each cell population, revealing
that the PHTS BC group is distinct from the sporadic TCGA BC counterparts.

B. Box plot showing the gene abundance comparison between PHTS-derived BCs and
TCGA BCs by Fisher’s exact test for PD-L1 (CD274), CTLA4, and PD-1 (PDCD1).
TCGA BCs had significantly increased abundance of these genes (CD274, p=0.014;
CTLA4, p=0.003; PDCD1, p=0.001).
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Figure 10: CIBERSORT reveals heterogeneity of immune cell populations in

PHTS-derived BC samples
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CIBERSORT plots showing cell compositions in PHTS-derived BC samples. X-axis
shows the estimated percentage of each cell population. Each row represents a sample
with the corresponding sample ID.
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Table 13: CIBERSORT reveals significant differences in immune cell populations

between PHTS-derived and TCGA BCs

Significantly increased cell population Increased group P-value
B cells naive PHTS 0.0003

Dendritic cells resting TCGA <0.0001
Eosinophils TCGA <0.0001
Macrophages MO PHTS <0.0001
Macrophages M1 TCGA <0.0001
Macrophages M2 PHTS <0.0001
Mast cells TCGA 0.0004

Mast cells resting PHTS 0.0014

Monocytes PHTS <0.0001
Neutrophils TCGA (0.373)

NK cells activated PHTS <0.0001
T cells CD4 memory activated TCGA <0.0001
T cells CD8 TCGA 0.0011

T cells follicular helper TCGA <0.0001
T cells gamma delta TCGA <0.0001
T cells regulatory (Tregs) PHTS <0.0001

Comparison between PHTS-derived BCs and sporadic BCs from TCGA in the proportion
of each cell population by t-test. For each cell population, the group (PHTS vs TCGA)
which had increased proportion compared to the other group is indicated in column 2,
along with the P-value in column 3.
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Discussion

In this study, we identified distinct somatic CNVs in PHTS-derived BCs
compared to sporadic BCs. Overall, we observed notable heterogeneity across
PHTS BC samples, which is consistent with the nature of BC biology in general.
Our data point to several key findings, which help further characterize PHTS-
derived BCs and offer insights into the biology of BCs arising in the setting of

germline PTEN variants.

Our data revealed somatic CNVs in PHTS-BC which are distinct from
those in sporadic BCs from TCGA. The most significant amplification peak was at
6p22.2, which was not observed in TCGA. This peak contains several histone-
related genes, including HIST1H2BI, which was found to be correlationally
expressed with the copy number change. The lack of statistical significance in
correlational expression of the other histone genes may be due to the limited
sample size. Furthermore, although not statistically significant, there was a
higher proportion of somatic PTEN variants in the samples which exhibited
significant amplification at 6p22.2. The PTEN protein is known to interact with
histone H1 to maintain chromatin organization and integrity’®. Importantly, we
previously demonstrated that the tumor mutational burden is increased in PHTS-
derived BCs compared to sporadic BCs, which supports genomic instability as an
important component of BC biology in PHTS®33, When PTEN dysfunction
negatively affects chromatin stability, this leads to dysregulated gene
expression’®. We therefore speculate that the significant 6p22.2 amplification

peak may represent a feedback loop to compensate for the compromised
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genome integrity and increased instability. In such a case where PTEN is
severely dysfunctional, therapeutic agents targeting DNA damage may be useful,
including DNA intercalating agents such as doxorubicin and poly(ADP-ribose)

polymerase (PARP) inhibitors!4’.

We found that for the amplification peak at 1g21.3, the cis-gene alpha-
endosulfine gene (ENSA) was found to be correlationally over-expressed in
PHTS relative to TCGA BCs. This peak was also present in BC samples from
TCGA and is known to be a recurrent amplification in BC. ENSA has been found
to be highly expressed in triple negative breast cancer (TNBC) and associated
with poor survival in this group?#®. Upregulation of ENSA has been shown to
promote tumor growth by regulating cholesterol biosynthesis!#8. This may be one
of the common biological mechanisms for carcinogenesis shared by PHTS-

derived and sporadic BCs.

For deletion peaks, it is unknown how altered gene expression due to
copy number deletion may contribute to carcinogenesis in BC. RNA Polymerase
Il Subunit J4, Pseudogene (POLR2J4) at 7p13 and Olfactory Receptor Family 7
Subfamily G Member 1 (OR7G1) at 19p13.2 are reported to be associated with
non-breast cancers'#%1%0, Contactin Associated Protein Family Member 3B
(CNTNAP3B) at 9p11.2 has been reported to be overexpressed in atypical
hyperplasia of the breast!®'. Mucin 5B, Oligomeric Mucus/Gel-Forming (MUC5B)
at 11p15.5 was also found to be correlationally expressed with the peak at
11p15.5. This peak was also identified in the TCGA group. Previous studies have

shown MUC5B expression was increased in BCs compared to normal breast
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epithelium'®2, and that MUC5B expression is associated with aggressive
behavior of BC cell lines'®3. There is currently little evidence in the literature
describing checkpoint kinase 2 pseudogene 2 (CHEK2P2) at 15g11.1, Myosin
Heavy Chain 1 (MYH1) at 17p13.1 or Ankryn Repeat Domain 20 Family Member
Al (ANKRD20A1) at 9921.11 as significant genes in BC. Whether and how these
copy number deletions and gene expression differences play a role in breast

carcinogenesis in PHTS warrants further investigation.

There are two biologically distinct groups of PHTS-derived BCs based on
the pathogenicity of the underlining germline PTEN variants: 1) Tier-1 variants
are classified as pathogenic or likely pathogenic; and 2) Tier-2 variants, as
variants of unknown significance (VUS) or likely benign®®3, Our previous exome
sequencing data revealed that Tier-1 and Tier-2 derived BCs are different at the
genomic level. This finding was further supported by transcriptomic analysis data,
where Tier-1 and Tier-2 BCs clustered separately. Some genes overexpressed in
Tier-1 BCs relative to Tier-2 BCs may contribute to BC tumorigenesis and
progression. For instance, some members of the mucin protein family, have been
shown to be highly expressed in mucinous BC and associated with negative
estrogen receptor (ER) status'®*. Expression of PReferentially expressed Antigen
of Melanoma (PRAME) was previously shown to correlate with poorer clinical
prognosis, including higher rates of distant metastases and decreased overall
survival in BC*%, Additionally, the PRAME protein has been investigated as a
potential immunotherapy target!®%157, Serine Protease 33 (PRSS33) and

Cytochrome C oxidase subunit 6B2 (COX6B2) are not well-characterized in BC

114



but their expression is associated with other types of cancer®®15°, Similarly,
other overexpressed genes including RNA binding motif protein 24 (RBM24),
Immunoglobulin-like and fibronectin type 11l domain containing 1 (IGFN1), and
Cytochrome P450 family 4 subfamily F member 12 (CYP4F12) may have
biological contributions to tumorigenesis in Tier-1 PHTS BC but their exact roles
are uncleartt-164  Additional investigation of their association with BC is

warranted.

The contribution of Tier-1 underexpressed genes to tumorigenesis and
disease progression is even less clear. Little is known about the molecular
functions of brain expressed X-linked 1 (BEX1) and its exact role in
tumorigenesis is still under debate'%%1%¢, Proenkephalin (PENK) is one of the
genes encoding for endogenous opioid precursors'®’. Interestingly,
downregulation of PENK is reported to be associated with defects in cell motility
and abnormal adhesion in brain metastasis from BC.%¢® Glycine-N-
acyltransferase like 2 (GLYATLZ2) is a glycine conjugating enzyme with functions
implicated in barrier function and immune response'®°. Very little is known about
any association between ankyrin repeat domain 30B (ANKRD30B) and any type

of cancer.

Although some of the identified differentially expressed genes have been
implicated in BC development and progression, we do not think one or just a few
genes drive tumorigenesis in PHTS-derived BCs. Thus, we performed pathway
analysis, which revealed a-tocopherol degradation to be a significantly impacted

canonical pathway in Tier-1 versus Tier-2 BCs. Also known as vitamin E, a-
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tocopherol is an antioxidant’?, and an animal and cell-based study has shown
that vitamin E may increase PTEN and p53 levels in the rat prostate!’?,
Furthermore, in a subtype of Cowden syndrome with no germline PTEN
mutations but with germline SDHXx variants, vitamin E appears to protect from
oxidative stress and potentially suppresses tumorigenesis'’2. We hypothesize
that vitamin E plays an important role in suppressing the development of cancer
in cells with dysfunctional PTEN-related pathways. Being a key pathway in Tier-1
BCs, vitamin E degradation may explain the more penetrant nature of pathogenic
germline PTEN variants including within the Tier-1 BCs due to enhanced
elimination of vitamin E, which is supposed to protect cells from carcinogenic
oxidative damage. This hypothesis is worth experimentally testing, including in

relevant Pten animal models.

The immune landscape infiltrating or surrounding breast carcinoma
appears distinct between PHTS and TCGA. Overall, beta-clustering revealed
these two groups to be significantly different from one another in cell
composition, with certain immune cell populations predicted to be significantly
increased in proportion either in PHTS or TCGA BCs. More specifically, immune
cell populations which are either inactive or suppressive (naive B cells, MO
macrophages, M2 macrophages, resting mast cells, monocytes, and regulatory T
cells) are increased in PHTS BCs. Furthermore, genes encoding immune
checkpoint pathways, including PD-L1 (CD274), CTLA4, and PD-1 (PDCD1),
were found less abundant in PHTS-derived BCs, suggesting that the PHTS-

derived BCs may be less responsive to immune checkpoint inhibitors.
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Consistent with our findings in PHTS BC, previous studies focusing on
sporadic BCs also showed that PTEN deficiency in tumors is associated with an
immunosuppressive tumor microenvironment (TME) and resistance to immune
checkpoint blockade!”3174, Mechanistically, intrinsic PTEN deficiency in tumor
cells stimulates the activation of PI3K signaling and the secretion of VEGF, which
lead to the recruitment of immunosuppressive immune cells, abnormal
angiogenesis, and resistance to T cell-mediated killing'’*. In contrast, distinct
from sporadic cancers, PTEN deficiency in PHTS BCs occurs not only in tumor
cells but also in the non-malignant normal cells (germline effect), including
immune and stromal cells, which could influence the differentiation, expansion,
activation, trafficking, and phenotypes of immune and stromal cells in the TME as
well. For example, a previous study has found that genetic depletion of PTEN
enhances NK cell cytolytic function against malignant cells, which is consistent
with our data that increased proportion of activated NK cells was found in PHTS
BCs!’. Accordingly, to design strategies for immunotherapy in PHTS BCs, the
influences of the PTEN pathway in both tumor and non-tumor (especially
immune) compartments need to be considered. Notably, mutational signatures
were also found to be associated with phenotypes of the TME and
responsiveness to immunotherapy. For example, contrary to smoking associated
signatures that show better response to immunotherapy, age-related mutational
signature was found negatively associated with immune activity, survival
outcomes, and the response to immunotherapy in triple-negative BC, melanoma,

and/or NSCLCY7%177_Qur finding that PHTS BCs contain enriched age-related
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mutational signature provides another potential linkage between PTEN deficiency
and defective anti-tumor immune responses in PHTS BCs'32,

This study has several limitations which mirrors those mentioned in
chapter Il. They include the small sample size for PHTS, heterogeneity of each
BC sample, not being whole genome sequencing, two different exome
sequencing platforms used for the PHTS series and inability to examine non-
coding regions and epigenetic alterations. While chapter Il described the study
examining small changes such as single nucleotide variant, small insertions and
deletions, we attempted to examine larger genomic changes, namely CNV. Still,
our pipeline was not designed to detect genomic changes such as chromosomal
rearrangements, which may be important in tumorigenesis in PHTS-derived BCs.

Future directions include expanding on the size of our study cohort for
PHTS, examining chromosomal rearrangements, non-coding and regulatory
regions, and epigenetic studies. As mentioned in chapter Il, utilizing fresh frozen
breast tumor samples to examine metabolites and microbiomes may also provide
insights into the biology of PHTS-derived BCs.

In conclusion, this study revealed key genomic and transcriptomic
alterations in PHTS derived BCs which are distinct from those of the sporadic BC
group from TCGA. We further revealed a potential key pathway associated with
BC biology in PHTS, especially in the setting of pathogenic germline PTEN
mutations. The alterations we identified enable hypothesis-driven studies to
further characterize downstream functional effects contributing to BC

carcinogenesis in PHTS. PHTS will only rise in incidence as clinical genetic
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testing becomes more widely accessible in the clinic. Currently, there are no
PHTS-specific treatment strategies for any type of PHTS component cancers,
including BC. More extensive studies both at the clinical, translational and basic
science levels are warranted to develop PTEN-targeted and personalized
treatments, and perhaps preventatives, to effectively manage PHTS-derived

cancers.
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CHAPTER IV: CONCLUDING DISCUSSION AND FUTURE DIRECTIONS

General Overview

In this work, we demonstrated that PHTS-derived breast cancer (BC) has
a distinct somatic genomic landscape compared to sporadic BC from TCGA. Our
next generation sequencing data characterized genomic features of the PHTS-
derived BCs, which facilitates the understanding of the biology of PHTS-derived
BCs in comparison of sporadic BCs. Based on the data we presented in this
body of work, it can be postulated that women with PHTS have a much higher
risk of developing BC at younger ages compared to women from the general
population for multiple reasons, including: 1) double hit (somatic) variants to the
PTEN gene; 2) intrinsic tendency to accumulate point mutations much faster than
the general population; 3) genomic instability; and 4) predicted impaired immune

cell constitution and/or function.

Distinct Genomic Landscape in PHTS-derived Breast Cancer

We showed that somatic variants in PTEN (single nucleotide variants,
small insertions and deletions) are the predominant, somatic oncogenic events in
PHTS-derived BCs. Our data further demonstrated that high penetrance germline
variants influence somatic phenotypes. The data restricted to BCs arising in the
background of pathogenic or likely pathogenic PTEN germline variants further
support this hypothesis. The caveat to this interpretation is that it is extremely
challenging to determine the presence of true biallelic inactivation using our

methodology. To evaluate more accurately, functional studies showing the
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absence of PTEN protein expression and/or activity are necessary.
Immunohistochemistry (IHC) staining may be feasible to perform to evaluate
expression changes, while in vitro phosphatase activity assays may be used to

interrogate classical PTEN activity.

Copy number variants (CNVs) in PHTS-derived BCs were also found to be
distinct from the sporadic BCs from TCGA, especially revealing the significant
peak at 6p22.2 containing multiple histone-related genes. This implies that
PHTS-derived BC cells are under selective pressure for histone-related
molecules. We could hypothesize that higher cell turnover and genomic instability
necessitate such changes to endow cancer cells with a survival advantage. Our
computational algorithm did not evaluate genomic fusions and rearrangements
since these changes are known to be less relevant in BC in general. Further
investigation into such large changes, however, may reveal more distinct
genomic features in PHTS-BC which do not occur in sporadic BCs, and is hence

worth pursuing in future studies.

We further showed that there are significant genome-wide differences
between PHTS-derived and TCGA BCs. Interestingly, we detected COSMIC
SBS29 signature in sporadic BC but not in PHTS, which signifies mutagens, like
tobacco use!?’, and may indicate environmental and lifestyle-related causes
contributing to carcinogenesis in sporadic BCs but not in PHTS-derived BCs. On
the other hand, we identified the SBS1 signature, which is strongly correlated
with older age of cancer onset'?:128, Detecting this signature in the PHTS-

derived BCs leads us to speculate that mutational patterns that usually
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accumulate with time tend to occur much faster in PHTS-derived BCs, especially
in the background of pathogenic germline PTEN mutations. This observation may
explain the early age of diagnosis of PHTS-BC as well as secondary BC which
occurs at much higher frequency in PHTS. This is consistent with Knudson’s
second hit hypothesis, which further supports our clinical approach of careful
breast cancer surveillance and possibility of prophylactic bilateral mastectomy in
the clinical setting. Our clinical data, however, lack information on modifiable
lifestyle choices such as smoking status, alcohol use, and exercise/activity levels.
It would be insightful to incorporate these environmental factors to validate our
hypothesis. Future studies should include PHTS-BC cell models to conduct
experiments evaluating the DNA damage and repair mechanisms in PHTS-BC.
Radiation exposure as well as chemical mutagens can be utilized to artificially
induce DNA damage and compare the consequent cell repair efficacy between
PHTS and non-PHTS BC models. We hypothesize that PHTS-BC cells are more
susceptible to DNA damage, which could lead to carcinogenesis.

We showed that the predicted immune landscape infiltrating or
surrounding breast carcinoma were distinct between PHTS-derived and TCGA
BCs. Immune cell populations which point to either inactive or suppressive
phenotypes were found increased in PHTS-derived BCs. We thus speculate that
PTEN deficiency in PHTS-derived BC is associated with an immunosuppressive
tumor microenvironment (TME). Furthermore, genes encoding immune
checkpoint pathways, including PD-L1 (CD274), CTLA4, and PD-1 (PDCD1),

were found less abundant in PHTS-derived BCs, implying that the PHTS-derived
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BCs may be less responsive to immune checkpoint inhibitors. In our study, bulk
RNA-seq data were analyzed by a computational pipeline to evaluate the
immune cell populations in PHTS-BC tissue, which only allows us to capture the
average gene expression of the cells present in the inherently heterogeneous
sample. To increase resolution of gene expression of individual genes, single-cell
RNA sequencing (scRNA-seq) may be useful, especially to evaluate the immune
cell landscape of PHTS-BC'’8. As mentioned previously, PHTS-derived BC had a
trend toward increased TMB. Increased TMB can be clinically useful as a
therapeutic target or marker for immunotherapy in many types of cancers
including BC. However, we need to interpret high TMB values in PHTS-derived
BC with caution in the clinical setting because of the predicted immunotherapy
resistant phenotypes observed in our study. We hence need more clinical data to
investigate how individuals with PHTS who have developed metastatic BC may
or may not respond to immunotherapy when it is clinically indicated for sporadic

counterparts.

Revealing Clinically Distinct Subtypes of PHTS-derived BCs

We demonstrated that PHTS-derived breast cancers have two biologically
distinct groups based on the pathogenicity of the underlying germline PTEN
variants: 1) Tier-1 BCs, which harbor pathogenic or likely pathogenic germline
PTEN variants; and 2) Tier-2 BCs, with variants of unknown significance (VUS)

or likely benign variants in PTEN.
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Pathway analysis based on the differentially expressed genes revealed q-
tocopherol degradation to be a statistically significant canonical pathway in Tier-1
over Tier-2. We hypothesize that vitamin E may play an important role in
suppressing the development of cancer in cells with dysfunctional PTEN-related
pathways. Vitamin E degradation may explain the more penetrant nature of
pathogenic germline PTEN variants. Future studies are warranted to test this
hypothesis with carefully designed experiments using relevant Pten animal
models as well as using PHTS patient samples. One important limitation of these
RNA-seq derived data stems from the fact that we did not have matched pairs
from normal breast tissues from our research participants. As a future direction, it
would be informative to perform RNA-seq from matched tumor and normal
tissues, which will help us identify tumor-specific transcriptomic signatures in
PHTS-BC versus sporadic BC, in addition to identifying expression changes that
may be pertinent for tumor initiation in the normal tissues harboring the

background germline PTEN variants.

Limitations and Future Directions for Genomic Investigations in PHTS-BC
PHTS is a rare genetic disorder, which often limits our ability to recruit
many (population-level) participants for research. Our genomic study should also
be expanded in the future, specifically looking for other genomic changes to
reveal important cancer biology in PHTS-BC, including non-coding and
regulatory regions, chromosomal rearrangement analyses, and epigenetic

studies. If feasible, fresh frozen breast tumor samples should be obtained to
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perform microbiome and metabolomics analyses. Ultimately, a multi-omic
approach to integrate different types of genomic data mentioned above should be
attempted between PHTS-BC and sporadic BC. Furthermore, clinically relevant
information, such as tumor markers, tumor grade, clinical staging, histology
types, ethnicity, as well as environmental factors such as smoking and alcohol

use should be incorporated for a more comprehensive analysis.

One of the biggest limitations of our RNA study was that a head-to-head
comparison using RNA-seq between PHTS-BC and sporadic, TCGA BC cohorts
was technically impossible, due to a large difference in sequencing technologies
and the inability to batch-correct the data as a whole. This prevented us from
performing certain analyses such as differentially expressed genes and canonical
pathway predictions. Systematically collecting a new series of sporadic BC
samples under our IRB protocol will allow us to obtain RNA-seq data using the
same sequencing methods to perform a head-to-head a comparison between
PHTS-BC and sporadic BC counterparts. This will provide useful information to
reveal important canonical pathways in PHTS-BCs compared to sporadic BCs.
Additionally, our attempt to integrate CNV data from DNA sequencing and
expression data from RNAseq by correlational studies also posed a challenge.
Unfortunately, not all FFPE samples taken for DNA analyses were available for
RNA extraction. Thus, the CNV data and transcriptome data were not from the
same groups of PHTS-BC. Ultimately, obtaining ample tissue samples along with

a larger sample size is needed to reproduce and expand our results in the future.
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To provide further mechanistic evidence, functional studies using cell
lines, animal models, as well as clinical trials on human participants are
warranted. Since PHTS-BC tends to be ER+, HER2-, non-high grade, selecting
breast cancer cell lines with wildtype BRCA1 such as MCF7 and MDA-MB-415,
which are ER+, HER2-, BRCA1 wildtype, and luminal A, are reasonable to use.
By introducing PTEN mutations observed in our study, the transformed cell lines
can be used as representative PHTS-BC pre-clinical models for further
investigation.1”® For example, the established cell lines can be used to reproduce
our results based on FFPE samples, as well as performing sc-RNAseq to further
delineate the transcriptome profile. Furthermore, this type of proposed cell lines
can be used to validate the key pathway we found in Tier-1 BC, namely the
vitamin E deficiency pathway, by various methods including RNA-seq, metabolite
measurements, and cell proliferation analyses. Relatedly, induced pluripotent
stem cells (iPSC) have been successfully utilized in the Eng lab to develop
organoids, specifically of the brain and thyroid. As a future direction, PHTS-BC
models using breast organoids should be established, in order to study what
early changes these PHTS cells may have throughout the various developmental
stages, which may help explain BC susceptibility in the setting of germline PTEN

mutations.

BCs are heterogeneous not only among affected individuals but even
within the same affected breast, which is an inherent challenge when studying
BC in general. To study the biology of PHTS-derived BC at a spatial resolution,

we are currently conducting transcriptome profiling of PHTS-derived BC cases.
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The purpose of this ongoing study is to investigate how the underlying biology
may differ between different histologies within the same patient (for instance,
invasive carcinoma vs. in situ carcinoma, vs. locoregional metastases). This
study will help us understand the evolution of the primary BC lesions and the
progression of PHTS-derived BCs and provide information to design effective
and personalized treatments and preventatives for BCs in the setting of germline
PTEN mutations.

Finally, the underlying carcinogenic mechanisms of other PHTS
component cancers, including uterine, colorectal, kidney cancers and melanoma,
have never been investigated in the past and should be explored for their own
genomic profiles. For thyroid cancer, the second prevalent component cancer in
PHTS next to breast cancer®®, genomic profiling comparing thyroid cancer
tissues to PHTS-derived benign thyroid nodules as well as to sporadic thyroid
cancer from TCGA has been completed by Dr. Eng’s lab (Plitt G. et al., 2023; in
press at Cancer Research at the time of drafting this dissertation). Furthermore,
PHTS-related cancers serve as an excellent model to study other hereditary

cancer syndromes, and even sporadic cancers with somatic alterations in PTEN.

Clinical Implications and Future Directions

Based on the biological pathways PTEN is involved in, we hypothesize
that the PIBK/AKT/mTOR pathway is undeniably a pertinent treatment target for
PHTS-derived malignancies, including BC. Vitamin E degradation pathway is

also a candidate target, especially for BCs arising in the background of Tier-1
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germline PTEN mutations. To identify other targetable biomarker candidates in
PHTS derived malignancies, further investigation is warranted as previously
described.

We speculate that when PTEN is severely dysfunctional, therapeutic
agents targeting DNA damage may be useful, including DNA intercalating agents
such as doxorubicin and poly(ADP-ribose) polymerase (PARP) inhibitors'#’. For
individuals with PHTS who are at very high risk of breast cancer as well as other
malignancies, medical management with an mTOR inhibitor or PIK3CA inhibitor,
which are both inhibitory to the PI3K pathway, should be investigated in clinical
trials as preventative measures. If clinically shown to be effective for cancer
prevention, some women may be able to delay or avoid prophylactic surgeries
such as bilateral mastectomies and hysterectomy which are often done to reduce
the risk of breast cancer and uterine cancer, respectively. Furthermore, if RNA-
seq data are available from PHTS-BC carcinoma tissue and matching normal
tissue, we can potentially design an RNA-based vaccine against PHTS-BC in
individuals with germline PTEN mutations by identifying common transcripts
present in the tumor tissues but absent in matched normal breast tissue.

Our findings demonstrating the presence of two biologically distinct groups
of PHTS-BC, based on the pathogenicity of the underlying germline PTEN
mutations, provides clinically useful information to reclassify germline variants.
There are a number of PTEN mutations which are initially classified as variants of
unknown significance (VUS) due to the rarity of the variants as well as lack of

clinical data to predict the biological nature of the variants. At the PTEN
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Multidisciplinary Clinic and Center of Excellence at the Cleveland Clinic, we
carefully evaluate each variant and classify them based on the nature of the
genomic alteration in light of the patients’ clinical presentations. Because PHTS
is rare, there is a tremendous challenge to make the same level of clinical
judgement by healthcare providers who are not familiar with PHTS. Therefore, it
is crucial to establish a systematic approach to classify all PTEN germline
variants in an accurate and standardized manner so that we can tailor screening
and treatment options for individuals with PHTS in a more personalized manner
no matter where they are diagnosed and treated.

We envision collecting more breast tissues, both malignant and benign,
from an expanded PHTS cohort, which includes women with pathogenic and
likely pathogenic PTEN mutations, variants of unknown significance (VUS),
benign and likely benign PTEN variants, and those without germline PTEN
variants but with a diagnosis of clinical Cowden syndrome. If we are to find
significant genomic and molecular differences by comparing multi-omic profiles of
these different groups, we can further classify them into different BC risk groups
based on clinical parameters. This type of model will be extremely useful for
breast pathologists, oncologists, and even cancer geneticists upon diagnosing
and planning personalized medical and surgical managements of these PHTS
patients. Clear classification and national guidelines especially for VUS and
clinical Cowden syndrome would be helpful to guide oncologists and general
providers to decide when to consider referring their patients to genetic counseling

for further testing.
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Summary and Significance of the Study

In conclusion, our data revealed several key findings, providing insights
into distinct BC biology in the background of germline PTEN alterations and their
clinical implications. We provide multiple lines of evidence for a distinct somatic
genomic landscape of PHTS-derived BCs compared to sporadic counterparts.
Despite its distinct somatic genomic landscape, PHTS-derived BC is treated
similarly to sporadic BCs, according to the current standard of care. As we learn
more about the mechanisms of PHTS-derived BCs and their potential therapeutic
targets, we will be better empowered to develop more targeted, personalized
strategies to effectively treat and in time, prevent PHTS-derived BCs. This is a
population that will only rise in incidence as clinical genetic testing becomes

more widely accessible in the clinic.
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