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Abstract

Background Colorectal Cancer (CRC) has been molecu-
larly classified into several subtypes according to tumor,
stromal, and immune components. Here, we investigated
whether the preventive effect of vitamin D on CRC varies
with subtypes defined by Vitamin D receptor (VDR) expres-
sion in tumors and their surrounding stroma, along with the
association of somatic mutations in CRC.

Methods In a population-based prospective study of 22,743
Japanese participants, VDR expression levels in tumors and
their surrounding stroma were defined in 507 cases of newly
diagnosed CRC using immunohistochemistry. Hazard ratios
of CRC and its subtypes according to dietary vitamin D
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intake were estimated using multivariable Cox proportional
hazards models.

Results Dietary vitamin D intake was not associated
with CRC or its subtypes defined by VDR expression in
tumors. However, an inverse association was observed for
CRC with high VDR expression in the stroma (the highest
tertile vs the lowest tertile: 0.46 [0.23-0.94], P,..,q4=0.03),
but not for CRC with low VDR expression in the stroma
(Pheterogeneity = 0-02). Furthermore, CRC with high VDR
expression in the stroma had more somatic TP53 and BRAF
mutations and fewer APC mutations than those with low
VDR expression in the stroma.

Conclusions This study provides the first evidence that the
preventive effect of vitamin D on CRC depends on VDR
expression in the stroma rather than in the tumors. CRC
with high VDR expression in the stroma is likely to develop
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through a part of the serrated polyp pathway, which tends to
occur with BRAF but not with APC mutations.

Keywords Vitamin D intake - Vitamin D receptor -
Colorectal cancer - Tumor stroma

Abbreviations

CI Confidence interval

CRC Colorectal cancer

DAB 3,3V-diaminobenzidine

FFQ Food Frequency Questionnaire

HR Hazard ratio

JPHC Japan Public Health Center-based
Prospective

METs Metabolic equivalent of task score

VDR Vitamin D receptor

1a,25(0OH),D;  1a,25-Dihydroxy vitamin D5

Introduction

Colorectal cancer (CRC) is the third most commonly diag-
nosed cancer, with more than 1.9 million new cases world-
wide in 2020 [1]. Given that the consequences of this disease
confer a substantial burden on patients, including intestinal
obstruction and adverse effects of treatment, the prevention
of CRC is a pivotal issue for public health. The improvement
in vitamin D status is expected as a potential strategy for
preventing CRC [2—4], because vitamin D has been shown
to possess anti-cancer functions such as inhibition of cell
proliferation and angiogenesis in many laboratory studies
[5-7]. Nevertheless, in epidemiological studies, including
our previous studies of vitamin D intake or plasma concen-
tration [8, 9], the preventive potential of vitamin D on CRC
remains controversial.

CRC has been believed to develop through several dis-
tinct pathways, resulting in tumor subtypes with different
molecular features [10]. For example, the adenoma-carci-
noma pathway tends to occur with APC mutations, while the
serrated pathway likely involves BRAF mutations. Interest-
ingly, recent prospective studies [11-15] of adenomas and
serrated polyps suggested that vitamin D intake may be dif-
ferentially associated with precursor lesions of CRC with
different molecular features. Therefore, tumor heterogeneity
resulting from tumor molecular subtypes is one explanation
for the controversial results regarding the preventive poten-
tial of vitamin D on CRC.

The preventive effects of vitamin D against tumorigen-
esis are primarily mediated by the binding of the vitamin
D metabolite (1a,25-dihydroxy vitamin D3, 1a,25(OH),D5)
to the vitamin D receptor (VDR), a member of the steroid
hormone receptor superfamily [2, 16]. In epithelial cells,
1a,25(0OH),D;-activated VDR regulates the expression of

@ Springer

genes related to the cell cycle, apoptosis, and differentiation
[3], which helps prevent carcinogenesis [17]. Additionally,
the vitamin D/VDR axis also exerts anticancer effects on the
fibroblasts in the stroma. In fibroblasts of the tumor stroma,
1a,25(0OH),D;-activated VDR inhibited tumor-supporting
secretomes, such as exosomal miRNAs, and thus prevented
cancer development [18, 19]. Therefore, the evidence from
laboratory studies suggests that the preventive effects of
vitamin D on tumorigenesis may depend on VDR in these
tissue components.

VDR is stably expressed in normal large intestinal epi-
thelial cells, but repressed by the SNAIL transcription factor
in tumors [20]. Meanwhile, Stromal VDR is not expressed
in normal tissue [21, 22], but upregulated by stroma activa-
tion such as cytokine induction and changes in the extracel-
lular matrix [18]. Therefore, the expression levels of VDR
vary across tumors [23] and their surrounding stroma [24],
which may be one of the tumor molecular features that dif-
fer between CRC subtypes arising from several distinct
pathways. Collectively, it is hypothesized that the preven-
tive effects of vitamin D may be restricted to certain CRC
subtypes with high VDR expression in the tumors and/or
stroma. However, no studies have examined the association
between vitamin D and CRC risk in relation to VDR expres-
sion levels in tumors and their surrounding stroma.

In this population-based prospective study with up to
15 years of follow-up, we collected CRC tissues and investi-
gated the association between pre-diagnosed dietary vitamin
D intake and CRC risk in relation to VDR expression levels
in the tumors and stroma. Furthermore, typical molecular
features of CRC, namely APC, TP53, KRAS, and BRAF
mutations [10], were examined in relation to VDR expres-
sion in tumors and stroma to unravel the characteristics of
CRC subtypes with different expression levels of VDR.

Methods

Study population

This study is part of the Japan Public Health Center-based
Prospective (JPHC) study examining lifestyle and other
factors related to cancer and other disease risks using self-
administered questionnaires. In brief, participants of the
JPHC study were recruited from 11 public health centers
across Japan between 1990 and 1994 and asked about their
dietary and lifestyle habits as well as medical history every
five years for 15 years.

In the JPHC study area, we collected tumor tissues
stocked at the department of pathology, regional core hos-
pitals in Akita (the Hiraka General Hospital and the Yokote
Municipal Hospital) and Okinawa (the Okinawa Prefecture
Chubu Hospital and the Nakagami Hospital), where 29,988
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participants were registered at the initiation of the JPHC
study. For the present study, we excluded participants who
were ineligible, moved out, died or were with a history of
cancer before the commencement of this study, or those who
did not respond to any questionnaires. Finally, 22,743 par-
ticipants in Akita and Okinawa were followed up (Fig. 1).

Assessment of exposure and covariates
Daily food intake was calculated using the food fre-

quency questionnaire (FFQ) of the 10-year follow-up
survey conducted in 2000. This FFQ included 159 food

15,782 participants registered in Akita

4—

v

12,087 participants defined in Akita

Follow-up ~11 years ( 2004-2014 )

v

353 cancer cases

+ Unavailable tumor tissue

v

303 cancer cases

Fig. 1 Flow of defining study population

Excluded (N= Akita, Okinawa):
+ Ineligible (foreigners etc.) (N=1, 31)

+ Move out or death before commence of follow-up (N=2,236, 2,154)
- Past history of cancer (N=1,158, 608)

+ Non-respondents to questionnaire survey (N=300, 757)

All incident colorectal cancers

Excluded (N= Akita, Okinawa):
-+ Diagnosis without histological confirmation

- Diagnosis at Non-regional core hospitals (N=8, 28)
(N=13,7)

+ Missing information on covariates

Colorectal cancers with tumor
tissues and information

and beverage items and enquired about nine categories of
eating frequency and three categories of portion size for
each food item of the previous year [25, 26]. The daily
intake of energy, vitamin D, and other nutrients was esti-
mated according to the Standard Tables of Food Compo-
sition in Japan (seventh version) [27]. Participants with
extreme daily energy intake in the highest or lowest 2.5th
percentile (<971 or> 4377 kcal/day for men and <755
or > 3892 kcal/day for women) were excluded. The valid-
ity of these intakes is described in Supplementary Meth-
ods. In addition to dietary habits, information on lifestyle
and anthropometric data were gathered using the 10-year
follow-up questionnaire.

14,206 participants registered in Okinawa

—

v

10,656 participants defined in Okinawa

Follow-up ~15 years ( 2000-2014 )

4q----"=-=-=-==

293 cancer cases

(N=11, 18)

(N=18, 35)

v

204 cancer cases
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Follow-up and outcome assessment

Participants in Akita were followed up from January 2004,
while those in Okinawa were followed up from the date of
their response to the 10-year survey questionnaire (Janu-
ary—November 2000). This is because we were able to col-
lect tumor tissues from CRC cases diagnosed after 2003 in
Akita and after 1999 in Okinawa. In both areas, the end
of the follow-up period was December 2014. During these
follow-up periods, newly diagnosed CRC cases were mainly
ascertained by record linkage with population cancer reg-
istries and active patient notifications from local hospitals.
The site and histological features of each cancer case were
coded according to the International Classification of Dis-
eases for Oncology, Third Edition (ICD-O-3) [28]. In terms
of the cancer site, C18 was designated for the colon, and
C19-C20 for the rectum.

At the end of the follow-up period, 646 CRC cases were
reported. Among these, after 65 cases without histological
confirmation or at hospitals other than the regional core hos-
pitals were excluded, we found 561 CRC tissues with more
than 95% of the retrieval rate. Finally, we obtained 507 CRC
tissues with vitamin D and covariate information for analysis
(approximately 80% of all incident cases, Fig. 1).

Definition of VDR expression using
immunohistochemistry

The expression of the VDR protein in tissues was detected
by immunohistochemistry. For this analysis, formalin-fixed
paraffin-embedded tumor tissues were prepared at 5 pm
thickness, and the tissue sections were then dewaxed and
rehydrated. Next, we performed antigen retrieval with a
high-pH buffer and quenched endogenous peroxidase activ-
ity with H,0O, solution. After preparation for immunohis-
tochemistry, the tissue sections were incubated with 1/400
diluted Anti-VDR Rabbit Monoclonal Antibody (D2K6W,
#12550, Cell Signaling Technology, Massachusetts, USA)
at 37 °C for 32 min, followed by incubation with linker
antibody (OptiView HQ Universal Linker, Ventana Medi-
cal Systems, Inc., Tucson, Arizona USA) for 8§ min, and
subsequently with the labelled polymer horseradish peroxi-
dase (OptiView HRP multimer, Ventana Medical Systems,
Inc.) for 8 min. Finally, the tissue sections were stained with
3,3V-diaminobenzidine (DAB) chromogen (OptiView DAB
and OptiView H,0,, Ventana Medical Systems, Inc.). The
dewax-to-DAB reaction procedures were performed using an
auto-strainer (VENTANA BenchMark GX, Ventana Medical
Systems, Inc.). We assessed VDR expression in the nucleus,
where VDR predominantly functions as a transcription
factor. Since there are no clinical cut-off points for stain-
ing range and intensity, cells with a stained nucleus were
regarded as positive cells regardless of staining intensity
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by microscopy. The percentage of immunoreactive nuclear
cells was rated from 0-100% in 10% increments. Tumors and
stroma with 50% or more positive cells were categorized as
tumors with high VDR expression levels and those with less
than 50% as low VDR expression levels. The assessment was
conducted by a laboratory technician. A pathologist assessed
112 randomly selected cases. The concordance of these
assessments between technician and pathologist were high,
with Kappa coefficients of 0.97 and 0.90 for tumors and
their surrounding stroma, respectively. Both analysts were
blinded to the patients’ lifestyles and medical histories. All
processes used to define VDR expression were conducted at
GeneticLab Co. Ltd. (Japan).

Definition of somatic 7P53, APC, KRAS, and BRAF
mutations using target sequencing

DNA was extracted from formalin-fixed paraffin-embedded
tumor tissue sections using a QlAamp DNA FFPE Tissue
Kit (Qiagen, Hilden, Germany). The purified DNA was
amplified by multiplex PCR using the Ion AmpliSeq Cancer
Hotspot Panel v2 covering TP53, APC, KRAS, and BRAF
regions (Thermo Fisher Scientific, Massachusetts, USA)
to generate an amplicon library. The obtained library was
sequenced using the Ion Proton platform (Thermo Fisher
Scientific). Next, we applied sequencing data to variant calls
using the Torrent Suite Software v5.0.4 (Thermo Fisher Sci-
entific, Massachusetts, USA) and performed quality control
for the samples (a base quality score of 20>90% and median
and mean depth > 1000) using cisCall [29]. If they failed
to pass quality control, the samples were sequenced again.
However, due to poor quality or an insufficient amount of
DNA, we successfully obtained sequencing data from 399
samples. In addition to quality control for the samples, we
also conducted quality control for called variants (variant
frequency in this analysis > 7%, minor allele frequency based
on 1000 Genomes Project and Japanese Multi Omics Refer-
ence Panel < 1%, and pathogenic or oncogenic variants reg-
istered in Annovar and OncoKB). Eventually, among the 399
cases, we identified TP53, APC KRAS, and BRAF mutations
in 228, 194, 197, and 19 cases, respectively. The details of
these mutations are presented in Supplementary Table S1.

Statistical analyses

Vitamin D intake was divided into tertiles based on the
distribution of dietary vitamin D intake by sex. Similarly,
other nutrients were divided into tertiles by sex. As a sen-
sitivity analysis, to assess vitamin D status in the body, we
utilized plasma 25-hydroxyvitamin D concentration in the
first survey of the JPHC study, which was measured in the
participants of a previous case-cohort study [8]. Considering
the relatively small numbers of participants with available
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plasma samples (N=916), plasma 25-hydroxyvitamin D
concentrations were divided into high and low based on the
median of the concentrations adjusted for sex, season, and
study area. Missing dietary vitamin D intake and covariate
values in the 10-year survey were imputed from the 5-year
survey data.

Person-years of follow-up for each participant were cal-
culated from the starting point of this study (January 2004
in Akita and January—November 2000 in Okinawa) until
the date of diagnosis of cancer, death, moving away from
the study areas, loss to follow-up, or the end of follow-up
(December 2014), whichever came first. The median fol-
low-up period was 11 years. Hazard ratios (HRs) with 95%
confidence intervals (Cls) were calculated using Cox propor-
tional-hazards models. Crude models were stratified by study
area and minimally adjusted for sex and age. Multivariable
models were further adjusted for potential confounding fac-
tors, including smoking status, alcohol consumption, body
mass index, physical activity (metabolic equivalent of tasks,
METs), history of diabetes, intake of calcium, fiber, and red
and processed meats, vitamin D or multivitamin supplement

use, and CRC screening. The associations according to CRC
subtypes defined by VDR expression levels in the tumors
and stroma were analyzed using a duplication method [30].
The heterogeneity of the associations between the CRC sub-
types was assessed to test the null hypothesis that vitamin
D effects are common among CRC subtypes with high and
low VDR expression [30]. Fisher’s exact test was used to
compare the prevalence of mutations in CRC cases with high
and low VDR expression. The significance level was set at a
two-sided P-value of <0.05. Statistical analyses were con-
ducted using SAS ver 9.4(SAS Institute, NC, USA).

Results

Characteristics of study participants

Table 1 shows the characteristics of participants according
to dietary vitamin D intake. Participants with higher intake

of vitamin D were likely to drink more alcohol than those
with lower vitamin D intake, and those with higher vitamin

Table 1 Baseline characteristics of the participants according to dietary vitamin D intake

Characteristics Dietary Vitamin D intake
T1 T2 T3
N=7008 N=7029 N=7010
Age (years), Mean (SD) 60.1 (6.1) 61.3(6.2) 63.1(6.1)
Men, N (%) 3276 (46.7) 3286 (46.7) 3277 (46.7)
BMI (kg/m?), Mean (SD) 244 (3.3) 239 @3.1) 23.7 (3.0)
Physical activity (METs), Mean (SD) 33.5(5.8) 33.5(5.6) 33.4(5.7)
Diabetes, N (%) 343 (4.9) 359 (5.1) 434 (6.2)
Colorectal screening, N (%) 533 (7.6) 706 (10.0) 770 (11.0)
Smoking, N (%)
Never 4545 (64.9) 4553 (64.8) 4601 (65.6)
Past 888 (12.7) 939 (13.4) 932 (13.3)
Current 1565 (22.3) 1527 (21.7) 1464 (20.9)
Alcohol consumption, N (%)
Non 3910 (55.8) 3642 (51.8) 3499 (49.9)
Occasional 592 (8.4) 635 (9.0) 512 (7.3)
Regular 2481 (35.4) 2739 (39.0) 2981 (42.5)
Vitamin D supplement use, N (%) 178 (2.5) 199 (2.8) 180 (2.6)

Dietary intake, Median (IQR)*

Energy intake (kcal/d) 1823.9 (1402.0-2351.4)
Calcium intake (mg/d) 409.5 (293.5-561.6)
Fiber intake (g/d) 12.3 (9.2-16.1)

Red and processed meat intake (g/d)
Vitamin D intake (IU/d)

42.6 (19.3-75.2)
154.1 (116.4-187.1)

1878.7 (1481.0-2377.5)

482.2 (367.0-619.5)
13.9 (11.0-17.5)
36.9 (19.8-61.5)

296.6 (258-341.8)

1877.9 (1511.1-2351.8)
510.6 (400.1-643.7)
15.0 (12.0-18.5)
31.7 (17.0-51.8)
534.6 (450.1-663.4)

Tertile (T) based on the sex-specific distribution of participants (<212.5, 212.5 to<372.7, and >372.7 1U/d for men and < 230, 230 to <406.5,

and >406.5 1U/d for women)

BMI: body mass index; METSs: metabolic equivalent for tasks; IQR: interquartile range

“Intake was adjusted for energy intake using a residual method
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D intake took more colorectal screening, fiber, calcium, and
less meats than lower vitamin D consumers. The clinical
characteristics of CRC cases were relatively similar, regard-
less of with or without tumor tissue, except for stage (Sup-
plementary Table S2). However, this may be because of the
difference in the frequency of missing information on the
stage between with (2.0%) and without (14.0%) tumor tissue.
Among the CRC cases with tumor tissues, 82.3% and 12.1%
cases showed high VDR expression levels in the tumors and
stroma, respectively (Fig. 2). Except for one case, high VDR
expression in the stroma was observed simultaneously with
high VDR expression in the tumors. Although CRC cases
with tumor tissue did not differ largely in their characteris-
tics according to VDR expression status, CRC cases with
high VDR expression in stroma tended to be women, right-
sided, and middle grade of differentiation compared with
other CRC subtypes (Supplementary Table S3).

Vitamin D intake and CRC defined by VDR expression

Table 2 presents the associations between dietary vitamin
D intake and overall CRC and its subtypes, defined by
VDR expression levels in the tumors and stroma. Without
considering VDR expression levels, higher dietary vita-
min D intake was not associated with the risk of CRC.
Similarly, no apparent association was observed with
CRC, regardless of VDR expression levels in the tumors.
After adjusting for potential confounders, the HRs were
consistent. Compared to participants with the first tertile
of dietary vitamin D intake, the multivariable HRs (95%
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Molecular features of CRC defined by VDR expression

Table 3 shows the typical molecular features of CRC
according to VDR expression levels in the tumors and
stroma. VDR expression in tumors was not associated with
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Table 2 Hazard ratios of Dietary vitamin D intake P trend P for
colorectal cancer: overau and heteroge-
defined by VDR expression Tl T2 T3 .
according to dietary vitamin D neity
intake Overall colorec- 167 152 188

tal cancer, N

HRI1 1.0 (reference) 0.84 (0.67-1.06) 0.96 (0.76-1.22) 0.85

HR2 1.0 (reference) 0.85 (0.67-1.07) 0.97 (0.76-1.23) 0.89

Tumor 0.30

VDR high, N 123 133 165

HRI1 1.0 (reference) 0.95 (0.73-1.22) 1.03 (0.79-1.35) 0.74

HR2 1.0 (reference) 0.95 (0.73-1.23) 1.03 (0.78-1.35) 0.78

VDR low, N 44 19 23

HRI1 1.0 (reference) 0.51 (0.30-0.89) 0.75 (0.42-1.33) 0.22

HR2 1.0 (reference) 0.53 (0.30-0.94) 0.78 (0.43-1.43) 0.32

Stroma 0.02

VDR high, N 22 22 19

HR1 1.0 (reference) 0.73 (0.39-1.38) 0.49 (0.24-0.97) 0.04

HR2 1.0 (reference) 0.71 (0.36-1.38) 0.46 (0.23-0.94) 0.03

VDR low, N 145 130 169

HR1 1.0 (reference) 0.86 (0.67-1.10) 1.06 (0.82-1.36) 0.57

HR2 1.0 (reference) 0.87 (0.68-1.11) 1.07 (0.83-1.39) 0.52

Table 3 Associations of VDR
expression in the tumor and
stroma with molecular features

Tertile (T) based on the

sex-specific distribution of participants
and >372.7 IU/d for men and <230, 230 to <406.5, and >406.5 IU/d for women)

HRI1 was adjusted for age (continuous) and sex, and stratified by study area

(<2125, 2125 to<372.7,

HR2 was adjusted for age(continuous), sex, smoking status (never, past, or current), alcohol consumption
(non-, occasional, or regular drinkers), body mass index (<25 or>25 kg/m?), physical activity (tertiles),
diabetes (yes or no), dietary intake of calcium (tertiles), dietary intake of fiber (tertiles), dietary intake
of meat (tertiles), colorectal cancer screening (yes or no) and vitamin D supplement use (yes or no), and
stratified by study area

Site Total Tumor Stroma

VDR expression Low High P? Low High P?
N N (%) N (%) N (%) N (%)

TP53 mutation

- 171 29 (43.9) 142 (42.6) 156 (44.8) 15 (29.4)

+ 228 37 (56.1) 191 (57.4) 0.89 192 (55.2) 36 (70.6) 0.04

APC mutation

- 205 29 (43.9) 176 (52.9) 170 (48.9) 35 (68.6)

+ 194 37 (56.1) 157 (47.1) 0.23 178 (51.1) 16 (31.4) 0.01

KRAS mutation

- 202 31 (47.0) 171 (51.4) 173 (49.7) 29 (56.9)

+ 197 35 (53.0) 162 (48.6) 0.59 175 (50.3) 22 (43.1) 0.37

BRAF mutation

- 380 62 (93.9) 318 (95.5) 335 (96.3) 45 (88.2)

+ 19 4(6.1) 15 (4.5) 0.53 13 (3.7) 6(11.8) 0.02

4P was two-sided and calculated using Fisher’s exact test

@ Springer



832

J Gastroenterol (2024) 59:825-835

Discussion

This prospective study found that dietary vitamin D intake
was inversely associated with CRC with high VDR expres-
sion in the stroma but not CRC with low VDR expression
in the stroma. However, there was no association between
dietary vitamin D intake and CRC overall, and irrespective
of VDR expression in tumors. Sensitivity analysis of plasma
25-hydroxyvitamin D concentrations showed similar results,
albeit with no statistical significance. Our study might pro-
vide the first line of population-based evidence that the pre-
ventive effect of vitamin D on CRC risk might depend on
VDR expression in the stroma rather than in the tumors.

The evidence for vitamin D as a protective factor against
CRC is obscure, although it has been investigated in many
types of epidemiological studies. For the relation between
circulating 25-hydroxyvitamin D and CRC risk, a recent
pooling project of 17 cohorts [31] and meta-analyses from
only Asian countries [32] or across ethnicity [33] consist-
ently showed an inverse association. In contrast, a meta-
analysis examining dietary vitamin D intake and CRC risk
presented an inverse association in case—control studies,
including 47,540 CRC cases, but not in prospective studies,
including 14,676 CRC cases [34]. Moreover, several clinical
randomization trials did not indicate the preventive effect of
vitamin D supplements on colorectal cancer and adenoma
risk [35-37]. Notably, in a trial, daily vitamin D; supplemen-
tation (1000 IU) and/or calcium (1200 mg) did not decrease
the risk of recurrent adenoma [35], and the decreased risk
was observed only in individuals with specific genotypes of
two VDR polymorphisms (rs7968585 and rs731236) [38].
Given that these VDR polymorphisms affect the mRNA and
protein levels, the effect of vitamin D on CRC may vary
according to individual VDR expression in tissues, as sug-
gested by the present study.

By focusing on VDR expression in CRC tumors, one US
study examined the association between the predicted vita-
min D levels and CRC risk by VDR expression in tumors
[39]. However, predicted vitamin D scores were associated
with decreasing CRC risk regardless of VDR expression
in tumors. In accordance with the results of this study, our
study did not suggest a heterogeneous association of dietary
vitamin D intake with CRC risk by VDR expression status
in tumors, despite several VDR-dependent effects of vitamin
D, including cell growth arrest [40, 41]. These findings may
be attributed to the diverse effects of vitamin D independent
of VDR expression in tumors.

Recently, accumulating evidence has shown that the
stroma surrounding tumor cells, including cancer-asso-
ciated fibroblasts (CAF), influences CRC development.
VDR in CAFs was activated by vitamin D and suppressed
the secretion of exosomal miRNAs, promoting tumor-
stroma crosstalk [18, 19]. This novel evidence motivated
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our analysis of CRC subtypes defined by VDR expression
levels in the stroma. In a CRC survival study, higher VDR
expression in the stroma was associated with better overall
and progression-free survival, regardless of its expression
in carcinoma cells [24]. In the present study, higher dietary
vitamin D intake was associated with a lower risk of CRC
with high VDR expression in the stroma, and no apparent
association was observed for CRC with low VDR expres-
sion in the stroma. These findings supported the evidence
that VDR in CAFs prevents CRC development by inter-
fering with pro-tumor miRNAs [18, 19] and could help
disentangle controversial results regarding the association
between vitamin D and CRC risk.

Furthermore, we found that CRC with high VDR
expression in the stroma was associated with APC wild
type as well as somatic TP53 and BRAF mutations. Inter-
estingly, similar findings were observed in an Australian
study reporting an inverse association between 25-hydrox-
yvitamin D concentrations and CRC with BRAF mutations
but no obvious association for CRC with KRAS mutations
[42]. Meanwhile, one study reported that cytoplasmic
VDR overexpression in tumors was correlated with KRAS
and PIK3CA mutations [43]. However, the antibody
against VDR, staining pattern of VDR, and evaluation
of VDR expression in the previous study were different
from those in this study; therefore, we could not compare
the results. Additionally, no studies have examined the
relationship between VDR expression in stroma and these
somatic mutations, which presumably provides some clues
for understanding the link between VDR expression status
in the stroma and pathways of CRC development.

While CRC arising from a conventional adenoma is
likely to possess APC mutations, CRC arising from a ser-
rated polyp tends to have BRAF mutations. In contrast,
TP53 and KRAS mutations were common in both CRC
subtypes [44]. Therefore, CRC with high VDR expression
in the stroma is likely to occur through part of the ser-
rated polyp pathway rather than the adenoma—carcinoma
pathway. Moreover, CRC with high VDR expression in the
stroma which harbored somatic 7P53 and BRAF mutations
may be classified as stem/serrated/mesenchymal transcrip-
tional subtype [45-47]. Of note, this subtype was associ-
ated with stroma activation [48, 49], which may upregulate
VDR expression in stroma during tumorigenesis. Consid-
ering a poor prognosis and a resistance to immune check-
point blockade treatment of this subtype [50, 51], these
findings may shed light on CRC prevention and therapy
through vitamin D. Although further supportive studies
are needed, VDR expression status in the stroma may be
a unique molecular feature in CRC development and is
useful for promoting prevention and therapy of CRC by
vitamin D.
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Strengths and limitations

This study had several strengths. First, we collected tumor
tissues with a high retrieval rate and performed immuno-
histochemistry on each tissue sample with a larger size
than tissue micro-array. Large tissues can help prevent
bias arising from the misclassification of CRC subtypes.
In addition, these tissues allowed us to examine VDR
expression not only in the tumors, but also in the stroma
of CRC. Second, our prospective and population-based
design was less likely to cause recall or selection bias
than the hospital-based case—control design commonly
adopted in pathological studies. Third, validated dietary
exposure and detailed covariate data would lead to more
precise estimates, although residual confounding could not
be ruled out because of the observational nature of the
study. This study had several limitations. Dietary intake
of vitamin D may not accurately reflect vitamin D status
in the body, which is provided by both diet and ultraviolet
irradiation exposure. However, to weaken the influence of
ultraviolet irradiation, the study areas were stratified for
all the analyses. Furthermore, we observed similar results
in a sensitivity analysis using plasma 25-hydroxyvitamin
D concentrations, albeit in a limited number of partici-
pants. Finally, the small number of CRC cases with high
VDR expression in the stroma and the VDR expression
defined by single immunohistochemistry warrants caution
in interpretation, and further studies are needed to confirm
these findings.

In summary, this longitudinal study demonstrated that
the association of vitamin D intake with CRC risk differed
according to VDR expression in the stroma rather than in
tumors. Although higher vitamin D intake is likely associ-
ated with a lower risk of overall CRC, the magnitude of
the association was the largest for CRC with high VDR
expression in the stroma. Our findings may support the
preventive effect of vitamin D on CRC and the impor-
tance of tumor stroma features in response to the effect
of vitamin D.
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