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Abstract

The genes and pathways that govern the functions and expansion of hematopoietic stem cells
(HSC) are not completely understood. In the current study, we investigated the roles of serine/
threonine Pim Kkinases in hematopoiesis in mice. We generated PIM1 transgenic mice (Pim1-Tx)
over-expressing human P/M1 driven by vavhematopoietic promoter/regulatory elements.
Compared to wild-type littermates, Pim1-Tx mice showed enhanced hematopoiesis as
demonstrated by increased numbers of Lin~Sca-1*c-Kit" (LSK) hematopoietic stem/progenitor
cells and cobblestone area forming cells, higher BrdU incorporation in long-term HSC population,
and a better ability to reconstitute lethally irradiated mice. We then extended our study using
Pim1=, Pimz™=, Pim3!~ single knockout (KO) mice. HSCs from Pim1~'~ KO mice showed
impaired long-term hematopoietic repopulating capacity in secondary and competitive
transplantations. Interestingly, these defects were not observed in HSCs from Pim2~ or Pim3!~
KO mice. Limiting dilution competitive transplantation assay estimated that the frequency of
LLSKCD34~ HSCs was reduced by ~28-fold in Pim1~/~ KO mice compared to wild-type
littermates. Mechanistic studies demonstrated an important role of Pim1 kinase in regulating HSC
cell proliferation and survival. Finally, our PCR array and confirmatory RT-PCR studies identified
several genes including Lef-1, Pax5 and Gatal in HSCs that were affected by Pim1 deletion. Our
data provide the first direct evidence for the important role of Pim1 kinase in the regulation of
HSCs. Our study also dissects out the relative role of individual Pim kinase in HSC functions and
regulation.
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INTRODUCTION

The fate of hematopoietic stem cells (HSCs) including their survival, self-renewal,
expansion and differentiation is regulated by both extrinsic and intrinsic factors. Several
molecules and pathways important in HSC regulation have been identified, including
homeobox protein B4, Slug transcription factors, and the morphogenic signaling molecules
[1-3]. However, despite significant advances in our understanding of HSC biology over the
last several decades, the detailed molecular mechanisms and pathways regulating HSC
functions are not completely known, and many more genes and molecular pathways remain
to be discovered.

Pim (proviral insertion in murine lymphomas) protein kinases are a small family of
constitutively active, highly conserved oncogenic serine/threonine kinases that has 3
members: Pim1, Pim2 and Pim3 [4-7]. Pim kinases share > 60% of homology at amino acid
level, and many of their functions overlap with each other, notably in lymphomagenesis. For
instance, Ep Myc-Ep PimZ2 double transgenic mice develop B cell lymphoid tumors similar
to those arising in EpMyc-Ep Pim1 transgenic mice [8]. Additionally, Pim3 can compensate
for the loss of Pim1 and Pim2 in MuLV-induced lymphomagenesis. Pim kinases are
aberrantly expressed in many types of cancers including prostate cancer, colon cancer, and
lymphoid leukemia/lymphoma [9-15], and Pim kinase inhibitors are being developed for the
treatment of cancer [16].

Beside oncogenic potential, Pim kinases are involved in normal cellular functions as well,
including the regulation of early B lymphopoiesis [17], the self-renewal of mouse embryonic
stem cells [18], and myocardial regeneration [19]. The roles of Pim kinases in hematopoiesis
are not well understood. P/IM1 is highly expressed in human fetal hematopoietic tissues such
as the liver and spleen [10], and PimI kinase is a key target for HOXA9, a homeoprotein
important in hematopoiesis [20]. In vitro studies also suggested an important role of Pim
kinase in protecting hematopoietic cells from apoptosis [21] and in enhancing growth factor-
independent survival in myeloid cells [22, 23]. A more recent study from Grundler, et al.
[24] suggested that Pim1 regulates the CXCR4 chemokine receptor expression in HSCs.
However, a detailed analysis of the roles of individual Pim kinase in hematopoiesis using
stringent serial transplantation and competitive limiting dilution transplantation is still
lacking. Furthermore, it will be important to fully understand the roles of Pim kinases in
hematopoiesis before initiating testing Pim inhibitors in clinical settings.

In the current study, we performed detailed HSC functional analyses using PIM1 transgenic
mice (Pim1-Tx) and Pim single knockout (KO) mice. Our data demonstrated an important
role of Pim1 kinase in the regulation of HSCs.

MATERIALS AND METHODS

Mice

Pim1-Tx mice—Pim1-Tx mice were generated by microinjection of a construct containing
entire human P/M1 coding sequence into FVB/J zygotes (details described in supplementary
materials). All our studies were performed in accordance withMedical University of South
Carolina Institutional Animal Care and Use Committee approved-procedures.
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Pim single KO mice and Pim1~/~Pim2~/~Pim3~/~ triple KO (TKO) mice—
Pim17"=/Z7I= and Pim2'-/3~ double KO mice were generated by Mikkers, et al. [25], and
were kindly provided by Drs Paul B. Rothman (Johns Hopkins University) and Anton Berns
(Netherlands Cancer Institute). Pim1~/=, Pim2~'~ and Pim3'~KO mice in this study were
generated by systematically breeding wild-type (WT) FVB/J mice with the Pim double KO
mice. Pim TKO mice were generated by crossbreeding Pim1 heterozygous (Pim17*)
Pim2=Pim3 '~ mice.

FVB/J mice—FVB/J mice as transplant recipients were purchased from the Jackson
Laboratory.

Flow cytometry analysis

To determine the percentage and absolute number of Lin~Sca-1*c-Kit* (LSK) cells, the
mice were sacrificed and bones (2 femurs and 2 tibias per mouse) and spleen were
harvested. Red blood cells (RBC) were depleted using ACK lysis buffer. Total bone marrow
(BM) mononuclear cells and splenocytes were counted. The cells were then stained with
biotin-conjugated anti-CD3, anti-CD4, anti-CD5, anti-CD8a, anti-CD11b, anti-B220, anti-
Gr-1, anti-TER-119; APC-conjugated c-Kit; and PE-conjugated Sca-1 antibodies,
followedby staining with streptavidin-PE-Cy7 or streptavidin-FITC (all these antibodies
were purchased from BD Pharmingen, CA).

To determine the surface expression of CXCR4, the cells were stained with rabbit anti-
mouse CXCR4 antibody (Abcam) followed by Alexa Flour 488-conjugated goat anti-rabbit
antibody (Invitrogen).

To determine HSC cell proliferation and apoptosis, multicolor flow cytometry was used.
Briefly, 3,000 to 6,000 sorted LSK cells were cultured in StemSpan SFEM medium
(StemCell Technologies) supplemented with 100 ng/mL of murine stem cell factor (SCF),
Thrombopoietin (TPO), and FIt3 (all from Invitrogen). Cells were counted every 48 hrs and
stained with APC-H7-conjugated c-Kit, PE-conjugated Sca-1, and biotin-conjugated
lineage-specific antibodies followed by streptavidin-Brilliant-violet-605 (Biolegend). The
cells were then stained with Aqua Live/dead fixable dye (Invitrogen) followed by fixation
and permeabilization using BD Cytofix/Cytoperm kit. The fixed cells were subsequently
stained with PE-Cy7-conjugated Ki67 antibody (BD Pharmingen) and FITC-conjugated
caspase 3 antibody (BD Pharmingen). Flow cytometry was performed on BD LSRFortessa
and analyzed with FlowJo software.

Colony forming Unit (CFU) and cobblestone area forming cell (CAFC) assay

CFU assays were performed in complete M3434 methylcellulose medium (Stem Cell
Technologies) following the manufacturer’s instructions. The CAFC assay was performed as
previously described [26]. The frequencies of CAFCs were determined at week 2 and week
5 using L-Calc software (StemCell Technologies).

In vivo BrdU incorporation assay

In vivo BrdU incorporation was performed as described [27, 28] with minor modifications.
Briefly, mice were intraperitoneally injected with 2 doses (8 and 2 hours before sacrifice) of
bromodeoxyuridine (BrdU, BD Pharmingen) at 50 pg/gram body weight. BM cells were
then isolated and enriched for Lin~ cell population using lineage cell depletion kit (Miltenyi
Biotec). At least 1.5x108 Lin~ BM cells were labeled with PE-conjugated-Sca-1 (D7), APC-
conjugated-c-Kit (2B1), PerCP-eFluor 710-conjugated-CD135 (eBioscience), and eFluor
450-conjugated CD34 (eBioscience), followed by fixation and staining with FITC-
conjugated BrdU antibody (BrdU Flow Kit, BD Pharmingen).
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Primary, secondary, competitive and limiting dilution hematopoietic stem cell
transplantation (HCT)

For primary HCT, BM cells were isolated from male Pim1-Tx mice, Pim single KO mice, or
wild-type (WT) littermates. RBC-depleted BM cells were injected (cell doses were indicated
in the text) via tail-vein to lethally irradiated (11Gy) female FVVB/J recipient mice. Animal
survival was monitored daily. To determine hematological recovery, peripheral blood was
collected from transplant recipient mice by retro-orbital sampling under anesthesia
condition. Whole blood cell counts were measured using a Beckman Hemogram counter.
Male donor cell engraftment was determined as described below using quantitative PCR for
sex-determining region Y (Zfy1).

For secondary HCT, BM cells were obtained from primary transplanted recipient mice at 4
months post transplantation, and 1x10” BM cells/recipient were injected into lethally
irradiated female FVB/J mice. Male donor cell engraftment was measured.

For competitive repopulation assay, 5x10° male BM donor cells from Pim1-Tx mice, Pim
single KO mice, or WT controls were mixed with 2x10° female competitive BM cells from
FVB/J mice, and transplanted into lethally irradiated female FVVB/J mice.

For limiting dilution competitive transplantation assay, we used a previously described
method [29] with minor modifications. Briefly, sorted LSKCD34™ male donor cells at doses
of 15, 45 and 150 cells were mixed with 1.5x10° female competitor BM cells and injected
into lethally irradiated female FVB/J recipients. The frequencies of HSCs were calculated
using ELDA program as described [30].

PCR-based male donor cell engraftment analysis

Male donor cell engraftment in female transplant recipients was determined as described
[27, 31, 32]. Briefly, genomic DNAs were extracted from RBC-lysed peripheral blood cells
or BM cells using the DNANeasy Kit (QIAGEN), and further purified using Ethanol
precipitation method. Twenty ng of genomic DNA were mixed with SYBR Green PCR
master mix reagents (Bio-Rad) and real-time (RT)-PCR was performed. Donor cell
engraftment was estimated by percentage of male DNA calculated from the standard curve
by PCR for sex-determining region Y (Zfy1) [27]. Bcl-2:5'-
AAGCTGTCACAGAGGGGCTA and 5 -CAGGCTGGAAGGAGAAGATG and Actir. 5'-
TGTTACCAACTGGGACGACA and 5'-ACCTGGGTCATCTTTTCACG were used as
reference genes.

Homing assay

Homing assay was performed using sorted Lin~Sca-I* male donor cells [33]. The cells were
injected into lethally irradiated female recipients (60,000 cells/recipient). The homing
efficiency of donor male cells to BM and the spleen at 12 hours post transplantation was
determined by PCR quantification of male DNA as described.

Hematopoiesis PCR array and RT- PCR analysis

Commercially available hematopoietic stem cells and hematopoiesis PCR array
(PAMM-054A, Qiagen) was performed as per the manufacturer’s instructions. Briefly,
LSKcells were sorted from WT, Pim1-Tx, Pim1~~, or TKO mice (3-6 mice per group).
RNAs were isolated using RNeasy plus Mini Kit (Qiagen) and converted to cDNA by RT?
First Strand Kit (Qiagen). The cDNA samples were mixed with RTZ gPCR master mixes
and a total of 84 hematopoiesis-specific genes were analyzed. Expression of mMRNA for each
gene was normalized against Aprt, hsp90ab1, gapdh, and actin g endogenous control genes.
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Gene expression level in Pim1-Tx and KO mice was calculated using the 2~2ACt yalye
against WT mice.

Confirmatory RT-PCR on selected genes was performed using RNA samples isolated from
LSK cells. The following primers were used: Actb: 5'-GATCTGGCACCACACCTTCT and
5 -GGGGTGTTGAAGGTCTCAAA,; ll6st: 5'-CATGCTTTCAGGCTTTCCTC and 5'-
CCATACATGAAGTGCCATGC; Lefl: 5-TCACTGTCAGGCGACACTTC and 5’-
TGAGGCTTCACGTGCATTAG; Gatal: 5-TGTCCTCACCATCAGATTCCA and 5’-
TCCCTCCATACTGTTGAGCAG; Trim10: 5-CAACTGGAGGGGTTAGACGG and 5’-
GGCACTTTCTGGTTTCACATCT,; Pax5: 5"-AACTTGCCCATCAAGGTGTC and 5’-
GGCTTGATGCTTCCTGTCTC.

Statistical Analysis

RESULTS

The values were reported as Mean = SEM of multiple experiments or Mean + SD from a
representative experiment. Differences were analyzed by Student’s t test or as indicated. p<
0.05 was regarded as significant.

Generation of vav-hPIM transgenic (Pim1-Tx) mice

Pim1 Tx mice over-expressing murine 2jm1 driven by Ep immunoglobulin promoter were
previously reported [34]. In that model, Pim1 over-expression was restricted to the lymphoid
lineage, which limits the investigation of the role of Pim1 in HSCs. We generated Pim1-Tx
mice bearing full-length human P/M1 sequence encoding a 33 kDa PIM1 protein under the
control of vavhematopoietic regulatory elements and SV40 sequences (Fig. S1A).
Consistent with hematopoietic-specific expression pattern driven by vavregulatory
elements, our Pim1-Tx mice expressed human P/MI mRNA in all hematopoietic tissues
including spleen, bone marrow and thymus, but not in non-hematopoietic tissues such as
kidney (Fig. S1B). Pim1-Tx mice had an increased expression of Pim1 protein as
demonstrated by western blot analysis using Pim1 antibody (19F7) that recognizes both
human- and mouse-origin of Pim1 (Fig. S1C).

We investigated the relative expression level of AP/M1 in various hematopoietic cell
subsets, including LSK HSCs, B220" B cells, and Gr-1* granulocytes using qRT-PCR.
Human P/M1 is expressed in all these cell subsets, and the expression levels were
comparable between LSK HSCs and B220™ B cells. However, #P/M1 expression was ~4-
fold lower in Gr-1* granulocytes (Fig. 1A). This is consistent with previous observation that
luciferase transgene expression in vav-tTA-driven luciferase Tx mice was much higher in B
lymphoid cells than in myeloid cells [35].

We have followed Pim1-Tx mice and WT littermate progenies for two years. Consistent
with the oncogenic potential of Pim1 kinase, we found that approximately 10% of Pim1-Tx
mice developed acute lymphoblastic leukemia/lymphoma between 141 and 435 days of life
while WT littermates were leukemia free in entire lifetime (data not shown). Interestingly,
none of Pim1-Tx mice developed myeloid lineage leukemia. The exact cause for the absence
of myeloid malignancies in our Pim1-Tx mice remains to be investigated, but may in part
due to the relatively low expression of #P/M1 in mature myeloid cells like granulocytes in
these mice [35].

Increased hematopoietic stem/progenitor cell number in Pim1-Tx mice

The relatively high level of AP/M1 expression in LSK cells of Pim1-Tx mice allowed us to
determine the roles of Pim1 kinase in hematopoiesis. LSK cells represent a heterogeneous,
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but virtually all hematopoietic stem/progenitor cells (HSPCs) in mice. We first evaluated the
percentage and absolute number of LSK cells in both young (4 months) and aged (1.5 yrs)
Pim1-Tx mice that were free of leukemia/lymphoma. Compared to WT littermates, both
young and aged Pim21-Tx mice had increased percentage and absolute number of LSK cells
in the BM. Representative flow cytometry dot plots showed ~2-fold increase in the
percentage LSK cells in Pim1-Tx mice (Fig. 1B). The total LSK cell number (from 2 femurs
and 2 tibias of each mouse) was 13.6+ 9.8x10% in Pim1-Tx mice, compared to 6.2+3.2x10*
in age-matched WT littermates (Fig. 1C, p < 0.05). This increase in the absolute number of
LSK cells in Pim1-Tx mice was largely due to the increased percentage of LSK cells. The
total numbers of BM mononuclear cells were quite similar between Pim1-Tx mice and WT
littermates at all ages (data not shown).

The body weights of Pim1-Tx mice were similar to those of WT littermates. However,
Pim1-Tx mice had an increased spleen weight in aged (1.5 yrs old) mice (Fig. S2A). Further
analysis indicated that the absolute number of LSK cells in the spleen of Pim1-Tx mice was
also significantly increased (Fig. S2B, p<0.05).

We measured peripheral white blood cell count, red blood cell count, hemoglobin
concentration, and platelet count in Pim1-Tx mice, and observed no significant differences
between Pim1-Tx mice and WT littermates (data not shown). Detailed cell subset analysis
also did not show significant differences in peripheral Gr-1* granulocytes, B220* B cells or
CD3* T cells between Pim1-Tx and WT littermates (Fig. S3A). Furthermore, we examined
the BM tissue by microscopy following H&E staining and did not observe evidences
indicative of myelodysplastic or myeloproliferative changes in the Pim1-Tx mice we
examined. Morphologically, the BM section of Pim1-Tx mice that were free of leukemia/
lymphoma was very similar to that of WT littermates (Fig. S3B). These results suggest that
over-expression of Pim1 expands HSPCs without affecting their differentiation.

Enhanced hematopoietic functions in Pim1-Tx mice

We performed cobblestone-area-forming-cell (CAFC) assay, an in vitro functional assay of
HSPCs [26]. We observed a > 2-fold increase in 2-week and 5-week CAFC in Pim1-Tx BM
cells (Fig. 1D, p<0.05), suggesting that Pim1 overexpression leads to enhanced clonogenic
activity and expansion of BM HSPCs.

HSCs are characterized by their abilities to self-renew and to differentiate into all lineages of
hematopoietic cells. These hallmarks of HSC functions are best demonstrated using
transplantation model in which HSCs reconstitute lethally irradiated recipients. We thus
transplanted lethally irradiated (11 Gy) FVB/J mice with BM cells harvested from Pim1-Tx
mice or WT littermates (1x10° cells/recipient mouse). This cell dose only rescues about half
of lethally irradiated mice, thus allowing us to determine the protective effects of Pim1-Tx
HSCs. As showed in Fig. 1E, about 40% of mice transplanted with WT BM cells died within
2 weeks post-transplantation. In contrast, all the mice transplanted with BM cells from
Pim1-Tx mice survived. Additionally, the mice transplanted with Pim1-Tx cells had
significantly higher peripheral WBC counts, especially during the early stage following
transplant (Fig. 1F).

To determine the repopulating capacity of Pim1-Tx HSCs, we carried out competitive BM
transplantation experiments. We transplanted 5x10° BM cells from male Pim1-Tx or WT
littermates, along with 2x10° of competitive female FVB/J BM cells, into lethally irradiated
female FVB/J recipients. Male donor cell engraftment in BM at 4 months post transplant
was estimated by quantitative PCR measuring the sex-determining region Y (Zfyl) [31, 32].
As shown in Fig. 1G, recipients transplanted with Pim1-Tx cells had a higher percentage of
donor-derived male cells compared to those transplanted with WT cells (p<0.05), indicating
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that Pim1-Tx BM cells are more efficient and competent in reconstituting the hematopoietic
system than WT cells.

To investigate the self-renewal and long-term repopulating ability of Pim1-Tx HSCs, we
performed secondary transplantation using BM cells from the primary competitive
transplant recipient mice. Male donor cell engraftment was measured in BM at 4 months
after the secondary transplant. No difference was observed in donor cell contribution
between Pim1-Tx and WT secondary transplant recipients (Fig. 1H). We also performed
limiting dilution competitive transplantation using sorted LSKCD34~ cells and compared
the donor cell contribution at 6 weeks and 16 weeks post transplantation. At 6 weeks post
transplantation, we estimated the frequency of active HSCs in Pim1-Tx was 1 in 29.9,
compared to 1 in 47.3 in WT littermate controls (Fig. S4A). However, at 4 months post
transplantation, the difference in the estimated frequency of active HSCs between Pim1-Tx
and WT littermates disappeared (Fig. S4B). These data imply that overexpression of Pim1
kinase may expand HSC population initially, followed by HSC exhaustion.

Decreased hematopoietic functions in Pim1~/~ KO mice

To further confirm the functional role of Pim1 on hematopoiesis and to dissect out the
relative contribution of individual Pim kinase in hematopoiesis, we extended our studies
using Pim171=, Pimz71=, and Pim3'~ mice. We first performed in vitro BM CFU assay and
compared CFUs in Pim17/=, Pimz™1=, Pim3™'=, and WT mice. As shown in Fig. 2A, the BM
CFUs-GEMM in Pim1~'~ mice was reduced by ~50% in comparison to WT BM cells. In
contrast, no difference was observed in BM CFUs-GEMM between Pim2~ or Pim3~ and
WT mice.

We next compared the ability of BM cells from Pim1~'=, Pim2™'=, Pim3™'~ mice to
reconstitute hematopoiesis in primary transplant recipient mice. In this series of BM
transplantation experiments, we injected 5x10° male cells/recipient to ensure that enough
control mice survive the transplantation. As shown in Fig. 2B, the lethally irradiated mice
transplanted with WT BM cells all survived throughout the experiments. In contrast, around
50% of the lethally irradiated mice receiving Pim1~'~ BM cells died within 6 weeks after
transplant. The survival of transplant mice receiving 2im2™'~ or Pim3'~ BM cells was
comparable to those receiving WT BM cells. We also measured peripheral blood donor male
cell engraftment in survived recipients. Male donor cell engraftment in Pim1~~ BM
transplanted recipients was significantly lower than that of WT BM transplant recipient
mice. PimZ”'~ and Pim3~'~ BM cells showed no impairment in donor cell reconstitution
(Fig. 2C).

To further define the role of Pim kinases on HSC self-renewal and reconstitution, we
performed secondary BM transplantation (Fig. 2D-2E). We harvested BM cells from
primary BM transplanted mice (Fig. 2C) at 4 months post transplantation, and injected equal
number of total BM cells into lethally irradiated female recipients. Again, ~50% of
secondary transplant mice receiving PimI~'~ BM cells died within 10 weeks post
transplantation (Fig. 2D). None of WT, Pim2~'~ or Pim3™'~ secondary transplanted mice
died. The male donor cell engraftment in the peripheral blood of Pim1~/~ secondary
transplant recipient mice was also significantly lower than that in Pim2=, Pim3'~ or WT
recipients at both 6 weeks and 12 weeks post transplantation (Fig. 2E, p<0.01). We further
performed competitive transplant assays, and found that Pim1~/~ BM cells were less
competitive and less efficient in repopulating the lethally irradiated hosts compared to WT,
Pimz= or Pim3 '~ BM cells (Fig. 2F). These results demonstrated that the self-renewal
potential and the long-term repopulating capacity of HSCs were impaired in Pim1~/~ mice
while preserved in Pim27'~ and Pim37'~ mice.

Stem Cells. Author manuscript; available in PMC 2014 June 01.
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Reduced frequency of Long-term HSCs in Pim1~/~ mice

We performed competitive repopulating unit (CRU) assays with limiting dilutions of sorted
LSKCD34 cells to quantify the frequency of active HSCs in Pim1~/~ mice. Various doses of
sorted male LSKCD34 cells (15, 45 and 150 cells) from Pim1~/~ mice or WT controls were
mixed with competitor female BM cells, and transplanted into lethally irradiated female
FVB/J mice. Peripheral blood samples were collected at 6 weeks and 4 months post
transplantation, and analyzed for donor engraftment. Scatter plots demonstrated a
dramatically reduced male donor engraftment in recipients transplanted with Pim17~
LSKCD34 cells (Fig. 3A). Poisson statistical analysis at 6 weeks post transplant showed a 7-
fold reduction in CRUs in Pim1~/~ KO mice (CRUs: 1 in 19.1 in WT mice; 1 in 146.5 in
Pim1~"~ mice) (Fig. S5A-C). This reduction in CRUs in Pim1~~ KO mice increased to 28-
fold when estimated at 4 months post transplantation (CRUs: 1 in 11.7 in WT mice and 1 in
328 in Pim1~'~ mice) (Fig. 3B and Fig. S5D, n= 48).

Minimal effects of Pim1 kinase on CXCR4 expression and HSC homing to BM

Previous study suggested that PimI~'~ mice were defective in CXCR4 expression and in
HSC homing [24]. We first measured CXCR4 expression in Lin~ BM cells. We did not
observe differences in the percentage of CXCR4 positive cells, nor in the CXCR4-FITC
fluorescence intensity between WT and PimZ~/~ mice (Fig. 4A). We also performed /n vivo
HSC homing assays with sorted Lin~Sca-I* BM cells from male WT or PimI~~ mice. The
homing of male Lin~Sca-I* BM cells into BM and spleen was determined at 12 hrs post
transplantation using PCR analysis. The homing efficiency at 12 hrs post transplant was
estimated at ~0.13% in WT BM cells, which is comparable to that reported by other groups
[33]. We did not observe any differences in HSC homing to BM between WT and Pim1~/~
Lin~Sca-17 cells (Fig. 4B). There was a slight reduction (~20%) in homing to the spleen
with Pim1~'~ HSCs compared to WT HSCs (Fig. 4C). These data suggested that Pim1 has
minimal effects on BM CXCR4 level and on HSC homing.

Increased HSC proliferation and cell survival by Pim1 kinase

We performed additional studies to understand the mechanisms through which Pim1 kinase
promotes hematopoiesis. We reasoned that Pim1 kinase might regulate HSC cell
proliferation and survival. To test this hypothesis, we first quantified /n vivo BrdU
incorporation in long-term HSCs (LT-HSCs defined as Lin~Sca-1*¢c-Kit"*CD34~CD1357),
Short-term HSCs (ST-HSCs defined as Lin~Sca-1*c-Kit*CD34*CD1357) and multi-potent
progenitors (MPPs defined as Lin~Sca-1*¢-Kit*CD34+*CD135%) [27, 36, 37] (Fig. S6).
Compared to WT littermates, LT-HSCs from Pim1-Tx mice had significantly higher in vivo
BrdU labeling (Fig. 5A). Interestingly, no differences in BrdU labeling were observed in
ST-HSCs or MPPs between WT and Pim1-Tx mice (data not shown). We also measured
BrdU labeling in Pim1~~ mice. Consistent with our hypothesis, BrdU incorporation in LT-
HSCs was significantly reduced in Pim1~/~ mice compared to that in WT littermates (Fig.
5B).

Ki67 is a commonly used marker for cell proliferation. We thus measured Ki67 labeling in
freshly isolated LSK cells and LSK cells that had been cultured ex vivo for 2 days in the
presence of SCF, TPO and FIt3 (Fig. 5C). Compared to WT or Pim1~/~ mice, both freshly
isolated and cultured LSK cells from Pim1-Tx mice showed an increase in Ki67 labeling as
demonstrated by the shift towards right in the Ki67 fluorescence intensity. Our results
support an important role of Pim1 kinase in promoting HSC cell proliferation.

To determine the role of Pim1 kinase in HSC cell survival, LSK cells cultured ex vivo were
stained with Live/Dead dye and Caspase 3 antibody. As shown in Fig. 5D, in comparison to
WT mice, LSKs from Pim1-Tx mice showed an reduction in both Live/Dead dye*Caspase
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3* cell population and Live/Dead dye~Caspase 3* cell population. Pin/~ LSK cells showed
an increase in cell death compared to WT LSK cells (Fig. 5D). Similarly, freshly isolated
LSK cells from Pim1-Tx mice showed a ~2-fold reduction in apoptotic cell death (Fig.
S8B).

Given the increase in cell proliferation and decrease in apoptotic cell death observed with
Pim1-Tx LSK cells, one would expect Pim1-Tx LSK cells should expand more rapidly and
Pim= LSK cells slower in ex vivo cultures. Indeed, at day 4 of ex vivo culture, the LSK
cells from Pim1-Tx, WT and PimI~~ mice expanded at 19.3+0.6 fold, 14.3+0.7 fold and
4.1+0.3 fold, respectively (Fig. S7). These data suggest that the hematopoietic phenotypes
we observed in Pim1-Tx and PimI~~ mice are likely related to the effects of Pim1 kinase on
HSC cell proliferation and survival.

Hematopoiesis-associated genes affected by Pim1 kinase

To identify potential downstream target genes of Pim1 kinase in HSCs, we isolated mRNAs
from purified BM LSK cells of Pim1-Tx, WT, PimZ~'~, and Pim TKO mice and performed
the Hematopoietic Stem Cells and Hematopoiesis PCR Array (Qiagen). This commercially
available PCR array allows for simultaneous analysis of a total of 84 genes important in
hematopoiesis. We have performed 3 independent sets of experiments and were able to
reliably amplify around 70 genes. Six genes showed differential expression pattern in Pim1-
Tx vs. Pim1~'~ and Pim TKO LSK cells. We then performed confirmatory RT-PCR on these
six genes. We found that the expression levels of LefZ and Pax5 were upregulated in
Pim17"~ and Pim TKO LSK cells. Expression of Gatal was down-regulated by ~2-fold in
Pim1™"~ and Pim TKO LSK cells (Fig. 6).

Different response pattern to cytokines/growth factors in Pim1 versus Pim2 and Pim3

To further validate and understand the differences of Pim1 versus Pim2 and Pim3 in
hematopoiesis, we measured their gene expression level in response to several cytokines/
growth factors that are important in HSC proliferation and expansion. We cultured Lin™ BM
cells with SCF, 1L-3, IL-6, TPO, FIt3 alone or in combination for 24 hrs. As shown in Fig.
S9, Pim1I mRNA was upregulated by IL-3, IL-6 and TPO. In contrast, Pim2and Pim3
MRNA expression was not changed with these cytokines. These data suggested that Pim1
might be associated with signal pathway(s) that is different from Pim2 or Pim3, thus having
different roles in hematopoiesis.

DISCUSSION

In the current study, we utilized transgenic and knockout mouse models to investigate the
roles of Pim1 kinase in hematopoiesis. We demonstrated that Pim1 kinase regulates the
number, proliferation, self-renewal, and repopulating capacity of murine HSCs. Our study
was the first to unequivocally demonstrate a role for Pim1 kinase in HSC regulation. Pim1
transgenic mice driven by Ep-immunoglobulin promoter and ~/m knockout mice were
previously reported by others [25, 34]. The use of Ep immunoglobulin enhancer likely
restricts the Pim1 transgene expression to lymphoid lineage. There were no data described in
those publications reporting any changes in HSCs in those mice. It is unknown if the authors
had examined the HSC population and observed no differences or if the HSC population
was simply not investigated in those mice. In our Pim1-Tx mice, we used vav-hematopoietic
regulatory elements, which allow for the enforced expression of Pim1 kinase in HSCs and
the evaluation of its roles in hematopoiesis.

In contrast to the overlapping potentials between Pim1, Pim2 and Pim3 in
lymphomagenesis, we find that Pim1 kinase has a unique role in hematopoiesis. The
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function of Pim1 in HSCs is distinct from Pim2 or Pim3 and cannot be compensated by
other isoforms. Our data also show that IL-3, IL-6 and SCF up-regulate gene expression of
Pim1, but not Pim2 or Pim3 in HSCs. These findings suggest that Pim1 in HSCs is likely
associated with unique downstream pathways different from those of Pim2 or Pim3.

The hematopoietic phenotypes were much more pronounced in Pim1~/~ mice than in Pim1-
Tx mice. For instance, the frequency of HSCs was reduced by more than 28-fold in Pim1~/~
mice. In contrast, the changes were subtle in Pim1-Tx mice; the numbers of LSK cells,
CAFCs, and the HSC frequency were only increased by 0.5-2 fold in Pim1-Tx mice. The
modest hematopoietic phenotype seen in our Pim1-Tx mice may in part be attributed to the
relatively low level (~0.5-2 fold) of overexpression of Pim1. We used human P/M1 cDNA
instead of genomic DNA for our transgene vector construction, which may lead to relatively
low level of transgene expression. Another possibility is that the vav-regulatory elements
[38] does not permit overexpression of #P/M1 transgene in osteoblasts or mesenchymal
stem cells (stromal cells) that constitute the marrow niche microenvironment and support
hematopioesis [39], thus diminishing the overall contribution of Pim1 in hematopoiesis.

Contradictory to the observation by Grundler, et al. [24], we did not find differences in
CXCR4 level between WT and Pim1~'~ BM cells in our mouse model system. No defects in
HSC homing to bone marrow were observed with Pim1~/~ BM cells. A slight decrease in
Pim1~"~ HSC homing to spleen was noted, but this decrease was minimal and could not be
solely attributed to the dramatic impairment in hematopoiesis we observed with Pim1/-
mice. The reasons for the discrepancy between our findings and those previously reported
are unclear, but it could be related to the different methodology used to measure HSC
homing.

We found that Pim1 kinase plays an important role in HSC cell proliferation and survival.
Our findings are consistent with previous observations in cancer cells. Pim1 can promote
cell-cycle progression and cell proliferation by phosphorylating and activating cell cycle
regulators (i.e., phosphatases Cdc25A and Cdc25C) [40, 41]. Pim1 can reduce apoptosis by
phosphorylating and inhibiting the proapoptotic BH3 protein BAD [42, 43]. More recently,
Pim kinase was found to be important in the regulation of energy metabolism and cell
growth [44]. It is very likely that Pim1 exerts diverse biological functions on HSCs. The
proliferative effects of Pim1 kinase on HSCs can expand HSC population as we
demonstrated in Pim1-Tx mice. On the other hand, this proliferative effect may cause stem
cell exhaustion as we observed in Pim1-Tx secondary transplant mice (Fig. 1H) and the
diminishing HSC frequency with time as we saw in our Pim1-Tx mice (Fig. S4).

We identified several potential genes affected by the deletion of Pim1 kinase in HSCs,
including Lef-1, Pax5 and Gatal. Lef-1 is a transcription mediator critical in Wnt signaling.
Lef-1 regulates cell cycle and growth through genes such as cyclin D1 and c-myc [45], and
plays a major role in T-cell development, B-cell proliferation, and pro-B cell apoptosis [46].
Lef-1 gene expression was up-regulated in Pim1~~ LSK cells and in Pim TKO LSK cells
(Fig. 6). It remains to be determined if this up-regulation of Lef-1 in Pim1-deleted LSK cells
reflects a compensatory mechanism of HSC or if Lef-1 is negatively regulated by Pim1
kinase. Pax5 is a transcription factor important for B cell development [47]. Overexpression
of Pax5 was found to cause marked inhibition of myelopoiesis [48]. Gatal is a key regulator
of erythroid and megakaryocytic homeostasis [49]. Pim~~ mice and Pim TKO mice exhibit
erythrocyte microcytosis and thrombocytopenia ([50] and our unpublished data). It is
unclear if the erythrocyte microcytosis and thrombocytopenia seen in these mice are caused
by the down-regulation of Gatal gene. Additional work is needed to more clearly define the
mechanism by which Pim1 kinase affects these genes.
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In conclusion, our study demonstrated a novel, previously unknown role of Pim kinases in
the regulation of HSCs. In addition, our findings support the notion that oncogenes are
important not only in tumorigenesis, but also in normal cell development. Identifying the
roles of Pim1 kinase in hematopoiesis is an important first step in developing safe and
effective therapeutic agents for the treatment of cancers.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased hematopoiesis in Pim1-Tx mice. (A) Quantitative RT-PCR of human PIM1
in various hematopoietic cell subsets

BM cells isolated from Pim1-Tx mice were sorted to obtain Lin~Scal-1*c-Kit* (LSK) cells,
Gr-1* granulocytes and B220* B lymphocytes. RNAs were isolated and quantitative RT-
PCR performed to analyze Hu-P/M1 expression (*p < 0.05, data are representative of 2
independent experiments). (B) Increased BM LSK HSPCs in Pim1-Tx mice. BM cells
from Pim1-Tx or WT littermates were depleted of Lin™ cells using murine lineage cell
depletion kit. The Lin~ cells were then stained with Scal-1 and c-Kit antibodies.
Representative flow cytometry dot plots were shown. (C) The absolute LSK cell numbers
(from 2 femurs and 2 tibias per mouse) in Pim1-Tx mice and WT littermates (n=12, *p
< 0.05). (D) Increased CAFCs in Pim1-Tx mice. Cobblestone forming assay were
performed and CAFC numbers were calculated as described (*p<0.05, data are
representative of 2 independent experiments). (E) Improved survival in recipients
transplanted with Pim1-Tx BM cells. FVB/J mice were lethally irradiated (11 Gy) and
injected via tail vein with total BM cells (1x10° cells/recipient mouse) isolated from Pim1-
Tx mice or WT littermates. Animal survival was monitored daily (n=5/group, *p<0.05). (F)
Enhanced hematological recovery in lethally irradiated transplant recipient mice
receiving Pim1-Tx BM cells. The BM transplanted mice were bled at 2, 4 and 10 wks post
transplant. WBC counts were measured by Beckman Hemogram counter (n=5, *p<0.05).
(G) Enhanced engraftment of Pim1-Tx BM cells in competitive BM transplantation
assay. 5x10° total BM cells from male Pim1-Tx or male WT littermates, along with 2x10°
WT female competitor BM cells, were transplanted into lethally irradiated FVB/J female
mice. Recipient mice were sacrificed at 4 months post transplant and percentage of male
donor engraftment in BM was estimated by RT-PCR as decried in the Methods and
Materials (*p<0.05). (H) No significant increase in engraftment in Pim1-Tx BM secondary
transplanted recipient mice. The primary transplant recipient mice as described in Fig. 1F
were sacrificed at 4 months post transplant and BM cells harvested and injected into lethally
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irradiated female FVB/J mice (1x107/recipient mouse). Male donor cell engraftment in BM
was analyzed at 4 months post secondary transplantation.
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Figure 2. Decreased hematopoiesis in Pim1™~ mice, but not in Pim2~/~ or Pim3™~ mice

(A) Lower frequency of BM CFU-GEMMSs in Pim1~/~ mice, but not in Pim2™~~ or
Pim3~/~ mice. BM cells were plated in MethocultR GF 3434 and CFU-GEMMs were
determined at 12-14 days (*p<0.05, data are representative of 3 independent experiments).
(B) Reduced animal survival in primary non-competitive BM transplant mice receiving
Pim1~/~ BM cells. Lethally irradiated female F\VB/J mice were injected via tail vein with
BM cells obtained from male WT, Pim1~=, PimZ™!=, or Pim3~'~ mice (5x10° cells/recipient
mouse). Animal survival was monitored daily (n=7/group, *p<0.05). (C) Reduced donor
cell engraftment in primary non-competitive transplant mice receiving Pim1~/~ BM
cells. Peripheral blood samples from animals in Fig. 2B were analyzed for donor cell
engraftment as described (n= 4 for Pim1~/~ mice and n= 6 for other genotypes, *p<0.05).
(D) Reduced animal survival in secondary BM transplant mice receiving Pim17~ BM
cells. The primary transplant recipient mice as described in Fig. 2C were sacrificed at 4
months post transplant and BM cells harvested and injected into lethally irradiated female
FVB/J mice (1x10/recipient mouse). Animal survival was monitored daily (n=6/group). (E)
Reduced donor cell engraftment in secondary transplant mice receiving Pim1™7~ BM
cells. Secondary transplant recipient mice were sacrificed at 4 months post transplant and
male donor cell engraftment in BM was analyzed (n=6/group, n=3 for Pim1~/~ in Fig. 2E,
*p<0.05, **p<0.01). (F) Reduced donor engraftment in competitive BM transplant mice
receiving Pim1™~ BM cells. Competitive BM transplantation was performed as described
using WT, Pim1~=, Pim2=, or Pim3™'~ BM cells. Male donor engraftment in peripheral
blood at 12 weeks post transplant was analyzed (n=7, **p<0.01).
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Figure 3. Reduced competitive repopulating units (CRU) in Pim1™~ mice

Scatter plot (A) and limiting dilution plot (B) were shown. Various doses of male
LSK*CD34~ HSCs (15, 45, and 150 cells/recipient mouse) were mixed with 1.5x10° WT
female FVVB BM cells and transplanted into lethally irradiated female FVB mice. Male
donor engraftment in peripheral blood was estimated at 4 months post transplant. Poisson
statistical analysis of limiting-dilution was performed to allow estimation of CRUs in each
group (n = 28 for WT and n= 20 for Aim1~/~ mice). The plot shows the percentage of
recipient mice containing less than 1% donor male cells in the peripheral blood at 4 months
after transplantation versus the number of cells injected per mouse. The horizontal line
indicates the point at which 37% of the transplanted mice are non-engrafted in each group;
the CRU frequency is estimated at the point where 37% of the mice are non-engrafted, by
conventional Poisson statistical methods and limiting-dilution analysis. The vertical dashed
lines highlight the CRU frequencies in PimZ~/~ and WT mice.
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Figure 4. Minimal effects of Pim1 kinase on BM CXCR4 expression and HSC homing

(A) Comparable surface CXCR4 level between WT and Pim1~~ BM cells. Lin™ BM
cells obtained from WT or Pim1~/~ mice were stained with CXCR4 antibody and analyzed
by flow cytometry. Representative CXCR4 histogram (left panel) and mean fluorescence
intensity (right panel) were shown (n=5). (B) and (C) Minimal effect of Pim1 kinase on
HSC homing to bone marrow and spleen. 60,000 sorted Lin~Sca-1* cells obtained from
male WT or Pim1~/~ mice were injected intravenously into lethally irradiated female mice.
The recipient mice were sacrificed at 12 hours post transplantation, and BM and spleen were
isolated. The percentage of male donor HSC homing to BM (B) and spleen (C) was

calculated (n=3, *p<0.05).
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Figure 5. Enhanced HSC proliferation and cell survival in Pim1-Tx mice

(A) Increased in vivo BrdU incorporation in LT-HSCs of Pim1-Tx mice. WT or Pim1-
Tx mice were injected with 2 doses of BrdU. The mice were then sacrificed and BM cells
harvested and labeled with antibodies as described in Methods and Materials. BrdU-positive
cells in the LT-HSC (LSK*CD34-CD135") population were analyzed (n=3, *P <0.05). (B)
Decreased in vivo BrdU incorporation in LT-HSCs of Pim1~~ mice (p<0.05). (C)
Increased Ki67 labeling in Pim1-Tx LSK cells. Sorted LSK™ cells from WT, Pim1-Tx or
Pim1~~ mice were cultured in StemSpan media supplemented with SCF, TPO-1 and FIt3
(100 ng/ml for each) for 2 days. The cells were then stained with PE-Cy7-conjugated Ki67
antibody, Aqua Live/dead fixable dye, FITC-conjuagated Caspase 3 antibody, and analyzed
with flow cytometry. Representative Ki67 labelings on freshly isolated LSK cells (left
panel) and LSK cells that have been cultured for 2 days (right panel) were shown. (D)
Increased cell survival in Pim1-Tx LSK cells. Sorted LSK* cells from WT, Pim1-Tx or
Pim1~/~ mice were cultured for 2 days and stained with Aqua Live/dead fixable dye and
Caspase 3 antibody as described (data are representative of 3 independent experiments).
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Figure 6. Hematopoiesis-associated genes affected by Pim1 deletion

BM LSK cells were isolated from the WT, Pim1-Tx, Pim1~/~ and Pim TKO mice (3-6
mice/group) and RNA isolated and quantitative RT-PCR array performed. (n=3. *p<0.05,
**p<0.01).
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