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Insulin—PI3K signalling:
an evolutionarily insulated
metabolic driver of cancer

Benjamin D. Hopkins

The discovery of insulin was initiated when Banting
and Best first demonstrated that a pancreatic extract
could alleviate diabetic symptoms in canines'. As their
work progressed, they confirmed these effects in sev-
eral mammalian species, including humans; adminis-
tration of this extract to patients with type 1 diabetes
mellitus reduced blood levels of sugar, abolished gly-
cosuria, prevented ketonuria, increased carbohydrate
utilization and improved their overall condition®. Since
the time of Banting and Best’s initial publications, our
knowledge about insulin has expanded considerably.
We now know that the insulin signalling pathway is
highly conserved through evolution, even pre-dating
vertebrates’. In these early species, the precursors of
insulin integrated nutrient availability with cell sur-
vival and growth®. This function is preserved in later
organisms, where insulin acts as a signalling molecule
to regulate glucose and amino acid uptake, ultimately
controlling systemic metabolic homeostasis. Although
these functions are central to our understanding of the
activity of insulin at the whole-body level, it is critical
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Abstract | Cancer is driven by incremental changes that accumulate, eventually leading to
oncogenic transformation. Although genetic alterations dominate the way cancer biologists
think about oncogenesis, growing evidence suggests that systemic factors (for example, insulin,
oestrogen and inflammatory cytokines) and their intracellular pathways activate oncogenic
signals and contribute to targetable phenotypes. Systemic factors can have a critical role in

both tumour initiation and therapeutic responses as increasingly targeted and personalized
therapeutic regimens are used to treat patients with cancer. The endocrine system controls cell
growth and metabolism by providing extracellular cues that integrate systemic nutrient status
with cellular activities such as proliferation and survival via the production of metabolites

and hormones such as insulin. When insulin binds to its receptor, it initiates a sequence of
phosphorylation events that lead to activation of the catalytic activity of phosphoinositide
3-kinase (PI3K), a lipid kinase that coordinates the intake and utilization of glucose, and mTOR,

a kinase downstream of PI3K that stimulates transcription and translation. When chronically
activated, the PI3K pathway can drive malignant transformation. Here, we discuss the insulin—PI13K
signalling cascade and emphasize its roles in normal cells (including coordinating cell metabolism
and growth), highlighting the features of this network that make it ideal for co-option by cancer
cells. Furthermore, we discuss how this signalling network can affect therapeutic responses and
how novel metabolic-based strategies might enhance treatment efficacy for cancer.

to recognize that insulin is also a local signal that con-
nects systemic nutrient status with cellular metabolism,
growth and proliferation®. These insulin-regulated
pathways are frequently mutated in tumour cells,
which must transport glucose and amino acids to
maintain their hyperproliferative state independent of
the nutrient status of the organism®>®. In this regard,
tumour cells are able to excise themselves from the nor-
mal systemic endocrine regulation that regulates cell
growth, proliferation and survival. This Review exam-
ines the connections between insulin signalling and
oncogenic transformation, highlighting the potential
effect of insulin as a pro-tumorigenic factor. Building
on this argument, the Review discusses the evolu-
tionarily entrenched feedback mechanisms through
which systemic insulin feedback affects the efficacy of
therapeutics that target the phosphoinositide 3-kinase
(PI3K) signalling cascade and highlights the latest stud-
ies examining new approaches to circumvent systemic
insulin feedback to increase the antitumour effect of
these agents.
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Key points

e Systemic factors such as insulin activate the same signalling pathways as some of the
most recurrent mutations in human cancer.

* The phosphoinositide 3-kinase (PI3K) signalling cascade, which is activated by insulin,
regulates cellular metabolism and cell fate decisions, including cell survival and
proliferation.

* High insulin levels can promote and sustain tumour growth.

* Therapeutic targeting of the PI3K signalling cascade is subject to a variety of cellular
and systemic feedback mechanisms, including acute insulin release.

* Therapeutic approaches that reduce insulin exposure might increase the efficacy
of agents that target the PI3K signalling axis.

Insulin-PI3K signalling axis

Insulin production. Insulin is secreted by pancreatic
B-cells in response to increases in blood levels of glucose.
Once secreted, insulin enters the bloodstream and cir-
culates until it binds to a cell surface receptor, the insu-
lin receptor. This extracellular interaction activates the
protein-tyrosine kinase domain of the insulin receptor,
which allows it to catalyse the phosphorylation of the
insulin receptor substrate proteins 1 and 2 (IRS1 and
IRS2). This biochemical change propagates the signal
to multiple signalling pathways within cells, including
both the PI3K and mitogen-activated protein kinase
(MAPK) signalling pathways”™"! (FIC. 1). The result of
this signalling is a variety of cellular responses, includ-
ing regulation of hypoxia inducible factor, cyclin D1
and Myc (proteins that inhibit cell death and activate
cellular survival and proliferation programmes)'>"* and,
most importantly, the shuttling of transporters to the cell
membrane to increase glucose uptake into cells.

Function. Although the insulin-PI3K signalling axis is
highly evolutionarily conserved' and functions in all of
the tissues of the human body, it has evolved so that the
effects of insulin binding to its receptor elicit responses
that are specific to the cell and tissue. For example, in
adipose and skeletal muscle cells, activation of the insu-
lin receptor stimulates glucose uptake and promotes
glycolysis, whereas in the liver the primary function of
activation of the insulin receptor is to retard gluconeo-
genesis and enhance glycogen storage'>'°. Thus, at the
level of the human organism, insulin signalling is a crit-
ical component of metabolic homeostasis, balancing the
storage and production of glucose'’ (FIC. 2).

In 1976, Rinderknecht and Humbel isolated two
chemicals from human serum that structurally resem-
bled insulin and exhibited non-suppressible insulin-like
activity'®. These substances were named insulin-
like growth factor 1 and 2 (IGF1 and IGF2). Both IGFs and
insulin act as ligands for their respective receptor tyrosine
kinases (insulin receptor and IGF1 receptor (IGF1R))".
It is difficult to functionally isolate the effect of the lig-
ands at the cellular level because of the high levels of
structural homology between the IGFs and insulin, the
ability of these ligands to cross-activate each other’s
receptors and the observation that their receptors form
the full complement of homodimers and heterodimers
with one another’”. Although insulin and the IGF lig-
ands share structural homology, the regulation of these

ligands is distinct”. Insulin is secreted by the pancreas
when blood levels of glucose increase and therefore acts
as an acute signal to cells indicating a change in systemic
nutrient status. By contrast, IGFs are not subject to such
acute regulation. The production of IGF1 is controlled
mostly by the action of growth hormone on the liver. It
is then further regulated by a series of binding proteins
(such as IGF-binding protein 3) that sequester IGF in the
blood, thus limiting its ability to activate the IGF1R'**.

Intracellular signalling. Once the IGFs or insulin have
activated the cell surface receptor tyrosine kinases, the
resulting intracellular signalling events are similar. In
general, for this family of receptors, a ligand binding to
a receptor leads to kinase activation of the receptor and
autophosphorylation. This change enhances the binding
affinity of the receptor to the IRS proteins, which are
then phosphorylated. The phosphorylated IRS proteins
can then interact with the regulatory subunit of PI3K
(that is, p85), p85 then inhibits the catalytic subunit
(p110) of PI3K, which allows it to phosphorylate phos-
phatidylinositol 4,5-bisphosphate (PIP,), a lipid that is
located on the cell surface®. The product of this reac-
tion is a critical second messenger, phosphatidylinosi-
tol 3,4,5-trisphosphate (PIP,). The newly formed PIP,
recruits phosphoinositide-dependent kinase 1 (PDK1),
AKT and other proteins that contain PH domains to the
cell membrane, where they propagate the signal through
a series of serine/threonine kinases, tyrosine kinases and
G-proteins (FIC. 1). Within cells, the signalling cascades
serve to activate vesicle trafficking, cell migration, actin
remodelling and the regulation of cell growth’.

In addition to insulin and IGFs, other hormones
might alter the function of PI3K. For example, the
oestrogen and thyroid hormone receptors might form
cytoplasmic complexes with p85, which enhances PI3K
signalling following ligand binding*"**. Conversely, cat-
echolamines such as adrenaline (also known as epineph-
rine) might inhibit PI3K activity through an unclear
mechanism****. These examples highlight the impor-
tance of PI3K as an integrator of the systemic hormonal
milieu.

AKT. The most studied and seemingly critical factor
downstream of PI3K is the serine/threonine kinase
AKT. AKT phosphorylates a myriad of targets, including
GSK3, TXNIP, BAD, AS160 and FOXO. Phosphorylation
of FOXO proteins leads to their exclusion from the
nucleus, which prevents them from acting as transcrip-
tional regulators (such as for the transcription factor
FOXO1)* Phosphorylation by AKT also leads to the
inactivation of GSK3, which in turn regulates a variety of
processes, including glycogen storage'. Similarly, AKT
regulates the activity of TXNIP, which controls the inter-
nalization of glucose transporters, thereby allowing the
transporters to remain at the cell surface and regulate
the acute influx of glucose downstream of insulin stimul-
ation'*. Insulin also has numerous AKT-independent
effects (FIC. 1). For example, PDK1 has a number of other
cellular targets, such as Polo-like kinase 1 (PLK1), which
it phosphorylates to allow cell cycle progression**. In
addition, insulin stimulates RAC activity to induce a

www.nature.com/nrendo



©@— Insulin

E

Cm @D @D

1
AP

| o

Glucose,  , —> Glucose, —> G6P —> F6 —> F1,6BP ———> GA3P —> 1,3BPG —> 3PG —> Pyruvate —> Lactate

e

Oxidative
PPP

-6

—

Ribose B g ANTP A—J

5

Fig. 1| Insulin regulates glycolysis through both AKT-dependent and AKT-independent mechanisms. This simplified
figure highlights components of the phosphoinositide 3-kinase (PI3K)-regulated cellular signalling events that occur
downstream of the interaction between insulin and its receptor. While a myriad of growth factors and their cognate
receptors (such as insulin growth factor or epidermal growth factor) activate PI3K signalling, here we highlight the
insulin receptor, which is of particular importance to the systemic feedbacks central to this Review. The effects of insulin
are mediated through both AKT-dependent (left side) and AKT-independent mechanisms (right side). From an evolutionary
perspective, systemic insulin drives the intracellular PI3K signalling pathway to integrate systemic nutrient status

and cellular metabolism with cellular functions, including proliferation and survival. This function enables insulin to
coordinate cellular activities with systemic features, such as glucose availability, and provides a unified mechanism for
the generation and utilization of key metabolites, such as deoxyribonucleotide triphosphates (dNTPs). Under normal
conditions, this integration of systemic and cellular activity protects the organism by linking metabolic requirements
and cellular growth, thereby constraining cellular activities based on systemic factors. In the context of oncogenic
transformation, this integration makes the insulin—PI3K signalling axis a vulnerability, as activating mutations in
oncogenes (encoding p110 and AKT) or inactivating mutations in tumour suppressors (encoding p85 and phosphatase
and tensin homologue (PTEN)) can decouple this integration. IRS, insulin receptor substrate; LDH, lactate dehydrogenase;
MTHEF, 5,10-methenyltetrahydrofolate; PDK, phosphoinositide-dependent kinase; PIP,, phosphatidylinositol 4,5-bisphosphate;
PIP,, phosphatidylinositol 3,4,5-trisphosphate; PPP, pentose phosphate pathway.

7,28

dramatic rearrangement of the cellular cytoskeleton
This structural rearrangement puts the cell in a physi-
cally permissive state for migration or cell division, and
releases actin-bound aldolase to enhance glycolysis
and ATP production”.

mTOR. The activation of the PI3K and MAPK pathways
leads to activation of mTOR, a protein kinase that con-
trols cell growth by regulating protein and nucleotide
synthesis. mTOR complex 1 (mTORC1), a complex of
mTOR with RAPTOR, regulates S6 kinase and 4EBP1
(which regulate translation) and is inhibited by rapa-
logues such as everolimus, which was approved by the
FDA for the treatment of renal cell carcinoma, subep-
endymal giant cell astrocytoma and progressive neuro-
endocrine tumours of pancreatic origin. Ultimately, the
insulin-induced growth signal needs to be abolished
for the successful treatment of some cancers. This
‘off-switch’ occurs mostly through the removal of the
3’-phosphate of PIP, by phosphatase and tensin homo-
logue (PTEN). PTEN is a bona fide tumour suppres-
sor whose activity is tightly regulated in a number of

different ways, including protein—protein interactions,
alternative translation initiation, microRNAs and post-
translational modifications such as phosphorylation,
acetylation, oxidation and ubiquitylation®*. Numerous
other negative feedback loops have evolved at both the
systemic and cellular levels that are responsible for
bringing PI3K signalling back to homeostasis. For exam-
ple, hyperactivation of mMTORCI in response to chronic
insulin stimulation results in stabilization of GRB10, an
adaptor protein that can sequester the insulin receptor
and dampen PI3K signalling™. Interestingly, the GRBI0
gene has been identified as a risk allele for type 2 diabetes
mellitus™, which highlights how dysregulation of these
feedback loops alters the balance of PI3K activity and
leads to clinical disease™.

Regulation of cellular growth and metabolism. The
insulin-PI3K signalling axis has a fundamental role
in human cellular growth and metabolism®. The com-
bination of p110 and p85 is an example of a class 1A
PI3K; this class is comprised of heterodimers made up of
a catalytic subunit (either p110a, p110p or p1108) and
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a regulatory subunit (p85a, p85p, p55a, p50a or p55y).
In the context of insulin signalling, the most critical
isoform is p110a (encoded by PIK3CA) because it is
thought to be the dominant isoform downstream of the
insulin receptor”. Activating mutations in PIK3CA are
associated with human diseases, including overgrowth
syndromes (such as CLOVES syndrome) and malig-
nancies including uterine, breast, head and neck, and
colon cancers'. In fact, PIK3CA is the most frequently
mutated oncogene in human cancers'’. Conversely,
a reduction in PI3K activity is found in patients with
SHORT syndrome, a rare condition that features muta-
tions in PIK3R1 (which encodes p85); the syndrome is
usually diagnosed in early childhood and is character-
ized by delayed growth and features resembling type 1
diabetes mellitus”’. Mouse models that feature knock-
out of components of PI3K signalling have supported
the importance of PI3K in growth and metabolism. For
instance, germline and/or tissue-specific manipulation
of Pik3ca, Pik3rl and Pik3r2 (the latter encodes p85p)
have confirmed the role of insulin-PI3K signalling in the
liver, skeletal muscle and adipose tissue as well as in

the control of systemic glucose homeostasis™**.

Maintaining homeostasis. Together, the observations
from human syndromes and mouse models allow us to
support a model in which signalling through the insulin-
PI3K axis must be kept in exquisite balance to avoid
excessive growth, hypoglycaemia and malignant transfor-
mation if too much signalling occurs, and growth restric-
tion with hyperglycaemia if too little signalling is present.
As we transition to focus on the role of the insulin-PI3K
signalling axis in cancer, the argument will continue to

T Glucose uptake (glycogen synthesis)
! Gluconeogenesis

Liver

T Fatty acid production
— T Triglyceride synthesis
d Lipolysis

Adipose

N—> /—\ T Glucose uptake and/or utilization
J | Fatty acid oxidation
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T Cell survival and/or proliferation
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Fig. 2 | Tissue and tumour response to insulin signalling. While canonical insulin
signalling remains intact across tissue types, activation of the insulin receptor has
tissue-specific effects. In muscle, insulin stimulates fatty acid oxidation as well as glucose
uptake and utilization. By contrast, in adipose tissues and liver, insulin stimulates a
storage phenotype, driving fatty acid production, inhibiting lipolysis in adipose tissue
and inducing glucose uptake while suppressing gluconeogenesis in the liver. Similarly,
tumours can use insulin signalling to drive glucose uptake as well as inducing cell survival

and proliferation.

hinge on this need for balance. As we have already sug-
gested, sufficient insulin signalling is crucial for glucose
homeostasis and normal cell growth and survival. In the
context of oncogenic transformation, a growing body of
evidence suggests that this same signalling must be kept
in check as its activation can contribute to tumour cell
growth and survival, and thus can have a profound effect
on tumour initiation and treatment efficacy.

Insulin-PI3K signalling in cancer

Tumour initiation and progression are dependent on
tumour cells acquiring the abilities to sustain malignant
growth®. One key ability is the acquisition of sufficient
nutrients for energy and biomass production. As first
described by Otto Warburg, tumours have a propensity
to shift away from oxidative phosphorylation in favour
of glycolysis*>*. While this shift is in some ways para-
doxical as it means that the tumour cells generate far less
ATP per molecule of glucose than non-tumour cells, it
has been proposed that this change in metabolism ena-
bles the necessary flow of metabolites to produce new
biomass’. A consequence of this shift away from oxida-
tive phosphorylation is the propensity of cells to take up
notably more glucose than normal cells. This increase
in glucose flux is aided by genetic alterations that evolve
within tumours (that is, PIK3CA mutations or amplifi-
cations) and extracellular signals that promote glucose
utilization (that is, insulin). Thus, insulin signalling
can be seen as enabling tumour development by pro-
viding a mechanism for PI3K activation and enhanced
glucose uptake. This idea is supported by studies show-
ing enhanced tumour development in humans and
mice with hyperinsulinaemia***, and reduced tumour
development in states of reduced insulin levels™.

The pro-tumorigenic effects of insulin are dependent
on the tissue and genotype. For example, tumours with
genetic alterations that sensitize patients to insulin will
display a more pronounced effect than tumours that lack
the insulin receptor’. In fact, it has been observed that
patients who have tumours with activating mutations
in the insulin signalling pathway are insensitive to sys-
temic calorie deprivation®, which is a dietary approach
to reduce systemic insulin levels. Reciprocally, these
mutations might reduce the amount of insulin required
to activate PI3K and, therefore, ‘normal’ systemic insulin
levels are perceived as hyperinsulinaemia by the tumour
cells. This chronic activation of the insulin-PI3K cas-
cade might reduce the barrier to oncogenic transforma-
tion. It is interesting to note that certain tissues (such as
the endometrium, breast, colon, head and neck) acquire
genomic PI3K pathway alterations more frequently than
others (FIG. 3). Thus, one could speculate that the local
insulin level in the mutation-prone tissues is somehow
limiting growth, and an activating mutation overcomes
this barrier. Other sites that are chronically exposed to
high doses of insulin (such as the pancreas and liver)
would not have the need for mutational events that lead
to further PI3K signal activation as these signalling
events could be driven by the local environment.

From these observations, we conclude that insu-
lin can promote or help sustain the growth of certain
tumour types. Therefore, hormonal and metabolic
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Fig. 3 | Analysis of the frequency of mutations in insulin-PI3K signalling. Histogram of the frequency of mutations

for the 32 The Cancer Genome Atlas (TCGA) pan-cancer data sets from cBioPortal’>’® showing that the distribution of
mutations in genes (PIK3CA, PIK3R1, AKT1, AKT2, AKT3, PTEN and INSR) encoding elements of the insulin—phosphoinositide
3-kinase (PI3K) cascade are not uniform across tumour types. These data highlight the frequency with which this pathway

is altered in human cancer and support the idea that different tumour types might be differentially sensitive to genetic
modulations of this pathway as the result of the tissues from which they arise or the specific environment of that tissue.
Looking across the data set, which covers sequencing from 32 studies, demonstrates the high frequency with which
components of this signalling cascade are altered, particularly p110a (encoded by PIK3CA, p110a is a catalytic subunit of
P13K) and phosphatase and tensin homologue (the phosphatase that catalyses the reverse reaction). In total, 38% of the
cases in the TCGA pan-cancer studies had mutations in these seven genes.

approaches that minimize systemic insulin levels might
affect tumour initiation and progression. Clinically, this
theory can be tested using dietary approaches to manip-
ulate insulin levels, and a general consensus has emerged
that individuals with cancer should avoid dietary ele-
ments that induce extreme spikes in their glucose and
insulin levels, particularly those who have tumours with
genomic alterations that enhance the insulin-PI3K path-
way'**2. Two phase III combination trials have examined
the effect of combining PI3K inhibition with fulvestrant
(a selective oestrogen receptor degrader approved for
use in some breast cancers). Strikingly, although the
compounds that inhibited PI3K showed similar prom-
ise, only the trial that accounted for the metabolic state
of the patient, excluding those who needed to receive
insulin, resulted in FDA approval®»*. Although there
were other differences between the compounds, study
populations and trial designs, this difference might have
been critical to the outcome.

Along these lines, it is worth considering the effect
that high glycaemic dietary components have on the
metabolism and signalling of tumours, and the poten-
tial for these foods to increase tumour cell survival
signalling in the context of cytotoxic therapy. In this

regard, it might be possible to enhance the efficacy of
anticancer therapies by modulating diet; however, no
one-size-fits-all approach exists. Different tumours have
different capacities for utilizing different fuel sources. For
example, patients with endometrial and colon tumours
might benefit from low-glycaemic diets to suppress
insulin and sugar whereas breast and prostate tumours
can thrive on lipid-rich (low-carbohydrate) diets™.
Therefore, augmenting a patient’s exposure to insulin
through diet requires a precision approach that inte-
grates tumour genetics, tissue of origin and the patient’s
hormonal profile. It follows from this line of reasoning
that tumours that do not have mutations in the insulin
signalling pathway might be alternatively activating this
pathway through their systemic metabolism and so could
be sensitive to therapeutic strategies that limit a patient’s
exposure to insulin, which could be responsible for driv-
ing PI3K-mTOR signalling in these patients. It is impor-
tant to note that not all tumours are dependent on this
signalling axis, and while many tumours utilize glycolysis
(which is regulated by PI3K signalling) other tumours
use alternative metabolic processes such as glutaminoly-
sis*® and, as such, might not be sensitive to approaches
that target the insulin-PI3K signalling pathway.
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Insulin feedback

The concept of diet augmenting antitumour therapy
seems particularly pertinent in the context of targeted
inhibitors against the insulin-PI3K pathway. As the
activity of this pathway in healthy metabolic tissues
(such as liver, skeletal muscle and adipose tissue) coor-
dinates the clearance of glucose from the blood, states
of insulin resistance lead to postprandial hyperglycaemia
and a consequent enhancement in the release of insu-
lin from the pancreas to restore glucose homeostasis™’.
This systemic insulin feedback system is the major factor
limiting the use of targeted therapies against individual
components of the insulin-PI3K signalling cascade. For
example, inhibition of the IGF1R as an anticancer ther-
apy results in compensatory activation of PI3K via the
closely related insulin receptor®. Furthermore, tumours
treated with inhibitors that target both IGF1R and the
insulin receptor exhibit extreme hyperglycaemia and
extreme hyperinsulinaemia that can then reactivate the
insulin receptor’>*>®. These bouts of hyperinsulinaemia
can stimulate PI3K and AKT signalling in tumours and
promote the growth and survival of tumour cells®'-*.
The same hyperglycaemic effect is observed when
PI3K is directly targeted with small molecules (PI3K
inhibitors)*>*. These drugs induce insulin resistance in
tumours and normal tissues that is eventually overcome
by systemic hyperinsulinaemia. This process limits the

SGLT2
inhibition

Kidney
% T\\:‘1\: —_—
’ — Liver
E ; Pancreas

Potassium channel
inhibitors (such as
diazoxide)

Insulin-PI3K
pathway inhibitor

Tumour

Fig. 4 | Mechanisms to inhibit insulin feedback in tumours. In a patient with cancer
who is on a normal carbohydrate-replete diet, normal glucose homeostasis leads to
glucose uptake and storage in the liver. When insulin signalling is not active, the liver
induces gluconeogenesis to maintain systemic blood levels of glucose. In the clinic,
when patients are given inhibitors that target the insulin receptor, phosphoinositide
3-kinase (PI3K) or AKT, their tissues perceive this as a decrease in insulin levels. In the
liver, this means increasing the release of glucose, which in turn raises blood levels of
glucose and induces increased insulin release from the pancreas. As insulin can act as
a mitogen and regulate tumour cell survival signalling, this systemic feedback might be
detrimental to treatment efficacy. By administering these agents in combination with
sodium-glucose co-transporter 2 (SGLT2) inhibitors that cause the removal of glucose
by the kidney, or a ketogenic diet that removes dietary carbohydrate so there are
insufficient stores in the liver to cause notable rises in blood levels of glucose, one

can prevent therapy-induced spikes in insulin levels, which might limit treatment
efficacy. More broadly, limiting insulin exposure in patients might decrease survival
and proliferative signalling in tumours where these features are typically induced by
systemic insulin.

clinical efficacy of these drugs, which target the PI3K
signalling axis and cause reflex hyperinsulinaemia'**>".

If insulin can tip the balance towards oncogenic
growth and tumour cell survival, then it might be
clinically useful to minimize serum levels of insulin.
Fortunately, research on diabetes mellitus has provided
multiple avenues to limit hyperglycaemia and hyper-
insulinaemia, including diet, exercise and pharmaco-
logic approaches. Before the days of Banting and Best,
the very-low-carbohydrate (ketogenic) diet was the
primary treatment for patients with diabetes mellitus.
Ketogenic diets reduce blood levels of glucose and insu-
lin, and improve insulin sensitivity in humans® and in
mouse models of systemic metabolism®”°. The effects
of a ketogenic diet on reducing serum levels of insulin
are expected to be beneficial to patients whose tumours
express the insulin receptor, and the diet is expected
to enhance sensitivity to PI3K and AKT inhibitors
by clearing the liver’s glycogen stores and preventing
drug-induced hyperglycaemia®. While this diet and drug
combination approach is effective in rodent models of
cancer™, there is a lack of supportive human data from
controlled trials.

In addition to feasibility and efficacy, future studies
should also focus on diet composition as it remains unclear
how severe the restriction of sugar and rapid-acting
carbohydrates needs to be to achieve therapeutic syn-
ergy with therapies such as PI3K and AKT inhibitors. In
addition to diet, pharmacologic approaches can decrease
serum levels of insulin following PI3K inhibition. For
example, inhibitors of sodium-glucose co-transporter 2
(SGLT?2) in the kidney can also reduce serum levels of glu-
cose by blocking reabsorption of glucose from the renal
ultrafiltrate. These drugs essentially clear glucose from
the blood by diverting it into the urine. If administered
before PI3K inhibitors, the SGLT2 inhibitors can prevent
the drug-induced hyperglycaemia and hyperinsulinae-
mia’>*”'". Another potential pharmacologic approach
is to combine PI3K inhibitors with potassium channel
inhibitors such as diazoxide to prevent the pancreas
from releasing insulin. In this scenario, the drug-induced
hyperglycaemia would still occur or be exacerbated at
the expense of improved hyperinsulinaemia’”’. Lastly,
exercise might be an ideal partner for PI3K inhibitors.
If timed properly, the exercise-induced glucose disposal
into skeletal muscle could prevent the hyperglycaemia
and hyperinsulinaemia induced by the PI3K inhibitor*.
By reducing serum levels of glucose and/or increas-
ing insulin sensitivity, these approaches might reduce
oncogenic signalling through the insulin-PI3K cascade.
According to this theory, these approaches would also be
expected to reduce insulin-dependent tumour growth
and tumour cell survival signalling (FIC. 4).

In a study published in 2018, we demonstrated that
co-administration of agents targeting the insulin-PI3K
signalling cascade with either an SGLT?2 inhibitor or the
ketogenic diet limited the on-target hyperglycaemia and
hyperinsulinaemia and increased therapeutic efficacy in
numerous preclinical models of cancer™. While there are
legitimate concerns that these strategies could lead to
weight loss, sarcopenia or severe ketosis, which might
alter quality of life or increase mortality independently
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of the tumour, these findings warrant further evaluation
in controlled clinical trials. Currently, 178 clinical trials
are listed on clinicaltrials.gov evaluating the effect of
diet in patients with cancer, including 36 trials examin-
ing the effects of the ketogenic diet in cancer, focusing
on the effect of the diet on patients from early-stage to
advanced cancer and even through surveillance. These
trials include 11 combination trials in which the keto-
genic diet is being combined with other agents, includ-
ing standard of care chemotherapies and radiotherapies,
to test the feasibility of providing these diets to patients
with cancer who might have different nutritional
requirements than the patients for whom the ketogenic
diet has been provided in the past (such as patients with
epilepsy). While drug combinations often result in com-
bined toxicities that limit their clinical utility, diet and
exercise regimens are often well tolerated and feasible
in patients with cancer”. Clinical trials that evaluate the
effect of combining approaches that reduce serum levels
of insulin with targeted and/or conventional therapies in
a controlled environment need to be conducted to eval-
uate the efficacy of these approaches so that they can be
effectively deployed in the general population; thus, it is
imperative that physicians wait to use these approaches
until the appropriate trials have been completed.

Clinical cancer care

Moving forward, the limited clinical efficacy of agents
that target the insulin-PI3K signalling axis indicates that
we need to more rigorously assess the role of systemic
factors in treating patients. While this seems apparent in
the context of insulin-PI3K inhibitors, it is likely to be
more broadly applicable to drugs that target other highly
regulated homeostatic pathways in the body. While not
all agents will induce such linear feedbacks as targeted
inhibitors of insulin signalling, it is clear that circulating
factors such as oestrogen, cytokines and growth factors
can drive oncogenic pathways in a manner that is inde-
pendent of tumour mutations, and thus might be criti-
cally important for supporting tumour cell survival in the
context of therapy. As evidence demonstrating the effect
of obesity and systemic metabolism on cancer incidence

increases and we come to appreciate the numerous ways
in which systemic factors can profoundly affect cancer
risk and responses to therapy; it is critical that we begin
to implement this knowledge into clinical trials and take
note of lifestyle choices made by patients classified as
extreme responders, whose tumour responses are either
exceptionally good or bad, in order to determine how
these choices might affect therapeutic responses. While
the example of insulin provided here has direct implica-
tions for improving patient responses and clinical deploy-
ment of targeted therapies, it also highlights an alternative
mechanism by which tumours might be initiated and/or
sustained. This thought process has tremendous impli-
cations for the way we design clinical trials and the way
we evaluate patients. In addition, these ideas might help
clinicians to identify effective therapeutic strategies by
targeting systemic features, such as increased levels of
insulin, instead of or in addition to mutated enzymes.

Conclusions

The integration of systemic and cellular metabolism has
evolved to maintain glucose homeostasis by coupling
cellular events (for example, replication and survival)
with external cues provided by systemic factors (such
as insulin), and insulating these networks with a vari-
ety of feedback mechanisms that operate at both the
cellular and systemic levels to maintain homeostasis.
Unfortunately, these pathways are frequently co-opted
by tumours and the same feedback mechanisms that
evolved to insulate mammals from changes in nutrient
availability can serve to promote tumour growth and
limit our capacity to effectively target these signals in
tumours. As we enter the era of precision medicine, both
the effect of the patient’s systemic metabolism and the
effect that therapies have on these systemic networks will
have a role in determining treatment efficacy. Through
the development of therapeutic strategies that contend
with these feedback systems, it might be possible to
increase treatment efficacy and improve response rates
for patients with a wide array of tumour types.
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