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Abstract The discovery of the phosphatidylinosi-
tol-3-kinase (PI3K) pathway was a major advance
in understanding growth factor signaling. The
high frequency of PI3K pathway mutations in
many cancers has encouraged a new field target-
ing cancer driver mutations. Although there have
been many successes, targeting PI3K itself has
proven challenging, in part because of its multiple
isoforms with distinct roles. Despite promising
preclinical results, development of PI3K inhibi-
tors as pharmacologic anticancer agents has been
limited by modest single-agent efficacy and signifi-
cant adverse effects. If we could overcome these
limitations, PI3K inhibitors would be a powerful
cancer-fighting tool. Data from phase III clinical
trials yields insight into some of the problems with
PI3K inhibitors. Recent advances have shed light
on the mechanisms of tumor resistance to PI3K
inhibitors via feedback pathways that cause ele-
vated insulin levels that then activate the same
PI3K pathways that are the targets of inhibition. Bl
Improving our understanding of the complex reg-
ulatory feedback pathways that activate in re-
sponse to PI3K inhibition will reveal ways to
increase the efficacy of PI3K inhibitors and re-

Kidney excretion A)/ ‘l'

of glucose
¥ Blood glucose

]
Diet — dan»

Food, especially carbohydrates
(4#Blood glucose)

SGLT2 |
inhibitors Blood glucose

#Insulin”~

L PI3K  (Block glucose
PI3K| — inhibitors  uptake and
utilization)
Cellular glucose uptake 4 Blood glucose
and utilization ]
¥ Blood glucose 4 Insulin
Burn and/or store Tumor growth
glucose energy 8 »
Muscle Fat L0053

duce adverse effects, increasing the usefulness of this class as a treatment option for multiple cancer types.—Paddock, M. N.,
S.]. Field, and L. C. Cantley. Treating cancer with phosphatidylinositol-3-kinase inhibitors: increasing efficacy and overcoming

resistance. J. Lipid Res. 2019. 60: 747-752.
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PI3K SIGNALING PATHWAYS

Cell growth and proliferation in higher organisms such
as humans normally depends on instructive signals pro-
vided by growth factors. These signals are transduced
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across the plasma membrane through receptors such as
the insulin receptor (InsR), insulin-like growth factor recep-
tor, epidermal growth factor receptor, and platelet-derived
growth factor receptor. The receptors serve to activate
intracellular signaling pathways through phosphati-
dylinositol-3-kinase (PI3K). PISK phosphorylates phos-
phatidylinositol-4,5-bisphosphate (PI-4,5-P2) to generate
phosphatidylinositol-3,4,5-trisphosphate (PIP3). Phospha-
tidylinositols (PIs) are amphipathic lipids composed of two
acyl chains fused to a glycerol (making diacylglycerol) fused
to a six-carbon inositol headgroup. This headgroup can be
phosphorylated on the 3-, 4-, or 5-position and the location
of phosphates determines how the PI-phosphate (phos-
phoinositide or PIP) interacts with proteins. PI3K is a
general term for a kinase that phosphorylates a phos-
phoinositide on the 3-position. There are three classes of
PI3Ks: class I PI3Ks convert PI-4,5-P2 to PIP3 and include
the isoforms most frequently mutated in cancer. These are
the subject of the following discussion. Additionally, class II
PI3Ks convert PI4P to PI-3,4-P2, another important signal-
ing phospholipid expressed on early endosomes and in-
volved in AKT signaling (1, 2). Class III PI3Ks convert PI
to PI3P, a major phospholipid in autophagy and vesicular
trafficking (3, 4).

The class I PI3Ks are composed of a catalytic subunit
(p110) encoded by four genes, PIK3CA, PIK3CB, PIK3CG,
and PIK3CD, encoding, respectively, the pl10a, pl1108,
pl10v, and p1108 isoforms. They are constitutively bound
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PI3K signaling pathway: growth factors such as insulin stimulate tyrosine kinase receptors resulting in their autophosphorylation.

to a regulatory subunit encoded by PIK3R1, PIK3R2, PIK3R3,
PIK3R5, and PIK3R6, encoding, respectively, p8ba, p85§3,
p55y, pl01, and p87. The p85/p55 subunits heterodimer-
ize with p110a, p110B, or p1103, forming complexes that
are regulated primarily by receptor tyrosine kinases (RTKs).
The pl01 and p87 subunits heterodimerize with p110vy,
forming complexes that are regulated primarily by G protein-
coupled receptors. Complexes containing pl110f are also
activated by G protein-coupled receptors. The p85/p55
regulatory subunits contain two SH2 domains and an in-
ter-SH2 (iSH2) coiled coil domain that mediates the in-
teraction with the catalytic subunit. The SH2 domains bind
to the pY-X-X-M amino acid motif of activated RTKs or RTK
adaptor proteins, recruiting PI3K to the plasma membrane,
where its substrate, PI-4,5-P2, is abundant, and triggering a
conformational change that enhances PI3K activity (5, 6).
PIK3CA and PIK3CB are broadly expressed across tissue
types. PIK3CG and PIK3CD are expressed more specifically
in hematopoietic cells. As an example of the role of PI3K in
growth factor signaling, when a RTK is activated, such as
the InsR, it recruits insulin receptor substrate 1, which un-
dergoes tyrosine phosphorylation on multiple Y-X-X-M mo-
tifs that in turn interact with the SH2 domains of p85 to
change PI3K conformation, while recruiting it to the sub-
strate-rich plasma membrane, resulting in robust synthesis
of PIP3 (Fig. 1). AKT binds directly to PIP3, stimulating
AKT’s protein kinase activity and thus activating down-
stream growth and survival pathways. The PIP3 signal is
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In the case of insulin, this recruits IRS-1 that activates PI3K by binding to the SH2 domain of p85. Active PI3K then rapidly converts PI-4,5-P2
to PI-3,4,5-P3, which recruits PDK and AKT via their PH domains leading to AKT kinase activation. AKT phosphorylates many downstream

substrates that regulate cell growth, metabolism, and survival.
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turned off by phosphatases: PIP3 is returned to PI1-4,5-P2 by
PTEN or converted to PI-3,4-P2 by Ship2. PI3K activation
initiates a cascade of downstream signals that support
growth and proliferation of the cell via pathways including
glucose uptake (e.g., GLUT1 and TXNIP) (7), cell growth
(e.g., TSC2 and PRAS40, activating mTOR complex 1),
and survival (e.g., FOXO) (8). As such, there has been
great interest in targeting this pathway with novel targeted
therapeutics.

PI3K AS AN ONCOGENE

Mutations that increase PI3K activity drive cell growth
and proliferation independently of growth factors, resulting
in unregulated tissue expansion. The PI3K pathway is one
of the most commonly mutated pathways in cancer. PIK3CA,
PIK3R1, PTEN, and AKT combined are mutated in about
1/3 of all solid tumors with mutation rates over 90% in
some tumor types, such as uterine, and over 50% of breast
cancers (TCGA PanCancer Atlas, https://cancergenome.
nih.gov). If one includes additional downstream targets
and regulators, such as TSC1, TSC2, mTOR, and LKBI,
this number increases further and includes >50% of lung,
ovarian, and some gastrointestinal tumors (Fig. 2). In addi-
tion to the high proportion of cancers with PI3K pathway
mutations, PI3K activity has been implicated in mediating
signals from other driver mutations including RAS (9-11)

80%-

60%-

40%-

Alteration Frequency

20%-

® Mutation e Fusion e Amplification ® Deep Deletion

and RTKs, such as the human epidermal growth factor
receptor, HER2 (12, 13). PI3K activation has also been
suggested as a mechanism of tumor escape from HER2-
targeted therapies (14-16), and combination inhibition of
PI3K with HER2 has improved efficacy in preclinical mod-
els leading to clinical trials of the combination (17). The
first clinical trial to report on this combination used bu-
parlisib, a pan-PI3K inhibitor, with trastuzumab, a HER2
inhibitor, and was only able to resensitize trastuzumab-re-
sistant breast cancers in 10% of cases (18). However, in this
and another trial combining buparlisib with lapatinib as a
HER2/epidermal growth factor receptor inhibitor, each
had one complete response (2-4%) as well as evidence of
clinical response in several patients, suggesting activity in
select patients (19). These mixed responses reinforce the
need to determine which patients will respond to PISK
inhibitors and how to increase the likelihood of success-
ful treatment. Possible explanations for these varied re-
sponses include differences in underlying PI3K pathway
mutations and differences in the metabolic environment
in the patients.

While obesity has been known to be a risk factor for
some types of cancer for decades (20), the mechanism is
still not clearly established and is likely multifactorial. Stud-
ies have repeatedly shown that for some cancers, such as
uterine and breast cancer, BMI is an independent risk fac-
tor for development or recurrence of cancer (21), while
several additional types of cancer have worse outcomes and
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Fig. 2. The PI3K pathway is commonly mutated in many cancer types. Shown is the mutation frequency observed in The Cancer Genome
Atlas (TCGA) PanCancer Atlas by cancer type for the set of PI3K pathway genes that includes PIK3CA, PIK3R1, PTEN, AKT1, AKT2, MTOR,

LKBI (STK11), TSCI, and TSC2.
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increased risk of death in patients with higher BMI, includ-
ing cervical, kidney, pancreas, and esophageal cancer (22).
One explanation for these observations is that insulin resis-
tance, often associated with obesity, results in high circulat-
ing insulin levels that activate PI3K pathways in tumors,
independent of PIK3CA mutations. As discussed later, high
insulin levels may also be a mechanism of escape from
treatment with PI3K inhibitors.

The most common PI3K pathway mutation in cancers is
in PIK3CA, encoding the pl110a isoform. This isoform is
chiefly responsible for mediating signaling by RTKs, mak-
ing it an appealing therapeutic target. The importance of
this signaling pathway across cell types is evident by the tox-
icities observed in clinical use of PI3K-pl10a-specific in-
hibitors. The ideal drug would target the mutant form,
allowing maximal cancer-specific benefit, while avoiding
the broad toxicities.

PISK INHIBITORS IN CLINICAL USE

A massive drug development effort has produced many
different PI3K inhibitors. Some act on all PI3K isoforms,
while others target individual isoforms. In spite of prom-
ising preclinical data and dozens of clinical trials, PI3K
inhibitors have been slow to make it to clinical use. An
added wrinkle comes from the high homology between
the lipid kinase domain of PI3K and the protein kinase
domain of mTOR, allowing for inhibitors that target
both PI3K and mTOR simultaneously, with markedly in-
creased toxicity.

Only three PI3K inhibitors currently have US Food and
Drug Administration (FDA) approval, all for treating non-
Hodgkin lymphoma by targeting the p1103 isoform. It was
initially thought that by sparing the more broadly ex-
pressed a and {3 isoforms, the toxicities of these inhibitors
would be more tolerable. Predictably, side effects of p110d
inhibitors include immunosuppression and cytopenias due
to on-target effects of blocking PI3K3 activity in healthy he-
matopoietic cells; however, other side effects including
colitis, hepatitis, and pneumonitis suggest that there may
also be inappropriate immune activation, possibly through
suppression of regulatory T cell activity.

The first FDA-approved PI3K inhibitor was idelalisib.
Idelalisib is a p1103-specific inhibitor that was approved in
2014 for second line therapy in combination with ritux-
imab for chronic lymphocytic leukemia (CLL). This ther-
apy yields improvement in progression-free survival (PFS)
from 5.5 months to >14 months (not reached in initial pub-
lication) and improved overall survival at 1 year from 80%
to 92% (23). It was also approved that same year for third
line treatment of follicular lymphoma (FL) and small lym-
phocytic lymphoma (SLL) (24). In 2016, six phase III trials
of idelalisib in combination with other cancer drugs were
stopped by regulatory agencies due to excess deaths in the
treatment arms due mainly to infection, pneumonitis, or
sepsis. Now, use of idelalisib requires concurrent prophy-
laxis against pneumocystis jiroveci pneumonia due to the
immunosuppression that results from its use.
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The second FDA-approved PI3K inhibitor was copan-
lisib. Copanlisib targets the p110a and p1103 isoforms of
PI3K. It was approved in 2017 for third line treatment of
CLL/SLL and FL based on a phase II clinical trial and con-
tingent on the phase III trial supporting the initial results
(25, 26). As copanlisib also targets the pl110a isoform, active
outside the immune system, it may have efficacy in other
tumor types. Based on preclinical data suggesting that
HER2-driven tumors are especially sensitive to PI3K inhibi-
tion (12, 17), phase II trials are underway using copanlisib
in combination with trastuzumab for HER2+ breast cancer.
Notably, additional inhibition of the p110a isoform does
not markedly alter the side effect profile, suggesting that
many of the severe side effects were due to p1108 inhibi-
tion. However, as expected, there is a higher incidence of
hyperglycemia with p110a inhibition.

The most recently approved PI3K inhibitor is duvelisib.
Duvelisib targets both hematopoietic isoforms, p110y and
p1103. It was approved in 2018 for third line treatment of
FL, CLL, and SLL. The DUO phase III clinical trial data
compared duvelisib to ofatumumab (monoclonal antibody
against CD20) for relapsed or refractory CLL/SLL. Duvelisib
improved PFS from 9.9 to 13.3 months and improved ob-
jective overall response rate (ORR) from 45% to 74% (27).
Side effect profiles were similar to other PI3K inhibitors
and postmarketing data is still being collected.

CHALLENGES OF DEVELOPING PI3K-p110a
INHIBITORS

There is evidence emerging from clinical trials that PI3K
inhibitors may be more active in PIK3CA mutant tumors,
where PI3K is driving tumor growth (28). As such, specific
inhibitors of PIK3CA have garnered interest. However, de-
velopment of inhibitors that block PIK3CA activity has
been limited by only modest benefits and significant side
effects in clinical trials. While targeting PIK3CA expands
the number of sensitive tumor types, it likely also increases
the side effects. For example, two recent PIK3CA inhibitors,
taselisib and buparlisib, were both tested in randomized
placebo-controlled phase III clinical trials in combination
with fulvestrant for treating breast cancer. While both
drugs met their primary endpoints of improved PFS, devel-
opment of both drugs was stopped after data analysis showed
only modest increases in PFS with markedly increased tox-
icity. Buparlisib crosses the blood-brain barrier and causes
unacceptable depression and anxiety while failing to sig-
nificantly improve overall survival over fulvestrant with pla-
cebo (29).

Alpelisib, on the other hand, is another pl10a-specific
inhibitor that recently had a positive phase III clinical trial
treating breast cancer in combination with fulvestrant,
showing a significantly improved PFS of 11 versus 5.7 months
and an ORR of 36% versus 16% (30). The difference in
trial outcome is at least partially due to trial design. The
alpelisib trial included a prespecified analysis specifically
in patients with PIK3CA mutations, which was the group
that demonstrated benefit. The PFS and ORR differences



disappear when evaluating all-comers. This is in notable
contrast to the pll03-specific inhibitors, which provide
benefit regardless of mutation status and suggests that the
pl10a-specific inhibitor is specifically targeting a driver
mutation.

One of the challenges highlighted by the examples above
is efficacy. PI3K inhibitors are very promising in preclinical
data where conditions are more controlled, but when used
in diverse cancer patient populations, we find that there is
great variability in their efficacy that was not predicted
from preclinical data. One reason could be variations in
downstream PI3K pathway mutations that render PI3K in-
hibitors less effective. Mutation in PTEN, AKT, or mTOR
may lead to pathway activation without dependence on
PI3K signaling and co-occurrence is not unusual. This hy-
pothesis could be tested by post hoc analysis comparing
PI3K pathway mutation responders and nonresponders so
that subsequent clinical trials may benefit from treating a
target population known to have a vulnerable mutational
profile. Changes in regulation of PI-4,5-P2, the substrate of
PI3K, abundance or acyl chain composition have also been
shown to affect PI3K activity (31, 32), and variation in these
factors between patients may also affect response to PI3K
inhibitors.

Another reason for limited efficacy could be due to the
hyperglycemic response noted as a frequent side effect in
the trials. Hyperglycemia is a predictable on-target effect of
PI3K-p110a inhibitors (see the supplemental Graphical
Abstract). When signaling through the InsR is blocked, glu-
cose is not taken up by cells and blood sugar goes up. This
triggers increased insulin release from the pancreas, and
subsequently very high circulating insulin levels, which can
activate insulin-driven growth pathways that undermine
the efficacy of the inhibitor (33). In clinical trials so far,
metformin was commonly used to treat hyperglycemia.
However, as shown in Hopkins et al. (33), metformin was
insufficient to prevent activation of this feedback pathway,
resulting in hyperinsulinemia and tumor growth in mice.
By contrast, alternative strategies to treat hyperglycemia,
such as use of SGLT?2 inhibitors (to promote glucose excre-
tion by the kidney) or adoption of a very low carbohydrate
(ketogenic) diet, were effective. The key point to take away
from these data is that improving hyperglycemic control
and the resulting hyperinsulinemia, either through judi-
ciously chosen medication or diet, improves tumor sensitiv-
ity to PI3K-pl110a inhibitors, suggesting a path for future
clinical trials.

The other challenge to overcome is the significant side
effect profile of PI3K inhibitors. Severe and frequent
toxicities (grade III or IV in >10% of patients) include hy-
perglycemia, diarrhea, hypertension, rash, pneumonitis,
transaminitis, cytopenias, and, more rarely, intestinal per-
foration. One approach to overcome toxicity of targeting
the ubiquitous p110a isoform would be the development of
mutation-specific inhibitors. This approach has proven to
be difficult because the most common mutations, H1047R
and Eb45K, provide little change to specifically target.
Another approach might be to use combination therapies
to allow effective tumor killing at lower doses of PI3K

inhibitor. Addressing these challenges will be critical to
move PI3K inhibitors forward in treating more types of can-
cer for broader clinical benefit.

PI3K-p110y INHIBITORS IN CANCER

Finally, a completely different approach to treating solid
malignancies that avoids many of the challenges described
above is to use a PI3K-p110+vy-specific inhibitor, such as IPI-
549, which is currently in expanded phase Ib clinical trials
for several cancer types. The p110vy-specific inhibitors work at
the overlap of targeted therapy and immunotherapy. They
do not target solid tumors directly, which do not express
PIK3CG, but rather they alter macrophage responses from
the wound-healing (M2) phenotype to the inflammatory
(M1) type. This effectis measured by increased interferon-y
levels and results in reinvigoration of exhausted T cells to
increase tumor killing or prevent metastasis (34). The re-
cent successes of immunotherapies in treating many dif-
ferent tumor types make this an exciting area for future

study.Ell
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