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SUMMARY

Loss of PTEN, the negative regulator of PI3K activity, is frequent in glioblastomas (GBMS).
However, the role of the two major P13K isoforms, p110a and p110, in PTEN-deficient
gliomagenesis remains unknown. We show that PTEN-deficient GBM largely depends on p110a
for proliferation and p110p for migration. Genetic ablation of either isoform delays tumor
progression in mice, but only ablating both isoforms completely blocks GBM driven by the
concurrent ablation of Ptenand p53. BKM120 (buparlisib) treatment only modestly prolongs
survival in mice bearing intracranial Pren/p53 null tumors due to partial pathway inhibition.
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BKM120 extends the survival of mice bearing intracranial tumors in which p110p, but not p110a,
has been genetically ablated in the Pren/p53 null glioma, indicating that BKM120 fails to inhibit
p110p effectively. Our study suggests that the failure of PI3K inhibitors in GBM may be due to
insufficient inhibition of p110p and indicates a need to develop brain-penetrant p110a./p

Xie et al. show that p110a and p110p isoforms of PI3K play overlapping and divergent roles in
PTEN-deficient glioblastomas, suggesting the importance of blocking both PI3K isoforms to
effectively treat PTEN-deficient glioblastomas. Moreover, this study also provides a potential
mechanism explaining the failure of BKM120 in the clinic.
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INTRODUCTION

Glioblastoma (GBM) is the most common and malignant primary brain tumor in adults. The
current treatment options for GBM only modestly extend survival, despite aggressive
multimodality care (Wen et al., 2020). New therapies require a better understanding of GBM
biology. The loss of PTEN (phosphatase and tensin homolog) through genetic or epigenetic
alterations happens frequently in GBM and is associated with therapeutic resistance
(Brennan et al., 2013; Cancer Genome Atlas Research Network, 2008). PTEN is a major
tumor suppressor and the key negative regulator of class | phosphatidylinositol 3-kinase
(PI3K) activity (Bergholz et al., 2018; Fruman et al., 2017; Thorpe et al., 2015).

The small family of PI3KSs is the only class of enzymes capable of phosphorylating
phosphoinositides at the 3’ position of the inositol ring. The family is divided into three
classes according to substrate specificity and subunit makeup. Among them, class 1A PI3Ks
are clearly involved in cancer. Class 1A PI13Ks convert phosphatidylinositol 4,5-bisphosphate
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(PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (P1P3), an intracellular second
messenger that activates multiple effector proteins, including AKT. PTEN is the lipid
phosphatase that counteracts the activity of PI3K by dephosphorylating the 3’ position of
PIP3, thus converting it back into PIP2. The class IA PI3Ks consist of a p110 catalytic
subunit and a p85 adaptor subunit. There are three p110 catalytic isoforms, p110a., p110p,
and p1108, encoded by PIK3CA, PIK3CB, and PIK3CD, respectively. The p110a and
p110p isoforms are expressed ubiquitously, whereas p1106 is mainly expressed in
leukocytes. Despite their high homologies, the p110 isoforms regulate distinct physiological
and pathological functions (Bergholz et al., 2018; Fruman et al., 2017; Thorpe et al., 2015).
While p110a is activated by receptor tyrosine kinase (RTK) signaling, p110p mediates both
RTK and G protein-coupled receptors (GPCR) signaling. Recent studies have suggested that
most solid tumors are partially dependent on one of the p110 isoforms for survival, with the
isoform involved varying with tumor type and genetic background. Broadly speaking, most
tumors driven by RTK or Ras depend on p110a (Bergholz et al., 2018; Utermark et al.,
2014), while tumors driven by PTEN loss depend on p110p (Cizmecioglu et al., 2016; Jia et
al., 2008; Ni et al., 2012; Zhang et al., 2017). Other genetic alterations may alter the p110
isoform dependency in PTEN null tumors (Schmit et al., 2014).

The contribution of p110a and p110p isoforms in brain physiology and pathology remains
unknown. Recent clinical trials for PI3K inhibitors in GBM have yielded little success (Pitz
etal., 2015; Wen et al., 2019). To better understand the clinical results of PI3K inhibition in
GBM, we took hoth genetic and pharmacological approaches to explore the differential roles
played by PI3K isoforms in PTEN-null GBM models. Our results demonstrate the divergent
roles of PI3K isoforms in GBM and provide a possible explanation for the failure of PI3K-
directed drugs in clinic and future solutions to improve therapeutic outcomes for GBM
patients.

Either PI3K Isoform Is Sufficient for the Formation of GBM Driven by Concurrent Ablation
of Pten and p53

It has been shown that concurrent deletion of Ptenand 7rp53 (p53) in the brains of mice
resulted in high-grade gliomas that recapitulate the pathology and biology of human GBM
(Zheng et al., 2008). To examine the specific roles of p110a and p110p in a murine GBM
model driven by the loss of Pfenand p53, we generated compound mouse strains with floxed
alleles of Prenand p53along with floxed alleles of Pik3ca (encoding p110a.) and/or Pik3ch
(encoding p110B) as the following: p537:Pten” (PP), p537-Pten”pik3ca (PPA),
0537 pren” pik3ch” (PPB), and p537"-Pten”-Pik3ca -Pik3ch”f (PPAB). To delete the
floxed alleles in the brains of the resulting mice, a viral vector encoding Cre recombinase
(AdCre) was injected intracranially to the sub-ventricular zone (SVZ) region that contains a
high density of neuronal stem cells/neuronal progenitor cells (NSCs/NPCs) (Bonaguidi et
al., 2011; Ming and Song, 2011). The PP-AdCre mice developed brain tumors that are
histologically consistent with GBM (referred to as PP tumors; Figure 1A) with a median
survival of 206 days (Figure 1B). Ablation of either p110a or p110p alone delayed the
development of brain tumors (PPA or PPB tumor). Mice bearing PPA or PPB tumors had
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modestly prolonged survival, with median survival of 276 and 239 days, respectively (Figure
1B). However, ablation of both p110a and p110p completely blocked glioma formation in
PPAB mice (Figure 1B). These data suggest that, while either PI3K isoform can support the
development of PP GBM, blockade of both isoforms is required to block the gliomagenesis
driven by the concurrent loss of Ptennand p53in mice.

We next characterized primary mouse tumor cell lines established from PP, PPA, and PPB
tumors ex vivo. PPA and PPB tumor cells have absent p110a or p110p protein, respectively
(Figure 1C). However, the phosphorylation levels of Akt and S6RP, two well-characterized
downstream signaling molecules, were not significantly altered by ablation of either isoform
alone (Figure 1C), suggesting that ablating either isoform alone is not sufficient to block
PI13K signaling in PP GBM cells.

To obtain PPAB tissues for the pathway signaling analysis (since no PPAB glioma available
for the analysis), we isolated embryonic NSCs/NPCs from PP, PPA, PPB, and PPAB mice
and cultured them briefly to introduce a retroviral vector expressing Cre-ER into these
cells. The Cre-ERT2 fusion protein is inactive until cells are treated with the synthetic
estrogen antagonist 4-hydroxytamoxifen (4-OHT). This inducible knockout approach
allowed us to delete Pren, p53, p110a, or p110B upon 4-OHT treatment (Figure S1A).
Notably, the phosphorylation levels of Akt and S6RP were significantly reduced only by
ablating both isoforms (Figure S1A). Consistent with our observation in PPA and PPB tumor
cells above, ablation of either isoform alone underwent little change in the phosphorylation
levels of Akt or S6RP (Figure S1A). Our genetic studies suggest that both isoforms are
active in the PP GBM model.

The p110p Isoform Contributes to the Migration of PTEN Null GBM Cells

The characterization of PP, PPA, and PPB tumors by immunohistochemistry (IHC) showed
that all of these tumors expressed the glioma markers GFAP and Olig2 (Figure 1A). Cellular
proliferation was high across all of the samples, as indicated by IHC staining for Ki67, a
marker of proliferation (Figure 1A), resembling GBM pathology in the clinic. Notably,
while all of the PP and PPA tumors were highly diffusive, some of the PPB tumors displayed
defined borders with neighboring tissues (Figure 1A, H&E), suggesting that the loss of
p110p rendered tumors less invasive.

Given the distinct histological phenotypes of PPA and PPB tumors, we sought to determine
the isoform-specific dependence of migration/invasion. Using a transwell migration assay,
we showed that PPB tumor cells, but not PPA tumor cells, have significantly reduced
migration (Figure 1D), supporting the /n vivo observation that PPB tumors appeared less
invasive. It has been shown that p110p interacts with Rac1/Cdc42 through its RBD domain
(Fritsch et al., 2013; Yuzugullu et al., 2015). Ectopic expression of wild-type (WT) p110p
restored migration in PPB tumor cells. However, a p110p mutant that is unable to bind
Rac1/Cdc42 had a statistically significant but partially restorative effect on the migration of
PPB tumor cells (Figures 1E and S1B), suggesting that the interaction of p110p with Racl
plays a role in the migration and invasion of PP tumors. Furthermore, AZD6482 (also known
as KIN193, p110p-selective inhibitor) and GDC0941 (pan-PI3K inhibitor), but not BYL719
(p110a-selective inhibitor) (Table S1), significantly reduced the cell migration of PP cells in
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a transwell assay (Figure 1F). Our results suggest that our PP GBM model depends mostly
on p110p for cell migration.

We next examined the roles of PI3K isoforms in PTEN null GBM patient-derived cell lines
(PDCLs) BT179 and BT224 (Tables S2 and S3), using isoform-selective PI13K inhibitors, on
their migration behavior. Notably, both PDCLs have p53 mutations concurrent with PTEN
deficiency. We also observed that AZD6482 and GDC0941, but not BYL719, significantly
reduced the cell migration of BT179 and BT224 cells (Figure 1G), suggesting that p110p
also contributes to the migration of patient-derived GBM cells, which is consistent with the
data from our murine PP GBM model.

Either PI3K Isoform Can Support the PI3K Signaling and Proliferation of PP GBM Cells Ex

Vivo

We next used PI3K inhibitors to explore the specific roles of p110a and p110p in a panel of
primary mouse GBM cells lines derived from PP, PPA, and PPB tumors ex vivo. While
GDCO0941 reduced phosphorylation levels of both Akt and S6RP in tumor cells, neither
BYL719 nor AZD6482 significantly reduced the phosphorylation levels of Akt and S6RP in
PP glioma cells (Figure 2A, left panel). We further showed that AZD6482 inhibited the pAkt
and p6RP in PPA tumors where p110a is ablated, and vice versa, BYL719 inhibited the
pAkt and p6RP in PPB tumors where p110p is ablated (Figure 2A, center and right panels).
These results suggest that either isoform can activate the PI3K-Akt-S6RP signaling in these
Pten null GBM cells.

A previous study has shown that PIP3 levels do not always correlate with pAkt levels (Costa
et al., 2015). We assessed PIP3 levels in PP cells upon treatment with BYL719, AZD6482,
or GDC0941. GDC0941 significantly reduced the PIP3 level in PP tumor cells, as expected.
BYL719 or AZD6482 also significantly reduced the PIP3 levels in PP cells, despite few
changes in the pAkt and pS6PR levels in these cells (Figure S2A). While the mechanism
underlying this discordance of the levels of PIP3 and pAkt observed in this study and by
others remains to be investigated, this result suggests that both isoforms are active in terms
of producing PIP3.

To further assess the roles of PI3K isoforms in established PP GBM, we used a CRISPR
system to knock out Pik3caor Pik3chin PP tumor cells to generate isogenic cell lines
lacking either p110a or p110p, called PP-sgGFP, PP-a KO, and PP-BKO (Figure S2B).
Signaling analyses showed that these tumor cells have responses to various PI3K inhibitors
similar to these PP, PPA, and PPB tumor cells, respectively (Figure S2B).

Proliferation analyses of these isogenic cell lines showed that PP-a KO cells have a slower
growth rate than that of PP-sgGFP or PP-BKO cells (Figure 2B). Consistent with this result,
BYL719, but not AZD6482, had a modest but statistically significant effect on the
proliferation of PP-sgGFP cells (Figure 2B). Again, the pan-PI3K inhibitor GDC0941 most
significantly suppressed the proliferation of all PP-sgGFP, PP-a KO, or PP-BKO cells
(Figure 2B). These data indicate that either isoform is sufficient for PI3K signaling and
proliferation of established PP GBM cells. Notably, p110a may play a relatively more
prominent role than p110p in terms of tumor cell proliferation.
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We next explored the roles of PI3K isoforms in the PTEN null GBM PDCLs BT179 and
BT224 (Tables S2 and S3) by examining the effects of PI3K inhibitors on their signaling and
growth. Treatment with BYL719 or AZD6482 alone had only marginal effects on p-Akt473
and p-S6RP levels in BT179 or BT224. In contrast, GDC0941 significantly reduced p-Akt
and p-S6RP levels (Figure 2C). Proliferation analyses of both PDCLs showed that they were
more resistant to isoform-specific PI3K inhibitors than to the pan-PI13K inhibitor, suggesting
that patient PTEN-null GBM cells can use either p110a or p110p to maintain signaling and
proliferation (Figure 2D). These data suggest that our murine PP GBM maodel recreates the
P13K-isoform dependencies of human GBM.

Either PI3K Isoform Can Support the Signaling and Growth of Subcutaneous PP Tumors In

Vivo

To investigate the isoform dependency /n vivo, we examined the effects of PI3K inhibitors
on the growth of PP GBM allografts. Because none of the currently available isoform-
selective inhibitors are known to penetrate the blood-brain barrier (BBB), we assessed the
antitumor activity of PI3K inhibitors on subcutaneous PP GBM transplants in nude mice.
Tumor-bearing mice were treated with either BYL719 or AZD6482 alone, or in
combination. Both BYL719 and, to a lesser degree, AZD6482 inhibited tumor growth and
reduced tumor weight, but combined treatment with BYL719 and AZD6482 was able to
flatten the PP tumor growth curve (Figures 3A and 3B). Western blot (WB) and IHC
analyses of tumor tissues revealed that, whereas BYL719 and AZD6482 had a modest or
little effect on reducing pAkt and pS6RP levels, the combined treatment of BYL719 and
AZD6482 effectively blocked phosphorylation of both Akt and S6RP (Figures 3C and S3).
These data are consistent with our genetic and pharmacological inhibition findings above
and suggest that the inhibition of PP growth requires simultaneous blockade of both
isoforms.

Limited Efficacy of BKM120 on Orthotopic PP GBM Model

We next used intracranial orthotopic allografts of PP GBM to examine BKM120 (also
known as buparlisib; Table S1). BKM120 is currently the only pan-PI3K inhibitor with
proven brain penetration and has been tested in the clinic for GBM patients (Wen et al.,
2014). Treatment with BKM120 prolonged the median survival of PP-bearing mice slightly
from 22 to 27 days (Figure 4A). While this result is statistically significant, it is unlikely to
have a meaningful clinical impact. WB and IHC analyses of tumors harvested from
experimental mice showed that BKM120 modestly reduced phosphorylation of both Akt and
S6RP (Figures 4B and 4C), suggesting that while BKM120 can cross the BBB, it cannot
deeply suppress Akt-mammalian target of rapamycin (mTOR) signaling. Our data are
consistent with a recent clinical trial that showed that BKM120 does not effectively suppress
S6RP phosphorylation despite adequate brain penetration and has limited efficacy in patients
with GBM (Wen et al., 2019).

We hypothesized that the modest effect observed here and in clinical trials for BKM120 in
GBM may be due to its relatively weak inhibition of p110p (Table S1). To test this
hypothesis genetically, we compared the efficacy of BKM120 on mice bearing PP, PPA, or
PPB tumors. As shown in Figure 4A, BKM120 failed to prolong the median survival of
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PPA-bearing mice (26 versus 24 days). In contrast, BKM120 significantly prolonged the
median survival of PPB-bearing mice to a much greater extent (Figure 4A, 37 versus 61
days). Consistent with our earlier observations that p110p contributes to GBM diffusive
phenotype (Figures 1A and 1D), BKM120 treatment did not decrease the diffusive feature of
PPA tumors (Figure S4). We further show that BKM120 failed to affect the migration of PP
cells in a transwell assay (Figure 4D). Our data thus indicate that BKM120, although
developed as a pan-PI3K inhibitor, has limited activity in our PP GBM due to the inadequate
inhibition of p110p activity.

DISCUSSION

The mechanisms by which genetic context and tumor type determine PI3K isoform
dependency in PTEN-deficient cancer remain elusive. Therefore, genetic identification of
PI13K isoform dependency for a given tumor type can be illuminating. Our studies using
genetically defined mouse models of GBM have revealed that either isoform is sufficient to
support the PI3K signaling and tumor growth in the Pten null setting with concurrent loss of
p53 in the tumor. Similar results were observed in patient-derived PTEN-deficient GBM
cells with coexisting p53 mutations.

Our data in GBM are in contrast to the selective activation of p110p that we and others have
previously observed in a variety of PTEN-null tumors. Most tumors do not use both p110a
and p110p for survival. Typically, p110a activity is required in tumors driven by hyperactive
RTK signaling or by oncogenes such as KRas, while p110p activity is required in tumors in
which PTEN-loss is the driving event (Thorpe et al., 2015). Sometimes PI3K isoforms play
spatially differential roles in tumorigenesis, such as in the skin epidermis under conditions of
PTEN-loss; in this case, p110a is critical in suprabasal cells, whereas p110p is important in
basal cells (Wang et al., 2013). The requirement for p110a in RTK and oncogene-driven
tumors appears to arise from its higher catalytic specific activity compared to p110p. How
p110B is selectively activated in many types of Pren-null tumors cells remains unclear.
Several hypotheses have been discussed recently elsewhere (Zhang et al., 2017). In the
present study, our data clearly suggest that in brain tumors, both RTK and GPCR signaling
may be involved in eliciting the activation of both isoforms when PTEN removes the
“brake” from the PI3K activity. Exactly which RTK(s) and GPCR(s) are activated in our
GBM model remains to be determined.

Since much of our data stems from KO of either of the p110 isoforms, it is important to
consider whether KO itself could be affecting the results. It is known that altering the ratios
of p110a and p110p can have unexpected effects on biology (Thorpe et al., 2017; Utermark
etal., 2012). It is also widely known that p110 has significant functions that are
independent of its kinase activity, whereas KO either p110a or p110p (Bi et al., 2002; Bi et
al., 1999) or knockin kinase-dead p110a (Foukas et al., 2006) results in early embryonic
lethality in mice. However, kinase-dead p110pg knockin mice can survive to adulthood,
although with some defects in biological functions (Ciraolo et al., 2008). Such differences
suggest that protein-protein interactions involving p110p can contribute to cellular signaling
and biological functions. Furthermore, the important conclusions in this work have been
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duplicated using both genetic and pharmacological ablation of p110a./p, making it likely
that our observations are also the result of the catalytic function of each enzyme.

To date, PI3K inhibitors such as BKM120 have displayed limited efficacy against GBM in
clinical trials (Wen et al., 2019). One major challenge for targeted therapy, especially using a
combination of two or more drugs, is the on-target toxicity of the drug, since the targets of
targeted therapies tend to be also important in normal physiology. Due to this type of
toxicity, many inhibitors cannot be used at high enough doses to successfully inhibit tumor
growth. GBMs present a special hurdle due to the BBB. At present, few PI3K inhibitors
have significant brain penetration to reach a sufficient concentration in the brain. The lack of
data regarding the tumor-type specific dependencies on signaling pathways also poses a
challenge for targeted therapies. Our data indicate that PTEN-deficient GBMs can depend
on either isoform for survival. However, most of the available “pan”-PI3K inhibitors are
known to inhibit p110a potently but display relatively weak inhibition of p110p. Our
preclinical study using PPB tumors strongly suggests that the limited efficacy for BKM120
in GBM is due to its failure to inhibit p110p activity effectively. Thus, effective treatment of
PTEN-deficient GBM using PI3K inhibitors will require the development of brain-penetrant
inhibitors that target p110a and p110p effectively. Our work reveals that p110a and p110p
not only have overlapping functions but also play divergent roles in GBM. Our data suggest
that p110a plays a relatively larger role in GBM proliferation, while p110p plays a major
role in tumor invasion. Prior studies show that p110a interacts with RAS and p110
interacts with Racl (Cizmecioglu et al., 2016; Fritsch et al., 2013), which is known to play a
major role in tumor cell mobility and invasiveness. This separation of roles between the two
isoforms makes targeting p110p even more important, since GBMs are characterized by
their diffusive nature, which limits the effectiveness of surgical resection. A recent report
suggested that BKM120 blocks GBM cell migration in vitro, however, through its off-target
effects to reduce focal adhesions and microtubule treadmilling, not through direct inhibition
of PI3K activity (Speranza et al., 2016). Under our ex vivoand /n vivo conditions, BKM120
likely does not have off-target effects (Brachmann et al., 2012) and did not block GBM cell
invasion and migration. Our data demonstrate that there exists an unmet need to develop a
brain penetrant “true” pan PI3K inhibitor and/or a brain-penetrant, potent p110p inhibitor.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Jean J. Zhao
(jean_zhao@dfci.harvard.edu).

Materials Availability—All unique/stable reagents generated in this study are available
from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability—This study did not generate any unique datasets or code.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—pP53"7f (NCI mouse repository), Pten”f (from Hong Wu group), Pik3ca (Zhao et al.,
2006) and Pik3ct” (Jia et al., 2008) mice were backcrossed to FVB strain background for
10 generations. Those mice were intercrossed to generate the experimental mice PP
(p537:Pten™, PPA (p537:Pten”"-pik3sca™), PPB (537 Pten”-Pik3ch™), and PPAB
(0537 Pten”-pik3ca™:Pik3ch™). Stereotactic intracranial injection of adenovirus
expressing Cre recombinase (AdCre) were conducted on both male and female mice at 6-11
weeks old. Male nude mice (Taconic, NCRNU-M) at 8-12 weeks old were used for
subcutaneous tumor transplants and male ICR-SCID mice (Taconic, ICRSC-M) at 6-9 weeks
old were used for intracranial transplants. All the animal experiments were done in
accordance with NIH animal use guidelines and protocols approved by the Dana-Farber
Cancer Institute Animal Care and Use Committee.

Cell lines—HEK?293T cell line (American Type Culture Collection, ATCC) is maintained
in DMEM supplemented with 10% FBS and 100 ug/ml penicillin-streptomycin. Primary
mouse neural stem cells (NSCs) were isolated from the brain of E14.5 embryos as
described(Rietze and Reynolds, 2006) and maintained in NeuroCult proliferation medium
(mouse) (StemCell Technologies) with 20 ng/ml EGF. Primary mouse glioma lines were
isolated from the mouse brain tumors, pipetted mechanically to dissociate the tumors and
then expanded in NeuroCult proliferation medium (mouse) (StemCell Technologies)
supplied with 20 ng/ml EGF, 10 ng/ml FGF and 0.0002% Heparin.

Primary human glioma lines were cultured in NeuroCult proliferation medium (human)
(StemCell Technologies) with 20 ng/ml EGF, 10 ng/ml FGF and 0.0002% Heparin.

Primary glioma lines were established as below, lines-gender-age:

Primary mouse glioma lines: d333PP-male-5 m, 0193PP-female-9 m, 0195PP-
female-8 m, 142PP and 144PP (derived from 0195PP orthotopic allograft in SCID
mice)-male-3 m, d177PPA-male-12 m, 018PPa-female-12 m, 042PPA-female-12 m,
m972PPA-female-9 m, 0149PPB-female-9 m, 0150PPB-female-9 m, and m712PPB-
female-9 m.

Primary human glioma line: BT179-female-age52, BT224-male-age79

METHOD DETAILS

Stereotactic intracranial injection of AdCre or cell lines—Intracranial adenovirus
expressing Cre (AdCre) injections were done in mice at the age of 6-11 weeks. 1 pL of 5 x
1010 pfu AdCre (University of lowa, lowa City, 1A) was injected at SVZ region in the right
hemisphere (set bregma as 0, 0, 0, the AdCre was i.c. into anterior O, lacteral 0.5 mm,
ventral 2.5 mm) using 33 gauge needle. Cells suspended in PBS (50,000 or 100, 000 cells in
1-2 pl) were intracranially injected in the right striatum (set bregma as 0, 0, 0, the cells were
i.c. into anterior 0, lacteral 2 mm, ventral 2.5 mm). Animals were monitored daily for
development of neurological defects.
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Production of retrovirus—pMD.G (1.4 ug), pMD.MLV (4 pg), and pMSCV-creERt2-
puro (5.4 pg) (Addgene#22776) or pBabe-puro-p110p WT or pBabe-puro-p110p-S205D/
K224A(p110p-MT) plasmids (5.4 ug) were transfected in 80% confluent HEK293T cells on
10 cm dish by Superfect (QIAGEN) according to the manufacturer’s protocol or 40 uL PEI
(1 mg/ml). The virus was harvested 2 and 3 days post-transfection and ultracentrifuged
(16,000 rpm, 90 mins) to concentrate and remove the FBS medium. The virus was then re-
suspended in PBS for the infection in NSCs or primary glioma cells. The cells were stably
expression by puromycin selection (1 pg/ml).

Plasmids constructs and lentiviral vector production—Lentiviral sSgRNA
constructs were cloned in the pLentiCrisp vector (Addgene). The sgRNA sequences
targeting mouse p110a and p110B are:

sgpl10a #1: 5'-TCACCCGAAGATGGTCGTGG-3';
sgp110a #2: 5'-ACATTCCACTAGGATTCGTG-3';
sgp110p #1: 5'-CCCGATGTTTAACCTCCTCA-3;
sgp110p #2: 5'-TATACGAGTCAATGTCCATG-3".

Lentivirus preparation and transduction of cells were performed as previously described(Ni
etal., 2017).

PIP3 Quantification—Cells were seeded and treated with compounds for 1 hour in T75
ultra-low flasks. PIP3 were then isolated and measured with PIP3 ELISA kit (Echelon
Biosciences) according to the manufacturer’s protocol.

Treatment ex vivo and in vivo—For ex vivo studies, compounds were dissolved in
DMSO except 4-OHT (Sigma) were dissolved in 100% EtOH. For /n vivo studies, BKM120
was dissolved in 10% NMP (Sigma)/90% PEG 300 (Sigma) and administered by oral
gavage at 35 mg/kg. AZD6482 was formulated in 7.5% NMP/40% PEG400 (Sigma)/52.5%
water and given intraperitoneal twice a day at 20 mg/kg. BYL719 was prepared in 0.5%
methylcellulose (Sigma) /water and administered by oral gavage at 45 mg/kg.

Western blot analysis—For experiments with compound treatments ex vivo, primary
glioma cells in 6-well plates were treated with the indicated compound at 0.5 pM or 1 pyM
for one hour, then the cells were lysed in SDS loading/lysis buffer as described previously
(Ni et al., 2012). Tumor samples were lysed and western blot analysis was performed as
previously described(Ni et al., 2012).

Immunohistochemical staining—IHC assay were performed as previously reported (Ni
etal., 2012).

Transwell migration assay—Primary mouse or human glioma cells (1x10° cells unless
otherwise stated) in NeuroCult basal medium (StemCell Technologies) were seeded in
transwell insert (Corning #3422) with DMEM-10%FBS medium in the bottom wells as
chemoattractant. PI3K inhibitor at 2 mM were used for the treatment experiment. 1 day later,
cells were fixed with 10% formalin and stained with hematoxylin (Mector lab, H3401), the
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non-migrated cells on the upper side were removed with a cotton swab. Migrated cells were
quantified by ImageJ software with cell counter plugin.

Tumor spheroid assay—Mouse glioma cells were seeded at the density of 100 cells per
well in 384 U bottom plate (Nexcelom Bioscience) to form the tumor-spheres. The spheres
were then treated with compounds (1 pM) for 6 days. The bright field images for each well
were scanned using Celigo S Imaging Cytometer every other day and the tumorsphere size
was determined by Celigo scanning software (Nexcelom Bioscience).

Cell viability assay—Cells were seeded in 96-well plates at a density of 1,000 cells/well
and treated with serial dilutions of compounds. Cell viability was assessed after 3 days of
treatment by Celltiter-Glo (Promega). Curve fitting analysis and ICgq value determination
were performed using GraphPad Prism 8.

Subcutaneous allograft tumor growth—Each flank of athymic nude mice was
injected subcutaneously with 5x10° cells resuspended in 20% matrigel (BD). Once the
tumors reached the target size (~250 mm? on average), the mice were randomly regrouped
and treated with PI3K inhibitors. We labeled day 1 as the day when treatment starts. Tumor
size was measured every other day and volumes were calculated using the formula (length x
width?)/2. For pharmacodynamics studies, the mice were treated with inhibitors for 4 days
and euthanized at 1 hour (AZD6482), 2 hours (BYL719), or 1 hours (combination of
AZD6482 and BYL719) after the last dosing, and the tumors were collected. The samples
were then processed and subject to histological examination and protein expression analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed by unpaired Student’s t test, one-way ANOVA, two-way
ANOVA, or Log-rank (Mantel-Cox) test (survival) by GraphPad Prism 8 (GraphPad
Software). Data are considered significant when pvalues are < 0.05. * indicates p value <
0.05, ** indicates p value < 0.01, *** indicates pvalue < 0.001, **** indicates p value <
0.0001. All data are presented as mean + SD unless otherwise stated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

p110a and p110p isoforms of PI3K play divergent roles in PTEN-deficient
GBM

PTEN null GBM cells mainly rely on p110a for proliferation and p110p for
migration

Blockade of both p110a and p110p is necessary to effectively inhibit PTEN
null GBM

The failure of BKM120 in the clinic is likely due to its weak inhibition of
p110B
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Figure 1. Either PI3K Isoform Is Sufficient for the Signaling Activation and PP GBM Formation
(A) Hematoxylin and eosin (H&E) and IHC analyses of tumors, as indicated. Representative

images are shown. Scale bars, H&E (left): 2 mm; H&E (right): 400 pm; IHC: 50 pum.

(B) Kaplan-Meier (KM) survival of indicated GBM-bearing mice after intracranial injection
of AdeCre (day 0). n = 16-21; *p < 0.05 and ****p < 0.0001.

(C) WB analysis of tumors, as indicated. n = 3-5/group.

(D) Transwell migration assay of primary mouse GBM cells. Representative images are
shown. Scale bar, 200 mm; means £ SDs (n = 4); ****p < 0.0001.
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(E) Transwell migration assay of PPB GBM cells expressing p1108-WT or p110p-MT
(S205D/K224A). Representative images are shown. Scale bar, 200 um; means + SDs (n =
3); **p < 0.05, **p < 0.01, and ***p < 0.001.

(F) Transwell migration assay of PP GBM cells treated with indicated inhibitors.
Representative images are shown. Scale bar, 200 um; means + SDs (n = 4); ****p < 0.0001.
(G) Transwell migration assay of BT179 and BT224 treated with indicated inhibitors.
Representative images are shown. Scale bar, 200 um; means + SDs (n = 4); ****p < 0.0001.
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Figure 2. Either PI3K Isoform Can Support the Signaling and Proliferation of PTEN Null GBM
Cells Ex Vivo

(A) PP, PPA, or PPB tumor cells were treated with BYL719, AZD6482, or GDC0941 and
subsequently subjected to WB analysis. The data represent at least 2 different GBM lines for
each tumor type.

(B) PP GBM cells were transduced with sgPik3ca, sgPik3cb, or control sgGFP virus. Single
cells were screened to generate PP-Pik3ca KO (PP-aKO) or PP-Pik3ch KO (PP-BKO) cells.
The proliferation (tumor sphere size/area) was scored as the fold to that of day 0 for each
line (means £ SDs, n = 6), **p < 0.01. Right panels: cell lines were treated with the
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indicated compounds and their proliferations (tumor sphere size/area) were scored as the
fold to that of control for each line (means = SDs, n = 6). *p < 0.05, ***p < 0.001, and
****p < 0.0001.

(C) BT179 and BT224 cells were treated with inhibitors, as indicated, and subsequently
subjected to WB analysis.

(D) Cell viability at different does of inhibitors as determined by CellTiter-Glo assay. Means
+ SDs (n = 3).

Cell Rep. Author manuscript; available in PMC 2020 October 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Xie et al.

Page 19
A tumor growth
30007 o control
s —— AZD6482
& sooo] = BYLT1®
'?EJ 0001 . ByL+AZD }
2 G L
o
>
5 1000+
§
|_
0d—r T
& ° 9 b © A
Treatment (days)
tumor weight
B &
o 3] e
z
2
g 2 -I ¥ ek
9]
£ e sk
- %
[ ] [ | | W
A
LT ] (e P
> )
& e"& &
® g é\\’ .,\Vx
v &
Cc

Control BYL719 AZD6482 BYL+AZD

t 2 3 1 2 3 1 2 3 1 2 3

pAKktaos
pAKkt473

| A

|‘---__-.. "| pserP

|--..__......__-_..._‘ S6RP

ELTLL LT T T e

Figure 3. Either PI3K Isoform Can Support the Signaling and Growth of Subcutaneous PP
Tumor In Vivo

(A and B) Tumor growth (A) and tumor weights (B) of PP allografts treated with inhibitors,

as indicated. The data are represented as means + SEMs(n = 8-12). *p < 0.05, ***p < 0.001,
and ****p < 0.0001.

(C) WB analysis of pAkt and pS6RP on PP allografts treated with inhibitors as indicated for
4 days. n = 3/group.
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Figure 4. Limited Effect of BKM120 on Orthotopic Allografts of PP GBM
(A) KM curves of mice bearing orthotopic PP, PPA, or PPB allografts treated with BKM120

or vehicle control (n = 5-8). *p < 0.05 and ***p < 0.001.

(B) WB analysis of PP tumors from (A) at the endpoint. Tumors were collected 2 h after last
dosing.

(C) IHC analysis of pAkt473 and pS6RP of orthotopic PP tumors harvested from PP-bearing
mice treated with control or BKM120 for 4 days. Tumors were collected 2 h after last
dosing. Scale bar, 100 pum.
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(D) Transwell migration assay of PP GBM cells treated with compounds, as indicated.
Representative images are shown. Scale bar, 100 pm; means + SDs (n = 3); **p < 0.01.
(E) Divergent roles of PI3K isoforms in PTEN-deficient GBM.
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Reagent or resource Source Identifier

Antibodies

anti-p110a Cell Signaling Cat# 4249; RRID:AB_2165248
anti-p110p Cell Signaling Cat# 3011; RRID:AB_2165246
anti-pAkt(S473) Cell Signaling Cat# 4060; RRID:AB_2315049
anti-pAkt(T308) Cell Signaling Cat# 9275; RRID:AB_329828
anti-Akt Cell Signaling Cat# 9272; RRID:AB_329827
anti-pS6RP(S235/236) Cell Signaling Cat# 2211; RRID:AB_331679
anti-S6RP Cell Signaling Cat# 2217; RRID:AB_331355
anti-aTubulin Sigma Cat# T9026; RRID:AB_477593
anti-Vinculin Sigma Cat# V9131; RRID:AB_477629
anti-Ki67 Cell Signaling Cat# 12202; RRID:AB_2620142
anti-GFAP DAKO Cat# z0334; RRID:AB_10013382
anti-Olig2 Charles Stiles lab (DFCI) (Ni etal., 2017) N/A

IRDye 800CW goat anti-mouse 1gG LICOR Biosciences Cat# 926-32210; RRID:AB_621842

IRDye 680CW goat anti-rabbit IgG LICOR Biosciences Cat# 926-68021; RRID:AB_10706309
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Bacterial and Virus Strains

Ad5CMVCre

University of lowa

VVC-U of lowa-5

Chemicals, peptides, and recombinant proteins

BKM120 (Buparlisib) MedChemexpress CAS 1312445-63-8
BYL719 MedChemexpress CAS 1217486-61-7
AZD6482 MedChemexpress CAS 1173900-33-8
GDC0941 MedChemexpress CAS 957054-33-0
CAL101 MedChemexpress CAS 870281-82-6
4-OHT Sigma Cat# H7904

NMP Sigma Cat# 443778
PEG300 Sigma Cat# 81162
PEG400 Sigma Cat# 81172
Methylcellulose Sigma Cat# m0555
DMSO Sigma Cat# D8418
Superfect QIAGEN Cat# 301305

PEI Polysciences Cat# 23966

EGF Sigma Cat# E9644

FGF2 Miltenyi Biotec Cat# 130-093-564
Herapin StemCell Technologies Inc. Cat# 07980
Critical Commercial Assays

Celltiter-Glo Promega G9242

PIP3 Mass Elisa kit Echelon Biosciences K-2500S
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Reagent or resource Source Identifier
Experimental Models: Cell Lines

BT179 Dr.Keith Ligon lab (DFCI) N/A
BT224 Dr.Keith Ligon lab (DFCI) N/A
Primary mouse PP glioma cells This paper N/A
Primary mouse PPA glioma cells This paper N/A
Primary mouse PPB glioma cells This paper N/A
Experimental Models: Organisms/Strains

537, Pten” (PP) mice This paper FvB

537 Pren'Pik3ca” (PPA) mice This paper FVB

537 :Pten”:Pik3ck” (PPB) mice This paper FvB
537, Pen”; Pik3ca” Pik3ch” (PPAB) mice  This paper FVB

Nude mice Taconic NCRNU-M
SCID mice Taconic ICRSC-M
Recombinant DNA

pLentiCrisp-sgp110a#1 This paper N/A
pLentiCrisp-sgp110a#2 This paper N/A
pLentiCrisp-sgp110p#1 This paper N/A
pLentiCrisp-sgp110p#2 This paper N/A
pBabe-puro-p110p Yuzugullu et al., 2015 N/A
pBabe-puro-p110p-S205D/K224A(p110p-MT)  Yuzugullu et al., 2015 N/A
pMSCV-creERt2-puro Addgene Cat #22776
Software and Algorithms

PRISM8 software Graphpad https://www.graphpad.com

ImageJ

Schneider et al., 2012

https://imagej.nih.gov/ij/
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