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Abstract

associated with breast cancer prognosis.

VDR expression and breast cancer mortality.

respectively.

factor.

Background: Vitamin D has been suggested to prevent and improve the prognosis of several cancers, including
breast cancer. We have previously shown a U-shaped association between pre-diagnostic serum levels of vitamin D
and risk of breast cancer-related death, with poor survival in patients with the lowest and the highest levels
respectively, as compared to the intermediate group. Vitamin D exerts its functions through the vitamin D receptor
(VDR), and the aim of the current study was to investigate if the expression of VDR in invasive breast tumors is

Methods: VDR expression was evaluated in a tissue microarray of 718 invasive breast tumors. Covariation between
VDR expression and established prognostic factors for breast cancer was analyzed, as well as associations between

Results: We found that positive VDR expression in the nuclei and cytoplasm of breast cancer cells was associated
with favorable tumor characteristics such as smaller size, lower grade, estrogen receptor positivity and progesterone
receptor positivity, and lower expression of Ki67. In addition, both intranuclear and cytoplasmic VDR expression
were associated with a low risk of breast cancer mortality, hazard ratios 0.56 (95% CI 0.34-0.91) and 0.59 (0.30-1.16)

Conclusions: This study found that high expression of VDR in invasive breast tumors is associated with favorable
prognostic factors and a low risk of breast cancer death. Hence, a high VDR expression is a positive prognostic

Keywords: Vitamin D receptor, Breast cancer, Survival, Mortality, Tissue microarray

Introduction/background

An enlarging body of research suggests that relatively
low levels of vitamin D are associated with a poor breast
cancer prognosis [1-4]. In the only study to date using
pre-diagnostic levels of vitamin D, we found that women
with high vitamin D levels were also at high risk of
breast cancer death, compared to women with inter-
mediate levels [5].

Vitamin D exerts its function through the vitamin D re-
ceptor (VDR), a nuclear receptor that modulates transcrip-
tion of target genes, [6] and is to be found in lobule and
ductal epithelial cells in normal mammary glands [7, 8].
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Compared to normal breast tissue, breast cancer lesions
have been found to express more VDR [9]. Since women
with intermediate vs low levels of vitamin D may have a
better survival following breast cancer, it could be assumed
that VDR expression in breast tumors is also associated
with a better prognosis.

Only a few studies have reported on breast cancer
VDR expression in relation to tumor prognostic factors
and breast cancer survival. These studies have shown
differing results [10—15], and most of them investigated
a rather limited number of breast tumors. The largest
study to date showed associations with some tumor-re-
lated prognostic factors, but not with survival [10].

In the present study, immunohistochemical staining of
VDR was performed on over 700 primary, invasive,
breast tumors from the Malmé Diet and Cancer Study
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(MDCS) [16]. VDR expression was studied in relation to
established tumor-related prognostic factors and breast
cancer-specific mortality. The hypothesis was that breast
cancers with VDR expression would be associated with
less aggressive tumors and a low risk of breast cancer
death, ie., a better survival.

Material and methods

The Malmo Diet and Cancer Study (MDCS)

The Malmo Diet and Cancer Study is a prospective
cohort study which during the time period 1991-1996
included citizens of Malmo, the third largest city in
Sweden. All women born between 1923 and 1950 were
invited to participate, and 43% of eligible women com-
pleted baseline examinations and a questionnaire about
socioeconomic factors, previous disease, and medica-
tions. Eventually, 17,035 women were included in the
cohort and written informed consent was obtained from
all participants. The ethical committee in Lund, Sweden,
approved the MDCS (LU 51-90) and the present study
(Dnr 652/2005 and Dnr 23/2007).

Study population

Women included in the MDCS were followed using the
Swedish Cancer Registry until December 31, 2010, and
the Swedish cause of death registry up until December
31, 2016. Since 576 women out of the 17035 had already
been diagnosed with breast cancer prior to baseline
examination, these women were excluded from the
present study. During the follow-up until December 31,
2010, 1018 women were diagnosed with breast cancer.
The intention was to investigate tumor characteristics
in relation to breast cancer mortality, and due to this,
68 patients with cancer in situ were excluded, since
these tumors are associated with a very low breast
cancer mortality, if any. Also, patients who had re-
ceived neoadjuvant treatment (n =4), had distant me-
tastases at diagnosis (n =14), or died from breast
cancer-related causes within less than 0.3 years from
diagnosis (n =2) were excluded, as well as one
woman who declined treatment for 4 years. Bilateral
cases (n =17) were also excluded due to difficulties
in interpreting tumor characteristics. The final study
population consisted of 912 patients (Fig. 1).

Histopathological analysis and clinical information

Medical records and pathological reports were used to
retrieve information on size and laterality of tumors as
well as axillary lymph node involvement. Invasive tu-
mors diagnosed during 1991-2004 were pathologically
re-evaluated as regards to invasiveness, histological type,
grade, estrogen receptor (ER) status, and progesterone
receptor (PgR) status by one senior pathologist [17, 18].
Such information was readily available from pathological
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reports dating 2005 and onwards, with no need for re-
evaluation. Information on human epidermal growth
factor-2 (HER2) as well as proliferation index (Ki67) on
tumors dating 1991-2007 was assessed using tissue mi-
croarrays (TMAs) [19]. From 2008 and onwards, infor-
mation on HER2 and Ki67 status was also retrieved
from the diagnostic pathology report. ER and PgR were
considered positive at a cut-off of >10% positively
stained nuclei. Results from in situ hybridization (ISH)
were used to define HER2 status when available. When
immunohistochemistry (IHC) evaluation was used to de-
fine HER2 status, HER2 was considered positive when
annotated 3+ and negative for 0 or 1+. IHC scores of 2+
were categorized as missing if ISH was not used to con-
firm the result [16]. For Ki67, the distribution was noted
to differ between tumors diagnosed at different periods
of time. Therefore, tumors were classified into low,
intermediate, or high Ki67 expression based on tertiles
within the diagnostic period: 1991-2004, 2005-2007,
and from 2008 and onwards.

Based on histological grade; ER, PgR, and HER2
status; and Ki67 category, tumors were classified into
molecular subtypes: Luminal A-like, Luminal B-like,
HER2 positive, and triple negative, according to cri-
teria used locally within the south Swedish health
care region [20]. Luminal A-like tumors were defined
as ER positive, HER2 negative, and either (a) histo-
logical grade 1, (b) histological grade 2 and low Ki67,
or (c) histological grade 2, intermediate Ki67, and
positive PgR status. Luminal B-like tumors were also
ER positive and HER2 negative but associated with ei-
ther (a) histological grade 3, (b) histological grade 2
and high Ki67, or (c) histological grade 2, intermedi-
ate Ki67, and negative PgR. Regardless of histological
grade and hormone receptor status, all HER2-positive
tumors were categorized as HER2 positive. All tumors
considered ER negative, PgR negative, and HER2
negative were classified as triple negative (ibid.).

Clinical notes were used to retrieve information on the
type of breast surgery, surgery to the axillary lymph
nodes, and planned adjuvant therapy, as recommended
by a multidisciplinary treatment conference following

surgery.

Vitamin D receptor expression

Tumors diagnosed before the end of 2010 were included
in the TMAs used for the present study. Out of the 912
patients included in the cohort, tumor tissue was avail-
able from 718 tumors. Two 1-mm cores from each
tumor were used for the construction of the TMAs
(Beecher, WI, USA). Sections of 4um were cut and
baked on glass slides in a heat chamber for 1h at 60 °C.
Deparaffination and antigen retrieval was performed
using PT Link system (Agilent/Dako A/S). The mouse
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monoclonal D-6 antibody (sc-13133, Santa Cruz Bio-
technology) was selected for immunohistochemical ana-
lyses of VDR since previous research has found this
antibody superior to alternatives as regards to specificity
and sensitivity [21, 22]. The antibody was diluted 1:300,
and staining was performed automatically in Autostainer
Plus (Agilent/Dako A/S), with visualization kit K801021-
2 (Agilent/Dako A/S) and also counterstained with
Mayer’s hematoxylin for 2min. An automated system
was used for taking images of the slides, which were

thereafter incorporated in the web-based digital patho-
logical platform PathXL Xplore (http://www.pathxl.com,
PathXL. Ltd., UK). Microscopic evaluations were per-
formed using PathXL, consistently on the same com-
puter screen.

After staining, it was noted that VDR was expressed in
several subcellular locations of breast cancer -cells
(Fig. 2A—H). Staining was observed within the nucleus, in
the nuclear membrane, in the cytoplasm, and in the cellu-
lar membrane. Semi-quantitative scoring was performed
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A) Tumor with VDR expression in
a) invasive tumor b) cancer in situ

F) Low intensity of
cytoplasmic VDR

Fig. 2 A-H Examples of VDR expression in tissue microarray

D) Nuclear VDR 11-50% (pos)

G) Medium intensity of
cytoplasmic VDR

E) Nuclear VDR 51-100% (pos)

H) High intensity of
cytoplasmic VDR

evaluating percentages of positive cells for all loca-
tions, 0, 1-10%, 11-50%, 51-75%, and 76-100%.
Also, the intensity of staining was evaluated as per-
centages of highly intense stain in nuclei and nuclear
membranes. The intensity of cytoplasmic stain was
evaluated on four levels: no stain or low, moderate,
or high intensity of stain (Fig. 2G, H).

Each core was scored twice by the same observer,
at least 4 weeks apart, blinded to clinical and patho-
logical data but with access to information on inva-
siveness from the previous evaluation of hematoxylin/
eosin-stained slides of the cores [16].

Due to considerable differences between the first
and second readings of VDR scores regarding nuclear
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membrane and cellular membrane, it was decided to focus
the statistical analysis on the nuclear and cytoplasmic stain.
Discordance of nuclear and cytoplasmic stain between core
pairs and different readings was treated as described in
Appendix 1. The nuclear stain was defined as negative
below a cut-off of 10%, positive 11-50%, and strongly posi-
tive above 51% of stained nuclei. Cytoplasmic score was cal-
culated by multiplying score for fraction, 0 (0%), 1 (1-10%),
2 (11-50%), 3 (51-75%), and 4 (76—100%), by intensity
scores, 0 (no stain), 1 (low intensity), 2 (moderate intensity),
and 3 (high intensity). Cytoplasmic scores were thereafter
subdivided into three groups, 0-6, 7-9, and 10-11.

Endpoint retrieval

All women within the MDCS were followed until
December 31, 2016, using the Swedish cause of
death registry, which provided information on the
date of death, cause of death, and underlying and
multiple cause of death. When breast cancer was
considered the only cause of death or contributing
cause of death, the primary endpoint, breast cancer
death, was fulfilled. Other women within the cohort
were registered as either dead from other causes,
emigrated, or alive. End of follow-up was the date of
death, date of emigration, or December 31, 2016.

Statistical analysis
Tumor characteristics and planned treatment were com-
pared between categories of VDR expression. Distribu-
tions were compared using the y* test for categorical
factors and Kruskal-Wallis test for continuous variables.
Breast cancer mortality (BCM) was calculated as breast
cancer-associated death per 100,000 person-years. BCM
in relation to VDR expression was tested using a Cox pro-
portional hazards analysis yielding hazard ratios (HRs)
with 95% confidence intervals (CI). The assumption of
proportional hazards was met as tested by Kaplan-Meier
plots, and statistical significance tested by log-rank tests.
The crude model was subsequently adjusted in two multi-
variate models. Model 2 was adjusted for the season of
diagnosis and age at diagnosis which is known to affect
levels of vitamin D and might therefore influence the VDR
expression. Model 3 was further adjusted for tumor fac-
tors known to influence breast cancer prognosis, such as
the size of tumor, lymph node status, histological type,
and molecular subtypes. As the choice of treatment is
heavily dependent on prognostic tumor factors included
in the adjusted model, it was decided not to adjust also for
treatment variables. All adjusted analyses were first per-
formed as complete cases analyses, only including cases
with complete information on all included covariates.
Missing data on covariates was thereafter included in the
adjusted analyses using a multiple imputation model, de-
scribed in detail in Appendix 2.
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Expression of VDR in association with BCM was
tested separately for nuclear fraction and cytoplasmic
score, both subdivided in three levels of expression and
also two levels of expression (negative vs positive). In a
sensitivity analysis, negative nuclear fraction was com-
bined with cytoplasmic score 0-6, and this combinatory
negative VDR score was tested in a Cox proportional
hazards analysis for associations with BCM.

Molecular subtypes showed covariance with VDR ex-
pression. To investigate whether or not this covariation
explained the association found between VDR expres-
sion and BCM, the Cox regression model was repeated
stratified by molecular subtypes. Since these groups were
small and breast cancer death does not occur in some of
the subgroups, the analyses were only performed com-
paring nuclear VDR negativity vs positivity.

SPSS 25.0 (IBM) was used for all statistical analyses.

Results

Patterns of VDR expression

VDR was expressed almost exclusively in tumor cells as
compared to surrounding cells within the TMA core.
When cancer in situ cells were noted in the same core
as invasive tumor cells, in situ cells were differently
stained compared to invasive cells. Invasive cancer had a
more intense stain and a larger fraction of nuclear stain-
ing than cancer in situ cells (Fig. 2A). As only invasive
cancer cells were scored for this project, such differences
were not systematically recorded.

VDR was expressed in all compartments of cancer
cells (Fig. 2B). Nuclear VDR expression was assessable
in 678 (94.4%) of tissue core pairs, and cytoplasmic VDR
expression as regards to fraction and intensity was
scored in 679 (94.6%) of available tumors. Due to diffi-
culties in distinguishing VDR expression between nu-
clear membrane and cellular membrane, there was a
high percentage of discordance between the first and
second rounds of scoring at these compartments (14.1%
of nuclear membrane fraction and 30.1% of cellular
membrane fraction).

Staining patterns of nuclear VDR fraction are illus-
trated in Fig. 2C-E. Percentages of highly intense
stain in nucleus covaried highly with the fraction of
nuclear stain and were therefore not included in fur-
ther analyses. Distribution of nuclear fraction is pre-
sented in Table 1.

The vast majority of tumors 624 (91.9%) expressed cyto-
plasmic VDR to a high fraction (76—100%) of cells. There
was a wider distribution of intensity: no stain (n =7,
1.0%), low intensity (n =26, 3.6%), moderate intensity
(n =174, 24.2%), and high intensity (n =472, 65.7%)
(Fig. 2F—H). Distribution of scores of cytoplasmic VDR ex-
pression is presented in Additional file 1: Table S1.
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Table 1 Distribution of patient and tumor characteristics in relation to nuclear VDR expression
Eligible cases All
n=912
Tumor in Yes No
tissue microarray 718 (78.7) 194 (21.3)
n (%)
Nuclear VDR Yes No
assessable 678 (94.4) 40 (5.6)
n (%)
Nuclear VDR Negative Positive Positive
fraction 0-10% 11-50% 51-100%
n (%) 125 (184) 437 (64.5) 116 (17.1)
Factor n (%) or n (%) or n (%) or n (%) or p n (%) or n (%) or
mean (SD) mean (SD) mean (SD) mean (SD) value* mean (SD) mean (SD)
Age at baseline 564 (7.2) 554 (7.1) 56.6 (7.1) 557 (7.4) 0.109%* 53.9(7.5) 576 (7.0)
Age at diagnosis 654 (8.1) 64.1(7.7) 66.0 (7.8) 64.8 (8.6) 0.026** 62.1(9.1) 65.9 (83)
Season of diagnosis
Winter 241 (264) 35 (28.0) 116 (26.5) 29 (25.0) 0.646 13 (32.5) 48 (24.7)
Spring 221 (24.2) 38 (304) 97 (22.2) 27 (233) 9 (22.5) 50 (25.8)
Summer 187 (20.5) 19 (15.2) 96 (22.0) 23 (19.8) 6 (15.0) 43 (222)
Fall 263 (28.8) 33 (264) 128 (29.3) 37 (319 12 (30.0) 53(273)
BMI at baseline
<25 467 (51.2) 60 (48.0) 215 (49.2) 70 (60.3) 0253 24 (60) 98 (50.5)
225-30 310 (34) 45 (36.0) 150 (34.3) 33 (284) 11 (27.5) 71 (36.6)
230 135 (14.8) 20 (16.0) 72 (16.5) 13(11.2) 5(12.5) 25 (129
Tumor size
1-10mm 229 (25.8) 14 (11.2) 93 (21.4) 33 (287) 0.002 20 (50) 69 (39.7)
11-20mm 409 (46.1) 57 (45.6) 217 (49.9) 51 (443) 13 (32.5) 71 (40.8)
221 mm 250 (28.2) 54 (43.2) 125 (28.7) 31 (27.0) 6 (15.0) 34 (19.5)
Unknown 24 0 2 1 1 20
Lymph node status
Positive 262 (31.9) 50 (41.0) 135 (32.8) 36 (324) 0226 9 (22.5) 32(227)
Negative 559 (68.1) 72 (59.0) 276 (67.2) 75 (67.6) 27 (67.5) 109 (77.3)
Unknown 91 3 26 5 4 53
Nottingham grade
| 227 (27.2) 7 (5.9) 119 (27.7) 42 (36.5) < 0.001 12 (30.0) 47 (34.8)
Il 393 (47.0) 35 (294) 219 (50.9) 61 (53.0) 16 (40.0) 62 (45.9)
Il 216 (25.8) 77 (64.7) 92 214) 12 (104) 9 (22.5) 26 (19.3)
Unknown 76 6 7 1 3 59
Histological type
Ductal 596 (70.9) 103 (85.1) 290 (67.8) 84 (72.4) <0.001 24 (60.0) 95 (68.3)
Lobular 166 (19.7) 7 (5.8) 113 (264) 20 (17.2) 7(17.5) 19 (13.7)
Other/mixed 79 (94) 11(9.1) 25(5.8) 12 (10.3) 6 (15.0) 25 (18.0)
Unknown 71 4 9 0 3 55
ER status
Neg (0-10%) 84 (10.8) 45 (39.5) 25 (6.1) 4 (3.6 < 0.001 3(75) 7 (6.0)
Pos (> 10%) 694 (89.2) 69 (60.5) 382 (93.9) 106 (96.4) 28 (70.0) 109 (94.0)
Unknown 134 11 30 6 9 78

PgR status
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Table 1 Distribution of patient and tumor characteristics in relation to nuclear VDR expression (Continued)

Eligible cases All
n=912

Tumor in Yes No

tissue microarray 718 (78.7) 194 (21.3)

n (%)

Nuclear VDR Yes No

assessable 678 (94.4) 40 (5.6)

n (%)

Nuclear VDR Negative Positive Positive

fraction 0-10% 11-50% 51-100%

n (%) 125 (184) 437 (64.5) 116 (17.1)

Factor n (%) or n (%) or n (%) or n (%) or p n (%) or n (%) or

mean (SD) mean (SD) mean (SD) mean (SD) value* mean (SD) mean (SD)

Neg (0-10%) 311 (41.7) 75 (67.0) 135 (34.5) 39 (36.8) < 0.001 14 (35.0) 48 (44.9)
Pos (> 10%) 435 (58.3) 37 (33.0) 256 (65.5) 67 (63.2) 16 (40.0) 59 (55.1)
Unknown 166 13 46 10 10 87

HER2
Neg 646 (90.9) 102 (91.1) 335 (90.3) 91 (91) 0957 26 (65.0) 92 (92.0)
Pos 65 (9.1) 10 (8.9) 36 (9.7) 9 (9.0) 2 (50 8 (8.0)
Unknown 201 13 66 16 12 94

Kie7
Low 258 (40.6) 16 (15.8) 150 (45.9) 43 (45.7) <0.001 9 (22.5) 40 (44.4)
Intermediate 198 (31.2) 28 (27.7) 104 (31.8) 36 (38.3) 5(12.5) 25 (27.8)
High 179 (28.2) 57 (56.4) 73 (22.3) 15 (16.0) 9 (22.5) 25 (27.8)
Unknown 277 24 110 22 17 104

Molecular subtypes
Luminal A-like 350 (55.6) 19 (18.6) 207 (63.1) 62 (66.7) < 0.001 11 (27.5) 51 (62.2)
Luminal B-like 158 (25.1) 33 (324) 76 (23.2) 20 (21.5) 8 (20.0) 21 (25.6)
HER2 positive 65 (10.3) 10 (9.8) 36 (11.0) 9(9.7) 2 (50) 8(9.8)
Triple negative 56 (8.9) 40 (39.2) 9(2.7) 22 3(7.5) 2(24)
Unknown 283 23 109 23 16 112

Percentages do not include missing categories

*p values calculated with x? test if not otherwise noted. All p values calculated with only valid categories

**Kruskal-Wallis was used to obtain the p value

Covariation of VDR expression and tumor characteristics

Distribution of patient and tumor characteristics in rela-
tion to nuclear VDR fraction is presented in Table 1.
There was a statistically significant covariation between
VDR negativity and many tumor characteristics associ-
ated with poor prognosis: large tumor size (p =0.002),
high Nottingham grade (» <0.001), negative ER status
(p <0.001), negative PgR status (p <0.001), and high
Ki67 expression (p < 0.001). There was also a statistically
significant covariation between histological type and
VDR expression, where negative tumors more often
were considered ductal (p <0.001). When molecular
subtypes were compared, it was noted that only 6.6% of
Luminal A-like tumors had a negative VDR expression

in the nuclei as compared to 25.6% among Luminal B-
like tumors, and 78.4% among triple-negative tumors.

A similar pattern was observed when the distribution of
patient and tumor characteristics in relation to cytoplas-
mic VDR score was analyzed (Additional file 1: Table S1).
One difference was that cytoplasmic VDR score also
showed statistically significant covariation with HER?2, as
no tumors within the group of low cytoplasmic score
(0-6) were considered HER2 positive (p =0.008).

Covariation of VDR expression and breast cancer
treatment

Mastectomies were performed more often on VDR-nega-
tive tumors (55%) compared to VDR-positive tumors
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(41%). The postoperative treatment conference recom-
mended adjuvant endocrine therapy for a smaller propor-
tion and chemotherapy for a larger proportion of patients
with VDR-negative tumors compared to VDR-positive tu-
mors. A similar pattern was seen when cytoplasmic VDR
score was compared to treatment factors.

VDR expression in relation to breast cancer mortality
Mean follow-up was 11.5 years with a standard deviation
(SD) of 5.2years. A Kaplan-Meier analysis confirmed
proportional hazards as shown in Fig. 3. Both crude and
adjusted analyses showed a statistically significant associ-
ation between nuclear VDR positivity (a fraction above
10% of stained nuclei) and a low risk of breast cancer-as-
sociated death (HR =0.56, 0.34—0.91) adjusted analysis)
(Table 2). The complete case analysis showed similar but
not statistically significant results (0.61, 0.35-1.05). Also,
similar but not statistically significant results were seen
when nuclear VDR fractions 11-50% (0.54, 0.32—0.89)
and nuclear VDR fractions 51-100% (0.66, 0.34—1.28)
were compared individually to nuclear VDR fraction
below 10%. It was also noted that the difference in HR
between nuclear VDR fractions 11-50% and nuclear
VDR fractions 51-100% was small.

As regards to HRs calculated for different cytoplasmic
VDR scores, they showed similar results as for nuclear
VDR expression, i.e., more VDR expression was associated
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with decreased risk of breast cancer death, but not statisti-
cally significant when adjusted (0.59, 0.30-1.16) (Table 2).

VDR expression in relation to breast cancer mortality
stratified by molecular subtypes

HRs for breast cancer death calculated in groups strati-
fied by molecular subtypes are presented in Table 3.
There was a statistically significant association between
VDR expression and BCM within the Luminal B-like tu-
mors as nuclear VDR positivity was associated with a de-
creased risk of breast cancer death (0.37, 0.18-0.77).
Also, there seemed to be a possible association within
the Luminal A-like molecular subtype and reduced risk
of breast cancer death, but this association did not reach
statistical significance (0.76, 0.32—-2.53). For HER2-posi-
tive and triple-negative molecular subtypes, no statisti-
cally significant results were observed.

Discussion

In the present study, VDR expression was found to be
associated with favorable prognostic characteristics, such
as small size, low grade, ER positivity, PgR positivity, low
Ki67 expression, and Luminal-like molecular subtypes.
This corresponds to the finding that VDR-positive tu-
mors were found to be associated with a decreased risk
of breast cancer-specific mortality, but this association
was also independent of other prognostic factors.
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0.6

Survival

0.4

0.2

0.0

VDR expression

"Tnegative nuclear VDR
—I1positive nuclear VDR

negative nuclear VDR~
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Fig. 3 Kaplan-Meier showing breast cancer-specific survival
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20.00 25.00 30.00




Huss et al. Breast Cancer Research (2019) 21:84

Page 9 of 13

Table 2 Vitamin D receptor expression in relation to breast cancer mortality

Total (n) Person- Dead from Breast cancer HR? HR® HR HR*
years breast cancer  mortality/100 000
Nuclear VDR fraction  0-10% 125 1310 34 2595 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
(neg)
11-100% (pos) 553 6414 77 1200 046 (031- 042 (028- 061 (035- 0.56 (034~
0.69) 0.63) 1.05) 0.91)
Nuclear VDR 0-10% 125 1310 34 2595 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
fraction 11-50% 437 5055 61 1206 047 (031 041 (027- 057 (032- 054 (0.32-
0.71) 0.63) 1.01) 0.89)
51-100% 116 1359 16 1177 046 (0.25- 044 (0.24- 0.74 (035~ 0.66 (0.34—
0.83) 0.79) 1.55) 1.28)
Cytoplasmic 0-6 (neg) 57 609 17 2791 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
VDR score 7-12 (pos) 622 7137 94 1317 047 (028~ 044 (026- 088 (039 059 (030~
0.79) 0.74) 1.97) 1.16)
Cytoplasmic 0-6 57 609 17 2791 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
VDR score 7-9 152 1712 25 1460 052 (028- 050 (027- 101 (043- 058 (0.27-
0.96) 0.92) 2.40) 1.24)
10-12 470 5425 69 1272 045 (0.27- 042 (0.25- 081 (036- 0.59 (0.30-
0.77) 0.72) 1.86) 1.18)

#Crude analysis
PAdjusted for age at and season of diagnosis

“Adjusted for same factors as © but also for size of tumor, lymph node status, histological type, and molecular subtypes
#Complete case analysis: analysis including only cases with complete information on all covariates
*Multiple imputation performed to include individuals with missing data on covariates in analysis

Immunohistochemistry and patterns of VDR expression

In the present material, VDR was found almost exclu-
sively in tumor cells. As TMA was targeted to evaluate
invasive tumors, there was a scarcity of normal breast
cells and thorough evaluation of this matter could not
be performed. Previous research have found expression
of VDR to be higher in in situ and infiltrative carcinoma
compared to benign breast disease or normal tissue [23, 24],
but others argue the opposite [25].

When this study was initiated, it was expected to find
only nuclear staining concerning VDR, since this is what
most previous studies have observed [8, 10, 26]. It was
therefore surprising to find VDR staining also in the nu-
clear membrane, the cytoplasm, and the cellular mem-
brane in our TMA. Early research which concluded
VDR to be a primary nuclear receptor used radioactive
1,25-(OH)2 vitamin Dj3 to identify the receptor in mam-
mary cells [8]. More recently, it has been shown that

Table 3 Vitamin D receptor expression in relation to breast cancer mortality stratified by surrogate molecular subtypes

Surrogate Nuclear n  Person- Dead from  Breast cancer HR? HR** HRP HRP* HR* HR*
molecular VDR years  breast cancer mortality/100 000
subtype fraction
Luminal A-like  0-10% 19 275 4 1455 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
11-100% 269 3132 23 734 0.56 (0.19- 0.76 (0.27- 044 (0.15- 061 (021- 0.79 (0.24- 0.76 (0.32—
162) 214) 131) 1.76) 263)° 253)¢
Luminal B-like  0-10% 33 325 1 3381 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
11-100% 96 1125 15 1334 0.38 (0.18- 037 (0.18- 042 (0.19- 036 (0.17- 043 (0.19- 0.37 (0.18-
0.84) 0.76) 0.93) 0.73) 0.94)¢ 0.77)¢
HER 2 positive 0-10% 10 82 3 3639 1.00 (ref)  1.00 (ref)  1.00 (ref)  1.00 (ref) ~ 1.00 (ref)  1.00 (ref)
11-100% 45 436 12 2751 0.78 (0.22- 082 (0.25- 0.74 (0.20- 0.73 (0.22- 1.13(0.31- 1.00 (0.30-
2.79) 2.64) 2.74) 247) 4.00)° 333)°
Triple negative 0-10% 40 419 10 2388 1.00 (ref)  1.00 (ref)  1.00 (ref) ~ 1.00 (ref) ~ 1.00 (ref) ~ 1.00 (ref)
11-100% 11 123 3 2440 1.04 (0.28- 085 (0.25- 0.80(0.21- 0.70 (0.21- 0.87 (0.23- 0.78 (0.23—
3.77) 2.86) 3.00) 237) 3.19)¢ 261)°

#Crude analysis
PAdjusted for age at and season of diagnosis

“Hazard ratio adjusted for covariate most affecting the estimate: Ylymph node status and season of diagnosis
*Multiple imputation performed to include individuals with missing data on molecular subtype
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cytoplasmic unliganded VDR present in tumor cells
of cell lines and mouse models promotes cell growth
in contrast to the inhibitory effects of intranuclear
VDR which has been activated by vitamin D [27]. An-
other recent study also demonstrated VDR to be lo-
calized in the cytoplasm of dividing cells [28]. Hence,
unliganded VDR can be found on other locations in
the tumor cells, and at least one other study on
breast cancer survival has also found VDR in the
cytoplasm along with the nuclei [12].

When research on which antibody to use in the study,
the Santa-Cruz D-6 antibody was preferred over alterna-
tives, since validation of this particular antibody for im-
munohistochemistry was considered superior to
alternatives [21, 22]. This antibody was not used in the
previous studies, which is a possible explanation for dif-
ferent staining patterns.

Since VDR was found on multiple subcellular locations
in cancer cells, and there were no previous records in
the literature about this, we concluded it best to evaluate
the fraction of stained cancer cells at all sites. In an at-
tempt also to score the intensity of nuclear and nuclear
membrane VDR expression, an additional score of the
highly intensely stained fraction was added. This method
was based on previous reports that concluded better re-
producibility on very strongly positive scores than in-
cluding intermediate intensities [29]. Considering
intensity in the cytoplasm, it was easier to distinguish in-
tensities of intermediate staining pattern at this location,
why it was also included. When evaluating results from
scoring, we concluded that scores as regards to nuclear
fraction and intensity and cytoplasmic fraction and in-
tensity were congruent enough to be valid.

Scores concerning membranous expression had a low
reproducibility and were therefore not included in the
statistical analyses. It would have been interesting to
compare staining in different subcellular compartments
in associations to tumor prognostic factors and breast
cancer mortality, since VDR activated by vitamin D is
translocated into the nucleus and has been shown to re-
duce the viability of triple-negative breast cancer cell
lines [30], inhibit breast cancer cell line growth [31], and
induce autophagy in breast cancer cell lines and in nor-
mal breast tissue of mice [32]. Another previous study
has shown that unliganded VDR in the cytoplasm pro-
motes cell growth in contrast to the inhibitory intranuc-
lear ligand-dependent actions of VDR [27]. We suggest
that VDR located in the cellular membrane, not acti-
vated by vitamin D, hypothetically may be associated
with prognostic factors and BCM differently compared
to intranuclear VDR. In our study, there were only few
individuals with negative nuclear VDR expression and
positive cytoplasmic stain, and therefore, we consider
that there was not enough power to find any association
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between this small group of individuals and a possibly
elevated risk of BCM. However, tumors with nuclear
VDR expression do probably also express VDR in the
cytoplasm.

Methodological considerations

All Swedish residents are given a unique civil registra-
tion number at birth or immigration. It is therefore pos-
sible to link all women in our cohort to different
registries. The Swedish Cause of Death Registry which
was used to retrieve information on the cause of death is
reported to be virtually complete on the event of death
and to 96% complete to cause of death [33]. Deaths
caused by a tumor have been found to be correctly regis-
tered in 90% of cases [34].

Analyses were performed with nuclear fraction and
cytoplasmic score analyzed separately (Table 3). As
regards to cytoplasmic score, there were few individuals
with negative scores (n =57), and results from statistical
analyses were harder to interpret, although they seemed
to be congruent with results from analyzing nuclear VDR
fraction. In a sensitivity analysis, a combinatory score of
nuclear and cytoplasmic expression was calculated and
used to determine HR of BCM. There were very few indi-
viduals with both a negative nuclear fraction and negative
cytoplasmic score (n =54), and when this group was ex-
panded to contain either a higher cytoplasmic score (7—
10) or larger nuclear fraction (11-50%), any effects of
VDR negativity could not be observed. Hence, we con-
clude that in our material a dichotomized variable of a nu-
clear fraction of VDR expression with a cut-off of 10% is
appropriate to use and will be used in our future studies.
Another previous study has also noted that the intensity
of VDR expression seems to be of less importance [12].

A tissue microarray (TMA) is not an evaluation of a
complete tumor, and therefore, results from an immuno-
histochemical analysis of TMA are not comparable to a
diagnostic immunohistochemical analysis. For research
purposes, a TMA is valuable as it makes it possible to
evaluate many tumors under a comparably short dur-
ation of time. Another weakness of a TMA study is that
very small tumors are not represented in the TMA, as
seen in Table 1, where small tumors accounted for al-
most 40% of tumors not included in TMA but only ap-
proximately 20% of tumors evaluated as regards to
nuclear VDR were small.

VDR and associations with prognostic factors and breast
cancer treatment

Tumor factors previously known to predict breast cancer
prognosis included in this study was tumor size, lymph
node status, tumor grade, histological type, ER and PgR
status, HER2 amplification, Ki67 expression, and molecu-
lar subtypes derived from the factors above. Covariation of
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statistical significance was seen with most of the prognos-
tic factors, except with lymph node involvement and
HER2 amplification. A recent study, which used com-
puter-assisted image analysis for evaluations of nuclear
VDR expression, showed very similar results as regards to
covariance with tumor prognostic factors [10], which
strengthens our results. Earlier, smaller studies have re-
ported divergent results. One study showed associations
with tumor size and lymph node involvement, but not
with grading, estrogen receptors, progesterone receptors,
or HER2 [12]; others reported no associations [13, 14].
The earlier studies were quite small and did not evaluate
many of the associations that we found.

As VDR expression covaried with prognostic factors, it
was expected to find associations also with the suggested
breast cancer treatment. It was noted that VDR-negative
tumors more often were surgically treated with mastec-
tomy (they were larger), less often suggested endocrine
therapy, and more often chemotherapy (they were ER
negative to a larger extent).

VDR and breast cancer mortality (BCM)

The present study showed a statistically significant asso-
ciation between BCM and VDR tumor expression
among breast cancer patients (HR 0.56, 0.34-0.91)
(Table 2), which has not been reported previously. Previ-
ous studies have not used BCM as endpoint when evalu-
ating breast cancer prognosis [10-14], and associations
found between VDR expression and different endpoints
are not conclusive. The most recent and largest study,
by Al-Azhri et al, reported very similar results to ours
as regards to covariation with tumor prognostic factors,
but showed no association between VDR expression and
overall survival, progression-free survival, or breast can-
cer-specific survival [10]. Differences in study population
such as a shorter follow-up time (mean 72 months, com-
pared to 137 months in our study) and differing tumor
characteristics and that they might have included women
with metastatic disease in their study population (not
mentioned) may explain some of these discrepancies.
The earlier and smaller studies have used different ap-
proaches on retrieving information on VDR expression
and have not associated VDR expression with any differ-
ences in survival [11, 13, 14] although Berger et al. noted
that VDR-positive tumors were associated with a longer
disease-free interval [11]. Ditsch et al. showed that VDR
expression was associated with a between better progres-
sion-free survival, and overall survival in univariate ana-
lyses [12], which strengthens our results.

Another study which suggested that phenotype of the
normal breast tissue surrounding a breast cancer can
predict outcome showed that when VDR was expressed
along with androgen receptor (AR) and ER in the sur-
rounding breast tissue, patient outcomes were more
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favorable than when none of those three was expressed
[35]. Their results are also in line with ours, suggesting
that VDR expression is associated with a better breast
cancer prognosis.

Molecular subtypes were included as a covariate in the
adjusted model of BCM, which maintained statistical
significance when positive nuclear expression (11-100%)
was compared to negative nuclear expression (0-10%),
although the confidence interval was widened (0.56,
0.34—0.91) (Table 2). The model stratified on molecular
subtypes showed that for tumors classified as Luminal B,
VDR positivity was associated with a decreased BCM.
Since breast cancer deaths were uncommon for women
with tumors classified as Luminal A, the results had a
poor precision and wide confidence intervals. Also, small
numbers of HER2-positive tumors and triple-negative
tumors made the analyses regarding VDR expression
and breast cancer mortality inconclusive. Still, we believe
that the stratified model confirmed that the positive
prognostic effect seen with positive VDR expression was
not all due to covariation with molecular subtypes.

Conclusion

The present study indicates that high VDR expression in
breast cancer cell nuclei is associated with favorable
prognostic factors and a decreased risk of breast cancer
death. Women with VDR-positive breast tumors have a
better breast cancer-specific survival compared to
women with VDR-negative tumors. Future studies ought
to investigate the combined effect of VDR expression
and serum levels of vitamin D in relation to breast can-
cer prognosis.

Appendix 1

Description of handling intraindividual scoring differences
Each tumor was represented by two cores in the TMA,
and in order to obtain validity of values of expression,
scoring was performed twice. At least several weeks, up
to months, went between scoring of the same tumor, de-
pending on other obligations of the evaluator (LH). Due
to many (seven) scoring categories, an intraindividual
discrepancy between the first and second scoring rounds
can be expected. Such a discrepancy was treated as
follows:

If there were different scores recorded from one core
pair in the first evaluation and only one in the second
(for example 1,2 and 2,2), the score which was consistent
between core pair was recorded. Also, if the score be-
tween one core pair differed two steps in one evaluation
and the second evaluation showed a score in between
(for example 1,3 and 2,2), the second result was re-
corded. This was considered appropriate since we de-
cided that if there was a discrepancy between cores, the
two cores should be evaluated as one entity. When there
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were no differences between core pairs but (only) one
score unit between the first and second evaluation, the
second score was considered correct, due to the learning
curve during the first evaluation. After this procedure,
there were still differences as regards to scores for nu-
clear fraction (n = 30), cytoplasmic fraction (n = 18), and
cytoplasmic intensity (n =21). These tumors were re-
evaluated, with the pair of cores of the same tumor con-
sidered as one entity. After this re-evaluation, score for
only four tumors could not be concluded, and a second
evaluator (AR) was consulted before the score was
determined.

Measurement error due to scoring discrepancies was
evaluated by performing sensitivity analyses in which all
tumors with any discrepancy (either between cores or
between first and second evaluation) between negative
and positive nuclear VDR expression were excluded
(n =62). These analyses were performed without mul-
tiple imputation, and results differed only to a minor ex-
tent compared to when the differing cases were
included. The adjusted analyses differed the most: 0.65
(0.36—1.15) compared to 0.61 (0.35-1.05).

Appendix 2

Description of the imputation model

Among 718 tumors included in the TMA, there were
missing data on the following variables: tumor size (n =
4), lymph node status (n =38), tumor grade (n =17),
histological type (n = 16), ER status (n =56), PgR status
(m =79), HER2 expression (n =107), Ki-67 expression
(n =173), and molecular subtypes (n = 171). Also, it was
not possible to evaluate expression of VDR in the cyto-
plasm for 39 of tumors and in nuclei for 40 of tumors.
All above variables were included in the multiple imput-
ation model, except molecular subtypes which were cal-
culated based on results from imputation. Since the
analysis in mind for the multiple imputation model was
a Cox regression, baseline hazards and breast cancer
death were also included in the model, as well as age
and season of diagnosis (covariates in the analysis). Fur-
ther predictors of imputed values and of missingness,
such as BMI and year of diagnosis, were also added.
SPSS 25.0 (IBM) was used for multiple imputation, and
30 imputations were made. SPSS uses logistic regression
for imputation of categorical variables, and linear regres-
sion was used for imputation of baseline hazards. Con-
vergence was checked, and it appeared after two
iterations, although ten iterations were used to impute
values.

In the Cox analysis only, imputed values for covariates
(tumor size, lymph node status, histological type, and
molecular subtypes) were used. Only tumors with values
based on defined scores of VDR expression were in-
cluded in the final analyses.
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