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Abstract

We have studied the molecular mechanism and signal transduction of
pim-1, an oncogene encoding a serine-threonine kinase. This is a true
oncogene which prolongs survival and inhibits apoptosis of hemato-
poietic cells. In order to determine whether the effects of Pim-1 occur
by regulation of the mitogen-activated protein kinase pathway, we
used a transcriptional reporter assay by transient co-transfection as a
screening method. In this study, we found that Pim-1 inhibited the
Elk-1 and NFkB transcriptional activities induced by activation of the
mitogen-activated protein kinase cascade in reporter gene assays.
However, Western blots showed that the induction of Elk-1-regulated
expression of endogenous c-Fos was not affected by Pim-1. The
phosphorylation and activation of neither Erk1/2 nor Elk-1 was influ-
enced by Pim-1. Also, in the gel shift assay, the pattern of endogenous
NFxB binding to its probe was not changed in any manner by Pim-1.
These data indicate that Pim-1 does not regulate the activation of
Erk1/2, Elk-1 or NFxB. These contrasting results suggest a pitfall of
the transient co-transfection reporter assay in analyzing the regulation
of transcription factors outside of the chromosome context. It ensures
that results from reporter gene expression assay should be verified by
study of endogenous gene expression.
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Introduction

Hematopoietic cells are absolutely depend-
ent on peptide growth factors for survival and
proliferation. Pim-1 is a serine-threonine ki-
nase in hematopoietic cells whose expression
is regulated by such growth factors as GM-
CSF, IL-3, IL-4, IFN-y and so on (1-3). Pim-1
appears to be a true oncogene in that its en-

forced expression in transgenic mice leads to
an increased incidence of tumors (4-6). Pim-1,
as well as pim-2, prolongs survival and inhibits
apoptosis (7-11). But the molecular mechan-
ism of pim-1 has not been completely clarified
although some clues have been reported (12-
17). Some oncogenes encoding serine-threo-
nine kinases such as raf (18,19), mos (20,21)
and #pl-2 (22) are known to exert their survival
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effect by regulating the mitogen-activated pro-
tein kinase (MAPK) pathway. We hypoth-
esized that Pim-1 might have a similar effect.
Elk-1 and NFxB are transcription factors whose
activities are regulated or partially regulated
by MAPK (23,24). If Pim-1 affects the MAPK
pathway at any level, this should be reflected
on the transcriptional activity of Elk-1 or NFxB,
the output of the MAPK pathway. We thus
used the transcriptional reporter assay as a
quick screening system for our study.

In the present study, we found that Pim-
1 inhibited the induction of Elk-1 and NFxB
transcriptional activities by activation of
MAPK in reporter gene assays but not under
physiological conditions. The contrasting
data revealed the potential pitfalls of lu-
ciferase reporter analysis outside of their
natural chromosomal context.

Material and Methods
Cell culture and transient transfection

HelLa, COS7 and Jurkat cells were cul-
tured in Dulbecco’s modified Eagle’s medi-
um (DMEM) containing 10% fetal bovine
serum. The IL-3-dependent murine hemato-
poietic cell lines FDCP1 (obtained from Dr.
Scott Boswell, Indiana University) were cul-
tured in RPMI 1640 medium with 10% (v/v)
iron-supplemented calf serum, and 10% (v/
v) medium conditioned by the WEHI-3B
cellline (a convenient source of IL-3). Trans-
fection of HeLLa, COS7 and Jurkat cells was
done by SuperFect (QIAGEN, Valencia, CA,
USA) and electroporation methods, respec-
tively. Twenty-four hours after transfection,
cells were starved for an additional 24 h by
incubating with DMEM containing 0.1%
fetal bovine serum prior to stimulation.

Plasmids and luciferase reporter assay
The c-Jun Trans-Reporting System, Elk-1

Trans-Reporting System and NFkB Cis-Re-
porting System which include pFR-Luc, pFA2-
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cJun, pFA2-Elk-1, pFC-MEKI1, pFC-MEKK,
pNFkB-Luc plasmids were products of Strat-
agene (La Jolla, CA, USA). pcFos-Luc con-
taining a natural c-fos gene promoter upstream
of the firefly luciferase gene was kindly pro-
vided by Dr. Andrew Kraft (University of
Colorado Health Center).

Twenty-four to 36 h after transfection,
cells were stimulated with phorbol myristate
acetate (PMA) for 6 h. Cell lysates were
prepared and luciferase activity was meas-
ured using the luciferase assay kit from Pro-
mega (Madison, WI, USA). A plasmid con-
taining the renilla luciferase gene without
promoter was co-transfected with the firefly
luciferase reporter gene as an internal con-
trol. Firefly luciferase activity of individual
transfection was normalized to renilla lu-
ciferase activity.

Western blotting

Cells were collected, washed in PBS and
lysed in 1% Triton lysis buffer (20 mM Tris,
pH 7.5, 100 mM NaCl, 5 mM EDTA, 1%
Triton X-100, 10 mM NaF, 1 mM Na;VaO,,
20 ug/mL leupeptin, 10 ug/mL pepstatin,
and 10 ug/mL aprotinin). Samples were dena-
tured at 100°C for 5 min. Equal amounts of
total protein were loaded to each well for
electrophoresis in 10% SDS polyacrylamide
gels and then transferred to polyvinylidene
fluoride microporous membranes (Millipore
Corporation, Billerica, MD, USA). Membranes
were then incubated with primary antibody
followed by incubation with horseradish per-
oxidase-linked secondary antibodies. Anti-
body-antigen complexes were detected using
chemiluminescence (Pierce). The primary anti-
bodies are Pim-1 and c-Fos (Santa Cruz Bio-
technology, Santa Cruz, CA, USA).

Northern blotting
Twenty micrograms total RNA was

loaded to each lane of a formaldehyde gel.
After electrophoresis, RNA was transferred
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to hybond-XL membrane (Amersham Phar-
macia, Piscataway, NJ, USA) using a turbo-
blotter rapid downward transfer system
(Schleicher and Schuell, Keene, NH, USA).
The membrane was then incubated with
prehybridization buffer (Ambion, Austin,
TX, USA) at 42°C for 1 h before the 32P
random primer-labeled probe (Stratagene)
was added for an overnight incubation at
42°C. Blots were washed three times with
wash buffer (0.1X SSC, 0.5% SDS) and then
subjected to autoradiography.

Electrophoresis mobility shift assay

The oligonucleotide probes used in the
electrophoretic mobility shift assay are 5'-
TGA CCT GGG GACATCCCCTTCCCT-
3"and 5-ACA CCT GGG GAA TTC CCA
CAC G-3'. DNA probes were end-labeled
with [0-3?P]dCTP using the Klenow frag-
ment of DNA polymerase I. Nuclear extracts
were prepared as described by Hussain et al.
(25). The binding reactions were carried out
using the gel shift assay core system from
Promega. Binding reactions contained 2-5
ug nuclear extract and 10-50,000 cpm radio-
labeled oligonucleotide in 10 mM Tris-HCI,
pH 7.5, 1 mM MgCl,, 0.5 mM EDTA, 0.5
mM DTT, 50 mM NaCl, 1 pg polydeoxyino-
sylate-polydeoxycytidylate, and 4% glycer-
ol. Binding reactions were electrophoresed
at 4°C in 5-6% native polyacrylamide gels
using 0.5X Tris-borate buffer followed by
autoradiography.

Results

Pim-1 blocks transcriptional activation of
Elk-1

Activated MAPK is able to phosphoryl-
ate numerous cellular proteins and thus di-
rectly regulate their functions. One of the
best characterized ERK substrates is Elk-1,
which cooperates with the serum response
factor to regulate transcription of promoters

containing the serum response element (24,
26-28). To test the effect of Pim-1 on Elk-1
transcriptional activity, the activity of a Gal4-
Elk-1 reporter, which contains the c-termi-
nal ERK responsive domain of Elk-1 fused
to the DNA-binding domain of Gal4, was
tested. The transcription activity of Gal4-
Elk-1 is dependent on phosphorylation of
the Elk-1 transactivation domain by ERK.
We observed that pim-1 co-transfection ef-
fectively inhibited PMA-stimulated and con-
stitutively active MEK1- and MEKK-in-
duced expression of the reporter (Figure 1A).
The inhibition occurs in a dose-dependent
manner (Figure 1B).

To test whether the inhibition of Gal4-
Elk-1 by Pim-1 is specific to Elk-1 rather
than a global inhibition of transcription, we
performed similar experiments with the Gal4-
Jun reporter (Stratagene). The constitutively
active MEKK is used as a positive control in
the Gal4-Jun reporter system which can ac-
tivate the Gal4-Jun reporter. Pim-1 did not
inhibit the activation of the Gal4-Jun re-
porter induced by constitutively active
MEKK (Figure 1C). It should be empha-
sized that the Gal4-Jun reporter and the Gal4-
Elk reporter are identical except that the
Gal4 DNA-binding domain is fused to a
different transactivation domain of either
the C-terminal ERK-responsive domain of
Elk-1 or the N-terminal JNK-responsive do-
main of c-Jun.

Pim-1 expression blocks induction of a c-fos
reporter gene

The inhibition of Gal4-Elk-1 by Pim-1
observed here might simply be an artifact of
an artificial chimera transcription factor. To
test the effect of Pim-1 on a physiological
promoter activated by endogenous transcrip-
tion factors, we examined the c-fos reporter
for gene expression. The natural c-fos pro-
moter contains DNA elements for multiple
transcription factors, including a functional
serum response element (29). Ternary com-
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Figure 1. Pim-1 inhibits Elk-1-dependent, but not Jun-dependent transcrip-
tion activity. A, Pim-1 inhibits Gal4-Elk-1 reporter expression induced by
phorbol myristate acetate (PMA), constitutively active MEK1 or MEKK.
Hela cells were transfected with Gal4-Luc, Gal4-Elk-1 together with
pcDNA3/pim-1 or pcDNA as control. A renilla luciferase plasmid was co-
transfected as an internal control. Gal4-Elk-1 was activated either by treat-
ment with PMA for 6 h or co-transfection and expression of constitutively
active MEKK or MEK1. Luciferase activity was measured and normalized
against the co-transfected renilla luciferase activity. B, Pim-1 inhibits Elk-1
transcription activity in a dose-dependent manner. HelLa cells were trans-
fected with Gal4-Luc, Gal4-Elk-1 together with pcDNA3 or increasing
amounts of pcDNA3/pim-1. The transfected cells were left untreated or
treated with PMA for 6 h before measuring luciferase activity. C, Pim-1 does
not inhibit Gal4-Jun activity. Cells were transfected with Gal4-Luc, Gal4-Jun
and either pcDNA3, pcDNA3/pim-1 or a contitutively active mutant of MEKK
as indicated in the figure. Twenty-four to 48 h after transfection, luciferase
activity was determined as above.

@
o

B ] pcDNA3
B pcDNA3/pim1

= »
o o o

-
=]

Relative luciferase activity
(firefly/renilla luciferase)

o
o

 —
Non-activated MEK1-activated

o

Transfected Jurkat cells

Figure 2. Pim-1 inhibits activation of c-fos reporter. A, In HelLa cells: a luciferase reporter controlled by the c-fos promoter was co-transfected with either
pcDNA3 or pcDNA3/pim-1. The reporter was left untreated or activated by either treatment with phorbol myristate acetate (PMA) or co-transfection with
constitutively active mutant MEK1 or MEKK as indicated in the figure. B, In Jurkat cells: c-fos reporter was co-transfected by electroporation with either
pcDNA3, pcDNA3/pim-1 or constitutively active MEK1 as indicated. Renilla luciferase plasmid was co-transfected as an internal control and luciferase
activity was measured as described in Figure 1.
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plex factors together with serum response
factors are responsible for the transcription
activation of the serum response elements
(29). Elk-1 is a member of the ternary com-
plex factor family. Pim-1 expression effec-
tively blocked PMA-induced activation of
the reporter (Figure 2) as well as constitu-
tively active MEK - and MEKK-induced c-
fos reporter activity.

Neither MAPK nor Elk-1 activation was
affected by Pim-1

Phosphorylation of Ser383 has been
shown to be critical for the transcription
activity of Elk-1 (24,26-28). Pim-1 could
inhibit Elk-1 activation by either directly
blocking Elk-1 phosphorylation or indirectly
repressing Elk-1 activity. To examine the

effect of Pim-1 on Elk-1 phosphorylation
directly, the PMA-stimulated time course of
Elk-1 phosphorylation was determined us-
ing a phosphorylation state-specific Elk-1
antibody, which recognizes only the Ser383
phosphorylated form of Elk-1. Data in Fig-
ure 3A show that Elk-1 phosphorylation was
acutely stimulated by PMA. Co-transfection
of Pim-1 did not affect PMA-stimulated Elk-
1 phosphorylation. Western blots using anti-
Elk-1 showed that similar amounts of Elk-1
were expressed in all samples. ERK1/2 phos-
phorylates and activates Elk-1. A parallel
experiment examined the effect of Pim-1 on
ERK phosphorylation and activation using
an antibody specifically recognizing phos-
phorylated ERK. Figures 3B and 3C show
that Pim-1 did not affect PMA-stimulated
ERK1/2 phosphorylation. These data cast

A. p-Elk-1
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phosphoElk-1 o e EED -
(serine 383)

N S RN R
& & Q\@" &
§ ?ib\((\ $ S & &S

\ql \gl
&é é)é ooé TNF-o 0 10 30 60 0 10 30 60 min
Q Q Q
pcDNA3 - p—
pcDNA3/mpim44 e -
phosphoMAPK MAPK

B. p-ERK-1/2 by PMA

PMA 0 10 20 30 0 10 20 30 min
pcDNA3 - s e
pcDNA3/mpim44 - — - ————
phosphoMAPK MAPK

C. p-ERK1/2 by TNF-a.

Figure 3. Pim-1 does not affect the phosphorylation and activation of ERK and Elk-1. A, Pim-1 does not inhibit the
phosphorylation of Elk-1 at Ser383. HelLa cells were transfected with pcDNAS/EIk-1 and either pcDNA3 or pcDNA3/
pim-1. Cells were treated with phorbol myristate acetate (PMA) for the indicated times. Cell lysates were subjected to
immunoblot analysis with anti-p-Elk-1 or anti-Elk-1 as indicated on the left side of each panel. Anti-Elk-1 recognizes
both the phosphorylated and unphosphorylated Elk-1 while anti-p-Elk-1 specifically recognizes Elk-1 phosphorylated
at Ser383. B,C, Pim-1 does not affect the phosphorylation of ERK. HeLa cells were transfected with either pcDNA3 or
pcDNA3/pim-1. Cells were treated with PMA (B) or TNF-a (C) for the indicated times. Cell lysates were subjected to
immunoblot analysis with anti-p-ERK (phosphoMAPK) or anti-ERK (MAPK) as indicated on the lower side of each
panel. Anti-ERK recognizes both the phosphorylated and unphosphorylated ERK while anti-p-ERK specifically
recognizes phosphorylated ERK. p-Elk-1, p-ERK = phosphorylated Elk-1 or ERK; MAPK = mitogen-activated protein
kinase; mpim44 = 44-kD form of mouse Pim-1 protein.
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doubts on the data from the reporter lu-
ciferase assays.

Pim-1 does not inhibit the induction of
endogenous c-fos expression

In order to determine whether Pim-1 regu-
lates the endogenous Elk-1 activity and c-fos

B. Yan et al.

expression, we examined the induction of c-
fos mRNA and protein by PMA in HeLa cells.
In both Northern blot and Western blot, induc-
tion of c-fos was acutely induced by PMA. But
the overexpression of pim-1 did not inhibit the
induction of c-fos (Figure 4A and B). These
data suggest that Pim-1 does not regulate c-fos
expression under physiological conditions.

A.. Northern blot
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B. Western blot

Figure 4. Pim-1 does not inhibit the induction of c-fos expression by phorbol myristate acetate (PMA). HeLa cells were transfected with either pcDNA3
or pcDNA3/pim-1 and grown for at least 24 h. Then cells were left untreated or treated with PMA for 30 or 60 min. A, Total RNA was extracted for a
Northern blotting - 20 ug RNA was loaded to each lane. Probe is a 1-kb c-fos cDNA amplified by PCR. B, Cell lysates were used for Western blotting
with anti-Fos antibody. mpim-1 = mouse pim-1.

Figure 5. Pim-1 inhibits NFxB ac-
tivity in a reporter assay but not
in electrophoretic mobility shift
assay. A, Pim-1 blocks NF«B ac-
tivity in reporter assay. An NFxB
luciferase reporter was co-trans-
fected with either pcDNAS,
pcDNA3/pim-1, pcDNA3/Jak-1
(negative control) and pcDNA3/
P53 (positive control). The cells
were left untreated or activated
by co-transfection with the con-
stitutively active mutant MEK1 or
MEKK as indicated in the figure.
At least 24 h after transfection,
luciferase activities were as-
sayed as described in Figure 1.
B, Pim-1 does not inhibit NFxB
binding to its probe. FDCP1
cells were stably transfected
with pcDNA3 (FDCP1/neo) or
pcDNA3/Pim-1 (FDCP1/pim-1).
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Cells were grown in the presence or absence of interleukin 3 (IL-3) for 8 h before the nuclear extracts were obtained for the gel shift assay. An
oligonucleotide that contains the NFxB cis-acting element sequence was radioactively labeled as a probe.
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Pim-1 expression blocks induction of the
NFxB reporter gene but does not affect
endogenous NFxB activation in an
electrophoresis mobility shift assay

Similarly, we obtained contrasting data for
the NFkB cis-reporting system. Figure 5A
shows that induction of luciferase activity by
constitutively active MEK1 or MEKK was
inhibited by overexpression of Pim-1. P53,
which is known to inhibit NFxB activity, was
used as a positive control while the mutant
JAK (encoding a tyrosine kinase), which does
not affect NFkB activity, was used as a nega-
tive control in these experiments. We then
tried to determine whether this is an artifact by
a gel shift assay using stable FDCP1 cells
expressing Pim-1. The result showed that the
pattern of NFkB binding to its probe was not
altered by Pim-1 at all (Figure 5B).

Discussion

Bioluminescent reporters of genetic trans-
cription have many applications in cell biol-
ogy due to the speed, simplicity and preci-
sion of their assays. In general, applications
have focused primarily on functional analy-
ses of genetic elements, such as promoters
and enhancers. However, the range of cur-
rent uses is much broader, including areas
such as receptor function, signal transduc-
tion and protein-protein interactions. Because
the assays are simple and widely applicable,
bioluminescent reporters have become in-
creasingly popular as analytical methods for
biomedical research. Transient co-transfec-
tion assays have often been used to study
protein-protein interactions involved in pro-
moter targeting and transcriptional synergy
and antagonism.

There are three possible reasons for our
contradictory results. The first is that Pim-1
inhibited the luciferase activity directly but
this is unlikely since we had the negative
control: Pim-1 did not inhibit the induction
of the c-Jun reporter (Figure 1C). The sec-
ond is that the Elk-1 trans-reporting system
used the artificial Gal4-binding element and
Gal4-Elk-1 fusion expression plasmid rather
than the natural Elk-1-binding element and
Elk-1. For this concern, we tested it in the
natural c-fos promoter reporter construct.
The data from a series of reporter assays
seem to be highly consistent but do not
correspond to the data of endogenous c-Fos
induction. This casts doubts on the accuracy
of the reporter gene assay using a plasmid
reporter that is out of the natural chromoso-
mal context. It is likely that the transient co-
transfection assay produced artifacts.

This drawback of the transient co-trans-
fection assay has already been noticed by
researchers (30). A solution to this problem
is to prepare stable cells with a reporter
plasmid integrated into the chromosome. This
places the promoter and reporter gene in a
chromosomal context although the context
is not at the same site of the chromosome as
the natural promoter. However, it is always
necessary to double-check the data from
reporter assays in the endogenous system at
the mRNA or protein level.
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