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Abstract

Colorectal cancer (CRC) is a leading cause of cancer incidence and mortality in the U.S.
Notwithstanding major improvements in the early detection and treatment of CRC, an important
proportion of patients diagnosed with localized disease ultimately recur and die, underscoring the
need of new therapeutic approaches. Vitamin D and physical activity (PA) have emerged as two
potential interventions for both prevention and treatment of CRC. Plausible biological mechanisms
have been described for the anti-neoplastic effects of vitamin D and PA, and a wealth of
epidemiological evidence indicates that 25(OH)D (the main circulating form of vitamin D) and PA
levels are inversely associated with CRC risk. Recent efforts have now focused on the role of
vitamin D and PA as adjunct treatments after a CRC diagnosis. Observational studies evaluating
pre- and post-diagnosis circulating 25(OH)D levels among patients with CRC of all stages have
found that subjects with levels in the highest quantiles have improved overall and CRC-specific
survival compared with those with levels in the lowest quantiles. Similarly, prospective studies of
PA have found that higher levels of post-diagnosis PA are associated with lower overall and CRC-
specific mortality in patients with non-metastatic CRC. Meta-analyses of the observational studies
of 25(OH)D and post-diagnosis PA have confirmed significant protective associations against
overall and CRC-specific mortality as well as significant dose-response relationships. No
randomized, controlled trial of vitamin D or PA using survival outcomes as endpoints has been
completed to date. Two randomized, placebo-controlled trials of vitamin D in patients with
metastatic CRC assessing patient survival as an endpoint are underway: the first is a phase Il trial
comparing high-dose vitamin D3 (8000 1U day! for two weeks followed by 4000 1U day1) versus
standard dose (400 IU day™1), and the second is a phase I-11 trial comparing customized oral doses
of vitamin D3 titrated to raise serum 25(OH)D levels to 80-100 ng mL"1, versus 2000 IU day1.
For PA, the ongoing phase Il Colon Health and Life-Long Exercise Change (CHALLENGE)
study is the first randomized, controlled trial using survival as an endpoint among patients with
stage I1-111 colon cancer. The results of these trials will pave the way to more conclusive phase I11
trials that will provide more definitive answers about the role of these interventions in the
treatment of CRC. Lastly, the advent of genomic technologies will allow identifying molecular
signatures in CRC associated with improved response to vitamin D and PA and will usher in a
precision medicine approach to these therapies.
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Colorectal cancer (CRC) is the fourth most common cancer in men and women combined in
the U.S., with an estimated 134,490 new cases predicted to be diagnosed in 2016, and the
second leading cause of cancer-related death in men and women, expected to cause
approximately 49,190 deaths in 2016 (1). Improvements in early detection and treatment
have contributed to a steady decline in CRC mortality in recent years (1). However, one fifth
of CRC patients have metastatic disease at the time of diagnosis, with only 13% five-year
survival (2), and a significant proportion of patients diagnosed with localized disease
ultimately recur and die. Consequently, new treatment approaches are urgently needed to
improve the prognosis of these patients.

Recent improvements in the treatment and supportive care of patients with metastatic
disease have been considerable, and have allowed these patients to live on average more than
two years after diagnosis (3). The combination of high incidence and improved survival has
resulted in a large number of patients living chronically with CRC, along with a new set of
challenges associated with cancer as a chronic illness. Cancer survivors have become more
active in their care and often inquire what lifestyle changes they can implement to improve
their outcomes. There is ample evidence that modifiable factors like obesity, physical
exercise, smoking, a diet high in red and processed meats, and very low in whole-grain fiber,
fruit, and vegetables increase the risk of developing CRC (1). Growing research efforts have
more recently focused on the role of these factors after a patient has received a diagnosis of
CRC, and whether they can impact recurrence rates and survival outcomes. In this review,
we will discuss the current evidence supporting the role of vitamin D status and physical
activity (PA) in CRC. We will focus predominantly on the influence of these two factors on
the survival of patients diagnosed with CRC and their potential application as adjunctive
treatments for patients with metastatic disease.

Vitamin D

Background

Vitamin D is a fat-soluble vitamin that can be obtained from multiple sources. It can be
synthesized in the skin after exposure to ultraviolet (UV)-B radiation from sunlight, ingested
from dietary sources, or obtained from vitamin D supplements. Vitamin D from these
sources is in the form of vitamin D3 and undergoes enzymatic hydroxylation by 25-
hydroxylase (CYP2R1) in the liver to form 25-hydroxyvitamin D (25[OH]D), the main
circulating form of vitamin D and the best indicator of vitamin D status (4). 25(OH)D
undergoes a second hydroxylation step in the kidney by 1a-hydroxylase (CYP27B1) to yield
its active form 1,25-dihydroxyvitamin D (1,25[OH],D) or calcitriol, which binds to the
vitamin D receptor (VDR) in the cell nucleus. Bound VDR forms a heterodimer with the
retinoic-acid receptor (RXR) and this complex binds to vitamin D response elements to
regulate target gene expression.
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The study of vitamin D has focused predominantly on its role in bone health as a regulator
of calcium and phosphate metabolism. However, studies over the last two decades have
observed that both 1a-hydroxylase and VDR can be found in virtually all human cells, (5)
including CRC cells (6)- In vitroand in vivo CRC models have demonstrated that vitamin D
has important antineoplastic effects: it induces differentiation and inhibits growth in cell
lines and xenografts (7:8), reduces the size of intestinal adenomas in ApcV mice (9), and
heightens cellular sensitivity to 5-FU (10). While the exact underlying mechanism by which
vitamin D exerts these effects on CRC is not clear, several potential pathways have been
proposed. There is evidence that vitamin D is an inductor of apoptosis (11), counteracts
aberrant WNT- catenin signaling (involved in the etiology of CRC) (12), has broad anti-
inflammatory effects via down-regulation of nuclear factor (NF)-xB and inhibition of
cyclooxygenase (COX) expression (13), and is an inhibitor of proliferation (14),
angiogenesis (15), and metastatic potential (16). Recent studies have observed that vitamin
D upregulates the expression of the calcium-sensing receptor (CaSR), which plays an
important role in cell proliferation and has been proposed as a mediator of the antineoplastic
effects of vitamin D (17).

The activity of vitamin D in the laboratory is largely compatible with epidemiological
evidence in CRC. Several ecological and prospective observational studies have consistently
revealed an inverse association between plasma 25(OH)D levels and risk of developing CRC
(18721). Conversely, the results of randomized, placebo-controlled trials of vitamin D
supplementation have been conflicting. The Women's Health Initiative (WHI) trial (22), a
study in healthy, post-menopausal women from Nebraska (23), and a trial among elderly
men and women at risk for fractures in the United Kingdom (UK) (24) revealed contrasting
results using vitamin D3 400 U day™1, 1100 IU day-1, and 100,000 IU every four months,
respectively. The Nebraska study (23) found a significant 60% decrease in all-cancer risk
among participants in the vitamin D supplementation arm. Conversely, the WHI(22) and
UK(24) studies obtained largely null results; nevertheless, it was observed that women with
the highest baseline 25(OH)D levels in the WHI study experienced a significant 60%
reduction in CRC risk (Ptrend = 0.02). These studies should be interpreted with caution
because CRC incidence was not the primary endpoint. A trial of vitamin D3 1000 IU day-!
using recurrent adenoma as the primary endpoint was recently completed with null findings,
(25) but it remains unclear what the clinical significance of recurrent diminutive adenoma is;
moreover, the vitamin D3 dose and the duration of treatment and follow-up (3 to 5 years)
might have been insufficient to see a meaningful effect. The Vitamin D and Omega-3 Trial
(VITAL) phase 11 trial (ClinicalTrials.gov identifier NCT01169259) is an ongoing study
using vitamin D3 2000 1U day™! that will evaluate cardiovascular disease and different
cancer types, including CRC, as primary endpoints. VITAL is due to be completed in late
2017.

An important methodological difference between these trials is the dose of vitamin D used in
the study. Three out of every four Americans is currently vitamin D insufficient (26), and
there is an ongoing debate about where the threshold for optimal level should be set and
what dose of supplemental vitamin D is needed to reach it. The Institute of Medicine (IOM)
and the Endocrine Society have issued their respective recommendations, with notable
discrepancies (27:28). The IOM considers circulating 25(OH)D levels of 20 to 50 ng mL1
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as safe and effective (focused mostly on adequate levels for optimal bone health), while the
Endocrine Society recommends levels =30 ng mL-1. As for vitamin D supplementation, the
IOM recommends total vitamin D intake of 600 1U and 800 1U day-! for people below and
over age 70, respectively, while the Endocrine Society considers a daily intake of 1500-2000
IU day-! to be adequate for all adults irrespective of age (27:28).

The wealth of experimental and epidemiological evidence supporting a protective effect of
vitamin D against development of CRC has motivated observational studies and clinical
trials to assess whether the antineoplastic effects of vitamin D translate into improved
recurrence and survival outcomes among CRC survivors.

Observational studies

Several prospective studies have evaluated the role of pre- and post-diagnosis vitamin D
status on the prognosis of CRC patients (4:29°37). The majority of these studies have used
direct measurements of circulating 25(OH)D in the plasma or serum, while a few others
have estimated vitamin D status based on known clinical predictors (Table 1). These studies
vary greatly in size, disease stage, and timing of exposure assessment.

Among the two studies that measured circulating pre-diagnosis 25(OH)D directly (29:32),
25(0H)D levels in the highest quantiles were associated with a 33%-48% lower risk of all-
cause mortality and 31%-39% lower risk of CRC-specific mortality (although the latter was
statistically significant in only one study[32]) compared with patients with 25(OH)D levels
in the lowest quantiles (29:32). The effect estimates vary more widely among the five studies
with direct post-diagnostic measurements. Patients with post-diagnosis 25(OH)D levels in
the highest quantiles had a 6%-84% lower risk of all-cause mortality (statistically significant
in three of five studies) (30:34:37) and a 20%-80% lower risk of CRC-specific mortality
(statistically significant in only one of three studies) (34) compared with patients with
circulating levels in the lowest quantiles (30:31:33:34:37). A potential explanation for the
inconsistent associations seen with pre- and post-diagnosis 25(0OH)D assessments may lie in
the heterogeneity of the study populations. In contrast with cohorts evaluating pre-diagnosis
25(0H)D levels, the patients in the studies of post-diagnosis 25(OH)D differ with regards to
disease stage and treatment status. Two studies (31:37) were conducted in the setting of
randomized, controlled trials of first-line chemotherapy for patients with metastatic CRC.
Cohort studies nested within clinical trials offer several advantages over traditional
prospective observational cohort studies: the baseline characteristics of the study population
— including disease stage and treatment history —are more homogeneous at baseline;
treatment regimens are controlled after randomization; and patients receive frequent and
comprehensive follow-up evaluations that may include assessment of disease recurrence or
progression. In both nested studies, plasma 25(OH)D levels were measured before the start
of first-line chemotherapy and an inverse association was observed between higher levels of
25(0OH)D and mortality, although this association was statistically significant in only one
study (37), revealing a 33% lower risk of all-cause mortality and improved progression-free
survival (PFS; HR 0.80, 95% CI 0.64-1.01, Ptrend = 0.02). Importantly, some of these
studies (4:29:32:37) conducted sensitivity analyses excluding patients who died shortly after
the 25(OH)D measurement to control for reverse causation, whereby worsening disease
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potentially causes a decrease in circulating 25(OH)D levels. The observed results remained
largely unchanged after these exclusions.

Recent meta-analyses (21:38) of prospective studies using direct serum or plasma 25(0OH)D
measurements corroborate the inverse association between higher 25(OH)D and mortality
risk. The first meta-analysis (21) included five of the studies discussed above (29733) and
yielded a pooled HR of 0.61, 95% CI 0.55-0.91 for all-cause mortality and HR 0.65, 95% ClI
0.49-0.86 for CRC-specific mortality comparing the highest vs. lowest quantiles of
25(0H)D levels. A second meta-analysis (38) evaluated three of the discussed prospective
studies (29:32:33), obtaining similar results (CRC-specific mortality HR 0.63, 95% ClI
0.5-0.8, P <0.0001 comparing the highest vs. the lowest levels of circulating 25[OH]D).
Both studies found an inverse dose-response relationship between increasing circulating
25(0OH)D levels and CRC-specific mortality (21:38). Meta-analyses have the advantage of
calculating a pooled summary effect estimate despite methodological differences in the
individual studies (e.g. different categories of exposure classification) using a large number
of subjects, thus increasing the precision of the results (21:38).

Given the limited data sets with available plasma to measure 25 (OH)D levels, a predictive
vitamin D score was developed as an indirect marker of vitamin D status (39). The score
incorporates factors that influence vitamin D levels in the body, including race (as a
surrogate for skin pigmentation), geographic region of residence (as a surrogate for UV-B
exposure), body mass index, PA, and dietary and supplemental vitamin D intake. Predicted
vitamin D score after a diagnosis of stage I-1V CRC was associated with a significantly
lower risk of all-cause and CRC-specific mortality (38% and 50% lower risk, respectively)

(4).

Recent studies have also evaluated the association of dietary and supplemental vitamin D
with survival outcomes in CRC. Yang et a/ (35) assessed the role of pre- and post-diagnosis
dietary plus supplemental vitamin D intake among 2,284 patients with non-metastatic CRC,
and Jeffreys ez‘a/(36) studied the effect of pre-diagnosis vitamin D supplements
prescriptions in the United Kingdom (UK). Both studies failed to find a significant
protective association. This discrepancy with the results observed in studies of circulating
25(0OH)D may stem from several reasons. Dietary and supplemental intake of vitamin D are
only one source of this vitamin and are unlikely to provide an accurate reflection of
circulating 25(OH)D status. Moreover, the amount of vitamin D3 contained in the diet and
multivitamins is most likely not sufficient to significantly increase serum levels — in the WHI
study referred to previously, vitamin D3 400 U day! increased plasma 25(OH)D levels by
only 2-3 ng mL"1 among healthy women (22). On the other hand, the study from the UK
(36) lacked information about vitamin D supplements bought over the counter, dose of the
prescribed supplements, and treatment adherence, all of which could potentially bias the
observed results.

A pilot study (40) in patients with stage I1-1V CRC found that vitamin D supplementation
can effectively raise serum 25(OH)D to levels =30 ng mL-1 after six months of treatment.
Among 50 patients with mean baseline serum 25(OH)D of 17.5 ng mL"1, vitamin D3 2000
IU day-! for six months increased serum levels by 16.2 ng mL™1 on average. Interestingly,

Cancer J. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morales-Oyarvide et al. Page 6

the study noted that the response to vitamin D supplementation was diminished among
patients undergoing chemotherapy. The reasons behind this discrepancy can be manifold,
including impaired vitamin D3 absorption as a result of chemotherapy-related enteritis,
increased catabolism of 25(OH)D, and an accentuated systemic inflammatory state (40).
Nevertheless, it suggests that while a vitamin D3 dose of 2000 IU day-! may restore
sufficiency among CRC patients overall, patients receiving chemotherapy likely need higher
doses to reach sufficiency. Rigorously designed randomized, controlled trials are needed to
establish what the optimal dose and duration of treatment are in order to achieve vitamin D
sufficiency among CRC patients, and whether supplementation and preservation of
sufficiency can positively impact tumor recurrence and survival rates.

Clinical trials

No randomized, placebo-controlled trial of vitamin D among patients with CRC has been
completed to date. Two randomized, placebo-controlled trials are currently evaluating the
impact of vitamin D3 supplementation in patients with metastatic CRC. The first one is a
double-blind, phase Il trial (ClinicalTrials.gov identifier NCT01516216) (Figure 1)
comparing high-dose vitamin D3 (8000 1U day! for two weeks, followed by 4000 U day™1)
versus standard dose (400 IU day™1) in combination with standard FOLFOX + bevacizumab
chemotherapy for patients with previously untreated metastatic CRC. The primary endpoint
is PFS, and secondary endpoints include OS, objective tumor response rate, safety, and
incidence of vitamin D deficiency. This trial aims to enroll 140 participants and is actively
recruiting patients in multiple centers across the US. The second trial is a phase I-1I study
taking place in Canada (ClinicalTrials.gov identifier NCT01150877) among patients with
metastatic CRC. Unlike the trial discussed previously, this study does not use a fixed
predetermined vitamin D3 supplemental dose and includes patients in all lines of therapy.
Patients randomized to the experimental arm receive customized oral doses of vitamin D3
titrated to raise serum 25(OH)D levels to 80-100 ng/mL, while controls receive a standard
dose of at least 2000 1U day™L. The primary goal is to evaluate the tolerability and toxicity of
the intervention, and the secondary endpoint is the survival impact of the treatment; both
will be assessed 16 months after the intervention, and then after 12 months of follow-up.
This trial is designed to enroll 40 patients and is actively recruiting participants.

In addition to assessing the survival impact of vitamin D supplementation, it is critical to
unveil the underlying biological mechanisms through which vitamin D exerts its
antineoplastic effects on CRC. With this objective in mind, a pilot study being conducted as
part of the Dana-Farber/Harvard Cancer Center SPORE in Gastrointestinal Cancer
(ClinicalTrials.gov identifier NCT02172651) seeks to identify the transcriptional targets of
vitamin D and VDR in CRC patients undergoing surgery for stage I-111 colon cancer or
resectable liver metastases. Participants will be randomized to receive high-dose vitamin D3
(50,000 I1U day™! for seven days, followed by 10,000 IU day™! until the time of surgery)
versus placebo for 14-28 days prior to surgery. VDR binding sites and vitamin D-responsive
transcripts will then be determined from malignant and healthy colon and liver tissue
harvested during surgery. The characterization of the key molecular pathways driving the
antineoplastic effects of vitamin D is essential to understand the mechanisms of
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susceptibility and resistance to vitamin D, and will pave the way for the development of
effective and individualized treatment modalities.

Physical Activity

Background

Physical inactivity is an established risk factor for the development of CRC (1). Active
females and males have a 29% and 22% reduced risk of CRC based on a meta-analysis of 19
cohort studies, respectively (41). Moreover, PA has been shown to inhibit primary tumor
growth in animal models of breast and prostate adenocarcinoma, sarcoma, and hepatoma
(42). Several hypotheses have been proposed to explain the underlying protective
mechanism. Metabolic changes associated with lower levels of insulin and insulin-like
growth factor-1 (IGF-1), decreased systemic inflammation, a reduction of central adiposity,
and changes in the gut flora are all potential mediators of the action of PA on CRC (43).
Recent experimental evidence from /n vitro and /n vivo studies has shed new light on how
PA may impact CRC biology. McClellan eta/(44) observed that exercise led to a reduction
in the number of large intestinal polyps and significantly influenced immune cell parameters
in mucosal tissue of Apc™"* mice, decreasing the expression of macrophage and regulatory
T cells markers, and increasing that of cytotoxic T cells. In another study, Aoi eta/(45)
identified a new myokin, secreted protein acidic and rich cysteine (SPARC) which
expression is increased in skeletal muscle of both mice and humans in response to exercise
and may represent a biological link between PA and inhibition of colon tumorigenesis.
SPARC displayed anti-proliferative and pro-apoptotic effects in colon cancer cells in vitro.
Moreover, regular exercise caused a significant reduction in the number of aberrant crypt
foci and induced apoptosis of mucosal cells in wild-type mice, but not in SPARC-null mice,
suggesting that SPARC is a mediator of the antineoplastic effects of PA in the colon.

Observational studies

The role of different levels of PA before and after a diagnosis of CRC on survival outcomes
has been examined in several prospective cohorts. A recent meta-analysis (46) has found that
both pre- and post-diagnosis PA is inversely associated with all-cause and CRC-specific
mortality. Given that this review concentrates on potential therapeutic applications after a
CRC diagnosis, we will focus our discussion on post-diagnosis PA, which can be acted upon
by cancer survivors.

Between 2006 and 2015, seven prospective studies have assessed the impact of post-
diagnosis PA levels on the prognosis of CRC survivors (43:47752) (Table 2). All of these
studies were limited to patients with non-metastatic disease in order to control for the
negative impact of metastatic disease on PA. In contrast to observational studies of
circulating 25(0OH)D, all of these studies were fairly large, with each one enrolling more
than 500 individuals. All studies demonstrated a statistically significant decrease in all-cause
mortality comparing subjects with the highest levels of PA to those with the lowest PA
levels. The reduction in risk of all-cause mortality ranged from 25% to 63%. Similarly,
CRC-specific mortality was lower among those with higher levels of PA, and this was
statistically significant in four of the six studies that reported it (47°48:50:52). Among three
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studies (43:47:48) using similar categories of PA measured in MET-hr/week, a total of >18
to =27 MET-hr/week (corresponding to =6 to =9 hours per week of walking at an average
pace [43]) was associated with reduction in all-cause mortality risk. One of the biggest
challenges with studies of PA and CRC is the potential for reverse causation: patients who
are able to exercise may have more favorable disease and hence improved outcomes. To
address this issue, all the observational studies discussed here adjusted for favorable
prognostic factors (e.g. age, disease stage, tumor grade, treatment status, smoking history).
In addition to post-diagnosis PA, two studies (47:49) also assessed pre-diagnosis PA and
whether the change in PA levels before and after diagnosis had an impact on survival. The
consideration of pre-diagnosis PA is highly relevant in these studies, given that patients with
high levels of pre-diagnosis PA may develop less aggressive and more favorable tumors and
thus be better able to exercise. However, neither study found a protective effect of pre-
diagnosis PA, although changes in PA levels from pre-diagnosis to post-diagnosis were
associated with improved outcomes in both cohorts. One study observed that subjects who
increased their PA levels after CRC diagnosis had a significantly lower risk of all-cause (HR
0.48, 95% CI 0.24, 0.79) and CRC-specific mortality (HR 0.51, 95% CI 0.30, 0.85), and the
benefit was similar among subjects with relatively low and high PA levels at baseline (47).
Baade and colleagues (49) found that changes between pre-diagnosis PA and PA levels five
months after diagnosis did not decrease mortality risk; however, an increase of PA by more
than two hours between five and 12 months after diagnosis was significantly associated with
lower all-cause (HR 0.69, 95% CI 0.50, 0.94) and CRC-specific mortality (HR 0.64, 95% CI
0.44, 0.93) compared with subjects whose PA levels did not change. The reason for changes
in PA levels is unknown in both studies. It is possible that patients who increased their PA
levels were healthier and hence more likely to exercise, and their improved prognosis was
not a direct effect of PA. However, this is unlikely since both studies observed a survival
benefit of increased PA level after adjusting for known predictors of survival like clinical
stage, tumor differentiation, and treatment status (47:49).

A meta-analysis (53) of six of the above studies found that higher levels of post-diagnosis
PA had a significant protective effect on all-cause and CRC-specific mortality. Compared
with the lowest categories, higher levels of PA were associated with a 42% lower risk of all-
cause mortality (RR 0.58, 95% CI 0.48, 0.70) and 39% lower risk of CRC-specific mortality
(RR 0.61, 95% CI 0.40, 0.92). Furthermore, a dose-response association was observed
whereby increases in post-diagnosis MET-h/week were associated with decreased risk of
both all-cause and CRC-specific mortality.

Recent efforts have focused on identifying molecular and metabolic features of CRC that
may influence the effects of PA on survival, which would provide strong evidence of a
causal link. Observational studies in CRC patients from two prospective cohorts (Nurses'
Health Study [NHS] and Health Professionals Follow-Up Study [HPFS]) have investigated
the interactions of tumor molecular alterations (KRAS, PIK3CA, BRAF, CpG island
methylator phenotype, and microsatellite instability) and protein expression patterns (fatty
acid synthase, p53, p21, CDKN1B [p27], CTNNBL [B-catenin], PTGS2 [COX-2], and
insulin receptor substrate 1 [IRS1]) with post-diagnosis PA and its association with patient
outcomes (54757). The results of these studies suggest that p27, g-catenin, COX-2, and IRS1
expression significantly modifies the association of post-diagnosis PA with CRC-specific
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survival. Patients with high levels of post-diagnosis PA harboring tumors demonstrating
positive expression of p27 and COX-2, or negative/low expression of -catenin and IRS1
had significantly improved CRC-specific survival. None of the other protein or molecular
markers significantly modified the impact of PA on survival outcomes. The relevance of
these studies is enormous: in addition to shedding light on the mechanisms underlying the
impact of PA on CRC biology, they represent the first steps towards a precision medicine
approach to identify subsets of patients that will derive the greatest benefits from PA
interventions using protein expression and molecular signatures.

Clinical trials

Nine pilot randomized clinical trials have been performed to assess the feasibility and
efficacy of PA interventions among CRC survivors, though the endpoints have primarily
been focused on quality of life and fitness (58766). These studies vary widely in their sample
size, type of intervention, and endpoints. Patients with all disease stages and at different
points of treatment were included. Once an important concern for clinicians and patients, it
has been shown that aerobic and resistance exercise is safe and does not increase the risk of
adverse events during and after chemotherapy in cancer survivors (62:67). Notwithstanding
the fact that none of these studies assessed the impact of PA on disease recurrence or
survival, they have provided valuable insight about its effects among CRC survivors and laid
the foundations for future trials focused on survival outcomes.

One of the main challenges of interventions focused on increasing PA levels is consistent
and durable adherence (62). The adherence observed in the trials discussed here was
excellent, ranging from 76-91% (the estimated adherence among cancer survivors in general
lies between 60-70%) (61:68). This is remarkable, since it shows that these interventions are
capable of engaging participants and keeping them motivated throughout the trial. In fact,
one of the challenges encountered in these trials was “contamination” of the control group,
whereby participants assigned to control arms of the study started to exercise. This was
prominent in two trials (59:61) where slightly more than half of the controls were exercising.
In addition to providing evidence of the safety and feasibility of PA interventions among
CRC survivors, these trials revealed that PA is associated with improvements in
cardiorespiratory fitness, physical functioning, mobility, fatigue, sleep quality, and
circulating markers of insulin resistance.

Observational evidence suggests a link between increased levels of IGF-binding protein-3
(IGBBP-3) and improved outcomes in metastatic CRC, indicating potential response
mediators and targets for intervention (69). An ongoing multicenter, randomized phase 11
trial of supervised PA and metformin in stage I-111 CRC survivors that have completed
standard adjuvant treatment will further elucidate the relationship between PA and the
insulin and IGF axes in CRC (ClinicalTrials.gov identifier NCT01340300). Metformin is a
biguanide drug used for the treatment of type Il diabetes that reduces insulin levels through
suppression of hepatic gluconeogenesis, and its use has been associated with decreased
cancer-specific mortality (70). This trial aims to determine whether PA and metformin
(alone or in combination) can decrease fasting insulin levels within three months of
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intervention; secondary endpoints include changes in additional insulin-related biomarkers,
body mass index, and pro-inflammatory markers.

The first randomized, controlled trial designed primarily to assess the impact of PA on
survival among colon cancer survivors is the Colon Health and Life-Long Exercise Change
(CHALLENGE) study (ClinicalTrials.gov identifier NCT00819208) (Figure 2), sponsored
by the National Cancer Institute of Canada Clinical Trials Group. It is a phase I1I trial
comparing a PA program in combination with health education materials versus health
education materials alone among stage I1-111 colon cancer (excluding rectal cancer) patients.
The primary endpoint of CHALLENGE is disease-free survival (DFS); OS, quality of life,
and physical fitness are secondary endpoints of this study; outcomes will be assessed over a
10-year time frame. This trial is actively recruiting participants and its goal enrollment is
962 patients.

Conclusions and Future Directions

A wealth of epidemiological evidence supports the notion that higher circulating 25(OH)D
levels and post-diagnosis PA favorably impact survival outcomes among CRC patients.
Nonetheless, we must be cautious before attempting to translate these observational results
into more conclusive phase 11 trials or day-to-day clinical practice. While observational
evidence has enormous value for generating hypotheses, it is not sufficient to prove a causal
link. If our goal is to advance vitamin D and PA as standard interventions for CRC survivors,
we must evaluate them with a rigor comparable to that used to assess new drug therapies.
Plausible biological mechanisms have been proposed to explain the antineoplastic effects of
vitamin D and PA, and there is strong preclinical evidence using /7 vitro and /n vivo models
to support them. Notwithstanding the fact that the safety profiles of both vitamin D
supplementation and PA differ substantially from conventional chemotherapy, their
tolerability still needs to be carefully assessed. The two ongoing vitamin D trials are using
higher experimental doses than those recommended by the IOM and the Endocrine Society,
and treatment tolerability is an endpoint in both studies. On the other hand, while the safety
of PA among CRC survivors has been corroborated in several clinical trials, the evidence
remains sparse for patients with metastatic disease.

The ongoing vitamin D and PA trials will pave the way to larger randomized phase 11 trials
that will provide a more definitive answer about the role of these interventions as adjunctive
treatments for patients with metastatic CRC. As we move forward and establish the
biological plausibility of these therapies as well as their safety, there will be several more
questions to answer and challenges to overcome. It remains unclear what vitamin D
supplemental dose is required to achieve a protective benefit, and what the optimal serum
25(0OH)D concentration in CRC patients is; moreover, it is equivocal whether we should
focus on a fixed supplemental dose or rather on varying regimens designed to reach a target
circulating level. Similar concerns exist in PA trials. Most studies to date have focused on
self-reported total PA measured in MET-h/week, which may not provide an accurate
reflection of the intensity of the exercise. Given that different exercise intensities evoke
distinct biological responses, objective PA measurements that take exercise intensity into
consideration are needed. Finally, we must cease to look at vitamin D and PA as one-size-
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fits-all interventions and appraise them through the prism of precision medicine. The advent
of genomic technologies has allowed us to identify molecular signatures that predict
response to novel targeted therapies in several cancer types — including CRC - leading to
improved recurrence and survival outcomes. The identification of molecular markers of
response to vitamin D and PA will guide a more refined patient selection and will lead to
customized treatment regimens designed to fit each patient's needs.
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PHASE Il TRIAL
Principal Investigator: Kimmie Ng
Clinical Trials.gov identifier: NCT01516216

1:1 Intervention Arm:
? Vitamin D3 8000 IU/day for 2
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Blood samples will be drawn at baseline, first restaging (8 weeks), second restaging (16 weeks), and at treatment
discontinuation. Blood will be assessed for 25(OH)D level and germline DNA extraction. Tumor tissue will be
obtained from the primary tumor or distant metastases.

Figure 1.
Phase Il study of vitamin D in untreated metastatic colorectal cancer. *Among other

secondary endpoints.
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ClinicalTrials.gov identifier: NCT00819208
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Figure 2.
Phase I11 Colon Health and Life-Long Exercise Change (CHALLENGE) study. *Among

other secondary endpoints.

and 36 months after starting the trial.
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