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Proliferasjon i molekylere subtyper av brystkreft

Brystkreft er en heterogen sykdom og kan ved hjelp av molekyleere markarer bli delt inn i
forskjellige undergrupper med ulik prognose og respons pa behandling. @kt proliferasjon
(cellevekst) har blitt identifisert som et av kjennetegnene pa kreft, og er assosiert med
darligere prognose i brystkreft. Et av mélene til Breast Cancer Subtypes-prosjektet er &
studere faktorer som kan ha sammenheng med de spesifikke subtypene av brystkreft og
prognose hos brystkreftpasienter. Brystkreftforskning avdekker stadig nye gener assosiert
med proliferasjon, noe som kan bidra til en mer presis inndeling av pasienter i prognostiske
grupper og pa sikt mer malrettet behandling av brystkreftpasienter. To gener som er vist &
vaere assosiert med proliferasjon i brystkreft er MRPS23 og ZNF703.

Denne oppgaven bygger pa fire kohorter. Kohort 1, 3 og 4 bestar av kvinner fra
Trendelag som ble fulgt opp for pavisning av brystkreft fra 1961 og frem til 2012. Kohort 1
bestar av 25 727 kvinner fra Nord-Trgndelag hvorav 1379 ble diagnostisert med brystkreft i
lgpet av oppfalgingstiden. Kohort 3 bestar av 34 221 kvinner fra Nord-Trgndelag hvor av 731
ble diagnostisert med brystkreft, og kohort 4 bestér av 23 350 kvinner fgdt ved E.C. Dahls
stiftelse, hvorav 885 ble diagnostisert med brystkreft. Tumorvev er tilgjengelig for de fleste
av brystkreftpasientene som ble diagnostisert ved St. Olavs Hospital. I tillegg til tumorvev har
vi tilgang pa ytterligere informasjon om kvinnene og deres svulster, samt noe informasjon om
de friske kvinnene som utgjer bakgrunnsbefolkningen. Brystkrefttumorene i kohort 1, 3 og 4
har tidligere blitt inndelt i molekylzre subtyper ved hjelp av immunhistokjemi og in situ
hybridisering. Kohort 2 bestar av genekspresjonsdata fra ca. 2000 brystkreftsvulster fra
datasettet METABRIC.

I den farste studien undersgkte vi MRPS23 kopitall ved hjelp av fluorescens in situ
hybridisering (FISH), og sammenhengen med molekylar subtype, proliferasjon og prognose.
I tillegg undersgkte vi genuttrykk av MRPS23 og sammenheng med molekylar subtype og
prognose. Vi fant at amplifikasjon av MRPS23 var assosiert med gkt proliferasjon. Vi
identifiserte kopitallsgkning i alle subtyper utenom 5-negativ subtype. Vi fant ingen sikker
sammenheng mellom MRPS23 kopitall og prognose. Hayt genuttrykk av MRPS23 var
assosiert med Luminal B subtype. Det var ingen assosiasjon mellom genuttrykk og prognose.

I den andre studien brukte vi FISH og immunhistokjemi til & studere ZNF703 kopitall
0g ZNF703 proteinuttrykk i brystkreft, og undersgke sammenhengen med molekyler subtype,
proliferasjon og prognose. Vi fant at hgyt kopitall var assosiert med Luminal B subtypene. |
tillegg fant vi en sammenheng mellom hgyt kopitall og hay proliferasjon, hgy histologisk grad
og darlig prognose. Ved & se pa Luminal A tumorer separat fant vi at tumorer med hgyt



kopitall hadde hayere histologisk grad og darligere prognose sammenlignet med tumorer uten
kopitallsgkning. Vi fant en sammenheng mellom kopitallsgkning og hgyt proteinuttrykk av
ZNF703, men ingen sammenheng mellom proteinuttrykk og prognose.

I den tredje studien brukte vi Ki-67 og mitosetall som markarer for proliferasjon for &
studere endringer i insidensrate av hgy- og lavproliferative brystkreftsvulster over tid. Vi
gjorde analyser pé alle brystkreftsvulstene samlet og for noen molekylare subtyper separat.
Vi manglet informasjon om proliferasjonsstatus for noen av svulstene, og brukte multippel
imputasjon for & estimere manglende verdier for Ki-67 og mitosetall. Vi sammenlignet
kvinner fgdt i 1929 eller senere med kvinner fadt far 1929. Ved & bruke Ki-67 som
proliferasjonsmarker fant vi at det hadde veert en gkning av bade hay- og lavproliferative
svulster blant kvinnene som var fgdt etter 1929. Ved & se pa mitosetall fant vi kun gkning i
lavproliferative svulster. Vi gjorde separate insidensanalyser for svulster av HER2* og trippel
negativ subtype. For HER2* svulster fant vi at det hadde veert en gkning av hayproliferative
svulster i henhold til Ki-67 status, mens det i henhold til mitosetall hadde veert en gkning av
lavproliferative svulster blant kvinnene fgdt i 1929 eller senere. For trippel negative svulster
fant vi ingen endring i insidensrate av verken hgy- eller lavproliferative brystkreftsvulster.

Funnene fra disse studiene bidrar til ny informasjon om proliferasjonsassosierte gener
i molekylaere subtyper av brystkreft, og utforsker tidstrender i insidens av brystkreft relatert til

proliferasjon.
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Summary

Breast cancer is a heterogeneous disease. Using immunohistochemistry (IHC) and in situ
hybridization (ISH) breast cancers can be divided into molecular subtypes with different
prognosis and response to treatment. Increased proliferation has been identified as one of the
hallmarks of cancer and it is associated with poor prognosis in breast cancer. One of the goals
of the Breast Cancer Subtypes project is to identify new prognostic factors and their relation
to specific molecular subtypes of breast cancer. Breast cancer research has revealed new
genes associated with proliferation. These can contribute to improved prognostication and
potentially more targeted treatment of breast cancer patients. Two genes associated with
proliferation in breast cancer are MRPS23 and ZNF703.

This study thesis is based on four cohorts. Cohort 1, 3 and 4 comprise women from the
county Trgndelag that were followed for breast cancer occurrence from 1961 to 2012. Cohort
1 comprises 25 727 women from Nord Trgndelag, of whom 1379 were diagnosed with breast
cancer during follow up. Cohort 3 comprises 34 221 women from Nord Trgndelag of whom
731 were diagnosed with breast cancer, and cohort 4 comprises 23 350 women born at E.C
Dahls foundation, of whom 885 were diagnosed with breast cancer. Tumour tissue is
available for most of the breast cancer patients that were diagnosed at St. Olav’s hospital. In
addition to tumour tissue, we have access to information about the patients and their tumours,
and some information about the healthy background population. The breast cancer tumours
included in cohorts 1, 3 and 4 have previously been reclassified into molecular subtypes using
IHC and in situ hybridization (ISH). Cohort 2 comprises gene expression data from
approximately 2000 breast cancer tumours from the METABRIC dataset.

In the first study, we examined MRPS23 copy number using fluorescence in situ
hybridization (FISH), and studied associations with molecular subtype, proliferation, and
prognosis. In addition, we examined gene expression of MRPS23 and associations with
molecular subtype and prognosis. We found that amplification of MRPS23 was associated
with increased proliferation. We identified copy number increase in all subtypes except 5-
negative phenotype. We found no clear association between MRPS23 copy number and
prognosis. High gene expression of MRPS23 was associated with the luminal B subtype.
There was no association between gene expression and prognosis.

In the second study, we used FISH and IHC to study copy number and protein expression
of ZNF703 in breast cancer, and associations with molecular subtype, proliferation and
prognosis. We found that high copy number was associated with the luminal B subtypes. In
addition, we found an association between high copy number and increased proliferation,

6



higher histological grade and poorer prognosis. Furthermore, on looking at luminal A tumours
separately, we found that tumours with high copy number had higher grade and poorer
prognosis compared to tumours without copy number increase. We found a correlation
between high copy number and high protein expression, but no correlation between protein
expression and prognaosis.

In the third study we used Ki-67 and mitotic count as markers of proliferation to study
incidence trends of high- and low-proliferative breast cancer tumours. We performed analyses
on all breast cancer tumours combined, and separately for subgroup of molecular subtypes.
Multiple imputation was used to estimate missing values of Ki-67 and mitotic count in cases
with missing values. We compared incidence in women born in 1929 or later to women born
before 1929. According to Ki-67, we found an increase in both high- and low-proliferative
tumours among women born in 1929 or later. According to mitotic count, we only found an
increase in low-proliferative tumours. We did separate analyses of HER2" and triple negative
tumours. In HER2* tumours we found that there had been an increase of high-proliferative
tumours according to Ki-67, while it according to mitotic count had been an increase of low-
proliferative tumours among women born in 1929 or later. There was no change in incidence

trends according to proliferation status for triple negative tumours.






Introduction

1.1 Breast cancer epidemiology

Breast cancer is the most common cancer among women worldwide, with an estimated 2.26
million new cases in 2020 (Figure 1) (1). It is also the most common cancer among
Norwegian women, comprising 23% of all incident cancers in 2021 (2). It is the most
common cause of cancer related death among women in developing countries, and the second
most common cause of cancer death in developed countries (3). During the last five decades
there has been an increase in breast cancer incidence in most high income countries (3-5),

and, more recently, also in low income countries (3).
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Figure 1: Global breast cancer incidence rates per 100 000 person years in women, 2020. Reprint from Global
Cancer Observatory: Cancer Today, Fact Sheet - Breast, Available from: https://gco.iarc.fr/today, Copyright
(2022) (1).

Since the 1990s there has been a decrease in mortality rates in developed countries (4, 6),
whilst rates are still increasing in developing countries (3). Countries in central Africa have

the highest mortality rate (Figure 2).
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Figure 2: Global mortality rates per 100 000 person years for breast cancer in women, 2020. Reprint from
Global Cancer Observatory: Cancer Today, Fact Sheet - Breast, Available from: https://gco.iarc.fr/today,
Copyright (2022) (1).

In 2021, 3991 new breast cancer cases were registered among Norwegian women, and
the cumulative risk of developing breast cancer by the age of 80 was 10.5% (2). The median

age at diagnosis is 62 years old (2).

Breast cancer survival among Norwegian women has increased steadily since 1965
(Figure 3), and between 2017-2021 five-year relative survival for breast cancer patients was
92.3% (2). In general, survival decreases with age (Figure 4). Relative survival compares the
observed survival in a group of patients with a specific disease to the expected survival of a
comparable group in the general population during a given period of time (2). Thus, relative
survival shows whether the disease shortens life. As a result of increased incidence and
improved survival there is a growing pool of breast cancer survivors in Norway. In December
2021, there were 54 827 prevalent cases of breast cancer in Norway, and 25 409 of these were
diagnosed >10 years previously (2). Some of these women may experience complications

following breast cancer treatment (7).

10
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Figure 3: Trends in breast cancer incidence (red) and mortality (pink) rates, and five-year relative survival
proportions (brown) among Norwegian women. Reprint from the Cancer Registry of Norway, Cancer in Norway
2021 - Cancer incidence, mortality, survival and prevalence in Norway (2). Page no. 108, Figure 9.1-M, with

permission from the Cancer registry of Norway.

Relative survival by sex and conditional 5-year relative survival by sex
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Figure 4: Relative survival from breast cancer up to 15 years after diagnosis, overall (to the left) and by age
categories (to the right). Reprint from the Cancer Registry of Norway, Cancer in Norway 2021 - Cancer
incidence, mortality, survival and prevalence in Norway (2). Page no. 96, Figure 8.1-L, with permission from the

Cancer registry of Norway.

1.1.1 Time trends in breast cancer incidence

Globally, breast cancer incidence rates have been rising in many high-income countries the

last five decades, and more recently also in lower-income countries (3). In Norway, there has

been a considerable increase in breast cancer incidence since the establishment of the
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Norwegian Cancer Registry in the early 1950s (Figure 3) (8). The increase in the mid-90s and
early 2000s was primarily limited to women aged 50-69 years (Figure 5) (8). Previous studies
have found an association between the mid-1990s increase in breast cancer incidence and
mammography screening and menopausal hormone therapy (MHT) in Norway (9, 10), and
internationally (11, 12)

300 e
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50 -
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Figure 5: Incidence rates for breast cancer by age at, and year of diagnosis among Norwegian women. Reprint
from the National Quality Register for Breast Cancer, Annual Report 2021 with results and improvent measures
from the National Quailty Register for Breast Cancer (13), page 18, Figure 3.1, with permission from the Cancer
Registry of Norway.

Several studies have revealed that breast cancer incidence trends vary according to molecular
markers. The recent increase in breast cancer incidence is largely restricted to hormone
receptor positive tumours (14, 15). Studies of breast cancer incidence trends through recent
decades according to hormone receptor status in the US and several European countries have
found increasing incidence rates of oestrogen receptor (ER)* cancers and decreasing rates of
ER" cancers (14-17). This could partly be explained by the implementation of mammography
screening. It has been shown that breast cancers detected through mammography screening
have favourable characteristics such as lower stage, lower grade and smaller size compared to
interval cancers and cancers diagnosed outside of screening (18-20). Additionally, screen-
detected cancers are more often ER* (19, 21) and luminal A subtype (18, 19, 21) compared to
tumours detected outside of screening. Other than mammaography screening, the change in

12



incidence trends may partly be attributed to changing prevalence and distribution of breast

cancer risk factors.

1.1.2 Risk factors associated with breast cancer

Several factors associated with increased breast cancer risk have been identified, such as
family history, lifestyle related factors and reproductive factors (22, 23). Female gender, high
age, early menarche, late menopause, high age at first pregnancy and low parity are associated
with increased risk of breast cancer (23, 24). Steroids are a known risk factor for breast
cancer, and use of menopausal hormone therapy (MHT) has been identified as a major cause
of the increase in breast cancer incidence in the 90s and early 2000s (9, 10, 12, 25). In
addition, it has been estimated that approximately 20% of breast cancer related deaths
worldwide are caused by modifiable factors such as alcohol consumption, overweight and
obesity, and physical inactivity (26).

Furthermore, family history of breast cancer is associated with increased risk (23, 27),
and it has been estimated that nearly a quarter of all breast cancers are related to heritable
traits (23). Hereditary breast cancers can be due to both high-penetrance and low-penetrance
genes, of which mutations in the BRCAL and BRCA2 genes are among the high-penetrance
genes, contributing to a significant increase in the risk of developing breast cancer (23, 28).

Several studies have investigated the association between specific risk factors and
molecular subtypes of breast cancer. The results have been inconsistent (29, 30) and different
definitions of molecular subtypes further complicate comparison and interpretation of results.
In general, there is a stronger association between reproductive risk factors and hormone
receptor positive (luminal) tumours than triple negative breast cancers (TNBC; negative for
ER, progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2)) (27,
29-31). A pooled study of 38 articles investigating associations between risk factors and
breast cancer subtypes found that most established risk factors were associated with the
luminal A subtype. For instance, young age at menarche, low parity, old age at menopause,
and MHT use were all associated with increased risk of luminal A breast cancer. Associations
with risk factors for the other subtypes were less consistent. However, there was a possible
association between age at menarche and the luminal B subtype. Young age at menarche, use
of oral contraceptives and high parity was associated with TNBC. Family history of breast
cancer was a common risk factor for all molecular subtypes (30). Studies have shown that the
risk effect of overweight varies according to menopausal status (30, 32, 33). In pre-

menopausal women there appears to be an association between obesity and increased risk of

13



TNBC (30, 32, 33), while in post-menopausal women obesity is associated with increased risk
of HR* tumours (33). In addition, the time of weight gain may affect the risk of breast cancer
(34).

1.2 Breast cancer diagnostics

Patients who present with symptoms or findings suspicious of breast cancer qualify for further
examination. These women are referred to a Breast Diagnostic Centre for “triple diagnostics”
comprising a clinical examination, imaging and a preoperative biopsy (35). Once a patient is
diagnosed with breast cancer, further examinations include clinical/radiological staging, and
histopathological diagnostics including assessment of biomarkers in the preoperative biopsy

and surgical specimen.

1.2.1 The Norwegian mammography screening programme

The Norwegian mammography screening program started as a pilot project in four counties in
1995/96. Consecutively, more counties were included, and the counties North and South
Trandelag were included in 2001 (36). Since 2004, all Norwegian women aged 50-69 years
have been invited to attend a mammaography screening every second year (37). The aim of the
program is to detect breast cancers at an earlier stage to improve prognosis (36). Yearly
attendance is approximately 75% (36). Among women attending the program most tumours
are screen-detected, and approximately 25% are interval cancers (36). A recent study of the
effect of population-based breast cancer screening in Norway found that there has been a 20%
reduction of breast cancer mortality due to screening and a 23% reduction of breast cancer
mortality due to improved treatment after implementation of the program (38). These
numbers correspond to a previous evaluation of the national screening program estimating
that it attributes to a reduction in breast cancer mortality of 20-30% (36). However, the
screening program raises issues of overdiagnosis and overtreatment (37, 39) and length time

and lead time biases may complicate the estimation of screening effectiveness (40).

1.2.2 Breast cancer diagnostics after malignancy has been established

1.2.2.1 Staging

The TNM-classification system is the system used for breast cancer staging. It takes into
consideration the extent of the tumour (T) at the primary site, affected lymph nodes (N) and
distant metastases (M) (35, 41-43). Staging is assessed both clinically and by

14



histopathological examination. Clinical staging is done before treatment is given, and it is
based on findings in the clinical examination, imaging, and preoperative biopsy. Pathological
staging is based on microscopic examination of the surgical specimen and lymph node
metastases. Based on the findings each case is staged from | to V. Tumour staging is
important for the further management of the patient (42, 43). In the most recent edition of the
TNM classification of the American Joint Commission of Cancer (AJCC), prognostic stage
groups were introduced in addition to the traditional anatomic stage groups (43). The
prognostic stage groups incorporate biological markers (ER, PR and HER2), histological
grade and gene expression assays into the current staging system in order to give improved

prognostic information (43, 44).

1.2.3 Histopathological diagnostics

The final diagnosis from the pathologist includes the type of specimen, histological subtype,
histological grade, mitotic count, tumour size including the extent of invasive growth,
invasion into surrounding structures (vessels, skin/papillae, muscle, nerves), resection

margins, lymph node status and biomarker status (35).

1.2.3.1 Histological subtype

Breast cancer tumours are classified into histological subtypes according to WHO guidelines
based on their microscopic appearance (35, 42). Most tumours (70-80%) are classified as
“invasive carcinoma of no special type”. This is a heterogenous group of tumours with
characteristics that fail to demonstrate features compatible with one of the specific
histological subtypes. The second most common type is invasive lobular carcinoma, which
accounts for approximately 5-15% of breast cancers. The WHO classification system also
includes other, less common subtypes such as tubular carcinoma, mucinous carcinoma, and

adenoid cystic carcinoma (Figure 6) (42).

15



E
S 2
cw 7 N l'/

=

re 6: Histblogibal suk;types of breast cancer. Left: Invasive carcinoma of no special type. Middle: Lobular

o3 . . X
>

Eigu
carcinoma. Right: Mucinous carcinoma. HE-staining. Slides were scanned at 40x magnification. Photo: Marit
Valla, NTNU.

1.2.3.2 Histological grade

All invasive carcinomas are histologically graded according to the WHO guidelines, which
are based on the Nottingham criteria defined by Elston and Ellis in 1991 (42, 45). Grading is
usually done on haematoxylin-eosin (HE)-stained whole-sections. Three morphological
features are assessed: the proportion of tubule formation, the degree of nuclear pleomorphism
and mitotic count (Table 1) (42). Tubule formation is determined by the proportion of the
epithelial component of the tumour displaying tubular structures. Nuclear pleomorphism is
assessed by evaluating the discrepancy between normal breast epithelial cells and tumour
cells in addition to assessment of the variation between the tumour cells. Mitotic count is
assessed in the area with the highest number of mitoses (the hotspot method). The mitotic
count is the total number of mitoses recorded in 10 high-power fields (HPF) (42). To account
for varying sizes of the high-power fields in different microscopes, mitoses/10 HPF is

converted to mitoses/mm? (Table 2) (42, 46).

Table 1: Method for assessing histological grade in breast tumours

Tubule formation Score
Majority of tumour (>75%) 1
Moderate degree (10-75%) 2
Little or none (<10%) 3

Nuclear pleomorphism
Small, regular, uniform cells
Moderate increase in size and variability 2

Marked variation 3
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Mitotic count

Dependent on microscope field area 1-3

Reprinted from WHO Classification of Tumours Editorial Board. Breast Tumours, 5! edition/vol. 2,

Introduction to tumours of the breast, Page No. 87, Copyright (2022).

Table 2: Score thresholds for mitotic counts based on the diameter of the high-power field and its

corresponding area

Field diameter Field area Mitotic count (score)
(mm) (mm?) 1 2 3
0.50 0.196 <7 8-14 >15
0.51 0.204 <7 8-14 >15
0.52 0.212 <7 8-15 >16
0.53 0.221 <8 9-16 >17

Reprinted from WHO Classification of Tumours Editorial Board. Breast Tumours, 5™ edition/vol. 2,
Introduction to tumours of the breast, Page No. 6, Copyright (2022).

Each characteristic is graded from 1-3 and the total score is thus 3-9. Total score 3 - 5
corresponds to grade 1 (highly differentiated tumours), 6-7 points to grade 2 (moderately
differentiated tumours), and 8-9 points to grade 3 (poorly differentiated tumours) (42).

Histological grade is strongly associated with prognosis in breast cancer (45, 47).
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Figure 7: Histopathological grade in breast cancer. Top left: Grade 1. Top right: Grade 2. Bottom: Grade 3.

Slides were HE-stained and scanned at 40x magnification. Photo: Marit Valla, NTNU

1.2.3.3 Prognostic and predictive markers

A prognostic marker is a clinical or biological characteristic that gives information about the
most likely outcome in an untreated individual (48). Prognostic markers can be assessed by
examining clinical outcomes, such as overall, breast cancer specific or recurrence-
free/disease-free survival. A predictive marker is a clinical or biological characteristic that
gives information about the expected benefit of treatment (48). In breast cancer, tumours are
routinely analysed for biomarkers such as ER, PR, HER2 and the proliferation marker Ki-67
(35, 42, 49). In addition, programmed death-ligand 1 (PD-L1) and gene expression assays can

provide useful information in certain cases.

1.2.3.3.1 Hormone receptor status
ER and PR are hormone receptors present in normal breast tissue. ER is expressed in 7% of
epithelial cells, in ducts and lobules of the normal breast (50). PR is expressed in 10-20% of

luminal epithelial cells. Both ER and PR are prognostic and predictive markers, and can be
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used to predict which patients will respond to endocrine therapy, such as Tamoxifen which
inhibits oestrogen binding to ER, or aromatase inhibitors which decrease the level of
circulating oestrogens (51). Hormone receptor status is evaluated using
immunohistochemistry (IHC) in all invasive carcinomas and recurrent breast cancers. Cut-off
for ER positivity is >1% positive nuclei (35, 49, 52). According to updated ASCO/CAP 2020
guidelines, cases with positive ER staining in 1-10% of tumour cell nuclei should be reported
as ER low positive and supplemented with a comment on the percentage of cell staining,
intensity, and status on IHC controls (52). Recent Norwegian guidelines state that staining for
ER/PR should be re-assessed on the surgical specimen if the preoperative biopsy shows ER
from 1-9% (35). American guidelines have a cut-off for PR positivity at 1% (52). According
to Norwegian guidelines, a tumour is considered PR positive if >10% of tumour nuclei have
positive staining (35). Staining intensity is not considered in either of the hormone receptor

markers.

1.2.3.3.2 HER2 status

The HER2 gene is located on chromosome 17q12 (53). It encodes for a transmembrane
growth factor receptor which controls normal cell growth and differentiation (54). The HER2
gene is overexpressed in 13-15% of breast cancers (22), and it is associated with a poor
clinical outcome (54, 55). HER? is a target for several treatments, for instance the
recombinant human anti-HER2 monoclonal antibody (rhuMAb-HER?2, trastuzumab) (51).
HER2-status is assessed in all invasive breast cancers and metastatic lesions, using IHC and

in situ hybridization (ISH) according to the algorithm presented in Figure 8.
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Validated IHC assay — Invasive primary or recurrence cancer

Score = 0/1+
e 3 Score =2+
No membrane staining or incomplete Score =3+
e 3 2 A weak to moderate complete membrane " 3
membrane staining in <10% of invasive ol = A strong (intense and uniform ) complete
. staining is observed in >10% of tumour e E
tumour cells (0+) OR faint/barely membrane staining is observed in >10%
; - cells OR strong complete membrane = 5 =
perceptible or weak incomplete membrane of the invasive tumour cells

staining in >10% of tumour cells (1+)* shalning [n 207 ofimouncells Significance=Positive
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Alternative test: In Situ Hybridization (FISH or bright field ISH)

l l l

e A
Dual-probe HER2/CEP17 ratio <2.0 AND Cases with dual-probe HER2/CEP17 ratio Dual-probe HER2/CEP17 ratio 22.0 OR an
an average HER2 copy number <4.0 <2.0 with an average HER2 copy number average HER2 copy number 26.0 signals
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\L 4

Figure 8: Scoring algorithm for HER2 using IHC and ISH. Reprinted from Journal of Clinical

Pathology 2015; Rakha EA et al. On behalf of the National Coordinating Committee for Breast Pathology,
Updated UK Recommendations for HER2 assessment in breast cancer (56), Page No. 93-99. Figure 1. Paper
distributed under a Creative Commons license (CC BY-NC 4.0) and can be used for non-commercial purposes.

A tumour is HER2 positive if more than 10% of tumour cells show intense, complete
circumferential membrane staining with IHC (35, 56, 57). Using dual-probe ISH, HER2 status
is defined by HER2/CEP17-ratio and average HER2 gene copies per tumour cell. According
to Norwegian and British guidelines tumours with HER2/CEP17 ratio > 2 and/or average
HER2 copy number >6 are classified as HER2 positive (35, 56). In 2018, the American
Guidelines were updated with a more complex algorithm for the scoring of HER2 ISH,
dividing cases into 5 groups based on HER2 copy number and HER2/CEP17 ratio when dual
probe assays are used. The main difference from previous guidelines, is the additional work-
up required for cases defined as HER2 ISH group 2-4 (57). The algorithm for HER2 scoring

according to American guidelines is presented in Figure 9.
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Summary of HER2 ISH Diagnostic Criteria

HER2 Positive HER2 Negative

Dual Probe Assay
Group 1 Group 2 AND concurrent IHC 0-1+ or 2+
Group 2 AND concurrent IHC 3+ Group 3 AND concurrent IHC 0-1+
Group 3 AND concurrent IHC 2+ or 3+ Group 4 AND concurrent IHC 0-1+ or 2+
Group 4 AND concurrent IHC 3+ Group 5

Single Probe Assay

HER2 copy number 26.0 signals/cell HER2 copy number <4.0 signals/cell
HER2 copy number 24.0 and <6.0 signals/cell AND HER2 copy number 24.0 and <6.0 signals/cell AND
concurrent IHC 3+ concurrent IHC Q or 1+
HER2 copy number 24.0 and <6.0 signals/cell AND HER2 copy number 24.0 and <6.0 signals/cell AND
concurrent dual probe Group 1 concurrent dual probe Group 5
Group 1 Group 2 Group 3 Group 4 Group 5
Ratio 22.0 Ratio 22.0 Ratio <2.0 Ratio <2.0 Ratio <2.0
=4.0 signals/cell <4.0 signals/cell =6.0 signals/cell 24.0 and <6.0 signals/cell | <4.0 signals/cell

Figure 9: Summary of HER2 ISH diagnostic criteria according to ASCO/CAP Guidelines 2018. Reprinted from
College of American Pathologists” webpage (cap.org), HER2 Testing in Breast Cancer — Summary Of Changes
And Definitions (58). Permission for reuse granted.

1.2.3.3.3 Ki-67

In breast cancer, an antibody targeting the Ki-67 antigen is used as a proliferation marker. Ki-
67 is present in all phases of the cell cycle, except GO (59). High levels of Ki-67 are
associated with poor prognosis in breast cancer patients (60, 61), thus Ki-67 provides
prognostic information. In addition, it can be used to separate luminal tumours into luminal A
(low proliferation) and luminal B (high proliferation) (62), and to guide selection of patients
for chemotherapy (35, 63, 64).

According to Norwegian guidelines, Ki-67 status is reported as a percentage of
positively stained nuclei after counting 500 invasive tumour cells within the hot spot area. A
hot spot is defined as the area of the tumour with the highest proportion of positively stained
nuclei (35). Staining intensity is not considered. All laboratories are advised to participate in

external quality control of Ki-67 (35).

1.2.3.3.3.1 Ki-67 controversies:

The clinical use of Ki-67 for predictive purposes is controversial due to inter- (65) and intra-
observer and laboratory variations, and a lack of consensus regarding cut-off values, scoring
and reporting (49, 63, 66). Preanalytical and analytical variation, in addition to ways of
scoring and reporting may affect Ki-67 IHC results (63). In 2009 Cheang et al. found that a
cut-off value of 13.25% was optimal for separating luminal A from luminal B (HER2")
tumours. They used Ki-67 IHC on TMASs (tissue micro arrays) (62). On the basis of these

results, Ki-67 </>14% was chosen as the cut-off value to separate luminal A from luminal B
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in the 2011 St Gallen guidelines (67). Due to variations in Ki-67 assessment, the International
Ki-67 in Breast Cancer Working group was convened in 2010 (68). In 2011, they published
their first set of recommendations on analytical assessments, interpretation and scoring of Ki-
67 (68). However, they were not able to reach consensus on the ideal cut-off for Ki-67 (68). A
later study initiated by the working group found substantial interobserver and interlaboratory
variations at Ki-67 IHC levels >5% and <30% (63). Subsequently, the Working Group’s
updated recommendations from 2020 states that Ki-67 levels <5% and >30% could be used to
reject or recommend chemotherapy to patients with ER*/HER2" tumours (63). According to
the most recent St Gallen guidelines there are no clear cut-offs for Ki-67 (63). However, the
guidelines support the recommendations from the Ki-67 Working Group that tumours with
Ki-67 <5% should not receive chemotherapy, whereas tumours with Ki-67 >30% should be
treated with chemotherapy (64). According to current Norwegian guidelines, Ki-67 score
should be interpreted in light of local laboratory values, using median Ki-67 score to define
clearly high and clearly low proliferation status (35). The 2021 annual report from the Cancer
Registry of Norway shows that the national median value of Ki-67 is 17%, with values
ranging from 12 to 22 between the hospitals with the lowest and highest reported median
values (13).

In spite of cut-off controversies, the FDA (Food and Drug Administration) recently
approved abemaciclib in combination with endocrine therapy as a treatment option for
patients with HR*, HER2", lymph node positive, high risk, early breast cancers with Ki-67
>20% (69), based on results from the MonarchE study (70, 71).

Another aspect of Ki-67 scoring, is the type of specimen the scoring is performed on.
By comparing levels of Ki-67 IHC scored on whole sections compared to TMASs, Knutsvik et
al. found significantly higher levels of Ki-67 when scoring was done on whole sections
compared to TMAs. A Ki-67 cut-off at 20% on whole sections and 8% on TMAs resulted in

similar distribution of luminal subtypes (72).

1.2.3.34 PD-L1

The gene PD-L1, also known as CD274, is located on chromosome 9p24.1 (73). It encodes an
inhibitory receptor ligand, which functions through binding to the PD1 receptor at the cell
surface of T-cells, inhibiting T-cell activation and cytokine production (74). Expression of
PD-L1 has been identified in non-small cell lung cancer, melanoma, epithelial ovarian cancer,
breast cancer and gastrointestinal malignancies, and is generally associated with poor

prognosis (74). PD-L1 is a target for immunotherapy, and treatment has already been
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implemented for several cancers (74). PD-L1 status can be assessed using IHC (74, 75), and
since April 2020, PD-L1 assessment has been included in Norwegian breast cancer guidelines
for metastatic TNBCs. A tumour is considered PD-L1 positive if > 1% of immune cells in the
invasive tumour show positive staining (35). PD-L1 is expressed in 20% of TNBCs (76). At
the 2021 St. Gallen consensus meeting, the panel was against routine reporting of PD-L1 and

PD-L1 expression by immune cells (PD-L1ic) in early stage TNBC (64).

1.2.3.3.5 Multiparameter assays

Based on information about the genes and genetic pathways associated with breast cancer
development and progression, multigene assays have been developed to provide prognostic
and predictive information that can be used in breast cancer diagnostics and treatment. The
main commercially available multigene assays and their characteristics are listed in Table 3.

Table 3 — Overview of the main commercially available multigene assays used for chemotherapy decision-making in ER-positive,
HER2-negative breast cancer

. Prosigna - Breast Cancer Genomic Grade
MammaPrint Oncotype DX (PAMS0) EndoPredict e e
Number of 7, 21 50 11 7 97
genes
DNA .
Method microarray RT-PCR NanoString RT-PCR RT-PCR RT-PCR
Tissue Frozen/FFPE  FFPE FFPE FFPE FFPE FFPE
sample type
Location Central Central Local Local Central Central
. High, . .
. . High, . . High or low risk,
Test results High or low risk intermediate, or mlerr_nedlale, or High or low risk high or low High or low risk
+ subtype . low risk !
low risk benefit
+ subtype
Predicting Predicting
prognosis and prognosis and Predicting Predicting .
T2 P . . Predicting
guiding guiding prognosis and prognosis and N
Clinical decision- decision- guiding decision-  guiding decision- puigin e .
I making making making regarding  making regarding guiding "
TEIEEtR regardin regardin chemotherapy for  chemotherapy for MEIY TR -
(according hg hg hg hg A r?y A r?y chemotherapy for ~ recommendation
to EGMT) chemotherapy chemotherapy women witl women witl women with
for women with ~ for women with ~ ER+/HER2- ER+/HER2- ER+/HER2-
ER+/HER2- ER+/HER2- EBC, LN- or EBC, LN- or EBC LN-
EBC, LN-or EBC, LN- or LN+ (1-3) LN+ (1-3) '
LN+ (1-3) LN+ (1-3)
Prospective TAILORx
SPEC MINDACT (positive) and OPTIMA ASTER70
validation o . None None X
" (positive) RXPONDER (ongoing) (ongoing)
trial(s) X
(ongoing)
Egg;‘;?gw EMA, FDA EMA, FDA EMA, FDA EMA, FDA Not approved Not approved
Developed in a
. . - heterogeneous
Developed in . Developed in Initially N
young patients ;E’ei\i/:r:?sp\?\?h:)n Egtsitel:'l]tes ni% pg:iesal postmenopausal developed in gﬁﬁﬁ?;non 62%
Original (ages <55 years) had received training and patle_nts who had pa}tlents tret?\ted aged <50 years),
P who had not ; received with tamoxifen - ]
validation . tamoxifen only ~ development sets " in order to permit
received . . endocrine therapy  only and then
set p in the NSABP received X " . the measurement
systemic only in the further refined in . N
B-20 and B-14 heterogenous of histological
therapy after trials treatment ABCSG-6and -8  heterogeneously grade via gene
surgery trials treated patients expression
profile

Abbreviations: EBC, early breast cancer; EGMT, European Group on Tumor Markers; EMA, European Medicines Agency; FDA, United
States Food and Drug Administration; FFPE, formalin-fixed, paraffin-embedded; LN, lymph node; RT-PCR, reverse transcriptase
polymerase chain reaction.

Reprint from WHO Classification of Tumours Editorial Board. Breast Tumours (2019) (42). With permission from original publishing by
Brandao M, Pondé N, Piccart-Gebhart M. Mammaprint ™ : a comprehensive review (License ID: 1263305-1).
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Several of the multigene assays include overlapping genes (Figure 10).

Prosigna

Figure 10: Venn diagram showing the number of overlapping genes/proteins between different gene expression
assays. Abbreviations: IHC4: immunohistochemical 4; EP: EndoPredict; BCI: Breast Cancer Index. Reprinted
from Front. Pharmacol. (2021), Zubair M et al. Advanced Approaches to Breast Cancer Classification and
Diagnosis, Figure 5 (77). Paper distributed under a Creative Commons license (CC BY-NC 4.0) and can be used
for non-commercial purposes.

In the clinical setting, gene expression tests can be used to make decisions on chemotherapy
for patients with ER*, HER2" breast cancer (42, 78). The tests provide a risk score ranging
from low to high, where patients defined as low risk can be spared chemotherapy, whereas
high-risk patients could benefit from chemotherapy (42). A test based on four commonly
reported IHC markers has also been developed (IHC4; ER, PR, HER2 and Ki-67), which can
provide prognostic information in early ER-positive breast cancer (79). In a comparative
study including Oncotype Dx, PAM50, BCI, Endopredict, Clinical Treatment Score and IHC-
4, the three tests PAMS50, Breast Cancer Index and EndoPredict were found to be most
prognostic for overall and late distant recurrence (80).

According to Norwegian guidelines of 2022, the PAM50 (Prosigna) test is the only
recommended multiparameter assay (35). In addition to risk score, PAM50 classify the
tumours into one of the four intrinsic subtypes (luminal A, luminal B, HER2-enriched and
basal-like).

1.3 Treatment options according to Norwegian guidelines

Factors such as tumour size, histological grade, stage, lymph node involvement, biomarkers

(ER, PR, HER2, Ki67 and PD-L1) and the patient’s age, comorbidities and own preferences

are considered when deciding on treatment. Most patients are metastasis-free at the time of

diagnosis. The primary treatment for breast cancers stage T1-2 is surgical resection of the
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tumour with examination of sentinel lymph node(s) (SLN), and consideration for radiation

therapy postoperatively. Systemic therapy can be given neoadjuvant and/or adjuvant (35).

1.3.1 Surgery

The aim of surgical treatment is to increase survival through local control of the tumour.
Surgical treatment options are either mastectomy or breast conserving surgery. In addition,
the sentinel lymph node is examined. In case of sentinel node positivity, axillary dissection
can be performed. Patients with locally advanced breast cancer receive neoadjuvant treatment
(35).

1.3.2 Radiation

Radiation therapy can be directed towards the breast, chest wall and regional lymph nodes.
Radiation therapy is performed postoperatively after breast conserving surgery and some
mastectomies. The aim is to reduce risk of recurrence and improve survival (35).

1.3.3 Adjuvant and neoadjuvant systemic therapy
Neoadjuvant therapy can be used in cases where breast conserving therapy is difficult due to
tumour size or localization, and in cases with locally advanced cancer. It can also be
considered for HER2" and TN tumours when tumour size is >2 cm. In general, adjuvant
chemotherapy is offered to breast cancer patients with the following characteristics:
- established lymph node metastases
- patients with non-metastatic disease with:
o primary tumour size >2 cm
o primary tumours size >1-10 mm and HER2* and/or HR™ and/or high
proliferative status (Ki-67)/increased risk profile/luminal B-subtype (gene

expression analyses).

For HR*/HER2" tumours, chemotherapy is considered based on tumour stage, grade,
expression of HR, proliferation status (Ki-67), and Prosigna results when available. Targeted
therapies are available for certain subgroups of breast cancers, such as endocrine therapy for
ER* tumours, anti-HER2 treatment such as trastuzumab for HER2* tumours, and

atezolizumab (immunotherapy) for metastatic, TNBCs with positive PD-L1 (35).
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1.4 Molecular subtypes of breast cancer

In 2000, Perou et al. published “Molecular portraits of human breast tumours”, which was a
paradigm shift in our understanding of intertumoral heterogeneity in breast cancer.
Performing gene expression analyses on 8102 human genes on tissue samples from 42
different patients (36 infiltrating ductal carcinomas, two lobular carcinomas, one ductal
carcinoma in situ, one fibroadenoma and three normal breast samples) and 17 cultured cell
lines, four different subtypes were identified: luminal epithelial/ER*, Erb-B2*, basal-like and
normal-breast-like. The subtypes were defined by different gene expression patterns that were
suggested to be associated with different aspects of mammary epithelial biology. Luminal
epithelial/ER+ tumours were ER*, Erb-B2", and showed high expression of genes expressed
by luminal epithelial cells, the Erb-B2* tumours showed low expression of ER and
overexpression of the Erb-B2 (HER2) oncogene and associated genes, the basal-like tumours
expressed genes typical for basal epithelial cells and the normal-breast-like tumours expressed
genes characteristic of normal breast tissue such as basal epithelial cells and adipose cells
(81).
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Figure 11: Cluster analyses based on the “intrinsic” subset of 496 genes. Each row represents a single gene and
each column represents a sample. A green square indicated that the gene is down-regulated, a red square
indicates that the gene is up-regulated, and a black square indicates that the gene expression is unchanged. Each
subtype is identified through coloured branches as follows: orange — basal like; pink - Erb-B2*; green - normal-
breast-like; purple - luminal epithelial/ER+. Permission to reuse granted by the Macmillan Magazines Ltd.
(License number 5261450385401): Perou, et al. Molecular portraits of human breast tumours. Nature vol. 406
(2000) (81), page no 750, Figure 3.

Luminal tumours have been further subdivided into luminal A and luminal B tumours (82). It
has been questioned whether the normal-like group is in fact a separate breast cancer
subgroup, or rather a result of analysing tissue samples with abundant normal breast tissue
(83). In addition, a subtype called claudin-low tumours has been identified (84). Claudin-low
tumours have poor prognosis, are mostly triple negative (ER", PR and HER2"), and have a

poorer response to chemotherapy than basal-like tumours (85). Several studies have validated
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the classification of the intrinsic subtypes luminal A, luminal B, HER2* and basal, and
identified them as subgroups of breast cancer with distinct biological features (83, 86) and
different prognosis (82, 83, 86, 87).

Luminal A tumours are characterized by high expression of genes characteristic of
luminal epithelial cells. Few luminal A tumours have TP53 mutations (82). Additionally, they
are associated with low histological grade, low proliferation, and good prognosis (42, 43, 82,
83). Luminal B tumours are characterized by a lower expression of luminal specific genes
(82), a higher expression of proliferation associated genes and poorer survival compared to
luminal A tumours (88). A proportion of luminal B tumours are HER2 positive (62).

HER2 tumours are characterized by high expression of ERBB2 and other genes
situated at the same amplicon on chromosome 17 (82, 88), and high frequency of TP53
mutations (82). Some HER2* tumours are ER* (83). HER2 tumours are associated with poor
prognosis (82, 83, 86) and high histological grade (42, 43, 88).

Basal-like tumours are characterized by high expression of genes characteristic of
basal epithelial cells such as keratin 5 and keratin 17, and low expression of ER and other
genes found in the ER/luminal cluster (81, 82, 86). In addition, they are associated with high
frequencies of TP53 (82) and BRCAL mutations (86), high histologic grade (42, 83, 88) and
poor prognosis (82).

In the mid-2000s patterns of copy number alterations were identified, which were
characterized by distinct patterns of deletions, duplications and amplifications of genes and
chromosome regions (89). In 2012 Curtis et al. identified 10 integrative clusters by combining
copy number and gene expression analyses on a collection of approximately 2000 breast
cancer samples. The clusters were characterized by different patterns of copy number
aberrations and different prognosis. Comparison of the integrative clusters and PAM50
defined intrinsic subtypes showed that six of the clusters were predominantly ER-positive
(IntClust 1, 2, 3, 6, 7 and 8) while cluster 10 predominantly comprised basal-like tumours
(90). IntClust 4 and 9 comprised both ER-positive and ER-negative tumours of varying
intrinsic subtypes, IntClust 5 comprised a combination of HER2-positive and ER-positive
tumours (90).

While genomic studies on breast cancer have revealed distinct subtypes, a study
performed by Hoadley et al. found that certain genomic signatures are shared across tumours
from different organs. They examined genomic signatures within and between 12 different
cancer types and found that breast cancers could be divided into two distinctly identifiable

groups: one group comprising nearly all luminal and HER2-positive tumours, and another
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group comprising basal-like tumours. Interestingly, they found that the basal-like group was
as different from the luminal group, as it was from lung cancer. Furthermore, the basal-like
group showed pathway similarities with squamous cell carcinomas and serous ovarian cancers
(92).

Through extensive genome sequencing of breast tumours certain genes have been
identified as potential drivers in the evolution of the different subtypes of breast cancer.
Among the most frequently mutated genes in breast cancer are TP53, PIK3CA, MYC,
CCND1, PTEN, ZNF703 and GATA3 (92). Mutations of some of these genes are associated
with certain clinical and pathological characteristics, for instance it has been found that
PIK3CA mutations are most frequent in luminal A tumours, while TP53 mutations occur more

frequently in basal-like tumours (42, 89).

1.4.1 Molecular subtypes defined by surrogate markers

Gene expression analyses used for molecular subtyping are costly and still unavailable for
many institutions, both nationally and internationally. Studies have shown that IHC and ISH
can be used as surrogates for gene expression analyses to classify tumours into molecular
subtypes (62, 93). Different algorithms have been used to classify breast cancer tumours into
subtypes, defined by different molecular markers (94, 95).

IHC for ER and PR can be used to separate tumours into luminal and non-luminal
subtypes (62, 96). Using IHC for ER, PR, HER2 and Ki-67, Cheang et al. were able to
classify tumours into luminal A, luminal B (HER2") and luminal/HER2* subtypes. Ki-67 cut-
off 13.25% was considered optimal to distinguish between luminal A and B tumours.
Tumours positive for ER and/or PR and HER2 were classified as luminal-HER2-positive,
representing a distinct group of luminal B tumours requiring a HER2-targeted treatment
approach. Luminal B and luminal-HER2-positive tumours are associated with younger age,
higher grade, larger tumour size and poorer prognosis compared to luminal A tumours (62).

Among the non-luminal tumours, HER2+ tumours are classified by overexpression of
several genes in the HER2 amplicon (81, 82). Tumours that are negative for ER and/or PR
and positive for HER2 detected by IHC or FISH can be named HER2 type (96). HER2 type is
associated with high grade and poor survival (96, 97).

TNBC are tumours that are ER, PR, and HER?2 negative (42, 98-100). Even though
there is great overlap between TNBC and the basal-like subtype, not all TNBC are basal-like
(98, 99, 101). TNBCs generally have high grade and poor prognosis and occur more

frequently among African American (95) and African women (102).
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TNBC is a heterogenous group of tumours, and through mRNA analyses Lehman et
al. identified six TNBC subtypes; luminal androgen receptor type (LAR), basal-like 1 (BL1)
and 2 (BL2), immunomodulatory (IM), mesenchymal stem-like (MSL) and mesenchymal-like
(M) (101). The six subtypes were later redefined into four subtypes; LAR, BL1, BL2 and M
(100), with different characteristics, prognosis, and treatment response (100, 101). This
heterogeneity within TNBCs is not captured when subtype classification is solely based on
the three biomarkers ER, PR and HER2. Different surrogate markers have been suggested to
stratify TNBCs into subgroups. In 2004, Nielsen et al. found that basal-like tumours could be
identified using a panel of four surrogate markers (ER, HERZ2, (cytokeratin 5/6) CK5/6 and
human epidermal growth factors receptor 1 ((HER1), also known as epidermal growth factor
receptor (EGFR)) (93). Subsequently, in 2006 Carey et al. added PR to the algorithm and
defined basal-like tumours as ER", PR, HER2", CK5/6" and/or HER1 (EFGR)* (95). In 2008
Cheang et al. used five biomarkers to separate TNBCs into two groups; the core basal
phenotype (CBP) (ER", PR, HER2", EGFR*, CK5/6%), and the 5 negative phenotype (negative
for all five markers). They found that the CBP identified basal-like tumours more correctly,
and predicted prognosis more precisely compared to the TNBC algorithm based on three
markers. (96).

A recently published study has developed a TNBC subtyping algorithm using p16,
androgen receptor and tumour infiltrating lymphocytes to classify tumours into four subtypes
(basal-like, mesenchymal-like, immunomodulatory, and luminal androgen receptor) that
correlates with the TNBC subtypes described by Lehmann et al. (103).

TNBCs have generally been treated with chemotherapy, however there is ongoing
research to find potential biomarkers and targeted therapies to improve the prognosis for these
patients (51, 98). For instance, PD-L1 positive TNBCs qualify for immunotherapy (35).
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Our group, the Breast Cancer Subtypes (BCS) Research Group at NTNU, previously
reclassified three cohorts of breast cancer tumours into molecular subtypes (Figure 12) (97).
The tumours were classified using IHC and ISH as surrogates for gene expression. IHC was
done with antibodies for ER, PR, HER2, CK5, Ki-67 and EGFR. HER2 status was
determined using both IHC and chromogenic in situ hybridization (CISH).

Ki67<15% |—| Luminal A |
ER+ and/or Ki67>15% |_| Lag;ﬂzlf |
PR+
Luminal B
(]-]IER2+)
All tumours

ER- and PR- CKS5- and 5 negative
EGFR- phenotvpe

CK5+ and/ar Basal
EGFR+ phenotv])e

Figure 12: Molecular subtyping of breast cancer tumours using six molecular markers. Modified after Engstram
MJ, et al. Molecular subtypes, histopathological grade, and survival in a historic cohort of breast cancer patients.
Breast Cancer Res Treat. 2013 Aug;140(3):463-73 (97).

The St. Gallen Consensus conference in 2011 introduced molecular subtyping of
breast cancer using surrogate makers ER, PR, HER2 and Ki-67/grade (67). In 2013 St. Gallen

adopted the following algorithm for classification of subtypes (99):

Table 4:

Intrinsic subtype Clinicopathological subtypes Surrogate molecular markers

Luminal A Luminal A-like All of:

ER and PR positive

HER2 negative

Ki-67 low

recurrence risk “low” based on
multi-gene-expression assay (if
available)

Luminal B Luminal B (HER2 negative) ER positive, HER2 negative

and at least one of the following:
Ki-67 high
PR low/negative
recurrence risk “high”
based on gene expression
assays (if available)

Luminal B (HER2 positive) ER and HER2 positive
Ki-67 - any expression
PR — any expression

ERB-B2 HER?2 positive HER?2 positive, ER and PR absent
overexpression

Basal like Triple negative ER and PR absent, HER2 negative
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This algorithm is still used according to current national and international guidelines (35, 42).

There are discrepancies between subtypes determined by surrogate methods (IHC and

ISH), and multiparameter gene expression assays (83, 104, 105). When PAM50 was used to

identify intrinsic subtypes in a subset of ER™ tumours, 11% were classified as HER2-enriched

and 5% were basal-like. Furthermore, among ER™ tumours 11% were classified as luminal

(83). Nevertheless, using IHC/ISH as surrogate markers for classification of breast cancer

subtypes has proven to give important prognostic information (62, 93, 94, 106, 107).
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Figure 13 gives an overview of the histological and molecular characteristics of breast cancer.
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Figure 13: Histological and molecular characteristics of breast cancers. Reprint from Harbeck, N. et al. Breast
cancer. Nat Rev Dis Primers, Fig 1. Permission for reuse granted. Licence number 5181290578675 (22).

1.5 Proliferation in breast cancer

In 2000 the Hallmarks of Cancer were first introduced with the intent to describe certain

functional capabilities that are common steps in the pathogenesis of all cancers. The following
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six Hallmarks were introduced: self-sufficiency in growth signals, insensitivity to anti-growth
signals, evading apoptosis, limitless replicative potential, sustained replicative potential, and
tissue invasion and metastasis (108). In 2011, the concept “enabling characteristics” was
introduced, referring to the molecular and cellular mechanisms by which the hallmarks are
acquired rather than the capabilities themselves. Furthermore, two functional characteristics;
deregulating cellular energetics and avoiding immune destruction, and two enabling
characteristics; genome instability and tumour-promoting inflammation were added (109). In
2022, Hanahan proposed adding four new characteristics to the hallmarks, three enabling
traits and one functional characteristic (110) (Figure 14).
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Figure 14: The Hallmarks of Cancer. To the left: The current hallmarks with eight functional characteristics and
two enabling characteristics. To the right: The four new proposed additions to the hallmarks. Reprinted from the
American Association for Cancer Research (License number 5261860500719); Hanahan, Hallmarks of Cancer:
New Dimension, Cancer Discovery (2022) (110), Figure 1, Page 32.

Increased proliferative activity was one of the identified hallmarks of cancer (108,
109) (Figure 14). The tumour cells evade the normal cell growth-and-division cycle through
several mechanics, for instance by producing their own growth factors, increasing the levels
of receptors on the cell surface or through downregulation of negative feedback pathways
(109).

High proliferation is strongly associated with poor prognosis in breast cancer (111,
112). Proliferation can be assessed in breast cancer by mitotic count, estimation of Ki-67
levels, or gene expression assays (22). When Perou et al. first identified the intrinsic clusters,
a cluster of proliferation associated genes was discovered (81). The different breast cancer
subtypes are characterised by different gene signatures, and different levels of proliferation

(112). A meta-analysis of several gene signatures identified through analyses of breast cancer
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subtypes found that their prognostic abilities were mostly due to proliferation associated
genes (112). Proliferation associated genes are included in gene expression assays used for
subtyping and estimation of risk of recurrence. For instance, a proliferation signature
comprising 11 genes is included in the PAM50 gene expression assay (113). Gene expression
tests are described in greater detail in section 1.2.3.3.5.

Mitotic count is a well-established part of histological grading, and may also have
independent prognostic value (111). A large review found that increased mitotic index and
Ki-67 both were associated with reduced overall and disease free survival in early breast
cancer (61). Ki-67 is the most commonly used marker of proliferation in breast cancer (68,
111, 114, 115), however, its value as a predictive marker is questioned due to variability in
assessment, reporting and lack of clear guidelines for cut-off (63, 65, 66, 68, 115). Mitotic
count is also included as a proliferation marker according to Norwegian guidelines (116).
Mitoses can be counted during the M-phase of the cell cycle due to the characteristic
appearance and alignment of the chromosomes. HE staining is used for visualization (117).
Ki-67 IHC is available in most pathology laboratories, and it is an inexpensive measure of
proliferation. Using multigene panels, several proliferation markers can be included in the
analysis, thus providing more robust data, however such tests are more costly and therefore
not available for all.

Several other proliferation markers have been studied in breast cancer, such as
proliferating cell nuclear antigen (PCNA) and phosphorylated histone H3 (PhH3) (118).
PCNA is a cell cycle marker, and it is significantly elevated during the S and G2 phase (115).
However, studies have found variable associations between increased PCNA expression and
proliferation and prognosis, and the marker is not included in routine breast cancer
diagnostics (115, 118). PhH3 is a nuclear core histone protein which is expressed in the cells
in the mitotic phase, thus PhH3 IHC has been proposed as a marker of mitotic activity and
consequently of proliferation (118).

In 2014, Gatza et al. identified four amplified genes (Mitochondrial Ribosomal
Protein S23 (MRPS23), Faciogenital dysplasia 5 (FGD5), Methyltransferase Like 6
(METTLS6) and Deltex E3 Ubiquitin Ligase 3 (DTX3)) that were essential for proliferation and
associated with poor prognosis in luminal breast cancers (113). MRPS23 is described in more

detail in section 1.5.2.
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1.5.1 Gene amplification in breast cancer

Amplification is defined as a copy number increase of a defined section of the chromosome
arm (119). Gene amplification is a common event in breast cancer (120), and among the
chromogenic regions containing known driver oncogenes are 8p11 (Zink finger protein 703
(ZNF703)), 8924, 11913 and 17911-22 (HER2, MRPS23) (121). Amplification of the
chromosomal region 8p11-12 is one of the most frequent in breast cancer, occurring in 10-
22% of cases (122). Amplification of the region is associated with poor prognosis in breast

cancer (122, 123). Co-amplification with other regions, such as 11gq13 can occur (122).

15.2 MRPS23

The gene MRPS23 is a part of the mitochondrial ribosomal protein (MRP) gene family, and it
is located on the long arm of chromosome 17 (17922) (124). HER2 is also situated on the long
arm of chromosome 17 (17g12) (53). The protein MRPS23 is involved in protein synthesis
within the mitochondrion (125). To identify amplified genes that were associated with
proliferation, Gatza et al. used a gene expression proliferation signature from the PAM50
signature to analyze copy number data from the TCGA dataset. To identify genes that were
uniquely amplified in highly proliferative luminal tumours, they compared copy number
alterations in luminal tumours to other tumours. “Luminal” tumours were defined as non-
basal, in other words also including HER2* tumours. They then used information from a
genome-wide RNA-mediated interference screen on breast cancer cell lines, to distinguish
essential from non-essential genes. In doing so, they identified 21 genes that were amplified
exclusively in highly proliferative luminal tumours, and that were essential for cell
proliferation in vitro. Amplified genes that had an association between copy number and gene
expression were then selected, and after validation in a second dataset, eight amplified genes
remained. Amplification of four of these genes was associated with a poor prognosis (FGDS5,
METTL6, DTX3 and MRPS23) (113). MRPS23 was chosen for assessment in paper I. The
strategy used by Gatza et al. to identify the proliferation associated genes is presented in
Figure 15.
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Figure 15: Outlining of the strategy used to identify essential genes amplified in highly proliferative luminal
breast tumours. Reprinted from Gatza et al. An integrated genomics approach identifies drivers of proliferation
in luminal-subtype human breast cancer; Nat Genet 46 (2014) (113), Figure 5, Page 1056. Permission to reuse
granted (License number 5356390668677).

Knock down of MRPS23 both in vitro and in a breast cancer rat model is shown to
reduce proliferation and metastasis of cancer cells (126). Increased expression of MRPS23 has
been found in cervical (127, 128), colon (129) and hepatocellular cancer (125, 130). An
interaction between p53 and MRPS23 has been described (131), and it is shown that
regulation of MRPS23 protein through methylation may play a role in the development of

breast cancer metastasis (132).

1.5.3 ZNF703

Amplification of 8p11-12 has been identified in 10% -15% of breast cancers (133). It is
associated with a poor prognosis in breast cancer. Four distinct amplicons (A1-A4) have been
identified in the 8p12 region (134). The gene ZNF703 is a part of the A1 amplicon (134-136).
ZNF703 is amplified in 8% of breast tumours (133), and in 9-19% of ER+ tumours (135,
137). The gene is more frequently amplified in ER+, PR-, HER2- tumours than in ER+, PR+,
HER2- tumours (138). ZNF703 is frequently co-amplified with other genes situated in the
same chromosomal region, such as FGFR1 (139), and with genes situated on other
chromogenic regions such as CCND1 on 11913 (122, 140). ZNF703 is preferentially
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expressed in luminal B tumours (133, 135, 141, 142). ERBB2 (HER2) and ZNF703
amplifications have been found to be almost mutually exclusive in luminal tumours (135).
Recently, it has also been suggested that ZNF703 plays a potential role in TNBCs as well
(143). High expression of ZNF703 is associated with high proliferation in breast cancer (135,
141, 144), and poor prognosis in luminal tumours (135). High expression of ZNF703 has also
been identified in head and neck cancer (145-147), non-small cell lung cancer (148, 149),
gastric cancer (150) and cholangiocarcinoma (151). Studies have found that there is a positive
association between ZNF703 gene copy number and nuclear ZNF703 mRNA expression in
breast cancer cells (135, 141).

Several mechanisms explaining the role of ZNF703 in breast cancer progression have
been suggested. Studies have indicated that overexpression of ZNF703 affects cell cycle
regulation (135, 141), through regulation of the ER signalling pathway (135, 141, 152). Zhang
et al. found that overexpression of ZNF703 in breast cancer cells reduced the effect of
tamoxifen-treatment, while knock down of ZNF703 increased the antitumor effect of
tamoxifen (152). It has been suggested that ZNF703 could be a novel human breast cancer
oncogene (133, 135).
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¢hl<£,n asims of the three papers included in the research thesis were:
I.  To describe MRPS23 copy number change in breast cancer, and to assess associations
between copy number alterations, and molecular subtype, proliferation, and prognosis.
A second aim was to study associations between MRPS23 gene expression and

molecular subtype and prognosis.

Il.  To describe ZNF703 gene copy number and protein expression in breast cancer, and to
assess associations between gene copy number, molecular subtype, proliferation, and
prognosis; between gene copy number and protein expression; and between protein

expression and prognosis.
I1l.  To study long term trends in breast cancer incidence according to proliferation status

in three large cohorts of Norwegian women, using Ki-67 protein expression and

mitotic count as markers of proliferation.
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Materials and methods

Patients in cohort 1, 3 and 4 were followed for breast cancer occurrence through linkage to
the Cancer Registry of Norway, the Cause of Death Registry, and the National Registry, using
the Norwegian 11-digit identity number.

1.6 Study population

1.6.1 Cohort1

From 1956 to 1959, all women aged 20-69 years in the Norwegian county of Nord-Trgndelag
were invited to attend a clinical screening program for early detection of breast cancer. Birth
year ranged from 1886 to 1928 (Figure 16). Participants were interviewed using a standard
questionnaire about reproductive variables (menopause, menarche, parity, lactation) and
underwent a clinical breast examination. Individual identity numbers given to all Norwegian
citizens (since 1961) were used for follow-up. A total of 25 897 women participated in the
screening program. Of these, 170 were excluded because they were diagnosed with breast
cancer prior to inclusion, restricting our analyses to the remaining 25 727 women. The
patients were followed for breast cancer occurrence from January 1%, 1961, to December 31%,
2008, and a total of 1379 new cases were registered. Of these, formalin-fixed, paraffin-
embedded (FFPE) tissue was available for 945 cases. Using IHC and ISH, 909 of these
tumours were reclassified into molecular subtypes by the BCS Group at NTNU, Norway (97).
After diagnosis, patients were followed until time of death from breast cancer or other causes,
or until December 31%, 2015, for paper | and 1. For paper |11, end of follow up was defined as
December 31%, 2010, due to lack of more recent follow up data for the healthy background

population.
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Figure 16: Distribution of birth year in cohort 1.

1.6.2 Cohort2 - METABRIC

The METABRIC (Molecular Taxonomy of Breast Cancer International Consortium) dataset
includes specimens from approximately 2000 breast cancers collected from different tumour
banks in the UK and Canada (90, 153). An initial discovery dataset of 997 breast cancers was
analysed, and a validation dataset of 995 breast cancers was used to test for reproducibility.
The tumours were analysed for copy number variants, copy number aberrations, and single-
nucleotide variants. By combining gene expression profiles and clustering of copy number
analyses the tumours were divided into ten subgroups with different copy number profiles and

prognosis (90).

1.6.3 Cohort 3—-HUNT2

From August 1995 to June 1997, all residents aged 20 years and older in the county of Nord-
Trgndelag were invited to participate in the second large health study of its kind in the region,
HUNT2 (154). Participants were asked to fill out three questionnaires on a wide range of
topics, such as health (including female reproductive data), personal environment, and habits.
They also underwent a screening session (examination of blood pressure and heart rate, height
and weight, and waist and hip circumference) and blood sampling. Participation was
voluntary, and participants signed a written consent allowing for data and blood samples to be
used in future research. They agreed to linkage of personal data to other registries (154). A
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total of 34 641 women born from 1897 to 1977 participated in the survey (107). Figure 17

shows the distribution and frequency of birth year in cohort 3.
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Figure 17: Distribution and frequency of birth year in cohort 3.

Of these, 420 were excluded because they were diagnosed with breast cancer prior to
inclusion, restricting our analyses to the remaining 34 221. The participants were followed for
breast cancer occurrence from the time of attendance to December 31, 2009, and 731
incident breast cancer cases were registered (107). Of the 731 tumours, 653 were previously
reclassified into molecular subtypes (97, 107). After diagnosis, the patients were followed

until death from breast cancer or other causes, or until December 31%, 2015.

1.6.4 Cohort4-ECD

All women born at E. C. Dahl’s foundation, located in the city of Trondheim, in the county of
Sgr-Trgndelag, from 1920 to 1966 were followed for breast cancer occurrence (155). Figure
18 shows the distribution and frequency of birth year in the cohort. The study has previously
been described in detail (155, 156). The participants were followed for breast cancer
occurrence from 1961 to December 31%, 2012. Of the 23 510 participants, 32 were excluded
from our analyses due to missing information, 12 were excluded because they were diagnosed
with breast cancer prior to inclusion, and 116 were excluded because they were lost to follow
up before 20 years of age. Of the 23 350 participants included in our analyses, 885 incident
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breast cancers were registered. Of these, 545 tumours were previously reclassified into
molecular subtypes (157). After diagnosis, the patients were followed until death from breast

cancer or other causes, or until December 31%, 2015.
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Figure 18: Distribution and frequency of birth year in cohort 4.

1.7 Norwegian public and health registries

1.7.1 The National Registry

The National Registry contains information of everyone that resides or have resided in
Norway. The registry contains information such as name and birth, address, death and
citizenship, and the information is used by several other institutions, such as the tax

authorities, the electoral authority, bank and insurance companies and researchers (158).

1.7.2 The Cancer Registry of Norway

The Cancer Registry of Norway was established in 1951. It combines data from clinical
registries, the Norwegian Patient Registry (NPR) and the Cause of Death Registry, in order to
give an overview of cancer demographics in Norway (8, 159). Data from the different
registries are connected through the personal identification number system. The main aims of
the registry are to register cancer incidence, provide data for cancer research and give
information about preventive measures and treatment against cancer (8). Data from all

malignant neoplasms (except basal cell carcinoma in adults) and precancerous disorders, and
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all benign tumours of the central nervous system and meninges are included in the registry (8,
159). Reporting of cancer is regulated by Norwegian law, and the registry provides a close-to-

complete, reliable overview of cancer incidence in Norway (160).

1.7.3 The Norwegian Cause of Death Registry

The Norwegian Cause of Death Registry contains information about all deaths occurring in
Norway, and all deaths that occur abroad to a person with registered residential address in
Norway. The purpose of the registry is to monitor causes of death over time (161). Medical
doctors are obliged to write death certificates according to WHO International Classification
of Diseases (162).

1.8 Ethical considerations and approvals

The Helsinki declaration from 1964 contains ethical principles for research regarding humans
(163). Since 2009, regulations concerning medical and health research have been gathered in
the Norwegian Health Research Act (164). Both the Helsinki declaration and the Health
Research Act states the need for approval from a research ethics committee, the importance of
privacy and confidentiality regarding patient data and the need for informed consent.
According to the Health Research Act exemptions from the requirement of consent can be
made “if the research is of significant interest to society and the participants’ welfare and
integrity are ensured” (164). The first regional committee for medical and health research
ethics (REK) was established in Norway in 1985. Today, all medical and health research in
Norway needs approval from REK (164).

Cohorts 1, 3 and 4 used in this thesis comprise 83 298 women, of whom 2995 were
diagnosed with breast cancer. Of the included breast cancer patients, 1829 (61%) had died
from breast cancer or other causes during follow-up. The fact that many of the patients were
no longer alive or were of a very high age made it difficult to obtain informed consent from
all participants. Furthermore, the completeness of the cohorts was of great importance for the
strength of the statistical analyses.

Anonymity was obtained by replacing patient identity numbers with case numbers in
the research data file. There was no contact between the participants and the researchers
conducting the study. The research included in this thesis caused neither harm nor benefit to

the included patients. The results of the research could benefit future generations.
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The Breast Cancer subtypes project has been approved by REK, Midt Norge (REK 836-
09). Permission for linkage between data from the Cancer Registry of Norway and the Cause
of Death Registry has been granted by the Norwegian Data Inspectorate. Studies on cohort 1
and 4 were granted dispensation from the usual requirement of informed consent. The
participants in cohort 3 signed a consent allowing for the use of patient data and blood
samples in further research (154).

In cohort 2, tumours tissue and linked anonymized clinical data was obtained with

appropriate consent from the relevant institutional review boards (90).

1.9 Guidelines for tumour marker studies

The REMARK (REporting recommendations for tumour MARKer prognostic studies)
guidelines were published by The National Cancer Institute and the European Organisation
for Research and Treatment of Cancer in 2006. The aims of the guidelines are to improve the
reporting of tumour marker studies and to make it easier to judge the usefulness of the data

and to interpret the results in the appropriate context (165).

1.10 Tissue samples

Breast cancer cases were identified through the Cancer Registry of Norway. FFPE tissue
samples and corresponding pathology reports were obtained from the department of
Pathology at St. Olav’s Hospital, Trondheim University Hospital, Norway.

1.11 Laboratory methods

1.11.1 Tissue microarray

TMA is a method that assembles tissue from multiple paraffin blocks into one common
recipient block, allowing for cost-effective, rapid analyses of biomarkers on a large number of
tumours at a time (166, 167). Another advantage of this method is that it allows for
standardized analytical conditions for multiple cases. A disadvantage is that it is not possible
to compensate for different preanalytical conditions. Studies have shown that TMAs may be
representative of the corresponding whole sections (167-169), however tumour heterogeneity
may be a problem due to the small size of the TMA tissue samples (167, 169). Therefore,
specific guidelines regarding patient cohort and tissue samples, manufacturing of the TMAs
and reporting of results have been suggested for TMA studies (169). The TMA blocks used in

our studies were made using a Tissue Arrayer Mini-Core with TMA Designer2 software
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(Alphelys). Three Imm-in-diameter tissue cores were drawn from peripheral regions of FFPE
primary tumours, and from lymph node metastases and transferred to TMA recipient blocks
(Figure 19). The periphery of the primary tumour was selected because it was expected to be
the most proliferative part of the tumour. Slides of 4 um thickness were cut from the TMA
blocks and used for IHC and ISH.
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Figure 19: Illustration of TMA construction, by Linda A. Dyrnes, Breast Cancer Subtypes Research Group,
NTNU. Selected areas are marked by a pathologist and cylinders from the marked areas are drawn/punched from
the donor block and transferred to the recipient block. New slides are then made from the recipient block and
used for HE-staining, IHC and ISH.

1.11.2 Immunohistochemistry

Immunohistochemistry is a method that uses antibodies to detect antigens in tissue (170, 171).
In breast cancer, IHC is used for diagnostic, predictive and prognostic purposes (116). An
antibody is an immunoglobulin molecule with complementary 3D formation to a second
molecule, the antigen (171). The location where the antibody is complementary to the antigen
is called the epitope. Both polyclonal and monoclonal antibodies can be used for
immunostaining. Monoclonal antibodies recognize only one epitope, while polyclonal
antibodies contain different antibodies with varying specificity to different epitopes of the
antigen (171). In general, monoclonal antibodies have lower sensitivity, but higher specificity
than polyclonal antibodies. Today, most commercially produced monoclonal antibodies are

highly specific (171). Before treatment with the antibody, the tumour section is preincubated
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with a compound that reduces non-specific binding of the antibody, such as normal serum.
The antibody can be visualized by attaching a label. There are different types of labels, for
instance fluorescent labels that can be visualized using a fluorescence microscope, labels that
can be directly visualised using a light microscope such as gold and ferritin, or enzymes that
produce colour through reactions with other compounds (chromogens) (170, 171). Figure 20
shows different IHC detections methods.
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Figure 20: Illustration of IHC detection systems, by Elise Klastad. A) Direct-conjugate method: The label is
attached directly to the primary antibody, B) Indirect-conjugate method: a secondary labelled antibody detects

the unlabelled primary antibody, C) secondary antibodies and enzyme molecules are attached to a polymer
“backbone”. This method allows for attachment of several enzyme molecules to the antigen.

The tumours in cohort 1, 2 and 4 have previously been reclassified into molecular subtypes
using IHC and ISH. For paper Il, protein expression of ZNF703 was assessed on tumour
tissue in TMAs using IHC. For ZNF703, the tissue was stained using a monoclonal mouse
ZNF703 antibody.
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Figure 21: Tissue section form an invasive breast cancer tumour with immunostaining for oestrogen receptor
(ER) (600 x magnification). Photo: AM Bofin, BCS, NTNU.
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1.11.3 Insitu hybridization

ISH can be used for copy number assessment of a segment of DNA or RNA, using probes
targeting specific sequences (172). A probe is a labelled fragment complementary to the
selected target sequence. The method can be used to examine copy number and chromosome
rearrangements such as translocations, deletions, and chromosomal breaks. The most
frequently used methods for ISH are FISH and chromogenic in situ hybridization (CISH). The
two methods differ in the method employed for visualisation of the probes. For CISH, the
probes are labelled with a chromogenic tag that can be visualised in a bright-field microscope,
while for FISH the probe is labelled with a fluorescent tag or fluorochrome and detected using
a fluorescence microscope. According to current breast cancer guidelines, ISH is routinely
used to determine HER2 status (56, 173). FISH was used to examine copy numbers of
MRPS23 and chromosome 17 centromere in paper |, and to examine copy numbers of

ZNF703 and chromosome 8 centromere in paper Il.
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1.11.4 Gene expression

Gene expression analyses have given us more insight into the heterogeneity of breast cancer
(81, 82), and gene expression profiling has become a more commonly available laboratory
technique. Furthermore, gene expression data from large datasets such as the TCGA (174)

and METABRIC (90) datasets are now available for researchers.

1.12 Scoring and reporting

In paper I, MRPS23 copy number was examined with FISH using probes targeting MRPS23
and centromere 17. There are no current guidelines defining a cut-off for MRPS23
amplification. We chose to base our scoring and reporting on current HER2 guidelines. Thus,
cases were divided into three categories based on MRPS23 copy number: mean <4; mean >4
<6; and mean >6 (Figure 22).

d

Figure 22: Breast cancer cell nucleus with a) two copies of MRPS23 (red) and centromere enumeration probe 17
(CEP17 (green)), b) four copies of MRPS23 and three copies of CEP17 and c) copy number increase of MRPS23
without corresponding increase in CEP17. Kleastad E, Opdahl S, Engstrem MJ, et al. MRPS23 amplification and
gene expression in breast cancer; association with proliferation and the non-basal subtypes. Breast Cancer Res
Treat. 2020;180(1):73-86. Licensed under a Creative Commons Attribution 4.0 International License.

To estimate the impact of gene/centromere ratio, cases were also divided into two categories:
MRPS23/CEP17 <2 and MRPS23/CEP17 >2. In addition, we defined MRPS23 amplification
(MRPS23*) as mean MRPS23 copy number >6 and/or MRPS23/CEP17 ratio >2. Cases with
MRPS23 copy humber <6 and MRPS23/CEP17 ratio <2 were defined as non-amplified
(MRPS23"). To study the prognostic value of MRPS23 and HER2 status combined, cases were
also divided into four groups: MRPS23/HER2"; MRPS23/HER2*; MRPS23*/HER2"; and
MRPS23*/HER2*. The prognostic influence of MRPS23 gene expression was examined by
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dividing the cases into subgroups based on gene expression quartiles. Cut-off for high
expression was set as the upper quartile.

In paper I, cases were divided into three categories based on copy humber status of
ZNF703: mean <4; mean >4 <6; and mean >6 (Figure 23). Cases were divided into two
categories based on the proportion of positive nuclear staining of ZNF703: <50%; and >50%
(Figure 23). In addition, cases were divided into four categories based on copy number status
and nuclear staining; ZNF703 copy number <6 and ZNF703"; ZNF703 copy number <6 and
ZNF703"; ZNF703 copy number >6 and ZNF703"; and ZNF703 copy number >6 and
ZNF703*,

Figure 23: To the left: breast cancer cell nucleus with two copies of ZNF703 (red) and CEP8 (green). In the
middle: Breast cancer cell nucleus with increased copy number of ZNF703 without corresponding increase in
CEP8. To the right: Positive IHC staining of ZNF703 (>50% nuclei with positive staining).

In paper 11, proliferation was estimated using Ki-67 and mitoses as markers of proliferation.
For Ki-67, we used two different cut-off levels: mean </>15% and mean </>30%. Cut-off at
15% has previously been used for subtyping in our group (97). This choice of cut-off was
based on a previous study by Cheang et al (62), and the St. Gallen 2011 guidelines (67).
Furthermore, 30% was chosen as the second cut-off based on the latest recommendations
from the Ki-67 working group which states that only Ki-67 values <5% and >30% should be
used for prognostics purposes and treatment decisions (63).

For mitotic count, we used the established thresholds for mitotic count in histological
grading (42). We calculated the number of mitoses/mm? for each case based on the
pathologists” mitotic count in 10 HPFs and the microscope’s field area. The following two
cut-offs were used: </>3.6 mitoses/mm? (mitotic score 1 versus mitotic score 2 and 3), and

</>7.7 mitoses/mm? (mitotic score 1 and 2 versus mitotic score 3).
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1.13 Statistical analyses
STATA 16.1 and 17 were used for all statistical analyses.

1.13.1 Point estimates, p-values and confidence intervals

Three important terms in statistical analyses are point estimates, p-values, and confidence
intervals. The point estimate is a measure of the association between the outcome variable and
the exposure variable. Point estimates can be in the form of a difference or a ratio, for
instance mean difference or incidence rate ratios (175, 176). The p-value is the probability of
observing this point estimate or a more extreme value, given that the null hypothesis is
correct. The null hypothesis generally assumes that there is no association between variables
being examined, or no difference between groups being compared (177). The null hypothesis
is tested against the alternative hypothesis which assumes that there is a difference. The
confidence interval (Cl) describes the precision of the point estimate (176). By convention,
the Cl is set to 95%, which means that if a study was repeated several times, the confidence
interval would contain the true value in 95% of the cases. A wide Cl indicates low precision
(176, 178). In our analyses statistical significance was set at the 5% level. Values between 5-

10% were considered borderline significant.

1.13.2 Sources of error in epidemiological studies
There are three main sources of error one has to consider in the interpretation of results in
epidemiological studies; information bias, selection bias and confounding (177).

As a common term, bias is a deviation from the truth that leads to an incorrect measure
of an association (179). Information bias and selection bias are the two main types of bias.
Information bias is also referred to as misclassification and can occur as a consequence of
measurement errors. Selection bias occurs when the association between exposure and
outcome in the sample selection differ from the population intended to study.

In this thesis we used data from four different cohorts, with different inclusion
methods. Cohort 1, 3 and 4 include women followed for breast cancer occurrence, while
cohort 2 includes tumour tissue from breast cancer patients collected in the UK and Canada.
In cohort 1 all invited women were included in the study and followed up for breast cancer,
irrespective of participation in the baseline survey. Whereas cohort 3 was restricted to women
who participated in the baseline survey. In cohort 4 women were included on the basis that

they were born at E. C. Dahl’s foundation during a specific time-period. Inclusion was
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therefore not based on active participation. One could argue that people who actively
participate in a study differ from the general population in terms of health awareness,
socioeconomic status and so on. Thus, cohort 3 may be subject to selection bias.

In our studies FISH and IHC analyses were performed on TMAs. Even though TMASs
are considered representative for whole sections, this method may have led to
misclassification of tumours, for example if a hotspot of Ki-67 was missed in the TMA, and

consequently a high proliferative tumour was classified as low proliferative.

1.13.3 Pearson Chi-Squared test
Pearson chi-squared test was performed to assess the association between our selected
biomarkers and different patient and tumour characteristics.

The Pearson chi-squared (x?) test compares the expected and the observed values
presented in a contingency table, usually 2x2 tables, and obtains a p-value. The null
hypothesis assumes that there is no association. The larger the difference between the
observed values and the expected values, the lower the p-value. The test is preferably used on
larger sample sizes, and should not be used if any of the expected values in the contingency
table are below 5 (176).

1.13.4 McNemar and marginal homogeneity test

Marginal homogeneity test (paper | and I1) and McNemar test (paper I) was used to compare
copy number status of MRPS23 and ZNF703 in the primary tumours and in the corresponding
lymph node metastases.

The two tests can be used to investigate association between matched pairs, such as
primary tumours and their corresponding lymph nodes. McNemar test is used on variables
with two categories, while marginal homogeneity test is preferred on ordered variables with
more than 2 categories, such as our categories of mean ZNF703 (<4, >4 < 6, >6). The two
tests examine whether the distribution of observations to the rows and columns in the
contingency table are proportionally equal, for example in our study we examined whether the
proportion of primary tumours with MRPS23 amplification was the same as the proportion of
lymph nodes with MRSPS23 amplification. In light of our example, a p-value below the
defined significance level means that there is a difference between the proportion of primary

tumours and the proportion of lymph node metastases with MRPS23 amplification (176).
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1.13.5 Survival analysis

The aim of survival analysis is to estimate how much time passes before a given event occurs.
Survival analyses can for example be used to study time to disease, effect of treatment or time
until death. In survival analysis, information about time is used to estimate and compare
survival and/or hazard functions, and to assess the relationship between explanatory variables
and survival time. In principle there are two outcomes in survival analyses, occurrence of the
event of interest or censoring. Censoring occurs when participants do not experience the
defined event during their time of follow-up. The most common reasons for censoring are loss
to follow up, withdrawal from the study, or the event not occurring during the study period
(176, 177). We performed survival analyses in paper | and paper Il, where death from breast
cancer was defined as our occurring event. Participants were censored due to emigration or
end of follow up. Death from other causes was considered a competing risk in our analysis of
cumulative incidence of BC death. Competing risk is an event whose occurrence prohibit the
occurrence of the event of interest (176). For instance a patient who has already died from a
heart attack cannot die from breast cancer (176).

1.13.5.1 Kaplan Meier method

By registering time to the event of interest and the number of participants at risk of an event,
the Kaplan Meier (KM) method can be used to estimate the probability of surviving up until a
certain time. Censoring of a participant leads to a reduction of the number of participants at
risk (176). The KM method gives a graphical display of the survival function. The KM plot is
presented as a step function, starting at 1 before any event has occurred, followed by
decreasing survival probability as time passes. The method assumes that competing risks are
independent and handles competing events by censoring them. It is impossible to determine
whether a person who has died from a heart attack would have died from breast cancer if she
had not died from the heart attack. Therefore, the KM method could lead to biased estimates
if the censored subjects are more, or less, likely to experience the defined event than
uncensored subjects. Hence, the KM method is preferably used for analysis with only one

possible event (175).

1.13.5.2 Cumulative incidence of breast cancer death

In paper | and I1, we calculated cumulative incidence of breast cancer death for subgroups of

patients defined by the biomarkers MRPS23 and ZNF703. We used cumulative incidence of
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breast cancer death instead of KM because we wanted to include death from other causes as a
competing risk.

Cumulative incidence curves are an alternative to the KM method when competing
risks are present. In contrast to KM there is no assumption of independence between
competing events in cumulative incidence curves. The cumulative incidence of death from
breast cancer F(t) can be interpreted as the risk of dying from breast cancer at a certain point,
given that you have not died from other causes until that time (175). In cumulative incidence
curves, the time from 0 to t is divided into small intervals, and the cumulative incidence
equals the sum of the probability of the event occurring within a specific time interval (175,

180). Gray’s test was used to compare equality between cumulative incidence curves (175).

1.13.5.3 Cox Proportional Hazard Model

Cox proportional hazard models were used in papers | and 1 to estimate hazard ratios of
breast cancer death in subgroups of patients according to MRPS23-status (paper 1),
MRPS23/HER2-status (paper 1) and ZNF703 copy number status and protein expression
(paper 11). Where applicable, adjustments were made for the following factors: age (<49, 50-
59, 60-64, 65-69, 70-74, >75), stage (I-1V), histological grade (I-111), Ki-67 status (</>15%),
and HER?2 status. In addition, we calculated hazard rates for subdivisions of molecular
subtypes according to proliferation status and birth year (paper II).

Cox regression analyses can be used to estimate the effect of defined risk factors on
survival time (177). The hazard rate can be interpreted as the risk of the occurrence of an
event at a time t, for instance breast cancer death, given that the subject has survived until t
(177). Using Cox proportional hazard models, one can compare the hazard rate in one group
to the hazard rate in a designated reference group (176). While cumulative incidence
functions provide an absolute measure of the risk of death, the Cox proportional hazard model
provides a relative risk of death associated with one factor compared to another.

In Cox regression analyses there is an assumption that the effect of the risk factors is
constant over time, i.e., the proportionality assumption (176, 177). We performed log-minus-
log plots to test for proportionality, and the proportionality assumptions were met in all

studies.
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1.13.6 Incidence rates
In paper I11, breast cancer incidence rates were used to examine time trends according to
proliferation markers Ki-67 and mitotic count, age, and birth year.

An incidence rate is a measure of new incidents of a defined event in a population
during a given period of time (177). Incidence rates are calculated as the number of new
incident cancers divided by the combined observation time for all participants at risk in the
same time period (177).

We estimated age-specific incidence rates for women born before 1929 and for women
born in 1929 or later, to examine the change in incidence of breast cancer with high and low
proliferation status over time. Poisson regression was used to estimate incidence rate ratios
with 95% ClI, to compare incidence rates between women born in 1929 or later to women
born before 1929. Similar analyses of incidence rates and incidence rate ratios were done for
HER2" and TN tumours to examine if there had been a change in incidence according to
proliferation status within the molecular subtypes.

Some of the incident breast cancers had missing values of the proliferation markers.
Ki-67 status was missing in 920 (31%) of the tumours and mitotic count was missing in 886
(30%) of the tumours. The majority of the cases with missing values were diagnosed at other
hospitals and were therefore unavailable for analysis. Others had missing values because
tumour blocks were not found, IHC staining was unsuccessful, or there was limited amount of
tumour tissue available. To prevent underestimation of incidence rates due to missingness,

multiple imputations were performed.

1.13.7 Missing data
Missing data can occur in research and must be accounted for to prevent biased estimates and
loss of information. There are three types of missing data:

1. Missing completely at random — when the missing values are missing completely at
random. In other words, the probability that an observation is missing is not related to
any other patient characteristic. An example could be if a TMA-slide containing
random tumour tissue samples was lost.

2. Missing at random — the probability that a value is missing depends on other observed
patient characteristics. In other words, any systematic difference between the missing
values and the observed values can be explained by differences in the observed
dataset. In paper 111, the majority of cases with missing values were missing because
they were diagnosed at other hospitals. Patients diagnosed at other hospitals were on
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average a little younger compared to patients diagnosed at St Olav’s hospital. To
compensate for this, age was included in the imputation model.

3. Missing not at random — the probability that a value is missing depends on
unobservable data, for instance the missing value itself. Values missing not at random
cannot be accounted for and could lead to loss of valuable information (181, 182). An
example of missing not at random could be if high-proliferative tumours were more

frequently unsuccessfully stained, and therefore had missing values.

1.13.8 Multiple imputations
In paper I11 we used multiple imputations to predict mitotic count and Ki-67 status for
tumours with missing values for these variables.

Multiple imputation is a multistep method for replacing the missing data values of a
variable, using estimates based on the observed data. Missing values are replaced with values
based on findings in patients with similar characteristics. For instance, in our study factors
such as patient age, tumour size and survival status could help predict a missing value.
Several imputed data sets are created, each with different estimates of the missing values to
reflect the possible distribution of the missing variable. The imputed datasets are then
analysed and averaged together to give overall estimated associations (181, 182).

We included the following variables in our imputation model: age (5-year categories)
and calendar year at diagnosis (continuous), stage (I-1V, unknown), extent of disease
(localized to the breast, local invasion, regional lymph nodes, distant lymph nodes or organ
metastases, metastases detected, unknown) as reported by the Cancer Registry of Norway,
year of birth (5-year categories), follow-up time after diagnosis (log transformed, continuous)
and survival status (alive, death from breast cancer, death from other causes). Based on 50
imputed datasets, we calculated imputed incidence rates and incidence rate ratios according to
birth year and age.

Imputation was performed assuming that values were missing at random (181, 182).
The major reason for missing values of Ki-67 and mitotic count was that cases were
diagnosed at other hospitals and therefore unavailable for analysis. A comparison of cases
with missing values, and cases with known proliferation status showed that cases with
missing values were on average a few years younger at diagnosis compared to cases without
missing values, and there was a higher frequency of cases diagnosed in the 60’s and 70’s.

Inclusion of age and year of diagnosis in the imputation model should have compensated for
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this to some extent. Nevertheless, imputed results are only estimates of associations and we

cannot know how well they describe the true associations.
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Summary of results
1.14 Paper |

In paper I, the aims were to examine MRPS23 copy number status in breast cancer, and to
assess possible associations between MRPS23 copy number status and molecular subtype,
proliferation, and prognosis, and between MRPS23 gene expression and molecular subtypes
and prognosis.

We found MRPS23 amplification (mean MRPS23 copy number >6 and/or
MRPS23/CEP17 ratio >2) in 8% of primary tumours. MRPS23 amplification was found in all
subtypes, except SNP and BP, and amplification of the gene was associated with the luminal
B (HER2-) subtype. We found that the proportion of HER2+ cases was larger in the MRPS23
amplified group compared to the non-amplified. There was an association between MRPS23
amplification and high Ki-67, high mitotic count, and high histologic grade. However, we
found no significant association between MRPS23 copy number and prognosis. We also
divided the cases into four groups based on MRPS23 and HER2 copy number status. We
found that MRPS23 amplified cases with positive HER2 status had the poorest prognosis.

Using the METABRIC dataset we found that high gene expression of MRPS23 was
associated with the luminal B subtype. We found no association between MPRS23 gene

expression and prognaosis.

1.15 Paper Il

In paper |1, the aims were to assess ZNF703 copy number and ZNF703 protein expression in
primary breast cancer tumours. In addition, we aimed to investigate associations between
ZNF703 copy number and molecular subtypes, proliferation, and prognosis, between ZNF703
copy number and ZNF703 protein expression, and between ZNF703 protein expression and
prognosis.

We identified high ZNF703 copy number (copy number >6) in 7% of primary
tumours. We found an association between high ZNF703 copy number, and high
proliferation, luminal B subtypes and high histological grade. When divided into groups
according to mean copy number, we found that patients with mean copy number >6 had a
cumulative risk of death from breast cancer of 48% (95% CI 35-63%) after ten years,
compared to 32% (95% CI 28-36%) in patients with copy number <4. Cox regression
analyses also showed a higher rate of death in patients with high copy number (>6) compared
to patients with copy number <4 (HR 1.6 (95% CI 1.1-2.5)). Within the luminal A subtype,
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we found that high ZNF703 copy number was associated with higher histological grade and
poorer prognosis compared to cases without copy number increase (borderline significant).
We found no association between ZNF703 copy number and prognosis among luminal B
tumours. We found positive nuclear staining (>50%) in 76% of the primary tumours. Positive
IHC staining was found across all subtypes and categories of ZNF703 copy number. We
found a positive correlation between copy number status and protein expression, but no
association between protein expression and prognosis.

1.16 Paper IlI

In paper 111, the aim was to examine long-term trends of breast cancer incidence according to
proliferation, using Ki-67 and mitotic count as markers of proliferation. We performed
incidence analyses for all breast cancers cases combined and did separate incidence analyses
for HER2* and triple negative breast cancers. Multiple imputation was used to replace
missing values of Ki-67 and mitoses.

In the incidence analyses, we compared women born in 1929 or later, to those born
before 1929. We found that there had been an increase in overall breast cancer incidence in
the age groups 40 to 69 years among women born in 1929 or later. Rates for imputed and
observed incidence rates followed the same patterns, with imputed rates being higher than the
observed rates, as expected. Using Ki-67 as a measure of proliferation, we found and increase
in both low- and high-proliferative tumours at 15% and 30% cut-off, in women aged 40-69
years, who were born in 1929 or later. Using mitotic count, we found an increase in low-
proliferative tumours at cut-offs <3.6 mitoses/mm? and <7.7 mitoses/mm? in the age groups
40-69, among women born in 1929 or later. There was no increase in incidence of high-
proliferative tumours neither at >3.6 mitoses/mm? nor at >7.7 mitoses/mm? cut-off. We found
that mean values of Ki-67 were higher among women aged <50 and >75, and lower among
women aged 50-74 when we compared women born in 1929 or later to those born before
1929. Mean values of mitoses/mm? were higher in the age groups <50 years and lower in the
ages >50 for women born in 1929 or later. According to Ki-67 we found that there had been
an increase in high-proliferative HER2* tumours among women born in 1929 or later. While
according to mitotic count there had been an increase in low-proliferative HER2* tumours.
There was no change in incidence rate according to proliferation markers in triple negative

breast cancers.
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Discussion

1.17 Discussion of main findings:

1.17.1 Paper I and Il

In diagnostic pathology, proliferation in breast cancer tumours is currently evaluated using
Ki-67, mitotic count, and the PAM50 test (116). In Paper | and 11, we studied copy number of
two genes suggested to play a role in breast cancer proliferation: MRPS23 and ZNF703.
Furthermore, we studied gene expression of MRPS23 (Paper I), and protein expression of
ZNF703 (Paper 1), and associations between these markers, and molecular subtypes,
proliferation, and prognosis in breast cancer.

Gatza et al. identified MRPS23 as a driver of proliferation in breast cancer, and when
amplified, it was associated with a poor prognosis. The gene was found to be uniquely
amplified in highly proliferative, luminal (non-basal) subtypes (113).

Defined by copy humber analyses, Gatza et al. found amplification of MRPS23 in
20% and 33% of patients in the two datasets included, while we found amplification in 8% of
cases using FISH. Like Gatza et al., we found an association between MRPS23 amplification
and high proliferation. Gatza et al. assessed proliferation using the PAM50 gene expression
test, while we used Ki-67 and mitotic count as measures for proliferative activity.
Furthermore, we confirmed their finding that MRPS23 was uniquely amplified in non-basal
tumours. Gatza et al. classified the tumours into molecular subtypes by gene expression
analyses. We used FISH and IHC, reclassifying our tumours into six molecular subtypes. In
contrast to Gatza et al, we did not find an association between copy number increase and a
poor prognosis. Different methods for molecular subtyping and copy number assessment,
different definitions of amplification and assessment of proliferation can possibly partly
explain the diverging results.

In our study, MRPS23 gene expression in luminal tumours (luminal A, luminal B and
HER2-type tumours defined by PAM50) was analysed using data from the METABRIC
dataset. We divided cases into quartiles of gene expression to investigate associations with
prognosis. We found no difference in prognosis between tumours in the upper gene
expression quartile compared to the rest. Gatza et al. made no assessment of the association
between MRPS23 gene expression and prognosis, however they found an association between
gene copy number and gene expression, and between copy number and prognosis (113). We
found that increased gene expression was associated with the luminal B subtype. However,

we found overlapping levels of gene expression between the different subtypes, even between
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the luminal B and basal-like subtypes, the latter known to be non-amplified. Transcription is
regulated by several mechanism, and there is often a discrepancy between gene copy number
and gene expression (183). The lack of correlation between gene expression levels and
prognosis could possibly be explained by other transcriptional regulatory mechanisms.

In our analyses we found that 42% of the MRPS23 amplified tumours were HER2*
compared to 11% of the non-amplified tumours. Since HER2" is an important prognostic
marker in breast cancer we wanted to examine prognosis in subgroups of patients according to
MRPS23 amplification and HER2-status. We found that the patients with HER2*, MRPS23
amplified tumours had the poorest prognosis, however, the results were not significant.

In breast cancer, ZNF703 have been suggested as a driver gene in the A1 amplicon in
the chromogenic region 8p11-12. In paper Il, we found high copy number (>6) of ZNF703 in
7% of primary tumours. This is in accordance with another study which found amplification
in 8% of breast tumours (133). We found ZNF703 copy number >6 in 7.5% of ER* tumours,
and in 3% of ER” tumours, while others have found ZNF703 amplification in 9-19% of ER*
tumours (135, 137) and in 2% of ER" tumours (135). We also found that ZNF703 copy
number increase was most frequent in luminal B tumours, in accordance with other studies
(135, 137).

Gelsi-Boyer et al. identified four amplicons in the 8p12 amplicon (Al — A4), and 14
genes which showed a correlation between amplification and overexpression, among them
ZNF703 (134). The A1 amplicon was located as the most telomeric of the four amplicons, and
analyses showed that it did not include the centromere. Holland et al. later confirmed that the
Al amplicon does not include the centromere (135). Studying CEP8 using FISH, we found
that of the cases with ZNF703 copy number >6, only 2% had CEP8 >6. Thus, our results
indicate that an increase in ZNF703 copy number is not accompanied by an increase in
centromere 8 copy number. This is in accordance with previous findings.

Holland et al. found that ZNF703 regulates proliferation in human luminal breast
cancer cell lines (135), and Sircoulomb et al. found a positive association between ZNF703
protein overexpression and increased proliferation in human luminal breast cancer cell lines
(141). We found that high copy number of ZNF703 was associated with increased
proliferation in breast cancer, measured by Ki-67-level and mitotic count.

Using copy number analyses, Holland et al. found that amplification of ZNF703 was
associated with a poor prognosis in ER positive tumours (135). Sircoulomb et al. found that
high level of ZNF703 mRNA was associated with poor survival in luminal tumours (A and B)
(141). Using FISH, we found that high copy number of ZNF703 was associated with poor
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prognosis. Separate analyses for luminal A and luminal B showed poor prognosis among
luminal A cases with high copy number (borderline significant), but no association between
ZNF703 copy number and prognosis among luminal B cases. We also found that luminal A
cases with high copy number of ZNF703 had higher grade than those without copy number
increase (Table 5).

Table 5: Histologic grade and mean ZNF703 copy number in Luminal A tumours
Mean copies of ZNF703 (%)

<4 >4 <6 >6 Total v
Grade (%)
I 67 (21) 1(6) 0 68 p <0.001
I 228 (70) 9 (56) 4 (44) 241
" 29 (9) 6 (38) 5 (56) 40
Total 324 16 9 349

It can be debated whether luminal A tumours with grade 3 in fact should be classified
as luminal A. Most luminal A tumours are grade | or 11 (97). According to the 2015 St. Gallen
Consensus, luminal A are characterized by low proliferation and good prognosis, and they are
defined by high ER/PR, low Ki-67, small tumour size and rarely involvement of lymph nodes
(49). In contrast, luminal B tumour are characterized by high proliferation and poor prognosis,
and they are defined by low ER/PR and high Ki-67, histological grade 3 and more often
affected lymph nodes. In addition, a third group with intermediate scores of molecular
markers, with uncertain prognosis and response to endocrine therapy was also mentioned
(49). The classification of all grade 3 luminal tumours as luminal B subtype has also been
used in molecular subtyping algorithm by others (94). Thus, luminal A cases with high
ZNF703 copy number could represent a more aggressive group of cancers than luminal A
tumours in general, or a group of misclassified luminal B tumours.

Furthermore, Holland et al. and Sircoulomb et al. used gene expression analyses to
classify molecular subtype, and copy number analyses to determine ZNF703 status. In our
analyses, subtypes were classified using IHC and ISH, while ZNF703 copy number was

assessed using FISH. Thus, different methodologies could also explain the diverging results.

61



1.17.2 Paper Il

Studies from Europe and the US show that there has been an increasing incidence of ER*
tumours, and a decrease in ER” tumours the last decades (15-17, 184). An increase in luminal
A and luminal B (HER2") tumours has previously been described by our group (107). The
previous increase in ER* tumours has partly been attributed to the use of MHT and
mammaography screening (9, 10). In addition, changing patterns of risk factors may also affect
the observed changes in incidence trends.

In paper I11, we studied long-term trends in incidence of high and low-proliferative
breast cancers, using Ki-67 and mitotic counts as markers of proliferation. In our analyses, we
compared age-specific incidence rates among women born in 1929 or later to women born
before 1929. According to Ki-67, we found that there had been an increase in both high and
low-proliferative tumours, at both 15% and 30% cut-off, among women in the ages 50-69
years born in 1929 or later. According to mitotic count we found that there had been an
increase in low-proliferative breast cancers, but no increase in high-proliferative tumours. We
did separate analyses for HER2" and TNBCs. For HER2" tumours we found an increase in
high-proliferative tumours according to Ki-67 for women born in 1929 or later, while there
was an increase in low-proliferative tumours according to mitotic count. There was no change
in incidence according to proliferation makers in TNBCs.

The mammaography screening program was implemented in the county of Trgndelag in
2001, and since then all women aged 50-69 years have been invited to screening every other
year. Due to age at implementation of the program the participants in cohort 1 were not
included in the screening program, while most women in cohorts 3 and 4 were. Screening
detected cancers are more frequently luminal A subtype compared to interval cancers (19,
20). In addition, they often show other favourable characteristics such as lower grade and less
often high expression of Ki-67 compared to cancers detected outside of screening (19, 20).
MHT was frequently used in Norway from the late 1980s until 2002, when the sale decreased
due to the results from the Women’s Health Initiative studies (9). Thus, MHT and
mammography screening may have affected the observed increase in incidence of low-
proliferative tumours.

Studies on risk factors associated with the different molecular subtypes of breast cancer
have found that most established breast cancer risk factors, such as early menarche, low
parity, and menarche at old age are associated with the low-proliferative luminal A subtype
(30). In Norway there has been a steady decrease in the number of births per woman since the
1960s (185). Due to the association between reproductive patters such as low parity, and the
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low-proliferative Luminal A subtype, changes in reproductive patterns could partly explain
the increase in low-proliferative tumours found in our study. Lifestyle related factors are also
associated with increased risk of breast cancer — for instance obesity and overweight,
inactivity and excessive alcohol consumption. Obesity and overweight have become an
increasing problem in Norway the last 40-50 years, and among women in the age group 40-49
years approximately 1 in 4 are obese (186). Thus, several risk factors may have affected the
change in breast cancer incidence according to proliferation.

In the analyses of Ki-67 we used the two different cut-offs: </>15% and </>30%.
Mitotic count was divided using the following cut-offs: </>3.6 and </>7.7 mitoses/mm?. The

distribution of Ki-67 and mitotic count are presented in Table 6 (numbers not presented in
paper I11).

Table 6: Distribution of Ki-67 and mitotic count

Mitoses/mmz2 (%)

<36 >3.6 <7.7 >7.7 Total N
Ki-67 (%)
<15 972 (77) 175 (38) 41 (12) 1188 p<0.001
>15<30 241 (19) 180 (39) 100 (30) 521
>30 51 (4) 108 (23) 188 (58) 347
Total 1264 463 329 2056

We found that there was good correspondence between low Ki-67 and low mitotic
count as well as high Ki-67 and high mitotic count. However, in the mid-range the mitotic
count and corresponding Ki-67 levels varied. A study on HR*/HER2" breast cancers
comparing Ki-67 and mitotic index on whole sections found discrepant results (high MI/low
Ki-67 or low Ki-67/high MI) in 15,9% of the tumours (187). In this study mitoses were
counted in 10 HPFs in the peripheral most cellular region of the tumour slide and scored from
1 to 3 points according to Elston and Elli’s thresholds for mitotic count used in histologic
grading. A score equal to 1 or 2 were considered low mitotic index, while a score >3 was
considered high mitotic index. Ki-67 was considered high if >20% of nuclei within the area of
highest positivity showed positive staining (187). Discrepancy between mitotic count and Ki-
67 levels may be affected by several factors. For instance, mitoses can only be assessed
during M-phase, while Ki-67 is expressed through all phases of cell cycle, except the GO

(117). This may explain some of the cases with high Ki-67 and low/intermediate mitotic
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count. Furthermore, aspects regarding material and methodology may affect the results. For
instance, in our study Ki-67 was assessed on TMAs while mitotic count was done on whole
sections. Thus, we may have missed the true Ki-67 hotspot in some cases. This may partly
explain cases with low Ki-67 and higher mitotic count. Reduced antigenicity of Ki-67 because
of prolonged storage of FFPE blocks could have led to underestimation of the true Ki-67
level. Reduction of Ki-67 antigenicity due to prolonged storage would have led to an
underestimation of Ki-67 levels in the oldest tumours, and consequently an underestimation
of the increase in low proliferative tumours and an overestimation of the increase in high
proliferative tumours. A third factor that could have led to discrepant results between mitotic
count and Ki-67 levels is interobserver variability. To minimize the risk of misclassification,
markers were assessed by two observers. In case of discrepant results, cases were discussed,

and consensus was reached.

1.18 Methodological considerations, strengths, and weaknesses

1.18.1 Reliability of results

The studies included in this thesis are based on four large cohorts of breast cancer
patients. Cohorts 1, 3 and 4 are all large cohorts of Norwegian women with long term follow-
up for breast cancer occurrence, and breast cancer cases with long follow-up after their
primary diagnosis. Breast cancer can relapse several years after the primary diagnosis (97,
107), therefore data with long follow-up after diagnosis is of great value in breast cancer
research.

Data on the cases have been linked with data from high-quality, national registries
providing information about cancer incidence and outcome. According to law, all incident
cancers must be reported to the National Cancer Registry, providing a close to complete
overview of cancer incidence in Norway (160).

All laboratory work was performed by highly experienced biomedical engineers, at the
same laboratory, using the same antibodies, and the same subtyping algorithm for all cases.
All IHC markers were assessed by two independent observers. In case of interobserver
disagreement, consensus was reached.

Cohort 2, the METABRIC dataset, is a dataset containing copy number and gene
expression data from approximately 2000 tissue samples with long-term clinical follow-up

data available (90). It is widely used in international breast cancer research (188).
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1.18.2 Characteristics of study population
Cohorts 1, 3 and 4 comprise women from the Norwegian county Trgndelag. The women in
cohort 1 were born between 1886 and 1928, and they were followed for breast cancer
occurrence from 1961 to 2008 (97). Mean age at diagnosis in the cohort was 70.7 years.
National identity numbers were introduced in Norway in 1961, making it possible to follow
breast cancer patients after diagnosis through linkage to national registries. Therefore, women
diagnosed with breast cancer before 1961 were not included, and it is likely that cancers
diagnosed at younger ages are underrepresented in this cohort. The women in cohort 1 were
not invited to participate in the Norwegian mammography screening program, due to their age
at implementation of the program in 2001. Screening programs lead to earlier detection of
breast cancer tumours, and tumours diagnosed through screening are more frequently smaller
in size, lower grade, and luminal A subtype compared to tumours discovered symptomatically
(19, 21). Furthermore, most of the participants in cohort 1 were followed for breast cancer
occurrence until time of death. All these factors could explain the high age at diagnosis in
cohort 1.

Cohort 3 comprises women born from 1897 to 1977, who were followed for breast
cancer occurrence from inclusion in 1995-97 to 2009 (107). Mean age at diagnosis was 63.2
years. The majority of the participants were born after 1940, thus most patients were followed
from a relatively young age. Cohort 4 comprises women born between 1920 and 1966. These
women were followed for breast cancer occurrence from 1961 until 2012 (155). Mean age at
diagnosis was 54 years. The majority of these women were born after 1945. Compared to
cohort 1, the other two cohorts represent a far younger group of women. Most of the
participants in cohorts 3 and 4 would have been invited to attend the screening program.

Exposure to risk factors and treatment will have varied for the women included in
these three cohorts. For instance, due to patient age and time of diagnosis, treatment of
patients in cohort 1 was largely restricted to surgery, while breast cancer patients in cohort 3
and 4 may have received additional adjuvant treatment. Since most patients in cohort 1 were
diagnosed prior to modern breast cancer treatment, this gives us the opportunity to follow the
near natural course of the disease after surgery.

Cohort 2 comprise nearly 2000 breast cancer tumours from the widely used,
international dataset METABRIC. Mean age at diagnosis was 63.2 years. The ER* and lymph
node-positive patients were treated with chemotherapy, while most of the ER™ and/or lymph

node-negative patients were not. None of the HER2* patients received anti-HER2 treatment.
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1.18.3 Storage, fixation, and staining

In a breast cancer study, it is nearly impossible to combine long-term follow up and full
control over preanalytical conditions. The present studies are based on archival tumour tissue
collected over a period of 50 years, thus preanalytical conditions and storage practices for
FFPE blocks may have varied. Studies have shown that variations in preanalytical conditions
can affect IHC and FISH results (56, 189). Such variations can occur between samples from
the same diagnostic period, or they can be due to time-dependent factors. For instance, delay
of fixation of a tissue sample could affect immunostaining. Time dependent factors could be
due to changes in the buffers and reagents used during the fixation process (189). In general,
FFPE tissue blocks are considered to preserve antigen expression through longer periods of
storage, and a review published in 2011 stated that the duration of storage of FFPE tumour
tissue did not affect IHC. The conclusion was based on four studies that had examined storage
periods ranging from 2-25 years (189). Nevertheless, a more recent study on FFPE breast
tumours stored for several decades found that immunostaining intensity of ER, HER2 and Ki-
67 decreased with tissue age, and that the decrease was most prominent for Ki-67 (190). In
our study material the oldest tumours were diagnosed in the early 1960s.

In paper 11, we found tumours with high expression of Ki-67 across all storage
periods. However, in the incidence analyses we found an increase of high-proliferative
tumours according to Ki-67 status, but not according to mitotic count. We cannot exclude that
the observed difference in incidence trend could be partly explained by reduced antigenicity
of Ki-67.

We found poor FISH signals in some of the TMAs containing tissue from the oldest
tumours. The tumours from more recent time periods (>1980) largely displayed good
visualization, hence the variations in probe uptake are most likely due to preanalytical
conditions. Therefore, we restricted analyses in paper | and 1l to TMAS containing tumours
diagnosed primarily after 1980.

Studies have shown that storage of tissue slides reduces antigenicity, and preferably
new slides should be made for every analysis. However, every time a new slide is cut, tumour
material is lost. Thus, there is a trade-off between loss of tumour material and loss of
antigenicity due to storage. In our study, serial sections of slides were cut and stored in a light
proof freezer at -20 degrees, and assessment of markers used in subtyping were evaluated
within days to weeks after staining.

Both IHC and FISH analyses were done on TMA sections. Three tissue cores were
drawn from each tumour. Even though TMAs can be representative for the corresponding
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whole section, heterogeneity within the tumour could be a challenge and it would be of
interest to validate our findings in whole sections. For instance, Ki-67 hotspots that were
present on the whole section of the tumour but missing on the TMA could have led to
misclassification of luminal B as luminal A tumours, or lack of correspondence between
mitotic count and Ki-67, as preciously described. Nevertheless, assessment on whole sections
leads to greater loss of tumour tissue and is more costly and time consuming compared to

TMA assessment.

1.18.4 Scoring and reporting

A challenge in both paper | and 11 were deciding on cut-offs for amplification and high copy
number, and whether to include ratio in the subclassification or not. In paper I, we chose to
include ratio in the definition of subgroups, while we chose to only consider gene copy
number for the ZNF703 subgroup classification in paper Il. There are no current guidelines as
to how amplification of these genes should be defined. HER2 status is defined by both mean
copy number and ratio. In addition, HER2 is located on the same arm of chromosome 17 as
MRSP23, and we therefore chose to use current HER2 guidelines to define subgroups of
MPRS23. However, studies have shown that the majority of cases with average HER2 copy
number >6 and ratio <2 have HER2 amplifications that include the centromere, and that true
polysomy of chromosome 17 is a rare event (191, 192). Hence, one could argue that ratio has
no place in the definition of HER2 status. We examined the association between MRPS23
copy number and CEP17 copy number and found that of cases with MRPS23 mean copies >4
82% had CEP17 mean copies <4 (Table 7). Thus, copy number increase of MRPS23 was
rarely accompanied by increase in CEP17 copy number, and one could argue that it may not
be necessary to include ratio in the definition of MRPS23 amplification. If MPS23
amplification had been defined solely as copy number >6, we would have had a total of 21
amplified cases, compared to 45 when ratio >2 was included. Our definition may therefore

have overestimated the number of amplified cases.

Table 7: Association between MRPS23 copy number and CEP17 chromosome copies in

primary tumours

Mean MRPS23
<4 >4<6 >6 Total N
Mean CEP17
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<4 535 (99) 24 (83) 17 (81) 576 p<0.001

>4 <6 4(1) 5 (17) 3 (14) 12
6 1(0) 0(0) 1(5) 2
Total 540 29 21 590

ZNF703 is located in the A1 amplicon, in the chromogenic region 8p11-12 (134). The
amplicon does not include the centromere of chromosome 8 (134, 135, 141). Using FISH, we
found that 88% of cases with ZNF703 mean copies >4 had CEP8 mean copies <4 (Table 8).
Thus, our results were in accordance with previous findings, indicating that increase of
ZNF703 was not accompanied by an increase of centromere copies. Therefore, for ZNF703,

we only took mean copy number into consideration in our definition of subgroups.

Table 8: Association between ZNF703 copy number and CEP8 chromosome copies in

primary tumours

Mean ZNF703

<4 >4<6 >6 Total N
Mean CEP8
<4 587 (97) 44 (86) 43 (90) 674 p <0.001
>4 <6 16 (3) 6 (12) 4(8) 26
>6 0 1(2) 1(2) 2
Total 603 51 48 702

There are no established guidelines for assessment of ZNF703 IHC. We chose not to include
staining intensity in our analyses and defined <50 and >50% positive nuclear staining of
ZNF703 as cut-off. We found positive nuclear staining in > 75% of primary tumours, and in
70% of tumours with ZNF703 copy number <4. Due to the high proportion of positive cases,
one could argue that the cut-off for positive nuclear staining for ZNF703 should be set higher
than 50%.

In paper 111, we examined proliferation in breast cancer using mitotic count and Ki-67
as markers of proliferation. Mitotic count was recalculated from mitoses/10 HPF to
mitoses/mm?2. This is in accordance with current Norwegian guidelines (35), and in guidelines
used for histological grading (42). Recalculation into mitoses/mm? accounts for differences in

visual field diameter between different microscopes (46). In our study, cut-offs for mitotic
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count were based on the well-established cut-offs for mitotic scores used for histological
grading (42).

As previously explained, there is no international consensus on the optimal Ki-67 cut-
off. Ki-67 cut-off controversies are thoroughly explained in section 1.2.3.3.3.1. However, we
chose the following cut-offs for Ki-67; </>15% and </>30%. Cut-off at 15% was chosen
because it is similar to the cut-off previously shown to separate Luminal A from Luminal B
tumours (62) and because it has been used for molecular subtyping on the same cohorts
previously. In addition, we chose 30% as a second cut-off in accordance with recent
recommendations from the International Ki-67 Working Group (63). Another option would
have been to use mean values to define high and low status of Ki-67 and mitotic count.

Staining intensity is not considered in assessment of Ki-67 (63). Nevertheless, the
different observers’ perception of Ki-67 staining could still affect our results. For example,
one observer may classify a cell as Ki-67 negative while another observer may classify the
same cell as Ki-67 positive because they perceive the staining differently. To minimize the
risk of misclassification, all sections were in general assessed by two different observers, and

in case of disagreement consensus was reached.

1.18.5 Analytical considerations

The aims of the survival analyses in paper | and 11 were to study whether MRPS23 or
ZNF703 provide additional prognostic information beyond what is already known through
conventional prognostic factors. We adjusted for established prognostic factors such as age,
stage, grade, Ki-67 and HER?2 separately. Adjusting for these factors did not alter the results.

In paper 11, the main aim was to study whether there had been a change in incidence
rate of breast cancer according to the proliferation status. We used Ki-67 and mitotic count as
markers of proliferation. Women from cohort 1, 3 and 4 were included in our analyses. The
cohorts have been described in detail in section 1.6. Participants in the three cohorts were all
included from what is now a united Trgndelag County, and across overlapping range of birth
years. Thus, some participants may be included in more than one cohort. The overlap in
incident breast cancers could be identified through case specific identity numbers. However,
because of anonymization of the study participants it was not possible for us to identify
overlap in the background population. Elimination of all participants overlapping based on
birth year would eliminate a substantial number of study participants while elimination of
only the identified overlapping breast cancer cases would lead to underestimation of incidence

rates. We assumed that the overlap in the background population was proportionally similar to
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the overlap of incident breast cancer cases. Thus, we chose to not exclude overlapping breast
cancer cases to prevent underestimation of breast cancer incidence rates. Not eliminating
duplicate incidents may however have led to some overestimation of precision.

In paper Il we used multiple imputations to predict mitotic count and Ki-67 status for
tumours with missing values of these variables. We imputed missing values for dichotomized
values, rather than absolute values. We included all available information in the imputation
model to minimize biased results. As expected, observed incidence rates were lower than
imputed incidence rates, but the two followed the same pattern.

In all three papers we used 95% confidence intervals as a measure of precision. A 95%
confidence interval can be interpreted as follows: If a study was repeated several times, the
confidence interval would contain the true value 95% of the times (177). A wide confidence
interval indicates low precision while a narrow confidence interval indicates high precision.
The width of the confidence interval can be affected by the sample size and the variability in
the samples.

Some of the subgroups had few cases and the results must be interpreted accordingly. In
general, both for paper | and paper 11, the number of amplified cases was small. When we
subdivided further, such as the category combining HER2 and MRPS23 status or copy number
status within the different molecular subtypes, numbers were even smaller. This is for
example reflected in the wide confidence intervals for the cumulative incidence estimates and
hazard ratios for MRPS23+/HER2+ tumours in paper 1. Similarly for paper Ill, in the analyses
of incidence rates of molecular subtypes according to proliferation status numbers were small.
Thus, the results must be interpreted with caution.

In every step of a study there is a risk of random misclassification of information. In
all studies presented in this thesis the observers were blinded to patient outcome during
annotation to prevent it from affecting the results.
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Conclusion and future perspectives

In paper I, we found that MRPS23 amplification was associated with increased proliferation.
Amplification was only found among luminal and HER2 type tumours. There was no
association between MRPS23 copy number and prognosis, nor between MRPS23 gene
expression and prognosis.

In paper 11, we found that ZNF703 copy number increase was associated with luminal B
subtypes, high proliferation, and poor prognosis. We found a subgroup of amplified luminal A
tumours with poor prognosis. There was no association between ZNF703 protein expression
and prognosis.

In paper 111, we examined the change in breast cancer incidence according to
proliferation markers Ki-67 and mitotic count by comparing women born in 1929 or later to
women born before 1929. We found that according to Ki-67, there has been an increase of
both high and low-proliferative tumours, while according to mitotic count, there has only
been an increase in low-proliferative tumours.

High proliferation is a hallmark of cancer, and it is associated with poor prognosis in
breast cancer. Today, proliferation is routinely evaluated using Ki-67, mitotic count and
indirectly through PAMS50. Given the important role of proliferation in cancer development,
controversies regarding Ki-67 assessment, and high costs of gene expression analyses,
identification of new proliferation markers could be of great importance for breast cancer
patients. We need new markers able to stratify patients into more precise prognostic and
treatment groups, and identification of new proliferation markers could lead to novel targeted
treatment in the future. In addition, our studies illustrate the heterogeneity within the existing

molecular subtypes.
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Errata
Paper I: It is written in the article, in the section on “Statistical analyses”, that cox analyses

were adjusted for molecular subtypes where applicable. However, this was no included in the

analyses and should not have been written in the text.

Paper II: It is written in the article, in the section on “Statistical analyses”, that cox analyses

were adjusted for molecular subtypes when applicable. However, this was no included in the

analyses and should not have been written in the text.

80









Breast Cancer Research and Treatment (2020) 180:73-86
https://doi.org/10.1007/510549-020-05532-6

PRECLINICAL STUDY q

Check for
updates

MRPS23 amplification and gene expression in breast cancer;
association with proliferation and the non-basal subtypes

Elise Kleestad'© - Signe Opdahl? - Monica Jernberg Engstram'- . Borgny Ytterhus' - Elisabeth Wik** .
Anna Mary Bofin' - Marit Valla'®

Received: 27 July 2019 / Accepted: 9 January 2020 / Published online: 16 January 2020
© The Author(s) 2020

Abstract

Purpose MRPS23 is recognized as a driver of proliferation in luminal breast cancer. The aims of the present study were to
describe MRPS23 copy number change in breast cancer, and to assess associations between MRPS23 copy number change and
molecular subtype, proliferation and prognosis, and between MRPS23 gene expression and molecular subtype and prognosis.
Methods Using fluorescence in situ hybridization (FISH), we examined MRPS23 and centromere 17 copy number in 590
formalin-fixed, paraffin-embedded primary tumours and 144 corresponding lymph node metastases from a cohort of Nor-
wegian breast cancer patients. Furthermore, we analysed MRPS23 gene expression data in 1971 primary breast cancer
tumours from the METABRIC dataset. We used Pearson’s 4 test to assess associations between MRPS23 copy number
and molecular subtype and proliferation, and between MRPS23 expression and molecular subtype. We studied prognosis
by estimating hazard ratios and cumulative incidence of death from breast cancer according to MRPS23 copy number and
MRPS23 expression status.

Results We found MRPS23 amplification (mean MRPS23 copy number > 6 and/or MRPS23/chromosome 17 ratio >2) in 8%
of primary tumours. Copy number increase associated with non-basal subtypes and higher tumour cell proliferation (Ki67).
Higher MRPS23 expression associated with the Luminal B subtype. We found no significant association between MRPS23
amplification or MRSP23 gene expression, and prognosis.

Conclusion Amplification of MRPS23 is associated with higher proliferation and non-basal subtypes in breast cancer. High
MRPS23 expression is associated with the Luminal B subtype.
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Introduction

Increased proliferation is a hallmark of cancer [1, 2], and
identification of genetic drivers of proliferation could be
important for prognostication and development of new
targeted treatment. By high-throughput genomic analy-
ses, Gatza et al. identified proliferation driving genes
in non-basal breast cancer [3]. Amplification of four of
these genes (MRPS23, FGD5, DTX3 and METTL6) was
associated with a poor prognosis. Mitochondrial riboso-
mal protein S23 (MRPS23) is located on the long arm of
chromosome 17 (17q22) and belongs to the mitochondrial
ribosomal protein gene family [4, 5]. Mitochondrial ribo-
somes are composed of a small 28S subunit and a large
39S subunit. MRPS23 encodes the 28S subunit [4, 5]. High
MRPS23 expression has been found in colon [6], cervi-
cal [7, 8] and hepatocellular cancer [9, 10], and associ-
ated with poor prognosis in non-basal breast cancer [3],
hepatocellular [10] and cervical cancer [7, 8]. In a breast
cancer mouse model, MRPS23 knock-down reduced pro-
liferation, induced apoptosis and limited angiogenesis and
lymph node metastasis [11].

Our group has previously reclassified breast cancer
tumours from a large cohort of Norwegian women into
six molecular subtypes based on immunohistochemis-
try (IHC) and chromogenic in situ hybridization (CISH)
[12]. The aims of the present study were to characterize
MRPS23 copy number alterations by fluorescence in situ
hybridization (FISH) on formalin-fixed, paraffin-embed-
ded (FFPE) primary tumour tissue and corresponding
lymph node metastases from this cohort, and to assess how
these copy number alterations associates with molecular
subtypes, proliferation and prognosis. Furthermore, using
the METABRIC dataset [13], we assess how MRPS23 gene
expression levels correlate with molecular subtypes and
prognosis.

Materials and methods
Study populations and specimen characteristics
Cohort 1

Between 1956 and 1959, 25,727 women born 1886-1928
were invited to attend a clinical examination for early
detection of breast cancer in Nord-Trgndelag County,
Norway [14]. Through linkage with data from the Can-
cer Registry of Norway, these women were followed for
breast cancer occurrence. Between 1961 and 2008, 1393
new breast cancers were registered. All tumours were

@ Springer

reclassified according to histological type and grade [12,
15]. Tissue microarray (TMA) blocks were made using
the Tissue Arrayer Mini-Core with TMA Designer2 soft-
ware (Alphelys). Three 1-mm-in-diameter tissue cores
from the periphery of the FFPE primary tumours and
lymph node metastases were transferred to TMA recipi-
ent blocks. TMA sections (4 pm) were cut and stained,
and the tumours were reclassified into molecular subtypes.
Human epidermal growth factor receptor 2 (HER2) was
assessed using both CISH and IHC. Tumours with HER2/
chromosome enumeration probe 17 (CEP17) ratio > 2 were
defined as HER2 positive. When CISH was unsuccess-
ful, tumours with intense membranous staining (IHC 3+)
in> 10% of tumour cells were considered HER2 positive.

Of the 1393 tumours, 909 were successfully reclassified
into molecular subtypes [12]:Luminal A (ER and/or PR+,
HER2-, Ki67 < 15%), Luminal B (HER2-) (ER+ and/
or PR+, HER2—, Ki67 >15%), Luminal B (HER2+)
(ER+and/or PR+, HER2+), HER2 type (ER—and PR—,
HER2+), 5 negative phenotype (SNP; ER—, PR—, HER2—,
CK5- and EGFR—) and Basal phenotype (BP; ER—, PR—,
HER2 —, CK5+ and/or EGFR+) (Supplementary Fig. 1).
From the time of diagnosis (baseline), patients were fol-
lowed until death from breast cancer, death from other
causes or until December 31st, 2015. Individual information
about adjuvant treatment is unavailable. However, due to age
and/or time of diagnosis, few would have received chemo-
therapy. Some would have been treated with antihormonal
treatment, but none qualified for trastuzumab. In the pre-
sent study, TMAs containing cores from tumours diagnosed
mainly in the 1980s or later (n=636) were included. Of
these, 46 were excluded due to unsuccessful FISH (n=30)
or insufficient amounts of tumour tissue (n=16). Thus, 590
cases were suitable for MRPS23 and CEP17 copy number
assessment. Of these, 192 had lymph node metastases, and
lymph node tissue from 150 was available in TMAs. Due to
unsuccessful FISH (n=15) or insufficient amounts of tissue
(n=1), six were excluded. Hence, lymph node metastases
from 144 cases were included.

Cohort 2 METABRIC

The METABRIC dataset includes a discovery dataset
(n=997), and a validation dataset (n=995). The cohorts
have previously been described in detail [13]. In the pre-
sent study, 1971 cases had available follow-up data and
MRPS23 gene expression data from all primary breast
tumours. Tumours of basal-like (n=329), normal-like
(n=202) and unknown subtype (n=6) were excluded
from our analysis [3, 16, 17]. Thus, 1434 tumours were
included. Patients with ER positive and/or lymph node
negative tumours had not received chemotherapy, whereas
patients with ER negative and lymph node positive
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tumours did [13]. None of the HER2+ patients were
treated with trastuzumab. To assess possible associa-
tions between gene expression levels and prognosis, cases
were separated into quartiles. Prognosis for each quartile
was analysed separately, and for dichotomization of gene
expression values, patients with gene expression levels in
the upper quartile were compared to all other cases.

MRPS23 FISH cohort 1

FISH was done according to the manufacturer’s guidelines
using Dako Histology FISH Accessory Kit K 579911.
After de-waxing and rehydration, TMA slides were
boiled in a microwave oven (10 min) in Pre-Treatment
Solution, cooled (15 min) and washed in Wash Buffer
(2% 3 min). Protein digestion was performed with Pep-
sin Solution at 37 °C (30 min), and then washed in Wash
buffer (2 X3 min). Dehydration was done in ethanol (70,
80 and 95%) for 2 min at each concentration, and the
slides were then air dried at room temperature for 15 min.
FISH-custom probes for MRPS23 (3 pL, Empire Genom-
ics) and CEP17 (1 pL, Abbott/VYSIS) were mixed with
hybridization buffer (9 pL, Empire Genomics) and applied
to TMA slides. Coverslips were applied and sealed with
coverslip sealant (Dako). Denaturation was performed at
83 °C (3 min) followed by hybridization at 37 °C overnight
in a DAKO Hybridizer. Post hybridization, TMA slides
were rinsed in 0.4xSSC/0.3%NP-40 at 72 °C (2 min), and
in 2xSSC/0.1%NP-40 at RT (15 s). Slides were air dried at
37 °C (15 min). DAPI (15 pL, VYSIS. Abbott no 06J50-
001) was applied and the slides were coverslipped.
MRPS23 and CEP17 copy numbers were counted using a
fluorescence microscope (Nikon Eclipse 90i). All available
tissue cylinders from each case were examined, and MRPS23
and CEP17 copy number in 20 well-preserved, non-over-
lapping tumour cell nuclei were recorded. Mean copy
number of MRPS23/tumour cell and MRPS23/CEP17 ratio
were estimated for each case. To assess the impact of mean
MRPS23 copy number, cases were divided into three catego-
ries based on recent HER?2 guidelines [18]: mean MRPS23
copy number < 4; mean >4 <6 and mean > 6. To estimate
the impact of gene/centromere ratio, cases were divided
into two categories: MRPS23/CEP17 <2 and MRPS23/
CEP17 > 2. Finally, MRPS23 amplification (MRPS23+) was
defined as mean MRPS23 copy number > 6 and/or MRPS23/
CEP17 ratio > 2. Cases with MRPS23 copy number < 6 and
MRPS23/CEP17 ratio <2 were defined as non-amplified
(MRPS23-). To study the prognostic value of HER2 sta-
tus and MRPS23 status combined, cases were divided into
four groups: MRPS23-/HER2—; MRPS23—-/HER2+ ;
MRPS23+/HER2— and MRPS23+/HER2+. The REMARK
criteria for tumour marker reporting were followed [19].

Statistical analyses

Pearson chi square tests were used to compare MRPS23 copy
number status and MRPS23 gene expression levels in the
primary tumours across patient and tumour characteristics.
To compare copy number status in the primary tumours and
their corresponding lymph node metastases, paired analyses
were performed using McNemar’s and marginal homogene-
ity test.

For each category of MRPS23 copy number status and
MRPS23/HER?2 status in primary tumours, and for the
MRPS23 gene expression categories, we estimated cumula-
tive incidence of death from breast cancer, with death from
other causes as a competing event. We used Gray’s test to
compare equality of cumulative incidence curves. Cox pro-
portional hazard models were used to estimate hazard ratios
(HR) of breast cancer death with 95% confidence intervals
(CD). In the Cox regression analyses, patients were cen-
sored at time of death from other causes. Where applicable,
adjustments were made for age at baseline (<49, 50-59,
60-64, 65-69, 70-74,>75), histological grade (I-III), stage
(I-1V), Ki67 status (</>15%) and molecular subtype. We
found no clear violations of proportionality in log-minus-log
plots. Linear regression analyses were used for comparison
of MRPS23 expression levels between different molecular
subtypes.

All statistical tests were two-sided, and statistical signifi-
cance was assessed at 5% level. p-values between 5 and 10%
were regarded borderline significant. All statistical analyses
were done using STATA version 15.1 (Stata Corp., College
Station, TX, USA).

Results
Cohort 1

Mean age at diagnosis was 75.6 (SD 8.6, range 41-96) years
and mean follow-up after diagnosis was 8.9 (SD 7.2) years.
By the end of follow-up, 217 (37%) patients had died from
breast cancer, and 318 (54%) had died from other causes
(Table 1).

MRPS23 copy number status in primary tumours

When MRPS23 and CEP17 copy number alterations were
present, a homogenous pattern was seen, with alterations
in the majority of tumour cells. Three different pheno-
types were seen, tumours without copy number altera-
tions; tumours with MRPS23 and CEP17 copy number
increase and tumours with MRPS23 copy number increase
only (Fig. 1). In total, 29 of the primary tumours (5%)
had mean MRPS23 copy number>4 <6, 21 (4%) had

@ Springer
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Fig. 1 Breast cancer cell nucleus with a two copies of MRPS23 and CEP17, b copy number increase of both MRPS23 and CEP17 and ¢ copy

number increase of MRPS23 without corresponding increase of CEP17
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Fig.2 Scatter plot of MRPS23 and CEP17 copy number in 590 breast
cancer tumours

mean copy number > 6 and 41 (7%) had MRPS23/CEP17
ratio > 2 (Table 1, Fig. 2). A total of 45 tumours (8%)
were amplified (mean MRPS23 > 6 and/or MRPS23/
CEP17 >2). Among cases with mean MRPS23 > 6,
four cases had MRPS23/CEP17 ratio < 2. Of cases with
MRPS23/CEP17 ratio > 2, 24 had mean MRPS23<6.
MRPS23 copy number increase (mean >4) was found
within all molecular subtypes except the SNP (Table 1).
Amplifications were found in all molecular subtypes
except the SNP and the BP. Amplifications were seen in
30% of Luminal B (HER2+), 18% of HER?2 type, 12%
of Luminal B (HER2-), and 3% of Luminal A. Of the
MRPS23 amplified tumours, 19 (42%) were HER2+,
compared to 58 (11%) of non-amplified tumours.

@ Springer

Copy number status in lymph node metastases

In total, 144 cases were examined for MRPS23 copy number
status in their lymph node metastases (Table 2). There were
no significant changes in MRPS23 copy number status in
the lymph node metastases compared to the corresponding
primary tumours. Among the pairs of primary tumours and
lymph node metastases, 14 (10%) primary tumours were
classified as MRPS23+, and in 10 of these (71%), the cor-
responding lymph node metastases were also MRPS23+.
MRPS23 amplification was also identified in the lymph node
metastases of two MRPS23-tumours.

MRPS23 copy number status and proliferation

Of the MRPS23 amplified tumours, 66% had high Ki67
(>15%), compared to 39% of the non-amplified tumours
(Table 1). Mitotic counts were also higher in amplified
tumours (borderline significance). Of the MRPS23 ampli-
fied tumours, 56% were grade III, compared to 31% of the
non-amplified tumours. An association between MRPS23
copy number increase and high Ki67, and high histological
grade was also found when MRPS23 copy number status
was defined by MRPS23 mean and MRPS23/CEP17 ratio
(Table 1). In the lymph node metastases, MRPS23 amplifica-
tion was associated with high Ki67 (borderline significance,
Table 3).

MRPS23 copy number status and prognosis

Mean MRPS23

The cumulative risk of death from breast cancer for cases
with no copy number increase was 35% (95% CI 31-39)

10 years after diagnosis (Table 4; Fig. 3a). The corre-
sponding risks for cases with mean copy number >4 <6
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Table2 MRPS23 status in primary tumours and lymph node metastases according to MRPS23/CEP17 ratio, mean MRPS23 and amplification

status
Mean MRPS23/tumour cell, primary tumours Marginal
homogeneity
<4 >4,<6 >6 Total test
Mean MRPS23/tumour cell, lymph
nodes
<4 125 97) 4 (40) 1(20) 130 p=0.637
>4,<6 3(2) 5(50) 2 (40) 10
>6 1) 1(10) 2 (40) 4
Total 129 10 5 144
MRPS23/CEP17 ratio, primary tumours
<2 >2 Total McNemar test
MRPS23/CEP17 ratio, lymph nodes
<2 130 (99) 3(23) 133 p=0.625
>2 1(1) 10 (76) 11
Total 131 144
Amplification status, primary tumours
MRPS23— MRPS23+ Total McNemar test
Amplification status, lymph nodes
MRPS23-* 128 (98) 4(29) 132 p=0.688
MRPS23+° 2(2) 10 (71) 12
Total 130 144

“MRPS23/CEP17 <2 and mean MRPS23<6
®MRPS23/CEP17>?2 and/or mean MRPS23>6

Table 3 MRPS23 amplification status and Ki67 levels in lymph nodes

MRPS23 amplification status, lymph node

MRPS23-*  MRPS23+" Total
Ki67, lymph node (%)
Ki67<15% 69 (53%) 3 (25%) 72 p=0.07
Ki67 > 15% 62 (47%) 9 (75%) 71
Total 131 12 143

“MRPS23/CEP17 <2 and mean MRPS23<6
®MRPS23/CEP17 > 2 and/or mean MRPS23 >6

and mean > 6 was 34% (95% CI 20-55), and 43% (95% CI
25-66), respectively. In the Cox regression analysis, there
were no clear differences in the rates of death between cat-
egories. Adjustments for age, stage, grade, Ki67 or HER2
status did not influence the results.

MRPS23/CEP17 ratio

After 10 years of follow-up, cases with MRPS23/CEP17
ratio < 2 had a cumulative risk of death from breast cancer of
30% (95% CI 27-34) (Table 4; Fig. 3b), whereas cases with
ratio >2 had a corresponding risk of 41% (95% CI 30-58).

When comparing rates of death from breast cancer, there
was no clear difference between the two categories (HR 1.2,
95% CI 0.8-2.0). Adjusting for age, stage, grade, Ki67 or
HER? status did not influence the results.

MRPS23 amplification status

After 10 years of follow-up, patients with MRPS23 amplified
tumours had 40% (95% CI 27-56) cumulative risk of death
from breast cancer, compared to 30% (95% CI 27-34) for
patients without amplification (Table 4; Fig. 3c). The rates
of death from breast cancer were similar for cases with and
without amplification (HR 1.2, 95% CI 0.7-1.9). Separate
adjustments for age, grade, histological grade, stage and
HER? status did not influence the results. Analysis of prog-
nosis was also done for Luminal A cases separately, and for
all luminal subtypes combined. In these analyses, no clear
differences in prognosis between MRPS23 amplified and
non-amplified cases were seen (data not shown).

MRPS23/HER2- status

When tumours were reclassified into four categories based
on MRPS23 and HER?2 status, the highest risk of death was

@ Springer
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Table 4 Absolute and relative risk of death from breast cancer according to mean MRPS23/tumour cell, MRPS23/CEP17 ratio and amplification
status

Mean MRPS23/tumour cell, primary MRPS23/CEP17 ratio, Amplification status, pri-
tumour primary tumour mary tumours
<4 >4,<6 >6 <2 >2 MRPS23—*  MRPS23+°

Cum. risk after 5 years (%) (95% CI) 21 (18-24) 24 (12-44) 38 (21-62) 21 (18-25) 29 (18-46) 21(18-25) 29 (18-44)
Cum. risk after 10 years (%) (95% CI) 35 (31-39) 34 (20-55)  43(25-66) 30 (27-34) 41 (30-58) 30 (27-34) 40 (27-56)

HR, unadjusted (95% CI) 1.0 0.9(0.5-1.7) 1.5(0.8-2.8) 1.0 1.2(0.8-2.0) 1.0 1.2 (0.7-1.9)
HR adjusted for age (95% CI) 1.0 0.9(0.5-1.7) 1.5(0.8-2.8) 1.0 1.3(0.8-2.1) 1.0 1.2 (0.7-1.9)
HR adjusted for stage (95% CI) 1.0 0.8 (0.4-1.5) 1.2(0.6-2.4) 1.0 12(0.7-1.9) 1.0 1.0 (0.6-1.7)
HR adjusted for grade (95% CI) 1.0 0.7 (04-1.4) 1.3(07-24) 1.0 1.1(0.7-1.7) 1.0 1.0 (0.6-1.6)
HR adjusted for Ki67 (95% CI) 1.0 0.7 (04-14) 1.1(0.6-22) 1.0 1.0 (0.6-1.6) 1.0 1.0 (0.6-1.6)
HR adjusted for HER2 (95% CI) 1.0 09 (0.5-1.6) 1.2(0.6-23) 1.0 1.0 (0.6-1.7) 1.0 1.0 (0.6-1.6)

CI confidence interval, HR hazard ratio
“MRPS23/CEP17 <2 and mean MRPS23<6
®MRPS23/CEP17 >2 and/or mean MRPS23 >6
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Fig.3 Cumulative incidence of death from breast cancer according to MRPS23 copy number status based on a mean MRPS23 copy number
(p=0.47), b MRPS23/CEP17 ratio (p=0.29) and ¢ MRPS23 amplification status (p=0.39)
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Table 5 Absolute and relative risk of dying from breast cancer according to HER2 status and amplification of MRPS23
MRPS23—*/HER2— MRPS23—/HER2+¢ MRPS23+°/HER2— MRPS23+/HER2+
Cum. risk after 5 years (%) (95% CI) 18 (15-22) 44 (32-58) 12 (4-32) 53 (33-76)
Cum. risk after 10 years (%) (95% CI) 28 (25-32) 47 (36-61) 23 (11-44) 63 (42-83)
HR, unadjusted (95% CI) 1.0 1.6 (1.1-2.4) 0.6 (0.3-1.4) 2.6 (1.5-4.5)
HR adjusted for age (95% CI) 1.0 1.7 (1.1-2.5) 0.6 (0.3-1.4) 2.6 (1.5-4.8)
HR adjusted for grade (95% CI) 1.0 1.2 (0.8-1.8) 0.5 (0.2-1.1) 2.3 (1.3-4.0)
HR adjusted for stage (95% CI) 1.0 1.9 (1.3-2.8) 0.6 (0.3-1.4) 1.8 (1.0-3.3)
HR adjusted for Ki67 (95% CI) 1.0 1.3 (0.9-1.9) 0.5 (0.2-1.0) 2.2(1.3-3.0)
HR adjusted for HER2 (95% CI) 1.0 1.6 (1.1-2.4) 0.6 (0.3-1.4) 2.6 (1.5-4.5)

Cum. risk camulative risk, CI confidence interval, HR hazard ratio
*MPR23—: MPRS23/CEP17 ratio <2 and MRPS23 mean <6
®MRPS23 +: MRPS23/CEP17 ratio>2 and/or MRPS23 mean > 6

°HER2/CEP17 ratio > 2 or intense membranous staining (IHC 3+) in> 10% of tumour cells
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Fig.4 Cumulative incidence of death from breast cancer according to
MRPS23 amplification status and HER?2 status (p <0.01)

found in the MRPS23+/HER2+ subtype (Table 5; Fig. 4).
After 10 years of follow-up, patients with the MRPS23+/
HER2+ subtype had a cumulative risk of death from breast
cancer of 63% (95% CI 42-83). The corresponding risk for
the MRPS23—/HER2+ subtype was 47% (95% CI 36-61).
The lowest risk of death was found in the MRPS23+/HER2-
subtype (23%, 95% CI 11-44). There were no clear differ-
ences in the rate of death from breast cancer between the
MRPS23—/HER2+ and MRPS23+/HER2+ subtypes (HR
1.3, 95% CI1 0.7-2.6). Separate analysis of prognosis was also
done for all luminal cases, with similar results as for all cases
combined (data not shown).

Cohort 2
MRPS23 expression according to molecular subtypes

In the METABRIC dataset, mean age at diagnosis was 61.1
(SD 12.4, range 22-96) years, and mean follow-up after
diagnosis was 8.1 (SD 4.9) years. Characteristics of the
study population are given in Table 6. By the end of follow-
up, 506 (26%) patients had died from breast cancer, and 384
(20%) had died from other causes.

High MRPS23 expression levels were associated with the
Luminal B subtype (Fig. 5).

After 10 years of follow-up, cases with low MRPS23
expression levels had a cumulative risk of death from breast
cancer of 26% (95% CI 23-29%), compared to 24% (95%
CI 20-30%) among cases with high MRPS23 expression
(Cut-off upper quartile; Fig. 6, Table 7). Comparing the
rates of death from breast cancer, there were no significant
differences between cases with gene expression levels in the
upper quartile compared to the rest (HR 0.9, 95% CI10.7-1.2,
Fig. 6, Table 7). Similar results were obtained when analysis
of prognosis was done for each quartile separately. Adjust-
ments for age and histological grade did not influence the
results.

Discussion

We identified MRPS23 amplification in 8% of primary
tumours and 9% of lymph node metastases in a large pop-
ulation of Norwegian breast cancer patients. The highest
proportion of amplified cases was found within Luminal B
(HER2+), HER?2 type and Luminal B (HER2—-) tumours.
None of the amplified tumours were triple negative (SNP/
BP). MRPS23 amplification was associated with high Ki67
and high histological grade. No clear association between
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Table 6 Characteristics of Cohort 2 (METABRIC) (Normal-like and basal-like subtypes excluded from the analyses)

Total study population

Discovery cohort Validation cohort

Total Mean probe MRPS23 x2
Quartile 1-3* Quartile 4°

N (%) 1434 1069 365 804 (56) 630 (44)
Mean age at diagnosis, years (SD) 63.2 (12.4) 63.6 (12.4) 62 (12.4) 62.3 (12.5) 64.3 (12.2)
Mean follow-up, years (SD) 8.3(4.9) 8.5(5) 7.8 (4.5) 8.1(4.7) 8.5(5.1)
Deaths from BC (%) 354 (25) 273 (25) 31 (22) 201 (25) 153 (24)
Deaths from other causes (%) 311 (22) 240 (22) 71 (19) 156 (19) 155 (25)
Histologic grade (%)

I 139 (10) 116 (11) 23 (6) <0.001  61(8) 78 (12)

il 635 (44) 504 (47) 131 (36) 375 (47) 260 (41)

i 598 (42) 392 (17) 206 (56) 368 (46) 230 (37)

Unknown 62 (4) 57 (5) 5(1) 0 62 (10)
Lymph node metastasis (%)

Yes 684 (48) 491 (46) 193 (53) 0.030 383 (48) 301 (48)

No 750 (52) 578 (54) 172 (47) 421 (52) 329 (52)
Tumour size (%)

<2cm 613 (43) 472 (44) 141 (39) 0.170 351 (42) 262 (42)

>2cm,<5cm 751 (52) 542 (51) 209 (57) 421 (52) 330 (53)

>5cm 69 (5) 54 (5) 154 32(4) 37 (6)

Uncertain 1(0) 1(0) 0 0 1(0)
Stage (%)

I 104 (7) 84 (8) 20 (5) 0075 0 104 (17)

i 177 (12) 141 (13) 36 (10) 0 177 (28)

111 27 (2) 20 (2) 7() 0 27 (4)

v 1(0) 0 1(0) 0 1(0)

Unknown 1125 (78) 824 (77) 301 (82) 804 (100) 321 (50)
PAMS50 subtype (%)

Luminal A 709 (49) 606 (57) 103 (28) 445 (56) 255 (40)

Luminal B 488 (34) 276 (26) 212 (58) 266 (33) 222 (35)

HER2-type 237 (17) 187 (17) 50 (14) <0.001 84 (10) 153 (25)

N number of patients, SD standard deviation, BC breast cancer
“Mean probe MRPS23 <8.31
"Mean probe MRPS23>8.31

MRPS23 amplification and prognosis was seen. The pro-
portion of HER?2 positive cases was higher among MRPS23
amplified cases, compared to non-amplified. MRPS23+/
HER2+ had the poorest prognosis.

In the METABRIC dataset, Luminal B tumours had the
highest level of MRPS23 gene expression. We found no sta-
tistically significant associations between MRPS23 expres-
sion levels and prognosis.

This study is based on a well-described cohort of breast
cancer patients with long-term follow-up, and data from the
METABRIC dataset. In the Norwegian cohort, the major-
ity of patients have been followed until death [12]. Since
relapse may occur even decades after the primary diagnosis,
long-term follow-up is of particular value in breast cancer

@ Springer

research. Molecular subtyping was performed in the same
laboratory, using the same algorithm and antibodies in all
cases [12]. Using FISH, gene copy number can be assessed
while observing the morphology of the tumour, ensuring
that only invasive tumour cells were examined.

MRPS23 copy number in primary tumours and lymph
node metastases was assessed in TMAs. In the primary
tumours, tissue for TMAs was taken from the tumour periph-
ery. Previous studies have shown good correlation between
TMAs and corresponding whole sections [20, 21]. Neverthe-
less, TMAs represent a small portion of each tumour, and,
while copy number changes were observed throughout the
tissue in amplified cases, intra tumour heterogeneity may not
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Fig.5 MRPS23 gene expression according to molecular subtype in
1971 patients from the METABRIC dataset

be captured. It would therefore be of interest to validate our
findings in a study of whole sections.

There are no established guidelines as to how MRPS23
amplification should be defined. According to HER2 ISH
guidelines, both HER2 copy number and HER2/CEP17-ratio
are taken into consideration [18]. MRPS23 and HER?2 are
both located on the long arm of chromosome 17 [4, 5, 22],
and we chose to define MRPS23 amplification according to
HER?2 ISH guidelines, including both mean MRPS23 copy
number and MRPS23/CEP17 ratio in our definition. Previ-
ous studies have shown a high frequency of abnormalities on
chromosome 17, but rarely true polysomy [23]. The number
of amplified cases was increased when including MRPS23/
CEP17 ratio in addition to mean MRPS23 in the definition
of amplification. Hence, our definition may have led to over-
estimation of MRPS23 amplified cases. Nevertheless, we

60

50+

40

Mean MRSP23 gene expression<=7.80
Mean MRPS23 gene expression >7.80 <=8.05
Mean MRPS23 gene expression >8.05 <=8.31

Cumulative incidence
of death from breast cancer in %

Mean MRPS23 gene expression>8.31

0 5 10 15 20
Time since diagnosis in years
At risk (n)
<=7.80 360 285 201 101 18
>7.80 <=8.05 349 271 164 27 4
>8.05<=8.31 360 265 151 25 0
1

>8.31 365 278 162

25

ococon

found that 8% of tumours were MRPS23 amplified, whereas
20% and 33% of the tumours were amplified in the two
datasets included in Gatza et al. In the latter two cohorts,
only luminal (defined as non-basal) cases were included.
When excluding the BP and 5NP in our in-house cohort, the
proportion of amplified cases was still 8%. In accordance
with other studies we found that amplification of MRPS23
was associated with higher proliferation [3, 11]. However,
contrary to others, we found no clear associations between
MRPS23 copy number increase and a poorer prognosis
[3]. Our study demonstrates the importance of validating
biomarkers identified by high-throughput genomic analy-
ses. Validation analyses of single biomarkers with FISH,
performed in FFPE tissue, indicate the marker’s prognostic
potential when assessed in a routine diagnostic setting.
MRPS23 has previously been found to be amplified
exclusively in highly proliferative luminal tumours [3]. In
that study, PAMS50 was used for molecular subtyping, and
“luminal” was defined as all tumours that were not basal [3].
This definition of luminal was based on a study showing that
breast tumours could be separated into two main groups, one
group containing luminal and HER2-positive tumours and
the other group comprising basal-like tumours [17]. In our
study, cohort 1 was divided into six subtypes based on IHC
and ISH. Although it has been shown that surrogate mark-
ers can be used for molecular subtyping [24-27], there is a
discrepancy between molecular subtype defined by surrogate
markers and subtypes defined by gene expression analyses
[28, 29]. Nevertheless, similar to Gatza et al., we only found
MRPS23 amplified cases among the non-basal tumours.
Contrary to others [3], we found no clear associations
between MRPS23 amplification and prognosis in our
cohort of Norwegian breast cancer patients. We used a
different method for assessment of gene copy number in
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Fig.6 Cumulative incidence of death from breast cancer according to MRPS23 gene expression divided into a quartiles 1-4 (p=0.4), and b

quartile 1-3 vs. quartile 4 (p=0.6)
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Table 7 Absolute and relative risk of death from breast cancer according to gene expression levels of MRPS23, METABRIC data

Mean probe MRPS23, quartiles

Mean probe MRPS23

Quartile 1 Quartile 2° Quartile 3¢ Quartile 4¢ Quartile 1-3 Quartile 4

Cum. risk after 14 (11-18) 11 (8-15) 15 (12-20) 14 (11-18) 14 (12-16) 14 (11-18)
5 years (%)
(95% CIy

Cum. risk after 25 (20-30) 23 (19-29) 29 (24-34) 24 (20-30) 26 (23-29) 24 (20-30)
10 years (%)
(95% CI)

HR, unadjusted 1 1.0 (0.7-1.3) 1.2 (0.9-1.6) 1.0 (0.7-1.3) 1 0.9 (0.7-1.2)
(95% CIy

HR, adjusted for 1 1.0 (0.7-1.4) 1.2(0.9-1.6) 1.0 (0.7-1.4) 1 0.9 (0.7-1.2)
age (95% CI)

HR, adjusted for 1 1.0 (0.7-1.4) 1.2 (0.9-1.6) 0.9 (0.7-1.2) 1 0.8 (0.7-1.1)
grade (95% CI)

Cum. risk camulative risk, CI confidence interval, HR hazard ratio; Luminal A, Luminal B and HER2-type included in analyses

“Mean probe MRPS23 <7.80
®Mean probe MRPS23>7.80,<8.05
“Mean probe MRPS23>8.05,<8.31
9Mean probe MRPS23>8.31

our study (FISH), and different methodologies could partly
explain the divergent results. Furthermore, the number of
amplified cases was low in our study population, and the
results must be interpreted with caution. Patient age in
Cohort 1 is high, and the majority of patients were not
given modern breast cancer treatment either due to their
age at diagnosis or time of diagnosis [12]. This enables us
to follow the near-natural course of disease after surgery. It
would, however, be interesting to perform a MRPS23 FISH
study in a cohort of younger patients treated according to
current guidelines.

Interestingly, the MRPS23+/HER2+ tumours had the
poorest prognosis. HER2 is recognized as an important prog-
nostic marker in breast cancer, and interaction with MRPS23
could potentially be of clinical importance. However, due
to the low number of cases in some of the MRPS23/HER2
categories, the results should be interpreted with caution.

We found no correlation between MRPS23 expression
levels and prognosis in the METABRIC data set. In our anal-
yses of prognosis, we excluded basal-like and normal-like
cases [3, 16]. A correlation between MRPS23 copy number
status and gene expression has previously been found in the
METABRIC dataset [3]. Since transcription is regulated by
several mechanisms, good correlation between gene copy
number and gene expression is infrequent [30-32]. Our anal-
yses show that MRPS23 expression levels were overlapping
between the different molecular subtypes. Such overlap was
also seen between the highly proliferative luminal tumours
(Luminal B) and basal-like tumours, the latter shown to be
non-amplified. This could possibly be due to other MRPS23
up-regulating mechanisms, and potentially explain the lack

@ Springer

of correlation between gene expression levels and prognosis
in the METABRIC dataset.

Conclusion

Using FISH on a large cohort of breast cancer patients we
found that MRPS23 amplification is associated with higher
tumour cell proliferation. Amplifications were only found in
luminal and HER2 type tumours. We found no association
between MRPS23 amplification and prognosis. In the META-
BRIC dataset, gene expression levels were highest in Luminal
B tumours. There was no correlation between MRPS23 expres-
sion and prognosis.
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Abstract

Purpose Amplification of 8p12 is frequent in breast cancer and associated with poor prognosis in luminal subtypes. ZNF703
has been identified as the driver gene of proliferation in the A1 amplicon situated in 8p12. In this study, the aims were to
investigate associations between ZNF703 copy number alterations and molecular subtypes, proliferation and prognosis, and
using immunohistochemistry, examine associations between ZNF703 copy number and ZNF703 protein expression.
Methods Copy number alterations in 702 primary breast tumours and corresponding lymph node metastases were examined
using fluorescence in situ hybridization with probes for ZNF703 and centromere 8. In addition, protein expression was studied
in 869 tumours from the same cohort. Associations between copy number alterations and protein expression and tumour
characteristics were assessed using Pearson chi square test. The prognostic impact of ZNF703 copy number increase and
protein expression was assessed estimating cumulative incidence of breast cancer death and hazard ratios.

Results We found mean ZNF703 copy number > 6 in 7% of tumours, most frequently in Luminal B subtypes. We found a
positive association between increased copy number, and high proliferation, high histological grade, and poor prognosis.
Luminal A tumours with high copy number had high histological grade and poor prognosis (borderline significant). We
found positive nuclear staining in 76% of primary tumours. There was an association between copy number status and protein
expression, but no association between protein expression and prognosis.

Conclusions In breast cancer, high ZNF703 copy number is associated with increased proliferation, Luminal B subtypes
and poor prognosis.

Keywords ZNF703 - Breast cancer - Proliferation - Copy number - Amplification - Luminal B

Introduction

Amplification of the chromosomal region 8p12 is frequent
in breast cancer occurring in 10—-15% of cases. It is associ-
ated with poor prognosis [1, 2]. Four amplicons, A1-4, have
been identified in the chromosomal region 8p11-12 [1, 2].
The Zinc finger protein 703 gene (ZNF703) is located in
the Al amplicon which is the shortest and most telomeric
of the four amplicons, and has been identified as the most
likely driver gene in the A1 amplicon [1, 3-5]. In addition
to breast cancer, high expression of ZNF703 has been identi-
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fied in gastric cancer [6], non-small cell lung cancer [7, 8],
head and neck cancers [9-11] and cholangiocarcinoma [12].
ZNF703 has been shown to differentially regulate mammary
progenitor cells favouring luminal progenitor cells [13]. In
breast cancer, it is most frequently expressed in the Lumi-
nal B subtype [3, 4, 13, 14]. Overexpression of ZNF703 is
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associated with increased proliferation in breast cancer [3,
13, 15] and reduced survival in luminal tumours [13]. The
gene has been suggested to play a role in oestrogen receptor
(ER) signalling and cell cycle progression [3, 11, 13, 15].

A study of luminal breast cancer suggested that overex-
pression of the ZNF703 protein modulates cell cycle pro-
gression by shortening the G1 phase. ZNF703 amplification
tips the cancer cell in direction of self-renewal rather than
differentiation [3]. In addition, overexpression of ZNF703
mRNA in ER positive breast cancers is associated with
reduced response to endocrine therapy (tamoxifen), pro-
posedly through activation of the Atk/mTOR pathway, and
down-regulation of the ERa pathway [16].

Luminal subtypes are by far the most common breast
cancer subtypes and may be subdivided into Luminal A and
B according to their expression of proliferation-associated
genes [17, 18]. Protein biomarkers (Ki67, ER, and proges-
terone receptor (PR)) can be used as surrogates for gene
expression analyses, to classify breast tumours as Luminal
A and Luminal B. Luminal B may be further subdivided
into Luminal B (human epidermal growth factor receptor
2 (HER2)") and Luminal B (HER2") depending on HER2
status [19, 20]. Clear differences in prognosis have been
demonstrated between the different luminal subtypes [18,
19, 21, 22]. Identification of patients with an excellent prog-
nosis, even without chemotherapy, is important in order to
avoid unnecessary treatment of patients with low risk of
recurrence. Equally, it is important to identify those who
require more aggressive treatment. Both of these categories
are found among luminal breast cancers [23].

The aims of the present study were to investigate the
frequency of ZNF703 copy number change in a well-char-
acterized cohort of women with breast cancer [19] and to
assess whether ZNF703 copy number increase was asso-
ciated with specific molecular subtypes, proliferation and
prognosis. Furthermore, we assessed whether there was an
association between ZNF703 copy number and ZNF703
protein expression, and if ZNF703 protein expression was
related to prognosis.

Materials and methods
Study population

Between 1956 and 1959, women in the county of Nord
Trgndelag, Norway, were invited to take part in a popula-
tion-based survey for the early detection of breast cancer
[24]. A total of 25,727 women born between 1886 and 1928
were followed for breast cancer occurrence from January
Ist, 1961, until December 31st, 2008 through linkage with
the Norwegian Cancer Registry. Information on time and
cause of death was obtained from the Norwegian Cause

@ Springer

of Death Registry. In total, 1393 new cases of breast can-
cer were registered during follow-up. Of these, 909 were
previously reclassified into the following molecular sub-
types using immunohistochemistry (IHC) and chromogenic
in situ hybridization (CISH): Luminal A (ER* and/or PR™,
HER2", Ki67 < 15%); Luminal B (HER2™) (ER" and/or
PR*, HER2™, Ki67 > 15%); Luminal B (HER2") (ER" and/
or PR*, HER2%); HER?2 type (ER™ and PR™, HER2"); 5
negative phenotype (SNP) (ER™, PR™, HER2", cytokeratin
5 (CKS5)™, and epidermal growth factor receptor 1 (EGFR)");
and Basal phenotype (BP) (ER™, PR™, HER2~, CK5* and/or
EGFRY) [19]. After diagnosis, patients were followed until
time of death or until December 31st, 2015.

Specimen characteristics

For the present study tissue microarrays (TMAs) were used.
From each case, three 1 mm cores from the tumour periph-
ery were included. TMAs were constructed using Tissue
Arrayer MiniCore with TMA Designer2 software (Alphelys)
[19]. Sections (4 pm) were cut from TMA blocks and stored
on Superfrost slides at — 20 °C until use.

Of the 909 primary tumours, 856 were available in TMAs
for fluorescence in situ hybridization (FISH). Of the avail-
able tumours, 115 were excluded due to unsuccessful FISH
and 39 because of lack of tumour tissue, thus a total of 702
tumours were included in the FISH analyses. Of the 702 pri-
mary tumours, 241 had axillary lymph node metastases. Of
these, 216 were available in TMAs. Of the available metas-
tases, 27 were excluded due to unsuccessful FISH and 13
due to lack of tissue in the TMA. Thus, 176 lymph nodes
metastases were included in the analyses.

FISH was done in accordance with the manufacturer’s
guidelines using DAKO Histology FISH Accessory Kit K
579911. Sections were heated at 60 °C for 1-2 h. Slides
were de-waxed and rehydrated, and washed in DAKO wash
buffer (2 min). The ZNF703 (3 puL, Empire Genomics) and
CEPS8 (3 uL, Empire Genomics) probes were mixed with
hybridizing buffer (9 L) and applied to TMA slides. Slides
were coverslipped, sealed, and dried in alufoil for 20 min.
Denaturation was performed at 83 °C for 3 min, followed
by hybridization overnight using DAKO hybridizer. Post-
hybridization wash was done in DAKO Stringent wash
buffer at 72 °C (2 min.) and DAKO wash buffer at room
temperature (1 min). Slides were then dried at 37 °C for
15 min. DAPIII VYSIS (15 pl, no 06J50-001) was applied,
and the slides were coverslipped and stored at — 20 °C.

For IHC, 867 of the 909 tumours were included in TMAs.
Of these, 38 were excluded due to lack of tumour tissue
in the TMA section. Thus, 829 tumours were included in
the analyses. TMA sections were dried at 37 °C overnight
and then at 60 °C for an hour. Sections were de-waxed and
rehydrated in TissueClear (3 x5 min.) and ethanol (100%,



Breast Cancer Research and Treatment (2021) 186:65-77

67

96% and 80% 2 X 3 min. in each concentration) and rinsed
in water (5 min.). Pre-treatment was done using PT-Link
(DAKO). Immunostaining for ZNF703 was done in a DAKO
Autostainer Plus using a monoclonal mouse antibody (clone
0654, Abcam), concentration 0.5 mg/mL, dilution 1:50.
Counterstaining and dehydration was done in a Tissue-Tek
Prisma: Hematoxylin (30 s) followed by dehydration in etha-
nol (80%, 96% and 100%, 2 X 3 min in each solution) and
rinsing in TissueClear (3 X 3 min). Slides were covered with
Tissue-Tek Prisma Glass g2 and sealed with TissueMount
(Sakura).

Scoring and reporting
ZNF703 and CEP8 FISH

A fluorescence microscope (Nikon Eclipse 90i) was used for
counting ZNF703 and CEP8 copy number. For each case,
all available tissue spots were examined and the numbers
of fluorescent signals for ZNF703 and CEP8 were counted
in 20 well-preserved, non-overlapping tumour cell nuclei.
Mean ZNF703 and mean CEP8 copy number/tumour cell
were estimated. The resultant mean copy numbers were
then divided into three categories: <4; >4 <6; and > 6. The
REMARK criteria for tumour marker studies were followed
[25].

ZNF703 immunohistochemistry

The proportion of tumour cells with nuclear ZNF703 immu-
nostaining was assessed in a bright-field microscope. Each
case was assessed independently by two pathologists. Cases
were then divided into two groups based on the proportion
of tumour cells with positive nuclear staining: <50% and
>50% (ZNF703~ and ZNF703", respectively). Consensus
was reached in cases with interobserver disagreement. In
addition, cases were divided into four categories based on
copy number status and nuclear staining; ZNF703 copy
number < 6 and ZNF7037; ZNF703 copy number <6 and
ZNF703%; ZNF703 copy number>6 and ZNF703~; and
ZNF703 copy number > 6 and ZNF703™.

Statistical analyses

Pearson’s chi square test was used to compare tumour char-
acteristics across categories of ZNF703 mean copy number
and nuclear immunostaining. To compare copy numbers in
primary tumours and corresponding lymph node metastases
marginal homogeneity test was used. Cumulative incidence
of death from breast cancer was estimated, and Gray’s test
was used to compare equality between cumulative incidence
curves. Cox proportional hazard analyses were used to esti-
mate hazard ratios (HR) of breast cancer death with 95%

confidence intervals (CI). The analyses were adjusted for age
(<49, 50-59, 60-64, 65-69, 70-74, >75), stage (I-1V), his-
tological grade (I-IIT), Ki67 status (</>15%), HER2 status
and molecular subtype.

Results
FISH

Patient and tumour characteristics of the 702 women
included in the FISH study are presented in Table 1. Mean
age at diagnosis was 73.3 years and mean follow-up after
diagnosis was 9.8 years. By the end of follow-up, 39% of
the women had died from breast cancer, and 53% had died
of other causes.

ZNF703 in primary tumours (FISH)

We found that 51 (7%) of the primary tumours had ZNF703
copy number >4 <6, and 48 (7%) had copy number>6
(Table 1, Fig. 1a, b). ZNF703 copy number > 6 was found
in all molecular subtypes except the Basal phenotype.

CEP8 in primary tumours

Of the tumours included in the FISH analyses, 674 (96%)
had CEP8 copy number <4 and 26 (4%) had copy number
>4 <6. Only two cases had CEPS8 copy number > 6. Among
the 48 cases with ZNF703 copy number > 6, 43 (90%) had
mean CEP8 <4, four (8%) had mean >4 <6 and one (2%)
had mean > 6.

ZNF703 in lymph nodes

In total, 176 of the cases were examined for ZNF703 copy
number status in the corresponding lymph node metastases
(Table 2). There were no significant differences in ZNF703
copy number status in the primary tumours and the cor-
responding lymph node metastases (marginal homogeneity
test, p=0.7). Of the 15 cases with mean ZNF703 > 6 in the
primary tumour, 13 (97%) also had mean > 6 in the lymph
node metastases.

ER status, molecular subtypes and histological
grade

Of the 702 cases in the FISH analyses, 593 (85%) of primary
tumours were ER positive (1% cut-off level) (Table 1). Of
these, 506 (85%) had ZNF703 copy number <4, 42 (7%)
had copy number >4 < 6 and 45 (8%) had copy number > 6.
Among the ER™ tumours, 97 (89%) had ZNF703 copy num-
ber<4, 9 (8%) had copy number >4 < 6 and three (3%) cases
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Table 1 Characteristics of the

: h Total study  Categories defined by mean ZNF703
study population according to

population
ZNF703 mean copy number <4 >4,<6 >6 p value
%)
N (%) 702 (100) 603 (86) 51(7) 48 (7)
Mean age at diagnosis (SD) 73.3(9.9) 73.7(9.8) 71.1(9.9) 71.2(11)
Mean follow-up after diagnosis (SD) 9.3 (8.0) 9.4 (8) 10.5(8.6) 7.8(7.5)
Deaths from BC (%) 274 (39) 229 (38) 19 (37) 26 (54)
Deaths from other causes (%) 369 (53) 323 (54) 26 (51) 20 (42)
Grade (%)
I 82 (12) 81 (14) 12 0 <0.001
)i 380 (54) 340 (56) 2141 19 (40)
il 240 (34) 182 (30) 29 (57) 29 (60)
Lymph node metastasis
Yes 241 (34) 203 (34) 17 (33) 21 (44) 0.4
No 283 (40) 249 (41) 17 (33) 17 (35)
Unknown histology 178 (26) 151 (25) 17 (33) 10 21)
Tumour size
<2cm 327 (46) 285 (47) 22 (43) 20 (42) 0.5
>2cm,<5cm 96 (14) 83 (14) 4(8) 9(19)
>5cm 10 (1) 10 (2) 0 0
Uncertain, but>2 cm 111 (16) 91 (15) 11 (22) 9(19)
Uncertain 158 (23) 134 (22) 14 (28) 10 (21)
Stage
1 346 (49) 296 (49) 30 (59) 20 (42) 0.2
2 2717 (40) 243 (40) 13 (25) 21 (44)
3 42 (6) 35(6) 5(10) 24
4 34 (5) 27 (5) 3(6) 4(8)
Unknown 3(0) 2 (0) 0 1(2)
ER status
<1 109 (15) 97 (16) 9 (18) 3(6) 0.04
>1<10 23 (3) 23 (4) 0 0
>10<50 23 (3) 21 (4) 0 24
>50<90 86 (12) 67 (11) 12 (24) 7 (15)
>90 458 (65) 393 (65) 30 (58) 35(73)
Unknown 3(0) 2(0) 0 12)
Molecular subtype (%)
Luminal A 349 (50) 324 (54) 16 31) 9 (19) <0.001
Luminal B (HER2-) 185 (26) 135 (22) 23 (45) 27 (56)
Luminal B (HER2 +) 51(7) 40 (7) 2(4) 9(19)
HER?2 type 44 (6) 39(7) 3(6) 2(4)
5NP 23 (3) 20 (3) 2(4) 1(2)
BP 50 (7) 45 (7) 5(10) 0
Histologic subtype
Ductal 497 (71) 422 (70) 41 (80) 34 (71) 0.1
Lobular 87 (12) 81 (13) 2(4) 4(8)
Tubular 2(0) 2(0) 0 0
Mucinous 32(5) 31(5) 0 1(2)
Medullary 16 (2) 11(2) 3(6) 2(4)
Papillary 29 (4) 22 (4) 2(4) 5(10)
Metaplastic 10 (1) 10 (2) 0 0
Other 29 (4) 24 (4) 3(6) 2(4)
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Table 1 (continued)
Total study  Categories defined by mean ZNF703
population
<4 >4,<6 >6 p value
%)
Ki67 high/low (%)
Ki67<15% 395 (56) 364 (60) 17 (33) 14 (29) <0.001
Ki67>15% 307 (44) 239 (40) 34 (67) 34 (71)
Mitoses/10 HPF, median (IQR p25, p75) 5 (2,13) 5(L,11) 13 (6,22) 13 (7,20)
Mitoses/10HPF, quartiles (%)
<2 228 (32) 216 (36) 9 (18) 3() <0.001
>2,>5 124 (18) 113 (19) 3(6) 8 (17)
>5,<13 181 (26) 153 (25) 14 (27) 14 (29)
>13 167 (24) 119 (20) 25 (49) 23 (48)
Unknown 2 2 (0) 0 0

N number of patients, SD standard deviation, BC breast cancer, ER Oestrogen receptor, HER2 human epi-
dermal growth factor receptor 2, SNP 5 negative phenotype, BP basal phenotype, HPF high-power field,

IQOR inter quartile range

b

Fig. 1 a Breast cancer cell nucleus with two copies of both ZNF703 and CEP8. b Breast cancer cell nucleus with increased ZNF703 copy num-
ber. ¢ Immunohistochemical staining showing positive nuclear staining for ZNF703 in breast cancer (X400 magnification)

Table2 ZNF703 status in primary tumours and lymph node metasta-
ses according to ZNF703 mean copy number

Mean ZNF703/tumour cell, primary tumours

<4 >4,<6 >6 Total Marginal
homogeneity
test
Mean ZNF703/

tumour cells,

lymph nodes

<4 142(97) 7(46) 2(13) 151 p=0.7

>4,<6 3(2) 427 0 7

>6 1(1) 4027 1387 18

Total 146 15 15 176

had copy number > 6. Within the molecular subtypes, mean
ZNF703 copy number > 6 was found in nine (3%) of Lumi-
nal A cases, 27 (15%) of Luminal B (HER27), nine (18%)

of Luminal B (HER2%), two (5%) of HER2 type, two (4%)
of SNP and none of the BP (Table 1). Furthermore, 60%
of tumours with mean copy number > 6 were histological
grade III, compared to 30% of tumours with mean copy
number <4 (p <0.01). Of the nine Luminal A tumours with
mean ZNF703 copy number > 6, four (44%) were histologi-
cal grade II and five (56%) were grade III.

Proliferation (Ki67 and mitosis)

There was an association between ZNF703 copy number
increase and proliferation. In total, 71% of tumours with
mean copy number > 6 had Ki67 > 15%, compared to 40%
of tumours with mean copy number <4 (p <0.01, Table 1).
Mitotic count was also higher in tumours with copy num-
ber > 6 compared to tumours with mean <4 (48% and 20%
in the upper quartile, respectively, p <0.01).
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ZNF703 copy number and prognosis

After ten years of follow-up, patients with mean copy num-
ber > 6 had a cumulative risk of death from breast cancer of
48% (95% CI 35-63%), compared to 32% (95% CI 28-36%)
in patients with copy number <4 (Table 3, Fig. 2, p=0.04).
In the Cox regression analysis, patients with ZNF703 copy
number > 6 had a higher rate of death compared to those
with copy number <4 (HR 1.6 (95% CI 1.1-2.5). Adjust-
ments for age, stage, grade, Ki67 and HER2 gave similar
results.

Mean ZNF703 in luminal subtypes

Among Luminal A cases, patients with ZNF703 mean copy
number > 6 had a cumulative incidence of death from breast

cancer of 56% (95% CI 28-71) after 10 years of follow-up,
compared to 24% (95% CI 20-29) among cases with mean
copy number <4 (p=0.09, borderline significance) (Table 4,
Fig. 3a). Luminal B (HER2") cases with copy number > 6
had a cumulative risk of death from breast cancer of 48%
(95% CI 31-68) after ten years of follow-up, compared
to 33% (95% CI 26-41) in cases with ZNF703 mean <4
(p=0.3) (Table 4, Fig. 3b).

IHC

Patient and tumour characteristics of the 829 cases
included in the IHC analyses are presented in Table 5.
Mean age at diagnosis was 72.1 years, and mean follow-
up after diagnosis was 10.4 years. By the end of follow-up,

Table 3 Absolute and relative
risk of death from breast cancer
according to ZNF703 mean

copy number

Fig.2 Cumulative incidence 60
of death from breast cancer
according to ZNF703 mean
copy number (p=0.04)

ZNF703 mean
<4 >4,<6 26
Cum incidence after 5 years (%) (95% CI) 22 (19-25) 29 (19-44) 31 (20-46)
Cum incidence after 10 years (%) (95% CI) 32 (28-36) 31 (21-46) 48 (35-63)
HR unadjusted (95% CI) 1 0.9 (0.6-1.5) 1.6 (1.1-2.4)
HR adjusted for age (95% CI) 1 0.9 (0.6-1.4) 1.6 (1.0-2.4)
HR adjusted for stage (95% CI) 1 1(0.6-1.6) 1.6 (1.1-2.5)
HR adjusted for grade (95% CI) 1 0.8 (0.5-1.2) 1.3(0.9-2)
HR adjusted for Ki67 (95% CI) 1 0.8 (0.5-1.3) 1.3 (0.9-2)
HR adjusted for HER2 (95% CI) 1 0.9 (0.6-1.5) 1.4 (0.9-2.1)
Cum incidence cumulative incidence, HR hazard ratio, CI confidence interval
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Table 4 Cumulative incidence Luminal A Luminal B (HER2™
of death from breast cancer
according to ZNF703 mean ZNF703 mean ZNF703 mean
copy number in Luminal A and
Luminal B (HER2") tumours <4 24,<6 26 <4 24,<6 26
Cum incidence 14 (11-18) 25 (10-54) 33 (12-72) 19 (14-27) 22 (10-45)  30(16-51)
after 5 years
(%) (95% CI)
Cum incidence 24 (20-29) 25 (10-54) 56 (28-72) 33 (2642) 26 (13-50) 48 (31-68)

after 10 years
(%) (95% CT)

Cum incidence cumulative incidence, CI confidence interval, HER2 human epidermal growth factor recep-
tor 2
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Fig.3 Cumulative incidence of death from breast cancer according to ZNF703 mean copy number in primary tumours of a Luminal A subtype

(p=0.09) and b Luminal B (HER2-) subtype (p=0.3)

40% of the women had died from breast cancer, and 52%
had died from other causes.

ZNF703 protein expression in primary tumours

We found positive nuclear staining (>50%) in 628 (76%)
of the primary tumours (Table 5, Fig. 1c). Positive staining
was seen in all molecular subtypes of breast cancer. The
luminal subtypes had the highest proportion of cases with
positive staining, with 77% of Luminal A, 89% of Luminal
B (HER2") and 83% of Luminal B (HER2"). Among the
non-luminal subtypes, 49% of HER2 type tumours, 56%
of 5NP and 49% of BP showed positive staining (Table 5).
Positive staining was seen in all categories of ZNF703
copy number (Table 6). However, there was an association
between copy number increase and positive IHC staining
(70% and 94% were THC positive among cases with mean
ZNF703 <4 and mean > 6, respectively (p <0.01)).

ZNF703 protein expression and prognosis

The cumulative risk of death from breast cancer for cases
with positive nuclear staining (>50%) was 32% (95% CI
29 — 36) after ten years of follow-up. For cases with nega-
tive staining the cumulative risk was 38% (95% CI 32-45)
(Table 7, Fig. 4). Similarly, cases with positive staining had a
lower rate of death compared to cases with negative staining
(HR 0.8 (95% C10.6-1.0). Adjustments for age, stage, grade,
Ki67 and HER?2 did not influence the results significantly.

Copy number status, protein expression and prognosis

After ten years follow-up, cases with copy number > 6 and
positive IHC staining had the highest cumulative risk of
death from breast cancer (47%, (95% CI 33-62)) (Table 8,
Fig. 5, p=0.01). The lowest risk was seen among cases with
mean < 6 and positive staining (29% (95% CI 25-34)). The
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Table 5 Characteristics of the
study population according to
proportion of ZNF703 nuclear
staining

@ Springer

Study population

Nuclear ZNF703 staining

<50% >50% p value (,(2)
N (%) 829 201 (24) 628 (76)
Mean age at diagnosis, years (SD) 72.1 (10.4) 74 (9.6) 71.5 (10.6)
Mean follow-up after diagnosis, years (SD) 9.5(8.4) 7.7(7.1) 10.1 (8.7)
Deaths from BC (%) 332 (40) 85 (42) 247 (39)
Deaths from other causes (%) 438 (52) 99 (49) 339 (54)
Grade (%)
I 97 (12) 36 (18) 61 (10) <0.001
il 440 (53) 85 (42) 355 (56)
it 292 (35) 80 (40) 212 (34)
Lymph node metastasis (%)
Yes 289 (35) 77 (38) 212 (34) 0.5
No 324 (39) 78 (39) 246 (39)
Unknown histology 216 (26) 46 (23) 170 (27)
Tumour size (%)
<2cm 371 (45) 85 (42) 286 (46) 0.05
>2cm,<5cm 101 (12) 36 (18) 65 (10)
>5cm 10 (1) 32) 7(1)
Uncertain, but>2 cm 141 (17) 31 (15) 110 (18)
Uncertain 206 (25) 46 (23) 160 (25)
Stage (%)
1 409 (49) 89 (44) 320 (51) 0.3
2 326 (40) 89 (44) 237 (38)
3 49 (6) 11(5) 38 (6)
4 41 (5) 12 (6) 29 (5)
Unknown 4(0) 0 4
Molecular subtype (%)
Luminal A 400 (48) 94 (47) 306 (49) <0.001
Luminal B (HER2") 222 (27) 25 (13) 197 (37)
Luminal B (HER2") 63 (8) 11(5) 52(8)
HER2 type 55(7) 28 (14) 27 (4)
5NP 30 (4) 13 (6) 17 3)
BP 59 (7) 30 (15) 29 (5)
Histologic subtype (%)
Ductal 582 (70) 132 (66) 450 (72) <0.001
Lobular 111 (13) 22 (11) 89 (14)
Tubular 3(0) 0 3(0)
Mucinous 35(4) 10 (5) 25(4)
Medullary 20 (2) 10 (5) 10 (2)
Papillary 31 (4) 703) 244
Metaplastic 12 (1) 9(4) 3(0)
Other 35(4) 11(5) 24 (4)
Ki67 high/low (%)
Ki67 <15% 465 (56) 124 (62) 341 (54) 0.07
Ki67>15% 364 (44) 77 (38) 287 (46)
Mitoses/10 HPF, median (IQR p25, p75) 6(2,13) 51,149 6(2,125)
Mitoses/10HPF, quartiles (%)
<2 267 (32) 71 (35) 196 (31) 0.2
>2,>6 180 (22) 36 (18) 144 (23)
>6,<13 181 (22) 42 (21 139 (22)
>13 200 (24) 51(25) 149 (24)
Unknown 1(0) 1(1) 0

N number of patients, SD standard deviation, BC breast cancer, HER2 human epidermal growth factor
receptor 2, SNP 5 negative phenotype, BP basal phenotype, HPF high-power field, /QR inter quartile range
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Table 6 ZNF703 mean copy Mean copies ZNF703
number and nuclear staining in
primary tumours <4 >4,<6 >6 Total 7
Proportion of tumour cells with posi-
tive ZNF703 nuclear staining
<50% 176 (30) 8 (16) 3(6) 187 <0.001
>50% 414 (70) 43 (84) 45 (94) 502
Total 590 51 48 689

Table7 Absolute and relative risk of death from breast cancer
according to proportion of ZNF703 nuclear staining in primary
tumours

Proportion of nuclear

staining

<50% >50%
Cum incidence after 5 years (%) (95% CI) 26 (23-35) 23 (20 -27)
Cum incidence after 10 years (%) (95% 38 (32-46) 32 (29-36)

CI)

HR unadjusted (95% CI) 1 0.8 (0.6-1.0)
HR adjusted for age (95% CI) 1 0.8 (0.6-1.0)
HR adjusted for stage (95% CI) 1 0.8 (0.6-1.0)
HR adjusted for grade (95% CI) 1 0.8 (0.6-1.0)
HR adjusted for Ki67 (95% CI) 1 0.7 (0.6-1.0)
HR adjusted for HER2 (95% CI) 1 0.8 (0.6-1.0)

Cum incidence camulative incidence, HR hazard ratio, CI confidence
interval, HER2 human epidermal growth factor receptor 2

number of cases with mean copy number > 6 and negative
staining was too small to be included in the analyses.

Discussion

In this study, 7% of primary tumours had high ZNF703
copy number (mean > 6). High ZNF703 copy number was
associated with Luminal B subtypes, increased prolifera-
tion, high histologic grade and poor prognosis. Copy number
increase was found within all molecular subtypes. ZNF703
copy number increase was not accompanied by an increase
in CEP8 copy number. Using IHC, we found ZNF703 posi-
tive nuclear staining in 76% of primary tumours. ZNF703
positive nuclear staining was seen in all molecular subtypes;
however, the highest proportion was seen among Luminal B
tumours. There was a positive correlation between ZNF703

Fig.4 Cumulative incidence 60-
of death from breast cancer
according to proportion of
ZNF703 nuclear staining in R 50
primary tumours (p=0.2) £
=
88
o5 40
heXs]
%
25 397
S
30
E= 201
S
3
« 107
° 2 Proportion of nuclear staining <560%
o4F T Proportion of nuclear staining 250%
T T T T T T
0 5 10 15 20 25
Time since diagnosis in years
At risk (n)
Proportion of nuclear staining <50% 201 144 114 99 45 40
Proportion of nuclear staining >50% 628 483 416 375 330 278
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Table 8 Cumulative incidence Mean<6 and<50% Mean<6and>50% Mean>6and<50% Mean>6 and>50%
of death from breast cancer

according to ZNF703 mean Cum incidence 28 (22-35) 20 (17-24) 33 (6-94) 31 (20-47)

copy number and proportion aftter 5 years

of ZNF703 nuclear staining in (%) (95% CI)

primary tumours Cum incidence 38 (32-46) 29 (25-34) - 47 (33-62)

after 10 years
(%) (95% CI)

Cum incidence cumulative incidence, CI confidence interval

Fig.5 Cumulative incidence
of death from breast cancer
according to ZNF703 mean
copy number and proportion
of nuclear staining in primary
tumours (p=0.01)

Cumulative incidence
of death from breast cancer in %

60

50+

40+

304 o o
20 g —— —— — ZNF703 mean <6, nuclear staining <50%
ZNF703 mean <6, nuclear staining 250%
1 o — ZNF703 mean =6, nuclear staining <50%
ZNF703 mean =6, nuclear staining 250%
0- — T T T T T
0 5 10 15 20 25
Time since diagnosis in years
At risk (n)
ZNF703 mean <6, nuclear staining <50% 184 133 104 91 41 36
ZNF703 mean <6, nuclear staining =50% 457 364 314 280 241 190
ZNF703 mean =6, nuclear staining <50% 3 2 0 0 0 0
ZNF703 mean =6, nuclear staining =50% 45 31 24 20 19 2

copy number increase and positive immunostaining. How-
ever, we found no significant association between ZNF703
nuclear staining and prognosis.

This study is based on a well-described cohort of Nor-
wegian breast cancer patients with long-term follow-up.
Data on patient outcome was acquired from high qual-
ity national registries [26]. Most patients were followed
until time of death [19]. Since breast cancer patients may
experience relapse many years after the primary diagno-
sis [19, 21], long follow-up is of particular importance in
breast cancer research and clinical management. Molecu-
lar subtyping was done in the same laboratory, using the
same algorithm, and the same biomarkers and cut-off lev-
els for all cases. In situ methods such as FISH and THC
ensure that only invasive tumour cells are included for
assessment. For ZNF703 THC, each case was evaluated
by two pathologists independently, with consensus agree-
ment in cases of discrepancy. There are also some limita-
tions to this study. The cases in the study were diagnosed
over a period of 40 years and fixation and preanalytical

@ Springer

procedures may have varied over time possibly affecting
the level and quality of IHC staining, and rendering some
samples unsuited for FISH analysis. Furthermore, treat-
ment protocols varied considerably over this time span.
The TMA method allows for targeted analyses of highly
proliferative areas in the tumour periphery. However, intra-
tumoural heterogeneity and representativity may represent
challenges when working with TMAs. Furthermore, some
of the subgroups had few cases and the results must be
interpreted accordingly.

We identified high ZNF703 copy number (mean > 6) in
7% of cases. This is in concordance with others who, using
gene expression analyses, found ZNF703 amplification in
8% of breast tumours [4], and in 9-19% of ER™ tumours
[13,27].

Using FISH, we found that 96% of tumours had CEP8
copy number < 4. Of the cases with ZNF703 mean copies > 6
only one case (2%) had CEP8 > 6. This supports previous
studies identifying ZNF703 as part of an amplicon in the 8p
chromogenic region that does not include CEPS8 [1, 3, 13].
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A previous study has indicated that increased copy
numbers of HER2 and ZNF703 in luminal tumours are
mutually exclusive [13]. However, we found that nine
(19%) tumours with ZNF703 copy number > 6 were Lumi-
nal B (HER2"). All Luminal B (HER2") cases in this study
had their HER2 status defined by CISH. Holland et al.
defined the intrinsic subtypes based on gene expression
patterns using the PAMS50 classifier [13]. Even though
studies have shown good correlation between molecular
subtypes defined by surrogate markers and by gene expres-
sion analyses, the methods are not identical [23, 28, 29].

Holland et al. found ZNF703 copy number gain or
amplification in 23.2% of ER* tumours and in 11.7% of
ER™ tumours. In comparison, we found ZNF703 copy num-
ber>6 in 7.5% of ER* tumours and 3% of ER™ tumours.
In our study, ER status was determined using IHC, while
Holland used the PAMS50 classifier. Holland et al. found
a positive association between mRNA levels and protein
expression of ZNF703, both being significantly higher in
ER™ breast tumours [13].

Previous studies show that Luminal B tumours with
ZNF703 amplification have significantly poorer survival
than non-amplified Luminal B tumours [3, 13]. In con-
trast to these studies, we did not find a significantly poorer
prognosis among Luminal B tumours with increased copy
number of ZNF703, compared to cases without. We found
that Luminal A cases with increased ZNF703 copy number
had significantly poorer prognosis than those without copy
number increase. However, the number of amplified cases
was small in both subtypes and results must be interpreted
with caution. Among Luminal A tumours with ZNF703
copy number > 6, the majority were of histological grade
III. It is therefore possible that some of these tumours may
represent misclassified Luminal B tumours [30].

In accordance with previous studies we found that
ZNF703 was expressed mainly in the tumour cell nuclei
[3, 16]. We also found a positive correlation between gene
copy number and ZNF703 protein expression, as previ-
ously shown by others [3, 13]. However, the proportion
of tumours with positive staining was much higher than
the proportion of cases with copy number increase. Even
though there was an association between ZNF703 copy
number increase and a poor prognosis, and between copy
number and protein expression, we found no association
between protein expression and prognosis.

In conclusion, ZNF703 copy number increase was
associated with increased proliferation, a poor prognosis,
and the Luminal B subtypes. We identified a subgroup of
Luminal A tumours with ZNF703 copy number increase
and poorer prognosis. Since luminal tumours comprise a
great proportion of all breast cancers, identification of new
prognostic markers and potential treatment targets within

this large subgroup of patients could prove to be of clinical
importance [23].
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Abstract

Background: Long-term breast cancer incidence trends according to proliferation status are
poorly described. We studied time-trends in breast cancer incidence, using mitotic count and

Ki-67 as markers of proliferation.

Methods: Among 83 298 Norwegian women followed for breast cancer occurrence 1961-
2012, 2995 incident breast cancers were diagnosed. Ki-67 was assessed using
immunohistochemistry on tissue microarrays and mitoses were counted on whole sections.
We compared incidence rates according to proliferation status among women born 1886-
1928 and 1929-1977, estimating age-specific incidence rate ratios. We performed multiple
imputations to account for unknown proliferation status. Mean values of Ki-67 and mitotic
counts were calculated, according to age and birth year. We performed separate incidence

analyses for HER2" and triple negative breast cancers.

Results: Among women aged 40-69 years, incidence rates of tumours with low-proliferative
activity were higher among those born in 1929 or later, compared to before 1929, according
to Ki-67 and mitotic count. Incidence rates of tumours with high-proliferative activity were
also higher in women born in 1929 or later compared to before 1929 according to Ki-67, but
not according to mitotic count. Mean values of Ki-67 and mitotic count varied according to
age and birth year. In subtype-specific analyses we found an increase of high-proliferative
HER2* tumours according to Ki-67 in women born in 1929 or later, compared to before

1929.

Conclusions: There has been a temporal increase in both low- and high-proliferative breast

cancers.



Introduction

In Norway, breast cancer incidence rates have doubled since the establishment of the Cancer
Registry of Norway 60 years ago (1). Breast cancer mortality rates remained stable from
1965 until 1995 but have shown a steady decline from 1995 until today. Nevertheless, breast
cancer is the second most common cause of cancer related deaths among Norwegian women
(1). Worldwide, breast cancer is the most common cancer and the leading cause of cancer
related death among women (2). The discovery of the molecular subtypes in the 2000s (3)
gave new insight into the heterogeneity of breast cancer. These subtypes are associated with
different risk factors (4-6), incidence trends (7), prognosis (7, 8) and treatment response (9).
The molecular subtypes of breast cancer are defined by gene expression patterns (3, 10).
Molecular subtyping can also be done using immunohistochemistry (IHC) and in situ
hybridization (ISH) as surrogates for gene expression analyses (11-13). Studies of incidence
trends have demonstrated an increase in oestrogen receptor (ER)* breast cancers (7, 14-18),
and a decrease in ER” tumours (15-18). The increase in ER* tumours, and the decrease in ER
tumours has been described for all ages (16-18). There has also been an increase in Luminal
A (7, 15, 19) and Luminal B (Human epidermal growth factor receptor 2 (HER2)") breast
cancers (7). The increase in ER* tumours has been attributed in part to the use of menopausal

hormone therapy (MHT) and the introduction of mammography screening programs (20-22).

Proliferation is one of the hallmarks of cancer (23-25). High proliferation is associated
with poor prognosis in breast cancer (26-28), and can be measured using mitotic count, Ki-67
protein expression and gene expression assays (11, 29-32). High mitotic counts and Ki-67
levels are associated with reduced overall survival and disease free survival (33). Ki-67 can
be used to select early-stage breast cancer patients for chemotherapy and to monitor treatment
response (34, 35). Recently, adjuvant therapy with abemaciclib in combination with

endocrine therapy was approved by the Food and Drugs Administration (FDA) in the USA as



a treatment option in high-risk, hormone receptor positive, HER2 negative, node-positive,
early breast cancers with Ki67 >20% (36). In addition, Ki-67 can be used to separate
ER*/HER2 tumours into Luminal A and Luminal B (HER2") (12, 35). Due to interobserver
and interlaboratory variations and lack of consensus on cut-off levels, the clinical use of Ki-
67 has been debated (32, 34, 35). According to Norwegian guidelines, mitotic count is also

routinely reported as a marker of tumour cell proliferation (32).

Several studies have described time trends in incidence and prognosis of breast
cancers overall and according to hormone receptor status and molecular subtype. However, to
the best of our knowledge, time trends in breast cancer incidence according to proliferation
status have not previously been described. Our aim was to study long-term trends in
incidence of high- and low-proliferative breast cancers in a population of Norwegian women

born between 1886 and 1977, using mitotic counts and Ki-67 as markers of proliferation.

Materials and Methods
This follow-up study comprises three large cohorts of Norwegian women (Supplementary
figure 1). Information regarding incident breast cancers was obtained from the Cancer

Registry of Norway using national identity numbers to link person data.

Cohort 1: Between 1956 and 1959 all women in the northern part of Trgndelag County,
Norway, born between 1886 and 1928 were invited to attend a clinical screening for early
detection of breast cancer (37). These women (n=25 727) were followed for breast cancer
occurrence from January 1%, 1961, until the date of breast cancer diagnosis, death from other
causes, emigration, or December 31%, 2008 (8). Among these women, 1379 incident breast
cancer cases were registered. After diagnosis, patients were followed until death from breast

cancer or from other causes, or until December 31%, 2010. Formalin-fixed paraffin-embedded



(FFPE) tissue was available for 945 of the diagnosed cases, and 909 of these have previously

been reclassified into molecular subtypes (8).

Cohort 2: Between 1995 and 1997, all women in the northern part of Trgndelag County,
Norway, born between 1897 and 1977 were invited to participate in the HUNT2 study (38).
A total of 34 221 women were followed for breast cancer occurrence from attendance until
the date of breast cancer diagnosis, death from other causes, emigration, or December 31%,
2009 (7). Among these, 731 incident breast cancer cases were registered. After diagnosis,
patients were followed until death from breast cancer or other causes, or until December 31%,

2015. Of the 731 cases, 653 have previously been reclassified into molecular subtypes (7, 8).

Cohort 3: All women born at E. C. Dahl’s foundation in Trondheim (in the southern part of
Trendelag) between 1920 and 1966 were followed for breast cancer occurrence from January
1%, 1961, until the date of breast cancer diagnosis, death from other causes, emigration, or
December 31%, 2012 (39). Of the 23 350 women included, 885 incident breast cancer cases
were registered (40). Participants were followed until death from breast cancer or any other
causes, or until December 31%, 2015. Of the 885 cases, 545 have previously been reclassified

into molecular subtypes (40).

In this study we pooled data from the three cohorts. In the analysis of incidence rates, we
used data from a total of 2995 breast cancers that occurred among 83 298 women.
Participants in the three cohorts were included from parts of the county of Trgndelag and
across an overlapping range of birthyear (Supplementary figure 1). Thus, some women were
included in more than one cohort. By using a case specific identity number, 171 incident
breast cancer cases overlapping between two or all three cohorts were identified (5.7%). Due

to anonymization of study participants, identification of overlap in the healthy background



population was not possible. Therefore, to avoid underestimation of incidence rates we did

not exclude duplicate incident cancers in the analyses.

Specimen characteristics

Tumours were previously classified into histopathological type and grade and reclassified
into molecular subtypes by the Breast Cancer Subtypes research group (7, 8, 40).
Chromogenic in situ hybridization (CISH), fluorescence in situ hybridization (FISH) and IHC
on tissue micro arrays (TMASs) were used to classify tumours into molecular subtypes
according to the algorithm presented in Table 1 (8). For TMA construction, three 1-mm-in-
diameter tissue cores were taken from the tumour periphery. According to current guidelines,
Ki-67 was counted in 500 epithelial tumour cells in hot spot areas and reported as the
proportion of nuclei with positive IHC staining (32). Scoring and reporting of the other
molecular markers used for molecular subtyping have previously been described in detail (7,

8, 40).

Table 1 — Reclassification of breast cancers into molecular subtype

Molecular subtype Molecular marker

Luminal A ER* and/or PR*, HER2", Ki67<15%
Luminal B (HER2Y) ER* and/or PR*, HER2", Ki67>15%
Luminal B (HER2") ER* and/or PR*, HER2*

HER?2 type ER’, PR, HER2*

Basal phenotype ER’, PR, HER2", CK5* and/or EGFR*
5 negative phenotype ER’, PR, HER2", CK5", EGFR"

Abbreviations: ER oestrogen receptor; PR progesterone receptor; HER2 human epidermal

growth factor receptor 2; CK5 cytokeratin 5; EGFR epidermal growth factor receptor.



Ki-67 was assessed by two independent observers, and mean Ki-67 values were
calculated. In cases with only one Ki-67 assessment, this was used. Tumours were then
subdivided into categories according to Ki-67 status. We used two different cut-off levels for

Ki-67: a) </>15%, and b) </>30% positive cells.

Mitoses were counted manually by two independent pathologists in ten high power
fields in whole sections of breast cancer (7, 8, 40). According to current Norwegian
guidelines the number of mitoses was then recalculated to number of mitoses/mm? (32, 41)
and mean values were calculated. In cases with only one observation, this was used.
According to WHO guidelines for histological grading mitotic counts are assigned a score
from 1 to 3 based on thresholds for mitoses/mm? (32, 41). Based on these thresholds, we used
two different cut-off levels for mitotic count: a) </>3.6 mitoses/mm? (mitotic score 1 versus
mitotic score 2 and 3), and b) </>7.7 mitoses/mm? (mitotic score 1 and 2 versus mitotic score

3).

Statistical analyses
In the incidence analyses, we used the same cut-off for birth cohort as in a previous study by
our group (7), and separated the study population into two groups: women born before 1929
and women born in 1929 or later. Incidence rates for all cancers combined and for each
category of Ki-67 and mitotic count were calculated and plotted according to birth year and
age at diagnosis. Poisson regression was used to compare incidence rates between women
born before 1929 and women born in 1929 or later.

To examine Ki-67 and mitotic count as continuous variables, mean values with

standard deviation (SD) were calculated according to age groups and birth year.



To examine whether a change in proliferation status over time occurred within
specific molecular subtypes, we also analysed incidence rates according to birth cohort, Ki-67
status, and mitotic counts in HER2" and Triple negative (TN) tumours. Due to limited
statistical power, these analyses were restricted to women aged 50 to 80 years. The TN
tumours comprised all basal phenotype (BP) and 5-negative phenotype (5NP) tumours, and
the HER2* tumours comprised the HER2 type and luminal B (HER2*) subtypes. Analyses
were not performed for luminal A and luminal B (HER2") tumours as they were already
defined by Ki-67 status.

For some breast cancer cases, Ki-67 and/or mitotic count was unavailable. Ki-67
status was missing in 920 (31%) of the tumours, and mitotic count was missing in 886 (30%)
of the tumours. Supplementary Table 1 gives an overview of tumour characteristics of cases
with and without missing Ki-67 values. To compensate for missing values, multiple
imputations (42, 43) were used to predict mitotic count and Ki-67 status for these cases. The
imputation model included all information available: age (5-year categories) and calendar
year at diagnosis (continuous), stage (I-1V, unknown), extent of disease (localized to the
breast, local invasion, regional lymph nodes, distant lymph nodes or organ metastases,
metastases detected, unknown) as reported by the Cancer Registry of Norway, year of birth
(5-year categories), follow-up time after diagnosis (log transformed, continuous) and survival
status (alive, death from breast cancer, death from other causes), with the assumption that
data were missing at random (43). Incidence rates and incidence rate ratios (IRR) with 95%
confidence intervals (Cl) according to birth year and age were calculated based on 50

imputed datasets. STATA version 17 (STATA Corp.) was used for statistical analyses.



Results

Characteristics of study population

Mean age at baseline was 51.0 for women in cohort 1, 50.1 years for women in cohort 2 and
21.2 for women in cohort 3 (Table 2). Mean follow-up for breast cancer occurrence in the
three cohorts was 29.7, 12.5 and 37.4 years, respectively. Mean age at diagnosis was 70.7 in
cohort 1, 63.2 in cohort 2 and 54 years in cohort 3. Of the cases with known Ki-67 status, 538
(60%), 391 (60%) and 268 (50%) cases had Ki-67 <15%, in cohorts 1 to 3, respectively.
Furthermore, 120 (14%), 108 (17%) and 123 (23%) cases had Ki-67 >30% in the three
cohorts, respectively. Of the cases with known mitotic count, 539 (61%) in cohort 1, 428
(65%) in cohort 2 and 334 (61%) in cohort 3 had mitotic counts <3.6. Furthermore, 147

(16%), 97 (15%) and 92 (17%) cases had mitotic counts >7.7, respectively.

Table 2: Characteristics of the study populations used in estimation of breast cancer incidence

Cohort 1 Cohort 2 Cohort 3
Women followed for breast cancer occurrence Women born Women born Women born

1886-1928 1897-1977 1920-1966
Number of women 25727 34221 23 350
Mean age at baseline 2 (SD) 51.0 (11.6) 50.1 (17.5) 21.2 (3.7)
Mean follow up for BC occurrence ° (SD) 29.7 (13.9) 12,5 (2.7) 37.4(9.1)
Women with incident breast cancer
Number of cases 1379 731 885
Mean age at diagnosis (SD) 70.7 (11.8) 63.2 (13.7) 54 (10.3)
Mean follow up after diagnosis (SD) 9.1(8.9) 9.5(4.8) 10.8 (7.5)
Death from breast cancer (%) 612 (44) 123 (17) 173 (20)
Death from other causes (%) 688 (50) 152 (21) 81 (9)
Ki67/500 tumour cells (%)
Cases with missing status 496 (36) 84 (11) 340 (38)
<15 538 (39) 391 (53) 268 (30)
>15, <30 225 (16) 148 (20) 154 (17)
>30 120 (9) 108 (15) 123 (14)

Mitotic count (mitoses/mm?) (%) ©



Cases with missing status 466 (34) 77 (11) 343 (39)

<3.6 539 (39) 428 (58) 334 (38)
>3.6,<7.7 227 (16) 129 (18) 116 (13)
>7.7 147 (11) 97 (13) 92 (10)

Molecular subtypes (%)

Luminal A 433 (31) 354 (48) 236 (27)
Luminal B (HER2-) 248 (18) 157 (21) 178 (20)
Luminal B (HER2+) 71 (5) 48 (7) 65 (7)
HER2 type 62 (4) 33 (5) 24 (3)
5NP 33(2) 19 (3) 6 (1)
BP 62 (4) 42 (6) 36 (4)
Unknown 470 (34) 78 (11) 340 (38)
Stage (%0) ©

I 671 (49) 388 (53) 278 (31)
1" 483 (35) 288 (39) 220 (25)
I 93 (7) 30 (4) 26 (3)
v 116 (8) 25 (3) 31 (4)
Unknown 16 (1) 0 330 (37)

Extent of disease (%0) ©

Disease localized to the breast 501 (36) 372 (51) 422 (48)
Local invasion 42 (3) 12 (1) 3(0)
Regional lymph nodes 363 (27) 219 (30) 303 (34)
Distant lymph node or organ metastases 99 (7) 23 (3) 31(4)
Metastases detected, unknown location 2(0) 0 0
Unknown 372 (27) 105 (14) 126 (14)

3 At time of entry

b For women who were included prior to 20 years of age, follow up for breast cancer diagnosis started at their
20" birthday.

¢ As recorded by the Cancer registry of Norway. Information is based on histopathological and/or clinical
examination.

Abbreviations: SD standard deviation; BC breast cancer; 5NP 5 negative phenotype; BP basal phenotype,

Age-specific incidence rates according to year of birth
For women aged 40 to 69 years, age-specific breast cancer incidence rates were higher in
women born in 1929 or later compared to those born before 1929 (Table 3).

10



Rates based on observed and imputed proliferation status followed the same patterns,
with imputed rates being higher than observed rates. Imputed rates showed that the incidence
of tumours with Ki-67 <15% and Ki-67 >15% in the ages 40-69 years was higher among
women born in 1929 or later, compared to women born before 1929 (Table 3, Figure 1A and
B). In the age group 70-79 years, there was no clear difference in breast cancer incidence
according to Ki-67 at </>15% cut-off. Using Ki-67 </>30% as cut-off, we found an increase
in imputed incidence rates of tumours with Ki-67<30% and >30% among women aged 40-69
years, but there was no clear difference in the age group 70-79 years (Supplementary Table 2

and Supplementary Figure 2A and B).

For mitotic count, imputed values showed that the incidence rates of tumours with
<3.6 mitoses/mm? and <7.7 mitoses/mm?were higher in the age groups 40-69 years among
women born in 1929 or later compared to women born before 1929 (Table 3, Figure 1C,
Figure 1E). There was no clear difference in incidence rates of tumours with >3.6
mitoses/mm? or >7.7 mitoses/mm? when comparing women born before 1929 to women born
in 1929 or later (Table 3, Figure 1D, Figure 1F). Differences in incidence rates when
comparing women born in 1929 or later to women born before 1929 according to both Ki-67

and mitotic count are given in Table 3.
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Figure 1: Incidence rates according to age, years of birth and proliferative marker status.
Blue lines: women born before 1929. Red lines: Women born in 1929 or later. Dotted lines
(red and blue) represent incidence rates of observed cases. Solid lines (red and blue) represent
average incidence rates based on 50 imputed datasets with corresponding 95% CI. Figure A-F
shows breast cancer incidence according to A) Ki-67 <15%, B) Ki-67 >15%, C) <3.6

mitoses/mm?, D) >3.6 mitoses/mm?, E) <7.7 mitoses/ mm? and F) >7.7 mitoses/ mm?.
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Mean values of proliferation markers according to age and birth year

We compared age-specific mean values for Ki-67 and mitotic count in women born before
1929 and women born in 1929 or later (Table 4). Differences in mean values according to
birth cohort varied depending on age. Our analyses indicated that in the age group <49 years
mean values of both Ki-67 and mitotic counts were higher among women born in 1929 or
later compared to women born before 1929. In the age groups 50-64 and 70-74 years
according to Ki-67 and in all aged >50 years according to mitotic count mean values were

lower among women born in 1929 or later compared to those born before 1929.

Table 4: Mean Ki67 (%) and mean mitoses/mm? according to birth year and age at diagnosis

Birth year in categories

Born before 1929 Born in 1929 or later

Age Mean Ki67 (%) (SD) Cases (n) Mean Ki67 (%) (SD) Cases (n)
<45 14.9 (13.6) 8 27.5(20.1) 133
45-49 16.8 (12.2) 25 22.6 (18.9) 166
50-54 247 (19.1) 26 19.2 (19.1) 180
55-59 23.2(17.2) 60 15.9 (15.7) 156
60-64 19.0 (16.7) 91 16.1 (16.1) 163
65-69 16.2 (14.4) 129 16.5 (18.0) 105
70-74 16.4 (15.9) 215 14.9 (15.0) 47
75-79 13.9 (12.2) 191 16.2 (20.0) 22
80-84 13.7 (12.9) 206 15.7 (6.2) 3

Age  Mean mitosessmm? (SD)  Cases (n) Mean mitoses/mm? (SD)  Cases (n)

<45 6.3 (6.4) 8 6.7 (8.5) 132
45-49 4.1 (4.6) 25 55(7.1) 166
50-54 75(8.5) 27 47(6.7) 180
55-59 6.2 (6.0) 62 3.1(4.1) 156
60-64 53(6.7) 95 37(53) 163
65-69 4.6 (5.9) 133 4.1 (6.4) 105
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70-74 5.0 (7.7) 222 3.4 (4.0) 47
75-79 3.7 (5.0) 202 2.7 (3.8) 22

80-84 3.0 (4.4) 213 15(3.2) 3

Abbreviations: SD standard deviation.

Time trends in proliferative status within Triple Negative and HER2* tumours

We compared incidence rates of HER2" and TN tumours according to birth year, Ki-67-
status, and mitotic count (Table 5). For HER2* tumours, we found that incidence rates of
tumours with Ki-67>15% increased from 11.4/100 000 person-years among women born
before 1929 to 17.2/100 000 person-years among women born in 1929 or later (HR 1.6, 95%
Cl 1.1-2.4). The incidence rate of HER2* tumours with Ki-67>30% was also higher among
women born in 1929 or later, compared to women born before 1929 (HR 2.1 (95% CI 1.3-
3.6)). For HER2" tumours with <3.6 mitoses/mm? incidence rates increased among women
born in 1929 or later, compared to women born before 1929 (HR 1.9 (95% CI 1.1-3.2)). We

found no clear changes in incidence rates among TN tumours.

Table 5: Incidence rates and hazard rates for subdivisions of molecular subtypes according to proliferation

status and year of birth 2

Born before Born in 1929

Molecular subtype Proliferation marker 1929 or later HR  95% ClI
Ki67 (%)

HER2* <15 7.0 7.5 11 (0.7-1.9)

>15 11.4 17.2 1.6 (1.1-2.4)

Triple negative <15 3.7 2.7 1.1 (0.5-2.6)

>15 8.3 9.7 14  (0.9-2.3)

HER2* <30 13.2 14.8 1.2 (0.8-1.7)
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>30 5.2 9.9 21 (1.3-3.6)
Triple negative <30 6.1 4.3 1.1 (0.6-2.2)

>30 58 8.0 15  (0.9-2.5)

Mitoses/mm?

HER2* <3.6 6.0 9.7 1.9 (1.1-3.2)
>3.6 13.3 15.1 12 (08-17)
Triple negative <3.6 3.6 2.4 1.0 (0.4-2.4)
>3.6 9.3 10.0 1.3 (0.8-2.1)
HER2* <7.7 13.2 18.8 15 (1.0-2.1)
>7.7 6.2 5.9 1.1 (0.6-1.9)
Triple negative <7.7 7.5 51 1.1 (0.6-1.9)
>7.7 55 7.3 15 (0.8-2.5)

@ Analyses were limited to participants between 50 and 80 years.
b HER2* comprises Luminal B (HER2*) and HER2-type tumours.
®Trippel Negative comprises basal phenotype and 5 negative phenotype tumours.

Abbreviations: HR hazard ratio; Cl confidence interval.

Discussion

In this large population-based study of Norwegian women born between 1886 and 1977, age-
specific breast cancer incidence rates were higher among women born in 1929 or later,
compared to women born before 1929. Using Ki-67 as a marker of proliferation, we found an
increase in incidence for both low- and high proliferative breast cancers. According to mitotic
count, we found an increase in breast cancers with low-proliferative status. However, there
was no increase in high-proliferative tumours according to mitotic count. Even though we
found an increase in both high- and low-proliferative tumours, the increase was most
prominent for low-proliferative tumours. We also did separate incidence analyses for HER2*

and TN tumours. We found an increase in incidence of HER2* tumours with Ki-67 >15% and
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Ki-67>30%, while according to mitotic count, there was an increase in tumours with low
mitotic count (<3.6 mitoses/mm?). There was no change in breast cancer incidence according

to proliferation status among TN tumours.

Population based mammaography screening was introduced in the county of Trandelag
in 2001 for all women between 50 and 69 years of age (44). Since the implementation of the
mammography screening program in Norway the attendance in the program has been high
(44). Of cancers detected among women attending mammography screening programs,
approximately 25% are interval cancers (44). Studies have shown that mammaography
screening favours the detection of HER2 negative, luminal tumours (45, 46), particularly
luminal A tumours (45). In addition, screening detected cancers are characterized by
favourable traits, such as smaller size, and they are more often node negative compared to
cancers detected outside of screening (45). Similar to our previous study of time trends in
breast cancer incidence (7), we compared women born in 1929 or later to women born before
1929 in the present study. Women born before 1929 were not included in the mammography

screening program, since they were older than 69 years of age at the time of implementation.

The use of Ki-67 as a predictive marker in breast cancer has been debated because of
inter- and intra-observer variations, laboratory variations, and the lack of consensus regarding
cut-off-values, scoring and reporting (34, 47, 48). Low reproducibility of Ki-67 results has, in
particular, been demonstrated at levels >5% and <30% (34). Cheang et al. performed a study
on breast cancer tumours in TMASs where they found that 13.25% was the optimal cut-off for
Ki-67 IHC to separate luminal A from luminal B (HER2") tumours (12). This was
subsequently incorporated into the St. Gallen guidelines of 2011, which defined 14% as the
cut-off for Ki-67 on whole sections to separate luminal A from luminal B tumours (49), even
though clinical Ki-67 assessment is usually performed on whole sections. A later study by
Knutsvik et al. has shown that Ki-67 values differ depending on specimen type, and that
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specimen-specific cut-off levels may be appropriate (50). We used 15% as Ki67 cut-off in
our molecular subtyping. According to both national (32) and international guidelines (34),
Ki-67 cut-offs should be determined based on local laboratory values. Since there is no
international consensus on the appropriate Ki-67 cut-off levels, we used two different cut-offs
in our incidence analyses: </>15% and </>30%. After the initiation of our study, the FDA
approved the use of abemaciclib in combination with endocrine therapy as adjuvant therapy
for patients with high risk, hormone receptor-positive, HER2", lymph node-positive and Ki-
67>20% early breast cancers (36), based on results from the monarchE study (51, 52). This
study shows that in the era of multigene assays, Ki-67 still plays a role as a relevant

prognostic marker in breast cancer.

In addition to Ki-67, we used mitotic count as a marker of proliferation. We used the

established thresholds for mitotic counts included in histological grading (41).

The three cohorts included in this study comprise women from the northern and
southern parts of Trgndelag county. There is overlap in birth period between the cohorts, and
thus some women were included in more than one cohort. Breast cancer cases were
identifiable through assigned case specific identity numbers, and we were able to identify the
overlapping incident cases. Due to anonymization of study participants, we could not identify
the corresponding overlap among the healthy background populations. Therefore, excluding
the overlapping incident breast cancer cases would have led to an underestimation of breast
cancer incidence rates. Overlap in the healthy background population could have been
avoided by removing participants with overlapping birth year, however this would lead to
exclusion of more than half of the study population. We assumed that the overlap among
women who developed breast cancer was proportionally similar to the overlap among the
other study participants, and therefore did not exclude duplicate incident cancers in the

incidence analysis. It could nevertheless lead to some overestimation of precision.
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Information about Ki-67 and mitotic count was unavailable for some tumours, mainly
because these patients were diagnosed at other hospitals. To compensate for the missing data,
we used multiple imputations to prevent underestimation of incidence rates. Our imputation
model included all available data, such as year of birth, age and calendar year at diagnosis,
stage and extent of disease, follow up time after diagnosis and survival status. Even though
such clinical information from national registries was included in the imputation model to
prevent biased results, it is difficult to assess how well the imputed rates reflects the true
values. However, observed and imputed incidence rates followed the same age-specific
patterns, and although weaker, we found that the differences in incidence rates persisted after

imputation.

This large cohort of Norwegian women with long term follow-up for breast cancer
occurrence gives a unigue opportunity to examine time trends in breast cancer incidence.
Tissue preparations and immunostaining were performed in the same laboratory using the
same antibody for all cases. Mitotic count was evaluated independently by two pathologists,
and Ki-67 was evaluated by two independent observers of whom at least one was a

pathologist.

The study was performed on archival tissue from six decades; hence preanalytical
conditions may have varied. Nevertheless, it is shown that archival tissue can give valuable
information about time trends in molecular markers (53). Storage of archival tumour tissue in
FFPE blocks may have limited impact on protein antigenicity (54), and according to
recommendations published by the International Ki-67 in Breast Cancer Working Group in
2011 prolonged storage of FFPE tissue blocks in room temperature has little effect on Ki-67
(55). However, recent studies have found that antigenicity of Ki-67 stored in FFPE blocks
decreases with tissue age (56, 57). In our study, we found high Ki-67 levels inn tumour tissue

across all storage periods, and we found higher incidence of low-proliferative incident breast
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cancers among women born in 1929 or later, compared to women born before 1929.
Nevertheless, we cannot exclude a decrease in antigenicity as a result of prolonged storage in
the oldest tumours. Reduced Ki-67 antigenicity could therefore have led to an
underestimation of the increase in incidence of tumours with low proliferative activity in
women born in 1929 or later, and a false relative increase in tumours with high proliferative
activity in women born in 1929 or later. Tissue storage does not influence the number of
mitoses, and according to mitotic count we only found an increase in tumours with low
proliferative activity. Thus, the increase in high proliferative tumours according to Ki-67 may

in part be explained by loss of Ki-67 antigenicity over time.

The molecular subtypes are associated with different levels of proliferative activity
(11). Hence, incidence trends of molecular subtypes could reflect changes in breast cancer
proliferation levels. Studies on breast cancer incidence trends according to hormone receptor
status through the last decades in the US and several European countries have found
increasing incidence rates of ER* tumours and decreasing rates of ER" cancers (14-18).
Hormone receptor positive tumours are in general less proliferative than hormone receptor
negative tumours (11, 31), and can be further subdivided into molecular subtypes (Luminal A
and Luminal B) based on their proliferative status (10, 35). Furthermore, we have previously
demonstrated increasing incidence rates for the Luminal subtypes, especially Luminal A (7).
Hence, our findings of increased incidence of tumours with low proliferative activity are in
accordance with previously described incidence trends. Additionally, we also identified an
increase in incidence for breast cancers with Ki-67 >15% and Ki-67>30%. The increase in
tumours with higher proliferative activity was however not identified according to mitotic
count. To examine a possible change in proliferation within the molecular subtypes we made
separate incidence analyses among HER2" and TN tumours. For HER2* tumours we found

an increase of tumours with high proliferative status according to Ki-67 status, while
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according to mitotic count there was an increase of tumours with low proliferative status. We
found no difference in incidence of TN tumours according to proliferation status. The
observed increase in tumours with high-proliferative activity according to Ki-67 while not
according to mitotic count could partly be explained by reduced Ki-67 antigenicity in the
oldest set of tumours due to storage. Furthermore, Ki-67 is expressed during all phases of the
cell cycle except GO, while mitotic figures only occur during the M-phase (58, 59).
Discrepant levels of Ki-67 and mitotic count have been described (60), and could explain the
difference in incidence rates according to proliferative markers. Additionally, in our study Ki-
67 was assessed on TMASs while mitotic count was assessed on whole sections. Even though
good correlation between TMASs and whole sections has been demonstrated (61),

intratumoural heterogeneity may be a challenge.

Our study of breast cancer incidence trends shows that there has been a change in
proliferation status over time, with decreased mean values of mitoses and Ki-67 for most age
groups. An increase in low-proliferative breast cancers over time may partly be explained by
the introduction of mammography screening programs and MHT (46, 62, 63). Women born
before 1929 were not included in the mammography screening program, and few would have
received MHT. In Norway, MHT use decreased after 2002 (21), after the Womens Health
Initiative study demonstrated an association with increased cardiovascular risk (64).
However, increasing incidence over time for breast cancers with low-proliferative activity
among women aged 40-49 years cannot be explained by mammography screening or MHT.
Different risk patterns have been described for the molecular subtypes (4-6). Reproductive
factors such as low parity, early menarche and late menopause are mainly associated with
increased risk of Luminal A tumours (4, 62). Risk factors associated with the other molecular
subtypes are not yet fully understood, and studies have shown inconsistent results (6, 62).

The observed changes in breast cancer incidence according to proliferation status in our study
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are most likely multifactorial and may be affected by both reproductive factors and lifestyle

factors, such as obesity and alcohol consumption (4, 6, 65).

In conclusion, there has been an increase in incidence rates of tumours with
low-proliferative activity, measured by Ki-67 and by mitotic count. We also found an
increase in tumours with high-proliferative activity according to Ki-67, but not according to

mitotic count.

List of abbreviations

BP: Basal phenotype; CI: Confidence interval; CISH: Chromogenic in situ hybridization; ER:
Oestrogen receptor; FDA: Food and Drugs Administration; FFPE: Formalin-fixed paraffin-
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receptor 2; HR: Hazard ratio; IHC: Immunohistochemistry; IRD: Incidence rate difference;
IRR: Incidence rate ratio; ISH: In situ hybridization; MHT: Menopausal hormone therapy;
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Supplementary material

Supplementary table 1: Characteristics of breast cancer patients according to Ki-67-status (missing vs. non-
missing)

Born before 1929 Born in 1929 or later
(n=1641) (n=1354)

Non-missing Missing Non-missing Missing
Number of women (%) 1100 (67) 541 (33) 975 (72) 379 (28)
Mean age at baseline (SD) @ 50.5 (13.8) 52.1 (12.5) 35.1(15.8) 25 (10.9)
Mean age at diagnosis (SD) 73.5 (10.6) 68.0 (13.1) 55.1(9.8) 53 (9.6)
Mean year of diagnosis (SD) 1989 (11.7) 1979 (13.0) 2002 (6.5) 2002 (7.3)
Mean follow up for BC occurrence (SD) 23.4(12.8) 16.5(12.1) 20.5(14.4) 28.5(12.1)
Death from breast cancer (%) 427 (39) 271 (50) 145 (15) 65 (17)
Death from other causes (%) 570 (52) 246 (45) 82 (8) 23 (6)
Stage (%) °
I 521 (47) 255 (47) 410 (42) 151 (40)
I 426 (39) 157 (29) 336 (35) 72 (19)
1" 71 (6) 38(7) 34(3) 6(2)
v 54 (5) 73 (14) 23(2) 22 (6)
Unknown 28 (3) 18 (3) 172 (17) 128 (34)
Extent of disease (%) °
Disease localized to the breast 377 (34) 217 (40) 499 (51) 202 (53)
Local invasion 37(3) 14 (3) 6 (1) 0
Regional lymph nodes 292 (27) 148 (27) 344 (35) 101 (27)
Distant lymph node or organ metastases 43 (4) 68 (13) 20 (2) 22 (6)
Metastases detected, unknown location 0 2 (0) 0 0
Unknown 351(32) 92 (17) 106 (11) 54 (14)

3 At time of entry

b As recorded by the Cancer registry of Norway. Information is based on histopathological and/or clinical
examination.

Abbreviations: SD standard deviation
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Supplementary figure 1: Graphical display of birth year, age distribution and follow up

period for the three cohorts. Cohort 1 is marked in yellow, cohort 2 in orange and cohort 3 in

blue. Age according to birth year and year of follow up is listed in the background.
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Supplementary figure 2: Incidence rates according to age, years of birth and proliferative
marker status. Blue lines: women born before 1929. Red lines: Women born in 1929 or later.
Dotted lines (red and blue) represent incidence rates of observed cases. Solid lines (red and
blue) represent average incidence rates based on 50 imputed datasets with corresponding 95%

ClL.
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