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Expression of the pro-apoptotic Bcl-2 family member Bim is
regulated by the forkhead transcription factor FKHR-L1
Pascale F. Dijkers*, Rene H. Medema, Jan-Willem J. Lammers?*,

Leo Koenderman* and Paul J. Coffer*

Cell death is regulated mainly through an evolutionarily
conserved form of cell suicide termed apoptosis [1].
Deregulation of apoptosis has been associated with
cancer, autoimmune diseases and degenerative
disorders. Many cells, particularly those of the
hematopoietic system, have a default program of cell
death and survival that is dependent on the constant
supply of survival signals. The Bcl-2 family, which has
both pro- and anti-apoptotic members, plays a critical
role in regulating cell survival [2]. One family member,
the Bcl-2 interacting mediator of cell death (Bim),
contains only a protein-interaction motif known as the
BH3 domain, allowing it to bind pro-survival Bcl-2
molecules, neutralizing their function [3]. Disruption of
the bim gene results in resistance to apoptosis
following cytokine withdrawal in leukocytes, indicating
that regulation of the pro-apoptotic activity of Bim is
critical for maintenance of the default apoptotic
program [4]. Here, we report that withdrawal of cytokine
results in upregulation of Bim expression concomitant
with induction of the apoptotic program in lymphocytes.
Activation of the forkhead transcription factor FKHR-L1,
previously implicated in regulation of apoptosis in

T lymphocytes [5], was sufficient to induce Bim
expression. We propose a mechanism by which
cytokines promote lymphocyte survival by inhibition of
FKHR-L1, preventing Bim expression.
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Results and discussion

Although Bim is expressed in many hematopoietic lineages,
it is not known how its expression is affected by cytokine
withdrawal [3]. Here, we determined whether changes in
the levels of Bim expression could be responsible for regu-
lation of cell survival. The mouse pro-B cell line Ba/F3 has
a default apoptotic pathway, which is repressed upon the

addition of interleukin-3 (IL.-3). We examined Bim protein
levels in these cells following cytokine withdrawal. Inter-
estingly, Bim expression increased steadily after IL.-3
deprivation, correlating with induction of the apoptotic
program (Figure 1la; left panel). To determine whether
this observation might represent a more general phenome-
non, primary mouse fetal liver cells cultured in the pres-
ence or absence of survival factors [6] were analysed for
Bim expression. Indeed, fetal liver cells undergoing apop-
tosis following cytokine withdrawal exhibited elevated
Bim protein levels (Figure 1a; right panel). To determine
whether upregulation of Bim expression by IL-3 with-
drawal was a result of enhanced transcription, 77z mRNA
was also analysed. Bim has three isoforms (BimS, BimL
and BimEL) that are generated by alternative splicing [3].
Northern blot analysis has shown several Bim transcripts,
but the specific relationship between these transcripts and
the three Bim isoforms is unclear [3]. We detected several
transcripts as described previously and, importantly,
expression of these mRNAs was significantly elevated
upon [1.-3 withdrawal (Figure 1b).

T'o determine whether increased expression of Bim is suf-
ficient to induce apoptosis, we transiently expressed BimS
or BimL,, together with spectrin-linked green fluorescent
protein (GFP) in Ba/F3 cells. This approach enables analy-
sis of apoptosis in the transfected (GFP-positive) versus
untransfected (GFP-negative) cells. In cells that expressed
only spectrin—-GFP, cell survival was unaffected relative to
control cells (Figure 1c; left panels). In cells expressing
either BimL or BimS, the level of apoptosis in GFP-posi-
tive cells was dramatically increased (Figure 1c¢; middle
and right panels).

Previous work has implicated phosphatidylinositol (PI)
3-kinase activity as being critical for cytokine-mediated
rescue from apoptosis in lymphocytes [7]. To determine
whether changes in Bim expression are dependent on
PI 3-kinase activity, Ba/F3 cells were either starved of
cytokine, or cultured with IL.-3 or IL.-3 in combination
with the specific PI 3-kinase inhibitor 1.Y294002. Bim
protein levels were elevated in cells undergoing apoptosis
induced either by IL.-3 withdrawal or by inhibition of
PI 3-kinase (Figure 1d). As there was no change in Bax
levels, it appears that a general increase in pro-apoptotic
Bcl-2 family members is not in itself a feature of cell death.

Protein kinase B (PKB, also known as Akt), a target of
PI 3-kinase activation, has recently been reported to inhibit
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Figure 1

Bim levels are regulated by cytokines and
determine cell-survival fate. (a) Left, Ba/F3 @

cells were starved of IL-3 and lysed after the c 1
indicated times. Equal amounts of protein
were loaded and Bim levels were determined
by probing with anti-Bim antibody. The blot
was reprobed with anti-RACK1 antibody to
confirm equal protein loading. Lane C
corresponds to Ba/F3 cells cultured with IL-3.
Right, mouse fetal liver cultures were treated
with or without cytokines for 24 h, and the
percentage of apoptotic cells was measured
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2 ug spectrin—GFP. After 24 h, the cells were
fixed, stained with propidium iodide and the
DNA content of 5000 GFP-positive or 20,000
GFP-negative cells was analysed by
fluorescence-activated cell sorting (FACS).
The data depicted is representative of several

independent experiments. (d) Pl 3-kinase
activity is critical for cytokine-mediated
repression of Bim. Ba/F3 cells were either
starved of cytokine, or cultured overnight in
the presence of IL-3 with or without

LY294002 (LY, 10 uM). The levels of Bim,
Bcl-2 and Bax were determined. Blots were
reprobed for RACK1 to confirm equal protein
loading. The percentage of apoptotic cells
was also determined by FACS analysis.

transcriptional activity of a subfamily of forkhead transcrip-
tion factors, which include FKHR-L1, AFX and FKHR
[8]. FKHR-L1 activity, for example, is inhibited by PKB
phosphorylation on three sites, resulting in an inability to
translocate to the nucleus [5]. Mutation of these phospho-
rylation sites results in the generation of a constitutively
active transcription factor and such a mutant, FKHR-
LL1(A3), has recently been shown to induce apoptosis in
T cells through induction of Fas-I. [5]. Ba/F3 cells,
however, did not appear to be susceptible to Fas-L.-induced
apoptosis (P.J.C. and P.F.D., unpublished observations).
IL.-3 withdrawal resulted in dephosphorylation of FKHR-
L1 (Figure 2a), which leads to nuclear translocation and
activation of this transcription factor [5].

To determine whether the activity of FKHR-L1 is linked
to upregulation of Bim protein levels, we generated a
novel inducible FKHR-L1(A3) expression construct.
FKHR-IL1(A3) was fused to the hormone-binding
domain of the estrogen receptor [9], resulting in a
4-hydroxytamoxifen (4-OHT)-inducible protein, FKHR-
[LL1(A3)-ER. We generated several stable clonal Ba/F3
cell lines in which expression levels of FKHR-
[LL1(A3)-ER were approximately 3-5 times lower than
that of endogenous FKHR-L.1 (data not shown). Addition
of 4-OH'T in the presence of 11.-3 resulted in a dramatic
induction of apoptosis, coinciding with an elevation of

Bim protein levels (Figure 2b,c). Levels of Bcl-2 and Bax
were unaffected, demonstrating that the FKHR-L1
effects appear to be specific for Bim. Elevation of Bcl-2
levels, however, has previously been shown to counteract
the pro-apoptotic activity of Bim [3]. To determine
whether the increase in Bim levels may be a critical
mechanism by which FKHR-L1 is able to induce apopto-
sis, Ba/F3 cells expressing FKHR-L1(A3)-ER were elec-
troporated with or without Bcl-2, together with
spectrin—GFP as a marker for transfected cells. GFP-pos-
itive cells transiently expressing Bcl-2 were considerably
more resistant to FKHR-L1-induced apoptosis than
GFP-negative control cells (Figure 2c). Finally, to
examine whether the enhanced expression of Bim
protein by FKHR-L1 activity was a result of transcrip-
tional regulation, s7m mRNA was analysed. Similarly to
IL-3 withdrawal (Figure 1c), 4-OHT-mediated FKHR-
L1 activation significantly elevated Bim transcripts
(Figure 2d; left panel). To demonstrate that upregulation
of Bim levels through FKHR-I.1 occurs directly and does
not require de novo protein synthesis, Ba/F3 FKHR-
LL1(A3)-ER cells were treated with 4-OH'T" for the indi-
cated times in combination with the protein synthesis
inhibitor cycloheximide. An elevation of bim mRNA was
also observed in cycloheximide-treated cells (Figure 2d,
right panel), demonstrating that Bim transcription is
indeed directly regulated by FKHR-L.1.
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Figure 2
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mRNA levels. Left, Ba/F3 cells stably
expressing FKHR-L1(A3)-ER were treated
with 4-OHT (100 nM) for the indicated times.
PolyA+ RNA was isolated and bim mRNA

levels were analysed using full-length BimL
cDNA as a probe. Equal RNA loading was
confirmed by reprobing the blot for GAPDH.

Right, same as left panel except that cells
were pre-treated with cycloheximide (CHX,
10 pg/ml) before addition of 4-OHT.

Relatively little is known about transcriptional regulation
of pro-apoptotic proteins in cells undergoing apoptosis.
Our data identify cytokine-mediated inhibition of Bim
expression as a novel mechanism of apoptotic regulation.
In Caenorhabditis elegans, transcriptional repression of
Egl-1, a pro-apoptotic protein related to Bim, is critical
for regulating developmental cell death [10]. Recently,
expression of the pro-apoptotic protein  Hrk in
hematopoietic progenitor cells was also found to be
rapidly upregulated upon growth factor withdrawal [11].
Bim, like other BH3-domain proteins, exerts its pro-
apoptotic activity through heterodimerization with anti-
apoptotic Bcl-2 members [3]. Previously, regulation of
the pro-apoptotic activity of Bim has been reported to
occur through its re-localization [12]. In this model, Bim
is sequestered to the microtubular motor complex by
binding to dynein light chain (LCS8). Pro-apoptotic
stimuli release LLC8 together with Bim into the cyto-
plasm, allowing interaction of Bim with anti-apoptotic
Bcl-2 members [12]. While this may indeed modulate the
activity of Bim isoforms, we have established that the
regulation of Bim expression by cytokines is very likely
to be a contributory factor, defining the balance between
cell survival and apoptosis. Moreover, the identification
of Bim as a novel target of FKHR-L.1 highlights the func-
tional importance of this recently identified subfamily of
forkhead transcription factors.

Bim levels are critical in regulating apoptosis as Bim=-
lymphocytes have an increased resistance to cell death
induced by cytokine withdrawal, surviving 10-30 times
better than wild-type cells [4]. These results suggest that,
at least in lymphocytes, Bim is the dominant transducer of
death signals. By controlling the level of Bim through
cytokine-mediated regulation of forkhead transcription
factors, cell-survival decisions can be rapidly made in
response to changes in the local lymphocyte environment.
"This is analogous to the regulation of DAF-16, a C. elegans
forkhead transcription factor, which controls longevity in
response to changes in environmental nutrient content
[13]. Our data suggest that this evolutionary conserved sig-
naling pathway has been exploited in mammals to regu-
late the life span of cytokine-dependent cells.

Materials and methods

Plasmids

BimS and BimL constructs were generated by PCR from Ba/F3 cDNA
isolated from IL-3-deprived cells, cloned into pSG5-MYC and verified
by sequencing. Plasmid pCDNA3-FKHR-L1(A3)-ER was generated by
cloning FKHR-L1(A3) without the stop codon into pPCDNA3 containing
the hormone-binding domain of the estrogen receptor ((CDNAS3-ER).
Spectrin-linked GFP was a kind gift from A. Beavis and T. Sheck
(Princeton) and has been described previously [14]. Plasmid pSG5-
Bcl-2 was a kind gift from R.P. de Groot.

Western blotting
For determining protein levels, cells were lysed in a buffer containing
(0.1% NP-40, 20 mM HEPES pH 7.5, 5mM EDTA, 150 mM NaCl,
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supplemented with 10 pg/ml aprotinin, 1 mM leupeptin, 1 mM PMSF,
1 mM NagVO,, 40 mM B-glycerophosphate and 50 mM NaF). Protein
content was determined and equal amounts of protein were analysed
by SDS-PAGE and blots were probed with the appropriate antibodies.
Bim polyclonal antibody was purchased from Affinity Bioreagents,
Bcl-2 antibody from Santa Cruz, Bax monoclonal antibody from BD
PharMingen, and RACK1 monoclonal antibody from Transduction Lab-
oratories. FKHR-L1, phospho-Thr32 FKHR-L1 and phospho-Ser253
FKHR-L1 antibodies were from UBI.

Cell culture, transient electroporation and FACS analysis
Ba/F3 cells were cultured in RPMI 1640 supplemented with 8%
Hyclone serum (Gibco) and recombinant mouse IL-3 produced in COS
cells. Fetal-liver-derived myeloid cultures were prepared from day 17
mouse embryos by culture of suspension cells in RPMI supplemented
with IL-3, IL-6 and SCF as described previously [6]. For transient trans-
fection, Ba/F3 cells were electroporated (0.28 kV; capacitance
960 UFD) and, 2 h after electroporation, dead cells were removed by
separating through a Ficoll gradient (25600 rpm for 20 min). After 24 h,
cells were harvested, washed twice in PBS and fixed for at least 2 h in
300 pl PBS and 700 pl ethanol. Cells were spun down gently and per-
meabilized in 200 pl 0.1% Triton X-100, 0.045M Na,HPO, and
0.0025 M sodium citrate at 37°C for 20 min. Next, 750 pl apoptosis
buffer (0.1% Triton X-100, 10 mM PIPES, 2 mM MgCl,, 40 pg/ml
RNase, 20 pg/ml propidium iodide) was added and incubated for
30 min in the dark. The percentage of apoptotic cells was analysed by
FACS as the percentage of cells with a DNA content of < 2N, counting
5,000 cells. Thresholds were set to gate out cellular debris. Cell-cycle
profiles were determined using a FACS calibur (Becton and Dickson)
and analysed using Cell Quest and MofFit software.

Northern blotting

Total RNA was isolated from Ba/F3 and 500 pg was used for the isola-
tion of polyA+ RNA using polyA Tract mRNA isolation kit from
Promega. Equal RNA loading was verified by reprobing the blots with a
1.4 kb cDNA fragment of the human GAPDH gene.

References

1. Song Z, Steller H: Death by design: mechanism and control of
apoptosis. Trends Cell Biol 1999, 9:M49-M52

2. Adams JM, Cory S: The Bcl-2 protein family: arbiters of cell
survival. Science 1998, 281:1322-1326.

3. O'Connor L, Strasser A, O'Reilly LA, Hausmann G, Jadams JM,

Cory S, et al.: Bim: a novel member of the Bcl-2 family that
promotes apoptosis. EMBO J 1998, 17:384-395.

4. Bouillet P, Metcalf D, Huang DC, Tarlinton DM, Kay TW, Kontgen F,
et al.: Proapoptotic Bcl-2 relative Bim required for certain
apoptotic responses, leukocyte homeostasis, and to preclude
autoimmunity. Science 1999, 286:1735-1738.

5. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, et al.: Akt
promotes cell survival by phosphorylating and inhibiting a
Forkhead transcription factor. Ce// 1999, 96:857-868.

6. Packham G, White EL, Eischen CM, Yang H, Parganas E, Ihle JN,
et al.: Selective regulation of Bcl-XL by a Jak kinase-dependent
pathway is bypassed in murine hematopoietic malignancies.
Genes Dev 1998, 12:2475-2487.

7. Fruman DA, Snapper SB, Yballe CM, Davidson L, Yu JY, Alt FW,
et al.: Impaired B cell development and proliferation in absence of
phosphoinositide 3-kinase p85alpha. Science 1999, 283:393-397.

8. Datta SR, Brunet A, Greenberg ME: Cellular survival: a play in three
Akts. Genes Dev 1999 13:2905-2927.

9. Littlewood, TD, Hancock DC, Danielian PS, Parker MG, Evan Gl:

A modified oestrogen receptor ligand-binding domain as an
improved switch for the regulation of heterologous proteins.
Nucleic Acids Res 1995, 23:1686-1690.

10. Conradt B, Horvitz HR: The C. elegans protein EGL-1 is required
for programmed cell death and interacts with the Bcl-2-like
protein CED-9. Ce/l 1998, 93:519-529.

11. Sanz C, Benito A, Inohara N, Ekhterae D, Nunez G, Fernandez-Luna JL:
Specific and rapid induction of the proapoptotic protein Hrk after
growth factor withdrawal in hematopoietic progenitor cells. Blood
2000, 95:2742-2747.

Puthalakath H, Huang DC, O'Reilly LA, King SM, Strasser A:

The proapoptotic activity of the Bcl-2 family member Bim is
regulated by interaction with the dynein motor complex. Mo/ Cell
1999, 3:287-296.

Ogg S, Paradis S, Gottlieb S, Patterson Gl, Lee L, Tissenbaum HA,
Ruvkun G: The Fork head transcription factor DAF-16 transduces
insulin-like metabolic and longevity signals in C. elegans. Nature
1997, 389:994-999.

Kalejta RF, Shenk T, Beavis AJ: Use of a membrane-localized green
fluorescent protein allows simultaneous identification of
transfected cells and cell cycle analysis by flow cytometry.
Cytometry 1997, 29:286-291.



