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Abstract

Previous research has suggested beneficial effects of vitamin D on both breast cancer risk and
prognosis. The overall aim of this research project was to investigate associations between vitamin
D and breast cancer. The population-based prospective cohort, the Malmo Diet and Cancer Study,
recruited 17,034 women in the first half of the 1990s. Studies in in the current thesis are based on
blood samples collected at baseline, analyzed for levels of vitamin D, parathyroid hormone (PTH),
calcium and later also used for genetic sequencing. Breast tumors that developed in women within
the cohort were included in a tissue microarray and analyzed for expression of the vitamin D
receptor (VDR).

Specific aims were to investigate:

I.  Serum levels of vitamin D, PTH and calcium in relation to breast cancer survival, i.e.
mortality among women diagnosed with breast cancer.

II.  Vitamin D-related single nucleotide polymorphisms (SNPs) and breast cancer risk.

III. Expression of VDR in association with breast cancer mortality.

IV. Levels of vitamin D in relation to expression of VDR in subsequent breast tumors.

Results and conclusions:

I.  Compared to intermediate levels of vitamin D, low levels and high levels were associated
with a poor survival, i.e. high risk of death related to breast cancer. No association was
found between PTH and breast cancer mortality. Relatively high serum calcium levels
were associated with relatively low breast cancer mortality.

II.  SNPs associated with levels of vitamin D did not affect breast cancer risk. One SNP,
related to the vitamin D binding protein, was associated with breast cancer risk.

III. VDR expression was associated with a favorable breast cancer prognosis.

IV. There were indications that vitamin D levels were associated with VDR expression in a
subsequent breast tumor.

The association between low vitamin D levels and high breast cancer mortality may be mediated
through development of a VDR-negative tumor. There was no evidence to suggest an additional
beneficiary effect of vitamin D levels higher than intermediate levels.
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Abbreviations and Definitions

Abbreviations
BMI Body Mass Index LD Linkage Disequilibrium
BRCA  BReast CAncer gene MDCS Malmé Diet and Cancer Study
CaSR Calcium Sensing Receptor MI Multiple Imputation
CI Confidence Interval MR Mendelian Randomization
Cis Cancer in situ ocC Oral Contraceptives
EGF Epidermal Growth Factor OEE HumanOmniExpressExome
ER Estrogen Receptor BeadChip
DNA DeoxyriboNucleic Acid OR Odds Ratio
FGF Fibroblast Growth Factor PgR Progesterone Receptor
GWAS  Genome Wide Association PTH Parathyroid Hormone
Study PTHrP Parathyroid Hormone-related
HER2  Human Epidermal Growth Protein
Factor 2 RCC Regional Cancer Centers
HR Hazard Ratio SNP Single Nucleotide
HRT Hormone Replacement Therapy Polymorphism
IGF Insulin-like Growth Factor TMA  Tissue MicroArray
ISH In Situ Hybridization TNM Tumor, Node, Metastases
Ki67 Proliferation Index Factor of VDB Vitamin D Binding protein
Kiel VDR  Vitamin D Receptor
Definitions
Vitamin Ds Cholecalciferol
25(0OH),Ds Calcifediol (or calcidiol)

1,25(0OH).Ds
Breast cancer mortality

Calcitriol

death.

Breast cancer as underlying or contributing cause of






Thesis at a glance

Research

Questions

Material and
Methods

Results and
Conclusions

1 Are there any
associations between
levels of vitamin D,
parathyroid hormone,
calcium and breast
cancer survival?

11 Are there any
associations between
vitamin D-related
SNPs and risk of
breast cancer?

Atre the associations
between SNP
variants and breast
cancer risk, modified
by levels of vitamin
D?

Are there any
associations between
expression of VDR
in an invasive breast
tumor, and breast
cancer survival?

Are there any
associations between
levels of vitamin D
and VDR expression
in a subsequent
breast tumor?

Are the associations
between VDR
expression and breast
cancer death,
modified by levels of
vitamin D?

11

v

Pre-diagnostic levels on the
analytes available on 672
women with invasive breast
cancer were investigated in a
Cox regression analysis to find
associations with breast cancer
mortality.

SNPs previously associated with
vitamin D available in 865
breast cancer cases and 3193
controls were analyzed in a
binary logistic regression
analysis to find associations
with risk of breast cancer.

The analyses were repeated,
stratified by high/low level of
vitamin D.

718 tumors in a TMA were
evaluated for VDR expression.
The results of the evaluation
were analyzed in a Cox analysis
to find associations with breast
cancer mortality.

Levels of vitamin D in 1482
women were used in binary
logistic analyses to find
associations with VDR-
negative/positive breast cancers.
Cox analyses stratified for
tertiles of vitamin D were used
to find differing associations
between VDR expression and
breast cancer mortality,
depending on the tertile of
vitamin D.

Low and high levels of
vitamin D were associated
with relatively high breast
cancer mortality,
compared to intermediate
levels.

No association between
levels of PTH and breast
cancer mortality was
found.

A high level of calcium
was associated with
relatively low breast
cancer mortality.

One out of ten
investigated SNP-variants
was associated with a
relatively low risk of
breast cancer.

For three out of ten
investigated SNP variants
the risk of breast cancer
was relatively low or high,
depending on high/low
level of vitamin D.

A breast cancer
expressing VDR was
associated with favorable
prognostic factors and
better survival.

Pre-diagnostic levels of
vitamin D may have
influenced the tendency of
a subsequent breast tumor
to express VDR.
Pre-diagnostic levels of
vitamin D did not modify
the association between
VDR expression and
breast cancer mortality.

Abbreviations: PTH — parathyroid hormone, SNP — single nucleotide polymorphism, VDR —
vitamin D receptor, TMA — tissue microarray.
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Popularvetenskaplig sammanfattning pé svenska

D-vitamin &r ett hormonliknande &mne som bildas i huden under inverkan av solljus.
D-vitamin finns dven i vissa fododmnen som till exempel fet fisk, dgg, kott och vild
svamp. Mjolkprodukter, och vixtbaserade drycker av tex havre och soja berikas
med D-vitamin.

Nér D-vitamin forst upptacktes, var det for sin unika egenskap att gora skelett hart
genom att styra kalkinlagring i skelettet. Om det inte fanns tillgang till D-vitamin
drabbades barn av engelska sjukan, som bland annat gav upphov till
skelettmissbildningar.

I slutet av 1900-talet upptickte man att det mottagarprotein som aktivt D-vitamin
binder till i kroppen (D-vitaminreceptorn, VDR), finns pa en méngd andra platser i
kroppen, och sedan dess har D-vitamin tillskrivits en rad positiva egenskaper. En
del mer underbyggda dn andra. Bland annat noterades man att kvinnor som bor
langre fran ekvatorn oftare drabbas av brdstcancer, én de som har béttre tillgang till
solljus. Man tyckte sig ocksa se att kvinnor som drabbas av brostcancer under
sensommaren och hdsten, dd D-vitaminnivaer i blodet dr som hogst, dverlever sin
sjukdom i hogre grad &n de som drabbas under véren.

I det hér forskningsprojektet har vi undersokt om det finns samband mellan
D-vitamin och risk att drabbas av brdstcancer, samt om D-vitamin paverkar
mdjligheten att 6verleva sin sjukdom om man drabbas av brostcancer.

Samtliga delarbeten som ingar i projektet bygger pa information och prover som
man samlat in fran 17,034 kvinnor som under forsta halvan av 90-talet valde att
delta i en stor studie som heter Malmo Kost Cancer. Av alla dessa kvinnor har en
liten andel senare drabbats av brostcancer, och information om deras tumorer samt
prover fran tumdrer har ocksa anvénts i projektet.

Det forsta delarbetet undersokte om det fanns samband mellan nivaer av D-vitamin,
i blodprover tagna da kvinnorna gick med i kost-cancer-studien, och risken att do
av sin brostcancer. Utdver D-vitamin undersoktes dven nivéer av parathormon och
kalcium, som samverkar med D-vitamin i kroppen. Resultaten frén de statistiska
analyserna visade att kvinnor med medelhdga nivder av D-vitamin i hogre
utstrackning 6verlever sin sjukdom, jaimfort med de som har ldgre eller hdgre nivaer.
Vad gillde parathormon kunde vi inte finna ndgot samband, men hoga
kalciumnivaer verkade vara forenat med en béttre dverlevnad.

I delarbete nummer tva identifierades sma genetiska variationer, single nucleotide
polymorphisms (SNPar), som tidigare kopplats samman med D-vitamin pa négot
satt. Dessa variationer anvéndes sedan for att rikna pa om de hade ett samband med
risken att insjukna i brostcancer. Utifran dessa berdkningar kunde vi komma fram
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till att SNP-varianter som verkade péaverka nivder av D-vitamin i kroppen,
antagligen inte paverkar risken att insjukna i bréstcancer i ndgon stdrre utstrackning.
Déremot kunde vi finna att en SNP-variant som tidigare kopplats samman med
formagan att binda D-vitamin i blodet, verkade péverka risken att drabbas av
brostcancer. Dessutom sag vi att for nadgra av de SNP-varianter som vi undersokte,
verkade sambandet med risken att drabbas av brostcancer styras av vilken niva av
D-vitamin man hade, innan man fick sjukdomen.

Infor delarbete tre och fyra genomfordes en mikroskopisk bedomning av
forekomsten av D-vitaminreceptorn i brostcancertumdrer fran kvinnor i Malmo
Kost Cancer Studien. I arbete tre undersoktes sedan samband mellan forekomst av
D-vitaminreceptorn 1 brostcancercellernas olika delar och risken att do av
brostcancer. Da fann vi att om det forekom D-vitaminreceptorer i tumorcellernas
karnor och/eller cytoplasma (cellens kropp) hade man en betydligt 6kad chans att
overleva sin sjukdom.

I delarbete fyra lankades information om D-vitaminniva i blodet samman med
informationen om D-vitaminreceptorforekomst i brostcancer. Utifran statistiska
analyser kunde vi konstatera att det mojligen ar sa att D-vitaminnivder i blodet
paverkar om det bildas D-vitaminreceptorer i en brostcancertumér. Vi kunde dock
inte se att den nivad man har av D-vitamin i blodet interagerar med férekomsten av
D-vitaminreceptorer med hénsyn till 6verlevnad i brostcancersjukdom.

Sammanfattningsvis konstaterar vi att nivder av D-vitamin sannolikt inte paverkar
den generella risken att drabbas av brostcancer, men for en individ med ett visst
genetiskt uttryck skulle nivan av D-vitamin kunna ha betydelse. Lagom nivéer av
D-vitamin 1 blodet verkar vara bidst om det giller att G&verleva sin
brostcancersjukdom. D-vitaminreceptorer i en brostcancer tycks vara forenat med
en bittre overlevnad.
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Introduction

Since the turn of the millennium, vitamin D has gained a reputation for being some
sort of miracle drug. According to providers of supplements, nine out of ten people
around the world are vitamin D-deficient, and vitamin D reduces a person’s risk of
flu, diabetes, muscle aches, cardiovascular disease, depression, autoimmune
disease, osteoporosis and cancer [1, 2]. No wonder sales have soared [3].

The science backing up these statements is not at all conclusive, although there has
been an increasing scientific interest in studying associations between vitamin D
and different aspects of health [4-6].

This thesis is based on four papers analyzing epidemiologic associations between
vitamin D and different aspects of breast cancer, in an attempt to provide more
scientific results to help determine whether or not an association between vitamin
D and breast cancer can be established.

Figure 1: Breast cancer with vitamin D receptor expression. Influenced by vitamin D?
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Breast cancer

In 2018, over two million women worldwide were diagnosed with breast cancer,
and although modern treatment can cure the disease for many, over 625,000 women
died from it [7]. This means that breast cancer is the leading cause of death from
cancer for women globally, and cancer is the leading cause of premature death
(deaths before the age of 70) in most European countries, according to the World
Health Organization [7].

In Sweden, 7,558 women were diagnosed with invasive breast cancer during 2016,
and the disease caused 1,319 female deaths that same year [8]. At the same time
there were 108,579 women living with the disease and the relative 10-year survival
after a breast cancer diagnosis is as high as 86.1% [8].

Clinical breast cancer

For 60% of women affected by breast cancer in Sweden, the diagnosis is discovered
as a result of mammographic screening, and may therefore not have given any
symptoms prior to diagnosis [8]. Most other breast cancers are first recognized after
a woman notices a lump in her breast [9]. Other symptoms that may indicate a cancer
are secretion from the nipple, a retracted nipple, a change in size or shape of the
breast, a discolored skin or changed skin structure. A cancer that has metastasized
may present a range of other symptoms related to the location of metastases [10].

Triple diagnostics is the norm, when any woman (or man) presents symptoms that
could be associated with breast cancer. This includes; clinical examination, with
palpation of breasts and lymph-nodes in axilla and along claviculae; imaging,
usually with both mammography and ultra-sound; and histopathological evaluation
of a tissue sample [9].

In Sweden, every breast cancer diagnosis is discussed in a multidisciplinary
conference, attended by surgeons, oncologists, pathologists, radiologists and contact
nurses. All aspects of the patient, such as history of other disease, size and location
of the tumor, suspicion of lymph-node involvement, histology of the tumor, are
taken into consideration when the conference suggests a treatment. Usually surgery
is the primary treatment of choice, but for large tumors, neoadjuvant oncologic
treatment is sometimes suggested [9, 11].

Surgery may be performed as a mastectomy when the whole breast is removed, or
as a partial mastectomy, when the tumor and surrounding tissue is excised. Usually
there is also some sort of axillary surgery at the same time, often a sentinel node
biopsy, when a marker injected in the breast is traced to the lymph node/-s primarily
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draining lymph from the tumor area. The sentinel node is sent for pathological
evaluation and if metastatic spread is discovered in this examination, a subsequent
axillary dissection may be performed [9].

After surgery the patient is again discussed in a multidisciplinary conference which
suggests if and what adjuvant treatment should be recommended to the patient.
Depending on the histopathology of the tumor and on other patient factors, a range
of adjuvant oncological treatments are available, including radiation, endocrine
therapy, chemotherapy, and immunological therapy, to reduce the risk of recurrent
disease. To aid in the recommendation of treatment there is a national care program
for breast cancer in Sweden, with adaptations by regional cancer centers (RCC) [9,
11].

Development of a breast tumor

The breast is an epithelial organ composed of various proportions of glandular and
adipose tissue [10]. Its normal growth and function (lactation) is influenced by sex
hormones (estrogen and progesterone), growth factors (epidermal growth factor
(EGF), fibroblast growth factors (FGF) and insulin-like growth factors (IGF)) and
other agents which up- and down-regulate different genetic pathways in order to
make cells proliferate or regress. When a tumor evolves the initial tumor cells have
to overcome a series of normal defenses over a long period of time. Starting with a
genetic predisposition, new defects in the
transcriptional process lead to a cascade
which in turn leads to a deregulated cell cycle, Stromal tissue
when tumor cells acquire an ability to avoid
regulating feedback loops and sustain a
chronic state of proliferation without Ductules
inducing apoptosis [12].

Fatty tissue

Breast lobules

A breast cancer in situ has acquired the ability
to divide endlessly, but does not have the
ability to traverse the basement membrane
[12]. In order to do so the tumor must produce
specific ~ gene  products, such as
hyaluronidase. When the tumor is invasive it
can invade surrounding tissue, and
disseminate either via the lymphatic drainage
system or by intravasation through blood
vessels to secondary sites, usually the
skeleton or the liver [8, 9].

Figure 2: Illustration of a female breast.
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Most cancers of the breast are derived from the epithelial tissues, the lobules and
ductules that the glandular tissue consists of [10]. Only a very small proportion of
cancers emanate from stromal tissue, and such phyllodes tumors exhibit different
characteristics compared to the more common ductal carcinomas (90% of breast
cancers) and lobular carcinomas (8% of breast tumors) [10].

Epidemiology

Over the past 50 years the incidence of breast cancer has increased but during the
same time mortality has decreased (Figure 3) [13]. Mammography screening was
gradually introduced in Sweden during the 1980s through the 1990s and is thought
to have had an effect on both breast cancer incidence and mortality [9]. Some tumors
that would never otherwise have been diagnosed are discovered during the screening
program, but as tumors are discovered early in the course of the disease, treatment
is more successful.
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Figure 3: Breast cancer incidence and mortality in Sweden.
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Since the increase in breast cancer incidence was seen prior to the introduction of
the screening program, other contributing factors, such as changes in lifestyle, in
child-bearing patterns and in socioeconomic factors are believed to cause the high
breast cancer incidence of today [9].

Improved adjuvant cancer therapy contributes to the decreased mortality rates of
breast cancer [9].

Risk factors

The main risk factors of breast cancer are summarized in Table 1 [10]. Breast cancer
is typically a woman’s disease, and one out of ten Swedish women is diagnosed
with breast cancer before the age of 75 [8]. The second most important risk factor
is age, and there is a greater risk of breast cancer with increasing age, but the highest
incidence is seen in those aged 50-69 [14].

A family history of breast cancer increases the risk of the disease. When two close
relatives have had the disease, and they have been diagnosed at a young age, the risk
of being diagnosed with breast cancer is four times higher compared to the risk of
breast cancer with no heredity of the disease [10]. Several genes responsible for
increased risk have been identified. The high-penetrance genes BRCA1 and BRCA2
are associated with a very high individual risk of breast cancer. If you are a carrier
of BRCA1 your lifetime risk of getting breast cancer is 72% [15], but fortunately
these genes are fairly uncommon and account for only approximately 4% of all
breast cancers [10]. The remainder of familial breast cancers originate from
moderate penetrance genes (for example, CHEK2 and ATM) and low penetrance
genes, such as SNPs, which each only give a slightly increased breast cancer risk
for an individual, but since they are quite common in the population they may lead
to a considerable number of tumors [16].

Estrogen also plays an important role in breast cancer development [8, 9]. It has
been shown that both exogenous supply from oral contraceptives and replacement
therapy [17-20], and a comparably high endogenous production during a lifetime,
due to early menarche and late menopause, increase the risk of breast cancer [21,
22]. Also related to the hormonal influence of the breasts are the risk factors of
nulliparity, high age at first childbirth, and absence of breast feeding [23, 24].

Also, high BMI after menopause may cause an increased risk of breast cancer
mediated through higher levels of estrogen in the breast due to storage of hormone
in adipose tissue [10]. Another risk factor related to body constitution is that taller
women have a comparably high risk of breast cancer. Women that have a greater
proportion of glandular tissue in their breast also have a higher mammographic
density, which has been associated with an increased risk of breast cancer.
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A few risk factors for breast cancer are modifiable. For example, it has been shown
that not drinking alcohol is associated with a low breast cancer risk and exercise
also reduces the risk [10, 25].

Table 1: Risk factors for breast cancer and associations with prognosis.

Risk factor
Gender
Age

Genetic

Body
constitution

Medical history
Socio-
demographic
factors

Radiation

Hormonal
factors

Parity

Lifestyle
factors

High risk
Female
Increasing age

High-penetrance genes (BRCA1, BRCA2)
Moderate penetrance genes (ex. CHEK?2)
Low penetrance genes (SNPs)

High BMI (post menopause)

Tall height

High mammographic density
Previous breast disease

High socioeconomic status
High educational level

Life in developed countries

Urban life

High dose to the chest

Early menarche (<12 years)

Late menopause (>55 years)

Oral contraceptives (OC)

Hormone replacement therapy (HRT)

No children

Late first pregnancy (>30 years)

No breastfeeding
Alcohol

Low level of physical activity

Prognostic factors

Poor prognosis
Male

Age <40 or >
80

BRCAI,
BRCA2

High BMI

Low
socioeconomic
status

OC and/or HRT
=> good
prognosis

Physical
inactivity

Many well-known risk factors for breast cancer are also associated with breast
cancer prognosis, sometimes related to a worse prognosis, but sometimes, in

contrast, related to a favorable prognosis (Table 1) [10, 26].

Other prognostic factors for breast cancer are mainly found in the tumor itself at the
time of diagnosis. The tumor — lymph node — distant metastases (TNM)
classification provides a measure of how advanced the tumor is [9]. This can be
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translated into a grading scale of stages, which ranges from stage 0, pre-invasive
disease, to stage IV which is metastatic.

The strongest factor for a favorable prognosis is a disease-free axilla, i.e. no cancer
in regional lymph nodes (N in the TNM-classification). The size of the tumor is also
a strong prognostic factors (T in the TNM-classification) [9].

Information that a histopathological examination contributes, also predicts outcome
to a great extent [27]. A modern Swedish pathological report includes information
on histological type (cellular origin), histological grade (aggressiveness), hormonal
receptor status (estrogen receptor (ER) and progesterone receptor (PgR)), human
epidermal growth factor 2 (HER2) and the proliferation index factor of Kiel (Ki67).
All factors are weighed together in order to predict an outcome, and the prediction
is used to suggest adjuvant therapy [9].

Vitamin D

During the early 1920s it was discovered that both sunlight and fish liver oil could
be used to treat children with rickets, and shortly thereafter it was discovered that
the steroid named vitamin D was present in some foods but could also be
synthesized in human skin under the influence of UV light [28]. Since then it has
been suggested that vitamin D plays a role in several other aspects of health, and
associations between vitamin D and skeletal, malignant, cardiovascular, auto-
immune, infectious and metabolic diseases, among others have been studied, but no
evidence of a clear association with any outcome has been found [29].

Since vitamin D can be
synthesized in the skin when it
is exposed to sun, there is a
seasonal variation of vitamin
D levels in countries far away
from the equator, such as
Sweden. During the winter
months, Swedes have to rely
on food sources such as
fortified dairy products, fatty
fish, meat, eggs and wild
mushrooms  to  maintain
adequate levels of vitamin D
[30]. It is debated what
adequate levels are, and to date

Figure 4: Dietary sources of vitamin D.
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there is no clear consensus, although older guidelines of The Committee of the
Institute of Medicine state that 40-50 nmol/liter is the lower acceptable level and
levels above 125 nmol/liter should be regarded as too high [31].

Vitamin D, parathyroid hormone and calcium

The first discovered function of vitamin D was its association with calcification of
the skeleton. Most calcium, 99%, is deposited in the skeleton but it takes part in a
myriad of molecular functions in the body [32, 33]. Calcium is needed to make
muscles contract, to transmit neurologic signals, to regulate the secretion of
enzymes and hormones, and also to regulate the cell cycle and it is involved in the
expression of genes. The blood level of calcium is tightly regulated by vitamin D in
interaction with parathyroid hormone (PTH) (Figure 5), and calcium has a narrow
reference interval in plasma (2.20-2.60 mmol/liter) [32, 33].

¢ ca?*

f:i
b
X/

i
¢

™ PTH

7-DHC > Vitamin D;

1 1,25(0H),D;

25(0H)D;

Figure 5: Regulation of calcium-levels: Parathyroid glands respond to lowered levels of calcium and
produce PTH. PTH induce the kidney to activate vitamin D (1,25(OH)2D3), and reabsorb calcium from
the urine. PTH in conjunction with 1,25(OH):Ds stimulates the skeleton to release calcium.
1,25(OH)2Ds increases calcium absorption in the small intestine.

7-dehydrocholesterol (7-DHC) is converted into vitamin D3 by ultraviolet light from the sun.

22



Parathyroid hormone was also discovered in the 1920s and is produced in the very
small, parathyroid glands located adjacent to the thyroid gland. It is secreted when
the level of calcium in the blood is low, and has a half-life of about four minutes.
Aside from being part of calcium regulation PTH is also involved in the regulation
of magnesium and phosphor levels.

Vitamin D and breast cancer

Prior to the first study included in this thesis, there was some research to suggest a
possible association between vitamin D and breast cancer risk and survival [34-39].
Animal and in vitro studies had shown that vitamin D had anti-proliferative effects
on breast tumor cells [34]. Others suggested an association between sunlight
exposure and risk of breast cancer and cancer survival [36-40]. Studies on levels of
vitamin D and risk of breast cancer had shown conflicting results [34, 35, 41, 42],
but more recent studies suggest that there is no linear association between higher
levels of vitamin D and a reduced risk of breast cancer [43-45].

Studies on vitamin D levels and breast cancer mortality are more conclusive. Low
levels measured either at the time of diagnosis or pre-diagnostically have been
associated with a relatively high breast cancer mortality, compared to sufficient
vitamin D levels [46, 47]. Results concluding a beneficial effect of sufficient vitamin
D levels on breast cancer survival has since then been replicated [48].

Parathyroid hormone and breast cancer

Regarding PTH, epidemiological studies prior
to ours suggested an association between
primary  hyperparathyroidism, ie. an
overproduction of PTH, and a high risk of breast
cancer [49-52]. Previous experimental studies
showed PTH or the PTH-related protein
(PTHrP) or their common receptor to have
carcinogenic and tumor-promoting effects [53-
56]

;
:

More recent studies have shown that a high
expression of PTHrP in breast cancer nuclei is
associated with a better 1t.>reast cancer prognosis Figure 6: Adenomas of the parathyroid.
[57], and that PTH may increase skeletal tumor A possible cause of overproduction of
growth in a breast cancer in vivo model [58].  PTH.

Intermittent PTH administration on the other ihom, by: Erik Nordenstrdm, Daniel
nsari.
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hand, seem to decrease skeletal metastases and improve survival in mice models
with disseminated breast cancer [59]. Hence, there are reasons to believe that levels
of PTH might influence breast cancer prognosis.

Calcium and breast cancer

It is known that high serum levels of calcium may follow a malignant diagnosis
[33]. It has also been shown that increasing levels of calcium, reduce proliferation
and increase differentiation of breast cancer cells in vitro [60].

The calcium sensing receptor (CaSR) was first recognized by its ability to sense
changes in extracellular free calcium levels and thereby regulate secretion of PTH
[61]. CaSR is also expressed in normal [62] and breast cancer cells [63]. Results
from previous studies on the direct effect of CaSR signaling on cancer
development and progression have been inconsistent [64], but it appears that
PTHrP production in breast cancer cells is regulated by CaSR, and therefore CaSR
might have an indirect effect on the ability of a tumor to cause bone metastases
[65].

Single nucleotide polymorphisms

The human genome is typically to more than 99% identical between two individuals
[66]. The differences may consist of variants of complete genes that are built from
a long sequence of nucleotides. Some differences are due to very small variants
when only a single nucleotide is exchanged for another. These small variations are

Single Nucleotide Polymorphism

Figure 7: A SNP is a variation of only one nucleotide in a DNA sequence.
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called single nucleotide polymorphisms (SNP) (Figure 7). Although small, it has
been shown that such small variations may affect the susceptibility to a wide range
of diseases, and breast cancer is one of them [67]. SNPs may also be associated with
other traits, (for example levels of vitamin D), [68-72] and in genome wide
association studies (GWAS) researchers have scanned whole genomes to identify
SNPs associated with different traits [67-72].

In a Mendelian Randomization study a pattern of SNPs associated with a specific
trait is studied in association with a disease [73]. This way an unbiased estimate of
an effect of a modifiable factor on an outcome can be obtained, since genotypes are
assigned randomly at conception (Figure 8).

Randomized Control Trial Mendelian Randomization

Randomization into treatment Randomization by genetic variant

Variant allele Variant allele
absent present

Risk factor present Risk factor absent

Competing risk factors assumed equal

Outcome higher Outcome lower

Figure 8: The theory of Mendelian Randomization.

Vitamin D receptor

Active vitamin D (1,25-(OH)2 vitamin D3) exerts its effects through binding to the
VDR [74, 75]. VDR is regarded a nuclear receptor with regulatory effects on gene
expression. VDR was first identified in breast cells using radioactive 1,25-(OH)2
vitamin D3 [76], and has also been found in breast tumor cells [77-80].

Previous studies on expression of VDR receptor in association with breast cancer
prognosis have shown somewhat conflicting results [81-86]. Early studies were
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fairly small and could not establish any associations with other prognostic factors
or breast cancer survival [84, 85]. Neither could a study from 2002, in which 228
breast cancers were evaluated [86], but in a study of 82 patients (published in 2012)
associations were found with tumor size, lymph node involvement, progression-free
survival and overall survival which indicated that VDR expression in a breast tumor
was associated with a favorable prognosis [83]. The largest study to date involved
1,114 female patients and showed an association between VDR expression in breast
tumors and less aggressive tumor characteristics, but not with better survival [81].
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Study aims

The overall aim was to investigate associations between vitamin D and breast
cancer. Papers included in the thesis more specifically had the following aims:

e Paperl

o To study whether pre-diagnostic levels of vitamin D and the closely
related parathyroid hormone and calcium were associated with
breast cancer mortality.

e Paperll

o To study whether or not SNPs associated with vitamin D could also
be related to breast cancer risk.

o To study if any association between vitamin D SNPs and breast
cancer risk was modified by levels of vitamin D.

e Paper ll]

o To study whether the expression of VDR in invasive breast tumors
was associated with breast cancer mortality.

e PaperlV

o To study whether pre-diagnostic levels of vitamin D were
associated with the expression of VDR in a subsequent breast
tumor.

o To study whether an association between VDR expression and
breast cancer mortality was modified by pre-diagnostic levels of
vitamin D.
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Materials and methods

The Malmo Diet and Cancer Study

Malmé is the third largest city of Sweden. At the beginning of the nineties, all
women living in Malmo, born between 1923-1950, were invited to take part in a
population-based cohort study, the Malmo Diet and Cancer Study (MDCS). A total
of 17.035 women (43% of eligible subjects) completed baseline examinations
during 1991-1996 [87, 88]. Blood samples were drawn, anthropometric
measurements performed by a registered nurse, and all participants completed a
questionnaire including questions on previous diseases, medications, diet and
lifestyle factors. All participants signed a written informed consent [87].

Study populations

Women included in the MDCS were and are followed by record-linkage to the
Swedish Cancer Registry and the Swedish Cause of Death Registry. All studies
included in this thesis are based on the MDCS. As 576 women had been diagnosed
with breast cancer prior to the baseline examinations, the cohort available for studies
on incident breast cancer included 16.459 women. Figure 9 is a flowchart over-
viewing study populations in papers [-1V.

Paper I

This study included women diagnosed with breast cancer before December 31%
2006, n=766. Two of these women had not donated blood at baseline examinations,
hence 764 women were included. Since this was a mortality study and in situ cancers
are associated with very low (if any) breast cancer mortality, all tumors that were
only ductal cancer in situ were excluded, n=77. Due to difficulties in pairing
pathological information bilateral tumors, n=15, were also excluded. The final study
population included 672 women. The end of follow up was December 31* 2010.

Paper 11

In 2012-2013 genotyping was performed on women diagnosed with breast cancer
until December 31% 2009 (n=946) [41], on women included as controls in a previous
case-control study on breast cancer risk (n=704) and on women included in a
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randomized subsample of the MDCS, the cardiovascular cohort (n=2,658) [89].
Some of these women, 45 of the cases and 27 of the controls, had no samples
available for genotyping. Quality control of the genotyped material, led to exclusion
14 of the cases and 37 of the controls. Further exclusions were made (22 cases, 105
controls) since some women in the cohort were related. The final study population
included 865 cases and 3,193 controls with available SNP data, and 700 cases and
643 controls with data on both SNPs and pre-diagnostic levels of vitamin D.

MDCS

17.035

16.459
Cases Controls
December 31st 2006
S-levels of vitamin D 718|V
analyzed

1 N

1 no tumor

14 new tumors

<-| 167 new tumors |--| 2657 SNP analyses |—b

\ 4 A\ 4

December 31st 2009
Genetic analyses for
vitamin D SNPs

[~ 1

4 new tumors

68 new tumors

y

December 31st 2010
Tissue Microarray for
Vitamin D Receptor

1018!LIV

Figure 9: Flowchart, overview of women included in study populations in papers I-IV.

Paper 11T

Until December 31% 2010, 1,018 women within the MDCS were diagnosed with
breast cancer. Invasive tumors from this group were included in a TMA. Excluded
from the study were women diagnosed with bilateral breast cancer (n=17), women
who had distant metastasis at the time of diagnosis (n=14), women who had received
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oncologic treatment prior to surgery (n=4), one woman who died before surgery was
performed, one who refused treatment for four years, and another one who was
diagnosed post mortem. This meant that a total number of 912 possible tumors were
included in the TMA, but there was no available tissue to use for 194 tumors. It was
not possible to score VDR expression regarding nuclear fraction in 40 tumors, or
cytoplasmic fraction and intensity in 39 tumors. The final study population
consisted of 678/679 women who were included in the mortality analysis.

Paper IV

VDR scores of nuclear fraction from paper 111, and S-levels of vitamin D used in
papers I and 11, were combined for analyses in paper [V. Out of the 678 cases with
available nuclear VDR expression, the original vitamin D analysis had failed in 13
cases, and on 168 of the cases (diagnosed after December 31* 2006) no vitamin D
analysis was ever performed. Out of the 718 women with vitamin D measurements
included as controls in a previous case-control study, 18 developed a breast cancer
until December 31% 2010. There was one woman who was later concluded
misdiagnosed, and she was instead included in the control-group. Hence the control-
group contained 701 women, although the vitamin D analysis had failed with 10 of
them. The final study population included 497 cases and 691 controls with valid
information on vitamin D levels and VDR expression, but after multiple imputation
(M1, see below) all 912 cases and 701 controls were included.

Ethical approval

All studies included in this thesis were approved by the ethical committee in Lund.
The registration numbers given were for the MDCS (LU51-1990), for papers I, 111
and IV (LU652-2005 and LU23-2007) and for paper II (LU153-2004 and LU682-
2009).

Clinical information

Baseline examinations in the MDCS provided information on weight and height of
all included women [87]. The questionnaire that was completed at baseline, included
questions on previous disease and treatments, and on lifestyle, diet and reproductive
factors, and provided data on such information. Medical records and clinical notes
were consulted to retrieve information on type of surgery, axillary surgery, lymph
node status and planned adjuvant treatments on all women diagnosed with breast
cancer.
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Histopathological analyses

Papers [, III and IV included information from histopathological analyses of
invasive tumors. The first primary breast cancer within the MDCS was diagnosed
in December 1991, and the last included in papers III and IV was diagnosed in
December 2010. During these 19 years, histopathology had evolved. Therefore, one
senior pathologist reevaluated all tumors diagnosed before December 31% 2004
regarding size, histological type, grade, hormone receptor status, Ki67 and HER2
status [90, 91]. From 2005 until December 31 2007 a tissue microarray (TMA) was
used to obtain information on HER2 and Ki67 [92], but information on size, grade,
histological type and hormone receptor status was retrieved from histopathological
reports. From 2008 and onwards, all histopathological information used in the
studies was retrieved from histopathological reports.

Hormone receptor status; ER and PgR were regarded as positive when the
proportion of stained malignant cells exceeded 10%. HER2 status was defined using
in situ hybridization (ISH) when available. When immunohistochemistry was used,
a HER2 score of 3+ was regarded as positive, 0 or 1+ was negative and 2+ was
categorized as missing if ISH was not used to confirm a result [93]. When the
expression of Ki67 was evaluated, the distribution differed between different
periods of diagnosis (1991-2004, 2005-2007, 2008-2010). Within these time
periods, the expression of Ki67 was divided into tertiles, and set as low, medium or
high, based on the tertile.

The first paper did not use HER2 and Ki67, as the TMA evaluation contributing this
information for the time period 2005-2007 was not complete at the time of the study.
Papers Il and IV used data on HER2 and Ki67, in adjusted statistical analyses. The
molecular subtypes used in these papers adheres to a local modification of intrinsic
subtypes used by the South Swedish Health Care Region for prognostic evaluation
of tumors diagnosed within this region [14]. The categories are defined as follows:

e Luminal A like: ER-positive and Low proliferative:

o Histological grade 1

o Histological grade 2 and low Ki67

o Histological grade 2, intermediate Ki67 and PgR-positive
Luminal B like: ER-positive and High proliferative:

o Histological grade 3

o Histological grade 2 and high Ki67

o Histological grade 2, intermediate Ki67 and PgR-negative
HER2-positive: all HER2-positive as defined above.
Triple negative: ER-negative, PgR-negative and HER2-negative
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Levels of vitamin D, parathyroid hormone and calcium

At baseline examinations of MDCS, blood was collected and within one hour, serum
was extracted and the samples were thereafter stored in a biological bank at -80°C
[94]. Serum from women diagnosed with breast cancer before December 31% 2006
and from controls matched on time of sample (15 days), menopausal status and
age at inclusion (+ 2 years) were retrieved from the biobank and analyzed for
250HDs, PTH and calcium. The blood samples had not been thawed previously and
the samples were examined randomly regarding case-control order and time of
baseline examinations [41]. 250HD; was analyzed using high pressure liquid
chromatography (HPLC), PTH with an Immulite® 2000 Intact PTH immunoassay
(Diagnostic Products Corporation, Los Angeles, CA, USA), and total calcium by
using a neutral carrier ion-selective electrode [95].

Genetic analyses

For paper II, there were blood samples available from baseline examinations of
MDCS for 901 cases and a total of 3,335 controls, which were used to extract DNA.
The population of controls were a combination of controls used in a previous case-
control study [41] and women with no breast cancer diagnosis from a randomly
selected subsample of the MDCS, the cardiovascular cohort [89]. Genotyping was
performed using the HumanOmniExpressExome BeadChip (OEE) version 1.0 or
1.1 CH37 and iScan System (Illumina, San Diego, CA, USA). The Broad institute
of MIT and Harvard University (Cambridge, MA, USA) performed genotyping on
804 cases and 3,244 controls, and the remaining 97 cases and 91 controls were
genotyped at the Clinical Research Center, Skane University Hospital, Malmo,
Sweden [96]. All genotyping was performed during 2012-2013.

Quality control

Quality control of genotyped data was performed using PLINK version 1.07
software [97].

e SNPs were excluded if:
o There was a lack of variation in a European population
(monomorphic).
o There was a deviation from Hardy Weinberg equilibrium in the
controls (p<107).
o The variant call rate was <95% in all samples.
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e Subjects were excluded if:
o There was an individual call rate of <95%.
o There was an individual excess of heterozygosity.
o There was a first- or second-degree relationship between
individuals in the cohort. (The person with the highest call rate was
kept in the population.)

SNP selection

The GWAS catalog was used to identify SNPs previously associated with vitamin
D [98]. The search string “vitamin D” rendered 20 SNPs, and out of those, nine were
genotyped on the OEE that was used in the study. For eight additional SNPs it was
possible to identify proxies on the basis of linkage disequilibrium (LD), and physical
distance to the selected SNP, using the web-based tool SNAP proxy [99].
Sometimes more than one proxy was identified for a selected SNP, which rendered
a total of 20 SNPs representing 10 different genetic loci that were tested in the study.

Tissue Microarray

A tissue microarray (TMA) was constructed for previous studies [93], and included
in this microarray were invasive breast tumors diagnosed in the MDCS cohort
before December 31% 2010. Two 1 mm cores were extracted from a paraffinized
tumor and inserted into a recipient paraffin block (Beecher, WI, USA). Sections of
4 um were cut and placed on glass slides, and incubated in a heat chamber at 60°C
for 60 minutes. A PT Link
z ‘ ¥ % system (Agilent/Dako A/S) was
- used for deparaffination and

antigen retrieval.

Antibodies for VDR and CaSR
were selected after literature
research. Vitamin D receptor
antibodies had been previously
evaluated and validated and the
mouse monoclonal D-6

Figure 10: Tissue microarray. o antibody (sc-13133, Santa Cruz

Reprinted with permission from Karin Jirstrém. Biotechnology) was selected for
analyses of VDR since this antibody was described as superior to alternatives
regarding specificity and sensitivity [100, 101]. For CaSR, an antibody previously
used by others in a similar setting was selected, a rabbit polyclonal antibody
(HPA039686, Atlas antibodies) [102].
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Microscopy assessment

A light microscope was used to obtain an introductory overview of the immuno-
histochemistry stained tissue samples. It was then noted that staining regarding
CaSR was sparse: only 3.7% of tumors expressed any CaSR, and for 2.8% there
were only single cells expressing CaSR. In 3.8% of samples there was expression
of CaSR in non-tumorous cells. It was therefore concluded that the TMA regarding
CaSR could not be used for any statistical analysis.

VDR, on the other hand, was expressed in multiple subcellular compartments in a
majority of tumors, and after an initial overview in a light microscope, the digital
pathology platform PathXL (http://www.pathxl.com, PathXL Ltd., UK) was used
for microscopic assessment. The evaluation of VDR was based on a semi-
quantitative scale of the proportion (0=0%, 1=1-10%, 2=11-50%, 3=51-75%, 4=76-
100%) of staining in nuclei, nuclear membranes, cytoplasm and cytomembranes.
There were also evaluations of intensity in nuclei, nuclear membranes and
cytoplasm. Evaluation was carried out twice, by LH in order to achieve scores that
were as valid as possible. A description of how discordance between evaluations
was handled is included in paper I1I. Scores regarding nuclear fraction, cytoplasmic
fraction and cytoplasmic intensity were used for statistical analyses in paper 111, and
nuclear fraction scores were used in paper [V.

Endpoint retrieval

As mentioned previously, the MDCS is regularly crosslinked to the Swedish Cancer
Registry and the Swedish Cause of Death Registry [103, 104]. An invasive breast
cancer registered in the Swedish Cancer Registry and included in any of the papers
in this thesis was confirmed in medical records and/or clinical notes, as information
on histopathology and treatment was retrieved.

Data on date of death and cause of death relies entirely on information retrieved
from the Swedish Cause of Death Registry. Papers I, III, and IV, studied breast
cancer mortality and in all papers death from breast cancer was defined as breast
cancer registered as the underlying or contributing cause of death. The end of
follow-up in these papers was, date of death, date of emigration, or date of last
follow-up (paper I — December 31% 2010, papers III and IV — December 31% 2016).
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Statistical analyses

All statistical analyses were performed using the statistical software program SPSS
versions 19 to 25 (IBM).

Table 2: Overview of the statistical methods used in different papers

Paper I  Paper Il  Paper Il  Paper IV
Descriptive tables X X X X
Cox proportional hazards X X X
Kaplan-Meier X X
Binary logistic regression X X
Multiple imputation X X

Descriptive statistics

Descriptive tables are used in all papers to describe the distribution of factors that
might influence an outcome. This is done in order to present the study population
and to aid in the decision on whether or not to include such a factor as a confounder
in adjusted analyses. Descriptive tables normally show distributions in column
percentages. In paper 111, chi2-tests were used to show the statistical significance of
differences in distributions between categorical variables, and a Kruskal-Wallis test
was used to evaluate differences in distribution between continuous variables.

Cox proportional hazards analyses

To investigate breast cancer survival in papers I, III and IV, Cox proportional
hazards analyses yielding Hazard Ratios (HR) and 95% confidence intervals (CI)
were used.

In paper I, pre-diagnostic levels of vitamin D (250HD;), PTH and calcium were
divided into tertiles, and different tertiles were compared regarding breast cancer
mortality. Adjustments were included in two multivariable analyses, the first
including factors known to influence levels of vitamin D, PTH and calcium such as
season of blood draw, age at baseline and also for storage time of the blood sample,
(i.e. year of baseline examination). The second multivariable analyses also included
factors known to be associated with breast cancer survival (age at diagnosis, tumor
size, lymph node status, presence of distant metastases, Nottingham grade,
histological type, ER-status and PgR status). Missing values on adjustment factors
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were coded in a separate category and included in the analyses. The assumption of
proportional hazards was confirmed as tested by log - minus log plots.

Paper III investigated the expression of VDR in different subcellular compartments
in association with breast cancer mortality. These Cox analyses were also performed
crude and adjusted in two different multivariable analyses, the first one for factors
known to be associated with vitamin D levels (season and age at diagnosis), and the
second one for factors known to influence breast cancer prognosis (tumor size,
lymph node status, histological type and molecular subtypes). In this paper MI (see
below) was used to handle missing data on confounders included in adjusted
analyses.

The Cox analyses performed in paper [V were similar to the Cox analyses of papers
Iand III. As a first analysis, tertiles of vitamin D were compared in relation to breast
cancer mortality, (similar to paper I). In this paper, tertiles of vitamin D were
calculated dependent on month of inclusion, and therefore no adjustment was made
for season of inclusion in MDCS in the multivariable model. The multivariable
model differed regarding adjustment factors compared to adjusted models in paper
I, and was adjusted for age at and season of diagnosis, size of tumor, lymph node
status, and molecular subtypes. The second Cox analysis within paper IV, concerned
nuclear VDR expression in relation to breast cancer mortality, and was very similar
to the Cox analysis described above for paper III. The only difference between these
statistical models was that imputed values also for main exposure (VDR expression)
was included. The third Cox analyses in paper IV tested associations of VDR
expression and breast cancer mortality, with the addition that these analyses were
stratified by tertiles of vitamin D, in order to test if pre-diagnostic levels of vitamin
D would modify the association between VDR expression and breast cancer
mortality.

Kaplan-Meier

In papers III and 1V, Kaplan-Meier estimates were plotted to visualize unadjusted
survival associations and to confirm the assumption of proportional hazards.

Binary logistic regression

To investigate whether SNP variants influenced the risk of low vitamin D levels and
the risk of breast cancer (paper II), an unconditional binary logistic regression
analyses, yielding odds ratios (OR) and 95% Cls, was used. Major allele
homozygotes were used as reference groups in all analyses and compared to
heterozygotes and minor homozygotes. After crude analyses, adjustment factors
(year and age of inclusion in MDCS, level of education, type of occupation, age at
menarche, age at first childbirth, exposure to oral contraceptives and hormone
replacement therapy, height, BMI, alcohol consumption and smoking) were added
to the analyses. The risk of breast cancer in association with SNP variants was also
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investigated in groups stratified on low versus high vitamin D levels and a test of
interaction was performed, to investigate if levels of vitamin D might modify an OR
of breast cancer risk.

Binary logistic regression was also used in paper IV, when pre-diagnostic levels of
vitamin D (in tertiles) were investigated in relation to risk of breast cancer, risk of
VDR-negative breast cancer and VDR-positive breast cancer. These analyses were
performed crude and with adjustment for possible confounders (year and age of
inclusion in MDCS, type of occupation, age at first childbirth, exposure to oral
contraceptives and hormone replacement therapy and alcohol consumption). They
were also performed both including only cases and controls with complete data on
all variables (complete case analyses), and after MI (see below) when all cases and
controls were included.

Multiple imputation

MI is a method to handle missing data on some variables in a cohort [105, 106].
Before deciding to use this method, one should consider which mechanism lies
behind missingness. If data is missing completely at random, it means that all
individuals within the study population have the same probability for a missing
value of a variable [106]. Then there is no need to impute missing data, as the
missing data does not change the result of a statistical analysis; it only gives less
power to it since the numbers are smaller. On the other end of the range is when
data is missing but not at random, that is, when data is missing systematically, and
there are no other variables that can predict why a value is missing or what the value
might be if it was not missing. MI can be used, when missing values are missing at
random, i.e. when the missing data is systematically missing, but within groups of
defined data the data is missing completely at random. This means, that there are
values on other variables in the cohort that can help predict a missing value [105,
106].

A MI process is when statistical computer software (SPSS version 25) uses known
values on other variables and/or other individuals, to calculate and impute missing
values in several new imputed datasets. These imputed datasets can be used in
statistical analyses which calculates results from individual imputed datasets and
thereafter give a pooled result, that considers the uncertainty that imputed values by
default inflicts on a cohort with missing values (Figure 11).

The method was used to impute missing values on several variables in paper I1I and
paper V. On all occasions a MI model was fitted in order to work with the statistical
analysis intended to study an association. It therefore included all variables meant
to be included in the adjusted analysis, as well as variables that predicted missing
values and/or, predicted missingness.
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In paper I1I we chose only to use imputed values on confounding factors in the final
analyses, but in paper [V vitamin D levels and nuclear expression of VDR were also
imputed and used in the analyses (main exposures and outcome).

The imputation models are described in further detail in papers where they were
used.

??
. Original dataset
Multiple imputation
XY XY zY XY XY
z X z z Y
Y x Yoy X X X x v z Imputed datasets

Analysis

Separate results

Pooling

Pooled result

Figure 11: Illustration of the process of multiple imputation.
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Results and discussion

Levels of vitamin D and breast cancer survival

In the study presented in paper I, we found a U-shaped relationship between levels
of vitamin D and breast cancer mortality, with the best prognosis for women with
intermediate levels of pre-diagnostic vitamin D (Table 3). A similar pattern, but one
that was neither as strong, nor statistically significant, was seen when the analysis
was repeated for paper IV (Table 3). In paper IV we had less power since women
who had received neoadjuvant treatment or had distant metastases at diagnosis were
excluded from the analyses. Also, when the MI technique was used to handle
missing data (paper IV), all women with a missing value on any of the covariates
included in the statistical model were withdrawn from the complete case analysis,
and when the missing indicator method was used (paper 1), all women were
included.

Table 3: Tertiles of vitamin D in relation to breast cancer mortalit

Tertile/level HR' HR?
vitamin D (CI 95%) (CI 95%)

1%t Low 2.46 (1.38-4.37) 1.51 (0.96-2.38)
2" Medium 1.00 (ref) 1.00 (ref)

3" High 1.99 (1.14-3.49) 1.41 (0.88-2.26)

'Results from paper I: Adjusted for season and year of blood sample, age at baseline, age
at diagnosis, size of tumor, Elston-Ellis grade, histological type, ER-status, PgR-status,
lymph node status and distant metastasis at diagnosis.

2Results from paper IV: Adjusted for age at and season of diagnosis, size of tumor, lymph
node status, and molecular subtypes.

Nevertheless, we still find it plausible that there is a non-linear association between
pre-diagnostic vitamin D levels and breast cancer mortality. A growing body of
research supports the finding that low levels of vitamin D, (deficiency or
insufficiency) are associated with unfavorable prognostic factors and prognosis [48,
107-113], but our finding that higher pre-diagnostic levels also lead to a relatively
high breast cancer mortality has not been reproduced. The reason for that may be
that most other studies have used blood samples taken at the time of diagnosis,
which might not reflect an individual’s habitual vitamin D level, and/or that they
have not used the same cut-offs. Most other studies distinguished only between high

41



vs. low levels, but one other study (with blood-samples from the time of diagnosis)
compared overall mortality for women in tertiles, similarly as we did. They used the
highest tertile as a reference and found statistically significant, relatively high
overall mortality in the lowest tertile, but it can also be noted in that study that the
intermediate tertile seemed to have the lowest risk of mortality, although it was not
statistically significant [114].

Levels of parathyroid hormone and breast cancer survival

There was no association found between different tertiles of pre-diagnostic PTH and
breast cancer mortality. That does not necessarily mean that PTH has nothing to do
with breast cancer progression. Looking at recent studies of PTHrP and the common
PTH and PTHrP receptor there seems to be evidence that PTH actually does have
an effect, but it might depend on whether this level is constantly high or if PTH is
released intermittently from the parathyroid glands [59, 61].

The reason we found no association is probably because one single sample of PTH
is not an adequate measurement, due to intra-individual variation of PTH levels
[115, 116]. It might be better to use the Mendelian Randomization approach, to
conclude or disregard an association. It is also possible that an association between
PTH and breast cancer progression cannot be found at all when studying levels of
PTH, but that PTH is still part of an important pathway, and studies should instead
be concentrated on expression of PTH/PTHrP receptors.

Levels of calcium and breast cancer survival

There was an association between a relatively low risk of breast cancer mortality
and a high pre-diagnostic level of calcium (HR:0.53 95% CI:0.30-0.92), in the
adjusted analysis. This is congruent with the previous findings that extracellular free
calcium inhibits cell proliferation and invasion [117]. Others have also found the
calcium sensing receptor (CaSR) to have tumor suppressive effects [118-120].

The previous case-control study on breast cancer risk by Almquist et al., showed
that higher levels of serum calcium were associated with high risk of breast cancer
for overweight and/or post-menopausal women [41]. Together with our findings on
associations with breast cancer mortality, this might imply that serum calcium has
similar associations as estrogen regarding breast cancer, i.e. high levels increase the
risk of breast cancer but a cancer that develops under such circumstances is
associated with a better prognosis.
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Vitamin D SNPs and breast cancer risk

This study (paper II) was not a Mendelian Randomization. It merely investigated
whether SNPs previously related to vitamin D in any way, were associated with
vitamin D levels and/or breast cancer risk.

Results from statistical analyses are summarized in Table 4. Previously observed
associations between SNPs and vitamin D levels [68-72, 121] were confirmed with
most SNPs for which such an association had been found. The only exceptions were
for a few SNPs which a previous study, conducted on a cohort of Australian
children, had found to be associated with vitamin D levels [69]. Considering all
factors that differ between the Australian population and the one in our study, there
are several plausible explanations for the conflicting results.

None of SNPs previously associated with levels of vitamin D showed any significant
association with breast cancer risk (Table 4). Hence, if the study would have had a
Mendelian Randomization approach the conclusion would have been that there was
no association between vitamin D levels and breast cancer risk. Since this study was
published, there have been several large studies whose results also strengthens this
hypothesis [44, 122-124].

SNPs from only one of the tested genetic loci in our study, were statistically
significantly associated with breast cancer risk (rs12239582 and rs2209458, see
Table 4). The gene where SNPs were positioned is called ST6GALNAC3 and
encodes a sialyltransferase that is expressed excessively in fat-tissue, in the thyroid
and in the kidney [20]. Regarding the association with vitamin D, prior to our study,
one study had found an association with circulating vitamin D-binding protein
(VDB) [121]. To our knowledge, these SNPs, or expression of ST6GALNAC3 have
not been studied in association with breast cancer risk, and therefore this result
should be replicated.

In the study of vitamin D SNPs, we also conducted an exploratory analysis in which
we stratified women based on low vs high vitamin D levels and thereafter
investigated breast cancer risk dependent on selected SNPs. Intriguingly, we found
that the SNPs of three tested loci (rs198300, rs10485165 and rs2060793) showed
different ORs of breast cancer based on whether the women were in the group with
high or low levels of vitamin D. This might indicate that depending on what
genomic traits you have, the level of vitamin D may interact with your risk of breast
cancer.
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Table 4: Vitamin D SNPs in relation to risk of low vitamin D and breast cancer

SNPs! Allele OR? (95% CI) OR? (95% CI)
low vitamin D breast cancer
rs12239582 Major homozygote 1.00 (ref) 1.00(zef)
(rs2209458) Heterozygote 0.87 (0.67-1.12)  0.82 .99)
Minor homozygote 0.72 (0.52-1.00)  0.93 (0.93-1.17)
rs7041 Major homozygote 1.00ref) 1.00 (ref)
(rs4588, rs705117,  Heterozygote 1.39 .77) 0.88 (0.74-1.05)
rs228267) Minor homozygote 2.12 (1:53-2.99)  0.89 (0.70-1.13)
rs10485165 Major homozygote 1.00 (ref) 1.00 (ref)
Heterozygote 1.03 (0.79-1.34)  0.99 (0.82-1.20)
Minor homozygote 1.04 (0.49-2.21)  1.00 (0.60-1.74)
rs198300 Major homozygote 1.00 (ref) 1.00 (ref)
(rs13245518) Heterozygote 1.08 (0.84-1.38) 1.10(0.91-1.30)
Minor homozygote 1.09 (0.79-1.52)  0.96 (0.75-1.22)
rs4751058 Major homozygote 1.00 (ref) 1.00 (ref)
Heterozygote 0.88 (0.68-1.13)  1.05 (0.88-1.27)
Minor homozygote 0.77 (0.36-1.63)  0.66 (0.38-1.17)
rs12295888 Major homozygote 1.00 £ref) 1.00 (ref)
(rs10832275) Heterozygote 1.22 .54) 1.05 (0.88-1.24)
Minor homozygote 1.80 (1.24-2.63)  0.93 (0.71-1.23)
rs1007392 Major homozygote 1.00 4ref) 1.00 (ref)
(r510832299) Heterozygote 1.31 .67) 0.99 (0.83-1.18)
Minor homozygote 1.78 (1.26-2.52)  0.91 (0.71-1.17)
rs2060793 Major homozygote 1.06-¢xef) 1.00 (ref)
(rs1993116) Heterozygote 0.78 .00) 1.10 (0.92-1.33)
Minor homozygote 0.58 (0.42-0.81)  1.04 (0.82-1.32)
rs7944926 Major homozygote 1.00Axef) 1.00 (ref)
(rs12791871, Heterozygote 1.30 .64) 0.91 (0.77-1.08)
rs3829251) Minor homozygote 2.39 (1859-3.59)  0.77 (0.57-1.02)
rs2302190 Major homozygote 1.00 (ref) 1.00 (ref)
Heterozygote 1.24 (0.97-1.58)  1.09 (0.91-1.30)
Minor homozygote 1.45(0.69-3.02)  0.99 (0.62-1.58)

Results for analysis of SNP in bold are presented. SNPs in italics are from the same genetic
locus and showed similar results.

2Adjusted for age at baseline, year of inclusion, level of education, type of occupation, age
at menarche, age at first childbirth, exposure to oral contraceptives, exposure to hormonal
replacement therapy, height, BMI, alcohol consumption and smoking.

Arrows indicating statistically significant results.
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Vitamin D receptor expression and breast cancer survival

Nuclear and cytoplasmic expression of VDR was associated with other
histopathological factors considered prognostically positive. For example, tumors
with a nuclear VDR expression up to ten percent (negative), were related to larger
tumors (p=0.002), with a higher Nottingham grade (p<0.001), ER negativity
(p<0.001), PgR negativity (p<0.001) and high Ki67 (p<0.001). We also found a
statistically significant association between VDR positivity and a relatively low
breast cancer mortality (Figure 12), indicating that VDR positivity means a better
breast cancer survival.

/) -

e C 168 26 N A >
Nuclear VDR 11-50% Nuclear VDR 51-100%
1.00 (ref)" 0.54 (0.32-0.89)" 0.66 (0.34-1.28)"

Figure 12: Example of nuclear VDR expression.
"HR (95% CI) for breast cancer mortality, adjusted for age at and season of diagnosis, size of
tumor, lymph node status, histological type and molecular subtypes.

Only one study had previously made any associations between VDR expression and
survival, and this study showed results similar to ours [83]. Other studies that have
investigated similar associations have not shown any statistically significant
associations, but several showed associations with positive prognostic factors [81,
82], and a longer disease-free interval for women with VDR-positive tumors was
seen in one study [82]. There are no studies showing opposite associations. With
one exception, our study included a larger number of women with breast cancer and
with no exception our study had a longer follow-up, compared to previous studies.

In accordance with our findings there is research on cell-lines and mice models
which have found that activated VDR regulates genes that induce autophagy [125].
In addition, treatment with vitamin D and androgen receptor (AR) agonists on triple
negative breast cancer cell-lines positive for VDR and AR reduces the viability of
cancer cells [126].
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Vitamin D and expression of the vitamin D receptor

Results from statistical analyses indicated a possible association between low levels
of pre-diagnostic vitamin D and a subsequent breast tumor with negative VDR
expression. Women with vitamin D levels in the second and third tertiles of vitamin
D had a comparably low risk of VDR-negative tumors: HR (95% CI) adjusted for
age at baseline, year of baseline, type of occupation, age at first child birth, exposure
to oral contraceptives, exposure to hormone replacement therapy and alcohol
consumption was 0.73 (0.47-1.12) for the second tertile and 0.66 (0.38-1.15) for the
third tertile of vitamin D. Also, only 14% of tumors developed in women within the
third tertile were VDR negative, compared to 21% of tumors developed in women
within the first and second tertiles. No results were statistically significant, possibly
due to a relatively low frequency of VDR-negative tumors.

To our knowledge this association has not been studied previously, and our study
should be replicated, in order to confirm or refute our results.

Hypothesizing that the levels of vitamin D while a tumor is developing affect the
tendency of a tumor to express VDR, this could indicate that this is the pathway by
which low vitamin D levels are associated with a poorer breast cancer outcome.
Several studies have shown that activated VDR has tumor suppressive effects [125,
126], which support this hypothesis.

In this hypothesis, high vitamin D levels would mean a tendency of a tumor to
express more VDR, which should be favorable. But there has been at least one study
that shows unliganded VDR to have adverse, tumor proliferative effects [79]. If a
tumor was stimulated with high levels of vitamin D while it was developed, it could
mean that it expresses more VDR which is not activated if levels of vitamin D after
the tumor has developed are not high enough to fill its needs. This would imply, that
vitamin D supplementation should be given to women with tumors that are VDR-
positive.

Interaction of vitamin D levels and expression of vitamin
D receptor on breast cancer mortality

In paper IV we wanted to investigate whether levels of vitamin D modify the
positive association between VDR expression and breast cancer survival found in
paper III. Results from the mortality analyses stratified by pre-diagnostic vitamin D
levels differed between the tertiles (see Figure 13), but not to an extent that allowed
us to conclude that an interaction existed.
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Studies on vitamin D levels combined with expression of VDR in relation to breast
cancer prognosis have not been published previously, to our knowledge. Therefore,
it is not possible to compare our results with others, and in order to establish if
vitamin D in any way can affect the outcome of a VDR-negative or VDR-positive
breast tumor, future studies are of great importance

Since vitamin D levels might be different at the time of a breast cancer diagnosis,
and may possibly change due to tumor development, it would probably be more
accurate to use blood samples from the time of diagnosis for such analyses.
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Figure 13: Kaplan Meier curves comparing survival for positive vs negative VDR expression.

“HR (95% CI) for breast cancer mortality of VDR-negative tumors compared to VDR-positive.
Adjusted for age at and season of diagnosis, size of tumor, lymph node status and molecular subtypes.

47






Methodological considerations

Serum levels of vitamin D, parathyroid hormones and
calcium

Levels of vitamin D, PTH and calcium were analyzed from blood samples collected
at baseline examinations of the MDCS. Therefore, it is not likely that a subsequent
breast tumor has influenced the measured levels. On the other hand, when
investigating mortality from a subsequent breast cancer in relation to serum levels,
it is not certain that the environment in which the breast cancer has developed is
reflected.

Levels of vitamin D, measured as 250HD;3, are known to vary over the year, as
vitamin D is produced in the skin when it is exposed to sunlight [30, 127]. Therefore,
all analyses including vitamin D levels were in some way adjusted for the season of
sampling. In paper I, the season was included as an adjustment factor in Cox
analyses, but in papers II and IV we choose to dichotomize/divide into tertiles of
vitamin D based on the month of baseline examinations, before any statistical
analysis was performed.

In previous studies, the intra-individual variation of vitamin D levels has been found
to be low [128, 129], but over the past decade there has been an increase in oral
vitamin D supplementation [130] and after baseline examinations (1991-1996) there
is no information on usage of supplements. Therefore, it must be considered that a
measured level of vitamin D may not reflect the habitual level for a woman, nor the
environment in which a tumor develops if this tumor was diagnosed a very long
time from baseline examinations.

Compared to 250HDs, PTH is unstable and has a half-life in the body of only four
minutes. It has also been shown to have an intra-individual variation of about 25%,
and fluctuates considerably over the day [115, 116]. Misclassification regarding
PTH levels may therefore be considered, which might have obscured a possible true
effect of PTH levels on breast cancer mortality that could not be observed in paper
L

Serum levels of total calcium are stable under normal physiological conditions and
the intra-individual variation is low [131, 132]. After menopause, serum levels of
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calcium are known to rise [ 133, 134], but it seems that the ranking of calcium levels
between women remains the same [135]. The risk of misclassification of calcium
levels when included in an analysis comparing tertiles of calcium level can therefore
be regarded as low.

SNPs

As previously described, SNPs with a known effect on a trait, for instance vitamin
D level, can be used as a stable approximation of that trait, not affected by temporary
fluctuation [73]. At the time of the study described in paper II, there was no
information which could be used to determine a pattern of SNP variants associated
with vitamin D levels. Therefore, SNPs that had been associated with vitamin D in
any way in a GWAS study were used and studied individually in relation to breast
cancer risk.

All SNPs investigated in relation to breast cancer risk in paper [V, were investigated
with the assumption that if there was an association with vitamin D there would
possibly also be one with risk of breast cancer. Therefore, we decided not to adjust
our definition of statistical significance with a higher CI, although several SNPs
were tested.

Change in risk due to a SNP variation is expected to be very small, and large groups
are needed in order to have enough power to find statistically significant
associations. A recent Mendelian Randomization study investigating levels of
vitamin D on breast cancer risk used previous GWASs to determine vitamin D
associations with breast cancer risk. The population used to identify associations
between SNPs and vitamin D included 73,699 individuals, and the researchers had
access to information on SNPs on 122,977 breast cancer cases [44]. In comparison,
our population included 1,343 women with information on vitamin D levels, and
“only” 865 breast cancer cases.

Tissue microarray

A tissue microarray enables the evaluation of markers with limited use of tissue and
is less time-consuming than evaluating a whole section of the tumor. Of course, it
must be considered that 1 mm cores might not reflect the complete pattern of
expression of a marker, and a heterogenous expression in a tumor might lead to
misclassification. The TMA used for evaluation of VDR (and CaSR) was designed
to include two cores from each tumor. Usage of duplicate cores has been shown to
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reduce the impact of heterogeneity [136, 137], and an adequately constructed TMA
is considered a good representation of a cohort [136].

When TMA sections were cut for immunohistochemical staining for this project,
the research group decided to stain for both CaSR and VDR as well as other markers
included in other projects. After a literature search, antibodies were selected for
staining. The CaSR antibody used in this project had been previously used in similar
tissue [102], but the VDR antibody was selected since it was considered well-
validated and the best one available for immunohistochemistry on paraffinized
tissue [100, 101]. The VDR antibody selected had not, to our knowledge been used
on breast tumor tissue before.

Scoring of CaSR and VDR was performed by LH, who had no previous experience
of immunohistochemical evaluation. Therefore, early evaluations were considered
not as valid as later ones. All cores were scored twice regarding VDR expression,
and when there were small differences in scores between scoring rounds, the second
score was regarded as correct. Details on how scores were handled are included in
an appendix of paper IIL.

Vitamin D receptor expression in invasive breast tumors

The vitamin D receptor was expressed in several subcellular compartments in the
majority of tumors (Figure 14). Previous studies evaluating VDR expression in
breast tumors mainly identified only nuclear expression [77, 80-82], although
expression in the cytoplasm was reported in one study [83]. Early studies used

Distribution of VDR
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Figure 14: Chart showing expression of VDR in different subcellular compartments.
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radioactive calcitriol (1,25(OH).D3) to identify VDR in benign and malignant breast
tissue [84, 85]; hence, they only identified the ligand-activated protein. Others who
used the rat monoclonal (9A7 gamma) antibody also recorded only nuclear
expression [77, 80-82], whereas a different antibody was used by Ditch et al. who
recognized cytoplasmic expression as well [83].

We find it likely that studies that saw only nuclear expression, identified only
ligand-activated VDR, whereas we also visualized unliganded VDR. The Santa
Cruz D-6 antibody is directed toward a section of the VDR protein containing one
of three binding sites of calcitriol (1,25(OH).D3) [138, 139]. Therefore, it is likely
that the antibody shows unliganded expression, but it is probable that it also binds
to liganded VDR.

Calcium receptor expression in invasive breast tumors

We found almost no expression of CaSR in our material on 718 invasive tumors.
This was unexpected since a previous study on a Chinese population distinguished
between high and low CaSR expression in breast tumors and observed a high
expression in 89 of 148 investigated tumors [102]. It is also known that the CaSR is
present in normal breast tissue as it has functions needed for the lactation process
[140], and the expression in normal breast tissue was almost as weak as in malignant
tissue. Therefore, we considered the immunohistochemistry process of CaSR
staining as failed, although the reason was not clear.

Confounders

When studying associations, confounders are added to an analysis to adjust the
analysis for a factor that is linked to both the exposure and the outcome, in order to
see that not all the impact an exposure has on an outcome is due to the exposure’s
covariation with another risk factor. When deciding to add a confounder to an
analysis it should also be considered that the confounder is not on the causal
pathway between an exposure and an outcome, i.e. the confounder is not explained
by the exposure and the association that the confounder has on an outcome is
actually due to the exposure [141].

There are known relations between overweight and vitamin D levels, and there are
known associations between overweight and risk of breast cancer, and breast cancer
prognosis [142-148]. Therefore, we considered including BMI in adjusted analyses
when investigating associations between vitamin D and breast cancer risk and
survival. As we believed low vitamin D levels could in part be due to overweight,
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we concluded that vitamin D may actually be on the causal pathway between
overweight and breast cancer outcomes. Therefore, we did not primarily include
BMI as a confounder in our mortality analyses.

Physical activity is another known risk/prognostic factor for breast cancer, that has
similar associations with vitamin D as BMI. The same argument could be used not
to include values for physical activity in our adjusted analyses. At the same time,
the information we had on physical activity on individuals of the MDCS has a
questionable validity [149], so there was yet another reason not to include values
for physical activity in the adjusted analyses.

In Mendelian Randomization (MR) the hypothesis is that genotypes assigned
randomly at meiosis, act in a similar manner to randomization in a trial comparing
for example different treatment regimes [73]. Therefore, MR studies usually do not
include confounding factors. Since there is a chance of covariation between selected
SNPs and other risk factors of breast cancer, we decided to perform adjusted
analyses along with unadjusted (crude) analyses.

One weakness with the study population used in all four papers is that we had no
information on family history of breast cancer and no information on previous
benign breast disease, both of which are known risk factors for breast cancer [150-
155]. Hence, no adjustments were made in any analysis for these rather important
risk factors of breast cancer. On the other hand, there is nothing to suggest that
family history of breast cancer is associated with vitamin D levels. It is probable
that adjustments for family history and/or benign breast disease would have minor
effects on outcome estimates.
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Conclusions

The overall conclusion of this thesis is that there was no linear association between
levels of vitamin D and breast cancer survival, but both low and high levels were
associated with an increased risk of breast cancer death. The association between
low levels and high breast cancer mortality may be mediated through development
of a VDR-negative tumor. There was no evidence to suggest an additional
beneficiary effect of vitamin D levels higher than intermediate, regarding breast
cancer risk or prognosis.

Paper I

e Low and high levels of pre-diagnostic vitamin D were associated with relatively
high breast cancer mortality, compared to intermediate levels.

e There was no association between pre-diagnostic levels of PTH and breast cancer
mortality.

e A high pre-diagnostic level of calcium was associated with a relatively low breast
cancer mortality.

Paper 11

e SNPs previously associated with levels of vitamin D, were associated with
vitamin D also in this study, but were not associated with breast cancer risk.

e One SNP previously associated with vitamin D-binding protein was associated
with breast cancer risk.

e Levels of vitamin D may modify the breast cancer risk associated with certain
SNPs.

Paper 111

e A breast cancer expressing VDR was associated with favorable prognostic
factors and better survival.

Paper IV

e Pre-diagnostic levels of vitamin D may have influenced the expression of VDR
in a subsequent breast tumor.

e Pre-diagnostic levels of vitamin D did not modify the association between VDR
expression and breast cancer mortality.
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Clinical implications and future
perspectives

The differing results between different analytes and breast cancer mortality
presented in paper I suggest different implications for each result. Regarding the U-
shaped association between vitamin D levels and breast cancer mortality, this
suggests that vitamin D supplementations should only be considered for individuals
with low vitamin D levels. The finding that measured levels of PTH have no impact
on breast cancer mortality, indicates that further studies using this method may have
little importance. Instead future studies should consider using more stable
measurements of PTH, for example SNPs associated with hyperparathyroidism to
investigate associations with breast cancer risk and prognosis. The Mendelian
Randomization approach could also be used to confirm the result that high levels of
calcium seemed to be associated with a better breast cancer prognosis.

It seems that there is no strong association between vitamin D levels and breast
cancer risk. Therefore, there is no use putting vitamin D levels or SNPs with
associations to vitamin D levels, into a general risk prediction model. However, the
exploratory part of paper Il indicated that levels of vitamin D may modify a breast
cancer risk related to genetic predisposition. One hypothesis is therefore that if
future research confirms those results and identifies genomic traits that benefit from
high levels of vitamin D, vitamin D supplementation could be used to reduce breast
cancer risk for women with that genetic set.

Perhaps VDR could be included as a prognostic factor at breast cancer diagnosis,
but randomized clinical trials are warranted in order to investigate whether vitamin
D could be used as a part of adjuvant cancer treatment based on VDR expression of
the tumor, or serum vitamin D levels.

One might argue that vitamin D supplementation is rather cheap and has few side
effects, and therefore should be prescribed to every woman with a breast cancer
diagnosis, but we do not know if some tumors actually prosper with an abundance
of vitamin D, as indicated by the U-shaped relationship between pre-diagnostic
serum levels of vitamin D and breast cancer mortality shown in paper I.

Future studies should include serum vitamin D levels analyzed at the time of
diagnosis, studied in association with expression of VDR in the breast cancer at
diagnosis. Another suggested study would include randomized prescription of
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vitamin D supplements at the time of diagnosis and would compare patterns of VDR
expression in the tumor, and/or surrounding breast tissue before and after vitamin D
distribution. This might be troublesome to implement, since there is no way to
control for sun exposure, dietary habits and voluntary vitamin D supplementation.
Measurements of vitamin D level at the time of diagnosis and at the time of surgery
might be an option.

Vitamin D is not a miracle drug, and should not be prescribed to each and every
person. No positive effects can be seen with excessively high vitamin D levels. On
the other hand, it is possible that vitamin D has a positive effect on some breast
cancers.
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