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(PISP4Ks) are a family of druggable stress-regulated phosphoinositide
kinases that become conditionally essential as a metabolic adaptation, paving
the way to targeting cancer cell dependencies. Further, PISP4Ks have a syn-
thetic lethal interaction with the tumor suppressor p53, the loss of which is
one of the most prevalent genetic drivers of malignant transformation.
PISP4K’s emergence as a crucial axis in the expanding landscape of phospho-
inositide signaling in cancer has already stimulated the development of speci-
fic inhibitors. Thus, a better understanding of the biology of the PISP4Ks will
allow for targeted and effective therapeutic interventions. Here, we attempt
to summarize the mounting roles of the PISP4Ks in cancer, including evi-
dence that targeting them is a therapeutic vulnerability and promising next-
in-line treatment for multiple cancer subtypes.
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Phosphoinositides comprise only a small group of
phospholipids. However, they are fundamental signal-
ing molecules that are involved in numerous essential
cellular processes such as membrane trafficking,
cytoskeletal organization, cell survival, and prolifera-
tion [1]. Understandably, dysregulation of phospho-
inositide metabolism is associated with prevalent
conditions, such as obesity, type 2 diabetes, neurode-
generative disorders, and cancer [2-4]. Recently, they

have also drawn increased attention due to the ability
of infectious agents to utilize phosphoinositides for
their trafficking, replication, and assembly [5]. Phos-
phoinositides are derived by the phosphorylation of
the third, fourth, and fifth positions of the inositol
headgroup of phosphatidylinositol (PI), resulting in
the generation of seven distinct phosphoinositide
derivatives [4]. In eukaryotic cells, these seven phos-
phoinositide species are interconverted into each other
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Targeting PI5P4Ks to Control Tumorigenesis

through the precise and spatially regulated activity of
phosphoinositide kinases and phosphatases [4]. In fact,
the importance of maintaining a tight balance between
the activities of the various phosphoinositide-
metabolizing enzymes, to control the cellular phospho-
inositide pools, is underscored by the diseases, includ-
ing cancers, that arise from dysregulation. One of the
most established phosphoinositide kinases linked to
cancer is phosphoinositide 3-kinase (PI3K). PI3K
phosphorylates phosphatidylinositol 4,5-bisphosphate
(P1-4,5-P,) to generate phosphatidylinositol-3,4,5-
triphosphate (PI-3,4,5-P;) leading to the subsequent
activation of Akt and its downstream signaling cas-
cades, which has set the stage for phosphoinositide sig-
naling in cancer research [6]. On the other hand, the
tumor suppressor protein, phosphatase, and tensin
homolog (PTEN) acts as a major inhibitory regulator
of the PI3K-Akt oncogenic pathway, by dephosphory-
lating PI-3,4,5-P; to PI-4,5-P,, and is thus a common
target of inactivation in cancer [7]. Notably PI3K is
also one of the most frequently mutated genes in can-
cer, which has led to the emergence of inhibitors tar-
geting PI3K entering the clinic for cancer therapy.
Interestingly, the PI3K product PI-3,4,5-P; is practi-
cally nonexistent from quiescent cells but is rapidly
stimulated by extracellular factors, whereas PI-4,5-P,
is abundant in cells [8]. PI-4,5-P, is an established reg-
ulator of multiple cellular processes, such as being a
precursor to generate the second messengers diacyl-
glycerol and  inositol-1,4,5-trisphosphate, signaling,
vesicular trafficking, membrane dynamics, and gene
expression, and importantly, there are increasing
reports that now connect PI-4,5-P, signaling to dis-
eases, such as cancer, including leukemia, melanoma,
and breast cancer [4,9]. Yet, there is still a great deal
to learn about how PI-4,5-P, is regulated and in par-
ticularly about the enzymes that produce PI-4,5-P,.
Besides being generated by the dephosphorylation of
PI-3,4,5-P;, there are other pathways for PI-4,5-P,
generation, involving the activity of two divergent fam-
ilies of lipid kinases, which generate the lipid through
phosphorylation of monophosphoinositides.

These phosphoinositide kinases that generate PI-
4,5-P, were first purified from erythrocytes in the late
1980s and were separated into two groups, Type I
and Type II kinases, based on their biochemical and
immunogenic phenotypes [10,11]. However, in 1997
the Cantley lab made the unexpected finding that the
Type II kinases actually made PI-4,5-P, by phospho-
rylating the 4-position of PI 5-phosphate (PI-5-P), a
contaminate that was present in the commercial PI
4-phosphate (PI-4-P) [12]. Not only did this discov-
ery show for the first time that PI-4,5-P, could be
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generated from two independent pathways, but most
importantly it revealed PI-5-P, which was not known
to exist. Further, these groundbreaking observations
defined the two pathways that generate PI-4,5-P, in
mammalian cells, as the Type I canonical pathway in
which the PI 4-phosphate 5-kinases (PI4P5Ks) phos-
phorylate the S-position of PI-4-P to generate PI-4,5-
P,, and the noncanonical pathway where the PI 5-
phosphate 4-kinases (PISP4Ks) phosphorylate the 4-
position of PI-5-P to make PI-4,5-P,. Despite the
fact Type I and Type II kinases generate the same
lipid product, over the years it is becoming increas-
ingly apparent that these distinct families have
diverse biological and metabolic functions. Further,
the cellular location of where these enzyme families
produce PI-4,5-P, is crucial. Whereas the Type I
canonical pathway generates PI-4,5-P, predominantly
at the plasma membrane, the Type II noncanonical
produced PI-4,5-P, occurs largely on intracellular
membranes, such as lysosomes [13] and peroxisomes
[14]. In this review, we will focus on the noncanoni-
cal PISP4Ks, which are emerging into the limelight
as cancer targets, especially for cancers with meta-
bolic liabilities.

The PI5P4K family

In mammals, the PISP4K family consists of three iso-
forms (o, B, and 7y), and the genes encoding the
PISP4Ks are called PIP4K24, PIP4K2B, and
PIP4K2C [15-18]. The importance of this alternative
pathway to generate PI-4,5-P, is emphasized by the
fact that the PISP4K family is conserved back to Dro-
sophila and Caenorhabditis elegans, each having a sin-
gle catalytically active PISP4K that is essential for
survival during metabolic stress [13,18-20].

At the protein level, the PISP4Ka and B isoforms
are 83% identical and PISP4Ky is approximately 60%
identical to PISP4Ko and B [21]. The distinct features
of their structural organization are a dimerization
domain and the kinase domain, which includes the cat-
alytic activity residues, substrate binding site, and a
specificity loop that together determine the preference
for PI-5-P binding (Fig. 1) [22,23]. Of the three iso-
forms, PISP4Ka is the most catalytically active, dis-
playing significantly more activity compared to
PISP4K B, whereas PISP4Ky has very little inherent
activity [18,24]. It is noteworthy that these are dimeric
enzymes and thus are capable of forming heterodimers
with each other, which has been speculated to be fun-
damental for their functional relevance at specific cel-
lular locations, particularly for the less active isoforms
[25,26].
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Phosphorylation sites Specificity loop

PI5P4Ka 308 - - HPVGTPPDSPGN THYDAKKKAAHAAKTVKHGA 381
PI5P4KB 316 LLCSYGTPPDSPGN THYDAKKKAAHAAKTVKHGA 391
PI5P4Ky 321 LVGSYGTSPEGIGG THYDAKKKAAHAAKTVKHGA 396

Fig. 1. Domain organization of PI5P4Ks.
The schematic representation illustrates
the similarity between the three human
isoforms (UniProt identifier: P48426,
P78356, and Q8TBX8) and depicts the
dimerization and kinase domain. It also
includes the phosphorylation sites on
PISP4KB at Ser®?® for p38 MAP kinase or
at Thr22 by an unidentified kinase and the
phosphorylation site on PI5P4Ky at Ser®?*
and Ser®?® for mTORC1.

All isoforms are ubiquitously expressed. As for the
particular subcellular locations and functions of the
PISP4K isoforms, there still remain gaps in our knowl-
edge. However, to date what definitely can be said is
that the individual isoforms are indeed present at dis-
tinct cellular locations, thus providing a rationalization
of why higher organisms evolved to have three iso-
forms [27]. Endogenous PI5SP4Ka has been shown to
be in the cytosol and recent overexpression, and
genetic studies have demonstrated that this isoform
can localize to autophagosomes, lysosomes, and perox-
isomes [13,14,28]. PISP4K predominantly localizes to
the nucleus, yet overexpression experiments have indi-
cated that both the PISP4Kp and PISP4KYy isoforms
are present at autophagosomes [26,28]. Further,
PISP4Ky has been shown to reside within the
endomembrane compartment and partially localize
with the Golgi [29].

Upstream regulation of the lipid kinases has
remained unexplored. The regulation is most likely dri-
ven by cellular requirements for the substrate, PI-5-P,
or for the product, PI-4,5-P,. Like PI-3,4,5-P3, PI-5-P,
the last phosphoinositide to be discovered, is minimal
in abundance; however, levels are increased upon cellu-
lar stress [30-32]. There is some evidence that the
increased levels of PI-5-P, under stress, are achieved
by inhibitory phosphorylation of PISP4K[p by MAP
kinase p38 at Ser’?® [30] (Fig. 1). Further, phosphory-
lation of the kinases at Ser’>° by p38 or at Thr*** by
an unidentified kinase (Fig. 1) was found to be respon-
sible for the interaction of both PISP4Ko and
PISP4K B with Pinl, allowing for inhibitory regulation
of the lipid kinase activity [33] to regulate PI-5-P
pools. Pin 1, or peptidyl-prolyl cis/trans isomerase
(PPIase), is known to regulate the function of multiple
proteins due to its ability to isomerize the serine/
threonine-proline  motif [34]. To expand on
phosphorylation-dependent regulation of PI5P4Ks,

Dimerization domain KinaM

N/

N-Lobe C-Lobe

/ N\

PI5P4Ka 207 YRKYDLKGSTVAREAS PTLKDNDFIN 240
PI5SP4KB 212 HRKYDLKGSTVAREAS PTFKDNDFLN 245
PI5P4Ky 212 HRKYDLKGSLVSREAS PTLKDMDFLN 247

PI-5-P binding motif

there has also been evidence for mTORC]1-dependent
phosphorylation of PISP4Ky at Ser’?* and Ser’?® [35]
(Fig. 1) for maintaining optimal activation of
mTORCI1 through a feedback loop. The amount of
PI-4,5-P, synthesized from PI-5-P is minor compared
to the amount generated by the canonical PI4P5Ks, as
their lipid substrate PI-4-P is one of the most abun-
dant phosphoinositide. Due to these discrepancies, it
was assumed that the PISP4Ks evolved to solely con-
trol PI-5-P levels under stress conditions instead of
producing PI-4,5-P, [30,33,36]. However, recent studies
have suggested that the specialized PI-4,5-P, pools
generated by the PISP4Ks by phosphorylating PI-5-P
on intracellular membranes in fact are critical for pro-
cesses, such as peroxisome function, cholesterol traf-
ficking, and tumorigenesis [13,14,37]. Furthermore,
these findings highlight the importance of PISP4K
activity and the increasing relevance for these enzymes
in a variety of pathological processes, including can-
cer.

PI5P4Ks in cancer

In this section, we will focus on recent advances made
in elucidating the roles of all the PISP4K isoforms in
the pathogenesis of multiple cancer types (Table 1).
PI5P4Ks are not usually mutated in cancers but have
been shown to have altered expression in most cancers.
Different cancers are characterized with dissimilar cel-
lular and microenvironmental requirements. In this
context, changes in expression of PISP4Ks would be
consistent with their role in predominantly acting as
an interface between the various intracellular orga-
nelles and their environment, making them sensitive to
alterations in the demands of a tumor. As an initial
glimpse into the expression of PIP4K2A4, PIP4K2B,
and PIP4K2C in different cancers, Fig. 2 illustrates
comparative expression data of normal vs tumor
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Table 1. PI5P4Ks in cancer. Summary of the multiple cancer types in which PI5P4Ks have been implicated. Alongside with each cancer
type is the information about the associated isoform and a brief description of the evidence, function, and putative mechanism in cancer.

Cancer type

Implicated isoform

Evidence/potential mechanism

Breast PI5P4Ka, PI5P4KB  © High expression of both PI5P4Ka, PISPAKB in tumor samples and co-occurrence with
p53 mutations [15,39]
* Dual-kinase inhibition in cell lines results in decreased survival and impairs tumor growth
in xenograft model [15]
® Impaired ROS homeostasis and mitochondrial functioning [15,37]
AML PI5P4Ka, PI5SP4Ky  * High expression of both PI5P4Ko, PI5P4Ky isoforms correlates with high-risk patient groups [43]
* Knockdown of PI5P4Ka in AML cell lines decreases survival and protects from leukemia in xenograft
studies [47]
* mTOR-dependent accumulation of CDKN1 and apoptosis [47]
ALL PI5P4Kao * SNPs in the Pip4k2a locus have been associated with genetic predisposition to ALL [48,50]
SARC PI5P4Ka, PI5SP4KB  ® High expression of PI5P4Ka correlates with high-grade SARC [37]
* Dual-kinase inhibition decreases cell growth and survival in vitro, impairs tumor initiation and
maintenance in vivo [37]
* Altered mitochondria function due to impaired peroxisomal beta oxidation [37]
GBM PI5P4Ka, * Low PI5P4Ka expression in tumor sections compared to matched normal sections in TMA study [53]
¢ Impaired cell proliferation and tumor growth with overexpression of PI5P4Ka [53]
* Negative regulation of PI3K signaling in PTEN deficiency background [53]
skcM - 30

LAML
SARC
e e

KIRCH

LGG 20
DLBC
STAD
CHOL - |
TGCT
HNSC L 110
ESCA-

BRCA- [
PCPG
KIRP
LIHC L 1o
oV |
THCA Fig. 2. Comparative overview of PI5P4K

ACCH isoform expression in multiple cancers.
PRAD : ;

KICHA L 110 The heat map is organized based on the
COAD| difference in median expression between
THYM the tumor samples (TCGA datasets) and
Sgégz I the corresponding normal tissue samples
LUADA 20 (from GTEx and TCGA datasets [38]), and

UCS— _ the cancer types are ranked based on
%Egg: PIP4K2A expression, going from cancers
LUSCH in which it is most upregulated to the

GBM -30 ones it is most downregulated. Cancers

| highlighted in this revi
ghlighted in this review are LAML,
PIP4K2A PIP4K2B PIP4K2C

samples from tools that utilize publicly available data-
sets in the genotype-tissue expression (GTEx) portal
and The Cancer Genome Atlas (TCGA) [38]. The

SARC, BRCA, and GBM.

three isoforms are upregulated in some cancers and
downregulated in others. This can be potentially
explained by the fact that different cancers are
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characterized by unique molecular, genetic, metabolic,
and immune landscape, which results in personalized
requirements and thus in distinct rewiring of gene
expression profiles. It is interesting to note that the o
and B isoforms have a similar expression profile in
multiple cancer types and y has its own distinct profile,
suggesting that they might exhibit different functions
in cancers. Given the expression analysis tool does not
carefully take into consideration the complexity and
heterogeneity of tumors, this information should be
considered as an initial guiding platform. In future,
not only are additional datasets required, but there is
a need for them to be segregated and profiled more
appropriately so that valuable information can be
obtained through such comparative studies. For
PI5P4Ks, in fact, there is evidence suggesting they act
both as oncogenes as well as tumor suppressors, and
these studies are mostly consistent with the expression
profile obtained through the public datasets (Fig. 2).
Nonetheless, most studies favor oncogenic roles for
the PISP4Ks, and we will discuss some of these studies
in detail below.

Breast cancer

Breast cancer is a predominant cause of cancer-related
mortality among women worldwide. It is a heteroge-
neous disease that has Dbeen classified into
immunohistochemistry-based subtypes based on the
expression of estrogen or progesterone receptors and
human epidermal growth factor 2 [Erb-B2 receptor
tyrosine kinase 2 (ERBB2); formerly HER2] amplifica-
tion. The first study to implicate PISP4Ks in cancer
and for setting the stage for oncological research was
in breast cancer [15]. Elevated expression of both
PI5P4Ka and PISP4K was observed in breast tumors
compared with normal breast tissue (Table 1) [15]. The
gene encoding PIP4K2B, which is located at 17q21.2,
lies in close proximity to the proto-oncogene ERBB2
gene, thus often resulting in co-amplification
[15,39,40]. However, high expression of PIP4K2B was
also observed to be independent of ERRB2 expression
levels, raising the possibility of potential benefit of
PISP4Kp inhibitors to patients that display resistance
to HER2-targeted therapy [15].

Remarkably, the same study elucidated a striking
co-occurrence between high PIP4K2A expression as
well as PIP4K2B amplification with 7TP53 mutation/
deletion. This led to the identification of a synthetic
lethal interaction between PISP4Ks and 7TP53, an
important breakthrough in the search for vulnerabili-
ties to target cancers with p53 loss/mutation. p53 is a
tumor suppressor, and thus, its inactivation is a central

Targeting PI5P4Ks to Control Tumorigenesis

genetic driver of malignancies, rendering it difficult to
target with drugs. Emerling et al. further showed that
the unique PI5P4Ks create synthetic lethality when
deleted or inhibited in ERBB2 amplified TP53-mutant
breast cancer cells, but not in breast cancer cells or
normal mammary epithelial cells that express wild-type
TP53. This was attributed to increased oxidative stress
and suppressed glucose metabolism. Furthermore, the
kinase depleted TP53-mutant breast cancer cell line
failed to form xenograft tumors in nude mice [15]
(Table 2). Importantly, the study went on to utilize the
Trp53~/~ genetically engineered model (GEM), which
forms spontaneous tumors and has a survival span of
about 4-6 months. Loss of PISP4Ks (Pip4k2a '™,
Pip4k2b™'~, Trp537/7) in this well-established mouse
tumor model resulted in a significant increase in
tumor-free survival (Table 2) and in embryonic lethal-
ity upon loss of Trp53 and Pipk2b [15] (Table 2). Not
much progress has been made in the translation of
synthetic lethal therapies to the clinic yet, despite the
extensive research efforts in this promising nature of
cancer treatment. PARP inhibitors, which target the
inhibition of DNA repair pathways, have been the
only FDA approved drug based on the synthetic lethal
approach to target breast invasive carcinoma (BRCA)
1/2-mutated tumors [41]. Given that tumors are mostly
fueled by multiple mutations, identification of syn-
thetic lethal partners for different drivers can be uti-
lized to develop powerful combination therapies to
concurrently target multiple adaptations that are gen-
erated by these genomic alterations. This could also
help to overcome the commonly faced issues with drug
resistance in clinical practice. Why there is a synthetic
lethal interaction between p53 and PISP4Ks is briefly
discussed in the next section but is definitely a question
that warrants future investigation.

In another recent study by us, the role of PISP4Ks
in breast cancer was expanded to the triple-negative
breast cancer subtype (TNBC), which uncovered a role
of PI5SP4Ks in cellular energetics. Downregulation of
both the o and B isoforms of PISP4Ks suppressed the
proliferative capacity of multiple TNBC cell lines and
exposure to metabolic stress dramatically diminished
the cellular viability [37], expanding the critical role of
PISP4Ks in multiple breast cancer subtypes. It will be
imperative to investigate a larger panel of TNBC mod-
els, given the poor prognosis and limited therapeutic
success for this subtype. Also, current studies suggest
implication of both the o and B isoforms, making it an
important consideration for drug development. Fur-
ther, in a recent comprehensive analysis of the secre-
tome of breast cancer, the tumor interstitial fluid (TIF)
proteome was characterized and identified PISP4K( as
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Table 2. /n vivo targeting of PI5P4Ks. Summary of the in vivo evidence of targeting PI5P4Ks in mouse models. The top half of the table
comprises the phenotypes of the genetic models of kinase deletion, including germline deletions and the GEM model of SARC. The bottom
half includes the outcomes of the multiple tumor implantation models in which PI5P4Ks were manipulated.

Genetic mouse models

Implicated isoform

Phenotype

Pip4k2a~'~ PI5P4Ka
Pip4k2b~'~ PI5P4KP
Pip4k2c™'~ PI5P4Ky
Pip4k2b™'~ Trp53~/~ PI5SP4KB

Pip4k2a™'~ Pip4k2b*'~ Trp53~/~
KraglSL-G12D/ Trp 5.31X/fix Pip4k2 5 fIX/fix Pip4k b/

PI5P4Ka, PI5P4KB
PI5P4Ka, PI5P4KB

Normal health and life span [15]

Normal life span; retarded growth; insulin sensitivity [16]
Hyperinflammation; increased helper T cells and reduced Tregs [17]
Embryonic lethal [15]

Increased tumor-free survival compared to Trp53~/~ [15]
Restricted tumor formation and increased survival compared to
KraSLSL—G12D/+ Trp53ﬂx/ﬂx [37]

Tumor implantation models Implicated isoform

Phenotype

Xenograft
BT474 Breast cancer p53 mutant cell line PI5P4Ka, PI5P4KB
THP1 AML cell line PI5P4Ko
SV40 transformed MEF PI5P4KB
LN428 GBM cell line PI5P4Ka
Orthotopic
GBM cell line PI5P4Ko,

KPS-142 SARC cell line PI5P4Ka, PI5P4KA

Impaired tumor growth with kinase knockdown [15]

No evidence of leukemic engraftment with kinase knockdown [47]
Decreased tumor growth with GTP-insensitive Pip4k2b [61]
Increased tumor growth with kinase knockdown [53]

Decreased tumor growth with kinase overexpression [53]
Decreased tumor growth with kinase knockdown [37]

one of the 10 proteins that can be used as a reliable
biomarker to stratify the breast cancer tumor subtypes,
all of which were also analyzed by immunohistochem-
istry (IHC) on matched tumor tissue samples [42]. In
summary, all of the above data points to clinical rele-
vance of PISP4Ks in breast cancer and to a promising
outcome with the targeting of PISP4Ks in a broad
population of breast cancer patients, particularly
including those that harbor altered 7P53 status.

Acute leukemias

Acute leukemias are common malignant disorders
worldwide and are classified into myeloid or lymphoid
according to the predominant lineage of the hematopoi-
etic cell involved. Acute myeloid leukemia (AML) is
prevalent mostly in adults, whereas acute lymphocytic
leukemia (ALL) is one of the most common pediatric
cancers. PISP4Ka has been implicated in both of the
acute leukemias in multiple studies [43-45] (Table 1).
Phosphoinositide signaling plays an important role in
hematological malignancies [46], and this motivated a
study in which a knockdown-based screening of phos-
phoinositide signaling regulators was performed in
AML cells, and interestingly, PISP4Ka was found to be
required for survival and proliferation of the AML cells
[47]. They further demonstrated that PI5SP4Ka was
important for the proliferation potential of both human
and mouse AML cells but not for normal hematopoietic
stem and progenitor cells [47], indicating that the alpha
isoform is essential under rewired signaling of cancer

cells. Reassuringly, alpha isoform-depleted AML cells
did not result in leukemia in the tumor implantation
study [47] (Table 2). In vitro, the phenotype was attrib-
uted to a mTOR-dependent increase in CDKNIA accu-
mulation. High expression of not only PISP4Ka but
also of PI5SP4Ky was found to be associated with unfa-
vorable clinical outcomes for AML patients [43].
Genome-wide association studies have also identified
several single nucleotide polymorphisms (SNPs) in the
PIP4K2A4 locus that have been associated with a genetic
predisposition in ALL [48-50]; however, the contribu-
tion of the SNPs to PIP4K2A expression or the func-
tional involvement of PISP4Ka to the leukemogenesis
of ALL is still unexplored. Nevertheless, targeting
PI5SP4Ks in acute leukemias could be a promising treat-
ment either by itself or as a combination therapy [45].

Glioblastoma

Glioblastoma (GBM) is the most prevalent and lethal
malignant brain tumor with extremely low survival
rate in the range of few months to < 3 years [51]. Loss
of PTEN is observed in approximately 60% of GBM
patients and is associated with poor prognosis and
drug resistance. Given the antagonizing role of PTEN
to the oncogenic PI3K—-Akt signaling, loss of PTEN is
associated with increased Akt activation in GBM.
However, pharmacological inhibition of PI3K inhibi-
tors has not been very successful in improving the out-
come in GBM [52]. In a recent study in GBM, Shin
et al. [53] performed an in vivo RNAi screen to
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identify putative tumor suppressors and established
PI5SP4Kao as a robust candidate. Interestingly, both
PIP4K2A4 and PTEN are located on chromosome 10,
and by analyzing the TCGA dataset for GBM, they
found that a large majority of the patients exhibited
genomic deletion of both, and this associated with
poor survival outcomes. However, patients with high
PIP4K2A expression demonstrated a significant sur-
vival advantage when compared with patients lacking
PIP4K2A in PTEN-deleted GBM patients, highlight-
ing the clinical relevance of PISP4Ko in GBM. Using
both in vitro and in vivo approaches (Tables 1 and 2),
they demonstrate that PISP4Ka attenuates cell prolif-
eration and tumorigenesis in PTEN-deficient GBMs
[53]. PISP4K’s role as a tumor suppressor in GBM is
attributed to its ability to negatively regulate PI3K-
Akt signaling by targeting the p85 adaptor subunit of
class TA PI3Ks for proteasome-mediated degradation
[53]. The group further elucidated that PISP4Ka regu-
lates the stability of the PI3K complex independent of
its kinase activity, broadening the scope of these lipid
enzymes in cancer beyond the modulation of phospho-
inositide cellular pools.

Soft tissue sarcomas

Soft tissue sarcomas (SARCs) are a very heterogeneous
group of malignancies and encompass more than 80
different subtypes. Current standard of care is limited
to surgical resection and radio-chemotherapy for local-
ized cases, and metastatic disease is usually treated with
cytotoxic chemotherapy [54]. SARCs have been under-
explored and thus also lack safe and effective therapeu-
tic interventions. Intriguingly, lymphomas as well as
soft tissue SARCs are the most frequently occurring
tumor types in the 7rp53~/~ mouse cancer model, rais-
ing the possibility of PISP4Ks involvement in SARCs.
Indeed, inhibition of both PI5SP4Kao and PISP4Kp in a
panel of SARC cell lines resulted in a proliferation and
survival disadvantage, similar to the TNBC panel of
cells described above [37]. Using a tissue microarray
representing 50 different soft tissue entities, spanning
from benign tumors to highly aggressive, treatment-
naive SARCs, we showed strong correlation of high
PI5SP4Ka expression with high-grade SARCs with no
to low expression in benign/low grade SARCs, indicat-
ing that high expression of PISP4Ks might be associ-
ated with poor prognosis [37]. Relevance of PI5SP4Ks
in SARC pathogenesis was further established using
the preclinical Kras™©9"2PI* Trps3™7% (KP) model
[55] (Table 2), which successfully recapitulates the
human disease. Using this model, it was demonstrated
for the first time that PI5SP4Ks control tumor

Targeting PI5P4Ks to Control Tumorigenesis

formation since genetic deletion of the kinases resulted
in diminished tumor formation and increased survival
[37]. Furthermore, the kinases were silenced in a cell
line that was established from a KP tumor. Tumor
implantation studies using these cells resulted in drasti-
cally diminished tumor growth supporting the essential-
ity of PISP4Ks for tumor maintenance [37] (Tables 1
and 2). This comprehensive study offers a glimpse of
hope for difficult to treat SARC subtypes and has
expanded the cancer relevance of the PISP4Ks. The
functional requirement of PISP4Ks in SARCs is dis-
cussed in further detail in the next section.

What are the functional roles of the
PI5P4Ks in cancer?

As from the above cancer studies, there is indeed grow-
ing evidence for functional requirement of PISP4Ks in
controlling tumorigenesis. In this section, we describe
recent studies in various in vitro and in vivo models that
can enable us to infer potential functional roles of
PISP4Ks that make them vital in cancer.

Genetic models

Here, we will first discuss some of the genetic models
of targeting the different isoforms of PI5SP4Ks and
their phenotypes (Table 2). Mice lacking the most cat-
alytically active isoform, Pip4k2a~'~, have a normal
lifespan and did not manifest any striking metabolic or
developmental phenotypes; however, it will be interest-
ing to see if challenged with metabolic or nutrient
stresses how these mice would cope with such adversi-
ties. Mice with homozygous germline deletion of
Pip4k2b, Pip4k2b~'~, were found to demonstrate
increased insulin sensitivity, were growth retarded and
protected from obesity when subjected to a high-fat
diet [16]. Similarly, inactivation of the only PI5SP4K
isoform in Drosophila, dPIP4K*°, also resulted in
developmentally delayed animals possibly due to
decreased mTOR signaling [20], and in modulation of
insulin receptor signaling along with partial protection
from the effects of exposure to high sugar diet [56].
Germline deletion of the least catalytically active iso-
form, Pip4k2c¢ (Pip4k2¢'7), resulted in viable mice,
but they exhibited a mTOR-dependent increase in
inflammation with an increase in proinflammatory
cytokines and T helper cells, as well as a decrease in
regulatory T cells (T,cg) [17]. Mice lacking both of the
most  catalytically active isoforms,  Pip4k2a~/
“Pip4k2b~'~, develop into normal embryos, but die
within 10-12 h after birth resulting in perinatal lethal-
ity [15]. This is phenotypically similar to observations
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in mice with impaired metabolic and nutrient signal-
ing, including mTOR signaling, insulin/IGF signaling,
and autophagy [13]. In vivo targeting of PISP4Ks in
the Trp53~~ and KP SARC models has revealed the
importance of the kinases in both tumor initiation and
maintenance [15,37]. It is not evident as to what func-
tions of PISP4Ks make them crucial for tumorigenesis
in these in vivo models, yet the in vitro results from the
same studies point toward crucial influence on cellular
energetics. Performing metabolomic profiling in tumor
models might provide the necessary insights into the
pathways through which the lipid kinases provide an
advantage to tumors. Moreover, it will be exciting to
evaluate the consequences of targeting PISP4Ks in
more sophisticated preclinical mouse models, including
breast, ovarian, and pancreatic cancer, all of which

G. K. Arora et al.

have high mutational burden of TP53. Investigation of
interactions with other genetic drivers of malignancy
will be another exciting prospect that might allow teas-
ing out the metabolic adaptations under which target-
ing the PISP4Ks would have the most meaningful
affect in tumor control. In summary, all of the in vivo
mouse models to date point broadly toward functional
engagement of PISP4Ks in the regulation of cellular
energetics as well as in immune modulation, both of
which are crucial hallmarks of cancer (Fig. 3).

Recent insights

Alteration in the activities of PISP4Ks will vary the
cellular pool of phosphoinositides, and such changes
can govern the proliferative and invasive capacity of
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Fig. 3. Multipronged effect of pharmacological targeting of PI5SP4Ks in the fight against cancer. PI5P4Ks perform a central role in influencing
multiple cancer hallmarks due to its dual role in cellintrinsic pathways as well as in modulation of the immune environment. PI5P4Ks
contribute to the classic hallmark of evading cell-death pathways since targeting them selectively decreases survival of cancer cells.
PI5P4Ks potentially regulates specialized phosphoinositide pools in subcellular organelles and modulates the dynamic contacts between
organelles, exerting a far-reaching impact on cellular energetics as demonstrated by disruption of autophagy, cholesterol trafficking, ROS
homeostasis, and efficient peroxisomal-mitochondrial cross talk with the manipulation of the kinases. Several of the above-described
functional implications arise as a result of alteration in signaling of mTOR, PI3K-Akt, and AMPK networks, all of which have been crucial
clinical targets for cancer treatment modalities. PI5P4Ks extend their relevance in tumor biology beyond the boundaries of the cells and into
the microenvironment by selectively affecting the activity of the Tqe, allowing for the PIGP4K inhibitors to act as a combination of chemo-
and immunotherapy.
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cancer cells [57,58]. Mostly, due to the changes in these
pools, PISP4Ks have been demonstrated to play
important roles in growth control [20,59], cellular ener-
getics and metabolism [13,37,60], oxidative stress regu-
lation [31,32], cholesterol trafficking [14], GTP sensing
[61], and immune function [17,62]. Here, we will high-
light some of the recent advancements in our under-
standing of the cellular functions of PI5SP4Ks which
would be relevant in the context of tumorigenesis
(Fig. 3). We will not be discussing some of the studies
that have been described in previous reviews
[22,27,63,64].

Metabolic dependencies

Cancer cells generate context dependent metabolic pat-
terns to meet their excessive demands for membrane
components and nutrients. Autophagy serves as one of
the adaptive metabolic responses and provides access
to metabolites to meet the demands of the highly pro-
liferative cancer cells [65]. PI-5-P was revealed to be a
regulator of autophagosome biogenesis and changes in
its pool by silencing of the PI5SP4Ks resulted in
increased number of autophagosomes [28]. The role of
PISP4Ks in autophagy, under metabolic stress, has
been further elucidated in the study by Lundquist and
colleagues, which took advantage of multiple genetic
models from worms to mice [13]. Inhibition of the o
and P isoforms of PISP4K results in a striking accu-
mulation of autophagic vesicles due to a defect in
autophagosome-lysosome fusion (Fig. 3), leading to
metabolic stress, which in turn suppresses mTORCI
signaling and upregulated the transcription factor EB
regulated transcriptional program [13] Notably, the
autophagy defect in mouse embryonic fibroblasts
(MEFs) was observed only when p53 was inhibited
but not in MEFs with functional p53. p53 signaling
has been implicated to be a prominent mediator of the
autophagy pathway in tumors, and this study provides
a functional interaction between p53 and PISP4K.
Whether this ability of PISP4Ks to mediate autophagy
applies to cancer cells, and whether dysregulation of
autophagy can explain the synthetic lethal phenotype
remains to be determined. Multiple pharmacological
approaches are targeted toward disruption of
autophagy either alone or in combination with other
therapies but have not been so successful clinically, lar-
gely due to metabolic differences in cancers [66].
Therefore, targeting PI5SP4Ks might potentially have
better efficacy, at least in the p53 disrupted patient
population.

Cholesterol is a crucial membrane component and is
also important for generating metabolites that play

Targeting PI5P4Ks to Control Tumorigenesis

an integral role in supporting cancer progression.
Reprogrammed cholesterol metabolism is driving the
need to develop therapeutic targets to alter different
aspects of cholesterol metabolism including synthesis,
uptake, efflux, and trafficking [67]. PI5SP4Kao was
shown to be important for intracellular cholesterol
transport since its depletion resulted in accumulation
of cholesterol in lysosomes, a phenotype associated
with lysosomal storage disorders [14]. The trafficking
defect was a consequence of decreased membrane con-
tacts between the lysosomes and peroxisomes due to
altered PI-4,5-P, homeostasis on peroxisome mem-
branes [68] (Fig. 3). In this study, cholesterol traffick-
ing did not seem to depend on the beta or the gamma
isoforms. Evidence in support of targeting cholesterol
trafficking for inhibition of tumor progression has
been shown by a study with an approved drug, Cepha-
ranthine, which inhibited endolysosomal trafficking of
free-cholesterol and suppressed tumor growth [69],
raising the possibility of a similar outcome with
PI5P4Ka inhibitors.

The role of PISP4Ks in inter organelle communica-
tion has been expanded to include peroxisomes and
mitochondria, both of which are very intimately con-
nected. Dysregulated organelle communication has
pathological implications, including cancer. Mitochon-
dria are the most metabolically active organelles and a
critical hub for cellular energy requirements and are
therefore vital in sustaining the growth and survival of
cancer cells [70]. Therefore, targeting mitochondrial
metabolism is an attractive concept to suppress cancers
that have been characterized as having profound meta-
bolic alterations and have limited treatment options,
such as TNBC [71] and soft tissue SARCs [72]. Inter-
estingly, alterations in peroxisomal PI-4,5-P, due to
loss of both o and B isoforms impairs trafficking of
very long chain fatty acids to peroxisomes leading to
mitochondrial defects that are manifested as decreased
mitochondrial membrane potential and disrupted
structural integrity [37] (Fig. 3). These PISP4K-
depleted cells are able to maintain viability under nor-
mal conditions, but collapse when placed under nutri-
ent stress, a situation commonly faced by cancer cells,
indicating that the kinases play an integral role in
metabolic addictions of cancer cells, presenting them
as a promising candidate for therapeutic targeting in
TNBC and SARCs:.

Besides being stress sensors, PISP4Ks, specifically
the B isoform, were also shown to be a sensor of cellu-
lar GTP due to its ability to preferentially utilize GTP
over ATP to generate PI-4,5-P, from PI-5-P. This
GTP sensing ability was further elucidated to be
important for tumorigenesis since expression of GTP-
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insensitive mutant Pip4k2b in SV40 T-antigen immor-
talized MEFs resulted in the absence of tumor growth
in nude mice [61]. This suggested that changes in GTP
concentration can be sensed by PISP4KB and are
transduced to PI-5-P signaling, allowing for metabolic
adaptations and cancer growth, making this feature an
important consideration when developing inhibitors of
the B isoform.

Lastly, a minimally explored dimension of PI5SP4Ks
function is whether its catalytic activity is the sole
executor of its in vivo roles. PISP4Ka-mediated degra-
dation of the PI3K complex subunits in the GBM
model is independent of the kinase activity [53].
Another couple of recent studies also suggested a non-
catalytic function in the regulation of insulin signaling
and PI-3,4,5-P3 turnover [56,73]. These findings cer-
tainly warrant further investigation as many kinases
are found to have such moonlighting functions.

Summarizing the metabolic roles of PISP4Ks, it can
be concluded that these enzymes become conditionally
essential during energy stress and can regulate various
nodes of metabolism. The mechanisms by which
PISP4Ks play a role in these dependencies are just
beginning to be understood, and a deeper knowledge
of how PISP4Ks govern the metabolic networks will
allow stratification of patients into metabolic profiles
that would benefit the most from drugs targeting
PI5P4Ks.

Immune modulation

Tumor microenvironment modulation involves evasive
maneuvers by cancer cells to avoid assault from the
host immune response. Given the exploding research
into the immune microenvironment in cancer, it is
exciting to see evidence for PI5SP4Ks in immune modu-
lation. As mentioned above, mice lacking PISP4Ky
have increased inflammation characterized by
decreased regulatory effectors cells [17]. Highlighting
PISP4Ks role in T-cell signaling, a recent study
demonstrated that PISP4Ks are expressed in both T
effector as well as in T, but their inhibition
restricted the functions of only the T, but not the T
effector cells, which target the cancer cells [62] (Fig. 3).
This study implicated the  and vy isoforms in the tran-
scriptional reprogramming of the T, through alter-
ation in PI3K signaling and consequent changes in the
expression of FOXP3, which is the T, master regula-
tor. Infiltration of tumors with the T, is often associ-
ated with poor prognosis [74] and thus, targeting
PI5P4Ks could allow for improved immunotherapy
treatment through preferential inhibition of the
immunosuppressive T, cell population.

G. K. Arora et al.

Targeting PI5P4Ks with small
molecule inhibitors

With the expanding implications of the PI5P4Ks in
multiple cancers and a better understanding of the
functional biology of this family of lipid kinases, it is
not surprising that there is an increasing focus toward
therapeutic exploitation of these enzymes. Given the
current roles of the PISP4Ks in cancer cell-intrinsic
metabolism as well as in immune response, it is moti-
vating to surmise that PI5SP4K inhibitors will exercise
a multipronged impact on tumor control, allowing for
better handling of pharmacological challenges arising
due to tumor heterogeneity (Fig. 3).

In fact, efforts have been made to identify and charac-
terize pan inhibitors [33,34] as well as isoform specific
inhibitors of PI5SP4Ks [75,76], and over the years, there
have been reports of more potent and selective small
molecule inhibitors [60,77-79], strengthening the evi-
dence for efficient druggability of the PISP4Ks. Recently
in an attempt to identify drugs that are selectively lethal
to cancer cells but not to normal cells, a novel compound,
al31, was identified and interestingly, the group discov-
ered that the target of the al31 compound is indeed the
PI5SP4Ks and it selectively regulated the cell cycle entry
of Ras-activated cancer cells resulting in their death
through mitotic catastrophe, while causing reversible
growth arrest in normal cells [77]. This study provides
further support for the critical role of PISP4Ks in cancer
cell dependencies. Later, PISP4Ka was also identified in
a genome-wide RNAI screen using a colorectal cancer
cell line to identify synthetic lethal interactions with
KRAS, further supporting its interaction with activated
Ras signaling [80]. Another recently identified inhibitor
is a pan-PI5SP4K inhibitor, THZ-P1-2, which covalently
modifies the cysteines in a loop close to the ATP-binding
kinase domain of all the three isoforms. Treatment with
THZ-P1-2 successfully phenocopied the impairment of
autophagy flux as seen with genetic ablation of the
kinases and also resulted in increased survival sensitivity
in six AML/ALL cell lines. With regard to off-target
effects, the inhibitor exerted a potent effect on PIKfyve,
and also on BRK and ABLI, underscoring the need for
further improvement [79]. In a follow-up study by the
same group, they sought to find reversible inhibitors of
PI5SP4Ks so that issues associated with acquired resis-
tance of tumor cells could be avoided. Among a library
of approximately 6000 kinase inhibitors, they identified a
potent inhibitor and further developed a pan-PISP4K
inhibitor with better selectivity [78]. Most recently, a
noncovalent dual PISP4Ka/B inhibitor, CC260, was
identified using a high-throughput screen among 5759
small molecules. CC260 treatment was shown to affect
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AKT phosphorylation and impair cellular energetics as
demonstrated by changes in AMPK activation, mTOR
inhibition, and decreased mitochondrial ATP produc-
tion [60]. CC260 treatment increased the sensitivity of
cancer cells to nutrient stress and was also able to selec-
tively kill p5S3 mutant breast cancer cells [60], confirming
several published data from our laboratory and others.
Even though the C260 compound appears to engage with
the intended target, it does have significant off-target
activity against PI3K-§, indicating that there is still
enough scope to improve the specificity and overall phar-
macokinetics of the inhibitor. Nonetheless, this study
strengthens the role of PISP4Ks in cellular energetics
(Fig. 3), and given the role of p53 in cellular energy meta-
bolism, it is most likely that dual loss of the kinase and
p53 function creates excessive energy stress specially for
the metabolically constrained tumor cells. With further
improvements in specificity of the inhibitors, the next
steps will be to test their safety, efficacy, and dosage
requirements in preclinical mouse models, including the
Trp53~'~ GEM model, following which it would be more
apparent if these inhibitors could be beneficial on their
own or would require a combinatorial approach. Fur-
ther, it remains to be tested if PISP4Ka/f inhibitors
could also be used to exploit the vulnerabilities created
by the frequently occurring p53 missense mutations in
human cancers. It is promising though that the inhibitor
candidates thus far, especially the dual CC260 PISP4Ka/
B inhibitor, can phenocopy the some of the effects seen
with targeting PISP4Ks using genetic tools and cancer
models. Additionally, it is also important to consider the
fact that the kinases can exert non catalytic activity, and
if such a role is crucial for tumorigenesis, then a PRO-
TAC (Proteolysis targeting chimeras)-based strategy [81]
to degrade the entire protein could be effective and thus
should be taken into consideration for developing target-
ing approaches for PISP4Ks.

In the end, to date most of the cellular and in vivo
evidence points toward oncogenic roles of PISP4Ks
and thus fuels the need for inhibitors. It is possible
that in the near future there might be more indications
for a tumor suppressor role of PISP4Ks as seen in the
GBM study and that would indicate that these
enzymes are regulated differently depending on meta-
bolic or tumor microenvironment cues with the ulti-
mate objective to benefit tumor cells.

Conclusion and perspective

From a therapeutic perspective, it is evident that
pharmacological manipulation of PI5SP4Ks will have
beneficial effects for cancer patients, but, clearly, there
is a requirement for experimental studies on different
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cancer subtypes to identify the genetic and metabolic
contexts under which cancer cells will be most vulnera-
ble to PI5SP4K inhibitors. Further in this context, there
is a need for more high-throughput analyses of patient
data in multiple cancers to get an overview of associa-
tion between distribution and expression of the
PISP4K isoforms with stages and subtypes to success-
fully foresee the patient pool who would be most
responsive to PISP4K targeted therapy. Also, it will be
crucial to identify the specific isoforms that cancer
subtypes are dependent on for tumor growth. Cur-
rently, what we can infer from published work is that
p53-deficient cancers, especially breast tumors, and
high-grade soft tissue SARCs will require dual inhibi-
tors that target both PI5SP4K isoforms, o and B,
whereas AML seems to require inhibition of the o iso-
form only.

Further functional understanding of the PISP4Ks in
oncogenic dependencies requires additional investiga-
tion into the regulation of their cellular distribution
and kinase activity, identification of downstream effec-
tors, and interaction partners and finally the function
(s) of their substrate PI-5-P and product PI-4,5-P; in
the pathogenesis of cancer. It will be crucial to assess
whether it is PISP4K’s role in suppressing PI-5-P, or
its ability to generate specialized local pools of PI-4,5-
P, at subcellular compartments or both, that is
required in the context of tumorigenesis. With
advancements in lipidomics and improved imaging
techniques, and abilities to visualize the phosphoinosi-
tide pools in vivo as well as the distribution of endoge-
nous kinases, we might have better insights into how
cells respond to variations in these pools [82].
Nonetheless, with the emerging evidence of PI5SP4Ks
in cancer, it is important to leverage our current
knowledge to assess PISP4K inhibitors in cancer mod-
els so as to allow for a quicker bench-to-bedside tran-
sition.
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