
Proviral integration site 2 is required for interleukin-6 expression
induced by interleukin-1, tumour necrosis factor-a and

lipopolysaccharide

Introduction

The PIM (proviral integration site) kinase family consists

of three members: PIM1, PIM2 and PIM3.1 PIM1 was

originally identified as a frequent proviral insertion site in

Moloney murine leukaemia virus (MLV) -induced T-cell

lymphomas.2 PIM2 was discovered by virtue of sequence

conservation with the PIM1 oncogene and was also impli-

cated in lymphomagenesis by its presence as a common

pro-viral integration site in MLV-induced lymphomas.3

PIM2 is highly expressed in non-Hodgkin’s lymphomas

over normal lymphocytes.4 PIM1 and PIM2 are constitu-

tively expressed in haematopoietic tissues and their mes-

senger RNA (mRNA) expression can be further induced

by multiple cytokines and growth factors such as interleu-

kin-2 (IL-2), IL-3, IL-4, IL-6, IL-7 and interferon-c (IFN-

c).1,5 T helper type 1 (Th1) -specific cytokines IL-12 and

IFN-a, but not Th2-specific cytokine IL-4, transiently

up-regulate PIM1 and PIM2 mRNA expression in human

T cells.6 PIM1 mRNA up-regulation occurs rapidly after

cytokine or mitogenic stimulation followed by induced

PIM2 expression several hours later.7 PIM1 kinase is con-

stitutively active, as shown in the crystal structure of

apo-PIM1, indicating that PIM1 adopts a constitutively

active conformation without phosphorylation.8 Mono-

cytes express high levels of PIM2 mRNA after lipopoly-

saccharide (LPS) stimulation.9 LPS also highly induces

PIM2 expression via the nuclear factor-jB (NF-jB) path-

way in pre-B cells.8 TALL-1/BAFF, a member of the

tumour necrosis factor (TNF) family, significantly up-reg-

ulates PIM2 expression in primary B lymphocytes and B

lymphoma cells.10 The PIM2 mRNA is also up-regulated

and remains elevated in latently Epstein–Barr virus-

infected B-cell lines.11

One important role of PIM2 is to promote cell survival

and suppress cell apoptosis. PIM2 kinase phosphorylates

the pro-apoptotic protein Bcl2 antagonist of cell death

(BAD) on serine 112 and so reverses BAD-induced cell

death.12 Recently, it has been reported that both eukary-

otic initiation factor 4B (eIF4B) and apoptosis inhibitor 5
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Summary

PIM (proviral integration site) kinases are a distinct class of serine/threo-

nine-specific kinases consisting of PIM1, PIM2 and PIM3. PIM2 is known

to function in apoptosis pathways. Expression of PIM2 is highly induced

by pro-inflammatory stimuli but the role of PIM2 in the expression of

pro-inflammatory cytokines is unclear. In this study, we showed that

over-expression of PIM2 in HeLa cells as well as in human umbilical vein

endothelial cells enhanced interleukin-1b (IL-1b) -induced and tumour

necrosis factor-a-induced IL-6 expression, whereas over-expression of a

kinase-dead PIM2 mutant had the opposite effect. Studies with small

interfering RNA specific to PIM2 further confirmed that IL-6 expression

in HeLa cells requires PIM2. To investigate the function of PIM2 further,

we generated PIM2-deficient mice. It was found that IL-6 production was

significantly decreased from PIM2-deficient spleen cells after stimulation

with lipopolysaccharide. Taken together, we demonstrated an important

function of PIM2 in controlling the expression of the pro-inflammatory

cytokine IL-6. PIM2 inhibitors may be beneficial for IL-6-mediated dis-

eases such as rheumatoid arthritis.
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(API-5) are potential PIM2 kinase substrates.13 Thomp-

son and colleagues report that ectopic expression of PIM2

leads to sustained NF-jB activity, suggesting that NF-jB

activation contributes to the function of PIM2 in promot-

ing cell survival.14 PIM2 activates NF-jB by inducing

phosphorylation of Cot, which leads to enhanced inhibi-

tor of NF-jB kinase activity and reduced expression of

p50/p105.14

No in vivo abnormalities were shown in PIM1-deficient

or PIM2-deficient mice,15,16 indicating a potential func-

tional redundancy of PIM family members. Indeed, Molo-

ney MLV-induced tumours from El-myc transgenic mice,

which are deficient in the pim1 gene, showed compensa-

tory activation of the pim2 gene.3 Berns and colleagues

generated mice that are deficient for all PIM kinases.16

These mice are viable and fertile but their body size is

reduced at birth and throughout post-natal life. In the

absence of PIMs, IL-7-mediated proliferation of late pre-

B cells is decreased. Decreased IL-3, colony stimulating

factor (CSF) or IL-5-mediated cell growth and differentia-

tion of bone marrow cells were observed in PIM-deficient

mice. In addition, PIM2-deficient T cells show reduced

T-cell proliferation in response to synergistic T-cell recep-

tors and IL-2 stimulation.16 Thompson and colleagues

demonstrated that constitutive expression of catalytically

active but not kinase-dead PIM2 confers long-term resis-

tance to apoptosis in the absence of IL-3 or when cells

are treated with cytotoxic drugs such as staurosporine

and thapsigargin.17 The PIM2-dependent maintenance of

cell size and survival correlates with its ability to maintain

rapamycin-resistant phosphorylation of the translational

repressor 4E-BP1 and phosphorylation of the BH3 pro-

tein BAD.17 Furthermore, cytokine-induced PIM1 and

PIM2 promote the target of rapamycin inhibitor rapamy-

cin-resistant survival of lymphocytes. The endogenous

function of the PIM kinases is not restricted to the regu-

lation of cell survival. Although rapamycin has a minimal

effect on wild-type T-cell expansion both in vitro and

in vivo, it completely suppresses PIM1)/) PIM2)/) T cells

in response to IL-4 or IL-7 stimulation.7

Interleukin-6 is a pleiotropic cytokine. It is an activator

of acute-phase responses and a lymphocyte stimulatory

factor and is critically involved in resolving innate immu-

nity. Recently, it was discovered that IL-6 is also critical

for promoting acquired immunity.18 Interleukin-6 elicits

the development of specific cellular and humoral immune

responses, including end-stage B-cell differentiation,

immunoglobulin secretion and T-cell activation.19 It plays

a pro-inflammatory role in chronic inflammation. For

example, collagen-induced arthritis is associated with

increased expression of IL-6. Interleukin-6-deficient mice

showed reduced antibody response to type II collagen, and

an absence of inflammatory cells and tissue damage in

knee joints. Importantly, the IL-6-deficient mice were pro-

tected from collagen-induced arthritis.20 In humans, high

levels of IL-6 were detected in serum and synovial fluids

from the joints of patients with active rheumatoid arthri-

tis.21 Treatment with the anti-IL-6 receptor monoclonal

antibody Tocilizumab led to significant improvement in

the signs and symptoms of rheumatoid arthritis patients.22

In this report, we show that over-expression of PIM2

enhanced IL-1b and TNF-a-induced IL-6 expression.

Meanwhile, over-expression of kinase-dead PIM2 inhib-

ited IL-1b and TNF-a-induced IL-6 expression. Studies

with small interfering RNA (siRNA) specific to PIM2 fur-

ther confirmed that IL-6 expression requires PIM2.

Finally, we generated PIM2-deficient mice. It was found

that IL-6 production from PIM2-deficient spleen cells was

significantly decreased after stimulation with LPS.

Materials and methods

Mice, reagents, cytokines and antibodies

The PIM2 mutant mice were generated in collaboration

with Lexicon Genetics, Inc. (The Woodlands, TX). The

conditional LoxP targeting vector was derived using the

Lambda KOS system.23 The two LoxP sites were targeted

before exon I and after exon III of PIM2 (Fig. 4a). The

targeted embryonic stem cell clones were microinjected

into C57BL/6 (albino) blastocysts to generate a LoxP con-

ditional line. The mice were then subsequently bred with

Protamine-Cre transgenic mice generated by Lexicon

Genetics. The genetic background of the Protamine-Cre

transgenic mice is 129SvEvBrd·C57BL/6. The knockout of

PIM2 mice was confirmed by genotyping (Fig. 4a,b).The

polymerase chain reaction (PCR) sequences for genotyp-

ing are as follows. PCR-F: 50-CTCCTACATTTGCATAC

AGG-30; PCR-R1: 50-GAGGTGCTGCGTATATTGAGC-30;

PCR-R2: 50-GAAAGGAGAATCCAGGGCTCTG-30. The

wild-type mice 129SvEvBrd·C57BL/6 F2 were purchased

from Jackson Laboratory (Bar Harbor, ME). The animal

study protocol was approved by Boehringer Ingelheim

Pharmaceutical Animal Care Committee. Murine IL-4

and IL-12 were purchased from Calbiochem (San Diego,

CA). Murine IL-2 and monoclonal anti-IL-4 (11B11)

were obtained from eBioscience (San Diego, CA). Poly-

clonal anti-mouse IL-12 was purchased from Cell Sciences

(Norwood, MA). Monoclonal anti-mouse CD3e (500A2)

and anti-mouse CD28 (37.51) were purchased from BD

Biosciences (San Diego, CA). Ovalbumin (OVA) and

Histopaque-1119 were all from Sigma Chemical Co. (St

Louis, MO). Human IL-1b and TNF-a were purchased

from R&D Systems (Minneapolis, MN).

Cell culture

HeLa cells and human umbilical vein endothelial cells

(HUVECs) were cultured in 10% fetal bovine serum

(FBS) /RPMI-1640 in the presence of penicillin and
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streptomycin. Red blood cells from mouse spleen cells

were removed using Histopaque-1119 by spinning down

at 600 g for 15 min. Cells were cultured in 10% FBS/Is-

cove’s modified Dulbecco’s medium with 2 mM L-gluta-

mine (Invitrogen, Carlsbad, CA), 0�1 mM non-essential

amino acids (Invitrogen), 1 mM sodium pyruvate (Invi-

trogen) and 0�05 mM 2-mercaptoethonol (Sigma). The

spleen cells were stimulated with LPS for 4 and 24 hr.

The cells were harvested for reverse transcription (RT-)

PCR analysis after they were stimulated for 4 hr. The

supernatants were harvested for cytokine production assay

after the cells were stimulated for 24 hr.

Retroviral constructs, transfection and infection

Human PIM2 complementary DNA (cDNA) insert was

generated by PCR using the IMAGE clone (clone ID:

3913552) as a template. The ATP binding site of the

human PIM2 kinase was identified by a homology search

using PROSITE. The predicted active site lysine residue,

K61, was mutated to an alanine to produce a kinase-dead

form of the protein. The PCR products were then ligated

into the BglII/XhoI site of internal ribosome entry site

(IRES) green fluorescence protein-retroviral vector (GFP-

RV) as described previously.24,25 The final PIM2-retrociral

vector (-RV) was confirmed by sequencing. A Phoenix-A

packaging cell line (licensed from Dr G. Nolan, Stanford,

CA) was transfected to generate the retroviral super-

natants according to Dr Nolan’s protocol as described

previously.26 The viral supernatant and 6 lg/ml polybrene

(Sigma) were added to HeLa cells or HUVEC in six-well

plates and centrifuged at 600 g for 30 min at room

temperature. Cells were then cultured for 24 hr before a

one-third split. Infected cells expressed GFP and were

purified by cell sorting on day 5 after infection. Cells were

further cultured for 5–10 days before the cells were stimu-

lated with IL-1b or TNF-a for RT-PCR analysis.

siRNA transfection

Selection of siRNA was based on the characterization of

siRNA described previously.27 The sequences of siRNA

duplexes are as follows.

PIM2-1: sense: 50-GUGAUUCCCCGGAAUCGUGdTdT-

30, anti-sense: 50-CACGAUUCCGGGGAAUCACdTdT-30;

PIM2-2: sense: 50-CAUCCUGAUAGACCUACGCdTdT-

30, anti-sense:50-GCGUAGGUCUAUCAGGAUGdTdT-30;

Ctrl-1: sense: 50-GUGCUAAGGCCCCUUAGUGdTdT-30,

anti-sense:50-CACUAAGGGGCCUUAGCACdTdT-30; Ctrl-

2: sense: 50-CGCAUCCAGAUAGUCCUACdTdT-30, anti-

sense:50-GUAGGACUAUCUGGAUGCGdTdT-30. The

control sequences were designed to be the inverted PIM2

sequences. HeLa cells were seeded in six-well plates at a

density of 2 · 105 cells/well and incubated in 10% FBS

RPMI-1640 without antibiotics at 37� overnight. For each

siRNA transfection, 10 ll of 20 lM siRNA duplex was

mixed with 100 ll Opti-MEM (serum-reduced medium;

Invitrogen) in tube A for 5 min at room temperature. In

tube B, 4 ll OligofectAMINE Reagent (Invitrogen) was

mixed with 100 ll Opti-MEM for 5 min at room tempera-

ture. The mixtures in tubes A and B were then combined

and were incubated at room temperature for 20 min. The

culture medium in the HeLa cell culture well was then

replaced with Opti-MEM (800 ll/well). The siRNA mix-

ture was finally added into the HeLa cell culture well. After

the cells were incubated at 37� for 4 hr, 2 ml 10% FBS

RPMI-1640 without antibiotics was added to each well and

the cells were incubated at 37� for another 2 days. Cells

were then replaced with fresh medium and stimulated with

TNF-a (10 ng/ml) for 2 hr for total RNA extraction or

overnight for enzyme-linked immunosorbent assay.

RNA extraction, TaqMan quantitative RT-PCR

Total RNA was extracted using an RNeasy Mini kit (Qia-

gen, Valencia, CA). The possible remaining DNA was

digested with the RNAse-Free DNAse I (Qiagen) during

the extraction of total RNA. Complementary DNA syn-

thesis and TaqMan quantitative RT-PCR were described

previously.28,29 The principle of the TaqMan real-time

detection is based on the fluorogenic 50 nuclease assay. A

thermally stable AmpliTaq Gold DNA polymerase was

used for the PCR amplification. Real-time PCR was per-

formed in a MicroAmp Optical 96-Well Reaction Plate

from Applied Biosystems (Foster City, CA). Each well

contained 2 ll of each RT product (40 ng total RNA), 1·
TaqMan buffer A, 5�5 mM MgCl2, 200 lM dATP/dCTP/

dGTP, 400 lM dUTP, 200 nM forward and reverse prim-

ers, 100 nM TaqMan probe, 0�01 U/ll AmpErase, and

0�025 U/ll AmpliTaq Gold DNA polymerase in a total

volume of 25 ll. Each well was closed with MicroAmp

Optical caps from Applied Biosystems. Amplification con-

ditions were 2 min at 50� for AmpErase UNG incubation

to remove any uracil incorporated into the cDNA,

10 min at 95� for AmpliTaq Gold activation, and then 40

cycles at 95� for 15 seconds, 60� for 1 min. All reactions

were performed in the Abi Prism 7700 Sequence Detec-

tion System for the test samples, standards, and no tem-

plate controls. They were run in triplicates using the

SEQUENCE DETECTOR V 1.6 program. The Rn and Ct were

averaged from the values obtained in each reaction. A

standard curve was constructed by plotting Ct against the

known copy numbers of the template in the standard. All

TaqMan data shown were normalized based on the glyc-

eraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA

expression level. The TaqMan copy numbers were calcu-

lated by using a standard curve and normalized to endog-

enous GAPDH.30 The siRNA sample TaqMan data were

analysed to obtain fold changes by using the relative

quantification 2)DDCt method. The PCR primers and Taq-
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Man probes were designed using PRIMER EXPRESS 1.5 soft-

ware (Applied Biosystems). The TaqMan probes were

labelled with a reporter fluorescent dye, FAM (6-carboxy-

fluorescein), at the 50 end and a fluorescent dye quencher

TAMRA (6-carboxy-tetramethyl-rhodamine) at the 30

end. TaqMan primers and probes are as follows. Human

GAPDH: forward primer: CCAGGTGGTCTCCTCTGA

CTTC; reverse primer: GTGGTCGTTGAGGGCAATG;

and TaqMan probe: 50-FAM-:AGCGACACCCACTCCT

CCACCTTTG-TAMRA-30. Human PIM2: forward primer:

GTGCCAAACTCATTGATTTTGG; reverse primer: CC-

TTGTCCCATCAAAGTCAGTGT; and TaqMan probe: 50-

FAM-TCTGGTGCCCTGCTTCATGATGAACC-TAMRA-30.

Murine GAPDH: forward primer: GCTACACTGAGGA

CCAGGTTGTCT, reverse primer: ACCAGGAAATGAGC

TTGACAAAGT, and TaqMan probe: 50-FAM-CAACA

GCAACTCCCACTCTTCCACCTTC-TAMRA-30. Human

IL-6 and murine PIM2, TNF-a TaqMan primers and

probes were purchased from Applied Biosystems.

Proliferation assay

The proliferation assays were performed using a CellTiter-

Glo� Luminescent Cell Viability Assay kit obtained from

Promega (Madison, WI) as described previously.31 Briefly,

HeLa cells or mouse spleen cells were seeded in 100 ll/

well in a 96-well plate and cultured for 24 hr. One hun-

dred microlitres of CellTiter-Glo� Reagent was added to

each well. The cells were lysed for 2 min in a shaker. The

plates were incubated at room temperature for another

10 min before the luminescence was recorded.

NF-jB luciferase assay

We first established a HeLa cell line stably expressed NF-

jB-luciferase reporter. The construct, which was pur-

chased from Stratagene (Cedar Creek, TX), has a minimal

promoter containing five NF-jB sites with firefly lucifer-

ase reporter in a neo-resistance plasmid. The cell line was

then transfected with PIM2 siRNA and the NF-jB lucifer-

ase activity was determined using the Bright-Glo� Lucif-

erase Assay System from Promega.

Cytometric bead array

The cytokine titres in the supernatants were analysed

using the BD cytometric bead array (CBA) as described

previously.32 The mouse inflammatory cytokine CBA kits

were used (BD Biosciences). Briefly, 25 ll of each sample

or standard dilutions were mixed with 25 ll of mixed

capture beads and 25 ll of the mouse phyoerythrin (PE)

detection reagent. After the samples were incubated at

room temperature for 2 hr in the dark, they were washed

once and resuspended in 200 ll wash buffer before acqui-

sition on a FACScan. Data were analysed using the CBA

software. The concentration of each cytokine in the

supernatants was calculated with the corresponding

standard curve.

Statistical analysis

Statistical analysis was performed using Student’s t-test or

one-way analysis of variance by MICROSOFT EXCEL. P-values

< 0�05 were considered significant.

Results

Over-expression of PIM2 enhanced TNF-a-induced
and IL-1b-induced IL-6 expression in both HeLa cells
and HUVEC while kinase-dead PIM2 mutant
inhibited IL-6 expression

Although PIM2 is highly expressed in haematopoietic

cells, we have also confirmed its expression in other cell

types including HeLa and HUVEC. Since both HeLa cells

and HUVEC respond well to pro-inflammatory stimuli

and produce inflammatory cytokines, we investigated the

function of PIM-2 in regulating cytokine production in

these cells. We first generated the wild-type PIM2 retrovi-

ral vector (WT PIM2-RV) and the kinase-dead PIM2

(K61A) retroviral vector (KD PIM2-RV) (Fig. S1a). The

control retroviral vector was GFP-RV. These retroviral

vectors were transiently transfected into Phoenix-A cells

and the retroviral supernatants were harvested for further

infection studies. The infected cells expressed GFP and

were purified by cell sorting. Post-sorting results showed

that 97% of cells were GFP-positive (Fig. S1b). Real-time

PCR showed that both WT and KD PIM2-RV-infected

HeLa cells expressed very high levels of PIM2 (Fig. S1c).

Similar expression levels were observed in HUVEC (data

not shown). We then stimulated HeLa cells with different

concentration of TNF-a for 4 hr before cells were har-

vested for RNA extraction and RT-PCR analysis. It was

found that over-expression of WT PIM2 enhanced TNF-

a-induced IL-6 expression (Fig. 1a, compare WT PIM2-

RV with GFP-RV). The KD PIM2-RV-infected cells

expressed less TNF-a-induced IL-6 mRNA than GFP-RV-

infected cells (Fig. 1a, compare KD PIM2-RV with GFP-

RV), indicating a dominant negative effect of the mutant.

Similar results were also observed in human primary cell

line HUVEC (Fig. 1b). These results indicate that the

kinase activity of PIM2 is required for TNF-a-induced

IL-6 expression. Furthermore, TNF-a-induced IL-6

expression was dose dependent and the effect of PIM2

over-expression on IL-6 expression was confirmed at dif-

ferent doses of TNF-a (Fig. 1a,b). Next, we asked whether

IL-6 expression induced by other stimuli also requires

PIM2 expression. HeLa cells were stimulated with differ-

ent doses of IL-1b and the IL-6 mRNA was detected by

quantitative real-time RT-PCR. The WT PIM2-RV-
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infected cells expressed high levels of IL-6 mRNA com-

pared with KD PIM2-RV- or GFP-RV-infected cells

(Fig. 1c). Both KD PIM2-RV- and GFP-RV-infected cells

expressed very low levels of IL-6 mRNA (Fig. 1c). Similar

results were also observed in HUVEC (Fig. 1d). As the

above observation was based on the IL-6 mRNA, we next

asked whether IL-6 protein is differentially affected by

WT PIM2 and KD PIM2. From Fig. 1(e) (HeLa cells) and

Fig. 1(f) (HUVEC), we can see that WT PIM2 enhanced

IL-6 protein production while KD PIM2 inhibited IL-6

protein production after the cells were stimulated with

TNF-a or IL-1b. Hence, PIM2 is required for TNF-a- or

IL-1b-induced IL-6 mRNA expression and protein pro-

duction in both HeLa and primary HUVEC cells. The

kinase activity of PIM2 plays a critical role in the induc-

tion of TNF-a- or IL-1b-induced IL-6 expression.

The enhanced IL-6 production by over-expression of

WT PIM2 could be the result of enhanced proliferation

of retrovirus-infected cells. However, we did not observe

different proliferation after HeLa cells were infected with

different retroviruses (Fig. 2). We next asked whether

TNF-a expression was enhanced by PIM2. TNF-a mRNA

expression was induced by TNF-a itself and IL-1b
(Fig. 3). However, WT PIM2 or KD PIM2 had no signifi-

cant effect on TNF-a mRNA expression. Hence, the

enhanced IL-6 production by over-expression of WT

PIM2 was not the result of enhanced cell proliferation or

TNF-a expression. In addition, we found that there was
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Figure 1. Over-expression of proviral integration site kinase 2 (PIM2) enhanced tumour necrosis factor-a (TNF-a) - and interleukin-1b (IL-1b)

-induced IL-6 expression in both HeLa cells and human umbilical vein endothelial cells (HUVEC) while kinase-dead (KD) PIM2 inhibited IL-6

expression. (a) HeLa cells infected with different retroviruses were stimulated with TNF-a for 4 hr and TaqMan real-time reverse transcription–

polymerase chain reaction (RT-PCR) was performed for the expression of IL-6 messenger RNA (mRNA). (b) HUVEC infected with different

retroviruses were stimulated with TNF-a for 4 hr and TaqMan real-time RT-PCR was performed for the expression of IL-6 mRNA. (c) Retrovi-

rus-infected HeLa cells were stimulated with IL-1b for 4 hr and TaqMan real-time RT-PCR was performed for the expression of IL-6 mRNA.

Both KD PIM2-RV-infected and green fluorescent protein (GFP) –RV-infected cells expressed very low levels of IL-6 mRNA. (d) Retrovirus-

infected HUVEC were stimulated with IL-1b at 100 pg/ml for 4 hr and TaqMan real-time RT-PCR was performed for the expression of IL-6

mRNA. Data are representative of three separate experiments. HeLa cells (e) or HUVEC (f) infected with different retroviruses were stimulated

with TNF-a (10 ng/ml) or IL-1b (100 pg/ml) for 24 hr and the IL-6 protein titres in the supernatants were determined by enzyme-linked

immunosorbent assay. Data are representative of two separate experiments. �P < 0�05; *P < 0�01 versus GFP-RV-infected cells.
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no different mRNA expression of IL-1b, IL-11, IL-15

among GFP, WT PIM2 and KD PIM2 RV-infected HeLa

cells (Fig. S3).

siRNA against PIM2 knocked down IL-6 expression

We next asked whether knocking-down PIM2 expression

by PIM2-specific siRNA could inhibit IL-6 expression.

HeLa cells were transiently transfected with PIM2 siRNAs

or control siRNAs for 24 hr. Cells were then stimulated

with TNF-a for 4 or 18 hr. Cells were harvested after

stimulation for 4 hr and quantitative real-time RT-PCRs

were performed. The supernatants were harvested after

stimulation for 18 hr and enzyme-linked immunosorbent

assay for IL-6 was performed. Figure 4 shows that the

two PIM2-specific siRNAs knocked down 50–60% of

PIM2 mRNA. The PIM2 siRNA-treated cells showed 40–

50% less IL-6 mRNA expression compared with control

siRNA-treated cells. Levels of IL-6 protein were 65–70%

less in the supernatants of PIM2 siRNA-treated cells than

in those of control siRNA-treated cells. Hence, the siRNA

studies further confirmed that PIM2 is required for IL-6

expression.

siRNA against PIM2 knocked down NF-jB luciferase
activity

As IL-6 is known to be regulated by NF-jB,33 we asked

whether PIM2 plays a role in the NF-jB pathway. We

knocked-down PIM2 expression by PIM2 siRNAs in a

HeLa cell line stably transfected with an NF-jB promoter

luciferase reporter. Indeed, PIM2 siRNA-treated cells

showed significantly less luciferase activity after cells were

treated with TNF-a (Fig. 5a) or IL-1b (Fig. 5b). This

study suggested that PIM2 plays a role in activating the

NF-jB pathway.

PIM2-deficient spleen cells produce less IL-6

To study the PIM2 function in vivo, we generated PIM2-

deficient mice as described in the Materials and methods

(Fig. S2a,b). No PIM2 mRNA was detected in PIM2-defi-

cient cells (Fig. 2c) while PIM1 expression was not

affected (data not shown). These mice were fertile and

exhibited no gross anatomical abnormalities (data not

shown). In the following assays, the PIM2)/) mice were

comparable to wild-type mice: the population of CD3+,

CD4+, CD8+, CD4+/CD8+, CD45/B220+, CD3+/CD45+,

FasL+, Fas+, CD40+, CD40L+, CD69+, CD25+, CD11b+,

CD45RB+ cells in lymph nodes, spleens and thymuses;

the population of neutrophils, macrophages, mast cells

and T cells in peritoneal exudates; cell proliferation of

splenocytes induced by LPS, anti-CD3, concanavalin

A and phorbol 12-myristate 13-acetate/inonomycin;

OVA-specific proliferation, IFN-c production and immu-

noglobulin G production by lymph node cells from OVA-

immunized mice.

We then tested whether IL-6 expression is impaired in

PIM2)/) spleen cells. Spleen cells from wild-type and

PIM2-deficient mice were stimulated with different stim-

uli including LPS, IL-1b and TNF-a. No detectable IL-6

was found when spleen cells from both wild-type and

PIM2-deficient mice were stimulated with TNF-a or

IL-1b (data not shown). However, IL-6 mRNA could be

induced by LPS stimulation. PIM2)/) spleen cells
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Figure 2. Over-expression of wild-type proviral integration site

kinase 2 (PIM2) (WT PIM2) or kinase-dead (KD) PIM2 did not

affect HeLa cell proliferation. Retroviruses infected HeLa cells were

stimulated with tumour necrosis factor-a (TNF-a) or interleukin-1b
(IL-1b) for 24 hr and the proliferation of cells was determined. Data

are representative of three separate experiments.
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Figure 3. Tumour necrosis factor-a (TNF-a) expression was not

affected by proviral integration site kinase 2 (PIM2). Retrovirus-

infected HeLa cells were stimulated with TNF-a (10 ng/ml) or inter-

leukin-1b (IL-1b; 1 ng/ml) for 4 hr and the TNF-a messenger RNA

expression was determined by TaqMan reverse transcription–poly-

merase chain reaction. Data are representative of two separate exper-

iments. §P > 0�05 versus green fluorescent protein retrovirus vector

(GFP-RV) -infected cells stimulated with TNF-a. §§P > 0�05 versus

GFP-RV-infected cells stimulated with IL-1b.
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expressed significantly less IL-6 mRNA after being stimu-

lated with LPS for 4 hr (Fig. 6a). Lipopolysaccharide

dose-dependently induced the protein expression of IL-6,

TNF-a and IL-10 after a 24-hr stimulation (Fig. 6b–d).

PIM2-deficient spleen cells produced significantly less IL-

6 than wild-type cells (Fig. 6b) whereas the induction of

TNF-a and IL-10 were not impaired by PIM2 deficiency

(Fig. 6c,d). Finally, there was no significant difference in

proliferation between wild-type and PIM2)/) spleen cells

after the cells were stimulated with LPS for 24 hr (data

not shown).

Discussion

Tumour necrosis factor-a induces the expression of sev-

eral pro-inflammatory cytokines, such as IL-6.33 We

have shown that HeLa cells produced IL-6 after TNF-a
stimulation (Fig. 1) and that over-expression of WT

PIM2 significantly increased IL-6 expression while WT

PIM2 significantly inhibited TNF-a-induced and IL-1b-

induced IL-6 expression in both HeLa cells and primary

HUVEC (Fig. 1). PIM2 is an oncogene that promotes

cell survival. It prevents apoptosis of cells induced by

withdrawal of growth factors such as IL-3. The PIM2-

protected cells can survive for an extended period in the

absence of growth factor.17 Therefore inhibition of IL-6

expression by KD PIM2 might be the result of an asso-

ciated reduction in the numbers of viable cells induced

by KD PIM2. However, this hypothesis is not supported

by the data showing that the proliferation of KD PIM2-

RV-infected cells was similar to GFP-RV-infected cells or

WT PIM2-RV-infected cells (Fig. 2). PIM2 has also been

shown to regulate cell size in addition to cell prolifera-

tion. However, we did not see a significant change of

cell size under the microscope by over-expression of

PIM2 or PIM2 siRNA. In addition, we found that both

IL-6 protein and IL-6 mRNA expression were affected

by PIM2 when we normalized IL-6 mRNA to GAPDH
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Figure 4. Small interfering RNA (siRNA) against proviral integration site kinase 2 (PIM2) knocked down interleukin-6 (IL-6) expression. HeLa

cells were transiently transfected with PIM2-specific and control siRNA for 24 hr. Cell pellets were harvested after the cells were stimulated with

tumour necrosis factor-a (TNF-a; 10 ng/ml) for 4 hr. Real-time reverse transcription–polymerase chain reaction was performed to detect the

messenger RNA (mRNA) level of PIM2 and IL-6. The culture supernatants were harvested after the cells were stimulated with TNF-a (10 ng/ml)

for 18 hr. The IL-6 protein concentration was detected by enzyme-linked immunosorbent assay. Data are representative of three separate experi-

ments. �P < 0�05; *P < 0�01 versus PIM2 siRNA-treated group. For the PIM2 mRNA group, the comparison is between control siRNA and

PIM2 siRNA treated with and without TNF-a. For IL-6 mRNA and protein groups, the comparison is between samples treated with TNF-a only.
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Figure 5. Proviral integration site kinase 2 (PIM2) small interfering RNA (siRNA) knocked down nuclear factor-jB (NF-jB) luciferase activity.

HeLa cells stably transfected with the vector containing NF-jB promoter and luciferase reporter were transiently transfected with PIM2-specific

and control siRNA for 24 hr. The NF-jB activity was determined by its luciferase expression after cells were stimulated with tumour necrosis fac-

tor-a (TNFa) (a) or interleukin-1b (IL-1b) (b) for 24 hr. Data are representative of two separate experiments. �P < 0�05; *P < 0�01 compare the

average of Ctrl-1 and Ctrl-2 siRNA-treated groups with the average of PIM2-1 and PIM2-2 siRNA-treated groups.
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mRNA. It is unlikely that the effect on IL-6 level by

PIM2 was the result of our normalization to cell num-

bers. Therefore, PIM2-enhanced IL-6 expression may be

the result of its activation of a signalling pathway such

as NF-jB. Indeed, NF-jB activation could be induced

by PIM2 kinase.14 Knocking-down PIM2 mRNA by

PIM2-specific siRNA significantly reduced NF-jB lucifer-

ase activity (Fig. 5). Tumour necrosis factor-a activates

NF-jB leading to the induction of several pro-inflamma-

tory cytokines including IL-6.33 Both TNF-a and PIM2

could synergistically activate NF-jB, thereby inducing

IL-6 expression. The NF-jB signalling could affect the

expression of several cytokines but we found that PIM2

was required only for the IL-6 expression. Therefore, the

PIM2 may be important for other signalling pathway(s)

that are critical specifically for IL-6 expression. PIM1

and PIM2 are closely related. Both PIM1 and PIM2

induced lymphomas alone or in synergy with c-myc.3,34

Mice lacking PIM1 underwent compensatory activation

of PIM2.3 Because TNF-a activates PIM1 kinase,1 it

could also activate PIM2 kinase. The possible activation

of PIM2 kinase by TNF-a could then further activate

NF-jB and induce the expression of IL-6. More studies

are need to support this hypothesis. Importantly,

because IL-6 promotes cell growth and survival in a

broad array of cell types, the enhanced IL-6 production

induced by PIM2 over-expression provides another

aspect of PIM2 function beyond cell growth and

survival.

To further support our discovery that PIM2 is required

for IL-6 expression, we performed siRNA knocking-down

studies. Two PIM2 siRNAs and two control siRNAs,

which are the reverse siRNA of the two PIM2 siRNAs,

were used in the experiments. Both PIM2 siRNAs showed

50–60% suppression of PIM2 mRNA (Fig. 4) and no sup-

pression of PIM1 mRNA (data not shown). We found

65–70% inhibition of IL-6 production by PIM2 siRNA

treatment, indicating that PIM2 plays an important role

in controlling IL-6 expression at a physiological level.

This is further supported by our finding that PIM2)/)

spleen cells expressed significantly less IL-6 after LPS

stimulation (Fig. 6a,b). However, the inhibition of IL-6

expression was not complete in PIM2-deficient cells. The

PIM kinases (PIM1, PIM2 and PIM3) are closely related

and compensatory activation could occur by the defi-

ciency of one PIM member. Indeed, PIM1 deficiency led

to compensatory activation of PIM2.3 Therefore, the

function of PIM2 in PIM2-deficient mice might be par-

tially compensated for by other PIM kinases. Further

studies are needed to support this hypothesis.

Taken together, our current studies used the methods

of over-expression of WT PIM2 and KD PIM2, PIM2

siRNA and PIM2 knock-out mice. These studies demon-

strated that PIM2 plays an important role in IL-6 expres-

sion. Interleukin-6 is a pro-inflammatory cytokine that is

involved in chronic inflammation such as rheumatoid

arthritis. Neutralizing IL-6 receptor monoclonal antibody

significantly improves signs and symptoms in rheumatoid
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Figure 6. Proviral integration site kinase 2

(PIM2) deficient (PIM2)/)) spleen cells produce

less interleukin-6 (IL-6). (a) TaqMan reverse

transcription–polymerase chain reaction for IL-

6 messenger RNA expression was performed

after cells were stimulated with lipopolysaccha-

ride (LPS; 1 lg/ml) for 4 hr. (b–d) Wild-type

and PIM2)/) spleen cells were stimulated with

different concentrations of LPS for 24 hr and

the culture supernatants were harvested to

detect the titres of IL-6, tumour necrosis factor-

a (TNF-a) and IL-10 by cytometric bead assay

as described in the Materials and methods. Data

are representative of four separate experiments.

�P < 0�05; *P < 0�01 versus PIM2)/) cells.
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arthritis patients.22 For this reason, small molecule inhibi-

tors of PIM2 might have the potential to be an effective

therapy for IL-6-mediated autoimmune diseases such as

rheumatoid arthritis.
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