1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cancer Discov. Author manuscript; available in PMC 2017 October 01.

-, HHS Public Access
«

Published in final edited form as:
Cancer Discov. 2016 October ; 6(10): 1134-1147. doi:10.1158/2159-8290.CD-16-0305.

Systematic functional characterization of resistance to PISK
inhibition in breast cancer

Xiuning Le*1.23) Rajee Antony*1:2, Pedram Razavi*®:6, Daniel J. Treacyl:2, Flora Luol2,
Mahmoud Ghandil:2, Pau Castel®, Maurizio Scaltriti>’, Jose Baselga®®, and Levi A.
Garraway124

1Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, MA.

2The Broad Institute of MIT and Harvard, Cambridge, MA.

3Division of Hematology Oncology, Department of Medicine, Beth Israel Deaconess Medical
Center, Boston MA

4Department of Medicine, Brigham and Women’s Hospital, Boston MA

SHuman Oncology and Pathogenesis Program, Memorial Sloan Kettering Cancer Center,
NewYork, NY

5Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, NY
’Department of Pathology, Memorial Sloan Kettering Cancer Center, New York, NY

# These authors contributed equally to this work.

Abstract

PIK3CA (which encodes the phosphoinositide-3 kinase (PI3K) alpha isoform) is the most
frequently mutated oncogene in breast cancer. Small-molecule PI3K inhibitors have shown
promise in clinical trials; however, intrinsic and acquired resistance limits their utility. We used a
systematic gain-of-function approach to identify genes whose upregulation confers resistance to
the PI3K inhibitor BYL719 in breast cancer cells. Among the validated resistance genes, PIM
kinases conferred resistance by maintaining downstream PI3K effector activation in an AKT-
independent manner. Concurrent pharmacological inhibition of PIM and PI3K overcame this
resistance mechanism. We also observed upregulated P/M expression and activity in a subset of
breast cancer biopsies with clinical resistance to PI3K inhibitors. /M1 overexpression is mutually
exclusive with P/IK3CA mutation in treatment-naive breast cancers, suggesting downstream
functional redundancy. Together, these results offer new insights into resistance to PI3K inhibitors
and support clinical studies of combined PIM/PI3K inhibition in a subset of P/IK3CA-mutant
cancers.

Corresponding author: Levi A. Garraway, MD, PhD, Department of Medical Oncology, Dana-Farber Cancer Institute, 44 Binney
Street, D1542, Boston, MA, 02115, Tel: 617-632-6689, levi_garraway@dfci.harvard.edu.

Disclosure of Potential Conflicts of interest:

L.A.G. is a consultant for Foundation Medicine, Novartis, Boehringer Ingelheim; an equity holder in Foundation Medicine; and a
member of the Scientific Advisory Board at Warp Drive. L.A.G. receives sponsored research support from Novartis. Other authors
declare no conflict of interest.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leetal.

Keywords

Page 2

Breast cancer; Signal transduction pathways; Cell signaling; Protein serine-threonine kinases;
Functional genomics; Oncogenes; Cellular responses to anticancer drugs; Novel mechanisms;
Reversal of drug resistance; Kinase and phosphatase inhibitors

Introduction

Results

The phosphoinositide-3 kinase (PI3K) pathway represents an important oncogenic signaling
network in breast cancer and other malignancies(1,2). PI3K signaling governs cell
proliferation, cell cycle progression, and apoptosis, predominantly through phosphorylation
of protein kinase B (also known as AKT) (3). PIK3CA, which encodes alpha isoform of the
class | PI13K catalytic subunit, is one of the most commonly altered oncogenes in human
cancer(4). Activating PIK3CA mutations and amplifications occur at high frequencies in
cancers of the colon, lung (squamous), uterus, cervix, head/neck, and breast (5). In
particular, over one third of invasive breast cancers harbor mutations in P/IK3CA, most
frequently in helical domain (e.g. E452K, E545K) and the catalytic domain (e.g. H1047R)
(4,6).

The high prevalence of cancer-associated PI3K pathway alterations propelled the
development of pharmacologic PI3K pathway inhibitors. As a result, several small
molecules targeting class | PI3K isoforms are in clinical trials. BYL719 represents one such
example: this drug selectively inhibits the alpha PI3K isoform (PI3Ka)(7). Multiple clinical
trials are evaluating BYL719 for efficacy in breast cancers in combination with hormonal
therapy, cytotoxic chemotherapy or cyclin-dependent kinase inhibitors (NCT01791478,
NCT01300962, NCT01872260).

Although promising, BYL719 and other PI3K inhibitors have thus far only shown clinical
efficacy in a relatively small subset of cancer patients. Moreover, the responses observed
have generally been short-lived (8). Some of this lack of efficacy was due to toxicities of
these drugs, but intrinsic and acquired resistance to PI3K inhibitors poses a significant
clinical challenge in breast cancer and other malignancies. Recent studies have described
several possible resistance mechanisms, including CDK4/6 activation (9), MYC
amplification (10), enhanced estrogen receptor function (11), loss of PTEN(12), activation of
PI3K p110p(13), and mTOR complex activation (14). In principle, systematic studies of
resistance to PI3K inhibition should improve our understanding of this drug resistance,
which in turn could enable the emergence of more effective treatment strategies for many
PIK3CA-mutant cancers.

A large-scale gain-of-function screen for resistance to PI3K inhibition

To identify a spectrum of genes whose upregulation confers resistance to PI3K inhibition,
we expressed 15,970 human open reading frames (ORFs, corresponding to 13,229 genes)
individually within breast cancer cells in the absence or presence of the PI3K inhibitor
BYL719. For this screen we used T47D cells, which derive from the luminal A breast cancer
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subtype, harbor a PIK3CAM1047R mutation, and are sensitive to BYL719. When these cells
were infected with a lentivirus containing a myristoylated form of AKT (constitutively
active, myr-AKT) (15), they developed profound resistance to BYL719 compared to
negative controls (GFP-infected cells; Fig. 1A). Therefore, lentiviral GFP and myr-AKT
were included in the screen (and thereafter) as negative and positive controls, respectively.

To carry out the primary screen, lentiviral supernatants containing individual ORFs were
robotically arrayed into 384-well plates containing T47D cells. BYL719 or vehicle control
(DMSO) was added the following day; each treatment was performed in duplicate. Cell
viability was assessed by quantification of CellTiterGlo (CTG) after three days of drug
exposure. As expected, BYL719 effectively suppressed T47D cell growth compared to
vehicle controls; moreover, the duplicates showed excellent concordance (Fig. 1B). In total,
15,179 (95.05%) of ORFs met our infection efficacy criteria of greater than 65%
(Supplementary Fig. S1A-B) and were subsequently analyzed for their effects on cell growth
in the presence of BYL719. Seventy-three ORFs (corresponding to 63 genes) produced a
robust Z-score of = 2.5 and were considered as candidate resistance genes (Fig. 1C).

To validate these genes, we generated a customized library consisting of candidate ORFs
together with a series of positive and negative controls. T47D cells were infected with this
library and cell growth was assessed at 10 different concentrations of BYL719
(0.003-32uM), including the 1.5uM condition used in the primary screen. At 1.5uM of
BYL719, 60 of the 63 genes (95%) were confirmed to augment cell growth relative to
controls. Next, the area under the curve (AUC) was calculated for each candidate gene using
the full 10-point growth response curve data. Forty-five ORFs (corresponding to 43 genes)
produced AUC values that exceeded a Z-score of 1.5 compared to controls (Fig. 1D and 1E).
These were considered validated BYL719 resistance genes.

The PI3K inhibitor resistance genes encompass several known protein functional groups.
PDK1, AKTIand AKTZrepresent isoforms of the major signaling effectors downstream of
PI13K; thus, their validation as resistance genes /n vitro supports the biological relevance of
the screening results. Additionally, BYL719 resistance genes also exert known roles in
signaling, including growth factors (FGF3and FGF10), G-protein coupled receptors
(GPR161), GTPases/GEFs (TBC1D3G), tyrosine kinases (SRC), serine-threonine kinases
(PRKACA), adapter proteins (CRBJ3), transcription factors/co-factors (SMAD5and YAPFI),
and others (Fig. 1D and Supplementary Table 1). Three BYL719 resistance genes (AXL,
CRKL, and YAPI) were also identified previously as resistance genes to RAF/MEK
inhibition in BRAF~mutant melanoma and ALK inhibition in ALK-rearranged lung
cancer(16,17). These genes may therefore induce cell state changes that confer resistance to
multiple targeted agents.

Interestingly, several PI3K resistance genes have an established association with obesity,
suggesting mechanistic links between breast cancer and aberrant cell metabolism
(Supplementary Table 1). For example, DYRKI1B is a gene for which germ-line activating
mutations (at codon R102C) predispose patients to early-onset diabetes and obesity, likely
through enhanced adipogenesis (18). Similarly, NUDT3 has also been implicated in multiple
genome-wide association studies (GWAS) to be an obesity-linked gene (19,20). It is possible
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that overexpression of those genes may alter the metabolic profile to render cells less
sensitive to PI3K signaling. The recognition that these metabolic genes may impinge on
oncogenic signaling cascades may offer new avenues to explore epidemiologic observations
that obesity is a risk factor for breast cancer (21).

We next sought to determine whether any validated PI3K resistance genes might undergo
dysregulation in human breast cancer. To assess this, we leveraged the TCGA breast cancer
database (6) for which genomic and transcriptome data (RNA-seq) are available (22). TCGA
copy-number analysis revealed that 7 resistance genes from our in vitro screens (FGF3,
GPR161, TBC1D3G, CDK5R1, CCND1, SRP54, and PLEKHF1) were significantly
amplified in breast cancer (GISTIC 2.0 analysis (23); Fig. 1F and Supplementary Table 2).
To explore the candidate genes further in this context, we focused on a subset of candidate
ORFs found to be amplified and/or overexpressed in human breast cancer (these are
presumably of greatest clinical relevance) and tested whether they also conferred resistance
in a second PIK3CA-mutant breast cancer cell line (MCF7, luminal A, PIK3CAE5#5K in the
presence of GDC0941 (a distinct PI3Ka/6 inhibitor). We specifically prioritized the 7 genes
with significant amplification (as assessed by GISTIC 2.0) and the 17 genes for which most
TCGA tumor samples showed mRNA overexpression (5 genes were overlapping across
these sets; Supplementary Methods). Among the set of 19 genes having amplification and/or
overexpression in human tumors, 11 conferred resistance to GDC0941 in MCF7 cells (Fig.
1F). Thus, at least some of the validated resistance genes extend to distinct cellular and
pharmacologic contexts.

PIM kinases confer resistance to PI3K inhibition in breast cancer cells

Two isoforms of the Proviral Insertion site in Murine leukemia virus (PIM) protein kinase
family (PIM1 and PIM3) conferred robust growth in the presence of BYL719. PIM kinases
are highly conserved serine/threonine kinases that have been shown to be overexpressed in
hematological malignancies and prostate cancers (24). Small-molecule PIM kinase
inhibitors have entered clinical developments hematological malignancies (25,26); however,
their role in breast cancer remains poorly understood. PIM kinases have been implicated in
the regulation of apoptosis, metabolism, and the cell cycle (24,26). Several of these
functions overlap with those of PI3K/AKT signaling. Because of the strong PIM kinase
resistance phenotype and the availability of pharmacological inhibitors in clinical trials, we
sought to determine whether PIM kinases might mediate a generalizable and clinically
tractable PI3K inhibitor resistance mechanism.

To test this possibility, we first examined whether the PIM kinase resistance phenotype
might be generalizable to other breast cancer cell lines and PI3K pathway inhibitors. Here,
we overexpressed PIM1 in breast cancer cell lines representative of various molecular
subtypes (luminal A and B, HER2-enriched, and basal-like) and generated BYL719
response curves. These cell lines also harbored a range of PIK3CA and PTEN genetic
alterations. PIM1 overexpression conferred resistance across multiple contexts, including
luminal A (MCF7 and EFM19), luminal B (BT474), and HER2-amplified (HCC202,
MDAMB453) subtypes (Fig. 2A, Supplementary Fig. S2A-C and Supplementary Table 3
and 4). HCC1419 is a luminal B cell line that lacks P/K3CA mutations; therefore, in these
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cells PIM1 increased the Glsg to a lesser extent than in cell lines with P/IK3CA mutation
(Supplementary Fig. S2D). Two cell lines with PTEN loss of function: HCC1937 (basal-like
subtype with homozygous PTEN deletion) and MDAMB415 (luminal subtype with
PTENCI38Y mutation and diminished PTEN expression) were resistant to BYL719 at
baseline (Glgg >10uM, Supplementary Fig. S2E), consistent with prior reports that breast
cancer cells lacking PTEN are insensitive to PI3K pathway inhibition(12,27). Taken
together, these observations suggest that PIM1-mediated resistance may be generalizable
across various breast cancer contexts.

We also examined pharmacologic inhibitors of various PI3K pathway components
(Supplementary Material and References), including additional PI3K inhibitors (GDC0941
and BKM120), two PI3K/mTOR dual inhibitors (GDCO0032 and P1-103), two PDK1
inhibitors (BX795 and BX912), two AKT inhibitors (MK2206 and GDC0068), two mTOR
allosteric inhibitors (Sirolimus and Everolimus) and two mTOR catalytic inhibitors (PP242
and WYE). PIM1 conferred resistance to all of these inhibitors (Fig. 2B and Supplementary
Fig. S3A-F) with the exception of the PDK1 inhibitor BX912 and the PI3K/mTOR inhibitor
P1-103. Of note, BX912 demonstrated poor efficacy in T47D cells at baseline
(Glgp>200uM). Thus, PIM1 overexpression confers resistance to PI3K pathway inhibition
across multiple pharmacologic contexts.

Although PIM2was not identified as a resistance gene in the primary screen, we reasoned
that the resistance phenotype should also extend to this isoform. To assess this, we
overexpressed each PIM kinase isoform (PIM1, PIM2, and PIM3) in T47D cells and
cultured the resulting populations in the absence or presence of BYL719. Here, we
examined the resistance phenotype using both short-term (3 days) cell growth inhibition
assays and longer-term (3 weeks) colony formation assays. The effects of PIM2 and PIM3
on BYL719 pharmacologic Glgg values were more modest than that of PIM1 in these short-
term assays (PIM1 increased the Glgg value by 4.71-fold, PIM2 by 2.45-fold, PIM3 by 1.30-
fold, respectively; Fig. 2C and Supplementary Table 4). However, all three kinases conferred
a robust BYL719 resistance effect in colony-formation assays (Fig. 2D). Thus,
overexpression of each PIM kinase isoform was capable in principle of producing resistance
to PI3K inhibition.

PIM1 activates PI3K downstream effectors in an AKT-independent manner

Many targeted therapy resistance mechanisms engender re-activation of the downstream
signaling pathway governed by the target oncoprotein (28); however, pathway-independent
resistance mechanisms have also been described (29). To ascertain if PIM-mediated
resistance requires AKT activation, we determined its effect on PI3K pathway activity by
measuring AKT phosphorylation following PIM1 overexpression in the absence or presence
of PI3K inhibitors. In T47D cells, PIM1 overexpression had only minimal effects on
AKT(S473) phosphorylation compared to controls (Fig. 3A). Moreover, AKT(S473)
phosphorylation remained suppressed in both control (GFP) and PIM1 expressing cells in
the presence of PI3K inhibitor treatments (Fig. 3A). These data suggest that PIM-mediated
resistance to PI3K inhibitors does not require AKT activation.
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Since the consensus PIM phosphorylation motif (L/IKRRXS*/T*) (30) is similar to that of
AKT (RXRXXS*/T*), PIM1 and AKT share common phosphorylation targets, including
the proline-rich Akt substrate of 40 kDa PRAS40(T246), Bcl2-associated death promoter
BAD(S112), P21CIPWAFL (T145) and p27KiP1(T157, Supplementary Table 5) (31-34). We
therefore hypothesized that PIM1 might mediate resistance to PI3K inhibition by activating
downstream effectors common to both PIM and AKT kinases. To test this, we first examined
the effect of PIM1 overexpression on phosphorylation levels of two targets shared by PIM1
and AKT: PRAS40(T246) and BAD(S112). In control (GFP) T47D cells, PRAS40(T246)
phosphorylation was readily detected and only minimally affected by PIM1 or myr-AKT
overexpression (Fig.3B lane 7,13 vs.1). In the presence of BYL719; however,
PRAS40(T246) phosphorylation was suppressed in control (GFP) cells but maintained at
high levels in PIM1- and myr-AKT-overexpressing cells (Fig 3B lanes 2,3 vs. 8,9 and
14,15). BAD(S112) phosphorylation, which was relatively low in GFP control cells, was
robustly augmented by both PIM1 and myr-AKT overexpression. As seen with
PRAS40(T246), the elevated BAD(S112) phosphorylation observed in this setting was not
suppressed by BYL719 (Fig. 3B, lanes 2,3 vs. 8,9 and 14,15). These results supported the
notion that PIM1 overexpression might exert resistance to PI3K inhibition in part by
activating downstream effectors that are normally regulated by AKT.

Phosphorylation of PRAS40(T246) results in its dissociation from mTOR complex 1
(mTORCI), thereby relieving an inhibitory constraint on mTOR activity. In turn, this
promotes mTOR-dependent translation initiation and protein synthesis. Given that PIM1
overexpression produces sustained PRAS40(T246) phosphorylation in the setting of PI3K
inhibition, we reasoned that PIM1 might maintain mTOR activation and drive continued
protein translation in the presence of PI3K inhibition. To test this, we measured the
phosphorylation levels of several mTOR pathway components in control (GFP), PIM1 and
myr-AKT overexpressing cells. In the absence or presence of PI3K inhibition,
phosphorylation levels of p70S6K1(T389) and 4EBP(T37/46), two direct mTOR targets,
were unaffected by BYL719, indicating that mTOR activity was maintained in the setting of
PIM1 overexpression despite PI3K inhibition (Fig. 3B, lane 8,9 vs. 2,3). Phosphorylation of
RPS6(S235/236), which correlates with the output of translation initiation, showed similar
effects (Fig. 3B, lane 8,9). Taken together, these results support a mechanism in which PIM1
overexpression bypasses AKT but phosphorylates PRAS40 and other downstream effectors.
This leads to mTOR-dependent protein translation in the presence of PI3K inhibition.

Having established that PIM1 overexpression maintains effector activities downstream of
PI13K, we next sought to determine whether pharmacological inhibition of PIM1 could
reverse this signaling activation. For this, we obtained two small-molecule PIM inhibitors
(LGH447 and AZD1208) currently in clinical trials for certain hematological malignancies
(35,36). Single-agent PIM inhibition had only a minimal growth inhibitory effect in either
control T47D (GFP) cells or T47D cells with PIM1 overexpression (Supplementary Fig.
S4A-B). We measured the effects of LGH447 on PIM1-mediated PRAS40(T246) and
BAD(S112) phosphorylation in the presence of BYL719. In T47D cells, single-agent
inhibition with either BYL719 (from 0.3-1pyM, Fig. 3B lanes 8,9) or LGH447 (1uM, lane
10), failed to suppress PIM1-driven PRAS40(T246) and BAD(S112) phosphorylation;
however, concurrent PIM/P13K inhibition achieved robust suppression of those effectors
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(Fig. 3B, lane 12). In contrast, single-agent BYL719 (from 0.3-1uM) suppressed both
PRAS40(T246) and BAD(S112) phosphorylation in control (GFP) cells (Fig. 3B lanes 2,3).
Moreover, dual PIM/P13K inhibition effectively suppressed p70 S6K1(T389), 4EBP(T37/46)
and RPS6(S235/236) phosphorylation, indicating a reduction in mTOR signaling output
(Fig. 3B, lane 10). We note that even combined PIM/PI3K inhibition did not reverse myr-
AKT-mediated PRAS40(T246) and BAD(S112) phosphorylation (Fig. 3B, lanes 17,18) —
this is not surprising given the known supra-physiological effect of AKT myristoylation on
downstream signaling. Taken together, these data provided further support to the notion that
PIM1 overexpression maintains the activity of key downstream effectors that are typically
enacted by AKT kinases, but suppressed by PI3K inhibition.

PIM kinases are perhaps best known for their cell cycle regulatory roles (24,26). In this
regard, the cell cycle regulators p21CIPWAFL and p27Kipl comprise two additional
phosphorylation targets common to both PIM1 and AKT kinases (Supplementary Table 5).
Thus, in addition to the effects of PIM kinases on protein translation, we also sought to
determine if cell cycle regulation might also play a role in PIM-mediated resistance to PI3K
inhibition. To assess this, we performed cell cycle analysis on control (GFP) or PIM1
overexpressing cells in the presence or absence of PI3K or PIM inhibitors. In control (GFP)
cells, treatment with BYL719 significantly decreased the percentage of cells in S phase (2.9
+ 0.1% with BYL719 versus 28.1 + 0.32% with DMSO, p < 0.01) as expected (Fig. 3C).
PIM1 overexpression by itself produced a small increase in S phase cells compared to GFP
controls (31.6 £ 1.2% in PIM1 versus 28.1% + 0.32 in GFP expressing cells; Fig. 3C,
DMSO treated group). In the presence of BYL719, PIM1 overexpression maintained a
higher percentage of cells in S phase (17.2 + 1.1% in PIM1 versus 2.9 £+ 0.1% in GFP
expressing cells, p< 0.01, Fig 3C, BYL719 treated group). When LGH447 was combined
with BYL719 in PIM1 expressing cells, the percentage of cells in S phase was again
suppressed (9.2 = 0.9% compared to 17.2 + 1.1% in BYL719 treatment alone (p< 0.01) and
22.3 £ 0.3 % in LGH447 treatment alone (p<0.01), Fig. 3C and Supplementary Fig. S5).
These data indicate that PIM1 overexpression abrogates the cell cycle inhibitory effects of
BYL719 and raise the possibility that the PIM kinase effect on cell cycle may also contribute
to the resistance phenotype.

In prostate cancer cells, inhibition of AKT has been shown to induce PIM1 upregulation
(37). We therefore hypothesized that PIM kinases might also become upregulated after PI3K
inhibition in breast cancer cells, and that this in turn might promote resistance to PI3K
inhibition. To test this hypothesis, we utilized T47D cells that had been cultured to resistance
through prolonged exposure to BYL719. Here, T47D cells were grown in increasing
concentrations of BYL719 until the proliferation rate of the resulting population in the
presence of BYL719 (1uM) was comparable to that of parental T47D cells (14).
Immunoblotting studies were performed on both parental (T47D) and resistant (T47DR)
cells after treatment with BYL719 (1uM) for 0, 4 and 24 hours (Fig 3D). Phosphorylation of
AKT(S473) was effectively inhibited in both parental and resistant (T47DR) cells (Fig. 3D),
suggesting an AKT-independent resistance mechanism. Notably, the levels of PIM1, PIM2,
and PIM3 proteins were elevated in T47DR cells compared to parental (drug-sensitive)
T47D cells. Moreover, phosphorylation levels of downstream effectors including
PRAS40(T246), RPS6(S240/4244), and BAD(S112) were maintained in the T47DR cells,
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suggesting that mTOR-dependent protein translation and BAD associated anti-apoptosis
were maintained in those cells. This data suggests that PIM kinases can be induced
following prolonged /n vitro exposure to BYL719, thereby providing an independent line of
evidence that these kinases may mediate resistance to PI3K inhibition.

PIM inhibition enhances sensitivity to BYL719 in PIK3CA-mutant cancer cells with elevated
PIM1 expression

Given that ectopic expression of PIM1 confers resistance to PI3K inhibition, we
hypothesized that endogenous PIM1 might be associated with intrinsic resistance to PI3K
inhibition. To investigate this possibility, we first looked for a correlation between PIM1
expression and BYL719 sensitivity in PIK3CA-mutant breast cancer cell lines. For this
analysis, we queried the Cancer Cell Line Encyclopedia (38) and identified 15 P/IK3CA-
mutant breast cancer cell lines. In a prior study, Glsg values for BYL719 were determined
for 13 of these 15 lines (14). We binned these cell lines into “sensitive (9 lines) and
“resistant” (4 lines) categories using a BYL719 Glsgq threshold of 1uM. Indeed, the four
resistant cell lines showed elevated PIM1 expression compared to the sensitive group (mean
PIM1 log2 mRNA expression level = 7.51 +/- 0.29 in the resistant cell lines versus 5.82 +/
- 0.55 in the sensitive cell lines, p=0.00015). Thus, PIM1 expression was inversely
associated with BYL719 sensitivity in this dataset (Fig. 4A). The PIM2 and PIM3 mRNA
expression levels did not show statistical association with BYL719 sensitivity
(Supplementary Table 6).

If high endogenous PIM1 confers biologically meaningful resistance to BYL719 in cancer
cell lines, small-molecule PIM inhibitors should (at least partially) reverse the resistance
phenotype. To address this possibility, we first sought to confirm that pharmacologic PIM
inhibition could reverse the resistance effects of PIM1 overexpression in breast cancer cells.
We generated dose response curves for BYL719 in the absence and presence of PIM
inhibitors (LGH447 or AZD1208). PIM inhibitors restored BYL719 sensitivity in PIM1
overexpressing cells, whereas they had little effect in GFP control cells (Fig. 4B and
Supplementary Fig. S6A-B). We also performed colony-formation assays to validate this
effect. Here, combined BYL719/AZD1208 and BYL719/ LGH447 exposure strongly
suppressed cell growth in these assays when compared to single agents or vehicle controls.
In contrast, concurrent treatment of BYL719with a MEK inhibitor (trametinib) had no effect
on the PIM1 mediated resistance to BYL719, suggesting that the reversal of BYL719
resistance is specific to PIM inhibition (Fig. 4C). Thus, PIM inhibitors effectively reverse
the PIM1-dependent resistance phenotype in cells with exogenous PIM1 overexpression, as
expected.

Next, we tested whether PIM inhibitors could sensitize PIK3CA-mutant breast cancer cells
with high endogenous PIM1 expression to PI3K inhibitors. We generated BYL719 dose
response curves in the presence or absence of the PIM inhibitor LGH447 using
representative cell lines with high (CAL51, HCC1954,JIMT-1, BT20) or low PIMI
expression (T47D and EFM19), respectively. LGH447 (1uM) significantly decreased the
BYL719 Glsg in 3 out of4 cell lines with high endogenous P/M1 expression: CAL51 (by
2.5-fold), JIMT1 (by 4-fold) and HCC1954 (by 2.5-fold); but not BT20 cells (Fig. 4D and

Cancer Discov. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leetal.

Page 9

Supplementary Table 7). LGH447 did not significantly alter BYL719 sensitivity in the
control cell lines with low endogenous P/M1 expression (T47D and EFM19; Fig 4D and
Supplementary Table 7). We confirmed these observations using colony-formation assays in
CALS51 and JIMT1 cells (Fig. 4E). Together, these data support the notion that high PIM1
expression may reduce the intrinsic sensitivity of P/IK3CA-mutant cancer cells to PI3K
inhibition, but this effect can often be mitigated /n vitro through combined PIM/PI3K
inhibition.

We also asked whether the mechanism of reduced sensitivity to PI3K inhibition observed in
PIK3CA-mutant cells with high endogenous PIM1 might also occur through a convergence
of PIM signaling onto downstream effectors common to PI3K/AKT activation. This was
assessed using immunablotting studies of salient downstream effectors. In CAL51, JIMT1
and HCC1954 cells, single-agent BYL719 suppressed AKT(S473) phosphorylation
effectively at 1uM; however, phosphorylation of PRAS40(T246), RPS6(S235/236) and
BAD(S112) remained robust. However, combined PIM/PI3K inhibition effectively
suppressed PRAS40(T246), RPS6(S235/236) and BAD(S112) phosphorylation in these cells
(Fig 4F). In contrast, phosphorylation of PRAS40(T246), RPS6(S235/236) and BAD(S112)
were sufficiently suppressed by BYL719 alone in (drug-sensitive) T47D cells. Taken
together, these results suggest that high endogenous PIM1 reduces sensitivity to PI3K
inhibition in at least some breast cancer cell lines through sustained activation of
downstream PI3K/AKT effectors.

PI3K resistance genes are uprequlated in breast tumor biopsies after BYL719 treatment

To determine if any resistance genes identified by our systematic functional approach might
promote clinical resistance to PI3K inhibition, we obtained breast tumor tissue biopsies from
a small collection of patients treated with BYL719 as part of a clinical trial. Patients in this
trial had advanced estrogen-receptor positive, HER2 negative (ER+/HER2-) breast cancers
and received prior hormonal therapy. Each patient underwent a biopsy before initiation of
BYL719 together with either letrozole or exemestane (treatment-naive biopsy, TN). Some
patients also received additional post-relapse biopsies as they were going off study-usually
because of either progressive disease (PD) ortoxicity (TX). RNA was prepared from
formalin-fixed paraffin-embedded (FFPE) tissue samples, and RNA-sequencing (RNA-seq)
was performed. In total, we obtained evaluable RNA-seq data in paired biopsies from six
patients (Table 1). However, in Pt 6 the second biopsy was taken only 14 days after initiation
of BYL719; and in Pt 3 the second biopsy was taken after the patient developed intolerable
toxicity and went off study (Table 1). Thus, for this analysis of resistance gene effects we
used paired treatment-naive and post-relapse RNA-seq data from four patients (Pt 1, 2, 4, 5).

First, we asked whether any validated PI3K resistance genes we identified showed
upregulation in a post-relapse sample compared to its treatment-naive counterpart. In five
patients with paired biopsies, a subset of PI3K resistance genes from this study showed
increased expression in the second biopsy specimen (four of these were post-relapse cases,
as noted above; Fig 5A). The panel of validated resistance genes from our functional screens
tended to be overexpressed in the drug-resistant breast tumor samples (p-value=0.01). The
expression differences in these genes observed between treatment-naive and drug-resistant
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tumors failed to reach statistical significance due to the small sample set. In particular,
AKT2, CRKL, and PIM1 upregulation were each observed in two patients (AKT2: Ptl and
Pt 2, CRKL: Pt 2 and Pt 3, and PIM1: Pt 3 and Pt 4; Fig 5A). AKT1 was also upregulated in
Pt 2 (Fig. 5A). In Pt 6, the second biopsy was a short interval biopsy, as described above. In
this case, candidate gene transcripts from the pre- and on-treatment biopsies did not show
discernible changes, as expected given that the tumor had not progressed to drug resistance.
Though preliminary, these observations were consistent with the premise that a subset of
resistance genes identified through our functional screens /n vitro might contribute to
understanding clinical resistance to PI3K inhibition in breast cancer.

We next investigated whether PIM activation or upregulation might be associated with
clinical resistance in some cases. To facilitate this, we generated aPIM expression signature
in T47D cells by comparing RNA-seg-based expression profiles of cells with PIM1
overexpression to control (GFP-expressing) cells and uninfected parental cells. The top 37
differentially upregulated genes together with PIM1, 2, 3, and the top 47 differentially
downregulated genes (FDR<10%) were defined as a PIM activation signature
(Supplementary Fig. S7). Using this signature, we applied single-sample gene set
enrichment analysis (SSGSEA) (17) to generate an enrichment score in each post-relapse
sample relative to its treatment-naive pair. Among the four biopsy pairs thatwere
informative, the PIM signatures was upregulated in two pairs (Pt 4 and Pt 5, solid lines, red
and dark red, Fig. 5B) when compared to the remaining pair-wise comparisons (t-test
p=0.02). Both PIM1 and PIM3 transcripts were themselves upregulated in Pt 4, in addition
to the PIM activation signature. PIM3 appeared modestly upregulated in the Pt 5 post-
relapse sample, although the abundance of PIM3 was low in both biopsies (Fig. 5A and
Supplementary Table 8 and Supplementary Methods). Interestingly, the other two
informative tumor sample pairs (Pt 1 and Pt 2, solid line, blue and light blue, Fig. 5B)
showed AKT2 upregulation by RNA-seq in the post-relapse setting compared to treatment-
naive biopsies, as noted above. Although the sample size is small, this observation raised the
possibility that AKT upregulation might also contribute to resistance (as might be expected
given its known signaling function downstream of PI3K). Overall, these observations
provide initial support for the notion that PIM upregulation might be associated with clinical
resistance to BYL719 in a subset of patients. Other mechanisms of resistance--for example,
AKT upregulation--might also contribute to tumor progression in this treatment context.

PIM family genes are amplified or overexpressed in treatment-naive human breast tumors

Since PIM and AKT can signal to common downstream effectors (as shown above), we
hypothesized that activation of these kinases might generally exhibit a mutually exclusive
pattern in human breast cancer. Initial support for this notion was discernible in the paired
treatment-naive and post-relapse biopsies from the BYL719 clinical trial, where the two
cases with PIM activation were distinct from those with AKT mRNA upregulation (Fig.
5A). To investigate this possibility in a larger tumor cohort, we assessed the prevalence of
PIM kinase dysregulation in human breast cancers and compared this to somatic genetic
activation of the P13 kinase pathway using the TCGA breast invasive carcinoma database
(provisional; (6)). In this dataset, both genomic and transcriptome data (RNA-seq) are
available for analysis. Among 960 treatment-naive tumors, 74 (7.7%) cases showed either
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PIM1 copy-number gain/amplification or mRNA overexpression (Supplementary Table 9).
PIM1, PIMZ, or PIM3are altered in 135 of the 960 cases (14%) in this cohort. Among these
135 cases, 125 showed copy-number gain/-amplification or mRNA overexpression of at least
one PIM gene. We noted that PIM1and PIMZ alterations tended to co-occur (p=0.001, log
odd ratio=1.335), as did A/M1 and PIM3alterations (p=0.014, log odd ratio=1.164,
Supplementary Fig. S8A). Interestingly, A/IM1 amplification/mRNA overexpression
exhibited a pattern that mutual exclusive with PIK3CA alterations (mutations, amplification
or mRNA overexpression; p<0.001,log odd ratio= —0.904, Fig. 5C and Supplementary Fig.
S8B).

To investigate this further, we grouped all cases bearing PIM family gene alterations into a
single “PIM dysregulated group” (135 cases) and those with P/IK3CA and/or PTEN
alterations into a “PI3K pathway dysregulatd group” (465 cases). We observed a statistically
significant mutual exclusivity (p=0.0015, log odd ratio =—0.6165) between those two groups
in this cohort (Supplementary Fig. S8A and S8C). These data are consistent with the
hypothesis that dysregulated PIM kinases exert cellular functions that show at least partial
functional redundancy with oncogenic PI3K pathway alterations. In some cases, this
functional redundancy may conceivably become exploited as a resistance mechanism to
PI3K inhibition.

Discussion

PIK3CA is the most commonly mutated oncogene in breast cancer (6) and frequently
sustains activating mutations in several other tumor types. Therefore, small-molecule PI3K
inhibitors are currently being evaluated in multiple clinical trials—often in combination with
other anticancer drugs. However, intrinsic and acquired resistance to PI3K inhibitors has
limited their clinical benefit. Understanding the mechanisms by which cancer cells evade
PI3K inhibition may speed the development of new therapeutic strategies in P/IK3CA-mutant
breast cancer and other PI3K-dependent tumors.

In the past, our group has successfully utilized systematic functional approaches to identify a
range of resistance mechanisms to targeted therapies (16,17). Here, we applied a similar
gain-of-function approach to characterize resistance to PI3K inhibition in breast cancer. Our
screen identified both known and novel resistance genes to PI3K inhibition. PDK1 and AKT
represent clear examples of known pathway-dependent resistance mechanisms. The AXL
receptor tyrosine kinase offers another example: this kinase has been reported to mediate
resistance to PI3K inhibition in P/IK3CA-mutant head and neck squamous cell carcinomas
(39). These findings affirm the ability of large-scale functional screens to reveal biologically
and clinically relevant drug resistance mechanisms.

Our approach also uncovered genes that have not been directly associated with resistance to
PI13K targeted therapies. One example is SRC, a non-receptor tyrosine kinase and “classic”
viral oncogene (40). Because SRC has been shown to constitutively activate PI3SK/AKT
signaling (41), it is likely that overexpression of SRC may also confer resistance to PI3K
inhibition in a PI3K/AKT pathway-dependent fashion; however, this remains to be
confirmed experimentally. Another group of intriguing resistance genes are the metabolic
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genes, for example, DYRK1B and NUDT3. Gain-of-function mutation in DYRK1B resulted
in an inherited form of the metabolic syndrome in patients (18). NUDT3 is particularly
associated with obesity in females (19,20). However, specific mechanisms through which
alteration of metabolic profiles might confer resistance to PI3K inhibition in cancer remain
uncharacterized. These and other PI3K resistance genes validated 7 vitro may also provide
new insights into links between adipogenesis and glucose homeostasis that impinge on PI3K
signaling.

The discovery that PIM kinases confer robust resistance to PI3K inhibition in vitrois of
interest given that PIM kinase inhibitors are in clinical development for other malignancies.
Although the PIM kinase family members share high protein homology and functional
redundancy, they have divergent tissue distributions. PIM1 is highly expressed in
hematopoietic cells, as well as breast and cervical epithelia. In contrast, PIM2 is mainly
expressed in the spleen and lymphoid cells, and PIM3 is expressed in the kidney, breast, and
brain tissue (24). PIM kinases become overexpressed in a wide variety of human tumors of
both hematological and epithelial origin (26). PIM kinases exert multiple cellular functions
through phosphorylation-dependent regulation of many substrate proteins. Well-known
functions of PIM kinases include regulation of cell cycle progression through the cell cycle
inhibitors p21 and p27, apoptosis through BAD and MDM2, and translation through
PRAS40. Given the similarity of the consensus phosphorylation motifs between PIM1 and
AKT, it is not surprising that both kinase families may exert partially overlapping oncogenic
signaling effects in different cell contexts (42—44). Indeed, our results indicate that
phosphorylation levels of several substrate proteins common to both AKT and PIM kinases
(e.g., PRAS40 and BAD) are maintained by PIM overexpression in a manner refractory to
PI3K inhibition. These findings suggest that PIM signaling confers resistance to PI3K
inhibition in part through bypass of AKT itself but convergence onto downstream AKT
effector mechanisms.

Additional evidence that PIM and AKT may share functional redundancy in cancer emerged
from our analysis of the TCGA breast cancer database. This analysis revealed a statistical
mutual exclusivity of PIMI1 amplification/overexpression and PIK3CA mutation in human
breast cancers, thereby providing genetic evidence that these signaling pathways may
converge onto common biological outputs. Therefore, the PIM1 resistance mechanism
characterized here may represents a pathway bypass-based cancer drug resistance
mechanism that bears similarity to MET amplification in resistance to EGFR therapy in lung
cancer (29) and COT expression in resistance to RAF inhibition in melanoma (45).

Unlike many other protein kinases, PIM kinases are constitutively active and are not thought
to be regulated by phosphorylation. In the hematopoietic compartment, they are controlled at
the transcriptional level by the JAK/STAT pathway (46). In MCF7 breast cancer cells,
several ER-binding regions (ERBs) were found as enhancers of P/M1 expression. Moreover,
PIM1 was shown to be an estrogen receptor target (47). Here, we demonstrated that breast
cancer cells cultured to PI3K inhibitor resistance also exhibited induction of PIM signaling
and an AKT-independent resistance mechanism. Toward this end, prior work has also raised
the possibility that other effectors might also produce AKT-independent signals downstream
of PI3K. For example, serum and glucocorticoid-induced kinase 3 (SGK3) may exert such a
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role in PIK3CA-mutant cells that are less reliant on AKT for survival (48). Although the
molecular details of how PI3K/AKT inhibition may induce PIM1 expression remain
incompletely characterized, PI3K inhibition is known to induce ER signaling (11). Thus, it is
conceivable that upregulation of estrogen-induced kinases (which include both PIM1 and
SGK3) (48,49) provides a common mechanism for breast cancer cells to reduce their
dependency on PI3K/AKT signaling.

In breast cancer, PIK3CA has the highest mutational rate in the luminal and HER2-amplified
subtypes. Most clinical trials of PI3K inhibitors were therefore designed to target these
subtypes, often in combination with anti-estrogen or anti-HER2 therapies. We showed that
PIM1 overexpression confers resistance to a variety of breast cancer cell lines with different
PIK3CA mutations and different intrinsic subtypes (Fig 2A and Supplementary Fig S2). We
also found that PIM1 overexpression occurs across multiple genetic/molecular subtypes in
human breast tumors (Supplementary Table 7). Previous reports that PIM1 and PIM2 were
identified as resistance drivers to anti-HER?2 treatment in breast cancer cells (50) provide
additional evidence that PIM kinases may function as resistance drivers when a HER2-PI3K
oncogenic signaling module is operant. Taken together, our findings suggest that PIM
kinase-mediated resistance to PI3K inhibition may conceivably attenuate multiple
therapeutic contexts in breast cancer.

The ultimate validation for any cancer drug resistance mechanism involves confirmation of
its role in the clinical setting. Such studies typically require paired treatment-naive and drug-
resistant tumor samples from the same patient. Accordingly, our study also included an
analysis of biopsies obtained from breast cancer patients enrolled in a BYL719 clinical trial.
Here, it should be noted that large numbers of patient-derived pre-treatment and post-relapse
biopsy pairs are often unavailable prior to FDA approval of the drug in question. The results
gleaned using RNA-seq data obtained from a small number of paired breast cancer biopsies
from patients treated with BYL719 in combination with hormonal therapy must therefore be
considered preliminary. Nonetheless, these cases offer some support to the notion that PIM
upregulation may promote acquired resistance to PI3K inhibition in the clinic. Specifically, 2
out of 4 patients who developed resistance to BYL719 showed PIM transcript upregulation
and/or PIM signature enrichment in their drug-resistant biopsy. Moreover, the two drug-
resistant tumors that did not have PIM upregulation harbored elevated expression of one or
more AKT isoforms, again supporting the notion of functional redundancy between these
effects during clinical resistance to PI3K inhibition.

The transcriptome analysis of this tumor biopsy cohort is also consistent with the notion that
resistance to PI3K inhibition may be heterogeneous, with multiple mechanisms conceivably
operant with in the same tumor locus. In all post-resistant cases analyzed, multiple validated
resistance genes showed measurable upregulation after BYL719treatment. Such
heterogeneity may pose a significant challenge when considering the design of therapeutic
combinations capable of overcoming cancer drug resistance. Future studies of larger drug-
resistant cohorts are needed to better delineate the spectrum of clinically relevant PI3K
resistance mechanisms and guide rational design of parsimonious therapeutic combinations
that achieve more lasting disease control.
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In summary, the integration of systematic experimental studies with mechanistic and clinical
analyses has defined a diverse molecular landscape of resistance to PI3K inhibition in breast
cancer cells. In particular, PIM kinases upregulation may comprise one clinically relevant
resistance mechanism that is therapeutically actionable in the near term. More generally, our
results suggest that the use of large-scale functional and clinical datasets paired with detailed
knowledge of tumor biology may enable the discovery of new therapeutic avenues that help
circumvent the challenge of drug resistance in many cancer types.

Cell lines and chemical reagents

T47D, MCFT7 cells were purchased from American Type Culture Collection (ATCC) in 2012
- 2015. They were authenticated using STR testing and tested negative for Mycoplasma
contamination. EFM19, BT474, MDAMBA453, HCC202, MDAMB361, HCC1419,
MDAMB415, HCC1937, CAL51, BT20, HCC1954, and JIMT1 cells were purchased from
Cancer Cell Line Encyclopedia (CCLE) at the Broad Institute in 2015-2016, and were
authenticated using SpectroCHIPII-G384 by Sequenom's MassARRAY Analyzer Compact.
All the cells were maintained in RPMI-1640 with 10% fetal bovine serum. BYL719,
GDC0941, BKM120, AZD1208, GDC0032, PI-103, BX795, BX912, MK2204, GDC0068,
sirolimus, everolimus, PP242 and WYE were purchased from Selleck Chemicals
(Supplementary Material and Methods). Blasticidine was purchased from Life Technologies.
LGH447 was obtained from Novartis.

Open-reading frame (ORF) lentiviral expression screen

The CCSB-Broad lentiviral expression library was described previously. T47D cells were
seeded into 384-well plates at 700 cells perwell. Twenty-four hours after seeding, the ORF
lentivirus with polybrene (4ug/ml) was added to each well individually for infection and
followed by a spin at 2,250 rpm for 30 minutes at 37°C. Cells were infected with each ORF
in five replicates. On the next day, media with lentivirus was removed and changed to fresh
media. Subsequently, BYL719 or DMSO was added at 1.5uM final concentration for
treatment in duplicates. Blasticidin (40ug/ml) was added for selection to the fifth replicate
plate. All the treated plates were incubated at 37°C for 72 hours. The cell viability was
assessed by robotic quantification of CellTiterGlo assay (Promega). The entire screen was
performed in six batches. Cell seeding, lentiviral infection, media change, chemical addition
were performed by robots.

Western immunoblotting

Anti-phospho-AKT (S473), anti-total AKT, anti-phospho-PRAS40 (T246), anti-phospho-
S6K1 (T389), anti-4EBP (T37/46), anti-phospho-S6 ribosomal protein (S235/236 or
S240/244), and anti-phospho-BAD (S112) were purchased from Cell Signaling. Anti-
vinculin antibody was purchased from EMD Millipore. The use of secondary antibodies,
dilution of primary antibodies and blocking were performed according to the manufacturer’s
recommendations. Cell lysates were prepared using RIPA buffer (Sigma) with proteinase
inhibitor (Roche) and phosphatase inhibitor (Roche). Lysate with SDS sample buffer were
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subjected to SDS-PAGE (Novex) followed by blotting onto nitrocellulose membrane.
SuperSignal west chemiluminescent detection reagents were used (ThermoFisher Scientific).

RNA-sequencing in tumor samples

Patient tumor samples were obtained under a protocol approved by the Memorial Sloan
Kettering Cancer Center (MSKCC) Institutional Review Board (IRB), and all participating
patients provided written informed consent. The studies were conducted in accordance with
the Declaration of Helsinki. Total RNA was extracted from formalin-fixed, paraffin-
embedded (FFPE) tumor specimens using AllPrep DNA/RNA Kit (QIAGEN) according to
the manufacturer’s instructions. Total RNA was assessed for quality using the Caliper
LabChip GX2. The percentage of fragments with a size greater than 200nt (DVV200) was
calculated using software. An aliquot of 200ng of RNA was used as the input for first strand
cDNA synthesis using llumina’s TruSeq RNA Access Library Prep Kit. Synthesis of the
second strand of cDNA was followed by indexed adapter ligation. Subsequent PCR
amplification enriched for adapted fragments. The amplified libraries were quantified using
an automated PicoGreen assay. 200ng of each cDNA library, not including controls, were
combined into 4-plex pools. Capture probes that target the exome were added, and
hybridized for recommended time. Following hybridization, streptavidin magnetic beads
were used to capture the library-bound probes from the previous step. Two wash steps
effectively remove any non-specifically bound products. These same hybridization, capture
and wash steps are repeated to assure high specificity. A second round of amplification
enriches the captured libraries. After enrichment the libraries were quantified with gPCR
using the KAPA Library Quantification Kit for lllumina Sequencing Platforms and then
pooled equimolarly. The entire process is in 96-well format and all pipetting is done by
eitherAgilent Bravo or Hamilton Starlet. Pooled libraries were normalized to 2nM and
denatured using 0.1 N NaOH priorto sequencing. Flowcell cluster amplification and
sequencing were performed according to the manufacturer’s protocols using HiSeq 2500.
Each run was a 76bp paired-end with an eight-base index barcode read. Data was analyzed
using the Broad Picard Pipeline, which includes de-multiplexing and data aggregation.

TCGA dataset analysis

The cBioPortal (www.chioportal.org) was utilized for analysis and visualization of invasive
breast cancer dataset. Specifically, in the query, the Breast Invasive Carcinoma (TCGA
Provisional) was selected under Cancer Study; Mutations, Putative copy-number alterations
from GISTIC and mRNA expression data (MRNA expression by RNA Seq V2 RSEM,
overexpression as measured by a z-score >2.0 compared to the expression of each gene in
tumors that are diploid for this gene by RNA-seq) were selected under Genomic Profiles;
PIM1, PIM2, PIM3, PIK3CA and PTEN were entered under Gene Set. OncoPrint figures
were downloaded for visualization in Fig 5 and Supplementary Fig S7A. The number of
cases harboring each mutation was counted manually (Supplementary Fig S7B and S7C).

Statistical analysis

In cell cycle analysis, unpaired t-test was used to compare percentage of cells in S phase
between two conditions (Fig 3C). In the analysis to detect association between endogenous
PIM expression and BYL719 resistance in various breast cancer cell lines, unpaired t-test
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was used to calculate the p value (Fig 4A). We subsequently defined PIM1 log2 mRNA
expression =7.0 as high endogenous level, and <7 as low. In the patient samples, gene
expression RPKM values for the 6 post-treatment samples were transformed to z-scores. A
gene with a z-score greater than 1 was defined as over expressed. The total number of over
expressed genes in the 6 post-treatment samples was used as the test statistic, and a
permutation test with N=100,000 permutations was applied, p = 0.01. An ssGSEA score was
calculated for each biopsy sample (see supplementary methods.) The differential sSGSEA
score between the second biopsy and treatment-naive biopsy was calculated for each patient
sample pair. Pt 4 and Pt 5 had upregulation of the sSGSEA scores and grouped together. The
rest of the four differential scores were used for comparison. Unpaired t-test was used (Fig
5B). Mutual exclusivity analysis was performed using a 2x2 contingency table. Fisher's
exact test was used for calculation of p value. Log odd ratio was calculated for tendency of
co-occurrence /mutual exclusivity (Fig 5C and supplementary Fig S6).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PIM kinases overexpression confers resistance to small-molecule PI3K inhibitors.
Combined inhibition of PIM and PI3K may therefore be warranted in a subset of breast

cancers.

Statement of significance
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Figure 1. A large-scale gain-of-function screen for resistanceto PI3K inhibition
A. T47D cells, T47D cells expressing GFP or myrAKT were treated with various doses of

BYL719 for 3 days. Cell proliferation was determined by MTS assay. Mean and SE of three
replicates are shown. B. Cell viability (expressed as absolute CellTiterGlo values) for all
assayed ORFs in the presence of BYL719 versus DMSO in duplicate. C. The screening hits
are visualized by plotting the function y = z-score, x = gene name. The representative
candidate genes are indicated. D. Heat map displaying validation results of all 63 genes. Top
row was validation at original screening drug dose. Bottom row was the normalized area
under the curve (AUC) for each candidate genes with 10-point drug concentration. The
genes were organized by their protein functional groups. GPCR, G-protein coupled receptor;
GEF, guanine nucleotide exchange factors. E. Summary of primary screening and validation
studies: 43 genes were validated in T47D cells after 10-point concentration test. F. TCGA
amplification and overexpression status of 19 candidates genes and heatmap displaying
validation results of these genes in T47D cells using BYL719 and MCF7 cells using
GDC0941.
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Figure 2. PIM kinases confer resistance to PI3K inhibitorsin breast cancer cells
A. T47D, MCF7, BT474, and MDAMBA453 cells expressing GFP, PIM1, or myrAKT were

treated with various doses of BYL719 for 3 days. Cell proliferation was determined by MTS
assay. Mean and SE of three replicates are shown. B. T47D cells expressing GFP, PIM1, and
myrAKT were treated with various doses of BYL719, GDC0941, MK2206, or GDCO0068 for
3 days. Cell proliferation was determined by MTS assay. Mean and SE of three replicates
are shown. C. T47D cells expressing PIM1, PIM2, or PIM3 were treated with various doses
of BYL719 for 3 days. Cell proliferation was determined by MTS assay. Mean and SE of
three replicates are shown. D. T47D cells expressing PIM1, PIM2, or PIM3 were treated
with DMSO or BYL719 (0.5uM) for 21 days followed by staining with crystal violet. Media
was changed with fresh drug addition every 3 days.
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Figure 3. PIM 1 confersresistancethrough activating common downstream pathways of AKT in
the presence of PI13K inhibition

A. T47D cells expressing GFP or PIM1 were treated with the indicated inhibitors (each at
1uM concentration) for 24 hours, and cell lysates were prepared for immunoblotting for the
indicated proteins. B. T47D cells expressing GFP, PIM1, or myrAKT were treated with the
indicated inhibitors (BYL719 at 0, 0.3, and 1uM, LGH447 at 1uM) for 24 hours, and cell
lysates were prepared for immunoblotting for the indicated proteins. C. T47D cells with
indicated treatment were fixed in ethanol for cell cycle analysis. Percent of S phase cells
were shown. Mean and SE of three replicates are shown. ** indicates p<0.01. D. T47D cells
cultured to resistance in the presence of BYL719. Both parental (T47D) and resistant
(TA7DR) cells were treated with BYL719 at 1uM, and cell lysates were prepared at 0, 4, 24
hours for immunoblotting for the indicated proteins.

Cancer Discov. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Leetal. Page 24

c .
s 9 GFP with DMSO
ﬁ 8 + ZIM1 with DMSO
iy + GFP with LGH447
s %
3 —? > ) PIM1 with LGH447
<o . 3 1 PIM1
Z2%s a e g
£s % :
s 5 . ° GFP
o
log[BVL719](umoI/L)
D
CAL51 HCC1954 JIMT1 BT20 T47D EFM19
= DMSO = DMSO = pmMso 150 DMSD
® LGH4a47 ® LGH447 ® LGH447 LGH Hr L LGM‘”
2 10 100 100
F= 100
o
i)
g = 50 50 -
ES
T % T : T T 2 T 8T 3 H
log [BYL719] (umoliL) log [BYL719] (umol/L) log [BYL719] (umoliL) log [EVL719] (umol/L) Iog [vag] (umoVLy rog [avmg] (um L)
E F T47D CAL51 JIMT1 HCC1954
BYL7TA9 - + - + - 4+ - + - o+ - o+ - % 7
LGH447 - - + + - - + + - -+ o+ + o+
p-AKT | — — e —— - — _— pe—
Total AKT - -—
PPRASI) = = o —— - -— ———
pRPSE W == T em—— - - ——
p-BAD W —_— - B i —

L) — e —— T i —— ~——~—

Figure 4. Inhibition of PIM enhancesthe sensitivity to BYL 719 in cell lineswith high endogenous
PIM1
A. PIK3CA-mutant breast cancer cell lines were classified to resistant to BYL719

(Gl5p>1pM) and sensitive to BYL719. Their PIM1 expression levels (log2) were plotted on
y-axis. ** indicates p<0.01. B T47D cells expressing GFP or PIM1 were treated with
various doses of BYL719 in the presence or absence of LGH447 (1uM) for 3 days. Cell
proliferation was determined by MTS assay. Mean and SE of three replicates are shown. C.
TA47D cells expressing PIM1 or GFP were treated with DMSO, BYL719 (0.5uM), BYL719
(0.5uM) + AZD1208 (1uM), BYL719 (0.5uM)+LGH447 (0.5uM), BYL719 (0.5uM) +
trametinib (0.1uM) for 21 days followed by staining with crystal violet. Media was changed
with fresh drug addition every3days. D. CAL51, HCC1954,JIMT1,
BT20,T47DandEFM19cellsweretreated with various doses of BYL719 in the presence or
absence of LGH447 (1uM) for 3 days. Cell proliferation was determined by MTS assay.
Mean and SE of three replicates are shown. E. CAL51 and JIMT1 cells weretreated with
DMSO, BYL719(1uM), LGH447(1uM) and BYL719 (1uM) +LGH447 (1uM) for 21 days
followed by staining with crystal violet. Media was changed with fresh drug addition every 3
days. F. T47D, CAL51, JIMT1 and HCC1954 cells were treated with the indicated inhibitors
(BYL719 at 1uM and LGH447 at 1uM) for 24 hours, and cell lysates were prepared for
immunoblotting for the indicated proteins.
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Figure 5. Resistance genes are upregulated in clinical breast tumor biopsies after BYL 719
treatment

A. Heatmap representation of relative transcript abundance of each validated resistance
genes in each patient sample pairs. Red: high abundance; blue: low abundance. PD:
progression of disease, TN: treatment-naive, TX: toxicity, SD: stable disease B. Graphical
representation of the PIM signature in the tumor samples. C. Matrix heatmap generated
using cBioPortal showing genetic alterations of P/M1 and P/K3CA in the breast invasive
carcinoma (TCGA, provisional) dataset (only part of the whole dataset was shown).
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Clinical characteristics of tumor samples from patients who underwent BYL719 treatment.

Table 1

Patient ID | Status Biopsy site Second biopsy status

TN breast

1 Progression of disease
PD liver
TN liver

2 Progression of disease
PD liver
TN breast skin

3 Toxicity
X breast skin
TN abdominal wall

4 Progression of disease
PD skin
TN breast

5 Progression of disease
PD liver
TN liver

6 Stable disease
SD liver

TN: treatment-naive, PD: progression of disease, TX: toxicity, SD: stable disease.
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