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S6B). 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 with single agents or vehicle controls. 
In contrast, concurrent treatment of BYL719 with a MEK 
inhibitor (trametinib) had no effect on the PIM1-mediated 
resistance to BYL719, suggesting that the reversal of BYL719 
resistance is specifi c 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, JIMT1, BT20) or low (T47D and EFM19) 
PIM1 expression,  respectively. LGH447 (1 μmol/L) signifi -
cantly decreased the BYL719 GI 50  in 3 out of 4 cell lines with 
high endogenous  PIM1  expression: CAL51 (by 2.5-fold), JIMT1 
(by 4-fold), and HCC1954 (by 2.5-fold), but not BT20 cells 
( Fig. 4D ; Supplementary Table S7). LGH447 did not signifi -
cantly alter BYL719 sensitivity in the control cell lines with low 
endogenous  PIM1  expression (T47D and EFM19;  Fig. 4D ; 
Supplementary Table S7). We confi rmed these observations 
using colony-formation assays in CAL51 and JIMT1 cells ( Fig. 
4E ). Together, these data support the notion that high PIM1 
expression may reduce the intrinsic sensitivity of  PIK3CA -
mutant cancer cells to PI3K inhibition, but this effect can often 
be mitigated  in vitro  through combined PIM/PI3K inhibition. 

  Figure 4.       Inhibition of PIM enhances the sensitivity to BYL719 in cell lines with high endogenous PIM1.  A,   PIK3CA -mutant breast cancer cell lines 
were classifi ed to resistant to BYL719 (GI 50  > 1 μmol/L) and sensitive to BYL719. Their  PIM1  expression levels (log 2 ) were plotted on the y-axis. 
**,  P  < 0.01.  B,  T47D cells expressing GFP or PIM1 were treated with various doses of BYL719 in the presence or absence of LGH447 (1 μmol/L) for 3 
days. Cell proliferation was determined by MTS assay. Mean and SE of three replicates are shown.  C,  T47D cells expressing PIM1 or GFP were treated 
with DMSO, BYL719 (0.5 μmol/L), BYL719 (0.5 μmol/L) + AZD1208 (1 μmol/L), BYL719 (0.5 μmol/L) + LGH447 (0.5 μmol/L), BYL719 (0.5 μmol/L) 
+ trametinib (0.1 μmol/L) for 21 days followed by staining with crystal violet. Media were changed with fresh drug addition every 3 days.  D,  CAL51, 
HCC1954, JIMT1, BT20, T47D, and EFM19 cells were treated with various doses of BYL719 in the presence or absence of LGH447 (1 μmol/L) for 3 days. 
Cell proliferation was determined by MTS assay. Mean and SE of three replicates are shown.  E,  CAL51 and JIMT1 cells were treated with DMSO, BYL719 
(1 μmol/L), LGH447 (1 μmol/L), and BYL719 (1 μmol/L) + LGH447 (1 μmol/L) for 21 days followed by staining with crystal violet. Media were changed 
with fresh drug addition every 3 days.  F,  T47D, CAL51, JIMT1, and HCC1954 cells were treated with the indicated inhibitors (BYL719 at 1 μmol/L and 
LGH447 at 1 μmol/L) for 24 hours, and cell lysates were prepared for immunoblotting for the indicated proteins.    
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 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 immunoblotting 
studies of salient downstream effectors. In CAL51, JIMT1, and 
HCC1954 cells, single-agent BYL719 suppressed AKT(S473) 
phosphorylation effectively at 1 μmol/L, but 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, phospho-
rylation of PRAS40(T246), RPS6(S235/236), and BAD(S112) 
was suffi ciently suppressed by BYL719 alone in (drug-sensi-
tive) 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 acti-
vation of downstream PI3K/AKT effectors.  

  PI3K Resistance Genes Are Upregulated in Breast 
Tumor Biopsies after BYL719 Treatment 

 To determine if any resistance genes identifi ed by our sys-
tematic functional approach might promote clinical resist-
ance 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-
naïve biopsy (TN)]. Some patients also received additional 
post-relapse biopsies as they were going off study—usually 
because of either progression of disease (PD) or toxicity (TX). 
RNA was prepared from formalin-fi xed paraffi n-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 

Patient 6, the second biopsy was taken only 14 days after 
initiation of BYL719; and in Patient 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-naïve and post-relapse 
RNA-seq data from four patients (Patients 1, 2, 4, and 5).  

 First, we asked whether any validated PI3K resistance genes 
we identifi ed showed upregulation in a post-relapse sample 
compared to its treatment-naïve counterpart. In fi ve 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  = 0.01). The expression 
differences in these genes observed between treatment-naïve 
and drug-resistant tumors failed to reach statistical signifi -
cance, possibly due to the small sample set. In particular, 
 AKT2 ,  CRKL , and  PIM1  upregulation were each observed in 
two patients ( AKT2 : Patients 1 and 2;  CRKL : Patients 2 and 3; 
 PIM1 : Patients 3 and 4;  Fig. 5A ).  AKT1  was also upregulated in 
Patient 2 ( Fig. 5A ). In Patient 6, the second biopsy was a short-
interval biopsy, as described above. In this case, candidate gene 
transcripts from the pretreatment and on-treatment biopsies 
did not show discernible changes, as expected given that the 
tumor had not progressed to drug resistance. Though prelimi-
nary, these observations were consistent with the premise that 
a subset of resistance genes identifi ed through our functional 
screens  in  vitro  might contribute to understanding clinical 
resistance to PI3K inhibition in breast cancer.  

 We next investigated whether PIM activation or upregula-
tion might be associated with clinical resistance in some cases. 
To facilitate this, we generated a PIM expression signature in 
T47D cells by comparing RNA-seq–based expression profi les 
of cells with PIM1 overexpression to control (GFP-expressing) 
cells and uninfected parental cells. The top 37 differentially 
upregulated genes together with  PIM1 ,  PIM2 ,  PIM3 , and the 
top 47 differentially downregulated genes (FDR < 10%) were 
defi ned as a PIM activation signature (Supplementary Fig. S7). 
Using this signature, we applied single-sample gene set enrich-
ment analysis (ssGSEA; ref.  17 ) to generate an enrichment 
score in each post-relapse sample relative to its treatment-naïve 
pair. Among the four biopsy pairs that were informative, the 
PIM signature was upregulated in two pairs (Patients 4 and 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 Patient 
4, in addition to the PIM activation signature.  PIM3  appeared 
modestly upregulated in the Patient 5 post-relapse sample, 
although the abundance of  PIM3  was low in both biopsies 
( Fig. 5A ; Supplementary Table S8 and Supplementary Meth-
ods). Interestingly, the other two informative tumor sample 
pairs (Patients 1 and 2, solid line, blue and light blue,  Fig. 5B ) 
showed  AKT2  upregulation by RNA-seq in the post-relapse 
setting compared to treatment-naïve 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 

 Table 1.    Clinical characteristics of tumor samples from 
patients who underwent BYL719 treatment   

Patient ID Status Biopsy site Second biopsy status

1 TN Breast
Progression of diseasePD Liver

2 TN Liver
Progression of diseasePD Liver

3 TN Breast skin
ToxicityTX Breast skin

4 TN Abdominal wall
Progression of diseasePD Skin

5 TN Breast
Progression of diseasePD Liver

6 TN Liver
Stable diseaseSD Liver

   TN, treatment-naïve; PD, progression of disease; TX, toxicity; SD, stable 
disease.   
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might be associated with clinical resistance to BYL719 in a sub-
set of patients. Other mechanisms of resistance—for example, 
AKT upregulation—might also contribute to tumor progres-
sion in this treatment context.  

  PIM Family Genes Are Amplifi ed or Overexpressed 
in Treatment-Naïve Human Breast Tumors 

 Because PIM and AKT can signal to common downstream 
effectors (as shown above), we hypothesized that activation 
of these kinases might generally exhibit a mutually exclu-
sive pattern in human breast cancer. Initial support for this 
notion was discernible in the paired treatment-naïve 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 preva-
lence of PIM kinase dysregulation in human breast cancers 
and compared this to somatic genetic activation of the PI3K 
pathway using the TCGA breast invasive carcinoma database 
(provisional; ref.  6 ). In this dataset, both genomic and tran-
scriptome data (RNA-seq) are available for analysis. Among 
960 treatment-naïve tumors, 74 (7.7%) cases showed either 
 PIM1  copy-number gain/amplifi cation or mRNA overexpres-
sion (Supplementary Table S9).  PIM1, PIM2,  or  PIM3  are 
altered in 135 of the 960 cases (14%) in this cohort. Among 
these 135 cases, 125 showed copy-number gain/amplifi cation 
or mRNA overexpression of at least one  PIM  gene. We noted 

that  PIM1  and  PIM2  alterations tended to co-occur ( P  = 0.001, 
log odd ratio = 1.335), as did  PIM1  and  PIM3  alterations ( P  = 
0.014, log odd ratio = 1.164; Supplementary Fig. S8A). Inter-
estingly,  PIM1  amplifi cation/mRNA overexpression exhibited 
a tendency toward mutual exclusivity with  PIK3CA  altera-
tions (mutations, amplifi cation, or mRNA overexpression; 
 P  < 0.001, log odd ratio = −0.904;  Fig. 5C ; 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  PIK3CA  and/or  PTEN  alter-
ations into a “PI3K pathway dysregulated group” (465 cases). 
We observed a statistically signifi cant mutual exclusivity pat-
tern ( 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 dysregu-
lated 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 

  Figure 5.       Resistance genes are upregulated in clinical breast tumor biopsies after BYL719 treatment.  A , heat map representation of relative tran-
script abundance of each validated resistance gene (black bars) in each patient sample pair. Red, high abundance; blue, low abundance. Pt, patient; PD, 
progression of disease; TN, treatment-naïve; TX, toxicity; SD, stable disease.  B , graphical representation of the PIM signature in the tumor samples.  C , 
matrix heat map generated using cBioPortal showing genetic alterations of  PIM1  and  PIK3CA  in the breast invasive carcinoma (TCGA, provisional) data-
set (only part of the whole dataset is shown).    
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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 benefi t. Understanding the mecha-
nisms by which cancer cells evade PI3K inhibition may speed 
the development of new therapeutic strategies in  PIK3CA -
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 mecha-
nisms 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 identifi ed both known 
and novel resistance genes to PI3K inhibition. PDK1 and AKT 
represent clear examples of known pathway-dependent resist-
ance mechanisms. The AXL receptor tyrosine kinase offers 
another example: This kinase has been reported to mediate 
resistance to PI3K inhibition in  PIK3CA -mutant head and 
neck squamous cell carcinomas ( 39 ). These fi ndings affi rm 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 PI3K-targeted thera-
pies. One example is SRC, a non–receptor tyrosine kinase 
and “classic” viral oncogene ( 40 ). Because SRC has been 
shown to constitutively activate PI3K/AKT signaling ( 41 ), it 
is likely that overexpression of SRC may also confer resist-
ance to PI3K inhibition in a PI3K/AKT pathway–dependent 
fashion; however, this remains to be confi rmed experimen-
tally. Another group of intriguing resistance genes are the 
metabolic genes, for example,  DYRK1B  and  NUDT3 . Gain-
of-function mutations in  DYRK1B  resulted in an inherited 
metabolic syndrome in patients ( 18 ). NUDT3 is particu-
larly associated with obesity in females ( 19, 20 ). However, 
specifi c mechanisms through which alteration of metabolic 
profi les might confer resistance to PI3K inhibition in cancer 
remain uncharacterized. These and other PI3K resistance 
genes validated  in 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 vitro  is 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 hematopoi-
etic 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 kidney, breast, and brain tissue ( 24 ). 
PIM kinases become overexpressed in a wide variety of human 
tumors of both hematologic and epithelial origin ( 26 ). PIM 
kinases exert multiple cellular functions through phospho-
rylation-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 transla-
tion 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 over-
lapping 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 fi ndings suggest that PIM signaling confers resistance 
to PI3K inhibition in part through bypass of AKT itself but 
also convergence onto downstream AKT effector mechanisms. 

 Additional evidence that PIM and AKT may share func-
tional redundancy in cancer emerged from our analysis of the 
TCGA breast cancer database. This analysis revealed a statisti-
cal mutual exclusivity of  PIM1  amplifi cation/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 represent 
a pathway bypass–based cancer drug resistance mechanism 
that bears similarity to MET amplifi cation 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 con-
stitutively 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 were found as enhancers of  PIM1  expression. Moreo-
ver,  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 glu-
cocorticoid-induced kinase 3 (SGK3) may exert such a role 
in  PIK3CA -mutant cells that are less reliant on AKT for sur-
vival ( 48 ). Although the molecular details of how PI3K/AKT 
inhibition may induce PIM1 expression remain incompletely 
characterized, PI3K inhibition is known to induce ER signal-
ing ( 11 ). Thus, it is conceivable that upregulation of estrogen-
induced kinases (which include both PIM1 and SGK3; refs. 
 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-amplifi ed 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/molecu-
lar subtypes in human breast tumors (Supplementary Table 
S7). Previous reports that PIM1 and PIM2 were identifi ed as 
resistance drivers to anti-HER2 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 fi ndings 
suggest that PIM kinase–mediated resistance to PI3K inhibi-
tion may conceivably attenuate multiple therapeutic contexts 
in breast cancer. 

 The ultimate validation for any cancer drug resistance 
mechanism involves confi rmation of its role in the clinical 
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setting. Such studies typically require paired treatment-naïve 
and drug-resistant tumor samples from the same patient. 
Accordingly, our study also included an analysis of biop-
sies obtained from patients with breast cancer enrolled in 
a BYL719 clinical trial. Here, it should be noted that large 
numbers of patient-derived pretreatment 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 biop-
sies 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. Specifi cally, 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 expres-
sion of one or more AKT isoforms, again supporting the 
notion of functional redundancy between these effects dur-
ing 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 within the same tumor locus. In all post-
resistant cases analyzed, multiple validated resistance genes 
showed measurable upregulation after BYL719 treatment. 
Such heterogeneity may pose a signifi cant 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 spec-
trum of clinically relevant PI3K resistance mechanisms and 
guide rational design of parsimonious therapeutic combina-
tions that may achieve more lasting disease control. 

 In summary, the integration of systematic experimental 
studies with mechanistic and clinical analyses has defi ned a 
diverse molecular landscape of resistance to PI3K inhibition in 
breast cancer cells. In particular, PIM kinase 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 cir-
cumvent the challenge of drug resistance in many cancer types.  

  METHODS 

  Cell Lines and Chemical Reagents 
 The T47D and MCF7 cells were purchased from ATCC in 2012–

2015. They were authenticated using STR testing and tested nega-
tive for  Mycoplasma  contamination. EFM19, BT474, MDAMB453, 
HCC202, MDAMB361, HCC1419, MDAMB415, HCC1937, CAL51, 
BT20, HCC1954, and JIMT1 cells were purchased from the CCLE at 
the Broad Institute in 2015–2016 and were authenticated using Spec-
troCHIPII-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 Materials 
and Methods). Blasticidine was purchased from Life Technologies. 
LGH447 was obtained from Novartis.  

  ORF Lentiviral Expression Screen 
 The Center for Cancer Systems Biology (CCSB)– Broad lentiviral 

expression library was described previously. T47D cells were seeded 
into 384-well plates at 700 cells per well. Twenty-four hours after seed-
ing, the ORF lentivirus with polybrene (4 μg/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 fi ve repli-
cates. The next day, media with lentivirus was removed and changed to 
fresh media. Subsequently, BYL719 or DMSO was added at 1.5 μmol/L 
fi nal concentration for treatment in duplicates. Blasticidin (40 μg/mL) 
was added for selection to the fi fth replicate plate. All the treated plates 
were incubated at 37°C for 72 hours. The cell viability was assessed 
by robotic quantifi cation of CellTiterGlo assay (Promega). The entire 
screen was performed in six batches. Cell seeding, lentiviral infection, 
media change, and chemical addition were performed by robots.  

  Western Immunoblotting 
 Anti–phospho-AKT (S473), anti–total AKT, anti–phospho-PRAS40 

(T246), anti–phospho-S6K1 (T389), anti–phospho-4EBP (T37/46), 
anti–phospho-S6 ribosomal protein (S235/236 or S240/244), and 
anti–phospho-BAD (S112) were purchased from Cell Signaling Tech-
nology. 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 recommen-
dations. Cell lysates were prepared using RIPA buffer (Sigma) with pro-
teinase inhibitor (Roche) and phosphatase inhibitor (Roche). Lysate 
with SDS sample buffer were subjected to SDS-PAGE (Novex) followed 
by blotting onto nitrocellulose membrane. SuperSignal West chemi-
luminescent detection reagents were used (ThermoFisher Scientifi c).  

  RNA-seq in Tumor Samples 
 Patient tumor samples were obtained under a protocol approved 

by the Memorial Sloan Kettering Cancer Center (MSKCC) Institu-
tional Review Board (IRB), and all participating patients provided 
written informed consent. The studies were conducted in accord-
ance with the Declaration of Helsinki. Total RNA was extracted 
from FFPE tumor specimens using AllPrep DNA/RNA Kit (Qia-
gen) 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 (DV200) was calculated 
using Illumina Fragment Analyzer. An aliquot of 200 ng of RNA was 
used as the input for fi rst-strand cDNA synthesis using Illumina’s 
TruSeq RNA Access Library Prep Kit. Synthesis of the second strand 
of cDNA was followed by indexed adapter ligation. Subsequent PCR 
amplifi cation was enriched for adapted fragments. The amplifi ed 
libraries were quantifi ed using an automated PicoGreen assay. Two 
hundred nanograms of each cDNA library, not including controls, 
was combined into 4-plex pools. Capture probes that target the 
exome were added, and hybridized for the recommended time. Fol-
lowing hybridization, streptavidin magnetic beads were used to cap-
ture the library-bound probes from the previous step. Two wash steps 
effectively removed any non-specifi cally bound products. These same 
hybridization, capture, and wash steps were repeated to assure high 
specifi city. A second round of amplifi cation enriched the captured 
libraries. After enrichment, the libraries were quantifi ed with qPCR 
using the KAPA Library Quantifi cation Kit for Illumina Sequencing 
Platforms and then pooled equimolarly. The entire process was in 
96-well format, and all pipetting was done by either Agilent Bravo 
or Hamilton Starlet. Pooled libraries were normalized to 2 nmol/L 
and denatured using 0.1 N NaOH prior to sequencing. Flowcell clus-
ter amplifi cation and sequencing were performed according to the 
manufacturer’s protocols using HiSeq 2500. Each run was a 76-bp 
paired end with an eight-base index barcode read. Data were analyzed 
using the Broad Picard Pipeline, which includes de-multiplexing and 
data aggregation.  

Research. 
on December 1, 2021. © 2016 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

Published OnlineFirst September 7, 2016; DOI: 10.1158/2159-8290.CD-16-0305 

http://cancerdiscovery.aacrjournals.org/


Le et al.RESEARCH ARTICLE

1146 | CANCER DISCOVERY�OCTOBER  2016 www.aacrjournals.org

  TCGA Dataset Analysis 
 The cBioPortal ( www.cbioportal.org ) was utilized for analysis 

and visualization of the invasive breast cancer dataset. Specifi cally, 
in the query, the Breast Invasive Carcinoma (TCGA Provisional) 
was selected under Cancer Study; Mutations, Putative copy-num-
ber 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 
Profi les; PIM1, PIM2, PIM3, PIK3CA, and PTEN were entered under 
Gene Set. OncoPrint fi gures were downloaded for visualization in 
 Fig. 5  and Supplementary Fig. S8A. The number of cases harbor-
ing each mutation was counted manually (Supplementary Fig. S8B 
and S8C).  

  Statistical Analysis 
 In cell-cycle analysis, unpaired  t  test was used to compare per-

centage 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 was used to calculate the  P  value ( Fig. 4A ). We subsequently 
defi ned PIM1 log 2  mRNA expression ≥7.0 as high endogenous level 
and < 7 as low. In the patient samples, gene expression RPKM val-
ues for the six posttreatment samples were transformed to z-scores. 
A gene with a z-score greater than 1 was defi ned as overexpressed. 
The total number of overexpressed genes in the six posttreatment 
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 Meth-
ods). The differential ssGSEA score between the second biopsy 
and treatment-naïve biopsy was calculated for each patient sample 
pair. Patients 4 and 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 exclusiv-
ity analysis was performed using a 2×2 contingency table. Fisher 
exact test was used for calculation of  P  value. Log odd ratio was 
calculated for tendency of co-occurrence/mutual exclusivity ( Fig. 
5C ; supplementary Fig. S8).   
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