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Quantitative relationship between functionally active telomerase
and major telomerase components (WTERT and hTR) in acute
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Functionally active telomerase is affected at various steps including transcriptional and post-transcriptional levels of major telomerase
components (WTR and human telomerase reverse transcriptase (hTERT)). We therefore developed a rapid and sensitive method to
quantify hTERT and its splicing variants as well as the hTR by a Tagman real-time reverse transcriptase—polymerase chain reaction to
determine whether their altered expression may contribute to telomere attrition in vivo or not. Fresh leukaemia cells obtained from
38 consecutive patients were used in this study. The enzymatic level of telomerase activity measured by TRAP assay was generally
associated with the copy numbers of full-length hTERT 4+ a -+ f mRNA (P=0.0024), but did not correfate with hTR expression
(P=0.6753). In spite of high copy numbers of full-length hTERT mRNA, telomerase activity was low in some cases correlating with
low copy numbers of hTR, raising the possibility that alteration of the hTR: hTERT ratio may affect functionally active telomerase
activity in vivo. The spliced nonactive hTERT mRNA tends to be lower in patients with high telomerase activity, suggesting that this
epiphenomenon may play some role in telomerase regulation. An understanding of the complexities of telomerase gene regulation in
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Human telomerase reverse transcriptase (hTERT) is an essential
component of the holoenzyme complex that adds telomeric repeats
to the ends of chromosomes (Meyerson et al, 1997; Nakamura et al,
1997). The differential expression of telomerase in most malignant
cells makes it an attractive target for cancer therapy (Mokbel, 2003;
Shay and Wright, 2003); however, recent progress in studies on
telomerase regulation has shown that telomerase activation is
achieved by a process involving various steps including transcrip-
tional and post-transcriptional levels of hTERT gene (Kyo and
Inoue, 2002). An alternate splicing of hTERT transcript is one of
the regulatory mechanisms of telomerase activity (Ulaner et al,
1998). Several alternatively spliced variants of hTERT have been
identified (Kilian er al, 1997; Ulaner et al, 1998; Wick et al, 1999; Yi
et al, 2001); one deletion site induces the o-deletion variant,
lacking 36 bp from exon 6, and the other induces the S-deletion
variant, lacking 182 bp from exons 7 and 8 (Yi et al, 2001). More
recently, we have found a new alternatively spliced form, namely
the y-deletion variant, lacking the entire exon 11 (Hisatomi et al,
2003; Nagao et al, 2004). Since splicing variants are considered to
be nonfunctional forms, it is important to discriminate the full-
length isoform from variants (Yi ef al, 2001).
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Another essential element to control telomerase activity is the
RNA component of telomerase (hTR: human telomerase template
RNA) (Feng et al, 1995; Weinrich et al, 1997). Several lines of
evidence suggest the possibility that reprogramming of telomerase
by expression of mutant telomerase RNA would result in impaired
function of telomeres (Marusic et al, 1997). Indeed, germline
mutation #TR has been found in the autosomal dominant form of
congenital dyskeratosis (DKC) showing progressive telomere
shortening without functional telomerase activity (Mitchell et al,
1999; Vulliamy et al, 2001). More recently, it has been shown that
heterozygous telomerase RNA mutations found in DKC and
aplastic anaemia reduce telomerase activity via haploinsufficiency
(Marrone et al, 2004).

The aim of this study was therefore to clarify the quantitative
relationship between functionally active telomerase and its
components hTR and hTERT (and its spliced variants) using a
rapid and highly specific real-time quantitative polymerase chain
reaction (RT-Q-PCR) and gain greater insight into the complex
regulatory system of telomerase in acute leukaemia cells.

MATERIALS AND METHODS

Patients and cells

We examined 38 consecutive patients with de nmovo acute
leukaemia whose peripheral blood or bone marrow cells contained



more than 90% blasts at diagnosis (8-68 years of age): 13 with
ALL-L2 and 25 with AML (M1, 6; M2, 14; M3, 2; M4, 2; and MS5, 1).
De novo acute leukaemia was diagnosed according to the French~
American~British criteria. All of the ALL patients had precursor
B-cell phenotype, and no patient with T-cell ALL was included in
this study. Some of the clinical and molecular biological data
concerning these patients were reported elsewhere (Ohyashiki et al,
2001, 2002). All the samples of peripheral blood or bone marrow
cells were separated using a Ficoll-Hypaque gradient, then cell
pellets were immediately stored at —80°C. All samples were
acquired after obtaining written informed consent from the
. patients,

Quantification of telomerase activity

Telomerase activity was assessed by TRAP assay according to the
method of Kim et al and Piatyszak et al with minor modifications,
using an automated DNA sequencer (Ohyashiki et al, 1997). For
standardisation of telomerase activity, we used 10ag of ITAS/
telomerase assay and the level of telomerase activity was arbitrary
expressed as the ratio of the TRAP ladder/ITAS per microgram of
protein as reported previously (Ohyashiki et al, 1997).

Real-time reverse transcriptase - polymerase chain reaction
of hTERT mRNA and hTR RNA

Total RNA was extracted using the RNeasy Mini Kit (Qiagen, MD,
USA). Total RNA (1 ug) was used for cDNA synthesis using a
Ready-To-Go You-Prime First-Strand Beads (Amersham Bios-
ciences, Piscataway, NJ, USA) and a pd(N)6 Random Hexamer
(Amersham Biosciences). Genomic organisation of the hTERT
gene and the location of Tagman primer - probe sets are shown in
Figure 1. We designed primers and probes to amplify specially
only one form of hTERT (Table 1). Primers and probe sets for hTR
are also described in Table 1. In order to generate a standard
curve, we constructed plasmids that contain each amplified
fragment using a pT7Blue T vector-2 kit (Novagen, Darmstadt,
Germany). The Tagman f-actin kit (Applied Biosystems, Foster
City, CA, USA) was also used for normalisation of the amount of
¢DNA used in each PCR. The resulting cDNA (4 ul) was used in

a-deletion  p-deletion
V2722272
ex6-probe
ex5, 6-F  ex7-R
4] 5 [ 6 [ 7789 [0 ][ 1 [12]1
a-del-F p-del-R
hTERT+ o+
hTERT-o+ 8
hTERT+o—f
hTERT—o~f =Va

Figure I The genomic organisation of the hTERT gene and the location
of Tagman primer—probe sets. To quantify potentially active full-length
hTERT (4« + B), we used an exé6-F primer and ex7-R primer. We used an
o-del-F primer and ex7-R primer for a spliced variant of h\TERT—a + f, and
an ex-6F primer and f-del-R primer for the spliced variant of RTERT + o—§,
and an a-del-F primer and f-del-R primer for hTERT—a—f. For all types
of hTERT mRNA, we uniformly used an exé probe. The « site causes a
30-base deletion resulting in a no-frameshift mutation, and the # splice
site results in a 182-base deletion resulting in a nonsense mutation. The size
of the PCR product produced by each primer set depends upon the
alternative splicing of the hTERT transcript in the sample.
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Table |
hTR RNA

Primers and probes for quantification of the hTERT mRNA and

hTERT
Ex5, 6-F primer
a-Del-F primer

5'-GAG CTG TAC TTT GTC AAG GTG GGA TG-3
5-CTG AGC TGT ACT TTG TCA AGG ACA GG-3'

Ex7-R primer 5-GGC TGG AGG TCT GTC AAG GTA GAG A-3
f-Del-R primer 5-GCA CTG GAC GTA GGA CGT GGC T-3'

Ex6 probe 5" FAM-CAACCCCAGAACACGTACTGCGTGCGT-3
h1R

hTR-F primer 5-CGC TGT TTT TCT CGC TGA CTT-3'

hTR-R primer 5-TGC TCT AGA ATG AAG GGT GGA A-3'

hTR probe 5-FAM-CAG CGG GCG GAA GGA CCT CG-3

hTR=human telomerase template RNA; FAM = 5-carboxyfluorescein; hTERT =
human telomerase reverse transcriptase. To generate full-length hTERT+a+f, ex5,
6-F primer and ex-7-R primer were used. To generate splicing forms of hTERT, we
usedthe following primer sets:hTERT +a— f,ex5, 6-Fand a-del-R primers, \TERT —a+;
a-del-F and ex7-R primers, h\TERT—a—p; a-del-F and f-del-R primers. The ex6
probe was used to detect full-lengh hTERT+a+8 as well as splicing forms of hTERT.

each RT-PCR, and then analysed by a 7000 Sequence Detection
System (Applied Biosystems). For Tagman assay, a 50 ul of PCR
sample contained Taqman universal master mix (Applied Biosys-
tems, Foster City, CA, USA), 3pmol of each primer pairs and
5 pmol of the corresponding probes were used as recommended by
the manufacturer. The PCR conditions were 95°C for 10 min,
followed by 55 cycles of 95°C 10s and 60°C for 1min. A serial
dilution of plasmids was used in each PCR cycle in separate tubes
and served as a standard curve. The amount of gene expression in
each sample was then expressed as copy numbers per microgram
of RNA with respect to the standard curve.

Mutation analysis of hTR

PCR-direct sequencing was carried out in order to exclude
mutation of the hTR gene (NT_005612.14). We designed two
pairs of primers to detect mutation of the ATR gene: hTR-1F
(7597157 -7598138), 5'-CTCATGGCCGGAAATGGAAC and hTR-
IR (7597633-7597652), 5'-TCTTCCTGCGGCCTGAAAGG; amd
hTR-2F (7597864-7597842), 5'-GCCTTCCACCGTTCATTCTAGAG,
and hTR-2R (7597413-7597432), 5-TTTGGAGGTGCCTTCA
CGTC. The PCR conditions were as follows: preheating at 95°C
for 10 min, followed by 40 cycles 95°C for 30s, 64°C for 30s and
72°C for 1 min, and a final extension 72°C for 10 min. Reactions for
direct sequencing of the PCR product were performed with BigDye
Terminator ver3.1 (Perkin-Elmer Cetus, Freemont, CA, USA).

Statistical analysis

Analysis of variance (one-way ANOVA), correlation analysis,
linear regression, Student’s t-test and the Mann~Whitney U-test
were calculated using StatView (Brain Power Inc., Calabasas, CA,
USA) software for the Macintosh personal computer. Values of
P<0.05 indicate a statistically significant difference.

RESULTS

Validation of quantification system of hTERT, its spliced
forms and hTR

Taqman RT - PCR was validated using a plasmid that contained the
target sequence of full-length hTERT + o+ 8. There was a linear
correlation of full-length hTERT +« + f mRNA between 10* and
10° molecules. Similarly, a linear correlation was observed in each
splicing form of hTERT and hTR (data not shown).
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Functionally active telomerase is associated with
full-length hTERT expression, but did not correlate
with hTR expression

In acute leukaemia cells, the relative telomerase activity measured
by TRAP assay is associated with the expression level of full-length
hTERT + o +  mRNA (P=10.0024) (Figure 2A). In contrast, there
was no correlation between telomerase activity and hTR expres-
sion (P=0.6753) (Figure 2B). Of note is that there are some
exceptional cases showing low telomerase activity despite high
copy numbers of hTERT + o~ (Figure 24, arrow). We also
found two cases of AML showing high telomerase activity with
detectable but low copy numbers of hTERT +a+ § (Figure 24,
arrowhead).

There is some overlap between telomerase activity in leukaemia
cells and that in normal blood cells; therefore, we arbitrarily
separated acute leukaemia patients into two groups according to
the relative telomerase activity as reported previously (Ohyashiki
et al, 1997): one with high telomerase activity, equivalent to
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Figure2 RelationshipbetweentelomeraseactivitylevelandhTERT +a +- B
mRNA expression level (A) and telomerase activity level and hTR RNA
expression level (B). The level of telomerase activity was generally
associated with the copy numbers of full-length hTERT mRNA, but there
were some exceptional cases showing low telomerase activity despite high
copy numbers of hTERT+a+f (arrow) and cases showing high
telomerase activity with detectable but low copy numbers of hTERT + o +
(arrowhead).
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immortal cells, relative telomerase value greater than 30 (Group-
H), and the other with low to moderate telomerase activity (Group-
L). The hTERT expression level is significantly high in Group-H
(P=0.0013) (Figure 3A), while association between telomerase
activity and hTR expression was not significant (Figure 3B). This
indicates that functionally active telomerase activity is generally
associated with hTERT expression, but in some cases the TERT
expression does not simply reflect the enzymatic activity.

Ratio of hTR and hTERT is critical to determine enzymatic
activity of telomerase

To address the question as to why some patients show low
telomerase activity despite high hTERT +a+ 8 expression, we
next compared the ratio of hTR and hTERT. The Group-L patients
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Figure 3 Expression level of hTERT (A) and hTR (B) in acute leukaemia
patients. Group-H: Patients with high telomerase activity; group-L: patients
with low—moderate telomerase activity. Expression level of hTERT is
significantly higher in Group-H, but there was no difference of hTR
expression level in the two groups.
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showed significantly lower copy numbers of hTR (P = 0.0284), and
the hTR/hTERT ratio was significantly lower than those in Group-
H patients (P =0.0094) (Figure 4). This indicates the possibility
that the combination of full-length hTERT and hTR is necessary to
create a functionally active telomerase activity in leukaemia cells
in vivo. The quantitative relationships between functionally active
telomerase activity and its components are shown in Figure 5.
There was an obvious difference between patients with low
telomerase activity, despite high full-length hTERT expression
(UPN41, 40 and 44, Figure 5A-C, respectively) and patients with
high telomerase activity (UPN15, Figure 5D). We next analysed the
mutation of the hTR gene in three patients showing a marked
discrepancy between WTERT +a+ S expression and telomerase
activity, in order to determine whether this phenomenon is related
to mutation of hTR. No case showed mutation of hTR gene within
the limit of our primers. This indicates that the discrepancy
between expression of full-length hTERT and functionally active
telomerase activity is possibly due to the quantity of hTR but not
to the gene structure of ATR.
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Figure 4 Expression level of hTR in patients with high hTERT mRNA
expression. Group-H: Patients with high telomerase activity; group-L:
patients with low—moderate telomerase activity. The expression level of
hTR is significantly lower in Group-L.
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Figure 5 The quantitative relationship between functionally active
telomerase activity and its components. Shapes of three elements (full-
length hTERT, hTR and relative telomerase activity) are different in patients
with low telomerase activity despite high full-length hTERT expression
(A—C) and that in a patient with high telomerase activity (D).
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Role of nonactive splicing forms of hTERT

To clarify whether the splicing mechanism of hTERT really affects
the level of functional telomerase activity or not, we next compared
the expression level of hTERT -+ + f§ and three spliced forms of
hTERT. The expression level of full-length hTERT + & + f mRNA
was generally associated with levels of spliced variants
hTERT+oa-f (P=0.0434) (Figure 6B) and hTERT—a—f
(P=0.0084) (Figure 6C), while the relationship between the
expression level of full-length hTERT 4+« + f mRNA and those
of spliced variant hTERT—a + ff was not statistically significant
(P=0.1109) (Figure 6A). The ratio of spliced form/full-length
hTERT + o + f mRNA varied, but tended to be higher in Group-L
patients compared to those in Group-H, although the difference
was not always statistically significant: hTERT + o—pf/full-length
hTERT + o + (P =0.101},hTERT~u + f/full-lengthhTERT + o + f§
(P =0.048) (Figure 6D) and hTERT —a— f/full-length hTERT + & + f8
(P=0.201). This indicates that increase of nonfunctional splicing
form of hTERT may play some role in telomerase downregulation.

DISCUSSION

Telomerase and telomere length are two important markers that
are rapidly gaining importance as targets for cures of several age-
related diseases including cancer. We therefore sought to
determine whether therapeutic approaches to leukaemia targeting
telomerase should consider the quantitative relationship between
telomerase and its components or not. Acute leukaemia is
composed of a heterogeneous population in terms of cell lineage,
cell differentiation and proliferative potential. In the current study,
the level of telomerase activity and telomerase components
revealed considerable patient-to-patient variation; however, we
found telomerase activity is significantly associated with hTERT
expression in most patients but did not correlate with hTR
expression. We also found that in some cases telomerase activity
was low, despite high copy numbers of full-length hTERT mRNA
correlating with low copy numbers of hTR. This is of particular
interest given that hTR has now been shown to be limiting for
telomere homeostasis in vivo, as seen in DKC (Mitchell et al, 1999;
Vulliamy et al, 2001).

Recently, mutations of #TR have been reported in a subset of
aplastic anaemia (Vulliamy et al, 2002). Although it is still
controversial whether the genetic change of hTR sequence is
polymorphism or not (Wilson et al, 2003; Yamaguchi et al, 2003),
Ly et al (2003) demonstrated that naturally occurring ATR
sequence mutation polymorphism in such patients can inhibit
telomerase activity by disrupting critical structures within the ATR
core domain. Unlike DKC, neither mutation nor deletion of ATR
was detected in this study by direct sequencing. This suggests that
the amount of hTR is so low that as a result there is an excess of
unbound hTERT mRNA. Indeed, the expression level of hTR is
consistent in leukaemia cell lines showing high telomerase activity
(Yi et al, 2001). The mechanism of telomerase regulation in acute
leukaemia cell is likely to be different from those in DKC and bone
marrow failure syndrome; however, the ratio of hTR and hTERT
might play an important role to contribute functionally active
telomerase activity and telomere homeostasis in vivo, whether or
not mutated kTR affect telomerase activity via haploinsufficiency.

In the current study, we found two exceptional cases with high
telomerase activity despite low expression of hTERT; therefore, we
could not completely rule out the possibility that hTERT-
associated proteins such as heat-shock proteins may affect the
activity of the telomerase holoenzyme.

Alternative splicing machinery of hTERT is considered to be
tissue specific and to influence telomere lengths during human
development (Ulaner et al, 2001). It has been shown that hTERT
RNA alternative splicing mediates telomerase downregulation
induced by the G-quadruplex ligand 12459 (Gomez et al, 2004).
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However, the ratios of spliced nonactive forms and full-length
hTERT in primary acute leukaemia cells are highly varied. Of
note is that the ratio of splicing variants and full-length
hTERT is lower in patients with high telomerase activity (n=7)
than that in patients without high telomerase activity (n=31).
It is known that splicing variants lack the o site function
as a dominant-negative inhibitor of telomerase (Colgin et al,
2000; Yi et al, 2001). Although we could not show direct
evidence that the spliced inactive variant of hTERT downregulates
full-length wild-type hTERT, it is likely that splicing variant
mRNA is related with some regulatory mechanism in acute
leukaemia cells without exhibiting high telomerase activity. While,
the meaning of these epiphenomena is still uncertain, the
regulatory mechanism of telomerase in leukaemia cells with low
telomerase activity appears to be similar to that in normal counter
parts. Zaffaroni et al (2002) reported that alternative splicing
mechanisms of hTERT that regulate telomerase activity in normal
tissue might be lost during malignant transformation in breast
tumours. Taken together with Zaffaroni’s observation (2002), our
results suggest that acute leukaemia cells with high telomerase
activity might lose their regulatory mechanism during disease
progression.

Our findings suggest that the regulatory mechanisms in
leukaemia cells may be heterogeneous; therefore, the therapeutic
approach targeting telomerase should be considered based on the
quantitative relationship between telomerase and its components.
While the number of patients studied in the current study is
limited, our results suggest the necessity, and provide the basis, for
more detailed studies on the complex regulatory mechanism of
telomerase activity in haematologic neoplasia that may lead to the
development of new cancer therapeutic strategies.
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NEOPLASIA

TEF, an antiapoptotic bZIP transcription factor related to the oncogenic E2A-HLF
chimera, inhibits cell growth by down-regulating expression of the common 3

chain of cytokine receptors

Takeshi Inukai, Toshiya Inaba, Jinjun Dang, Ryoko Kuribara, Keiya Ozawa, Atsushi Miyajima, Wenshu Wu, A. Thomas Look,
Yojiro Arinobu, Hiromi Iwasaki, Koichi Akashi, Keiko Kagami, Kumiko Goi, Kanji Sugita, and Shinpei Nakazawa

Gain and/or loss of function mediated by
chimeric transcription factors generated
by nonrandom translocations in leukemia
is a key to understanding oncogenesis.
E2A-hepatic leukemia factor (HLF), a chi-
meric basic region/leucine zipper (bZIP)
transcription factor expressed in t(17;19)-
positive leukemia cells, contributes fo
leukemogenesis through its potential to
inhibit apoptosis. To identify physiologic
counterparts of this chimera, we investi-
gated the function of other bZIP factors
that bind to the same DNA sequence
recognized by E2A-HLF. Here, we show

that thyrotroph embryonic factor (TEF),
which shares a high level of sequence
identity with HLF and recognizes the same
DNA sequence, is expressed in a small
fraction of each subset of hematolym-
phoid progenitors. When TEF was intro-
duced into FL5.12 interleukin 3 (IL-3)-
dependent cells, TEF protected the cells
from apoptosis due to [L-3 deprivation.
Unexpectedly, TEF also almost com-
pletely down-regulated expression of the
common B (Bc) chain of cytokine recep-
tors. Consequently, TEF-expressing cells
accumulated in Gy/G, phase without un-

dergoing apoptosis. These findings sug-
gest that TEF is one of the apoptotic
regulators in hematopoietic progenitors
and controls hematopoietic-cell prolifera-
tion by regulating the expression of the
Bc chain. In contrast, E2A-HLF promoted
cell survival more efficiently than TEF but
did not down-regulate B¢ chain expres-
sion, suggesting that E2A-HLF retains
ideal properties for driving leukemic trans-
formation. (Blood. 2005;105:4437-4444)

© 2005 by The American Society of Hematology

Introduction

Since key systems that regulate cell survival have been conserved
through evolution, relatively simple organisms such as Caenorhab-
ditis elegans often provide insight into the complex mechanisms
that control cell fate in mammals.! The genetic approach demon-
strated that 2 factors, cell death specification protein 1 (CES-1) and
CES-2, regulate the programmed cell death of serotonergic neuro-
secretory motor (NSM) neurons in C elegans in a cell type-specific
fashion.? Further studies revealed that CES-2 is a transcription
factor that belongs to the basic region/leucine zipper (bZIP)
superfamily (Figure 1).3 CES-2 negatively regulates CES-1, a
member of the snail family of zinc finger transcription factors,* and
CES-1 appears to determine the fate of NSM sisters by negatively
regulating the expression of egll, a BH3-only proapoptotic mem-
ber of the B cell lymphoma (Bcl-2) superfamily.>7

Transcription factors that bind to the DNA sequence elements
recognized by CES-2 might play important roles in cell type-
specific cell death in mammals. The E2A-hepatic leukemia factor
(HLF) fusion transcription factor is a good example. This chimera
is derived from childhood acute pro-B-cell leukemia harboring a
t(17;19) chromosomal translocation.® 19 It contains the transactiva-
tion domains of E2A and the bZIP DNA-binding and dimerization
domain of HLF (Figure 1). E2A-HLF promotes the anchorage-
independent growth of murine fibroblasts as a homodimer that

depends on both the transactivation domain of E2A and the bZIP
domain of HLE.'-12 E2A-HLF induces the expression of annexin
11,3 annexin V, and sushi-repeat protein upregulated in leukemia
(SRPUL),** which have been postulated to play paraneoplastic
roles in coagulopathies and bone invasion, as well as groucho-
related genes, and E2A-HLF also suppresses Runt-related 1
(RUNX1).!3 In addition, we and others established transgenic mice
expressing E2AHLF that develop T-lineage lymphoid malignan-
cies.1617 Of note, we demonstrated that E2A-HLF binds avidly to
the sequence recognized by CES-2 and protects cells from apopto-
sis due to growth factor deprivation without promoting cell
proliferation.!®2° The close homology between the bZIP domains
of HLF and CES-2 suggests that E2A-HLF subverts a cell-death
pathway through a mechanism similar to that used by CES-2 in the
worm. Indeed, we have identified SLUG, a zinc finger transcription
factor closely related to CES-1, as one of the downstream targets of
E2A-HLF in human leukemias associated with the 17;19 transloca-
tion and found that SLUG has antiapoptotic potential 212

These findings suggest that a cell-death pathway in mammalian
hematopoietic cells is normally regulated by bZIP factors that
exhibit a DNA-binding specificity similar to that of CES-2 or
E2A-HLFE. HLF is obviously a good candidate for the regulator of
apoptosis in hematopoiesis; however, HLF is not expressed in
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hematopoietic progenitors and, moreover, enforced expression of
HLF in cytokine-dependent cells failed to inhibit apoptosis.!8:1> We
then identified a bZIP factor, E4 promoter binding protein (E4BP4)/
nuclear factor regulated by IL-3 (NFIL3) (Figure 1), as a physi-
ologic counterpart of E2A-HLF. E4BP4 has nearly identical
DNA-binding specificity to CES-2 and its expression is tightly
regulated by interleukin (IL-3) in IL-3—dependent cell lines such as
FL5.12 and Baf-3. Moreover, enforced expression of E4BP4 delays
apoptosis of IL-3-deprived cells.?324 These data suggested that
subversion of the roles of antiapoptotic bZIP factors normally
regulated by cytokines is 1 critical aspect of leukemogenesis
induced by E2A-HLF.

Other bZIP factors may also play important roles in the
regulation of hematopoietic cell survival. HLF is a member of the
proline- and acidic amino acid-rich (PAR) bZIP family, which also
includes thyrotroph embryonic factor (TEF)? and albumin pro-
moter D-box-binding protein (DBP) (Figure 1). TEF was origi-
nally cloned as a factor expressed in the developing anterior
pituitary gland that could trans-activate the TSHB promoter,2
whereas DBP was cloned as a liver-enriched transcriptional
activator that binds to the D element of the albumin promoter.26 It
has been well documented that the PAR proteins as well as EABP4
are implicated in circadian control.?”-33 PAR proteins may also be
involved in the regulation of cell death because all 3 PAR proteins
exhibit nearly identical DNA-binding specificity to that of E4BP4
and CES-2.23:2628.29.34-37 Here we demonstrate that TEF promotes
the survival of FL5.12 cells due to IL-3 starvation. Unexpectedly,
we also found that TEF potently represses the expression of the
subunits of the IL-3 receptor, blocking proliferation and leading to
arrest of the cell cycle in the Gy/G, phase, even in the presence
of IL-3.

Materials and methods

Constructs of eukaryotic expression vectors

Expression plasmids containing the cDNAs of wild-type TEF (pMT-TEF),
a mutated TEF (pMT-TEF basic mutant [BX]), and E2AHLF (pPMT-E2A-

TAD PAR

E2A-HLF

TAD TRD
E4BP4/NFIL3

Figure 1. Schematic representation of the CES-2, TEF, DBP, HLF, E2A-HLF, and
EABP4/NFIL3 proteins. The CES-2 protein in C elegans contains a basic region/
leucine zipper (bZIP) domain in the carboxyl-terminal region and acts as a transrepres-
sor. TEF, DBP, and HLF contain a proline- and acidic amino acid-rich (PAR) domain
as well as a bZIP domain in the carboxyl-terminal region, which shows high level of
sequence identity to that of CES-2. TEF, DBP, and HLF each also contain a
trans-activation domain (TAD) and can act as transcriptional activators. The E2A-HLF
fusion protein, which is expressed in t(17;19)—positive leukemia cells, retains the 2
transactivation domains in the amino terminal of E2A (AD1 and AD2) but not its basic
region/helix-loop-helix domain, which is replaced by the bZIP domain of HLF.
E2A-HLF has a joining region (&8 with arrowhead) generated at the breakpoint but not
the basic region extension (BRE; indicated with E1) nor the PAR domain of HLF, which
contribute to sequence-specific DNA binding. E4BP4/NFIL3 contains a bZIP domain
in its amino-terminal region and has nearly identicat DNA-binding specificity as that of
CES-2, TEF, DBP, HLF, and E2A-HLF. E4BP4 acts as either a transactivator or
transrepressor depending on complexes formed by its TAD or transrepression
domain (TRD) in its carboxyl-terminal region.
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HLF) were constructed with the pMT-CB6* eukaryotic expression vector (a
gift from F. Rauscher 111, Wistar Institute, Philadelphia, PA), which contains
the inserted cDNA under the control of a sheep metallothionein promoter as
well as the neomycin resistance gene driven by the simian virus 40 early
promoter. The cDNA encoding a basic mutant of TEF (TEF/BX) that
contained substitutions for 6 of the amino acid residues in the basic region
critical for DNA binding (TRRKKNNVAAK mutated to TSPKSYNVPPK;
single-letter code) was made by polymerase chain reaction (PCR)
mutagenesis. '

Cell culture and cell survival assay

FL5.12 cells, which are murine IL-3—dependent cells, were cultured in
RPMI 1640 medium supplemented with 10% fetal calf serum and 0.5%
10T1/2 cell-conditioned medium as a source of IL-3. Transfectants were
generated by electroporation using 2 X 107 cells and 80 ug of DNA with a
gene pulser (Bio-Rad, Hercules, CA) set at 300 mV and 960 wF. Cells were
then cultured in 24-well dishes and selected in the presence of the neomycin
analog G418 (0.6 mg/mL) for 2 weeks. The induction of protein expression
with Zn in G418-resistant cells was confirmed by immunoblot analysis.
Cell growth and cell survival experiments were performed using 3
independent pools of cells, and the results of representative data of multiple
experiments are shown. For cell survival assays, cells growing exponen-
tially in IL-3—containing medium were precultured for 16 hours in the
presence or absence of 100 uM ZnSO,. Cells were washed with IL-3—free
medium twice and were adjusted to 5 X 10° cells per milliliter. Viable cell
counts were determined by trypan blue dye exclusion.

Immunoblot analysis

Cells were solubilized in Nonidet P-40 lysis buffer (150 mM NaCl, 1.0%
Nonidet P-40, 50 mM Tris [tris(hydroxymethyl)aminomethane; pH 8.0]),
and total cellular proteins were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. After wet electrotransfer onto polyvi-
nylidene difiuoride membranes, proteins were detected with the following
primary antibodies: anti-HLF c-terminal (C),>® anti-p44/42 mitogen-
activated protein kinase (MAPK; New England BioLabs, Beverly, MA),
anti-p70S6K (New England BioLabs), anti-Akt (New England BioLabs),
antiphospho-signal transducers and activators of transcription 5 (anti—
phospho-STATS5; Tyr694; New England BioLabs), anti—phospho-p44/
42MAPK (Thr202/Tyr204; New England BioLabs), anti-phospho-p70S6K
(Thr421/Ser424; New England BioLabs), and anti—phospho-Akt (Ser473;
New England BioLabs) rabbit serum, or anti~B-tubulin (Pharmingen, San
Diego, CA), antiphosphotyrosine (Upstate Biotechnology, Lake Placid,
NY), and anti-STATS (Transduction Laboratories, Lexington, KY) mouse
monoclonal antibodies. Then, the blots were stained by horseradish
peroxidase—conjugated anti~rabbit or anti-mouse immunoglobulin G (IgG)
and IgM secondary antibodies (MBL, Nagoya, Japan), respectively, and
subjected to enhanced chemiluminescence detection (Amersham Life
Science, Arlington Heights, IL).

Flow cytometric analysis

Cells (2 X 10°) were washed with phosphate-buffered saline (PBS) and
incubated with rat monoclonal antibodies specific for the mouse IL-3
receptor a chain (5B11)* or the mouse IL-3 receptor B chain (AIC2A; By;
9D3)* on ice for 30 minutes. Cells were washed with PBS and stained with
a fluorescein isothiocyanate (FITC)-conjugated goat anti-rat IgG (Jackson
Immuno Research Laboratories, West Grove, PA). For detection of the
common { chain of the IL-3 receptor (AIC2B; B¢), cells were incubated
with an anti-mouse B¢ chain hamster monoclonal antibody (MBL),
followed by incubation with an FITC-conjugated goat anti-hamster IgG
secondary antibody (Jackson Immuno Research Laboratories). Cells were
analyzed by flow cytometry (FACS Calibar; Becton Dickinson, San
Jose, CA).

Northern blot analysis

Total cellular RNA was isolated by the guanidinium-cesium chloride
method. RNA samples (approximately 20 g per lane) were separated by
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electrophoresis in 1% agarose gel containing 2.2 M formaldehyde, trans-
ferred to nylon membranes, and hybridized with the appropriate probes
according to the standard procedure. For Northern blot analysis of multiple
human hematolymphoid tissues, the blot was purchased from Clontech
(Palo Alto, CA). Unique cDNA probes in the 3’ untranslated region of the
PAR genes,® a 1.3-kilobase (kb) Xhol fragment of mouse IL-3 receptor
a-chain cDNA, and a 0.8-kb Xhol/BamH]I fragment of mouse IL-3 receptor
B3 chain cDNA were used as probes.

Analysis of gene expression in subsets of hematopoietic
stem and progenitor celis

Cells (5 X 10%) with surface marker expression patterns typical of hematopoietic
stern cells (HSCs) and various types of myeloid and lymphoid progenitors were
sorted from mouse bone marrow by fluorescence-activated cell sorting (FACS),
as previously described.*! Total RNA was prepared with TRIZOL reagent and
subjected to cDNA synthesis with the SuperScript first-strand cDNA synthesis
system (GIBCO, Carlsbad, CA). PCR was performed for 40 cycles of 94°C for
30 seconds, 55°C for 45 seconds, and 72°C for 43seconds with the following
primers: 5'-ACCATCTTCCTCTACTGCCATCTTTCAG and 5'-
GTACTTGGTCTCGTACTTGGACACGATG for first-round PCR; 5'-
GTGATCTGGTTCTCCTTCAG for nested PCR amplification of Tef;
and 5'-CACAGGACTAGAACACCTGC and 5'-GCTGGTGAAAAG-
GACCTCT for PCR amplification of Hprt.

Elecirophoretic mobility shift assay

Binding reactions in elecirophoretic mobility shift assay (EMSA) were
performed with a 32P-end-labeled DNA oligonucleotide probe (2 X 10*
counts per minute [cpm]) in 10 pL of binding buffer (12% glycerol, 12 mM
HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH 7.9], 4
mM Tris [pH 7.9], 133 mM KCl, 300 mg of bovine serum albumin per
milliliter) and 5 pL of nuclear proteins extracted from FL5.12 cells by
standard procedures, as previously described.’#? The oligonucleotide
probes used were wild-type HLF consensus sequence (CS) (5'-GCTA-
CATATTACGTAATAAGCGTT-3"); wild-type B-casein for STATS (5'-
AGATTTCTAGGAATTCAATCC-3"); and mutant B-casein (5'-AGATT-
TAGTTTAATTCAATCC-3'). As a carrier DNA, 1.5 pg of sheared calf
thymus DNA or poly-d(I)d(C) was added to the reaction mixture testing for
binding to HLF-CS or B-casein probe, respectively. The entire mixture was
incubated at 30°C for 15 minutes. In the competition inhibition experi-
ments, an approximately 100-fold molar excess of the unlabeled oligonucle-
otide was added to the reaction mixture. One microliter of polyvalent
HLF(C) antiseram or preimmune rabbit serum was added to the nuclear
lysates and incubated at 4°C for 30 minutes prior to the DNA-binding
reaction. Nondenaturing polyacrylamide gels containing 4% acrylamide
and 2.5% glycerol were prerun at 4°C in a high—ionic-strength Tris-glycine
buffer for 30 minutes, loaded with the samples containing protein—-DNA
complexes, run at 35 mA for approximately 90 minutes, dried under
vacuum, and analyzed by autoradiography.

Results
Expression of TEF in hematolymphoid tissues

The 3 members of the PAR family of proteins are differentially
expressed in tissues and organs.®'%4° In contrast to HLF, which
shows tissue-specific expression, TEF and DBP are expressed
ubiquitously, although their expression in normal hematopoietic
and lymphoid tissues has not been clarified. First, we performed
Northern blot analysis of human hematolymphoid tissues using a
specific cDNA probe. As shown in Figure 2A, TEF was expressed
in the spleen, lymph node, thymus, and fetal liver but was nearly
undetectable in peripheral blood leukocytes and bone marrow. DBP
was widely expressed in hematolymphoid tissues, whereas HLF
was expressed in the fetal liver alone. Second, subsets of mouse
hematolymphoid progenitors were sorted from the bone marrow
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Figure 2. Expression of TEF during hematopoiesis. (A} Northern blot analysis of
human hematolymphoid tissues. The blot was hybridized with human TEF, DBP, HLF,
and B-actin cDNA probes. Lane 1, spleen; lane 2, lymph node; lane 3, thymus; lane 4,
peripheral blood teukocyte; lane 5, bone marrow (BM); and lane 6, fetal liver. The
mobility of 285 and 185 rRNA was indicated. (B) Patterns of Tefexpression in murine
myeloid and lymphoid progenitors in different stages of development. cDNA was
synthesized from total RNA extracted from 5000 cells of each hematopoietic
progenitor subset that had been sorted from bone marrows by FACS (lanes 1-7) as
well as unpurified bone marrow mononuclear cells (lane 8). The cDNA was subjected
to PCR with primers specific for the murine Tef (top panel) and Hprt (bottom panel)
genes. The PCR product of amplification of Tefwas subjected to nested PCR (middle
panel). HSC indicates hematopoietic stem cells; CMP, common myeloid progenitor;
GMP, granulocyte-monocyte progenitor; MEP, megakaryocyte-erythrocyte progeni-
tor; and CLP, common lymphoid progenitor.

and were subjected to reverse transcriptase—PCR (RT-PCR) for Tef
(Figure 2B).22 Although Tef was detectable in unpurified bone
marrow mononuclear cells, the RT-PCR product was virtally
undetectable in each subset of progenitors (Figure 2B top panel).
Upon performing nested PCR using each PCR product as a
template, Tef was detected in each subset (Figure 2B middle panel).
These results suggested that Tef is expressed in hematolymphoid
progenitors but its expression is low or restricted to a small fraction
of each subset of progenitors.

Establishment of FL5.12 cells conditionally expressing TEF

To analyze the function of TEF in hematopoietic cells, we
established FL5.12 cells that inducibly expressed TEF by the
addition of Zn using an expression vector (pMT-CB6¥) under the
control of a metallothionein promoter. Immunoblot analysis using
the anti-HLF(C) antibody that effectively recognizes HLF, DBP,
and TEF proteins3 revealed the induction of TEF protein in cells
transfected with pMT-TEF when cultured in medium containing
100 uM Zn (Figure 3A lane 4). No endogenous or leaky expression
of TEF protein was detected (Figure 3A lanes 1-3). Time course
analysis revealed that protein expression of TEF was detectable
within 4 hours after the addition of Zn (Figure 3B lane 2) and that it
reached a plateau after 16 hours (Figure 3B lanes 4-5). The
expression level of TEF was related to the concentration of Zn.
Upon the addition of 75 uM Zn, the TEF expression level was
approximately 20% of that induced by 100 pM Zn (Figure 3C lanes
4-5), whereas no significant induction was obtained by the addition
of less than 50 uM Zn (Figure 3C lanes 2-3). We also established
FL5.12 cells that conditionally expressed TEF/BX (Figure 3A lanes
5-6), which is a mutant form of TEF (see “Constructions of
eukaryotic expression vectors”), or E2A-HLF (Figure 3A lanes 7
and 8). EMSA using the HLF-CS probe that contains the consensus
binding sequence of the PAR proteins!’ detected specific protein-
DNA complexes in nuclear extracts from cells expressing either
TEF (Figure 3D lanes 3-4) or E2A-HLF (Figure 3D lanes 7-8) but
not in nuclear extracts from cells expressing TEF/BX (Figure 3D
lanes 5-6). The lack of DNA-binding ability of TEF/BX was not
due to aberrant subcellular localization because immunofluores-
cence studies showed that TEF/BX was localized in the nucleus
(data not shown).
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Figure 3. Establishment of FL5.12 cells conditionally expressing TEF, TEF/BX,
or E2A-HLF. (A) immunoblot analysis of FL5.12 cells using HLF(C) antiserum.
Representative pools of FL5.12 cells transfected with the empty vector (lanes 1-2),
PMT-TEF (lanes 3-4), pMT-TEF/BX (lanes 5-6), or pMT-E2A-HLF (lanes 7-8) were
cultured in the presence (even lanes) or absence (odd lanes) of 100 WM ZnSO, for 16
hours. (B) Time course analysis of TEF expression in pMT-TEF-transfected FL5.12
cells. FL5.12 cells transfected with pMT-TEF were cultured in IL-3—containing
medium in the presence of 100 1M Zn for the indicated periods of time and subjected
to immunoblot analysis using the HLF(C) antiserum. (C) TEF protein expression in
PMT-TEF-transfected FL5.12 cefls cultured in the presence of different concentra-
tions of Zn. FL5.12 cells transfected with pMT-TEF were cultured in the presence of
Zn at the indicated concentrations for 16 hours and subjected to immunoblot analysis
using the HLF(C) antiserum. The expression of tubulin was also analyzed as control.
(D) Antibody-perturbed electrophoretic mobility shift analysis (EMSA) with the
HLF-CS probe. FL5.12 cells transfected with the empty vector (lanes 1-2), pMT-TEF
(lanes 3-4), pMT-TEF/BX (lanes 5-6), or pMT-E2A-HLF (lanes 7-8) were cultured
with 100p.M of Zn for 16 hours. Nuclear extracts from these cells were incubated with
either preimmune (P; odd lanes) or anti-HLF(C) (H; even lanes) antiserum. Brackets
show the mobility of DNA-protein complexes containing the indicated proteins and
the @ indicates unbound, labeled ofigonucleotide probes.

TEF but not E2A-HLF induced Gy/G; arrest

When TEF expression was induced by the addition of Zn in
proliferating pMT-TEF-transfected FL5.12 cells cultured in [L-3—
containing medium, cell growth was gradually disturbed and
finally arrested within 36 hours (Figure 4A). In the dye exclusion
assay, the viability of TEF-transfected cells was over 90% at 60
hours after the addition of Zn (data not shown). Growth arrest was
observed when the Zn concentration was higher than 75 pM
(Figure 4B). Cells transfected with pMT-TEF/BX or the empty
vector proliferated exponentially in culture medium containing 100
MM Zn (Figure 4A), indicating that the growth inhibition depends
on the sequence-specific DNA-binding activity of TEF and not on
the cytotoxic effects of Zn. Cells transfected with pMT-E2A-HLF
grew more slowly than cells transfected with the empty vector but
did not undergo growth arrest (Figure 4A). Growth arrest observed
in pMT-TEF-transfected FL5.12 cells was reversible after the
withdrawal of Zn (Figure 4C). Cells preincubated in IL-3—
containing medium in the presence of 100 uM Zn for 12 hours
were washed with medium and subsequently cultured in IL-3—
containing medium either in the presence or absence of 100 pM
Zn. The expression of TEF was gradually decreased and became
undetectable 72 hours after withdrawal of Zn (Figure 4D lanes 3, 5,
7), whereas TEF levels were maintained in the cells that were
continued in culture in the presence of Zn (Figure 4D lanes 2, 4, 6).
Interestingly, the growth arrest of cells cultured in the absence of
Zn was reversed and cells began cycling approximately 72 hours
after withdrawal of Zn, whereas the growth arrest and cell viability
were maintained in the cells cultured in the presence of Zn (Figure
4C). Moreover, the growth of cells rescued by the withdrawal of Zn
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could be arrested again upon the subsequent readdition of Zn
(Figure 4C).

To determine the cause of growth arrest, cell cycle analysis was
performed using flow cytometry (Table 1). Upon the addition of
Zn, TEF-expressing cells in the Gy/G, phase gradually accumulated
and nearly 80% of the cells were in the resting phase after 48 hours.
On the other hand, it was unlikely that cell death contributed to this
growth arrest because the population in the sub-Gy/G, phase
always comprised less than 10% of TEF-expressing cells (data not
shown). In addition, the G¢/G,-arrested pMT-TEF-transfected
FL5.12 celis were capable of re-entering the cell cycle when Zn
was withdrawn from the culture medium (Figure 4E). By contrast,
in cells transfected with the empty vecior, regardless of the
presence or absence of Zn, more than 50% of the cells were in the S
phase whereas nearly 40% of the cells were in the Gy/G, phase.
Consistent with the slow growth rate, the number of E2A-HLF-
expressing cells in the S phase slightly decreased after the addition
of Zn.

TEF and E2A-HLF promoted cell survival

Next, we analyzed cell viability in the absence of IL-3 (Figure 4F).
Cells were precultured in the presence or absence of Zn in
IL-3—containing medium for 16 hours, washed with IL-3-free
medium twice, and cultured in IL-3-free medium with or without
Zn. Cells expressing E2A-HLF survived more than 72 hours in
IL-3—free medium, as previously reported.'®! TEF also promoted
cell survival in IL-3—free medium for 48 hours, but the number of
viable cells gradually decreased after 72 hours even though TEF
expression was maintained (data not shown). Cells expressing
TEF/BX rapidly underwent apoptosis in a manner similar to that of
the control cells transfected with the empty vector. These data
indicated that TEF protects IL-3—dependent FL5.12 cells from
apoptosis in the absence of the cytokine and that this activity
depends on its DNA-binding activity.

TEF inactivated IL-3 signaling pathways

To clarify the mechanism of Gy/G, arrest induced by TEF, we
analyzed the tyrosine phosphorylation of cellular proteins. TEF-
transfected cells were preincubated in IL-3—containing medium
with Zn for 18 hours, then incubated in IL-3-deficient medium
with Zn for 12 hours, and then restimulated by IL-3. As previously
reported by others,*34 rapid tyrosine phosphorylation of a wide
variety of proteins was observed in cells transfected with the empty
vector (Figure 5A lanes 1-4) but not in cells expressing TEF
(Figure 5A lanes 5-8), suggesting that TEF inactivated signals from
the IL-3 receptor. To verify the observation made in Figure SA
more precisely, we analyzed the STATS pathway, MAPK pathway,
and phosphatidylinositol 3-kinase (PI3K) pathway by monitoring
the phosphorylation status of not only STAT5% and p44/42
MAPK* but also p70S6K* and Akt,* which are downstream
proteins in the PI3K pathway*’ (Figure 5B). Each FL5.12 transfec-
tant was cultured in IL-3-free medium in the presence or absence
of Zn for 12 hours following 18 hours’ preincubation in IL-3~
containing medium with or without Zn, respectively; subsequently
exposed to JL-3 for 5 minutes; and processed for immunoblot
analysis. In the absence of Zn, IL-3 stimulation of cells transfected
with pMT-TEF (Figure 5B lanes 3-4) as well as cells transfected
with pMT-TEF/BX (Figure 5B lanes 5-6), pMT-E2A-HLF (Figure
5B lanes 7-8), or the empty vector (Figure 5B lanes 1-2) rapidly
induced the phosphorylation of STATS. In the presence of Zn,
phosphorylation of STATS5 was completely abrogated in cells
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Figure 4. Growth arrest and cell survival of FL5.12 cells transfected with the TEF expression vector. (A) Growth curves of F1.5.12 cells transfected with the empty vector,
pMT-TEF, pMT-TEF/BX, or pMT—E2A-HLF. Cells were adjusted to 1 X 10° celis per mL and cultured in IL-3—containing medium in the presence (@) or absence (O) of 100 uM
Zn. Representative data of multiple experiments using 3 independent pools are shown. Bars indicate standard error. (B) Growth of FL5.12 cells transfected with the empty
vector or pMT-TEF in IL-3~containing medium in the presence of 0, 25, 50, 75, or 100 uM of Zn. (C) Growth curves of pMT-TEF—-transfected FL5.12 cells after withdrawal of Zn.
{0 indicates the growth of cells cultured in IL-3—containing medium in the absence of Zn. Cells were preincubated in the presence of 100 uM Zn for 12 hours, washed with
medium, adjusted to 1.5 X 105 cells per mL, and then cultured in [L-3—containing medium either in the presence (@) or absence (O) of 100 1M Zn. One hundred twenty hours
after withdrawal of Zn, ceils cultured in the absence of Zn were adjusted to 1 x 10° cells per mL and cultured in the presence (®- - -®) or absence (O- - -O) of 100 pM Zn. The
means of triplicate samples are indicated. (D) Time course analysis of TEF expression in pMT-TEF—transfected FL5.12 cells after withdrawal of Zn. Celis were preincubaied in
the presence of 100 wM Zn for 12 hours, washed with medium (lane 1), then cultured in IL-3—containing medium in the presence (lanes 2, 4, and 6) or absence (lanes 3, 5, and
7) of 100 uM Zn for the indicated periods of time and subjected to immunoblot analysis using the HLF(C) antiserum. The expression of tubulin was also analyzed as control. (E)
Cell cycle analysis of pMT-TEF-transfected FL5.12 cells. Cells cultured in IL-3—containing medium {top; — 12 hours) were preincubated with 100 pM of Zn for 12 hours (middle;
0 hour), washed with medium, and subsequently cultured in IL-3—containing medium in the absence of Zn for 72 hours (bottom; 72 hours). Z indicates Go/G1; B, S; and [,
G2/M. (F) Number of viable cells after 1L-3 deprivation of FL5.12 cells. FL5.12 cells transfected with the empty vector, pMT-TEF, pMT-TEF/BX, or pMT-E2A-HLF were
precuttured in IL-3~containing medium in the presence or absence of 100 pM of Zn for 16 hours. Cells were then washed with IL-3—free medium, adjusted to 5 x 105 cells per
mL, and cultured without IL-3 either in the presence (74 and B)) or absence () of Zn, respectively. Upon deprivation of IL-3 for 48 or 72 hours, the numbers of viable cells as
determined by trypan-blue dye exclusion are indicated. The mean data of 3 independent experiments are shown, Bars indicate standard error.

transfected with the TEF expression vector (Figure 5B lanes
11-12), whereas it was rapidly induced in the other transfectants
(Figure 5B lanes 9-10 and 13-16). The same results were observed
with regard to the phosphorylation of p44/42 MAPK, p7086K, and
Akt. These results indicated that TEF, acting through its DNA-
binding activity, blocked IL-3-signaling pathways whereas E2A-
HLF did not. This was supported by the results of EMSA (Figure
5C), which demonstrated rapid induction of protein-DNA com-
plexes containing STATS following restoration of IL-3%? in nuclear
extracts from cells transfected with the empty vector (Figure 5C

Table 1. Cell-cycle analysis of FL5.12 cells in the presence of IL-3

lanes 1-6) but not in cells transfected with pMT-TEF (Figure 5C
lanes 7-10).

TEF induces down-regulation of the IL-3 receptor § chains

The inactivation of IL-3 signaling observed in Figure 5 could be
explained by down-regulation of the IL-3 receptor by TEF. In mice,
the high-affinity IL-3 receptor is a heterodimer of the IL-3-specific
o chain and either of the Py chain or the B¢ chain, the latter
of which is shared with the IL-5 and granulocyte-macrophage

Empty vector, %

TEF, % E2A-HLF, %

Zn*, h* Go/G1 Go/M

Go/G

Go/M S Go/th

Data of representative pools of each transfectant are indicated.
ND indicates not determined.
*Hours of incubation with Zn.
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Figure 5. Phosphorylation of celiular proteins by iL-3 restoration. FL5.12 celis
transfected with the empty vector, pMT-TEF, pMT-TEF/BX, or pMT-E2A-HLF were
cuitured in IL-3—containing medium in the presence or absence of Zn for 16 hours, and then
the cells were transferred to IL-3-deficient medium in the presence or absence of Zn for 12
hours. Thereafter, cells were restimulated with IL-3 for the indicated periods of time. (A)
Immunoblot analysis of FL5.12 celis that had been transfected with the empty vector (lanes
1-4) or pMT-TEF (fanes 5-8) and then cultured in IL-3—containing medium in the presence
of Zn using an antiphosphotyrosine monoclonal antibody. (B) Immunoblot analysis for the
phosphorylated (p) and nonphosphorylated forms of STATS, p44/42 MAPK, p70S8K, and
Akt in transfectants that had been restored with IL-3 for 5 minutes in the absence (lanes
1-8) or the presence (lanes 9-16) of Zn. The blots were probed with antiphospho-STATS,
antiphospho-p44/42 MAPK, antiphospho-p70 S6K, and antiphospho-Akt as well as
anti-STATS, anti-p44/42 MAPK, anti-p70S6K, and anti-Akt antibodies. (C) Activation of
STATS5 DNA-binding by IL-3 restoration. EMSA was performed using nuclear lysates from
FL5.12 cells that had been transfected with either the emply vector (lanes 1-6) or pMT-TEF
(lanes 7-10) with a B-casein sequence as a probe. In the competition inhibition, an
approximately 100-fold molar excess of the unlabeled B-casein sequence oligonucleotide
(C; lane 5) or B-casein sequence ofigonucleotide with mismatches (M; lane 6) was added in
the reaction mixture. A bracket indicates the mobility of specific DNA-protein complexes
and @ indicates unbound, labeled oligonucleotide probes.

colony-stimulating factor (GM-CSF) receptors.® Northern blot
analysis was performed using an a-chain ¢cDNA probe and a B3
chain cDNA probe; the latter recognizes both the Bys and B¢
transcripts because of their extremely high levels of sequence
identity (Figure 6A).5! Upon the addition of Zn to TEF-transfected
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cells, the mRNA level of the B chains rapidly decreased and was
almost undetectable within 16 hours. In contrast, the addition of Zn
to cells transfected with either the empty vector or pMT-TEF did
not change the expression level of a-chain mRNA.

Next, we analyzed the cell surface expression of the By, Be,
and « chains of the IL-3 receptor by flow cytometry using specific
antibodies for each chain (Figure 6B). Consistent with the results of
Northern blot analysis, within 24 hours after the addition of Zn,
nearly complete down-regulation of the expression of both the 8 1 3
and B¢ chains was observed in cells transfected with pMT-TEF but
not in cells transfected with the empty vector, pMT-E2A-HLF, or
pMT-TEF/BX. These data indicated that TEF down-regulates
expression of the B chains in a DNA-binding-dependent fashion.
Moreover, we found up-regulation of the expression of the o chain
in TEF-expressing cells but not in cells transfected with the empty
vector, pMT-TEF/BX, or pMT-E2A-HLF. Since Northern blot

A
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Figure 6. Northern blot analysis and flow cytometric analysis of FL5.12 cells.
(A) Northern blot analysis for the IL-3 receptor. Total RNA was extracted from FL5.12
cells that had been transfected with the empty vector (lanes 1-4) or pMT-TEF {lanes
5-8) and cultured in the presence of IL-3 with Zn for the indicated periods of time. The
blot was hybridized with mouse cDNA probes specific for IL-3 receptor § chains and «
chain. The 285 rBNA visualized with ethidium bromide staining is shown in the
bottom panel. (B) Flow cytometric analysis for surface expression of the IL-3 receptor.
FL5.12 cells transfected with the empty vector, pMT—E2A-HLF, pMT-TEF, or pMT-
TEF/BX were cultured in IL-3—containing medium in the presence or absence of Zn
for 24 hours. Cells were analyzed with the specific antibodies for mouse B, B¢, or «
chains. Dotted or solid fines indicate the histograms of control staining, and filled
curves indicate those of specific antibodies.

Empty vector TEF
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Figure 7. Hypothetical roles of TEF and E2A-HLF. TEF down-regulates the
expression of the common B (B¢} chain and inactivates IL-3 signaling pathways,
which are critical for both cell proliferation and cell survival. In addition, TEF promotes
cell survival in the absence of survival signalings downstream of IL-3. Consequently,
cells in the G¢/G; phase accumulated without undergoing apoptosis. In contrast,
E2A-HLF blocks apoptosis without reguiating the expression of cytokine receptors.

analysis revealed that the level of mRNA expression of the o chain
did not change (Figure 6A), up-regulation of the cell surface
a-chain expression by TEF was due to posttranscriptional mecha-
nism(s), probably inhibition of internalization caused by down-
regulation of the expression of B chains.®> These observations
indicated that TEF disrupts formation of the IL-3 receptor by
down-regulating the cell surface expression of the (3 chains, thus
rendering FL5.12 cells insensitive to IL-3.

Discussion

In this study, using a Zn-inducible system, TEF protein expression
was induced in pMT-TEF-transfected FL.5.12 cells within 4 hours
after the addition of Zn (Figure 3B). The mRNA expression levels
of the B subunits of the IL-3 receptor were reduced and became
barely detectable within 16 hours (Figure 6A), and surface
expression of the B chains was almost completely down-regulated
within 24 hours (Figure 6B). Subsequently, the IL-3 signaling
pathways were lost (Figure 5) and cells underwent cell cycle arrest
in G¢/G, phase within 36 hours (Figure 4A; Table 1). However, the
cells did not undergo apoptosis (Figure 4A) because TEF proiected
FL5.12 cells from apoptosis induced by IL-3 deprivation (Figure
4F). Thus, TEF induced FL5.12 cells to remain in a resting state,
either in the presence or absence of IL-3 (Figure 7). These unique
functions of TEF depended on its DNA-binding potential because a
TEF mutant with amino acid substitutions in its basic region
(TEF-BX) completely lost these activities (Figures 4-6). However,
there is no potential binding site for TEF in the promoter regions of
the 2 P-chain genes in the mouse®>* and TEF is known as a
transcriptional activator.®37 Thus, TEF likely down-regulates
transcription of the (3-chain genes indirectly.

The B¢ chain is common to the receptors of a series of major
cytokines including IL.-5 and GM-CSF as well as IL-3 and is
expressed by the majority of hematopoietic progenitors (H.I. and
A.K., unpublished observation, May 2004; Militi et al®), which
expand in response to multiple growth factors during normal
hematopoiesis. Therefore, it is reasonable that the Tef expression
level in each hematolymphoid progenitor was low (Figure 2B).
TEF expression may be restricted to a small fraction of progenitors
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that are in the resting phase and do not express the B¢ chain. TEF
might play an important role in preventing the exhaustion of
hematopoietic progenitors by rendering a portion of the progenitors
to be insensitive to growth factors. Establishment of Tef-deficient
mice and extensive analysis of their hematopoiesis would elucidate
the biologic significance of this unique transcription factor that
regulates both cell survival and expression of cytokine receptors in
hematopoietic progenitors.

This study also provides insights into functional differences
between oncogenic chimeras and their normal counterparts. Simi-
lar to TEF, the E2A-HLF chimera inhibited apoptosis caused by
IL-3 deprivation (Figure 4F; Inaba et al,'® Inukai et al,'’” Altura et
al2%). However, unlike TEF, E2A-HLF did not down-regulate the
expression of B subunits of the IL-3 receptor. As a result, cells
expressing E2A-HLF proliferated in the presence of iL-3 (Figure
4A) and survived in the absence of IL-3 (Figure 4F). These findings
suggest that the chimeric transcription factor retains the ability to
drive leukemic transformation with maximum efficiency by disrupt-
ing multiple transcriptional networks. Since TEF and HLF share a
high degree of sequence identity in their bZIP domains, the
difference in the ability to regulate the levels of growth factor
receptors between TEF and E2A-HLF is most likely caused by
differences in their trans-activation domains (Figure 1). Alterna-
tively, subtle changes in their DNA-binding specificity might
contribute to the loss of activity of E2A-HLF to regulate cytokine
receptors. The DNA-binding specificity of the PAR bZIP transcrip-
tion factors is reported to be influenced by the sequences flanking
the basic region, such as the basic region extension (BRE), fork
region, and PAR domains.?® Because the BRE and PAR domains of
HLF are not included in the E2A-HLF chimera (Figure 1), the
DNA-binding potential of E2A-HLF to suboptimal sites is substan-
tially impaired.34

The antiapoptotic potential of TEF that depends on its DNA-
binding activity supports a model that the consensus binding
sequence recognized by the PAR factors as well as E2A-HLF,
E4BP4, and CES-2 could serve as a regulatory switch for pro-
grammed cell death.!®202324 However, the detailed downstream
pathways in mammalian systems have not yet been elucidated. InC
elegans, CES-2 appears to down-regulate CES-1 expression.>6
Although we previously identified the SLUG gene, a mammalian
homologue of CES-1, as one of the downstream responders of
E2A-HLF in human leukemia celis with t(17;19) translocation,?®
neither TEF nor E2A-HLF was able to induce its expression in
FL5.12 cells (data not shown). Thus, there must be other critical
downstream pathway(s) for the antiapoptotic potential of TEF and
E2A-HLF. Identification of downstream pathway(s) of TEF for its
antiapoptotic potential and Bp3 and B¢ chain gene regulation will
be critical for clarifying transcriptional regulation driving normal
hematopoiesis as well as leukemogenesis by E2A-HLE.
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Abstract

Deprivation of cytokines induces cell cycle arrest and apoptosis in cytokine-dependent hematopoietic
progenitors. Previous studies have indicated that in Baf-3, interleukin (IL)-3-dependent cells, apoptosis is
caused predominantly by Bim, a BH3-only cell death activator that belongs to the Bcl-2 superfamily.
Because Bim mRNA is induced by IL-3 starvation, we hypothesized that signals originating from the IL-3
receptor might regulate the expression of Bim at the level of its transcription. Here, we identified the
transcriptional initiation site and three candidate remote enhancer/silencer regions of the Bim gene. We
show that the region of the gene upstream of the initiation site exhibits strong promoter activity and that
there are negative regulatory regions within the first intron. However, none of these transcriptional regu-
latory elements was IL-3-dependent. In addition, a nuclear run-off assay revealed a similar rate of tran-
scription initiation in the absence or presence of IL-3. Although others have demonstrated the
transcriptional regulation of Bim by nerve growth factor (NGF) in neuronally differentiated PC12 pheo-
chromocytoma cells, this is unlikely to be the mechanism through which IL-3 downregulates the expression
of Bim in Baf-3 cells.

Abbreviations: NGF — nerve growth factor; RACE — 5'-rapid amplification of cDNA ends; RPA — ribo-
nuclease protection assay.

Introduction

Pathways through which cytokine receptors
transmit signals to support cell survival have been
under intensive investigation. Such studies fre-
quently employ murine interleukin (IL)-3-depen-
dent cells, such as Baf-3 or 32D cells (reviewed in
reference [1]). Experiments using Baf-3 cells have
demonstrated that the TL-3-dependent activation
of Ras, especially the Ras/Raf/MAPK or Ras/PI3-
K pathways, is essential for long-term cell survival

[2, 3]. The pivotal downstream targets of these
pathways are likely to be members of the Bcl-2
superfamily, which includes more than 15 factors
in mammals, and each of which mediates distinct
death triggers (reviewed in reference [4]). We re-
cently demonstrated that Bim [5, 6], a BH3-only
cell death activator in the Bcl-2 superfamily, plays
a critical role in the regulation of apoptosis in Baf-
3 cells in a TL-3-dependent manner. [7, 8]. The
importance of Bim in hematopoiesis has also been
demonstrated in Bim-deficient mice, which exhibit
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“hyperplasia of hematopoietic progenitors in the
bone marrow and increase in the white blood cell
count in the peripheral blood [9].

The function of Bim has been reported to be
regulated by at least four different mechanisms.
First, the expression of its mRNA is reduced by
IL-3 in IL-3-dependent Baf-3 and FL5.12 cells [7,
8] and by nerve growth factor (NGF) in NGF-
dependent neuronal cells, including primary cul-
tures of rat sympathetic neurons or neuronally
differentiated PC-12 cells [10-12]. Second, Bim
protein is regulated by proteasome-dependent
degradation in serum-deprived fibroblasts and M-
CSF-dependent osteoclasts [13, 14]. The phos-
phorylation of Bim induced by serum or cytokines
enhances the efficiency of its ubiquitination. Third,
the subcellular localization of Bim is controlled by
IL-3 in FDC-P1 cells or by exposure of 293 cells to
ultraviolet light [15, 16]. Finally, phosphorylation
of Bim by NGF in neuronally differentiated PC-12
cells has been reported to suppress its proapop-
totic activity, but not its subcellular localization
[10]. These diverse regulatory mechanisms suggest
that the function of Bim can be regulated in dif-
ferent ways in certain situations and that the rel-
ative importance of these four mechanisms may
differ between cell types [17]. Among these regu-
latory mechanisms, the control of mRNA expres-
sion is likely to be important in hematopoiesis,
because we recently found that both Bim mRNA
and protein are induced by cytokine-deprivation in
early hematopoietic progenitors (Sca-1"c-Ki-
t" Lin") isolated from primary murine bone mar-
row culture [18]. Thus, we decided to test whether
downregulation of Bim mRNA by IL-3 in Baf-3
cells is mediated through a transcriptional mech-
anism similar to that shown recently in neuronally
differentiated PC12 cells, whereby Bim mRNA is
downregulated by NGF [19].

Materials and methods
Cell lines and cell culture

Baf-3, a murine IL-3-dependent cells were cultured
in RPMI-1640 medium containing 10% fetal calf
serum (FCS), 20 mM Hepes, 50 uM 2-mercapto-
ethanol, and 0.5% 10T1/2-conditioned medium as
a source of murine IL-3. To deplete IL-3, we wa-
shed the cells twice with IL-3-free growth medium.

HL60, a human myeloid leukemia cell line was
maintained in RPMI-1640 supplemented with
10% FCS.

5'-rapid amplification of ¢cDNA ends (RACE)
and ribonuclease protection assay (RPA)

5'-RACE was performed using SMART RACE
cDNA amplification kit (Clontech, Palo Alto, CA)
according to the manufacturer’s instruction. The
gene specific reverse primer used in this procedure
is 5-TTGTGGCTCTGTCTGTAGGGAGG
TAG-3" in exon 2 of human Bim gene. RPA was
performed using a kit (Ambion, Austin, TX)
according to the manufacturer’s direction. Briefly,
total RNA (10 ug each) was hybridized with
[**SJUTPasS-labeled RNA probes (probes 1-5).
Probe 1 starts its 5 end at 5 base upstream of the
initiation site, probe 2 at 1 base upstream, probe 3
at the initiation site, probe 4 at 1 base downstream
of the initiation site, and probe 5 at 5 base
downstream. After digesting single-stranded RNA
by RNaseA, samples were separated on a 5%
acrylamide/8 M urea gel and viewed by autoradi-
ography.

DNase I hypersensitivity assay

Nuclei of HL60 cells were isolated by the treat-
ment of hypotonic buffer contained in a DNA
extraction kit (Qiagen, Hilden, Germany). After
incubation of nuclei with sequential dilution of
DNase I (ILoche, Mannheim, Germany) for 3 min
at room temperature, genomic DNA was extracted
and digested with restriction enzymes indicated in
the legend of Figure 2. DNA was blotted on nylon
membrane and subjected to be hybridized with
[*?P]-labeled genomic probes in human Bim gene
and its flanking region.

Transcriptional assay

Baf-3 cells were transiently transfected with re-
porter plasmids (30 ug) containing candidates of
the promoter and enhancer of human Bim gene in
front of the luciferase gene in the pGL3-basic
plasmid (Promega, Madison, WT) along with 5 ug
of pRL-tk as an internal control to normalize
luciferase activities for transfection efficiency. Six
hours later, cells were divided into two dishes
and were continued to culture in the presence or
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absence of IL-3 for 16 h. Luciferase assays using
the Fluroskan Ascent luminometer (Labsystems,
Helsinki, Finland) were performed by Dual lucif-
erase assay systems (Promega) according to the
manufacturer’s instructions. Relative luciferase
activity was calculated by dividing luciferase activity
of each construct by that of the empty pGL3-basic
reporter plasmid.

Nuclear run off assay

Nuclei of Baf-3 cells were isolated using hypotonic
buffer (10 mM HEPES pH7.9, 1.5 mM MgCl,,
10 mM KCl) and mRNA were eclongated in
labeling solution (20 mM Tris pH 8.0, 140 mM
KCl, 10 mM MgCl,, 20% v/v glycerol, 14 mM
2-mercaptoethanol, 1 mM ATP, CTP, and GTP,
10 mM phosphocreatine, 100 ug/ml phosphocre-
atine kinase, 21 ul [**P]-UTP) for 30 min at 30 °C.
RNA was then extracted using Isogen RNA
extraction kit (Wako Pure Chemicals, Osaka, Japan)
and hybridized with dot blot nylon membrane.
Each dot contains 20 ug plasmid DNA containing
c¢DNA of mouse Bim, Bcl-x; or ff-actin.

Results and discussion

Isolation of promoter and candidate remote
enhancer regions of human Bim gene

Comparison of the human genomic sequence of
Bim derived from Human Genome Resources on
the website of the National Center for Biotech-
nology Information with that of the human Bim
mRNA as well as EST clones deposited in the
Genbank database revealed that this gene has six
exons spanning approximately 40 kb on chromo-
some band 2ql3 (Figure la). The Bim gene was
flanked by two predicted genes (Locus IDs 55289
and 376939), each of which encodes a hypothetical
protein, FLJ11042 or ENSANGP00000004103,
respectively.

To isolate the cis-acting DNA elements of the
human Bim gene, we first identified its transcrip-
tional initiation site in HL60 human myeloid leu-
kemia cells, which express Bim mRNA at high
levels (data not shown). We identified a putative
transcriptional initiation site 16 bp upstream (5')
of the extreme 5'-most sequence of a known EST
clone (accesion no. BX282330) by 5' RACE anal-

81

ysis (Figure 1b). We confirmed this site by an
RNase protection assay (Figure Ic). We prepared
five radiolabeled probes with an identical 3’ end,
but different 5 ends in the proximity of the puta-
tive transcriptional initiation site (Figure 1c, lanes
1-3). The radiolabeled probes were hybridized to
total RNA extracted from HLG0 cells. Bands
protected by probe 1 (5 end: five bases upstream
of the putative initiation site), by probe 2 (one base
upstream) and by probe 3 (at the putative initia-
tion site) were identical in size (arrow, lanes 6-8),
while those protected by probe 4 (one base
downstream of the putative initiation site) and by
probe 5 (five bases downstream) were propor-
tionately shorter in size (open arrowheads, lanes 9
and 10), indicating that the site determined by 5’
RACE analysis is the bonafide trancription initia-
tion site in HLG60 cells. There are no putative
TATA or CAAT box elements in the region up-
stream of the transcriptional initiation site (Fig-
ure 1b).

To confirm the upstream promoter region
identified above and to find out candidate en-
hancer/silencer regions, we searched sites of
DNase I hypersensitivity within an approximately
130 kb genomic fragment containing the entire
Bim gene (Figure 1a). We identified four DNase [
hypersensitive regions. Two (TEl and TE2) were
located in the upstream (5') region of the Bim gene
(Figures 2a and 2b), a third (Pr) corresponded to
the upstream promoter region, as well as the entire
sequence of exon 1 and a part of the first intron
(Figure 2c), and a fourth (TE3) was located in the
downstream (3') region of the gene (Figure 2d). All
hypersensitive regions were confirmed by analyses
with at least two different restriction enzymes and
probes.

Lack of cytokine-dependent cis-acting DNA
elements of Bim gene

We then made a series of reporter plasmid con-
structs by cloning different fragments from the
promoter region upstream of the luciferase gene in
the pGL3-Basic vector (Figure 3a, 2-9). IL-3-
dependent Baf-3 cells were transfected with these
reporter plasmids by electroporation. Six hours
later, cells were washed with IL-3-free medium and
divided into two cultures, which either contained
or did not contain IL-3, and the cells were cultured
for an additional 16 h. We detected promoter
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Figure 1. The human Bim gene. (a) A genomic map of the human Bim gene on chromosome band 2ql3. The Bim gene contains six
exons and is flanked by loci 55289 and 376939. The four DNase I hypersensitive regions (TEl, TE2, Pr, and TE3) identified by the
DNase I hypersensitive assay are indicated. The restriction enzyme fragments used in this assay are shown below. Bars indicate the
position of the probes used in this assay. B, BamHI; H, HindlIl; X, Xbal. (b) The genomic DNA sequence of the upstream promoter
region, exon 1, and a part of the first intron. An asterisk (*) indicates the transcriptional initiation site, and a plus sign (+ ) indicates the
extreme 5’ sequence of a known EST clone (accesion no. BX282330). The core consensus binding sites of Sp1 are shown by open boxes,
while that of FOXO3a is shaded gray. The splice donor site of the first intron is underlined. (c) Ribonuclease protection assay. [*2P]-
labeled probes 1-5 (see text) were hybridized to 10 ug total RNA extracted from HL60 cells. After digestion of single-stranded RNA
with RNase A, samples (lanes 6-10) and untreated probes (lanes 1-5) were separated on a 5% acrylamide/8 M urea gel and viewed by
autoradiography. A bracket shows probes. An arrow and arrowheads indicate protected bands.

—122—



(@) (b)
DNase | _4] A

(Kb) (Kb):

9.4 w=

123 4

5 6 7

33

(¢) (d)
A A

8 9 10 1 12 13 14

Figure 2. DNase | hypersensitivity assay. Nuclei from HL60 cells were digested with sequential dilutions of DNase I for 3 min at room
temperature. Genomic DNA was then extracted and digested with Hindl1I (a) (c), BamHI (b), or Xbal (d) restriction enzymes. DNA
fragments were blotted onto a nylon membrane and hybridized to the radiolabeled genomic probes indicated in Figure la.

activity when the reporter construct contained a
92-bp fragment upstream of the transcription ini-
tiation site (#3). Robust luciferase expression was
observed following transfection of cells with re-
porter constructs that contained fragments of the
promoter region of increasing size, from 122-bp to
874-bp upstream of the initiation site (#4-#9).
These studies suggested that the region of the
promoter from —68 to —147 is essential to drive
Bim expression, as has been previously reported
for the mouse homolog (Figure 3a) [20]. Exami-
nation of the sequence revealed that this region is
extremely GC-rich (88.8% G+C) and that it
contains three core binding sites for the Sp-1
transcription factor (GGGCGG) (Figure 1b). The
promoter activity was not significantly different
between cultures in the presence or absence of IL-
3. To test the possibility that (a) remote enhancer/
silencer region(s) function as cytokine-dependent
cis-acting elements, we cloned genomic DNA
fragments containing TE1, TE2, or TE3 and in-
serted them downstream of the luciferase gene in a
reporter construct that also contained a 302 bp
fragment upstream of the transcription initiation
site (#10-#12). Although TE3 suppressed trans-
activation by the proximal promoter region, this
effect was not cytokine dependent.

Because the first intron of genes frequently
contain cis-acting elements, we inserted the entire
sequence of the first intron between the promoter/

exon 1 sequence and the luciferase gene in the re-
porter plasmid (Figure 3b, #14). We observed a
marked reduction in the activity of the promoter,
indicating that silencer region(s) are located within
the first exon. Indeed, three constructs (#17, #18,
and #20) suppressed the trans-activation potential
of the promoter region of Bim. However, none of
these effects was cytokine-dependent. '

Bim mRNA is also known to be regulated in
various types of neurons by neurotrophic factors
such as NGF [10-12]. Gilley et al. [19] demonstrated
that the activity of the promoter of the upstream
region of the rat Bim gene is 2-fold higher when
neuronally differentiated PC12 cells are cultured in
the absence of NGF relative to expression detected
in the presence of NGF. NGF-dependent pro-
moter activity was disrupted following mutation
of a FOXO3a binding site that is conserved in the
promoter region between human and rat (Fig-
ure 1b, shaded gray). The authors concluded that
FOXO3a, a member of the forkhead transcription
factor family, plays a key role in downregulation
of Bim expression by NGF. Therefore, we mutated
this binding site (GTAAACA) in the reporter
construct (#8) to GTTTTCA. The promoter activity
of this mutant (Figure 3b, #22) was even higher
than that of the non-mutant construct (#8) in Baf-3
cells, suggesting that FOXO3a is not involved in
the transcriptional regulation of Bim through this
particular site in these cells.
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Figure 3. Promoter/enhancer (silencer) activity of candidate cis-acting regions of the Bim gene. Baf-3 cells were transfected with the
indicated reporter plasmid and pRL-tk, as an internal control to normalize luciferase activities for transfection efficiency. Six hours
later, cells were divided and were cultured in the presence (black bars) or absence (open bars) of 1L-3 for 16 h. The relative luciferase
activity was shown. An asterisk (#22) indicates the mutation in the FOXO3a consensus binding site. Each value represents the mean of

three independent experiments. The error bars indicate the mean % the standard deviations.

Equal rate of transcription initiation between
1L-3-positive and negative conditions

These data suggested that the induction of Bim
expression in cytokine-deprived Baf-3 cells is not
regulated by a transcriptional mechanism. To
confirm this, we performed nuclear run off assays
using nuclei isolated from Baf-3 cells cultured in
the presence or absence of IL-3. The transcrip-
tional activity of Bim was unaffected by IL-3
(Figure 4, lane 2), as was that of the control f-
actin gene (lane 4). In contrast, the transcription of

IL3(+
L3(-)

2

1 3 4

Figure 4. Nuclear run off assay. Nuclei were extracted from
Baf-3 cells cultured either in the presence (upper) or absence
(lower) of IL-3. mRNA was elongated by incubating nuclei with
NTPs and labeling solution for 30 min at 30 °C. RNA was
extracted and hybridized to a nylon membrane that contained
an empty plasmid vector (lane 1), Bim cDNA (lane 2), Bcl-x,
c¢DNA (lane 3) and f-actin (lane 4).

Bcel-x,. was increased (lane 3), consistent with previ-
ous findings that the transcription of Bcl-x is
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