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Chapter 4
Mechanisms of Exercise in Cancer
Prevention, Treatment, and Survivorship

Hannah Savage and Keri L. Schadler

Introduction: Physical Activity and Cancer

It is well established that maintaining a healthy lifestyle which includes regular
physical activity reduces the risk of developing numerous types of cancer, including
breast, prostate, colon, and kidney cancers. The evidence for the relationship
between higher physical activity levels and reduced risk of developing these cancers
is strong, based on large datasets and meta-analyses, and has been extensively
reviewed [1-3].

Similarly, there is strong meta-analysis-level data supporting a relationship
between increased physical activity and decreased risk of death from cancer even
after cancer occurs. Evidence also suggests that while exercise appears to reduce
the overall risk of developing and dying from cancer, the effect of exercise within
cancer types is nuanced and may have disproportionate impact on specific molecu-
lar subtypes of broader cancer diagnoses. For example, in a 26-year study of 49,160
men measuring the relationship of physical activity to prostate cancer develop-
ment, men in the highest quintile of exercise intensity had a 30% lower risk of
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developing an advanced cancer and 25% lower risk of lethal cancer in comparison
to men in the lowest quintile [4]. Interestingly, men in the top quintile of amount of
vigorous exercise had a 29% lower risk of TMPRSS2:ERG fusion-positive, but no
difference in the risk of fusion-negative, prostate cancer compared to men in the
lowest quintile [4].

Similarly, in a study examining physical activity and the risk of colorectal (CRC)
or colon cancer in 2769 Korean individuals, regular exercise significantly decreased
the risk of CRC or colon cancer [5]. For CRC, the presence of a PITX1 minor allele
confers higher risk. In this study, a significant interaction effect between exercise,
the presence of the PITX1 minor allele, and the risk of CRC or colon cancer was
identified. Individuals with the PITX1 minor allele who did not exercise regularly
were at the highest risk of developing CRC and colon cancer, leading the authors to
conclude that particularly for individuals with the PITX1 minor allele, physical
activity is important.

Another example of a differential impact of exercise in patients with varying
molecular subtypes of tumors was demonstrated in 803 Caucasian bladder can-
cer patients and 803 healthy controls [6]. This study evaluated both risks associ-
ated with behavior, such as low, medium, or high physical activity, and genetic
polymorphisms of the mTOR pathway that increase the risk of bladder cancer.
The low- or medium-activity groups had a significantly higher risk than the
high-activity group of developing cancer independent of genotype. Interestingly,
when stratified by genotype (based on the number of single nucleotide polymor-
phisms in the mTOR pathway), a low activity level correlated with a 2.74-fold
increased risk for a low-risk genotype, a 3.72-fold increased risk for a medium-
risk genotype, and a 3.45-fold increased risk for a high-risk genotype, indicat-
ing that physical activity may be most beneficial for persons with the medium-risk
genotype [6].

These studies and others support the need for understanding the cellular and
molecular mechanisms by which exercise modulates cancer development, as the
most appropriate exercise interventions are unlikely to be “one size fits all” either
as a preventive or therapeutic method. The studies discussed above and several
others indicate that tumors which are driven by specific genetic mutations may
respond differently to exercise than those driven by others, suggesting that the
mechanism of action of certain exercise interventions may be dependent on
molecular pathways that are also important in cancer development. Identification
of the mechanisms by which exercise impacts tumor biology and the molecular
contexts in which exercise is most effective is necessary to achieve the most ben-
eficial prescriptive exercise interventions for the prevention, treatment, and survi-
vorship of cancer. Several of the mechanisms by which exercise impacts cancer
were recently reviewed [7]. In this chapter, we add to the existing review literature
on what is known about the mechanisms by which exercise modulates cancer.
Mechanisms to be discussed include changes to the tumor vasculature and epigen-
etic regulation (Fig. 4.1) as well as changes to the immune system and circulating
factors (Fig. 4.2).
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Fig.4.1 Mechanisms of exercise impacting the tumor cells and tumor microenvironment. Exercise
may impact tumor growth by altering tumor vasculature, by inducing epigenetic changes within
tumor cells or cells of the microenvironment, or by inducing changes in local immune cell infiltra-
tion and activation
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Fig. 4.2 Systemic changes due to exercise may impact tumorigenesis and tumor growth . Exercise
may impact tumor growth by inducing changes in circulating myokines, cytokines, or angiogenic
factors, by changing the number or type of immune cells in circulation, or by changing circulat-
ing miRNAs
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Exercise and Tumor Vascular Function

One hallmark of cancer is the ability of the tumor to induce angiogenesis [8]. The
formation and function of vasculature are largely regulated by the balance of pro-
angiogenic factors, such as vascular endothelial growth factor (VEGF), and antian-
giogenic growth factors, such as thrombospondin-1 (TSP-1). In general, tumor cells
secrete more pro-angiogenic than antiangiogenic factors. Due to secretion of pro-
angiogenic factors by tumor cells, tumors are able to induce endothelial cell prolif-
eration and the rapid development of blood vessels by sprouting from existing
vasculature, recruitment of local vasculature, and recruitment and proliferation of
endothelial and perivascular progenitor cells. While inhibiting the ability of the
tumor to form blood vessels with the aim of “starving” the tumor of nutrients and
oxygen does work in some tumors such as renal cell carcinoma, clinical evidence
suggests that pharmacologically targeting one pro-angiogenic factor is rarely suffi-
cient for a sustained vascular inhibiting effect in patients [9]. Further, in recent years,
tumor cells have been demonstrated to be able to survive extreme hypoxia, and evi-
dence suggests that enhancing tumor hypoxia (starving the tumor of oxygen by elim-
inating blood supply) may actually increase the metastatic potential of tumor cells
[9, 10]. Thus, the field of tumor angiogenesis has evolved in ways that are important
to note prior to interpreting data on how exercise impacts tumor vasculature.

Tumor vasculature is inherently dysfunctional and inefficient due to the rapid
proliferation of endothelial cells causing disorganized vasculature without appropri-
ate hierarchy or perivascular cell coverage. In the last two decades, the concept of
normalizing tumor vasculature to enhance delivery of therapeutic agents and reduce
tumor hypoxia has emerged [11, 12]. Tumor vascular normalization refers to mak-
ing tumor vessels more like “normal” organ vasculature, i.e., become more orga-
nized, have less sprouting and reduced proliferation, have better pericyte coverage,
become appropriately permeable, and, importantly, have increased function. In this
model, increasing blood flow to the tumor is beneficial because increased blood
delivery to the tumor would reduce hypoxia and increase the delivery of therapeutic
agents. As the impact of exercise is evaluated in regard to the tumor, it must be con-
sidered in context: treatment of some tumors would benefit from ablation of angio-
genesis (ovarian cancer, renal cell carcinoma), which would be indicated by reduced
microvessel density within the tumor, while treatment of most others would benefit
more from tumor vascular normalization, indicated by changes to vessel structure
and increased function, as an adjuvant to therapy.

Preclinical Evidence: Exercise and Tumor Vasculature

Overwhelmingly, current evidence in preclinical animal models suggests that exer-
cise remodels tumor vasculature to improve vascular function and blood flow to the
tumor. However, evidence is limited to less than 20 studies with wide variability in
study design and analysis methods.
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In contrast to more recent studies examining tumor vasculature and exercise
which use moderate exercise doses, evaluation of blood vessels in one model of EL4
lymphoma growth in mice suggests that exhaustive high-intensity exercise
(20-40 m/min for 3 h or until exhaustion daily) significantly decreased the vascular
density of tumors compared to those in sedentary mice [13]. Exercise was begun on
the day of tumor inoculation and caused a delay in time to peak tumor size but no
change in final peak tumor size. Similar effects on microvessel density were found
within hepatocellular carcinoma tumors in a study using a more moderate exercise
intervention (treadmill, 60 minutes per day, 5 days per week). Microvessel density
was decreased by moderate exercise in rats when exercise was initiated 6 weeks
prior to and continued 4 weeks following tumor implantation [14]. The decrease in
microvessel density did not correlate with a change in tumor size, but tumors from
exercised rats had less viable and more necrotic tissue. In both of these studies,
exercise caused decreased microvessel density but had little or no antitumor effect.
Also in both of these studies, microvessel density was the only vessel analysis; other
aspects of vascular structure and function were not evaluated.

Microvessel density is difficult to interpret in the absence of other features of the
vasculature, as hyper-proliferation of dysfunctional vessels is not likely productive
in terms of blood delivery. In contrast to the above studies, microvessel density
within orthotopic breast tumor models has been shown to be increased by voluntary
wheel running [15] and to be unchanged in melanoma or prostate tumor models by
treadmill exercise [16]. These studies and others used multiple measures of tumor
vascular structure and function to demonstrate increased blood vessel function
within tumors, as discussed below.

A beneficial effect of exercise against tumor growth, and in improving blood
delivery to tumors, has been consistently shown in murine and rat models of ortho-
topic breast cancer. Power Doppler imaging of in vivo blood flow within
carcinogen-induced mammary tumors in rats demonstrated that 35 weeks of mod-
erate-to-high-intensity treadmill running for 5 days per week led to a significant
increase in blood perfusion within tumors [17]. Similarly, voluntary wheel running
increased the number of functional, perfused vessels and the total blood perfused
tumor area relative to sedentary controls in mammary MDA-MB-231 tumors in
mice [18]. Further studies of breast tumor vascularity using 4 T1 and EO771 mam-
mary tumor murine models confirmed that voluntary wheel running, begun at the
time of tumor inoculation, positively impacts tumor vascular function [15]. In
these studies, exercise conferred a significant decrease in tumor hypoxia and an
increase in pericyte coverage of tumor endothelium, indicative of more functional
blood vessels.

Consistent with a model in which exercise improves tumor vascular function
allowing for better delivery of chemotherapy, 4 T1 mammary tumors in mice treated
with exercise combined with cyclophosphamide were significantly smaller than
tumors in mice treated with cyclophosphamide alone [15]. While the exact molecu-
lar response to exercise that induces tumor vascular remodeling is not yet clear,
changes in breast cancer cell-secreted angiogenic factors in response to exercise
have been demonstrated. For example, 8 weeks of endurance treadmill exercise
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decreased IL-6 and VEGF within MC4L2 mammary tumor in mice [19]. Thus,
exercise may cause the tumor itself to change the way it crosstalks with endothelial
cells, leading to changes in tumor vasculature.

In a series of elegant studies utilizing orthotopic prostate tumors (Dunning
R-3327 AT-1 cells implanted into Copenhagen or nude rats), exercise was demon-
strated to increase blood flow to the tumor [20, 21]. Five days per week of low-to-
moderate-intensity exercise (15 m/min, 60 min per day) increased blood flow to the
tumor by ~200%, significantly increased the number of patent vessels (vessels
delivering Hoechst 33342), and significantly decreased hypoxia during exercise
[21]. This was attributed, in part, to the lack of ability of the tumor vasculature to
contract in response to exercise. For exercise to be beneficial to patients as a method
to reduce tumor hypoxia and improve therapeutic delivery, there must be some sus-
tainable change to blood delivery to the tumor that remains after exercise. Indeed,
7 weeks of exercise training afforded a twofold increase in microvascular PO, and
significantly reduced hypoxia even 48 h after exercise, suggesting that exercise
caused a semipermanent improvement in blood delivery to the tumor [20].

In agreement with the studies discussed above, exercise has also been shown to
improve blood vessel structure in subcutaneous melanoma and pancreatic ductal
adenocarcinoma tumors. Five days per week of moderate treadmill running signifi-
cantly increased the number of open vessel lumens and the average vessel length,
consistent with vascular normalization. Pancreatic ductal adenocarcinoma tumors
from exercised mice also had a ~25% increase in the number of functional blood
vessels, which correlated with significantly better antitumor effect of gemcitabine
when combined with exercise compared to gemcitabine treatment alone [16]. The
unique contribution of this study to the field was that it demonstrated that the tumor
vascular remodeling in response to exercise was due in part to the upregulation of
antiangiogenic TSP-1. Exercise increased systemic circulating TSP-1, and in mice
lacking TSP-1, the vascular remodeling effect of exercise and the increased efficacy
of chemotherapy were significantly diminished. Further, the authors hypothesized
with some supporting evidence that exercise increases TSP-1 by increasing the
shear stress experienced by endothelial cells. The model presented indicates that
increased shear stress led to the activation of nuclear factor of activated T cells
(NFAT), a master transcriptional regulator of endothelial cell function, which
induced TSP-1 transcription. Identification of the molecular pathways governing
the tumor vascular response to exercise is critical if biomarkers representing the best
intensity and duration of exercise to improve drug delivery are to be developed.

Clinical Evidence: Exercise and Tumor Vasculature

Evidence supporting the ability of exercise to impact vascular structure in tumors
in patients (as opposed to animal models) is still sparse. However, one prospective
study evaluated the relationship between pre-diagnosis physical activity and
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vascular morphology in prostate tumors by utilizing data from the Health
Professionals Follow-Up Study, which included 571 men who developed prostate
cancer [22]. Prostate tumors from men who reported their usual walking pace as
brisk (3-3.9 miles per hour) prior to diagnosis (median time of assessment
14 months prior to diagnosis) had significantly more regularly shaped (perime-
ter’/4 x (3.14) x area) and longer blood vessels compared to those who walked at a
less brisk pace, but with no difference in microvessel density. This is consistent
with what was predicted by mouse models, where vascular normalization charac-
terized by remodeling of the structure and functional capacity of blood vessels was
shown. Perhaps surprisingly, there was no association between the self-reported
number of hours per week of vigorous or non-vigorous activity and the vessel
parameters that were measured, which included microvessel density, vessel shape,
and lumen regularity.

The impact of exercise during chemotherapy on angiogenic factors and vascular
function has also been studied in women with breast cancer receiving neoadjuvant
doxorubicin and cyclophosphamide [23]. Twenty women participated in a study
comparing the combination of an exercise intervention consisting of three super-
vised cycle ergometry sessions/week at 60—100% of VO, ., 30—45 min/session, for
12 weeks with chemotherapy to chemotherapy alone. In patients who were in the
exercise intervention, the number of CD133*VEGFR2* circulating endothelial pro-
genitor cells increased over time, while it decreased in control patients. There was
also an increase from baseline to the end of the 12-week intervention in circulating
placental growth factor (Plgf), a pro-angiogenic factor, and a decrease in IL-2 in
patients who exercised. For both of these, patients in the control groups had changes
in Plgf and IL-2 expression in the opposite direction of patients who exercised.

Physical Activity and the Immune Response

The immune response to cancer cells, and the necessity of cancer cells to evade this
response, is appreciated as a critical component of disease etiology. Infiltration of T
lymphocytes, NK cells, and other immune cells correlates with outcome for numer-
ous tumor types. In addition to the endogenous immune response to the tumor,
manipulation of the immune system to promote an antitumor response is now being
developed as a therapy. For example, checkpoint inhibition by blockage of CTLA-4
or PD-1 allows T cells to “see” tumor cells, and CTLA-4 inhibition is FDA approved
to treat metastatic melanoma, while PD-1 inhibitors are in clinical trials for multiple
tumor types [24, 25]. Finally, cell therapy, such as delivery of chimeric antigen
receptor T cells (CAR-T) or NK cells, is also a growing field of immunotherapy [26,
27]. As immunotherapy grows to be a central component of the arsenal of cancer-
targeting tools, the impact of exercise on the immune system cannot be ignored.
Exercise has long been known to regulate immune cell proliferation, migration,
and function. Over the last two decades, the impact of exercise on the immune
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system in the context of cancer has been explored. A number of well-written reviews
on the topic exist [28-31]. There is wide variability in study outcomes depending on
the duration, intensity, and type of exercise and depending on whether acute or
chronic exercise was evaluated. Common themes are that exercise activates natural
killer (NK) cells and T lymphocytes, increases the number of circulating immune
cells acutely, may promote polarization of macrophages, and regulates the level of
numerous circulating cytokines.

In healthy individuals, exercise is well known to promote lymphocytosis, an
increase in the number of circulating lymphocytes. Exercise intensity is correlated
to both the magnitude of lymphocytosis and to changes in the function of circulating
immune cells [32]. Also in healthy individuals, there is substantial evidence for an
inverse relationship between physical activity and natural killer (NK) cell function.
For example, in a study of 12,014 healthy participants, physical inactivity correlated
with a significantly decreased interferon gamma (IFN-y) production by NK cells in
response to stimulation relative to minimally active or active individuals [33]. In
another study, serum from participants who exercised for 1 hour was shown to
increase NK cell cytolytic activity in vitro, and this was correlated with low cortisol
and high IFN-y [34]. Due to the clear role of exercise in modulating the immune
system in healthy people, exercise is generally expected to promote an anticancer
immune response. Below we discuss evidence in support of this possibility.

Preclinical Evidence: Exercise and Immune Response to Cancer

Preclinical mouse and rat cancer models have begun to define the role of exercise as
an immune modulator for cancer prevention and therapy. One of the first preclinical
studies examining the impact of exercise on immune cell infiltration into tumors
utilized EL4 lymphomas in BALB/c mice and exhaustive daily exercise (described
previously). This study demonstrated that exhaustive exercise reduces the number
of neutrophils and macrophages that infiltrate a developing tumor while increasing
the number of lymphocytes in the tumor [13]. This study should be interpreted with
caution, as exhaustive daily exercise is unlikely to be clinically relevant. Further,
there was no characterization of lymphocyte subtypes and the increased lymphocyte
infiltration by exercise was only seen at the time of peak tumor size. The current
understanding of immune influences on tumor growth suggests that immune cells
often play opposing roles, tumor-promoting or tumor-inhibiting, depending on their
activation and/or polarization status. Thus, due to the lack of analysis of macro-
phage polarization (tumor-promoting or tumor-inhibiting) or lymphocyte subtype,
it’s not clear whether the immune cell infiltration that correlated with exercise in
this study was responsible for the observed delay in time to peak tumor size.

In a work that did attempt to evaluate changes in immune cell function, rats
underwent an anaerobic exercise intervention of weighted swimming intervals
4 days per week for 6 weeks prior to inoculation of Walker 256 tumor cells,
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continuing until the end of the experiment [35]. Exercise significantly reduced final
tumor volumes, and gut-associated lymphocytes from exercised mice proliferated
significantly more in response to stimulus than lymphocytes from non-exercised
mice. Further, the phagocytic capacity of gut-associated macrophages from exer-
cised tumor-bearing rats was significantly higher than the phagocytic capacity of
macrophages from non-exercised rats. This study is noteworthy in that it uses a rela-
tively unique exercise intervention of weighted swimming and evaluates macro-
phage function [35].

In addition to changes in ex vivo function, as evaluated in the study of rats dis-
cussed above, changes in the phenotype (which implies changes in function) of
tumor-infiltrating immune cells in response to exercise are also important to evalu-
ate. The impact of 6 days per week, 1 h per day at 15 m/min treadmill running over
a 12-week period on colon polyp development was recently examined using the
ApcMin/* mouse model [36]. This model lends itself to the study of the impact of
exercise on the immune system in the context of tumor development because the
autochthonous tumors occur over time due to the genetic background of the mice
and because the mice are fully immunocompetent. Mice that exercised had fewer
large polyps, and mRNA analysis of mucosal tissue of the colon demonstrated fewer
macrophages, both M1 and M2 phenotypes, within polyps of exercised mice.
Further, tissue from exercised mice had significantly more CD8" and fewer Foxp3*
T cells as determined by mRNA. As Foxp3 is an indicator of Treg cells, which are
immunosuppressive, a reduction in this cell population may contribute to the antitu-
mor effect of exercise.

In agreement with the above study noting fewer tumor-infiltrating macrophages,
fewer CD68" macrophages and fewer CD209* dendritic cells were found in circula-
tion of exercised mice after exposure to N-nitroso-diethylamine (DEN), which
causes liver cancer development, compared to control [37]. In this study, mice per-
formed 6 weeks of wheel running prior to DEN inoculation. Interestingly, the pro-
tective effects of exercise against inflammation were sex specific, as the reduced
circulating innate immune cells were only observed in female mice. Female exer-
cised mice also had a significantly smaller spike in TLRY, which activates the innate
immune system, compared to female non-exercised mice. This is important as
TLR9 promotes an inflammatory response, and inflammation is believed to be an
early initiating step of HCC.

The NK cell response to exercise in the context of cancer has also been evalu-
ated. In a thorough and elegant investigation of the role of NK cells in exercise-
mediated tumor growth inhibition, Pedersen et al. used five different tumor types
(BI6F10 melanoma subcutaneous and tail vein-induced lung tumors,
diethylnitrosamine-induced liver tumors, Lewis lung carcinoma, and Tg(Grm1)EPv
spontaneous melanoma) to demonstrate that wheel running, particularly when initi-
ated prior to tumor inoculation, reduces the incidence and growth rate of tumors
[38]. Microarray analysis of B16F10 melanoma tumors from control or exercised
mice demonstrated that 52% of upregulated genes were related to immune function
and inflammation. Surprisingly, within the tumor, there was upregulation of
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cytokines and immune cell markers considered to be tumor promoting (i.e., IL-10
and FoxP3) and tumor suppressing (i.e., TNF-a and NKp46), further supporting the
concept of a complex immune response to exercise in the context of cancer. Despite
this, the authors demonstrated significant upregulation within the tumor of several
NK cell-recruiting or NK cell-activating factors (NKG2D, MULT1, H60a, Clr-b)
and were able to show a clear role for NK cells in the antitumor effect of exercise.
The number of tumor-infiltrating NK cells in the B16F10 melanoma model inversely
correlated with tumor burden, and depletion of NK cells completely abolished the
protective effect of exercise. In addition, this study provides convincing evidence
that epinephrine and IL-6 upregulation by exercise promoted recruitment of IL-6-
responsive NK cells to the tumor [38].

In addition to evaluation of changes in numbers of circulating or immune cells,
several studies have evaluated changes of cytokines in circulation or in tumor tissue
in response to exercise. Exercise is well known to change the secretion of cytokines
by muscles, known as myokines, and has been shown to change cytokines such as
IL-6, IFN-y, and IL-10 [39—41]. In general, it appears that Th1-type cytokines such
as IL-6 increase immediately following exercise and in some cases persist, while
other cytokines, such as MCP-1, spike temporarily followed by a decrease to lower
than pre-exercise levels. Unfortunately, it is difficult to identify a clear pattern of
cytokine response to exercise largely due to disparate findings following widely
variable exercise protocols and cytokine measurement protocols.

Notwithstanding the caveats expressed above, preclinical models utilizing tumor-
bearing mice indicate that exercise likely changes the cytokine milieu systemically
and within the tumor microenvironment and that these changes likely support an
immune response against the tumor. An interval treadmill training intervention initi-
ated 6 weeks prior to tumor inoculation and maintained for 6 weeks after demon-
strated significant changes both within 4 T1 mammary tumors and in the spleens of
mice. Tumors from exercised mice had significantly increased oncostatin M and
TNF-a, but significantly decreased IL-4, relative to tumors from non-exercised
mice [42]. Similarly, splenocytes from exercised mice had significantly higher
IFN-y and lower IL-4 than splenocytes from control mice. Oncostatin M has been
demonstrated to be secreted by muscles and to induce apoptosis of breast cancer
cells in vitro, and IFN-y and TNF-a both promote antitumor responses. Of note,
there was no difference in tumor growth between exercised and control mice in this
study [42], suggesting that modulation of these cytokines alone is not sufficient to
confer suppression of tumor growth.

Clinical Evidence: Exercise and the Immune Response

As predicted by animal models, exercise appears to increase the immune response
in cancer patients, though the data is sparse compared to studies in healthy persons.
In one recent study of breast cancer survivors, the impact of an acute bout of
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exercise on circulating NK cells was examined. The study included 18 women, 9
breast cancer survivors within 3-6 months posttreatment and 9 healthy controls.
Cancer survivors had lower numbers of NK cells at baseline. Thirty minutes of
moderate aerobic exercise significantly increased the number of circulating NK
cells in both survivors and control subjects, although the increase was not as sub-
stantial in breast cancer survivors as in control subjects [43]. In this study, the num-
ber of circulating NK cells returned to baseline in both groups within 24 h of the
exercise bout. In a separate study, chronic resistance exercise in breast cancer survi-
vors (n = 20 resistance training, 19 control) was examined over a 16-week training
period and was not found to increase the number of NK or NKT cells. However,
resistance training did reduce the expression of pro-inflammatory TNF-alpha by
both NK and NKT cell populations compared to baseline and relative to breast can-
cer survivors in the control group [44]. While together this data suggests that exer-
cise can have beneficial effects for NK cell number and function in cancer survivors,
the low number of study participants and few total number of studies indicate that
conclusions should be drawn with caution and further study is warranted.

It is unclear whether these findings in long-term survivors can be extrapolated to
breast cancer patients still undergoing treatment, as one study found that a chronic,
albeit very moderate, exercise intervention did not increase circulating immune
cells. The impact of a walking exercise program on immune cell numbers in 20
women actively undergoing chemotherapy treatment demonstrated that a 12-week
walking intervention caused no significant increase in the number of lymphocytes,
T-helper cells, cytotoxic T cells, natural killer cells, or natural killer T cells [45].

Similar to other potential mechanisms of the impact of exercise on cancer, modi-
fication of the immune response is an exciting but as of yet not fully supported
potential mechanism. Further study into how exercise regulates the immune system,
and how this impacts cancer development and growth, is needed and likely to be
fruitful.

Epigenetic Gene Regulation by Exercise

“Epigenetics” refers to a change in gene expression without direct alteration in the
DNA sequence. Epigenetic modifications can change the frequency or magnitude of
transcription of the DNA without changing the genetic code. Epigenetic modifica-
tion of DNA is a key regulator of gene expression during development and in the
natural processes of aging. There is also a clear role for epigenetic gene regulation
in cancer development. Epigenetic modifications have been shown to alter the char-
acteristics of tumor cells that are necessary for cancer growth [8] including prolif-
erative signaling, evasion of cell death, induction of angiogenesis, and more [46].
Epigenetic elements including DNA methylation, histone modifications, and non-
coding RNAs have been implicated in cancer and have been shown to be modified
by exercise [47, 48]. However, the relationship between physical activity and
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epigenetic elements, and how this relationship influences cancer progression, is not
fully understood. The following section will summarize important findings and cur-
rent knowledge describing the role of exercise in epigenetic changes and gene regu-
lation including alterations in DNA methylation, histone modification, and
microRNA (miRNA) in cancer.

Exercise and DNA Methylation in Healthy Tissue

DNA methylation is a common epigenetic element that regulates gene expression.
In mammals, methylation occurs on cytosine nucleotides in areas of the DNA called
CpG sites or islands. CpG methylation in a gene promoter is associated with
decreased gene expression by altering chromosome structure and preventing bind-
ing of transcription factors or recruiting gene-repressive proteins [49]. Thus, meth-
ylation can silence or reduce expression of a specific gene, altering cellular function.
DNA methylation also occurs in transposable elements, including long interspersed
nuclear elements (LINEs) [50]. Methylation status of LINE-1, which comprises
about 17% of the human genome [51], predicts cancer risk [52—54] and is associ-
ated with health status [55].

Exercise may alter global DNA methylation patterns of LINEs or at CpG sites.
Zhang et al. found that individuals aged 45-75 who were physically active
26-30 min per day (measured by an accelerometer) had significantly higher levels
of global DNA methylation based on peripheral blood analysis in comparison to
individuals that were active only 10 minutes or less per day [56]. This study sug-
gested that physical activity influences global DNA methylation; however, after
data was adjusted for factors including gender, age, race, and other lifestyle factors,
the differences became statistically insignificant. Weak associations were still
reported in certain populations, including trends of physical inactivity associating
with elevated risk of global hypo-methylation in non-Hispanics, supporting further
investigation of exercise effects on global DNA methylation [56]. This study also
demonstrates the relationship between factors like gender or race and global DNA
methylation and the need for these to be considered when studying exercise in het-
erogeneous populations.

In another study, healthy individuals were evaluated pre-exercise, post-acute
exercise, and post-4-week chronic exercise intervention to investigate the effect of
exercise on methylation of promoter CpG sites of a natural killer (NK) cell-
activating gene (KIR2DS4) and an NK cell-inhibiting gene (KIR3DLI1) [57].
Interestingly, after acute exercise, a decrease in methylation was observed in the
activating gene (KIR2DS4 gene) which correlated with increased gene expression,
suggesting activation of NK cells by acute exercise. In contrast, chronic exercise
resulted in non-significant decreases in DNA methylation and no changes in gene
expression of either genes. No changes in NK cell numbers were found after acute
or chronic exercise. This data suggests that acute exercise affects the NK cell
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population more strongly than chronic exercise, likely through modifications in
promoter methylation [57]. As NK cells are an important component of the antitu-
mor immune response and since exercise is known to mobilize NK cells, changes
in NK cell activation status by exercise are likely to impact tumor growth. Studies
like these demonstrate a clear role for physical activity in regulation of DNA
methylation.

Exercise, DNA Methylation, and Cancer

Due to the growing amount of literature describing the dynamic regulation of epi-
genetic markers in response to exercise, understanding the implications of such
regulation in cancer development and progression is key. There have been increas-
ing efforts to understand the role of exercise in cancer-related DNA methylation.

Decreased levels of genome-wide methylation are often seen in cancer cells
compared to normal tissue [58]. Studies defining global DNA methylation changes
in cancer have revealed that exercise can change gene expression through changes
in global methylation phenotype or pattern. In a study investigating changes in
genome-wide methylation, levels of methylation of LINE-1, a repetitive genome
element, were used as a surrogate for global methylation levels. Six hundred women
at various ages with a family history of breast cancer participated in the study.
Women who reported higher physical activity than the median in each age group
had higher LINE-1 methylation than women below the median [59], demonstrating
that exercise may reduce cancer development in part by increasing global methyla-
tion levels.

In contrast to hypo-methylation globally as represented by LINE-1 methylation,
increased CpG methylation at specific sites can result in abnormal gene expression
in cancer cells. In many cancers, including colorectal cancer, gliomas, breast cancer,
and more, increased levels of CpG site methylation are seen in comparison to nor-
mal tissue [60]. Global CpG site methylation status has been demonstrated to be
predictive in many cancer types. Specifically, CpG island methylator phenotype
(CIMP) is a term used to describe tumor types with hyper-methylation at CpG sites
of tumor suppressor genes or pathways, which suppresses tumor suppressor gene
expression and promotes tumor development and progression [60]. It is not yet clear
whether exercise influences CIMP status or reduces risk in a CIMP status-
dependent way.

Apart from studies aimed at understanding broad methylation of CpG islands
such as in CIMP, more focused approaches to determine mechanisms by which
exercise influences specific cancer-related gene methylation have also been done. In
one study, DNA methylation in prostate patient tumor samples was measured and
correlated to exercise in patients with prostate cancer [61]. Self-reported levels of
physical activity were used. Individuals who engaged in vigorous exercise at least
once per week had a reduced chance of progression to late-stage metastatic prostate
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cancer in comparison to inactive individuals. Using the analysis of DNA methyla-
tion profiles, the authors demonstrated that patients who exercised at least one time
per week had lower methylation in nine CpG sites of CRACR2A gene, an important
gene involved in the innate immune system, in comparison to individuals who exer-
cised less than once per week. Decreased methylation inversely correlated with
CRACR2A gene expression [61], revealing a possible mechanism by which exer-
cise reduces the risk of prostate cancer progression through alteration of the meth-
ylation status of CRACR2A gene. In a similar study using gastric carcinoma tumor
samples, tumor-related gene methylation levels were measured to determine whether
lifestyle factors prior to cancer diagnosis, including physical exercise, obtained
through patient questionnaires, influenced methylation status. Interestingly, although
not significant, increasing physical activity hours per week correlated with decreased
methylation levels of CACNA2D3, a gene in which low expression due to hyper-
methylation correlates with poor prognosis [62].

In another study, salivary samples were collected pre- and post-12-week exercise
intervention in healthy adults to determine DNA methylation status in cancer-
related genes [63]. Forty-five CpG sites in over 20 genes associated with breast
cancer development and progression were analyzed. Baseline methylation levels
significantly correlated with reported pre-study physical activity levels. Further, an
increase in physical activity correlated with a significant decrease in DNA methyla-
tion in post-exercise intervention samples. This study demonstrates that exercise
over a relatively short period of time (12 weeks) can change DNA methylation lev-
els using 45 novel CpG sites related to breast cancer [63]. A clear correlation
between physical activity levels and methylation of genes important in breast cancer
has been further supported by two independent studies which identified APC,
L3MBTLI, and 42 other genes as differentially methylated in patients who perform
different levels of physical activity [64, 65].

These studies uncover exercise as an epigenetic regulator, which could be one
mechanism by which exercise prevents cancer development. Future studies are nec-
essary to understand and identify epigenetic markers modulated by exercise.
Epigenetic modifications, therefore, represent exciting potential biomarkers for
exercise and a possible mechanistic link between exercise and cancer risk reduction.

Exercise and Histone Acetylation in Healthy Tissue and Cancer

Histone modifications are posttranslational modifications including methylation,
acetylation, and more which impact gene expression by altering the histones, lead-
ing to changes in chromatin configuration [66]. Histone-modifying proteins are
divided into three types: “writers,” which add posttranslational modifications;
“erasers,” which remove posttranslational modifications; and “readers,” which rec-
ognize certain histone marks and contribute to the posttranslational modification
of histones.
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While studies are limited, exercise has been demonstrated to regulate gene
expression via histone modifications. In a rat model, in which stress and behavioral
depression were induced using a chronic restraint model, 1 hour per day of volun-
tary wheel running exercise reversed depressive behaviors caused by upregulation
of oxytocin and arginine vasopressin expression in the brain [67]. In the study, the
exercise intervention correlated with histone modifications. Specifically, after
chronic restraint, H3K9 methyltransferases, which facilitate H3K9 methylation
causing reduced gene transcription, were significantly reduced, resulting in
decreased methylation at oxytocin and arginine vasopressin promoters and increased
expression. When an exercise intervention was used in combination with the chronic
stress model, H3K9 methyltransferase G9a was significantly increased, which
restored H3K9 methylation and reduced oxytocin and arginine vasopressin, protect-
ing against depressive behaviors [67]. Exercise also had a protective effect in an
acute stress restraint animal model where decreases in global DNA methylation in
areas of the brain were observed after stress; however, animals exposed to stress
restraint with an exercise intervention had no change in global DNA methylation
status [68].

Exercise also activates cellular stress pathways like AMP-activated protein
kinase (AMPK), promoting various downstream signaling including the NAD-
dependent histone and protein deacetylase, SIRT1 [69, 70]. Histone deacetylation is
usually associated with tighter association of chromatin and histones, creating a
“closed” formation, which is associated with reduced gene expression. Interestingly,
in animal models, exercise was recently shown to increase SIRT1 protein in mus-
cles, suggesting a role of exercise-induced histone modification through increased
SIRT1 expression [71]. However, studies are needed to elucidate the epigenetic role
of SIRT1 in response to exercise.

The impact of exercise on histone modifications specifically within tumors is
understudied. However, there is evidence demonstrating a relationship between
exercise and histone modifications in immune cell populations in cancer patients,
revealing that exercise may induce epigenetic changes altering the tumor microen-
vironment. Intense endurance exercise consisting of running a half marathon
increased histone acetylation and expression of NK functional marker, NKG2D,
demonstrating that exercise activates NK cells in cancer patients and healthy indi-
viduals [72]. Interestingly, moderate 30-minute bicycle exercise increased CD8" T
lymphocyte histone 4, lysine 5 (H4KS5) acetylation in non-Hodgkin’s patients and
healthy controls; therefore, exercise also impacts T cell epigenetic regulation which
may have implications in antitumor immune cell functioning in cancer patients [73].
Further studies are needed to confirm the full extent to which exercise influences
histone modifications in cancer and the cancer microenvironment.

Although exercise has a robust effect on epigenetic regulation and links to cancer
development and progression, it is important to note that several studies discussed
reported non-significant trends which may be due to a small sample size or to a
variation in the physiological response to exercise between individuals. In other
studies, no epigenetic changes were observed after exercise intervention [74].
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However, the large variation in study design, including tumor types and physical
activities analyzed, likely accounts for the disagreement in results. Further research
to elucidate the effects of exercise on DNA methylation and histone modification is
essential to form a comprehensive understanding of exercise’s implications in can-
cer development and prognosis.

MicroRNAs, Exercise, and Cancer

MicroRNAs (miRNAs) are a family of small noncoding RNAs that modulate gene
expression [75]. There are over 2000 currently known miRNAs in the human
genome which participate in vital processes including development, metabolism,
signaling, and more [76]. In cancer, miRNAs that promote tumorigenesis are termed
oncomiRs. OncomiRs promote cancer development and progression by reducing
expression of tumor suppressors or increasing expression of oncogenes [77]. While
a clear relationship between exercise and miRNA levels has been established and a
relationship between miRNAs and cancer development is well described, data
directly linking exercise-induced changes in miRNA levels to cancer development
is sparse. This section will highlight known links between exercise and miRNAs
and one published report linking these to tumor growth.

As discussed in previous sections, wide variability in the type and duration of
exercise, as well as in the specific miRNAs studied, makes it difficult to draw broad
conclusions about the relationship between exercise and miRNA or circulating
miRNA expression [78, 79]. This section aims to give a sampling of studies in order
to leave the reader with the understanding that exercise can impact cellular and
circulating miRNA levels. However, the direction and magnitude of change are
likely different based on which miRNA (just as expression of different genes would
be) and what physical activity are being considered.

In healthy human subjects, changes in particular circulating miRNAs varied with
different exercise interventions including a brief maximum exercise test, moderate-
level 4 hour bicycle exercise, endurance exercise (running a marathon), or a single
bout of resistance training [48]. With the goal of understanding endothelial cell or
muscle damage in response to exercise, the authors chose to measure plasma levels
of miR-126, a highly expressed endothelial cell miRNA, as a marker for endothelial
cell damage and miR-133 as a marker for muscle damage. Interestingly, brief maxi-
mum exercise and 4 hour moderate bicycling increased miR-126 levels with no
change in miR-133, while resistance training increased levels of miR-133 but did
not change miR-126. Differently, running a marathon resulted in increased levels of
both miR-126 and miR-133 [48]. These results clearly demonstrate the range of
effects various types of exercise can have on circulating miRNA, likely due to the
differing levels of muscle and respiratory involvement. In summary, authors suggest
less strenuous or brief bouts of exercise which do not reach an individual’s maxi-
mum threshold cause damage to mainly endothelium, therefore causing upregula-
tion of miR-126, while resistance training targets muscle, resulting in upregulation
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of miR-133. Intense endurance exercise, in contrast, was suggested to upregulate
both miR-126 and miR-133 due to the overall strenuous nature and long bout of
activity [48].

In another study, Nielsen et al. investigated the impact of a single acute bout
versus a 12-week chronic exercise regimen on circulating miRNA plasma signa-
tures [80]. Seven hundred forty-two circulating miRNAs were measured at O hours,
1 hour, and 3 hours after acute exercise. At 0 hours (immediately post-exercise), the
eight miRNAs that significantly changed were downregulated, while 1 hour and
3 hours after acute exercise, all miRNAs that significantly changed (5 and 1 miR-
NAs, respectively) were upregulated. In contrast, after a chronic exercise regimen,
seven miRNAs were significantly downregulated, and two miRNAs were signifi-
cantly upregulated [80]. Interestingly, there were few overlapping circulating miR-
NAs altered by acute versus chronic exercise, demonstrating that acute and chronic
exercise likely cause miRNA alterations through differing mechanisms. However,
likewise a portion of circulating miRNAs that changed in response to both acute and
chronic exercise was cardiac or skeletal muscle specific [80].

Changes in cellular miRNA levels in immune cell populations have also been
demonstrated in response to exercise. In NK cells, isolated from blood of healthy
men, before and after intense exercise, 23 miRNAs and 986 mRNAs were signifi-
cantly changed. Interestingly, analysis identified pathways related to cancer signal-
ing, adhesion molecules, and p53 signaling. Thus, exercise likely influences NK cell
gene expression and miRNA levels, causing modulation of pathways known to
regulate cancer development and progression [81]. A similar study identified 34
miRNAs that were significantly altered in PBMCs of healthy young men by an acute
bout of intense exercise. Pathway analysis revealed that these miRNAs play roles in
inflammation, demonstrating a novel concept of exercise-induced inflammation
through miRNA regulation [82]. Neutrophils were also found to have changes in
miRNAs associated with inflammatory pathways in response to exercise [83].

While exercise or physical activity clearly changes miRNA expression, which is
likely to impact tumor growth, direct linkage of the two is currently unclear. Using
mouse models, Isanejad et al. found in a breast cancer mouse model that interval
exercise training alone and in combination with hormone therapy significantly
reduced tumor volume [84]. Levels of angiogenic factors in the tumor tissue were
also reduced in comparison to sedentary controls. Reduction in tumor growth and
angiogenesis correlated with increased miR-206 and let-7a and decreased miR-21 in
exercise and hormone-treated samples, demonstrating that exercise may influence
tumor growth through miRNAs related to angiogenesis [84].

There are current reviews discussing exercise and miRNAs in cancer; however,
they summarize miRNAs regulated by exercise and implicated in cancer progres-
sion [79, 85]. Interestingly, Dufrense et al. focuses on evidence reporting circulating
levels of miR-133, miR-222, miR-221, miR-126, and let-7, all important miRNAs
in various cancer types, to be altered in response to acute or physical exercise [79].
While enthusiasm for understanding the link between exercise, miRNAs, and can-
cer is present, as yet, an in-depth understanding of this link is lacking and not sup-
ported by data.
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Other Emerging Mechanisms
Myokines

In recent decades, skeletal muscle has been recognized as an endocrine organ that
secretes and responds to numerous growth factors, cytokines (known as myokines
when secreted by contracting myocytes), hormones, and other signals. Some of the
most well described include interleukins (IL-6, IL-8, IL-15), myostatin, irisin,
secreted protein acidic and rich in cysteine (SPARC), and fibroblast growth factor
(FGF) family members [41, 86]. In addition to being secreted by muscles in response
to contraction, these factors have been implicated in tumor development, growth, or
therapeutic response in various tumor models. Thus, muscle is highly likely to
crosstalk with tumor cells and impact tumor development. Emerging evidence sup-
ports the likelihood of exercise impacting the crosstalk between muscles/myocytes
and tumors/tumor cells [39, 87, 88] and has been well reviewed [86, 89].

Activation of p53 by Exercise

The master regulator of apoptosis, p53, is a critical tumor suppressor that is mutated
or deleted in many cancer types. Appropriate activation of pS3 in response to stress
induces cell death and is therefore protective against cancer. Exercise induces p53
activation in muscle, and p53 is important for mitochondrial biogenesis and exercise
capacity [90]. Thus, it is not surprising that p53 may play an important role in the
protective effects of exercise against cancer. Exercise training of female rats during
puberty correlated with significant upregulation of p53 mRNA, as well as BRCA1
and ERB mRNA, in mammary glands when rats reached 100 days old [91].
Similarly, voluntary wheel running caused significant upregulation of p53 in A549
lung carcinoma tumors in mice [92]. In addition to directly activating p53 in precan-
cerous lesions, exercise appears to cause upregulation of systemic factors that cause
p53 stabilization in LNCaP prostate cancer cells [93]. These studies demonstrate
that exercise can impact p53 activation, at least within certain contexts. Given the
critical role of p53 in numerous cancers, this potential mechanism is likely to
become a major area of focus in the field.

Summary

In healthy humans and animals, physical activity or exercise causes changes to
many systems of the body, including the cardiovascular, musculoskeletal, immune,
and others. The molecular mechanisms by which these changes occur in the absence
of disease are becoming clearly understood. In recent decades, the impact of these
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exercise-induced changes on tumor development, progression, treatment, and survi-
vorship has gained focus in the cancer biology and exercise physiology communi-
ties. As our mechanistic understanding of exactly what exercise does and how in the
context of cancer grows, so will the ability to utilize exercise in a preventive or
therapeutic setting.
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