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PIMPIM kinases and growth factor signaling 

Thee PIM serine/threonin e kinase s are importan t 
transducer ss of growt h facto r signal s 

Summar y y 

Thee Pirn family of proto-oncogenes encodes a very distinct class of serine/threonine 
kinasess consisting of PIM1, PIM2 and PIM3. The contribution of these proteins to 
mammaliann development is relatively unknown. P/mt-deficient mice were previously 
engineered,, but only showed a very mild phenotype. To assess the role of the PIM 
proteinss compound Pirn knockout mice that lack expression of Pim1, Pim2 and Pim3 
weree generated. The phenotype of these mice indicates that the PIM kinases have 
redundantt and obligatory roles for cytokine and growth factor signaling. P/'m-mutant 
micee show a profound reduction in body size and the response of distinct 
hematopoieticc cells to growth factors is severely impaired. In particular, PIM proteins 
appearr to be required for the synergistic action between TCR and IL-2 signaling, 
necessaryy for the efficient proliferation and/or survival of activated T cells. 

Introductio n n 

Thee Pirn family of proto-oncogenes consists of three members Pim1, Pim2 and Pim3. 
Theyy constitute a distinct class of protein kinases with specificity towards 
phosphorylationn of serine/threonine residues (Saris et a/., 1991), albeit one study has 
reportedd on human PIM displaying additional tyrosine kinase activity (Telerman ef a/., 
1988).. Pim1 was originally identified as a target for proviral activation in Moloney 
murinee leukemia virus (M-MuLV) induced T cell lymphomas (Cuypers et al., 1984). In 
thee mouse, Pim1 encodes two proteins, a 33 kD and a 44 kD protein, which is 
initiatedd from an upstream CTG codon (Saris, et a/., 1991). The half-life of Pim1 with 
respectt to both mRNA and protein is very short (Saris, ef a/., 1991). The mRNA is 
labilee due to the presence of five copies of ATTT(A) destabilization motifs in the 
3'UTRR (Saris, et al., 1991). The Pim2 and Pim3 genes are very homologues to Pim1 
(vann der Lugt et al., 1995; Baytel et al., 1998; Feldman et al., 1998; Allen and Berns, 
1996).. At the amino acid level PIM1 is 71% and 61% identical to PIM3 and PIM2, 
respectively.. The properties of PIM2 are comparable to PIM1, that is the mRNA and 
proteinn is labile, Pim2 transcription can be initiated from upstream CTG codons (van 
derr Lugt, et al., 1995), and EnMyc;E[iPim2 double transgenic mice develop B 
lymphoidd tumors comparable to the B cell leukemias arising in EuMyc;E\iPim1 
transgenicc animals (Allen ef a/., 1997; Verbeek ef al., 1991). In addition, Pim2 can 
replacee the Pim1 oncogene in lymphomagenesis, as illustrated by the proviral 
insertionss increasing Pim2 expression in Pirn "/-deficient MuLV-induced tumors. It is 
veryy likely that Pim3 features most of these characteristics as well. The 3'UTR of 
Pim3Pim3 also contains mRNA destabilizing motifs and Pim3 can substitute for Pim1 and 
Pim2Pim2 in MuLV-induced lymphomas (Allen and Berns, 1996; Mikkers ef al., 2002). 

Alll PIM proteins are ubiquitously expressed. The highest Pim1 mRNA levels are 
foundd in thymus and testis (Selten ef al., 1985), whereas Pim2 mRNA expression is 
thee highest in brain and thymus (Allen, et al., 1997), and Pim3 mRNA is the most 
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abundantt in kidney (Feldman, et al., 1998). During mouse development ail Pim 
memberss appear to be co-expressed, although in some tissues a tendency towards 
expressionn of either Pim1 and Pim3 or Pim2 and Pim3 exists (Eichmann et al., 2000), 
Thee expression of Pim1, Pim2, and presumably also of Pim3, is regulated by a whole 
rangee of growth factors and mitogens: IL-2 (Allen, et al., 1997; Dautry et al., 1988), 
IL-33 (Lilly etal., 1992); Domen etal., 1993a; Allen era/., 1997), GM-CSF and G-CSF 
(Lilly,, etal., 1992), IL-4 (Allen, etal., 1997), IL-5 (Temple etal., 2001), IL-6 (Lilly, et 
al.,al., 1992), IL-7 (Allen, etal., 1997; Domen etal., 1993b), IL-9 (Allen, etal., 1997), IL-
12,, IL-15, IFNa (Matikainen etal., 1999), IFNy (Allen, et al., 1997; Yip-Schneider et 
al.,al., 1995) erytropoietin (EPO) (Miura et al., 1994), thrombopoietin (TPO)(Miura, et al., 
1994),, prolactin (Borg er al., 1999), ConA (Allen, et al., 1997), LPS (Allen, et al., 
1997),, and PMA (Wingett et al., 1996). In these experiments, Pim1 displays the 
featuress of an early responsive gene indicating a prominent role for PIM in cytokine 
andd growth factor signaling. The majority of factors that induce Pirn expression 
transducee their primary signal through the JAK/STAT pathway indicating that this 
cascadee might regulate expression of the Pirn genes. This notion is underscored by 
thee presence of STAT-responsive elements in the Pim1 promoter, however, the 
directt STAT-mediated transactivation of Pim1 has only been proved for IL-6 
(Shiroganeefa/.,, 1999). 

Thee generation of Pim1-nu\\ mutant mice indeed illustrated a role for PIM1 in 
growthh factor signaling. Although these mice are normal in vivo (Laird et al., 1993), 
Pim1Pim1 -deficient pre-B cells and bone marrow derived mast cells exhibit an impaired 
proliferationn in response to IL-7 and IL-3, respectively (Domen et al., 1993a; Domen, 
etet al., 1993b). An important role for PIM1 in cytokine signaling was further implied by 
thee PIM-mediated rescue of a thymic cellularity defect in mice that lack the interleukin 
receptorr Cy-chain. This rescue appears to be dependent on a functional CD3 
complex,, since a similar CD3y-knockout phenotype cannot be rescued with the Pim1 
transgenee (Jacobs etal., 1999). 

Sincee the Pim"/-deficient mice do not display gross abnormalities suggesting 
redundancyy of Pim family members, we generated compound Pim1;Pim2;Pim3-
deficientt mice to address the role of the PIM family of kinases in mammalian 
development.. Pirn-mutant mice are viable and fertile, however, their body size is 
reducedd at birth. We show that the proliferation and/or survival response of Pim-
mutantt hematopoietic cells to cytokines is impaired in vitro as well as in vivo. In 
addition,, the PIM proteins appear to be required for the cross-talk between the TCR 
andd IL-2 signaling pathways that together yield a strong synergism. 

Result s s 

Generatio nn and initia l characterizatio n of Pim mutan t mic e 

Sincee mice that are mutant for Pim1 only show a very subtle phenotype, the 
generationn of mice lacking the remaining Pim family members was considered to be 
instrumentall in determining the role of the PIM proteins. To generate mice that lack 
functionall PIM2 or PIM3, we designed targeting vectors that disrupt the PIM kinase 
domain.. The Pim2 targeting vector contained the hygromycin resistence gene under 
controll of the human PGK promoter. Homologues recombination deletes exons 1, 2 
andd 3 of Pim2 (Figure 1a). Since Pim3 is expressed in embryonic stem cells, the 
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Pim3Pim3 targeting vector was constructed with the promoterless IRES)8Geo cassette 
(Mountfordd et al., 1994). This construct disrupts Pim3 by deleting part of exon 3 and 
exonss 4, 5, and 6 (Figure 1a). Homologously recombined, karyotypically normal ES 
cloness were injected into blastocysts to generate chimeric mice and, subsequently, 
homozygouss mutant Pim2 or Pim3 mice (Figure 1b). Both Pim2 and P/m3-deficient 
micee are viable, healthy and fertile (data not shown). 
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Figur ee 1. The generation of compound Pim1;Pim2;Pim3 knockout mice. 
(a)) Targeting constructs for Pim2 and Pim3. PGKPhp was introduced into the BamHI (B) sites of Pim2 
therebyy deleting exon 1, 2 and 3. A part of exon 3 and exons 4, 5 and 6 of Pim3 were deleted through 
introductionn of the promoterless IRES/JGeo cassette into the BstEII (Bs) sites, (b) Genotype analysis 
off Pim2 and Pim3 knockout mice by Southern blotting using full-length Pim2 cDNA or the 3'UTR of 
Pim3Pim3 as a probe, (c) Comparison of the amino acid sequences of PIM1, PIM2 and PIM3. 
Black=identical,, Grey= comparable, (d) Expression of the Pim1, Pim2 and Pim3 mRNA. Bone marrow 
derivedd mast cells grown on IL-3 (BMMC), EL4 (T cell line), J558 (plasmacytoma), (e) RT-PCR 
determiningg the expression of Pim1, Pim2 and Pim3 in wild-type, Pirn heterozygous, and Pirn 
homozygouss mutant splenocytes. 

Thee lack of an obvious phenotype in either of the Pirn mutants could be a 
consequencee of redundancy with the other retained Pirn genes. Possible redundancy 
betweenn the Pirn genes is illustrated by the amino acid homology and overlap in 
expressionn of Pim1, Pim2 and Pim3 (Figure 1c and 1d). To overcome redundancy, 
wee bred the Pim2 and Pim3 knockout mice to the previously published Pirn7-deficient 
micee generating compound Pim1;Pim2;Pim3 mutant animals. Homozygously deleted 
Pim1;Pim2;Pim3Pim1;Pim2;Pim3 mice were observed at a frequency expected for normal Mendelian 
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segregationn (data not shown). To confirm that we indeed generated mice that lack 
PirnPirn expression we analyzed the RNA expression of the three Pirn genes in Pim-
mutantt spleens (Figure 1e). Pim1, Pim2 and Pim3 RNA was detected in wild-type 
andd Pim1*/~;Pim2*/';Pim3+/' splenocytes, whereas P/'m7"/";P;'m2"/";P/m3"/"splenocytes 
doo not express Pim1, Pim2, nor Pim3. 

Mic ee deficien t fo r Pim1, Pim2 and Pim3 are reduce d in bod y size 

Thee Pirn genes can act as potent oncogenes. As overexpression influences cell 
growth,, one might expect the opposite when these genes are disrupted. Numerous 
oncogenee knockouts such, as Myc and CyclinDI, have underscored this (Trumpp ef 
a/.,, 2001; Sicinski ef a/., 1995). The effects of loss of PIM function were subtler. 
However,, we did observe a reduction in the body size of Pim1;Pim2;Pim3 mutants as 
comparedd to their littermates (Figure 2a, b). In fact, Pim1',~;Pim2'/;Pim3'/' mice are, 

Figur ee 2. Mice deficient 
forr Pirn 1, Pirn2 and 
Pim3Pim3 display a growth 
defect. . 
(a)) Comparison of male 
neonatall and mature 
Pim1~Pim1~//';PimZ;Pim3~';PimZ;Pim3~//~~ and 
Pim1'Pim1'//';Pim2';Pim3'';Pim2';Pim3'A A 

littermates.. (b) Growth 
curvee of male Pim1*'~ 
;Pim2';Pim3;Pim2';Pim3+/+/';'; Pirn V1' 
;Pim2';Pim3;Pim2';Pim3ww';'; Pim1*'~ 
;Pim2;Pim3''';Pim2;Pim3''' and Pim1' 
';Pim2';PimS'' ';Pim2';PimS'' 
littermates.. (c) Cell 
numberr in spleens and 
bonee marrows from 8 
weekk wild-type (n=9) 
andd Pimr'';Pim2'~;Pim3' 
'~'~ (n=9) mice. 

irrespectivee of gender, approximately 30% smaller than either wild-type (data not 
shown),, knockouts for a single Pirn (data not shown) or littermate compound 
knockoutt mice that are heterozygous for Pim1 and/or Pim3 (Figure 2b). These results 
demonstratee redundancy between the three Pirn genes with respect to body size. 
Analysiss of Pim1~/';Pim2~/', Pim2'/~;Pim3'A', and Pim1~/~;Pim3~/~ compound mice 
revealedd that predominantly PIM1 and PIM3 contribute to the reduced size, albeit 
Pim1'Pim1'//';PimZ';PimZ//';Pim3'';Pim3'//'' mice are still smaller indicating an additional PIM2 effect (data 
nott shown). Since wet body weight is dependent on either cell size or the number of 
cells,, we measured the femur size (data not shown) and the number of cells per 
spleenn and bone marrow. The cell number in P/m-deficient bone marrow and spleen 
iss decreased to the same extent as the body size illustrating that the reduction in 
bodyy weight is predominantly caused by a decrease in cellularity (Figure 2c). 

Sincee STAT molecules are thought to regulate PIM expression, the decreased 
growthh of mice deficient for the transcription factors STAT5a and STAT5b could 
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indicatee the importance for STAT-driven transcription of Pirn in regulating body size 
(Teglundd et a/., 1998). However, Stat5a;5b knockout mice display a reduction in 
growthh only from birth onwards as growth hormone (GH) signaling is hampered, 
whereass P/m7;P/m2;P/m3-null mice are already approximately 30% smaller at birth. 
Thiss indicates that regulation of the body size is already impeded during 
embryogenesiss in the P/m-mutant mice. A similar prenatal growth defect is observed 
inn mice carrying mutations in the insulin/insulin-like growth factor (IGF) pathways (for 
revieww see Accili et a/., 1999), suggesting a role for PIM in either or both of these 
growthh factor signaling pathways. 

Disruptio nn of the Pirn genes slightl y affect s hematopoieti c developmen t 

Thee high expression levels of Pirn in hematopoietic tissues and the oncogenic 
involvementt of Pirn in hematopoietic tumors prompted us to investigate the effect of 
PirnPirn loss on the development of the hematopoietic compartment. Whole blood 
analysiss did not show significant differences in the number of granulocytes, 
monocytess and thrombocytes between P/m-null and wild-type mice (data not shown). 
P/m-mutantt mice displayed a slight increase in the number of red blood cells. 
However,, the hematocrit was not altered, likely, because mutant erythrocytes have a 
decreasedd mean cell volume (MCV). This phenotype is completely reminiscent of the 
erythrocytee phenotype previously described for Pim1 knockout mice (Laird, et at., 
1993)) indicating that additional loss of Pim2 and Pim3 does not yield an additive 
effect. . 

Next,, we examined the hematopoietic development in thymus, spleen and bone 
marrow.. The development of a/p and y/b lymphocytes in the thymus is normal in 
P/m7;P/m2;P/m3-mutantt animals. The number of lymphocytes, during all stages of T 
celll development, is unaltered (Figure 3a). We only detected an increase in the 
expressionn level of the IL-2a receptor (CD25) in lymphocytes at stage DN3 (CD4" 
CD8"CD44"CD25+)) (data not shown). Interestingly, E\iPim1 thymocytes express the 
ll_-2ccc receptors at lower levels (data not shown). Although mice deficient for CD25 do 
nott show a perturbed early T cell development (Willerford et a/., 1995), studies have 
suggestedd a role for the IL-2/IL-2R pathway in thymic selection (Kruisbeek et a/., 
1988;; Bassiri and Carding, 2001). Whether PIM is directly involved in regulating 
CD255 expression or the altered CD25 level is primarily an adaptation effect of P/m-
mutantt thymocytes remains to be addressed. 
Furthermore,, peripheral T cells in the P/m-mutant spleens are unaffected with 
respectt to percentage of T cells, distribution of helper (CD4+) and cytotoxic (CD8+) T 
cells,, and their capacity to become activated as analyzed by CD62L and CD44 
expressionn (data not shown). In contrast, the fraction of splenic B cells (45% of total) 
iss reduced in Pirn t;P/m2;P/m3-mutant mice by approximately one fourth as 
comparedd to age-and sex-matched wild-types or Pirn single mutants (60% of total) 
(Figuree 3b). Since the percentage of monocytes, granulocytes and NK cells is 
comparablee between P/m-mutant and wild-type mice, we analyzed whether the 
percentagee of cells belonging to the erythroid lineage has increased in Pirn knockout 
spleens.. This analysis showed that the erythroid progenitor fraction 
(Ter119+CD7rCD117+)) and, subsequently, the fraction of denucleated erythroid 
cellss (Ter119+CD71") are enhanced approximately two-fold in P/m-mutant spleens 
(dataa not shown). 

99 9 



ChapterChapter V 

PimV-:PPimV-:Pllm2'":P>m3'" m2'":P>m3'" 

13.433 80.59 

2,77 7 
00 ió< iï 

CDE E 

3.22 2 

PtmPtm 1 /- ;PimT/-PimT/-

CDS S 

v v 

M M 

uu V 

311 89 

l^Wp^f<v v 

Prml"' Prml"' ^mZ^ . f tmJ* * 

l i1 1 itf= = 

5483 3 

f f 
I0 J J 10^ ^ 

322 17 

" " 

Pim>-Pim>-//--Pim2'Pim2'//',P>mT',P>mT/ / 

0  io' ^ ^ 

400 89 

W W 

o3 3 

-;,' ' 

largee small immature mature 
pre-B-lll cell pre-B-ll cell B cell B cell 

HSA" " 
BP-1" " 

Hardyy fraction A 

.. HSA*:; 
B P - 1 1 1 

B B 

HSA* * 
* * 

C C 

;; HSA*1 
!! BP-1+-

-

C' ' 

HSA A 
stg" " 

D D 

IgM*; ; IgM* * 
IgD* * 

Pim1Pim1t/ft/f Pim2"",Pim3'"' 

9 533 '; ' - ' . . j -

0°° ló' If? 

CJC' ' 
1364 4 

## ,-. 

li»» »< 

Pl'mt"7";PimT/-,Pim3-/--

A A 
100 2S 

IO11 w! 

CIC CIC 
455 03 

** *" B 

io33 io' 

G e n o t y p e e 

Hardy y 
fraction n 

A A 
B B 

C/C' ' 
D D 
E E 
F F 

pre-B B 
immaturee B 

maturee B 

Piml" Piml" 

11.5 5 
9.4 4 
6.9 9 

2'"3'" 2'"3'" 

 1.8 
tt 3.3 
44 2.1 

36.99 7 
10.5 5 
24.9 9 
25.9 9 
444 .0 
244 9 

6 6 
2 2 
8 8 
7 7 
2 2 

Pim1 Pim1 

10.0 0 
8.5 5 
9.91 1 

2''3'' 2''3'' 

 1.8 
t6 .8 8 
3.7* * 

25.00 " 
9.66  5.0 
36.8 8 
28.2 2 
34.2 2 
366 8 

1 1 
6 6 

- 77 1 
1 1 

 Pim1,u.Pim2'/'.Pim3"' 

OO Pin\V/-;P',m2'/'\P\mT/' 

100 0 



ChapterChapter V 

Figur ee 3. B but not T lymphoid development is affected in P/m-mutant mice, a) FACS analysis of wild-
typee and P/m-mutant T cells in the thymus did not show large aberrations in T cell development, b) 
Thee number of mature B cells is reduced, whereas the number of T cells is unaltered in P/m-mutant 
spleenss as demonstrated by CD3 and B220 FACS analysis, c) B cell development in the bone marrow 
cann be analyzed using the markers as described by Hardy (Hardy and Hayakawa, 2001). Large cells 
representt cycling cells, d) FACS analysis of early B cells in the bone marrow showed an increase in 
pro-BB cells belonging to Hardy fraction C/C'. High CD43-positive and B220-positive cells were gated 
andd analyzed using BP1 and HSA markers. A, B and C/C' indicate the Hardy fractions, e) The number 
off cells belonging to distinct Hardy fractions depicted as the percentage of total bone marrow B cells in 
6-88 week old wild-type (n=12) and P/m-mutant (n=12) mice. * P = 0.008 ** P < 0.001. f) P/m-mutant 
bonee marrow cells have a severely impaired proliferating capacity in response to IL-7. Bone marrow 
cellss were cultured for 96 hours in the presence of mlL-7. Proliferation was determined by 3H-
thymidinee incorporation. For the last 16 hrs cells were cultured in the presence of 3H-thymidine. One 
representativee of three independent experiments is shown. 

Too investigate whether the reduction of splenic B cells is a direct consequence 
off a partial defect in early B cell development we analyzed P/m-mutant bone marrow. 
BB lymphocyte development can be followed by marker profiles of B lymphoid cells at 
specificc stages of their development (for review see Hardy and Hayakawa, 2001) 
(Figuree 3c). The fraction of early B lymphoid cells as determined by pre/pro-B cells 
(Hardyy fraction A) and pro-B cells (fraction B) is unaltered in P/m-mutant bone 
marroww (Figure 3d). Pro-B cells belonging to fraction C rearrange their heavy chain 
and,, consequently, after successful heavy-chain rearrangement and expression of 
thee pre-BCR these cells start proliferating (fraction C') to become pre-B cells (fraction 
D).. Although this proliferation is pre-BCR initiated, it is propagated by IL-7 (Hess et 
a/.,, 2001). In P/m-mutant mice, the fraction C/C' has increased about 1.5-fold as 
comparedd to wild-type mice (P = 0.008) and fraction D is 1.5-fold decreased (P < 
0.001).. These results indicate that P/m-mutant pro-B cells progress less efficiently 
fromm fraction C' toward fraction D. This partial block could be caused either by 
impairedd pre-BCR or IL-7 signaling, or both. Proliferation assays of B cell progenitors 
demonstratedd that the in vitro proliferation response to IL-7 is severely impaired in 
P/m-mutantt bone marrow cells (Figure 3e). Pim1- and P/m3-mutant B cell 
progenitors,, but not P/m2-mutants, display a similar defect in vivo, although the effect 
off loss of PIM3 is more modest (data not shown). The extent of the observed in vivo 
defectt correlated with the ability to proliferate in response to IL-7 in vitro (data not 
shown).. This indicates that Pim1 and Pim3 are redundant to some extent and that 
Pim1Pim1 is the most important Pirn member in modulating IL-7-driven proliferation of pro-
BB cells. As a consequence of this partial block, P/m-mutant bone marrow contains a 
reductionn in the number of immature B cells (fraction D/E)(Figure 3d) (P < 0.001). In 
contrast,, the number of recirculating mature B cells is increased in P/m-mutant bone 
marroww (P< 0.001). Since the number of B cells is strongly reduced in the spleen, 
thesee data imply that the export of immature B cells from the bone marrow to the 
spleen,, rather than the maturation in the spleen or survival in the periphery, is 
impairedd in P/m-mutant mice. 

PIMM affect s cytokine-mediate d cel l growt h and differentiatio n of bon e marro w 
cell s s 

Thee induction of Pirn expression is an early response to a variety of growth factor 
involvedd in hematopoiesis and is likely mediated by JAK/STAT signaling as has been 
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shownn for IL-6-induced Pim1 expression (Shirogane, ef a/., 1999). JAK mutants as 
welll as STAT mutant hematopoietic progenitors show a reduction in their capacity to 
formm colonies in response to distinctive growth factors (for review see Ihle et a/., 
1998).. To investigate whether P/m-mutant bone marrow progenitors are affected in 
theirr differentiating, proliferating, and/or surviving capacity in response to growth 
factorss essential for myeloid and erythroid development, we performed colony 
formationn assays with distinctive P/m-mutant hematopoietic progenitors (Table 1). IL-
33 signaling induces Pim1 and Pim2 very efficiently and Pim3 to a lesser extent 
(Figuree 1d). The response of P/m-mutant bone marrow cells in response to IL-3 was 
illustratedd by a reduction in the number (approximately three-fold) and size of 
colonies.. Giemsa staining revealed that Pirn 1 ;Pim2;Pim3-mutant bone marrow cells 
aree partially blocked to become cells of myeloid origin, since the observed 'mix-type' 
coloniess predominantly contained cells belonging to the erythroid lineage (data not 
shown).. Although PIM1 is the most crucial factor for this response, the additional loss 
off PIM3, and potentially PIM2, further enhances the defect (P =0.026). The disruption 

Tablee I. In vitro colony formation capacity of mutant Pirn and wildtype bone 
marroww cells in response to distinct growth factors. 

Genotype e 

Growth h 
Factor r 

IL-3 3 

SCF F 

GM-CSF F 

TPO O 

IL-5 5 

Colony y 
Type e 

CFU-mix x 

CFU-mix x 

CFU-GM M 

CFU-Meg g 

CFU-Eos s 

Pim1Pim1+/++/+22+/++/+33+/+ +/+ 

3822  43 
(n=16) ) 

1199 * 
(n=16) ) 

3588  32 
(n=18) ) 

17.99 5 
(n=9) ) 

1 1 
(n=10) ) 

Pim1-'-2Pim1-'-2+/++/+3^ 3^ 

1944 + 53* 
(n=3) ) 

822 + 20 
(n=3) ) 

4022  62 
(n=2) ) 

0.266 * 
(n=3) ) 

88 * 
(n=2) ) 

P/mï+/+2"/"3+/+ + 

3811 4 
(n=2) ) 

1266 + 5 
(n=2) ) 

3655 + 30 
(n=2) ) 

19.66 8 
(n=2) ) 

20.44  0.4 
(n=2) ) 

P/mï+/+2+/+3"A A 

3366  55 
(n=6) ) 

955 * 
(n=5) ) 

3855  43 
(n=3) ) 

3 3 
(n=6) ) 

18.66 + 6.3 
(n=3) ) 

PimT'z'-j' PimT'z'-j' 

1200 * 
{n=12) ) 
644 + 12 
(n=12) ) 

3577 + 42 
<n=12) ) 

* * 
(n=9) ) 

* * 
(n=9) ) 

Meann  standard deviation of colonies/ 10s nucleated bone marrow cells. 
** t test analysis of these genotypes yielded P < 0.05 

off all Pirn genes not only decreases the number of colonies, but also the 
granulocyte/macrophagee content. Remarkably, the ability of P/m-mutant bone 
marroww progenitors to form colonies in response to granulocyte/macrophage colony 
stimulatingg factor (GM-CSF) was not altered, in spite of the fact that the GM-CSF 
receptorr is a close family member of the IL-3 receptor and is a potent inducer of Pirn 
expressionn (Lilly, ef a/., 1992). Thrombopoietin (TPO) stimulates the development of 
megakaryocytes.. P/m-mutant bone marrow cells, and here the loss of Pim1 again 
displayedd the largest effect, were unable to differentiate into megakaryocytes in vitro. 
InIn vivo, we observed fewer and hypo-proliferative megakaryocytes in the spleen 
(dataa not shown). Moreover, there was a strong predominantly PIM1-mediated 
impairedd IL-5 response to form eosinophilic granulocytes, although the additional loss 
off PIM2 and PIM3 contributed as well (P =0.039). Lastly, a reduction in the number 
(50%% of wild-type) and size of colonies was also seen in response to stem cell factor 
(SCF),, a factor that signals via the Kit tyrosine kinase receptor and poorly induces 
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PirnPirn expression (Laird et al., 1993; Allen ef al., 1997). In contrast to IL-3-mediated 
formationn of colonies, the SCF-induced colonies did not display differences in the 
originn of cells between colonies derived from P/m-mutant and wild-type bone marrow. 

PIMM is involve d in cross-tal k betwee n TCR and IL-2 signalin g 

Ass described above, P/m-mutant bone marrow cells display a defective response to 
distinctivee growth factors of which IL-7 signals via the Cy-chain. IL-2 is a strong 
inducerr of Pirn transcription (Allen, ef al., 1997; Dautry, ef al., 1988) and its signal 
transductionn also depends on the Cy-receptor. Cy-mutant mice display a severe 
reductionn in the number of thymocytes likely caused by a lack of defective IL-7-driven 
proliferation.. Interestingly, this phenotype is greatly rescued by the introduction of a 
Pim1Pim1 transgene, suggesting that PIM is a prominent component of Cy-signaling 
(Jacobs,, ef al., 1999). The rescue might require a functional CD3 complex because a 
similarr phenotype observed in CD3y-mutant mice is not alleviated by introduction of 
thee Pim1 transgene. The observations that the PIM proteins seem to be involved in 
Cy-dependentt signaling urged us to examine the Cy-mediated proliferation in Pim-
deficientt peripheral T cells, of which the percentage was unaltered in the spleen. 
First,, we analyzed the ability of P/m-mutant peripheral T cells to proliferate in 

Pim1'";Pim2'";Pim3" Pim1'";Pim2'";Pim3" 

Pim1-'-,PimT'-,Pim3-'-Pim1-'-,PimT'-,Pim3-'-

0.55 1 1.5 
aCD33 (ug/ml) 

1000 150 200 
hlL-22 (U/ml) 

Figur ee 4. PIM proteins are essential fo r 
synergisticc proliferative effect of TCR and IL-2 
signaling. . 
Splenicc T lymphocytes derived from wild-type 
(openn squares) or P/m-deficient (open triangles) 
micee were cultured for 64 hours in the presence 
off different concentrations coated aCD3 (a), sub-
optimall concentration of coated aCD3 (0.3 ug/ml) 
andd increasing concentrations of hlL-2 (b), or 
constantt hlL-2 (200 U/ml) and increasing 
amountss of coated aCD3 (c). The proliferation of 
TT lymphocytes was assayed by 3H-thymidine 
incorporationn for the last 16 hours of culture. 
Eachh figure represents one of three independent 
experimentss with similar results (n=3 for each 
genotype). . 
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responsee to CD3 cross-linking, which mimics TCR activation. Although it was 
previouslyy published that anti-CD3 signaling induces Pim1 expression (Wingett etal., 
1996),, P/m-mutant T cells responded similarly as wild-type cells to cross-linking of 
thee CD3 complex (Figure 4a). The proliferation of activated T cells requires the 
presencee of IL-2 indicating a strong synergism between TCR and IL-2 signaling. It, 
therefore,, might be that PIM is involved in the IL-2-induced mode of proliferation. 
P/m7;2;3-mutantt T cells showed a strong reduced capacity to incorporate 3H-
thymidinee at sub-optimal aCD3 and different IL-2 levels as compared to wild-type T 
cellss (Figure 4b). A similar, however, more modest defect was observed in Pim1- or 
Pim2-,Pim2-, but not P/m3-mutant T cells (data not shown). The maximum incorporation of 
3H-thymidinee of T lymphocytes lacking PIM is reduced 2-4 fold depending on the 
aCD33 levels. To determine whether the difference in 3H-thymidine incorporation is 
intrinsicc to IL-2 signaling of P/m-mutant T cells and independent of TCR activation, T 
cellss were activated by different doses aCD3 in the presence of optimal IL-2 levels. 
Underr these conditions, the mutant T cells still display a reduction in the 3H-thymidine 
incorporationn rate at sub-optimal levels of TCR cross-linking, but at super-
physiologicall stimulation (high a CD3 (2 |ig/ml) and high IL-2 (200 U/ml)) Pim-
deficientt cells incorporate 3H-thymidine as efficiently as wild-type T lymphocytes. 
Thesee results indicate that P/m-deficient T cells are able to incorporate H-thymidine 
inn response to IL-2 at the same rate as wild-type T cells, but that PIM is obligatory for 
thee synergistic action of TCR and IL-2 under physiological relevant conditions of TCR 
activation.. However, whether the observed defect is caused by a decreased 
proliferationn and/or survival of the peripheral T cells remains to be addressed. 

Discussio n n 

Thee results described here demonstrate that PIM1, PIM2 and PIM3 are required and 
cann act redundantly in a number of, predominantly proliferative and/or survival, 
responsess to a range of growth factors. These results also imply that the Pirn genes 
aree obligatory targets of the JAK/STAT pathway for some of these responses. In 
addition,, it appears that the PIM proteins are important modulators of cross-talk 
betweenn distinctive signaling pathways as was suggested previously (Mikkers, et al., 
2002). . 
Thee PIM proteins were originally identified as oncogenes in a variety of mouse 
hematopoieticc tumors, indicating a role in the hematopoietic compartment. We 
demonstratedd that the PIM proteins are also involved in the development of other 
tissuess since compound Pim1;Pim2;Pim3 knockout mice display a profound 
reductionn in body size at birth. The decrease in body size was predominantly caused 
byy a reduction in the number of cells rather than cell size. In addition, the decrease in 
sizee was mainly a result of inactivation of both Pim1 and Pim3 illustrating redundancy 
betweenn the most homologous PIM members. This reduction in body size 
(approximatelyy 30%) is already apparent at birth and is, therefore, reminiscent of a 
defectt in IGF/insulin signaling. Mice carrying defects in either of these pathways 
displayy a reduction in body size ranging, dependent on the pathway and affected 
protein,, from 20-60% (for review see Accili, et at., 1999). However, whether 
IGF/insulinn signaling is indeed affected in P/m-mutant mice remains to be 
investigated. . 
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Thee majority of hematopoietic growth factors are efficient inducers of Pim1, 
Pim2Pim2 and Pim3. In addition, an important role for PIM in the proliferative and/or 
survivall response of hematopoietic cells to IL-3 and IL-7 was already illustrated for 
Pim1Pim1 knockout bone marrow cells. The generation of PimT/';Pim2'/';Pim3'/' mice 
demonstratedd that there is redundancy in the ability of bone marrow cells to form 
coloniess on IL-3, IL-5, SCF, and TPO, and to proliferate in response to IL-7 between 
PIM1,, PIM2 and PIM3. It should however be noted that Pim1 is the most, and Pim2 
thee least, crucial Pirn gene for these responses. Since Pim2 is more efficiently 
inducedd than Pim3 by a number of these growth factors, one could speculate that 
Pim2Pim2 has a role distinctive from the functions of Pim1 and Pim3 in these settings. 
Thee IL-7-mediated defect was also apparent in vivo as illustrated by a reduction in 
thee number of splenic B cells in P/m-mutant mice. This reduction correlates with an 
impairedd ability of P/m-mutant pro-B cells to become pre-B cells. The observation 
thatt the number of B cells is unaltered in older animals is likely explained by, first, the 
continuouss supply of immature B cells to the peripheral B cell compartment and, 
second,, the homeostatic proliferation of peripheral B cells (for review see Tough and 
Sprent,, 1995). Therefore, only a complete or very strong defect in B cell development 
willl be evident in the periphery of older mice. Remarkably, we did not observe a 
defectt in the GM-CSF response. This in spite of that GM-CSF signaling is a strong 
transcriptionall activator of Pim (Lilly, et a/., 1992). 

Althoughh P/m-mutant mice do not display an abnormal T cell development, the 
abilityy of peripheral T cell to incorporate H-thymidine in response to IL-2 at sub-
optimall levels of TCR activation was severely impaired. This either proliferative 
and/orr survival defect was only apparent at sub-optimal concentration of aCD3, and 
onlyy in the presence of IL-2, indicating that it is likely caused by an impaired synergy 
betweenn the TCR and IL-2 signaling pathways, rather than a defect in TCR or IL-2 
signaling.. These results are in line with previous experiment in which overexpression 
off PIM can rescue a Cy-defect that is dependent on a functional CD3-complex 
(Jacobss et al., 1999). How would Pim influence TCR/IL-2 signaling? Potentially, the 
suppressorss of cytokine signaling (SOCS) molecules, which are phosphorylated by 
PIMM could be involved (Chen et al., 2002). PIM-mediated phosphorylation of SOCS 
appearss to enhance the stability of this protein, since SOCS levels were reported to 
bee lower in P/m7;P/m2-mutant cells. However, this would negatively regulate cytokine 
signalingg and, therefore, would be hard to reconcile with our results. Consistent with 
thiss view, SOCS1 levels were unaltered in the P/m-mutant T cells (data not shown). A 
proteinn that might act downstream of PIM and be responsible for the defect in P/m-
mutantt T cells is p27KIP as p27KIP-deficient T cells are hyper-proliferative in response 
too aCD3 and IL-2 signaling (Zhang et al., 2000). This would fit with a study on 
retrovirus-inducedd T cell lymphomas in p27KIP-deficient mice that suggested a partial 
overlapp between tumorigenic PIM and p27KIP signaling (Hwang et al., 2002). 

Sincee Pim expression is directly regulated by the JAK/STAT pathway 
(Shirogane,, et al., 1999), the P/m-mutant phenotypes described here might provide 
cluess about the biological significance for the STAT proteins to transactivate the Pim 
genes.. In fact, STAT5a;5b knockout bone marrow cells display a reduction in the 
abilityy to form colonies in response to IL-3, IL-5, IL-7, SCF, GM-CSF and TPO 
(Teglund,, et al., 1998). These results indicate that the inability of Sfaf-mutant cells to 
inducee Pim expression might be responsible for the observed IL-3, IL-5, IL-7, SCF 
andd TPO signaling defects, whereas the GM-CSF defect appears to be totally PIM-
independent.. In addition, Stef5a;5b-mutant T cells cannot proliferate in response to 
TCR/IL-22 (Moriggl et al., 1999). Although this phenotype is stronger than the defect 
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observedd in P/'m-mutant T cells, the partial overlap still suggests that loss of Pirn 
expressionn can contribute to this phenotype. In contrast, PIM appears not to play a 
majorr role in mammary ductal tree formation as the mammary glands in P/'m-mutant 
micee develop normally (data not shown). 

Inn summary, the phenotypes of the Pim1 ;Pim2;Pim3 knockout mice illustrate 
redundantt and non-redundant, but obligatory, rotes for the PIM proteins in growth 
factorr signaling and in the synergism between different signaling pathways. Such a 
gain-setterr role for PIM with respect to synergistic growth factor signaling would be in 
linee with the growth factor-induced early transcription of Pirn and the labile features of 
PIMM RNA and protein, as one can imagine that sensitizing growth factor signaling 
requiress a well-controlled and fine-tuned mechanism. 

Experimenta ll  Procedure s 

Generatio nn of compoun d Pim1, P\m2 and Pim3 knockou t mic e 
Thee construction of the Pim1neo59 knockout line has been previously described 
(Domen,, et al., 1993a; te Riele et al., 1990). We generated Pim2 and Pim3 deficient 
animalss as follows: mouse genomic DNA fragments containing the complete Pim2 or 
Pim3Pim3 gene were isolated from a genomic X-phage (XF\X) library derived from 
1290LAA inbred mice. For the Pim2 targeting construct exons 1, 2 and 3 of Pim2 were 
removedd by inserting the hygromycin resistance gene (Pgp) controlled by the human 
PGKPGK promoter into the BamHI sites surrounding exon1-3. The Pim3 KO construct 
wass generated by inserting an \res-pGeo cassette into the BstEII sites in exon 3 and 
thee 3'UTR of Pim3. Both KO constructs were electroporated into 1290LA derived ES 
cellss and selected for hygromycin or G418 resistance, respectively. Homologous 
recombinationn was determined by Southern blot analysis using DNA fragments 
locatedd internally or externally to the deleted region as probes. Selected clones were 
injectedd into C57BL/6 blastocyst stage embryos generating chimeric mice that were 
crossedd to FVB/N females. Pim2+'~ mice were back-crossed to inbred Pim1neo59 
FVB/NN for ten generations and F11s were intercrossed yielding compound Pim1~/~ 
;Pim2';Pim2'//'' mice. Pim3+I' mice were bred to FVB/N for two generations and subsequently 
too 11 t h FVB/N generation Pirn f A;PimZ/' mice. Progeny intercrosses yielded wild-type 
andd all single KO and compound triple KO genotypes. All mice were maintained 
underr SPF conditions. 

DNAA and RNA analysi s 
Pim2Pim2 and Pim3 KO alleles were initially detected by Southern analysis of tail DNA 
restrictedd with EcoRI (Pim2) or Sspl (Pim3) using full-length mouse Pim2 cDNA or a 
genomicc DNA fragment 3' to Pim3 as a probe. Thereafter by PCR: the Pim1 alleles 
weree detected using Pim1 (Pirn 1 for: 5'-AAGCACGTGGAGAAGGACCG-3' Pirn 1 rev: 
5'-GACTGTGTCCTTGAGCAGCG-3')) and Neo (NeoA: 5'-CGTCCTGCAGTTCATTC-
AGG-3')) primers, the Pim2 alleles with Pim2 (Pim2for: 5'-CACCGCGTCACGGA-
TAGACG-3'' Pim2rev: 5'-CCCACCTTCCACAGCAGCG 3') and Pgp (HygroFor: 5'-
AGCACTCGTCCGAGGGCAAAGG-3'' Pim2Rev2: 5'-CACGGTGGACCAGCCTAGC-
3')) primers, and the Pim3 alleles with Pim3 (Pim3sp1: 5'-CTGGACCAAATTGCTG-
CCCAC-3'' and Pim3Sp4: 5'-GGATCTCTGGTTCAAGTATCC-3') and LacZ (LacZ1: 
5'-CGTCACACTACGTCTGAACG-3'' and LacZ2: 5'-CGACCAGATGATCACACTCG-
3')) primers. 
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Forr the tissue specific expression of the different Pirn members, total RNA was 
isolatedd using RNA-TriZol (Gibco BRL). Poly-A+ RNA was extracted from total RNA 
usingg PolyATract® (Promega), separated and blotted. The Northern blot was 
hybridizedd sequentially to full-length mouse Pim1, Pim2, Pim3 and human GAPDH 
cDNAA probes. The full-length Pim2 and Pim3 cDNAs were cloned from a size-
fractionatedd ConA blast derived cDNA ^.-phage library. 
Wee analyzed the expression of the Pim1, Pim2 and Pim3 transcripts in splenocytes 
byy RT-PCR. For this: total spleen RNA was isolated using RNA-TriZol (Gibco BRL), 
DNasee treated and reverse transcribed with random hexamers and ALV-reverse 
transcriptasee (Roche). The cDNA was amplified in a single PCR reaction using either 
Pirnn 1for/Pim1 rev, Pim2for/Pim2rev or Pim3sp1/Pim3sp4 primer combinations. As a 
control,, Gapdh was amplified in the same PCR reaction using Gapdhl (5'-
ACCGGATTTGGCCGTATT-3')) and Gapdh2 (5'-TCTGGGATGGAAATTGTGAG-3'). 

Bonee marro w colon y assay s 
Micee (8 to 12 weeks of age) were sacrificed and both femurs were flushed with 
Hank'ss balanced medium containing 50mM Hepes pH 7.4, 50 jxM fJ-mercapto ethanol 
andd 20% fetal calf serum (FCS) (BioWhittaker). Nucleated bone marrow cells were 
countedd in cell lysis buffer (StemCell Technologies). Cells were first diluted to the 
rightt concentration in Iscove's modified eagle medium (IMEM) containing 50 |iM J3-
mercaptoo ethanol and 2% FCS, and, thereafter, plated in duplo in methylcellulose 
(M3234)) (StemCell Technologies) with added cytokines/growth factors. The culture 
conditionss at C and 5% C02 were dependent of the assay: 1.5.104 cells/ml, 
mrGM-CSFF (Peprotech) 10 ng/ml, 12 days (CFU-GM); 4.105 cells/ml, rhTPO (RandD 
Systems)) 40 ng/ml, 8 days (CFU-Meg); 1.5.104 cells/ml, rmll_-3 (Peprotech) 10 ng/ml, 
122 days (CFU-mix); 2.105cells/ml, rmlL-5 (RandD Systems) 20 ng/ml, 15 days (CFU-
Eos);; 2.105 cells/ml, rmSCF (Peprotech) 50 ng/ml, 12 days (CFU-mix). After culturing, 
cellss were fixed in 4% formaldehyde and stained with a 2% Giemsa solution to 
determinee cell type. 

TT and B cel l proliferatio n assay s 
Splenocytess and bone marrow cells were isolated from 8-12 weeks old mice and 
countedd in a Casy 1® counter (Scharfe Systems). Splenocytes were cultured at 1.106 

cellscells per ml in RPMI-1640 containing PenStrep, glutamine, 50 (iM p-mercapto 
ethanoll and FCS (10%) in the presence of rhlL2 (RandD Systems) (concentrations 
ass indicated in figures), coated aCD3 (2C11) (Pharmingen) (concentrations as 
indicatedd in figures) for 48 hours followed by 16 hrs with 0.5 juCi of 3H-thymidine. 
10.1066 cells/ml bone marrow cells were cultured in RPMI-1640 (PenStrep, glutamine, 
500 (xM p-mercapto ethanol and 10% FCS) with 50 U/ml or 250 U/ml rmll_-7 
(Peprotech)) for 3 days and, additionally, 18 hrs in the presence of 0.5 (iCi of 3H-
thymidine. . 

FACSS analysi s 
Thymocytess (mice: 4-6 weeks of age), splenocytes and bone marrow cells (mice: 6-8 
weekss of age) were isolated and analyzed by FACS using a variety of FiTC, PE, 
APC,, or CyCnrome-conjugated or biotinylated antibodies (all Pharmingen): <xCD3, 
aMad,, «CD69, aB220, aBP41, ocCD62l, aTCRp, «CD4, ocCD8, <xCD25, «CD117, 
aScal,, aHsa, ocGM, algM, algD and aNK1.1. Bound biotinylated antibodies were 
detectedd with Streptavidin-APC (Molecular Probes). Cells were stained in PBS with 
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2%% BSA and 10% normal mouse serum (NMS). Stainings were analyzed on a 
FACScaliber®® flow cytometer (Becton Dickinson). 
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