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ABSTRACT

The association between vitamin D and cancer has
long been studied, but the results have been variable.
Thus, there does not seem to be a consensus on
whether vitamin D has a beneficial anti-cancer effect.
This review not only summarizes the association
between vitamin D and cancer risk and results of
clinical trials involving vitamin D, but explores
some of the reasons that contribute to the variability
of study outcomes. Highlighted are single nucleotide
polymorphisms (SNPs) that contribute to variability
in the efficacy of vitamin D supplementation.
Understanding these differences can personalize
approaches to optimize the effectiveness of
vitamin D in limiting cancer risk.
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Introduction

Multiple studies have assessed whether vitamin D
can prevent cancer or if it can improve cancer
treatment outcomes. This includes original studies
and meta-analyses. Most studies on its preventive
roles have correlated plasma levels of the vitamin D
metabolites with cancer risk. Typically, 25(OH)D,
the stable metabolite of vitamin D in the circulation,
is measured and subjects are considered as
vitamin D sufficient (30-100 ng/ml), insufficient
(21-29 ng/ml) or deficient (<20 ng/ml). Below is
a summary of studies demonstrating beneficial

*Corresponding author: youngmr@musc.edu

effects of vitamin D supplementation as well as
studies showing the absence of vitamin D effects.

Beneficial effects of increased circulating levels
of vitamin D metabolites

Many, although not all, studies that associate
vitamin D levels with cancer risk measure serum
levels of 25(OH)D to determine if the subjects are
deficient. For example, a greater proportion of
melanoma patients had deficient or insufficient
levels of 25(OH)D than healthy controls [1].
Similarly, vitamin D levels were lower in patients
with thyroid cancer compared to matched controls
[2]. Women with breast cancer that were deficient
in 25(OH)D had larger tumors, more advanced stage
and reduced survival than those that were not
deficient [3]. For glioblastoma, serum 25(OH)D
was inversely associated with risk, although there
was no association for non-glioblastoma glioma
[4]. Using annual ambient ultraviolet B exposure
as a surrogate for vitamin D levels, an inverse
association with risk for esophageal and gastric
cancers has been reported [5]. In a prospective
Japanese population study with a 15 year follow-
up, the incidence of liver and pre-menopausal
breast cancers was greater in subjects with lower
25(OH)D levels at the study onset [6].

Vitamin D can also indirectly prevent cancer.
Patients that failed treatment to eradicate Helicobacter
pylori, which is associated with gastric cancer,
had a higher prevalence of 25(OH)D deficiency
than those that were successfully treated [7]. Indirect
anti-cancer effects of vitamin D can also be due to
its anti-inflammatory properties. Men with prostate
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cancer had reduced 25(OH)D and increased
inflammatory mediator levels compared to controls
[8]. Similarly, inflammatory mediators were increased
in colorectal cancer patients that had lower levels
of 25(OH)D [9].

Several meta-analyses have assessed the relationship
between circulating 25(OH)D levels and cancer
risk, with meta-analyses being able to assemble
larger datasets than can individual studies. One
such analysis of 25 prospective and retrospective
studies associated reduced pancreatic cancer risk
with increased vitamin D consumption [10]. An
analysis of 17 prospective studies linked reduced
25(OH)D levels with increased lung cancer risk,
although overall survival was not associated with
25(OH)D levels [11]. A combined case-control
study and meta-analysis inversely correlated
25(OH)D levels and papillary thyroid cancer risk
[12]. Finally, a meta-analysis of 22 studies showed
reduced lung cancer risk and improved lung cancer
patient survival when serum 25(OH)D levels were
increased [13].

Fewer studies have examined links between
vitamin D levels and lymphoproliferative diseases,
although the active metabolite has been shown in
vitro to stimulate differentiation of human leukemia
HL-60 cells into monocytic cells [14]. A study of
patients with lymphoid malignancies showed those
with severe 25(OH)D deficiency had a shorter
time to cancer progression [15]. Patients with newly
diagnosed acute myeloid leukemia were typically
25(0OH)D deficient (<20 ng/ml) [16]. However,
those with 25(OH)D levels >20 ng/ml had a reduced
length of hospitalization and higher complete
remission rates following induction chemotherapy.

The absence of association between blood levels
of vitamin D metabolites and cancer

Not all studies have shown beneficial effects of
vitamin D. An epidemiological survey with a
7 year follow-up showed no association between
25(0OH)D levels and cancers development [17].
Similarly, there was no beneficial effect of higher
circulating vitamin D levels and pancreatic cancer
risk in a large European prospective study [18].
An analysis of 20 prospective cohort studies
involving over 5,000 case-control subjects found
no association between 25(OH)D levels and lung
cancer risk [19]. Similar results were found in a

prospective study of subjects undergoing colonoscopy
screening [20]. Neither insufficient nor deficient
vitamin D levels were associated with the incidence
of adenomatous polyps.

A few studies showed increased cancer risk with
increased 25(OH)D levels. A meta-analysis of 19
prospective cohort studies associated increased
25(0OH)D levels with an increased prostate cancer
risk [21]. Possible reasons for why some studies
show beneficial anti-cancer effects of vitamin D
while others show no or detrimental effects to cancer
risk are discussed toward the end of this review.

Relationship of vitamin D-associated pathways
with cancer risk and progression

The association between vitamin D metabolites
and cancer risk need to take into consideration the
vitamin D pathway (summary in Figure 1). The
actions of the active metabolite 1,25(OH),D are
mediated by its binding to the vitamin D receptor
(VDR) to, in turn, regulate multiple genes in a
cell-specific manner. However, cancers such as
human esophageal squamous cell carcinoma have
less VDR expression than do normal tissues [22].
The survival of these cancer patients is lower when
tumor stromal expression of VDR is reduced.

There are multiple single nucleotide polymorphisms
(SNPs) for components of the vitamin D pathway
(summary in Table 1). Among the most widely
studied VDR SNPs is the rs731236 (Taql)
polymorphism. In a meta-analysis, this SNP was
associated with increased prostate cancer risk,
particularly in Asians [23]. The mutation could
reduce stability of VDR mRNA and, thus, reduce
receptor binding by 1,25(OH),D. A separate meta-
analysis of 39 publications associated colorectal
cancer risk with the VDR rs1544410 (Bsml)
polymorphism, and near significance of the
rs2228570 (Fokl) SNP with colorectal cancer
risk [24]. In Caucasians, the Fokl rs2228570
polymorphism was predictive of prostate cancer
risk [25]. This same VDR polymorphism was
associated with ovarian cancer risk in Caucasian
women [26]. It was also predictive of hepatocellular
carcinoma development in patients with chronic
hepatitis C infection [27]. A different low penetrance
rs757343 (Tru9l) SNP was associated in a case-
control study with premenopausal breast cancer in
Pakistani women [28]. A large case-control study
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Figure 1. Overview of the vitamin D-associated pathways and potential influences.

of U.S. women linked increased breast cancer risk
with the VDR rs2238135, rs11168287, rs2238136
and rs4237855 SNPs [29].

Polymorphisms have also been described in the
GC gene (group-specific component) encoding the
vitamin D binding protein (DBP). DBP impacts the
bioavailability of vitamin D metabolites, by binding
to 25(OH)D with high affinity and 1,25(OH),D with
lower affinity to transport them to target organs [30].
The association of 25(OH)D with DBP is critical
for synthesis of 1,25(OH),D in the kidney, but can
limit the bioavailability of 25(OH)D to non-renal
sites. Polymorphisms in GC, including rs4588 and
12282679, have been associated with lower systemic
25(OH)D levels [31-33]. For example, the GC
rs4588 polymorphism yields a 3.5 ng/ml decrease
in serum 25(OH)D levels per copy of the minor allele
[34]. Not clear, however, is how this impacts on
bioavailable 25(OH)D or 1,25(OH),D.

Polymorphisms in the GC gene have clinical
implications. Restoration of 25(OH)D sufficiency
by supplementation with 2,000 IU vitamin D were
less effective in colorectal cancer patients with the

GC rs4588 and 152282679 polymorphisms [35].
The GC rs2282679 SNP was associated with
reduced disease-free survival of colorectal cancer
patients following cancer diagnosis, although it
had no impact on cancer risk [36]. In contrast, no
association was found in a Mendelian randomization
study between the GC 152282679 SNP and prostate
cancer progression, as measured by prostate-specific
antigen (PSA) levels, or patient mortality following
radiation therapy [37]. The GC rs7041 SNP is
associated with reduced non-small cell lung carcinoma
risk, presumably because of the bioavailability of
25(0OH)D and 1,25(OH),D [38]. Survival of metastatic
colorectal cancer patients following treatment with
chemotherapy plus either antibody to epidermal
growth factor receptor (EGFR) or vascular endothelial
growth factor (VEGF) was influenced by the GC
rs4588 polymorphism [39]. Patients with this SNP
had a shorter survival time following chemotherapy
plus bevacizumab (anti-VEGF) but had a longer
survival time following chemotherapy plus cetuximab
(anti-EGFR). It was suggested that lower levels of
vitamin D metabolites would have different impacts
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Table 1. Association of SNPs with cancers.

Molecules Function SNPs Consequence Refs
rs731236 1 prostate cancer in Asians [23]
rs1544410 | 1 colorectal cancer [24]
1 prostate cancer [25]
rs2228570 | 1 ovarian cancer in Caucasian [26]
VDR receptor for 1.25(0H),D 1 hepatocellular carcinoma [27]
rs757343 1 breast cancer in Pakistani [28]
rs2238135
rs11168287 1 breast cancer [29]
rs2238136
rs4237855
rs2282679 | | colorectal cancer patient survival [36]
rs7041 | non-small cell lung cancer [38]
GC/DBP bind and transport | survival of colorectal cancer patients
25(0H)D 154588 treated with chemo/bevacizumab [39]
1 surviva} of colorectal cancer patients [39]
treated with chemo/cetuximab
o 25(0OH)D levels
CYP2R1 hydrc;xyzlgt%\ll;t%mn D rs12794714 * ovgrian) cancer in European-ancestry [40]
I 1 colorectal cancer in African American [41]
rs28934604
Convert 25(OH)D to | l2077 | | enzyme activity [42]
CYP27B1 active 1.25(0H),D 513377933 | 4 1,25(0OH),D levels in colon cancer cells
rs2229103
rs3782130 | 1 non-small cell lung cancer [38]
rs35051736
rs16999131 | | enzyme activity . [42]
catabolize active 16022990 | 1 1,25(OH),D levels in colon cancer cells
CYP24A1 1,25(0OH),D to inactive rs6068812
metabolites rs2585428 | | pancreatic cancer in Caucasian [43]
rs4809960 | | breast cancer in Caucasian [43]
rs6068816 | | non-small cell lung carcinoma [38]
VDRE vitamin D response 159393682 1 prostate cancer [45]
element rs1378033

1 = increases and | = decreases consequence (i.e. cancer risk or progression).

on the anti-angiogenic effect of bevacizumab and
immune-associated effects of cetuximab.

Polymorphisms have been found in genes involved
in vitamin D synthetic and catabolic pathways.
The 1512794714 polymorphism at CYP2R1, which
encodes an enzyme that hydroxylates vitamin D to

25(0OH)D, was associated with a 1.8 ng/ml decrease
in serum 25(OH)D levels per minor allele [34]. A
separate Mendelian randomization study associated
this rs12794714 SNP with a reduction in 25(OH)D
by 1.2 ng/ml for each risk allele [40]. This, in turn
was linked to increased ovarian cancer risk among
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European-ancestry women. This SNP was also
associated with increased colorectal cancer risk in
African Americans [41].

SNPs in CYP27B1, which encodes the enzyme
that converts 25(OH)D to 1,25(OH),D, have been
associated with cancer risk. A case-control study
associated the CYP27B1 rs3782130 SNP with
increased non-small cell lung carcinoma risk [38].
This SNP was linked to reduced CYP27B1 mRNA
expression and, in turn, reduced patient survival.
Using in vitro analyses, 4 of 5 tested CYP27B1
SNPs (rs28934604, rs58915677, rs13377933 and
rs2229103) reduced CYP27B1 enzyme activity,
indicating reduced availability of 1,25(OH),D [42].

SNPs in CYP24A1, encoding the primary enzyme
that catabolizes 25(OH)D, have been linked to
reduced cancer risk. In Caucasians, the CYP24A1
rs2585428 SNP decreased pancreas cancer risk,
while the rs4809960 SNP decreased the breast
cancer risk [43]. The rs6068816 SNP was associated
with reduced non-small cell lung carcinoma risk
[38]. In in vitro analyses to assess enzyme activity,
all four of the tested CYP24A1 SNPs (rs35051736,
rs16999131, rs6022990 and rs6068812) reduced
CYP24A1 hydroxylase activity, indicating reduced
1,25(OH),D degradation [42]. Assessment of
CYP24A1 expression showed mRNA and protein
were higher in non-small cell lung cancer compared to
levels in non-cancerous tissues [44]. Higher CYP24A1
expression, suggesting increased degradation of
1,25(0OH),D, was associated with reduced cancer
differentiation and reduced patient survival.

Less extensively studied are polymorphisms in
vitamin D response elements (VDRE) and their
biological impacts. A study of prostate cancers
associated rs9393682 with progression of localized
prostate cancer while rs1378033 was associated
with reduced progression for advanced prostate
cancer [45]. Assessment of expression of nearby
genes associated 1s9393682 with expression of HFE
(hemochromatosis) and rs1378033 with expression
of TUSCS3 (tumor suppressor candidate). These related
genes have biological impacts since, in response
to 1,25(OH),D, prostate cancer cells downregulated
HFE expression, which, in turn, inhibits prostate
cancer cell proliferation. 1,25(OH),D treatment also
induced TUSC3 expression, which is important in
limiting cancer cell growth and migration.

Overall, the above studies of polymorphisms of
the vitamin D-associated pathways, including VDR,
GC, CYP2R1, CYP27B1, and CYP24A1 show SNP
heritability could regulate the activity and levels
of 1,25(OH),D and can impact on cancer risk.
However, not all vitamin D-associated SNPs have
been linked to cancer risk and those that have do not
predict risk to all cancers. For example, a study of
SNPs in women showed that polymorphism in the
DHCR7 gene (rs11234027) encoding an enzyme
that diverts metabolism from vitamin D to
cholesterol, CYP2R1 (rs7944926) and in GC
(rs2282679) were not associated with an increased
risk of breast, colorectal or lung cancer [46].

Clinical trials involving treatment with
vitamin D metabolites

Chronic inflammation is considered to be pro-
tumorigenic such as for cancers of the prostate,
lung, liver and esophagus [47-50]. Vitamin D can
temper inflammation and, thus, has been examined
for efficacy in inflammation-associated disorders
[51, 52]. This includes cancer chemoprevention.
In a randomized, double-blind placebo-controlled
trial involving women with cervical intraepithelial
neoplasia grade 1 (CIN1), supplementation with
50,000 IU vitamin D every two weeks for 6 months
increased the percentage of women having CIN1
regression [53]. Vitamin D supplementation also
reduced markers of inflammation and oxidative
stress, suggesting this was a mechanism for the
observed regressions of CIN1s and, in turn, reduced
progression to cervical cancer. However, there are
also conflicting results. A randomized double-
blind study demonstrated no effect of the
relatively low dose of 1,000 IU/day vitamin D in
preventing recurrent pre-cancerous polyps in
subjects whose adenomatous polyps were removed
during colonoscopy [54].

The immune-modulatory effects of vitamin D in
patients with cancer have also been examined. An
analysis of the prostate transcriptome showed that
vitamin D supplementation (4,000 IU/day) for
2 months prior to undergoing prostatectomy altered
expression of inflammatory genes [55]. This was
particularly evident in African Americans, a
population with an increased prostate cancer risk
and a higher incidence of vitamin D deficiency. In
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a separate prospective study, these investigators
showed that supplementing low-risk prostate cancer
patients that were under active surveillance with
4,000 IU/day vitamin D for one year decreased
their Gleason scores and reduced the number of
positive cores upon repeated biopsy [56]. Immune
regulatory activity of vitamin D was also demonstrated
in patients with head and neck squamous cell
carcinoma (HNSCC). In a randomized prospective
study, HNSCC patients receiving 1,25(OH),D for
3 weeks prior to surgical treatment had a
significantly longer time to cancer recurrence than
patients that were untreated prior to surgery
[57, 58]. The 1,25(OH),D treatment diminished
circulating levels of immune inhibitory cells while
increasing intratumoral levels of immune reactive
CD4" T-cells and mature dendritic cells.

Other anti-tumor mechanisms were demonstrated
in breast cancer patients in which high-dose
vitamin D supplementation (10,000 IU/day)
decreased levels of the CYP24Al product 27-
hydroxycholesterol (27HC), which is an estrogen
receptor modulator that supports breast cancer
growth [59]. Lower doses of 400 IU/day did not
increase serum 25(OH)D levels and did not
reduce 27HC levels, indicating that high vitamin
D dose levels, but not the low dose, could have
breast cancer-inhibitory effects. In a study of
patients with aggressive B-cell lymphomas,
patients were placed on chemoimmunotherapy
along with an aggressive vitamin D loading phase
of either one or two weeks of 25,000 IU daily and
then a maintenance weekly dose of 25,000 IU
[60]. Patients that achieved serum concentrations
of >30 ng/ml 25(OH)D had a better event-free
survival than those that did not.

Improvement in the quality of life of cancer
patients receiving vitamin D supplementation has
been documented in several studies. Patients with
advanced or unresectable oral cancer had lower
serum levels of 25(OH)D than healthy controls,
but supplementation with twice daily 1,000 IU
vitamin D increased the 25(OH)D levels [61].
These patients had reduced chemoradiation-related
toxicities and greater improvement in the quality
of life assessments (swallowing, pain and chewing
difficulties) than those not receiving vitamin D.
While not a tightly controlled study, similar types
of results were found with esophageal cancer

patients that self-reported to take vitamin D
supplementation (200-400 IU daily over one year)
following esophagectomy [62]. Despite the low
dose of supplementation, patients taking vitamin D
reported improved quality of life, including physical
function, social functioning, fatigue, and appetite
loss. In this study, the vitamin D supplementation
also prolonged disease-free survival. In a matched
control study of palliative care patients with various
cancers, supplementation with 4,000 IU/day
vitamin D improved the quality of life, diminished
antibiotic use and the amount of opioid (fentanyl)
used [63].

Not all studies have shown beneficial effects of
vitamin D supplementation with cancer treatment.
Vitamin D insufficient patients that were randomized
to receive standard chemotherapy alone or also
2,000 IU vitamin D daily for 2 years were
followed for almost 4 years [64]. No difference
was seen in overall survival or progression-free
survival. However, the authors stated that the
absence of a vitamin D treatment effect could have
been due to poor compliance and this study had
no verifications of whether serum 25(OH)D levels
were increased as a result of the supplementation.

Conclusion: possible reasons for variability
among studies

While some studies have reported positive anti-
cancer effects of vitamin D supplementation,
others have shown no effect or even increased
cancer risk. Reasons for such variability are
multiple and often can be attributed to differences
in study design. For example, studies have
differed profoundly in the amounts of vitamin D
being supplemented, which can range from levels
in the hundreds of IUs to treatments in the tens of
thousands of units [53, 60, 62]. The study designs
also varied from vitamin D supplementation being
self-reported to studies measuring increases in
serum 25(OH)D levels [59, 65].

Baseline levels of serum 25(OH)D also impact on
responsiveness to supplementation. A placebo-
controlled randomized colorectal adenoma
chemoprevention trial showed variability in how
much serum 25(OH)D levels increased after
supplementation with 1,000 IU vitamin D for one
year [66]. The amount of increase was impacted
by the starting serum 25(OH)D levels. Subjects
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with lower starting levels had greater proportional
increases in serum 25(OH)D levels than those
with higher baseline levels. A separate analysis of
vitamin D supplementation trials showed that
trials that stratified subjects, including cancer
patients, by their serum 25(OH)D insufficiency or
deficiency demonstrated vitamin D supplementation
effects on mortality [67]. Thus, more rigorous
analysis involving patient subpopulations may
limit some of the differences among study results.

Study designs that focus on gender-selective
cancers such as breast or prostate cancers inherently
bring variability that may influence conclusions as
to the effectiveness of vitamin D supplementation.
This is not simply due to differences in cancer
types. Studies have shown that responses to
vitamin D supplementation can be affected by
gender of the cancer patient. In response to
vitamin D supplementation, increases in serum
25(0OH)D levels were greater in females than in
males [66]. In postmenopausal women, the result
of vitamin D supplementation can be further
affected by whether they are using menopausal
hormone therapy [65]. Vitamin D supplementation
(self-reported) decreased cancer risk in women
that used hormone therapy. However, cancer risk
increased in women that did not use menopausal
hormone therapy, but only in women with a body
mass index of less than 25 kg/m®. A greater BMI
has separately been shown to temper the capacity
of vitamin D supplementation to increase 25(OH)D
levels. To achieve the same serum 25(OH)D levels,
higher doses were needed for overweight (7,000
IU/day) and obese (8,000 IU/day) individuals than
for normal weight (6,000 [U/day) individuals [68].

Assessments of whether or not vitamin D can
reduce cancer risk also need to consider genotypes
of vitamin D-associated genes. This was discussed
at length above, but further supported by results of
a randomized placebo-controlled study that
showed vitamin D supplementation (1,000 1U/day)
significantly reduced development of advanced
colorectal adenomas in subjects with the VDR
rs7968585 AA genotype, but increased the risk in
those with AG or GG genotype [69].

Finally, it has to be acknowledged that not all
cancer types or stages of cancer progression need
to be influenced in the same way by vitamin D
supplementation. While studies described in the

preceding sections have examined how vitamin D
supplementation impacts on risk of various
cancers, there have not been strong analyses to
determine which cancer types are more likely to
be prevented or have better clinical outcome by
vitamin D supplementation.
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