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RESULTS

Increased Pim kinase expression is found in
sorafenib-resistant primary AML samples and confers
resistance to FLT3 inhibition in vivo
Pim protein kinases are well-documented FLT3-ITD targets and there-
fore may have a potential role in FLT3-ITD–mediated cell transfor-
mation (14, 17). We investigated the role of these oncogenic kinases
in FLT3i resistance, which inevitably occurs after a short interval in
FLT3-ITD+ AML patients (9, 18).

We compared Pim kinase protein expression in paired primary
samples from FLT3-ITD+ AML patients at the time of diagnosis (FLT3i-
naïve) and after relapse on treatment with sorafenib (FLT3i-resistant)
(Table 1). Whereas Pim kinase expression decreased in three of seven
sorafenib-treated samples—which was expected considering the docu-
mented regulation of Pim kinases by FLT3-ITD (14, 17)—Pim-2 ex-
pression unexpectedly increased in four of seven FLT3i-resistant
compared to FLT3i-naïve paired samples (Fig. 1A). Pim-1 protein expres-
sion, which was low to absent in FLT3i-naïve samples, was increased
in two FLT3i-resistant samples, decreased in one sample, and not de-
tected in three samples (Fig. 1A). We found an FLT3-ITD kinase do-
main mutation by sequencing in four of seven sorafenib-resistant
samples, which was not detected in sorafenib-naïve samples but with-
out any correlation with the expression of Pim kinases (Fig. 1A, right,
and Table 1). Thus, increased Pim kinase expression may occur in
FLT3i-resistant primary AML cells.

We further used Pim-2 as a representative model of the Pim kinase
family because Pim-2 is more frequently detected than Pim-1 in pri-
mary AML samples and AML cell lines (fig. S1A). We used a well-
characterized experimental model of FLT3-ITD–induced MPN (19),
in which mice received FLT3-ITD+ transformed hematopoietic pro-
genitor cells or cells expressing both FLT3-ITD and human PIM2
(FLT3-ITD/PIM2). Compared to their syngeneic counterparts, recipi-
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ents of FLT3-ITD+ cells had decreased body weight (Fig. 1B), increased
spleen weight and cellularity (Fig. 1, C and D), increased white blood
cell (WBC) and monocyte counts, and decreased platelet counts (Fig.
1E). These parameters did not differ between mice receiving FLT3-
ITD– or FLT3-ITD/PIM2–transduced cells (Fig. 1, B to E), suggesting
that ectopic Pim-2 expression did not modify tumor burden. Engraft-
ment of these cells was confirmed by immunohistochemistry of mouse
spleen (Fig. 1F).

Treatment with the FLT3i AC220 commenced at disease onset, as
defined by a WBC count of more than 104/ml. AC220 therapy resulted
in a reduction in WBC and monocyte counts, diminished myeloid cells
expansion (Fig. 1, G and H), and decreased spleen weight (Fig. 1I) in
mice injected with FLT3-ITD but not FLT3-ITD/PIM2 cells. Moreover,
cellular proliferation in the splenic red pulp as measured by Ki-67+

staining was reduced with AC220 treatment in FLT3-ITD but not in
FLT3-ITD/PIM2 recipients (Fig. 1J). Pim-2 expression in FLT3-ITD+

hematopoietic cells is thus sufficient to induce FLT3i resistance
in vivo.

Pim kinases are FLT3-ITD targets involved in resistance to
FLT3 inhibition in AML
We used a doxycycline (Dox)–inducible short hairpin RNA (shRNA)
to achieve targeted FLT3 knockdown in AML cell lines. FLT3 protein
expression was efficiently suppressed in all cell lines tested (HL-60,
OCI-AML3, MV4-11, and MOLM-14) but correlated with reduced
Pim-1 and Pim-2 expression only in FLT3-ITD+ cell lines (MV4-11 and
MOLM-14, Fig. 2A). In MOLM-14 and MV4-11 cells, FLT3 knock-
down increased annexin V binding, in contrast to the results observed
in two FLT3 wild-type AML cell lines, OCI-AML3 and HL-60 (fig. S2A),
suggesting an addiction to FLT3-ITD signaling in these cell lines.

In the FLT3-ITD+ MOLM-14 AML cell line, Pim-2 expression was
constitutive and controlled by multiple signaling relays downstream of
FLT3-ITD, in contrast to the observations made in the FLT3 wild-type
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Table 1. Clinicopathologic characteristics of seven patients with FLT3-ITD+ AML treated on sorafenib monotherapy trial. G, gender; A, age (in
years); FAB, French-American-British classification; WCC, white cell count (109/liter); Blast, percentage of bone marrow blast cells; NPM1, nucleophosmin
1 mutation status; Karyo., karyotype; FLT3-TKD, FLT3 tyrosine kinase domain mutation status; Naïve, pre-sorafenib sample; Res., sample collected after
disease evolution upon sorafenib treatment; NS, not specified; NA, not available; WT, wild type; Mut, mutated; 7 + 3, daunorubicin and cytarabine; HDAC,
high-dose cytarabine; MTZ/VP16/AC, mitoxantrone, etoposide, and cytarabine; MACE-DEX, mitoxantrone, cytarabine, etoposide, and dexamethasone; ICE,
idarubicin, cytarabine, etoposide; CLARA, clofarabine, cytarabine; MTZ/MDAC, mitoxantrone, medium-dose cytarabine; 5AZA, 5-azacytidine; Y and N, pres-
ence or absence of TKD mutations in sorafenib-naïve and sorafenib-resistant samples.
Patient
 G/A
 FAB
 WCC
 Blast
 NPM1
 Karyo.
 Previous treatments

FLT3-TKD*
Naïve
 Res.
AML#1
 M/54
 NS
 167
 81
 NA
 Complex†
 7 + 3, HDAC×2, MACE-DEX
 N
 N
AML#2
 M/34
 M6
 2
 6 (75)‡
 WT
 46, XY
 7 + 3, ICE, CLARA, MTZ/MDAC, 5AZA
 N
 Y
AML#3
 F/57
 M1
 19
 54
 WT
 46, XX
 7 + 3, MTZ/MDAC×3
 N
 N
AML#4§
 F/47
 NS
 25
 78
 Mut.
 46, XX
 7 + 3, ICE×2
 N
 Y
AML#5
 F/87
 M1
 260
 94
 NA
 46, XX
 Not eligible
 N
 Y
AML#6
 F/43
 NS
 18
 55
 WT
 Complex¶
 7 + 3, HDAC×2, MTZ/VP16/AC
 N
 N
AML#7
 F/67
 M1
 102
 95
 NA
 46, XX
 7 + 3, HDAC×2, 5AZA
 N
 Y
*D835 mutation of FLT3-TKD was examined as described (18) on peripheral blood cells. †42~48,XY,del(5)(p13),+del(6)(q16),del(12)(p11.2),-14,-15,-17,t(17;19)(q21;p13),-20,+1~6mar[cp8]/46,XY[7].
‡The percentage of blast cells of bone marrow was 75% among the nucleated cells. §The clinical information and the FLT3-TKD status of patient AML#7 have been reported (18). ¶46,XX,i(17)
(q10)[6]/46,XX,del(5)(q34)[3]/46,XX,add(11)(p11.2)[2]/46,XX,del(11)(15.2)[2]/46,XX[20].
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Fig. 1. Increased Pim kinase expression is found in sorafenib-resistant primary AML samples and confers resistance to FLT3 inhibition in vivo. (A)
Left: Western blotting with Pim-1 and Pim-2 antibodies was performed on seven paired primary AML samples from patients before TKI treatment [naïve (N)]

and after relapse (R) following sorafenib therapy. Right: FLT3-TKD sequencing (−, absence of mutation; +, detection of a D835 mutation) in naïve or resistant/
relapsed (Res) AML samples. (B to F) Six- to 8-week-old B6 mice were transplanted with bone marrow (BM)–derived hematopoietic precursors transduced
with FLT3-ITD (black), FLT3-ITD and human Pim-2 (FLT3-ITD/PIM2; gray), or control (white) constructs. Eight weeks after adoptive transfer, body weight (B),
spleen weight (C), spleen cell counts (D), and peripheral blood counts (total leukocytes, monocytes, and platelets) (E) were determined, and immuno-
histochemical analysis of FLT3 and Pim-2 protein expression was performed on spleen sections (F) (n = 4 for each). (G and H) Peripheral blood counts (total
leukocytes, monocytes, and platelets) from mice adoptively transferred with bone marrow precursors expressing FLT3-ITD (black bars) or FLT3-ITD/PIM2 (gray
bars), treated or not with AC220 for 1 week (n = 4 for each). (I) Spleen weight relative to body weight in mice transduced with FLT3-ITD (white bars) or
FLT3-ITD/PIM2 (black bars) and treated with vehicle or AC220. (J) Hemalun-Erythrosine-Safran (HES) and Ki-67 staining of spleen sections from (G) and (H). Results
in the graphs are expressed as means ± SEM. *P < 0.05; **P < 0.01; ns, not significant. b-Actin was used as a loading control for all Western blots.
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Fig. 2. Pim kinases are FLT3-ITD targets involved in resistance to FLT3 inhibition in AML. (A) AML cell lines (HL-60, OCI-AML3, MV4-11, and MOLM-14)
were transduced via lentivirus with Dox-inducible anti-FLT3 shRNA vectors. shRNA induction was achieved with Dox (200 ng/ml). Western blots were

performed using FLT3, Pim-1, and Pim-2 antibodies. WT, wild type. (B) MOLM-14 and OCI-AML3 cells were cultured with FLT3-L and/or 5 nM AC220.
Tyrosine phosphorylation was evaluated in FLT3 immunoprecipitates. Pim-1, Pim-2, phospho-STAT5 (Y694), and STAT5 levels were detected in whole-cell
lysates by immunoblotting. (C) MOLM-14 cells were treated for 24 hours with 5 nM AC220 (left), and MOLM-14 and MV4-11 cells were transduced with
inducible shFLT3 and treated with Dox (200 ng/ml) for 48 hours (right). Pim-1 and Pim-2 mRNA levels were quantified by real-time polymerase chain
reaction. Gene expression was normalized to the HPRT (hypoxanthine-guanine phosphoribosyltransferase) levels (n = 3). (D) STAT5A/B gain (right) or loss
(left) of function in MOLM-14 cells transduced with lentivirus. STAT5A, STAT5B, Pim-1, Pim-2, and Bcl-xL protein levels were evaluated by immunoblotting.
(E) MOLM-14 cells were separately transduced with a PIM1- or PIM2-expressing vector or an empty vector. Ectopic expression of Pim-1 and Pim-2 was
verified by immunoblotting (right). Cells were treated with vehicle or 1 nM AC220 for 48 hours, and cell viability was assessed by an UptiBlue assay (left)
(n = 3). (F) MOLM-14 cells expressing an FLT3 shRNA in a Dox-inducible manner were transduced with a Pim2 (murine Pim-2) allele or a control vector.
After 48 hours of culture in the presence of Dox (200 ng/ml), FLT3 and murine Pim-2 expression was assessed by immunoblotting, and apoptosis was
measured by annexin V staining. (G and H) MOLM-14 cells were transduced via lentivirus with a control vector (Dox-inducible anti–Pim-2 shRNA vector) or
with Pim2 lentivirus and xenografted into nude mice. (E) Tumor growth was assessed in mice treated with AC220 (1 mg/kg) (initiated once the tumor size
reached 100 mm3) with (black circle) or without (white circle) Pim2 transduction. Growth of untreated xenotransplanted MOLM-14 cells is also provided
(white square box). The means of the individual tumor sizes are plotted (n = 8). (F) Kaplan-Meier survival curve analysis of MOLM-14 cells transduced
(dashed line) or not (solid line) with Pim2, transplanted into nude mice, and treated with AC220 (n = 8). Results are expressed as means ± SEM. b-Actin was
used as a loading control for all Western blots. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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OCI-AML3 cell line (fig. S2, A and B). Pim-1 and Pim-2 protein
expression also decreased with AC220 therapy in MOLM-14 cells (Fig.
2B). In OCI-AML3 cells, stimulation with FLT3 ligand (FLT3-L)
enhanced FLT3 tyrosine phosphorylation but had no impact on Pim
kinase expression (Fig. 2B). Collectively, these data suggest that Pim
kinases are specific FLT3-ITD targets without implication of the wild-
type FLT3 allele in their regulation.

Previous work suggests that STAT5 activation by endoplasmic
reticulum–anchored FLT3-ITD may transactivate Pim kinases along
with other targets such as Bcl-xL (20, 21). We quantified Pim-1 and
Pim-2 mRNA upon FLT3 pharmacological or genetic inhibition. In
MOLM-14 and MV4-11 FLT3-ITD+ cells, FLT3 inhibition correlated
to decreased Pim-1 transcript levels, whereas Pim-2 mRNA remained
at baseline levels (Fig. 2C). Moreover, STAT5 knockdown in MOLM-
14 cells induced Pim-1, but not Pim-2, depletion (Fig. 2D). In contrast,
ectopic expression of STAT5A or STAT5B induced Pim-1 expression
without Pim-2 modification (Fig. 2D). Pim-1 and Pim-2 are thus dif-
ferentially regulated downstream of FLT3-ITD without implication of
STAT5 in the case of Pim-2 in AML.

We expressed a PIM1 or a PIM2 allele separately in MOLM-14
cells (Fig. 2E). Upon treatment with AC220, cell viability was signif-
icantly preserved in MOLM-14 cells overexpressing Pim-1 or Pim-2
compared to MOLM-14 cells transduced with an empty vector (Fig. 2E).
Pim2 ectopic expression also protected MOLM-14 cells from apoptosis
induced by genetic (Fig. 2F) or chemical (fig. S2D) FLT3 inhibition. Ec-
topic expression of AKT promoted annexin V staining similar to Pim2
expression but did not protect MOLM-14 cells from AC220-induced
cytotoxicity (fig. S2E). Pim kinase expression thus specifically prevented
cytotoxicity upon FLT3 inhibition in AML.

We xenografted nude mice with MOLM-14 cells transduced with a
control or Pim2 allele. AC220 administration was initiated upon disease
detection (Fig. 2G). FLT3i reduced tumor growth and delayed disease
propagation in control animals, showing that MOLM-14 cells are sen-
sitive to FLT3i in vivo, as previously reported (Fig. 2G) (22). In contrast,
mice bearing xenografts ectopically expressing a Pim2 allele were resist-
ant to AC220 treatment and their survival was significantly shortened
compared to controls (Fig. 2, G and H). Pim kinase expression thus
drives FLT3i resistance in MOLM-14 cells in vitro and in vivo.

Pim kinases, with a predominant implication of Pim-2,
regulate FLT3i-naïve and FLT3i-resistant AML cell survival
Pim-2 knockdown promoted apoptosis in two FLT3-ITD+ AML cell
lines (MOLM-14 and MV4-11; Fig. 3A). By contrast, it had no effect
on annexin V binding in FLT3 wild-type AML cell lines (THP-1, OCI-
AML3, and HL-60) or normal CD34+ hematopoietic progenitor cells
(Fig. 3, A and B). In contrast to other models (10) and to our observa-
tions in normal CD34+ hematopoietic progenitor cells, no compensa-
tory increase of other Pim kinase family members was seen after
Pim-1 or Pim-2 knockdown in AML cells (fig. S3A). In MOLM-14
cells, Pim-1 knockdown did not induce annexin V binding (fig. S3,
B and C) and reduced cell proliferation and viability, but to a lesser ex-
tent than did Pim-2 depletion (fig. S3D), suggesting the absence of func-
tional compensation between these kinases in AML. Decreased cell
viability induced by Pim-2 knockdown was rescued by ectopic murine
Pim-2 expression but not by a mutant Pim2 allele devoid of kinase ac-
tivity [kinase-dead Pim2 mutant (Pim2KD)] in MOLM-14 cells (Fig.
3C). These results suggest that Pim kinases, particularly Pim-2, are es-
sential to the survival of FLT3-ITD+ AML cells.
Green et al. Sci. Adv. 2015;1:e1500221 18 September 2015
We subcutaneously injected nude mice with MOLM-14 cells ex-
pressing in a Dox-inducible manner either a Pim-2 shRNA or a scram-
bled shRNA and followed leukemia propagation. Administration of
Dox impaired tumor growth in Pim-2 shRNA–expressing tumors rel-
ative to scrambled shRNA–expressing as well as vehicle-treated tumors
(Fig. 3, D and E). Corroborating these findings, Pim-2 knockdown
increased mouse survival (Fig. 3, F and G). Immunohistochemical anal-
ysis of tumor sections confirmed the efficiency and specificity of Pim-2
knockdown (Fig. 3H). Pim-2 knockdown also correlated with inhibi-
tion of 4E-BP1 phosphorylation, suggesting an efficient inhibition of
Pim-2–dependent signaling pathways in vivo (Fig. 3H) (16). Finally,
tumors with knockdown of Pim-2 exhibited increased cell death as
measured by TUNEL (terminal deoxynucleotidyl transferase–mediated
deoxyuridine triphosphate nick end labeling) staining (Fig. 3H).

We used AC220-treated MOLM-14 xenografts that became resist-
ant to therapy (Fig. 2E). Ex vivo cultures of these cells (referred to
as MOLM-14-R) devoid of FLT3 tyrosine kinase domain mutation
(FLT3-TKD; data not shown) confirmed our in vivo results (Fig. 2, E
and F), suggesting that these cells acquired AC220 resistance compared
to parental FLT3i-naïve MOLM-14 cells (Fig. 3I). Augmentation of
AC220 proapoptotic activity was observed in parental MOLM-14 cells
upon Pim-2 knockdown (Fig. 3I). Strikingly, Pim-2 knockdown induced
by Dox sensitized MOLM-14-R cells to AC220-induced apoptosis,
suggesting that AC220 resistance is associated with Pim-2 expression
in this model (Fig. 3I). Together, these data show that Pim-2 is in-
volved in FLT3i resistance in vitro and in vivo.

Pim kinase inhibition directly facilitates FLT3-ITD receptor
blockade by AC220
We measured intracellular calcium flow as a dynamic marker of FLT3-
dependent signaling pathway activation. Calcium mobilization was
promptly induced in Ba/F3-ITD cells—used as a minimal model of on-
cogene addiction to FLT3-ITD signaling (23)—after FLT3-L stimula-
tion, consistent with the sustained sensitivity of FLT3-ITD receptors to
FLT3-L in AML patients (Fig. 4A) (24). Ectopic expression of Pim2,
but not Pim2KD, allele abrogated FLT3-L–induced signaling, whereas
induction of calcium flux by thapsigargin was similar regardless of
transfectant (Fig. 4A). Co-incubation of Pim-2 and FLT3 recombinant
proteins decreased FLT3 tyrosine phosphorylation in vitro compared
to the level of FLT3 autophosphorylation (fig. S4A), and MOLM-14
cells transfected with Pim2 exhibited reduced FLT3 and STAT5 tyro-
sine phosphorylation, in contrast to Pim2KD transfectants (Fig. 4B).
These results suggest that Pim-2 activity inhibits FLT3-ITD signaling.

We used Ba/F3 cells transduced with FLT3-ITD alleles with wild-
type or D835Y mutated kinase domains. The FLT3-ITD-D835Y allele
modeled here conferred mutational resistance to FLT3i (6). We treated
both FLT3-ITD and FLT3-ITD-D835Y cells with the pan-Pim kinase
inhibitor LGB321 (25). FLT3-L stimulation increased calcium flux in
both FLT3-ITD and FLT3-ITD-D835Y cells treated with LGB321 com-
pared to vehicle-treated cells (Fig. 4C). In support of these results,
incubation of a mix of Pim-2 and FLT3 recombinant proteins with
LGB321 in vitro increased FLT3 tyrosine phosphorylation (fig. S4B).
These results suggest that Pim-2 directly controls FLT3 tyrosine phos-
phorylation and FLT3-ITD–dependent signaling pathway activation.
We co-incubated FLT3, Pim-2, and STAT5 recombinant proteins
in vitro without or with AC220 or LGB321 and then analyzed STAT5
tyrosine phosphorylation by immunoblotting using STAT5 as a direct
FLT3 substrate in vitro (26). Whereas LGB321 intrinsically had no
5 of 13
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Fig. 3. Pim kinases, with a predominant implication of Pim-2, regulate FLT3i-naïve and FLT3i-resistant AML cell survival. (A) AML cell lines
(MOLM-14, MV4-11, HL-60, OCI-AML3, and THP-1) were transduced via lentivirus with a vector promoting the expression of an anti–Pim-2 shRNA after

induction with Dox (200 ng/ml). Apoptosis was quantified by annexin V staining after 4 days of shRNA induction (n = 3). The extent of Pim-2 knockdown
in each cell line was determined by Western blot (bottom). (B) Western blot for Pim-2 expression (top) and annexin V staining in normal CD34+ hemato-
poietic progenitor cells lentivirally transduced with scrambled (−) or Pim-2 (+) shRNA (n = 3). (C) Pim-2 shRNA–transduced MOLM-14 cells were
cotransfected with Pim2 or Pim2KD as indicated. Cell viability after Dox treatment was assessed by staining with the UptiBlue fluorescent reagent (n = 6).
(D to G) Tumor growth and survival (Kaplan-Meier curve) of MOLM-14 cells transfected with scrambled or Pim-2 shRNA and xenografted into nude mice.
Animals were treated with vehicle [phosphate-buffered saline (PBS), black line, n = 8] or Dox (200 mg/ml) (Pim-2 shRNA in red, scrambled shRNA in blue;
n = 8 for each). (H) Tumor sections stained by HES and TUNEL or labeled with Pim-1, Pim-2, and phospho-4E-BP1 (S65) antibodies. Representative
images from three separate experiments are shown. (I) MOLM-14 cells were harvested from AC220-treated xenografted mice as depicted in Fig. 2, E and F.
Pim-2 knockdown was induced with Dox (200 ng/ml) for 24 hours, and 2 nM AC220 was then added to the culture for an additional 24 hours. Apoptosis
was quantified by annexin V staining. Results are expressed as means ± SEM. b-Actin was used as a loading control for all Western blots. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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