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A major obstacle to curing chronic myeloid leukemia (CML) is the
intrinsic resistance of CML stem cells (CMLSCs) to the drug imatinib
mesylate (IM). Prosurvival genes that are preferentially expressed
in CMLSCs compared with normal hematopoietic stem cells (HSCs)
represent potential therapeutic targets for selectively eradicating
CMLSCs. However, the discovery of such preferentially expressed
genes has been hampered by the inability to completely separate
CMLSCs from HSCs, which display a very similar set of surface
markers. To overcome this challenge, and to minimize confounding
effects of individual differences in gene expression profiles, we
performed single-cell RNA-seq on CMLSCs and HSCs that were isolated
from the same patient and distinguished based on the presence or
absence of BCR-ABL. Among genes preferentially expressed in
CMLSCs is PIM2, which encodes a prosurvival serine-threonine kinase
that phosphorylates and inhibits the proapoptotic protein BAD. We
show that IM resistance of CMLSCs is due, at least in part, to main-
tenance of BAD phosphorylation by PIM2. We find that in CMLSCs,
PIM2 expression is promoted by both a BCR-ABL–dependent (IM-
sensitive) STAT5-mediated pathway and a BCR-ABL–independent
(IM-resistant) STAT4-mediated pathway. Combined treatment with
IM and a PIM inhibitor synergistically increases apoptosis of CMLSCs,
suppresses colony formation, and significantly prolongs survival in a
mouse CML model, with a negligible effect on HSCs. Our results re-
veal a therapeutically targetable mechanism of IM resistance in
CMLSCs. The experimental approach that we describe can be gener-
ally applied to other malignancies that harbor oncogenic fusion pro-
teins or other characteristic genetic markers.
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The hematopoietic malignancy chronic myeloid leukemia
(CML) is a disorder characterized by increased and un-

regulated proliferation of predominantly myeloid cells, resulting in
their abnormal accumulation in the bone marrow and peripheral
blood (1). Approximately 95% of individuals with CML harbor a
chromosomal abnormality resulting from a reciprocal translocation
between chromosomes 9 and 22 [t(9, 22)], which produces an on-
cogenic fusion protein known as BCR-ABL (2, 3). ABL is a tyrosine
kinase that in normal cells plays a role in cellular differentiation and
regulation of the cell cycle (4). However, the t(9, 22) translocation
creates a constitutively active ABL tyrosine kinase, which trans-
forms myeloid progenitor cells by aberrantly activating downstream
prosurvival signaling pathways, such as RAS/RAF/MEK/ERK,
phosphatidylinositol 3-kinase (PI3K)/AKT, and JAK/STAT (4, 5).
The standard therapy for CML is imatinib mesylate (IM), a

selective tyrosine kinase inhibitor that binds near the ATP-
binding site of ABL and stabilizes the kinase in an inactive form,
thereby inhibiting phosphorylation of its downstream substrates
(6). Unfortunately, IM is not a curative therapy for CML due, at
least in part, to the persistence of a small population of stem
cells, called CML stem cells (CMLSCs), that are resistant to IM
treatment (7–9). CMLSCs are not dependent on BCR-ABL ac-
tivity for their survival (10), implying that CMLSCs depend on

other survival pathways to sustain viability in the presence of IM.
The identification of prosurvival genes that are preferentially
expressed in CMLSCs compared with normal hematopoietic
stem cells (HSCs) may shed light on the basis by which CMLSCs
are innately resistant to IM and may also reveal potential ther-
apeutic targets for selectively eradicating CMLSCs. Here we
report the identification of a prosurvival kinase that is prefer-
entially expressed in CMLSCs and promotes IM resistance. Our
results reveal a mechanism of IM resistance in CMLSCs that is
therapeutically targetable.

Results
PIM2 Is Significantly Up-Regulated in CMLSCs Relative to HSCs. To
distinguish CMLSCs and HSCs, which display a similar set of cell
surface markers (CD34+CD38−CD90+CD45RA−) (11, 12), we
first captured ∼600 CD34+CD38−CD90+CD45RA− cells (∼200
from each of three CML patient samples) and then used single-
cell nested quantitative RT-PCR (qRT-PCR) to detect the
presence or absence of the BCR-ABL transcript (SI Appendix,
Supplementary Materials and Methods and Fig. S1). Once
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CMLSCs and HSCs were identified, we carried out single-cell
RNA-seq on ∼48 CMLSCs and ∼48 HSCs from each patient (13).
Typically, we obtained ∼2.5 million mapped reads (>70%

average mapping efficiency) and detected ∼5,000 genes (tran-
scripts per million [TPM] >1) per cell (SI Appendix, Fig. S2 A–
D). To ensure the quality of the analysis, we excluded cells with
low-sequencing depth (<0.5 million mapped reads) and low
coverage (<2,000 genes). Previous single-cell RNA-seq studies
have found that the average gene expression of as few as 30
single cells highly correlates with that of the population control
typically derived from >10,000 cells (14). Because our analysis
involved a pure BCR-ABL+ or BCR-ABL− population that
consisted of a relatively small number of cells, we asked whether
our small sample size was sufficient to mimic a larger population
control. Consistent with the previous studies, we found that
random sampling with increasing number of cells achieved a high
correlation at ∼30 cells (SI Appendix, Fig. S2E), confirming the
validity of using ∼48 cells to represent each population group.
The RNA-seq analysis revealed substantial differences in HSC

and CMLSC gene expression patterns among the three patients
with CML (SI Appendix, Fig. S3A), underscoring the contribution
of individual variation. Furthermore, the correlation of overall
gene expression among single cells from the same patient ranged
from 0.27 to 0.61, with a median of 0.43, indicative of significant
heterogeneity (SI Appendix, Fig. S3 B–D). Despite the heteroge-
neity of the gene expression pattern, we were able to identify
genes that were significantly more highly expressed in CMLSCs
than in HSCs (SI Appendix, Fig. S4 A and B and Dataset S1).
Approximately 28% of these differentially expressed genes had
modest total expression levels (10< TPM ≤100) (SI Appendix, Fig.
S4 C and D). Gene set enrichment analysis (GSEA) revealed
significant enrichment of Wnt and cadherin signaling pathways (SI
Appendix, Fig. S4E), both of which have been shown to be re-
quired for maintaining CMLSC viability and drug resistance (15).
One of the most highly and significantly up-regulated genes in

CMLSCs was PIM2 (Fig. 1A). Intrapatient comparison con-
firmed that PIM2 was more highly expressed in CMLSCs com-
pared with HSCs in all three patients with CML (Fig. 1B). We
also found that in mice, Pim2 was expressed at a higher level in
BCR-ABL+ CML Lin−Sca1+Kit+ (LSK) cells and long-term
HSCs compared with in their normal BCR-ABL− counterparts
(SI Appendix, Fig. S5).

PIM2 Promotes IM Resistance by Maintaining BAD Phosphorylation.
PIM2 is a member of a family of serine/threonine protein kinases
known to have oncogenic potential in several malignancies (16).
PIM kinases promote cell survival by phosphorylating the proa-
poptotic BH3-only protein BAD at S112 (17), which prevents
BAD from interacting with and inhibiting antiapoptotic BCL-2
family proteins (18). The availability of small-molecule PIM in-
hibitors (19) and the finding that Pim−/− mice are viable and
fertile (20) make PIM2 an attractive therapeutic target.
Previous studies have shown that IM treatment of IM-sensitive

CML cells leads to reduced phosphorylation of BAD, which is
responsible, at least in part, for cell death (21). The IM re-
sistance of CMLSCs raised the question of whether BAD
phosphorylation is maintained following IM treatment. To ad-
dress this issue, we FACS-sorted IM-resistant CMLSCs and, as a
control, IM-sensitive CML progenitors from patient samples and
performed intracellular staining for phosphorylated BAD
(pBAD). As an additional control, we also analyzed IM-sensitive
human CML K562 cells (22). We found that IM treatment of
IM-sensitive CML progenitors and K562 cells resulted in a
substantial decrease in pBAD levels (Fig. 1C), as expected,
whereas IM treatment of CMLSCs did not substantially affect
pBAD levels (Fig. 1C and SI Appendix, Fig. S6A). Notably,
however, treatment with the small-molecule pan-PIM inhibitor
AZD1208 (19) substantially reduced pBAD levels in CMLSCs,

CML progenitors, and K562 cells (Fig. 1C and SI Appendix, Fig.
S6 A and B). Collectively, these results indicate that IM re-
sistance of CMLSCs is due, at least in part, to maintenance of
BAD phosphorylation by PIM2.

PIM2 Expression in CMLSCs Is Promoted by Both a BCR-ABL–
Dependent STAT5-Mediated Pathway and a BCR-ABL–Independent
STAT4-Mediated Pathway. Previous studies have shown that
PIM2 expression is promoted by STAT5 (23), which we con-
firmed in IM-sensitive K562 cells (SI Appendix, Fig. S7 A and B).
Because STAT5 can be activated by BCR-ABL (24–26), we hy-
pothesized that IM treatment would result in reduced PIM2
levels. Consistent with this hypothesis, IM treatment of K562
cells and CML progenitors significantly reduced PIM2 mRNA

Fig. 1. PIM2 is significantly up-regulated in CMLSCs relative to HSCs and
promotes IM resistance by maintaining BAD phosphorylation. (A) Volcano
plot showing the significance (y-axis, −log10 P value) and differential ex-
pression (x-axis, log2 fold change) for genes identified by the RNA-seq
analysis. Genes with P < 0.01 and fold change >1.5 or <1/1.5 are high-
lighted in orange, and genes that are not significantly changed are indicated
in gray. PIM2 is shown. (B) Boxplot showing the log2(TPM) value of PIM2
from intrapatient comparison in three CML samples. Boxed areas span the
first to third quartiles, the center line represents the mean, and whiskers
represent maximum or minimum observations. n = ∼48 biological replicates.
(C) Phospho-flow analysis showing intracellular staining of pBAD (S112)
levels in DMSO-, IM-, and AZD1208-treated K562 cells; CML progenitors
(CD34+CD38+); and CMLSCs (CD34+CD38−CD90+). IgG was used for control
staining. (Upper) Representative FACS histograms. The geometric mean
fluorescence intensity (MFI) values are indicated in the boxed region.
(Lower) Quantification of n = 3 or 4 biological replicates. Error bars indicate
SEM. *P ≤ 0.05; **P ≤ 0.01.
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(Fig. 2A) and PIM2 protein levels (SI Appendix, Fig. S7C).
Similar results were obtained in IM-sensitive BCR-ABL–trans-
formed mouse Ba/F3 cells (SI Appendix, Fig. S7 D and E).
In contrast, IM treatment of IM-resistant human CMLSCs and

mouse CML LSK cells did not significantly reduce PIM2 levels
(Fig. 2A and SI Appendix, Fig. S7 F–J). We hypothesized that in
IM-resistant CMLSCs, PIM2 expression is promoted by STAT5 as
well as a BCR-ABL–independent STAT pathway. Analysis of
published expression profiling results revealed that expression of
STAT1, STAT2, and STAT4 were significantly higher in CMLSCs
than in CML progenitors (SI Appendix, Fig. S8A), and thus we
sought to examine the role of these STAT proteins in regulating
PIM2 expression. We and others have shown that IM resistance in
CMLSCs can occur through mechanisms similar to those in CML
cells that contain wild-type BCR-ABL but have developed IM
resistance (27–29). Therefore, to initially evaluate the role of
STAT1, STAT2, and STAT4, we used the experimentally tracta-
ble wild-type BCR-ABL IM-resistant CML cell line KCL22 (30),
for which, like IM-resistant CMLSCs, treatment with IM did not
affect PIM2 expression (SI Appendix, Fig. S8B).
Knockdown of STAT4 in KCL22 cells significantly and re-

producibly reduced PIM2 expression following IM treatment,
whereas knockdown of STAT1 or STAT2 did not (Fig. 2B and SI
Appendix, Fig. S8C). Therefore, we focused on the role of
STAT4 in regulating PIM2 expression. In untreated KCL22 cells,
PIM2 expression was not affected by knockdown of STAT4 (Fig.
2B and SI Appendix, Fig. S8C) or STAT5 (Fig. 2C and SI Ap-
pendix, Fig. S8D) alone, but it was significantly reduced by com-
bined knockdown of STAT4 and STAT5 (Fig. 2C and SI Appendix,
Fig. S8D). Consistent with these results, chromatin immunopre-
cipitation (ChIP) experiments revealed that in untreated KCL22
cells, both phosphorylated STAT5 (pSTAT5) and phosphorylated
STAT4 (pSTAT4) were enriched on the PIM2 promoter, whereas
following IM treatment, pSTAT5 levels were greatly reduced, and
pSTAT4 levels were greatly increased (Fig. 2D).
Finally, we validated the key results of the experiments per-

formed in KCL22 cells in IM-resistant CMLSCs. Similar to the
results in KCL22 cells, knockdown of STAT4 in CMLSCs sig-
nificantly reduced PIM2 expression in the presence of IM (Fig.

2E and SI Appendix, Fig. S8E). In untreated CMLSCs, PIM2
expression was not affected by knockdown of STAT4 (Fig. 2E) or
STAT5 (Fig. 2F and SI Appendix, Fig. S8F) alone, but was sig-
nificantly reduced by combined knockdown of STAT4 and STAT5
(Fig. 2F and SI Appendix, Fig. S8F). Collectively, these results
show that in IM-resistant CML cells and CMLSCs, PIM2 is reg-
ulated by both STAT4 and STAT5, and that following IM treat-
ment, PIM2 levels are maintained by a BCR-ABL–independent
STAT4-based mechanism.

Combined Treatment with IM and the PIM Inhibitor AZD1208 Synergistically
Increases Apoptosis of CMLSCs and Suppresses Colony Formation. The
forgoing results suggest that IM resistance in CMLSCs is due to up-
regulation of PIM2. In support of this idea, shRNA-mediated
knockdown of PIM2 sensitized CMLSCs to IM treatment (Fig. 3A
and SI Appendix, Fig. S9A) due, at least in part, to increased apoptosis
(Fig. 3B and SI Appendix, Fig. S9B). Similar results were obtained
when PIM2 was inhibited with AZD1208 (Fig. 3 C and D and SI
Appendix, Fig. S9C) or a second, unrelated PIM inhibitor, LGH447
(SI Appendix, Fig. S9D andE), or when PIM2 expression was reduced
following knockdown of STAT4 (SI Appendix, Fig. S9F). Notably,
combined treatment with IM and AZD1208 had synergistic effects on
cell viability and apoptosis (Fig. 3 C and D). In addition, combined
treatment with IM and AZD1208 synergistically suppressed colony
formation of human primary CD34+ CML cells (Fig. 3E and SI
Appendix, Fig. S9G). Combined IM and AZD1208 treatment also
significantly reduced the viability of two wild-type BCR-ABL IM-
resistant CML cell lines, KCL22 (SI Appendix, Fig. S9H) and
K562R (31) (SI Appendix, Fig. S9 I and J), and CML cells from IM-
resistant patients harboring wild-type BCR-ABL (SI Appendix, Fig.
S9K). Of note, however, the combined drug treatment had a negli-
gible effect on the viability of HSCs (Fig. 3F).
In contrast to PIM2, our single-cell RNA-seq analysis did not

identify PIM1 or PIM3 as significantly up-regulated in CMLSCs
(Dataset S1). We confirmed that of the three PIM family
members, PIM2 plays a major role in contributing to the IM
resistance of CMLSCs and KCL22 cells and is the critical target
of AZD1208 (SI Appendix, Fig. S10).

Fig. 2. PIM2 expression in CMLSCs is promoted by
both a BCR-ABL–dependent STAT5-mediated pathway
and a BCR-ABL–independent STAT4-mediated path-
way. (A) qRT-PCR monitoring of PIM2 expression fol-
lowing IM treatment in K562 cells, CML progenitors
(CD34+CD38+), and CMLSCs (CD34+CD38−CD90+).
Error bars indicate SD. n = 3 technical replicates of a
representative experiment (out of two independent
experiments). (B) qRT-PCR monitoring of PIM2 ex-
pression in KCL22 cells expressing a nonsilencing (NS)
shRNA or one of two unrelated STAT1, STAT2, or
STAT4 shRNAs and treated in the presence or ab-
sence of 1 μM IM. Error bars indicate SD. n = 3
technical replicates of a representative experiment
(out of at least two experiments). (C) qRT-PCR
monitoring of PIM2 expression in KCL22 cells
expressing an NS, STAT4, and/or STAT5A/STAT5B
shRNAs. Error bars indicate SD. n = 3 technical rep-
licates of a representative experiment (out of at least
two experiments). (D) ChIP analysis monitoring en-
richment of phosphorylated STAT4 (pSTAT4) and
phosphorylated STAT5 (pSTAT5) on the PIM2 pro-
moter at the transcription start site (TSS) or, as a
control, exon 5 in the presence or absence of IM. The
results were normalized to those obtained at exon 5,
which was set to 1. Error bars indicate SEM. n = 2 biological replicates. (E) qRT-PCR monitoring of PIM2 levels in CMLSCs (CD34+CD38−CD90+) expressing an NS
or STAT4 shRNA and treated in the presence or absence of IM. Error bars indicate SD. n = 4 technical replicates of a single experiment. (F) qRT-PCR monitoring
of PIM2 expression in CMLSCs (CD34+CD38−CD90+) expressing an NS, STAT4, and/or STAT5A/STAT5B shRNAs. Error bars indicate SD. n = 3 technical replicates
of a representative experiment (out of two experiments). *P ≤ 0.05; **P ≤ 0.01.
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Combined Treatment with IM and the PIM Inhibitor AZD1208 Significantly
Prolongs Survival in a Mouse CML Model. We next asked whether
combined IM and AZD1208 treatment could eradicate CMLSCs in a
conventional mouse model of CML (SI Appendix, Fig. S11A). We
found that combined treatment with IM and AZD1208 significantly
delayed the relapse of CML disease (Fig. 4A), synergistically in-
creased apoptosis in the CML LSK population (Fig. 4B and SI Ap-
pendix, Fig. S11B), and significantly reduced the total numbers of
CML LSK cells (Fig. 4C), short-term HSCs, and long-term HSCs
(Fig. 4D) but spared normal LSK cells (Fig. 4E). In addition, ex-
pansion of CML cells in the peripheral blood of secondary recipients
was significantly slower following treatment with both drugs (SI Ap-
pendix, Fig. S11C). Most importantly, mice receiving bone marrow
from donors treated with IM and AZD1208 survived significantly
longer (Fig. 4F), indicative of a reduced number of transplantable
CMLSCs. Combined IM and AZD1208 treatment also synergistically
reduced the number of CMLSCs in a CML patient-derived xenograft
mouse model (SI Appendix, Fig. S11E).

Discussion
Prosurvival genes that are preferentially expressed in CMLSCs
compared with normal HSCs represent potential therapeutic
targets for selectively eradicating IM-resistant CMLSCs. In this
study, we identified PIM2 as one of the most highly and significantly
up-regulated genes in CMLSCs, and went on to characterize its role
in promoting IM resistance in CMLSCs. We note that a previous
single-cell RNA-seq study did not identify PIM2 as a differentially
expressed gene between HSCs versus CMLSCs (32), perhaps be-
cause they analyzed the less-enriched CD34+CD38− population
rather than the more primitive CD34+CD38−CD90+CD45RA−

cells, used here.
Our major conclusions are summarized in the model of Fig. 5

and discussed below. In IM-sensitive CML cells, BCR-ABL
promotes PIM2 expression through STAT5 and also initiates
several other survival pathways (33). Inhibition of BCR-ABL by
IM results in reduced levels of PIM2 and decreased levels of
pBAD, as well as inhibition of other survival pathways, leading to
cell death. In IM-resistant CMLSCs, PIM2 expression is promoted

by both a BCR-ABL–dependent (IM-sensitive) STAT5-mediated
pathway and a BCR-ABL–independent (IM-resistant) STAT4-
mediated pathway. Thus, IM treatment alone does not lead to a
reduction in PIM2 levels or loss of pBAD, and cell survival is
maintained by antiapoptotic BCL-2 family members. Our model is
consistent with previous studies showing that a pan-BCL-2 inhibitor
can sensitize CMLSCs to IM, demonstrating a role for the BCL-2
prosurvival pathway in IM resistance (34, 35).
Most importantly, the IM resistance mechanism that we de-

scribe is therapeutically targetable, which we demonstrate by
showing that combined treatment with IM and a PIM inhibitor
synergistically kills CMLSCs in cell culture, eradicates human
CMLSCs in a CML patient-derived xenograft mouse model, and
significantly prolongs survival in a conventional mouse CML
model, with a negligible effect on HSCs. Interestingly, it has been
reported that the pan-PIM inhibitor SGI-1776 enhances the
ability of IM to induce apoptosis in IM-sensitive CML cells (36).
Of note, however, this study did not investigate the effects of
SGI-1776 on IM-resistant CMLSCs.
In principle, prosurvival genes that are preferentially expressed in

cancer cells can be identified by comparing the gene expression
profiles of normal and cancer cells. However, this strategy is often
impeded by the inability to completely separate normal and cancer
cells and by the confounding effects of individual variation in gene
expression profiles. Here, using CML as a model system, we de-
scribe a strategy by which HSCs and CMLSCs can be distinguished
based on the presence or absence of a characteristic genetic marker,
BCR-ABL. Moreover, by comparing single-cell RNA-seq results of
HSCs and CMLCs isolated from the same patient, we eliminate the
potential masking effect of the often-substantial differences in gene
expression among individuals (37). The experimental approach that
we have described can be generally applied to other malignancies
that harbor oncogenic fusion proteins or other characteristic genetic
markers.

Materials and Methods
CML Patient Samples. Frozen samples isolated from patients with chronic-
phase CML (SI Appendix, Table S1) were obtained from the UMass Cancer

Fig. 3. Combined treatment with IM and the PIM
inhibitor AZD1208 synergistically increases the apo-
ptosis of CMLSCs and suppresses colony formation.
(A and B) Relative cell viability (A) and apoptosis (B)
of CMLSCs (CD34+CD38−CD90+) from CML patient
samples expressing an NS or PIM2 shRNA and treated
with DMSO or IM. In A, the results were normalized
to those obtained in DMSO-treated cells, which was
set to 1. Error bars indicate SEM. n = 4 biological
replicates. (C and D) Relative cell viability (C) and
apoptosis (D) of CMLSCs (CD34+CD38−CD90+) from
CML patient samples treated with DMSO, IM,
AZD1208, or both IM and AZD1208. Error bars in-
dicate SEM. n = 4 biological replicates. (E) Colony-
formation assay of human primary CD34+ CML cells
treated with DMSO, IM, AZD1208, or both IM and
AZD1208. To perform synergy analysis, the data
from four individual CML patients (shown in SI Ap-
pendix, Fig. S9G) were combined and normalized by
setting DMSO treatment to 1. Error bars indicate
SEM. n = 4 biological replicates. (F) Relative cell vi-
ability of normal HSCs from healthy donors treated
with DMSO, IM, AZD1208, or both IM and AZD1208.
Error bars indicate SEM. n = 3 biological replicates. S
denotes the combined drug treatment was syner-
gistic. *P ≤ 0.05; **P ≤ 0.01.
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Center Tissue and Tumor Bank and Department of Pathology, UMass Medical
School and the Druker Laboratory at Oregon Health and Science University’s
Knight Cancer Institute, which procured samples with approval from the In-
stitutional Review Board (IRB #4422). Human CML samples were selected on
the basis of sample availability and the requirement to achieve statistical sig-
nificance. Samples were thawed at 37 °C. To avoid clumping during centrifu-
gation, cells were immediately transferred to 20 mL of IMDM medium
(STEMCELL Technologies) containing 20% FBS (Atlanta Biologicals) and 0.1 mg/
mL DNaseI (Sigma-Aldrich) and incubated in a 37 °C water bath for 15–20 min.
Cells were then pelleted at 300 × g for 10 min and either stained for HSC
isolation or subjected to cell culture (SI Appendix, Materials and Methods).

Single-Cell RNA-Seq. Experimental details for single-cell sorting and cDNA
synthesis, nestedqRT-PCR to identify BCR-ABL transcripts in single cells, and single-
cell RNA-seq data analysis are provided in SI Appendix, Materials and Methods.
The RNA-seq data have been deposited in the National Center for Biotechnology
Information’s Gene Expression Omnibus (accession no. GSE81730).

CML Mice. All animal protocols were approved by the Institutional Animal
Care and Use Committee at UMass Medical School (A-2300). Animal sample
sizes were selected based on precedent established from previous publica-
tions and an understanding that at least n = 5 is generally required to

achieve statistical significance. Mice were randomly allocated to each group
for drug treatment after bone marrow transplantation and were sub-
sequently analyzed in a nonblinded fashion. Animals were excluded from
the study based on preestablished criteria: death within 10 d, with no evi-
dence of enlarged spleen, indicative of bone marrow engraftment failure.
Based on these criteria, one mouse in the IM+AZD1208-treated group was
excluded (Fig. 4 C–E).

CML was induced in 6- to 8-wk old male C57BL/6 mice (The Jackson
Laboratory) using retrovirus transduction as described previously (29, 38).
At day +7 after bone marrow transplantation, mice were randomly grouped
(n = 5 per group) and treated with vehicle [0.5% hydroxypropylmethycellulose
(viscosity 40–60 cP, H8384, Sigma-Aldrich) and 0.2% Tween-80 in filtered
ddH2O], IM (100 mg/kg), AZD1208 (30 mg/kg), or a combination of IM and
AZD1208 for approximately 2 wk, until the first vehicle-treated mouse died.
Mice were monitored for survival.

For apoptosis and stem cell viability analysis, CML mice (n = 6 per group)
were treated for 2 wk and then killed to harvest bone marrow cells for
analysis as described previously (29). BCR-ABL+ (GFP+) and BCR-ABL− (GFP−)
mouse stem cells (LSK cells) were isolated from the mice by FACS as described
previously (29). For secondary transplantation, all the bone marrow cells
from the same group of mice were combined, and the percentage of
GFP+ cells was determined by FACS analysis. An equal number of total bone

Fig. 4. Combined treatment with IM and the PIM
inhibitor AZD1208 significantly prolongs survival in a
mouse CML model. (A) Kaplan–Meier survival curve
of CML mice (n = 5 per group) treated for 2 wk (days
+7–+21) with vehicle, IM, AZD1208, or both IM and
AZD1208. (B) Annexin-V staining monitoring apo-
ptosis of CML LSK cells from CML mice treated with
vehicle (n = 10), IM (n = 9), AZD1208 (n = 10) or both
IM and AZD1208 (n = 9). (C–E) FACS determination
of the number of CML (GFP+) LSK cells (C), CML
(GFP+) short-term HSCs (ST-HSCs) and long-term
HSCs (LT-HSCs) (D), or normal (GFP−) LSK cells (E)
after treatment of mice with vehicle (n = 6), IM (n =
6), AZD1208 (n = 6), or both IM and AZD1208 (n = 5).
(F) Kaplan–Meier survival curve showing CML en-
graftment and progression in secondary trans-
planted mice (n = 5) with bone marrow cells from
each group of the primary transplanted CML mice
shown in A. S denotes the combined drug treatment
was synergistic. *P ≤ 0.05; **P ≤ 0.01.

Fig. 5. Model for PIM2 regulation in IM-sensitive and IM-resistant CML cells. In IM-sensitive CML cells, BCR-ABL promotes PIM2 expression through STAT5 and
also initiates several other survival pathways. Inhibition of BCR-ABL by IM results in reduced levels of PIM2, inhibition of other survival pathways, and cell
death. In IM-resistant CMLSCs, PIM2 expression is promoted by both a BCR-ABL–dependent (IM-sensitive) STAT5-mediated pathway and a BCR-ABL–
independent (IM-resistant) STAT4-mediated pathway. Thus, IM treatment alone does not lead to a reduction in PIM2 levels, and cell survival is maintained.
Combined treatment with IM and a PIM inhibitor (AZD1208) results in reduced levels of PIM2 and cell death.
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marrow cells were transplanted into lethally irradiated secondary recipients.
Mice were monitored for accumulation of CML cells (GFP+ cells) in peripheral
blood and survival.

Pim2 expression was analyzed in mouse LSK cells and LT-HSCs (SI Ap-
pendix, Figs. S5 C and D and S7G) using Tet-off SCL-tTA/BCR-ABL transgenic
mice, bred as described previously (39). To induce CML, BCR-ABL transgenic
mice were subjected to tetracycline-water withdrawal starting at age 8 wk,
and CML development was monitored by FACS analysis of peripheral Gr1+/
Mac1+ cells, which typically reached 20–30% after 2 wk of induction. Mice
were treated with vehicle or IM (100 mg/kg) for another 2 wk and then
killed, after which bone marrow was collected for FACS sorting of LSK cells
and LT-HSCs. Mice of the same age but maintained with tetracycline-water
since birth served as the normal control group. Ultra-low cell number qRT-
PCR was used to determine Pim2 expression using the primers listed in SI
Appendix, Table S2.

Statistical Analysis. To achieve statistical significance, all qRT-PCR data were
collected from experiments performed in technical triplicate. Each experi-
ment was repeated at least twice, and statistically significant results were
obtained in independent biological replicates. Differences between groups
were assayed with the two-tailed Student t test using GraphPad Prism. In
cases where the assumption of the t test was not valid, a nonparametric
statistical method (e.g., Mann–Whitney U test) was used. Significant differ-
ences were considered when P < 0.05. Data are presented as mean ± SD or
SEM, as indicated in the figure legends.

Statistical analysis for drug synergy was performed using R version 3.5.0, a
system for statistical computation and graphics (40), to assess whether the
combined effects from IM and AZD1208/LGH447 were synergistic (greater
than the sum of the single-drug effects) or nonsynergistic. The number of
surviving cells or percentages were rank-transformed, followed by two-way
ANOVA to test the main effect and the interaction of the two drugs with a
randomized complete block design (Fig. 3 C, E, and F) or a completely

randomized design (Fig. 4 C–E and G). The percentage of viable cells was
transformed using the logit function, followed by two-way ANOVA with a
randomized complete block design (Fig. 3D) or a completely randomized
design (Fig. 4B).

To determine whether IM and AZD1208/LGH447 exerted synergistic im-
pacts on decreasing cell survival, we compared the difference between ob-
served effects with the expected additive effects for the mouse/patient
samples exposed to both drugs (41). The difference was estimated as the
interaction coefficient in the ANOVA. If there was a significant negative
difference (i.e., interaction coefficient <0 and P < 0.05), then the impact
from the combined drugs was classified as synergistic; otherwise, it was
classified as nonsynergistic. For apoptosis, if there was a significant positive
difference, then the impact from the combined drugs was classified as syn-
ergistic; otherwise, it was classified as nonsynergistic. When there was no
statistically significant synergistic effect, combined drug treatments were
compared with IM treatment alone using a predetermined contrast under
the ANOVA framework.

Additional information on the materials and methods used for GSEA,
ultra-low cell number qRT-PCR, CML patient sample culturing for functional
experiments, phospho-flow analysis, immunoblot analysis, shRNA-mediated
knockdown, data mining, ChIP, relative cell viability and apoptosis assays,
ectopic PIM expression, colony-formation assays, and PDX mice experiments
are available in SI Appendix, Materials and Methods.
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