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Abstract

K-Pal regulates the basal transcription of the K and L subunits of eukaryotic initiation factor two (eIF-2), a rate-limiting
enzyme for the initiation of protein biosynthesis. We recently showed that its global function may be to modulate the
expression of key metabolic genes in response to cellular proliferation. In this paper, we examined a potential molecular
mechanism by which K-Pal may achieve this function. When overexpressed, K-Pal upregulated protein synthesis and growth,
but downregulated the cell cycle. The mechanism for the increased protein synthesis and growth appeared to be a
transcriptional upregulation of the eIF-2K and eIF-2L genes. The mechanism for the cell cycle downregulation appeared to
be a transcriptional downregulation of E2F-1, a transcription factor that regulates genes required for cell cycle progression
beyond the G1/S interphase. Specifically, an apparently modified species of K-Pal bound to the eIF-2 promoters and induced
transcriptional upregulation, whereas, an apparently unmodified species of the K-Pal bound to the E2F-1 promoter and
induced transcriptional downregulation. By this mechanism, K-Pal may participate in coordinating the regulation of global
protein synthesis, growth and the cell cycle; a regulation that is essential to cellular differentiation. ß 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction

In a normal course of life, cells grow, divide, dif-
ferentiate, senesce and die. Of these, cellular growth
and division require a signi¢cant increase in global
protein synthesis. To distinguish cell growth from
cell division cycle, we de¢ne cellular growth based
on the ideas of Swann [1], as the increased synthesis
of macromolecules that lead to increased cell size,
but not necessarily cell division. We de¢ne the cell
division cycle (or cell cycle) as the cyclical pathway in
which complex interactions between cyclins, cyclin-
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dependent kinases and other speci¢c proteins drive a
cell to duplicate its genome and divide. Normally,
the relationship between protein synthesis, growth
and the cell cycle is such that activation of cellular
growth drives global protein synthesis, which in turn
drives growth, and growth drives cell division cycle
or proliferation [2^4]. Growth is so dependent on
protein synthesis that it is often measured by the
amount of protein synthesized. Similarly, cell divi-
sion cycle is so dependent on growth that it normally
does not occur without the attainment of a critical
rate of growth [4,5]. For example, if the growth of
yeast cells is limited, the cells arrest their division
cycle [2]. Indeed, all eukaryotic cells wait at the start
or restriction point until they attain the required crit-
ical rate of growth before initiating entry into S-
phase. This coordinated control ensures that cellular
protein content doubles before the cell commits itself
to genomic duplication and mitosis. Sometimes, the
relationship between protein synthesis and the cell
cycle is not direct. For example, during cellular dif-
ferentiation and senescence, cells withdraw from
cycle, but do not abort global protein synthesis. In-
stead, cells adjust the rate either downward, upward
or not at all, depending on the species and tissue type
[4,6,7]. Yeast and Drosophila cells blocked in cell
cycle progression continue to grow, indicating that
they maintain high rates of global protein synthesis
[2,8,9]. How global protein synthesis, growth and cell
cycle are coordinately regulated in all these instances
is unknown, even though much is now known about
translation and cell cycle controls.

The eukaryotic cell cycle is primarily controlled at
the restriction point or checkpoint 1 (C-point1)
[4,10,11]. Upon receiving positive growth signals
such as growth factors, competent quiescent cells be-
gin to grow. They wait at C-point1 until their growth
rate exceeds the required minimum and then commit
to replicate DNA and divide. C-point1 is apparently
maintained by the upregulated expression of the cy-
clin-dependent kinase inhibitors (CDKIs), p21, p27,
p57 and the p16 family. CDKIs inactivate G1 cyclin-
CDK activities [12^15] and, thereby, prevent the hy-
perphosphorylation of the retinoblastoma family
proteins (pRB, p107, and p130). The pRBs thus can-
not release bound E2Fs, a class of ¢ve transcription
factors (E2F-1 through E2F-5) that regulate the ex-
pression of genes required for cell cycle progression

beyond G1 [16^19]. Prior to commitment, the E2Fs
are bound by hypophosphorylated pRBs. The result-
ing complexes engage E2F binding sites on target
gene promoters and repress transcription, thereby
preventing cells from entering S-phase. After com-
mitment, a decline in the activities of CDKIs frees
CDKs to hyperphosphorylate pRBs and release
E2Fs to transactivate the expression of genes that
drive cell cycle progression beyond G1. E2F-1 is
the best-studied member of these transcription fac-
tors. Its overexpression in quiescent cells is su¤cient
to induce S-phase entry, proliferation and apoptosis.
It is the only member that possesses apoptosis as well
as cell cycle regulatory activities [18,20,21]. Further-
more, its apoptosis and transcription activities ap-
pear to be required for the regulation of cell prolif-
eration and tumor formation. For example, E2F13=3

mice exhibit testicular atrophy, apparently due to a
lack of cell proliferation, but develop aggressive lung
tumors apparently due to a failure to eliminate aber-
rant cells by apoptosis [22^24]. E2F-1's prominent
roles in cell cycle control, makes it a potential can-
didate to participate in the coordinated regulation of
protein synthesis, growth and the cell cycle.

In eukaryotes, the translation pathway is catalyzed
by a set of enzymes called eukaryotic translation ini-
tiation factors (eIF). Prominent among them is eIF-
2, a heterotrimer consisting of K, L and Q subunits.
eIF-2 catalyzes a rate-limiting initiation step of trans-
lation; i.e. the binding of initiator met-tRNA to the
40S ribosomal subunit [25,26]. For this reason, the
overall rate of translation in most cells is dependent
on eIF-2. Its K subunit is a target for post-transla-
tional modi¢cations that lead to the regulation of
protein synthesis in response to growth arrest, di¡er-
entiation, viral infection, and metabolic changes [27^
30]. Furthermore, quiescent T-cells and human ¢bro-
blasts responding to growth activation upregulate
eIF-2K mRNA expression [31,32]. Thus, cells appear
to adjust global protein synthesis in response to
growth activation by regulating the expression of
eIF-2K. We searched for a transcriptional regulatory
link between global protein synthesis and the cell
cycle by examining eIF-2K transcription factors. K-
Pal, a transcription factor for both eIF-2K and eIF-
2L appeared poised to mediate growth responses be-
cause of the following [33]. (1) Potential regulatory
targets for K-Pal are genes that are involved in cel-
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lular proliferation or the growth-responsive metabol-
ic pathways: energy transduction, translation and
DNA replication. (2) Both the Drosophila and sea
urchin homologs of K-Pal, P3A2 and ewg, are
growth and developmental transcription factors
[34,35].

To determine if K-Pal can mediate a coordinated
regulation of protein synthesis, growth and the cell
cycle, we studied the e¡ects of its overexpression on
cellular translation, growth and division cycle activ-
ities. We report here that overexpression of K-Pal
increased both protein synthesis and growth, but re-
tarded cell cycle progression. The molecular bases for
these e¡ects are: (1) overexpression of K-Pal upregu-
lated the transcription of eIF-2K and eIF-2L genes
leading to the upregulation of cellular protein con-
tent and growth; and (2) overexpression of K-Pal led
to an increase in a putative unmodi¢ed K-Pal species
that repressed E2F-1 gene transcription leading to a
retarded cell proliferation.

2. Materials and methods

2.1. Cell culture and antibodies

TF-1 is an erythroleukemic cell line that is depen-
dent on IL-3 for growth and proliferation. It was
purchased from ATCC. The cells were grown at a
density of 0.1^0.7U106 CFU/ml in RPMI 1640
containing 10% FBS, 5 ng/ml human IL-3 and the
antimicrobials; penicillin, streptomycin and ampho-
tericin B. This medium was designated complete
RPMI growth medium. Incubation conditions were
37³C and 5% CO2. K562, like TF-1, is an erythro-
leukemic cell line. It was grown as previously de-
scribed [36]. The cell line, 293, was purchased from
ATCC, and were grown in DMEM supplemented
with 10% FBS, penicillin, streptomycin and ampho-
tericin B.

Polyclonal antibodies against K-Pal were produced
using the peptides; K-PPEP3, 242-NVRSDVRT-
EEQKQRVSWTQA261 and K-PPEP4; 35SMLSAD-
EDSPSSPEDTSYDDSDILNST63. Analysis of the
K-Pal polypeptide by PCGENE identi¢ed the stron-
gest immunogenic epitopes within these peptides.
The antibodies were produced by Advanced Chem-

Tech (Louisville, KY) and puri¢ed by ammonium
sulfate precipitation (45%) and protein A agarose
a¤nity columns.

2.2. Recombinant DNA constructs

The K-Pal expression vectors LS51 and LS12,
which overexpressed K-Pal sense and K-Pal antisense
mRNA, respectively, were constructed by inserting
the K-Pal cDNA into the inducible expression vector,
POPRSVCAT(LacSwitchÔ Kit, Stratagene, La Jolla,
CA), using Stratagene's procedure. In LS51, the K-
Pal cDNA is oriented in the sense direction, whereas,
in LS12, it is oriented in the antisense direction.
POPRSVCAT promoter carries the lactose operon
operator switch; co-expressed repressor protein binds
to it and inhibits transcription, and added IPTG
counteracts the binding and induces transcription
of the K-Pal cDNA. The K-Pal overexpression vector,
pCIPal27, used in transient overexpression experi-
ments, was constructed using pCIneo vector (Prom-
ega, Madison, WI).

The wild-type E2F1 promoter construct, wE2-
F1Luc, was kindly provided by Dr. J. Nevin of
The Department of Genetics, Duke University Med-
ical Center, Durham, NC (E2F1Luc-728, [37]). The
construct consists of an 800-bp fragment of the hu-
man E2F-1 promoter inserted into pGL2 vector
(Promega, Madison, WI) to drive luciferase expres-
sion. The mutant, mE2F1Luc, was generated by mu-
tating the wild-type at seven bases that are critical to
K-Pal binding using Quick Change mutagenesis kit
(Stratagene, La Jolla, CA) and the following primer
pair: 3215 CCGGACAAAGCCTtaGgaCtgCaCGCC-
CCGCCATTG3179 and 179CAATGGCGGGGCGt-
GcaGtcCtaAGGCTTTGTCCGG215. The wild-type
bases are shown in Fig. 5. The mutant bases are
indicated above in lower case letters and have been
shown to be less preferred in these positions [33]. The
wild-type eIF-2K construct, weIF2KLuc, consists of a
700-bp fragment of the human eIF-2K promoter in-
serted into pGL2 vector to drive luciferase expres-
sion, and the mutant version, meIF2KLuc, was gen-
erated using the above Quick Change mutagenesis
kit. The eIF-2L promoter constructs, weIF2LLuc
(wild-type) and meIF2LLuc (mutant) were generated
as described previously [38].
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2.3. Stable overexpression clones

To generate stable clones overexpressing K-Pal,
3.0U106 TF-1 cells were cotransfected with 11.5 Wg
each of LS51 and P3P-SS (an expression vector for
the lactose repressor protein), using the calcium
phosphate-BES precipitation method [39]. To gener-
ate stable clones overexpressing K-Pal antisense
RNA, 3.0U106 TF-1 cells were similarly cotrans-
fected with 11.5 Wg each of LS12 and P3P-SS. Vec-
tor-transfected control cells were similarly generated
using 11.5 Wg each of POPRSVCAT and P3P-SS.
Seventy two hours after transfection, double trans-
fectants were selected by growing in the presence of
300 Wg/ml of Hygromycin and 400 Wg/ml of G418 for
14 days. This pool of cells was diluted to one cell/200
Wl with conditioned RPMI growth medium contain-
ing 200 Wg/ml of G418, and used to seed 96-well
plates at one cell/well. The plates were incubated
under standard growth conditions for 2 weeks with
frequent replacement of medium. G418-resistant
clones were transferred to larger plates, expanded
further and evaluated for K-Pal expression using
Western blot, Northern blot and EMSA assays.
The clones selected for this study were: SC50, which
overexpressed K-Pal mRNA and protein; ASC2,
which overexpressed K-Pal antisense RNA, but
underexpressed K-Pal protein; and vTF1 which was
a vector-transfected control.

2.4. Transient expression assays

Transfection of 293 cells was performed using
Superfect transfection reagent (Qiagen, Santa Clari-
ta, CA). The manufacturer's instructions were fol-
lowed except that culture dishes were seeded with
15 000 CFU/cm2 and transfection complexes were
formed using 0.07 Wg DNA per cm2 of plate and a
Superfect/DNA ratio of 4. Cells were incubated in
the DNA/Superfect complexes for 6 h before they
were rinsed and grown in DMEM growth medium
for 12^48 h. Afterwards, the cells were harvested and
processed for cell extract and luciferase expression
using Promega's (Madison, WI) Luciferase assay
kit. Humanized green £uorescent protein was used
to assess transfection e¤ciencies which averaged
70%.

2.5. Preparation of K-Pal

To prepare bacterially-produced recombinant K-
Pal (brK-Pal), the full-length K-Pal cDNA was cloned
into the bacterial expression vector, pRSET A (Invi-
trogen, La Jolla, CA). The cDNA was cloned in
frame with an upstream sequence that encoded a
metal-binding histidine tag fused to the N-terminus
of the rK-Pal. Ni2� a¤nity column puri¢cation of
brK-Pal was done as recommended. Native K-Pal
(nK-Pal) was prepared as described [33]. In vitro-
translated K-Pal (ivtK-Pal) was prepared by in vitro
transcription of the K-Pal cDNA followed by trans-
lation in rabbit reticulocyte lysate (RRL) using
Promega's TNT kit.

2.6. Preparation of nuclear extracts/protein assays

Nuclear extracts were prepared as reported by
Dignan et al. [40], with the following exceptions.
Lysis bu¡er (bu¡er A) contained 10 mM HEPES
(pH 7.9), 10 mM KCl, 0.8 mM spermidine, 0.1 mM
EDTA, 1.0 mM DTT, 1.0 mg/ml PEFABLOCK
(Boehringer Mannheim, Indianapolis, IN). Nuclear
extraction bu¡er (bu¡er C) contained 20 mM
HEPES (pH 7.9), 470 mM NaCl, 1.5 mM MgCl2,
0.2 mM EDTA, 25% glycerol, 2 mM DTT and
1.0 mg/ml PEFABLOCK. Protein concentrations
were determined by the BCA Protein Assay method
(Pierce, Rockford, IL).

2.7. Western and Northern blotting assays

These were done using standard methods [39]. For
Western blots, electrophoresed proteins were trans-
ferred onto 0.2-Wm PVDF membrane (Bio-Rad, Her-
cules, CA) using semi-dry transfer equipment (Bio-
Rad), and probed with the appropriate antibodies.
Blots were developed with Amersham's (Arlington
Height, IL) ECL reagents. For Northern blots, 20
Wg of total RNA were diluted with 2URNA sample
loading bu¡er consisting of 2UMOPS bu¡er, 13%
Ficol, 7 M urea, 0.03% each of Bromphenol blue
and xylene xylenol ¡. The samples were electropho-
resed in formaldehyde agarose gels, transferred onto
0.45-Wm Magnacharge membranes (Micron Separa-
tion, Westboro, MA), and probed with 32P-labeled
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speci¢c probes. Bands were quanti¢ed by volume in-
tegration using Phosphoimaging equipments (Molec-
ular Dynamics, Sunnyvale CA).

2.8. Growth pro¢le

Cycling cells were washed twice in growth me-
dium. Aliquots were treated with Trypan blue dye
and viable cells were counted with a hemocytometer.
Triplicate T-25 £asks were seeded with 1.0U106

CFU of either vTF1, SC50 or ASC2 cells in 10 ml
of complete RPMI medium containing 1.7 mM
IPTG. The £asks were incubated at standard growth
conditions for 72 h during which viable cells were
counted. Viable cells as a percentage of the initial
seed were plotted against time to generate a growth
curve.

2.9. Apoptosis pro¢le

SC50, ASC2 and vTF1 cells were grown in the
presence of 1.7 mM IPTG for 72 h to induce max-
imal expression of K-Pal RNA. The cells were
washed twice in RPMI growth medium containing
1.7 mM IPTG, 7.5% FBS and no IL-3, and re-sus-
pended at a concentration of 1.0U106 CFU/ml. For
each clone, T-25 £asks were seeded in triplicate with
1.0U106 CFU suspended in 10 ml of the wash me-
dium. The £asks were incubated at standard condi-
tions for 72 h during which viable cells were counted.
Viable cells as a percentage of the initial seed were
plotted against time to generate a death curve.

2.10. Electrophoretic mobility shift assays

This was performed as reported before [33].

2.11. Modi¢cation/dephosphorylation of K-Pal

To modify brK-Pal, 10 Wg of brK-Pal was mixed
with 30 Wl of RRL and 1Ubu¡er M, in a total vol-
ume of 60 Wl. The mixture was incubated at 30³C for
30 min and then stored at 380³C until used. Bu¡er
M (1U) contained 20 mM HEPES (pH 7.5), 50 mM
KCl, 10 mM MgCl2 and 1 mM DTT.

Dephosphorylation reactions were performed in a
40-Wl reaction volume containing 7 ng of puri¢ed
native K-Pal (or 10 Wg of brK-Pal), 1.0 mg/ml BSA,

20 mM MnCl2, protein phosphatase 1Q (Life Tech-
nologies, Gaithersberg, MD) or 2A1 (Calbiochem,
San Diego, CA) and 1Uphosphatase bu¡er (20
mM HEPES, 5.0 mM MgCl2, 1.0 mM DTT, 0.1
mM EGTA). The reaction was incubated at 30³C
then stored at 380³C until use.

2.12. In vitro transcription assay

brK-Pal was incubated at 25³C for 20 min in a
reaction mixture containing 1Utranscription bu¡er,
16% glycerol, 600 ng linearized template and 40 U of
RNasin (Promega, Madison, WI) in a total volume
of 25 Wl. This allowed brK-Pal to bind to its E2F1-
Pal1 site. During the incubation, a cocktail contain-
ing the following ingredients in a total volume of
25 Wl was prepared: 1Utranscription bu¡er; 20 WM
ZnCl2 ; 500 WM each of ATP, GTP and CTP; TF-1
nuclear extract (80 Wg protein), H2O, and 50 WM of
K-32P-labeled UTP. This cocktail was added to the
¢rst reaction mixture after the 20-min incubation.
The resulting 50 Wl reaction mixture was incubated
at 30³C for 45 min and extracted by adding 150 Wl of
10 mM EDTA, 200 Wl of Trizol (Life Technologies,
Gaithersburg, MD) and 100 Wl of chloroform, fol-
lowed by vigorous vortexing and a 10-min centrifu-
gation in a refrigerated microfuge. The upper aque-
ous phase was carefully transferred into a sterile
tube, precipitated with 400 Wl of isopropanol and
15 Wl of sterile 5.0 M ammonium acetate, and the
pellet washed with 70% ETOH. The pellet was solu-
bilized 50 Wl of RNA loading bu¡er and electropho-
resed in a 4.5% denaturing acrylamide gel for 8 h.
After ¢xing and rinsing, the gel was dried and tran-
scripts viewed by standard autoradiography.
1Utranscription bu¡er contained 20 mM HEPES
(pH 7.5), 50 mM KCl, 10 mM MgCl2 and 1 mM
DTT. Labeled UTP contained 50 WM cold UTP
and 1 Wl of [K-32P]UTP (3000 Ci/mmol). All reagents
and supplies were sterile and RNAse-free.

3. Results

3.1. Stable overexpression/underexpression of K-Pal in
TF-1 cells

Our previous studies indicated that K-Pal, a tran-
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scription factor for eIF-2K and eIF-2L, may link the
transcriptional regulation of key metabolic genes to
cellular growth and development. In this study, we
examined a speci¢c metabolic pathway, protein bio-
synthesis, to see if and how it is linked by K-Pal to
the cell division cycle. We did this by overexpressing
or underexpressing K-Pal in the human cell lines, TF-
1 and 293, and assessing the e¡ects on pertinent cel-
lular parameters. The K-Pal cDNA was inserted into
the vector POPRSVCAT as described in Section 2 to
generate constructs which expressed either the sense
or antisense mRNA when transfected into cells. The
sense construct was transferred into TF-1 cells to
generate the stable clone, SC50, which overexpressed
both the K-Pal mRNA and protein. The antisense
construct was transferred into TF-1 cells to generate

the stable clone, ASC2, which overexpressed the K-
Pal antisense mRNA and, hence, underexpressed the
protein. The empty POPRSVCAT vector was simi-
larly transferred to generate the vector-transfected
control cells, v-TF1.

SC50, ASC2 and v-TF1 cells were treated with 1.7
mM IPTG either to induce optimal expression of K-
Pal, or to ensure that the cells received similar treat-
ments. Cells were harvested at various times and
processed for total RNA and nuclear extracts. West-
ern blot analysis of the nuclear extracts (Fig. 1A)
showed that at 72 h after IPTG treatment, SC50
overexpressed the recombinant K-Pal (rK-Pal) protein
by about 5-fold relative to v-TF1. However, the
overexpression was barely inducible because the lac-
tose operator switch that was used to control the
expression was leaky. Northern blot analysis con-
¢rmed a correlating increase in K-Pal mRNA (data
not shown), indicating that the increased expression
of K-Pal was transcriptionally driven. In contrast,
ASC2 inducibly underexpressed the native protein
(nK-Pal) by about 6-fold compared to the v-TF1
control, indicating that ASC2 overexpressed K-Pal
antisense RNA inducibly. Northern blot analysis
also con¢rmed a correlating increase in the antisense
RNA (data not shown). The two clones, SC50 and
ASC2, were subsequently used to evaluate the e¡ects
of stable overexpression of K-Pal in TF-1 cells.

3.2. Overexpression of K-Pal results in increased
eIF-2 transcription and changes in cellular protein
synthesis

K-Pal regulates the transcription of eIF-2K and 2L
genes and thus regulates the expression of functional
eIF-2, a rate-limiting initiation factor for protein
synthesis [36,38]. Overexpressed K-Pal, therefore,
can modulate the transcription of the eIF-2K and
2L genes and a¡ect cellular global protein synthesis.
To assess these e¡ects, SC50, ASC2 and v-TF1 were
treated with IPTG to induce maximal K-Pal RNA
overexpression, and the treated cells were harvested
at various times and used to prepare total RNA.
Aliquots of the 72-h cultures were also used to pre-
pare whole cell extracts for measuring cellular pro-
tein content. Results of Northern blot analysis
showed that, after 48 h of induction, eIF-2K and
eIF-2L transcripts increased by about 3-fold in

Fig. 1. Stable clones of TF-1 cells inducibly express K-Pal.
SC50, ASC2 and v-TF1 (control) cells were grown in the pres-
ence of 1.7 mM IPTG, either to induce maximal expression of
K-Pal, or to ensure that they all received identical treatment.
Nuclear extracts were prepared at the indicated times and ana-
lyzed for K-Pal by Western immunoblotting. (A) Inducible over-
expression of K-Pal in SC50 cells. Each lane contained 40 Wg of
proteins. (B) Inducible underexpression of K-Pal in ASC2 cells.
Each lane contained 100 Wg of proteins. The numbers to the
left indicate molecular mass.
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SC50 as compared to v-TF1 (Fig. 2A). Thus, the
overexpressed K-Pal upregulated the transcription
of these genes as expected. In contrast, eIF-2K and
eIF-2L transcripts in ASC2 were unchanged or de-
creased by less than 10%. This indicated that K-Pal
underexpression did not signi¢cantly repress the
basal transcription of the eIF-2K and eIF-2L genes
as would be expected. Our unpublished data indicate
that residual K-Pal in the ASC2 cells was still su¤-
cient to maintain basal transcription rate.

The observed e¡ects on the transcription of eIF-2K
and eIF-2L genes were re£ected at the level of trans-
lation. Assessment of total protein in the cells
showed that SC50 contained 219 pg of protein per
CFU in comparison to 180 pg/CFU for v-TF1 and
173 pg/CFU for ASC2 (Fig. 2C). Similar results were
obtained for other clones: SC29 and SC40 that sta-
bly overexpressed K-Pal, contained more proteins,
and ASC1 and ASC3 that stably underexpressed K-
Pal, contained slightly less proteins than v-TF1. To-
gether, these results indicate that overexpression of
K-Pal induced the upregulation of eIF-2 subunit
genes leading to a 20% increase in cellular global
protein synthesis. In contrast, underexpression of
K-Pal did not decrease the transcription of eIF-2
subunit genes, and consequently, did not signi¢cantly
decrease protein synthesis from the basal level.

3.3. Overexpression of K-Pal retards cell proliferation,
whereas underexpression stimulates proliferation

The rate at which a cell grows is a function of the
rate of global protein biosynthesis [3,5]. Normally,
growth is coupled to the cell division cycle such
that when a growing cell exceeds a critical size, cell
division occurs, thereby maintaining a uniform cell
size. Under normal conditions, therefore, increased
growth results in increased cell size, increased cell

C

Fig. 2. Overexpressed K-Pal upregulated the transcription of
eIF-2K and eIF-2L genes and cellular protein content. Total
RNA was prepared from cells grown as described for Fig. 1,
and was analyzed for eIF-2K and eIF-2L transcripts by North-
ern blotting. Each lane contained 20 Wg of total RNA. (A) Ex-
pression pro¢le of eIF-2K and eIF-2L in SC50. (B) Expression
pro¢le of eIF-2K and eIF-2L in ASC2. (C) Cellular protein con-
tents at the 72nd hour. The data represent averages of six ex-
periments.
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division and increased cell number. Conversely, de-
creased growth leads to decreases in these parame-
ters. Since overexpression of K-Pal in TF-1 cells led
to increased protein synthesis and underexpression
led to near-normal synthesis, we determined how
these changes a¡ected cellular growth and cell divi-
sion. Growth and cell division were assessed by de-
termining changes in cell number and size in re-
sponse to the induction of K-Pal overexpression.
The results show that SC29 and SC50 cells that over-
expressed K-Pal, were retarded in cell proliferation as
compared to v-TF1 (Fig. 3A). The cells, however,
increased in size (Fig. 3B). Similar growth and pro-
liferation pro¢les were also obtained for another
overexpressing clone, SC40, and G418-resistant
pools. These results indicate that cells of this clone
grew at an increased rate, but the growth was some-
what uncoupled from cell division cycle since it led to
increased cell size and not increased proliferation. In
agreement, ASC2 and ASC3 that underexpressed K-
Pal, showed increased proliferation and decreased
size as compared to v-TF1 (Fig. 3). Similar growth
and proliferation pro¢les were also obtained for an-
other underexpressing clone, ASC1, and G418-resis-
tant pools. Transiently transfected 293 cells also
showed retarded proliferation in response to K-Pal
overexpression, indicating that the above e¡ect on
growth is not limited to TF-1 cells. These results
suggest that K-Pal positively regulates cellular
growth, but negatively regulates the cell cycle.

C

Fig. 3. (A) Cell proliferation was retarded by overexpression,
but stimulated by underexpression of K-Pal. SC29, SC50,
ASC2, ASC3 and v-TF1 cells were grown as described in Sec-
tion 2, and aliquots were analyzed at the indicated times to
generate the growth curve (see Section 2). Each data point rep-
resents the average of six experiments. (B) Cell size was in-
creased by overexpression, but decreased by underexpression of
K-pal. v-TF1, SC50 and ASC2 cells were grown for 72 h as de-
scribed in Section 2 for Fig. 3A. The cells were photographed
directly in the incubation £ask without any processing, using a
Zeiss light microscope set at U20 magni¢cation. Each image
was printed at U66 magni¢cation (Reduced to U43 for publi-
cation).
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3.4. The increased proliferation was accompanied by
increased apoptosis

Since cell cycle perturbation is often accompanied
by changes in the rate of apoptosis, we evaluated the
rate of apoptosis of SC29, SC50, ASC2, ASC3 and
v-TF1 cells in response to K-Pal overexpression.
These cells, like the parental TF-1, are normally de-
pendent on IL-3 for survival and proliferation. Fol-
lowing IL-3 withdrawal, the cells withdraw from
cycle but remain viable for about 24 h. Afterwards,
a majority of them apoptose within the following 48
h [41]. Fig. 4 shows that SC29 and SC50 that over-
expressed K-Pal, behaved similarly to v-TF-1 in that
they withdrew from cycle within the ¢rst 24 h and
apoptosed at about the same rate thereafter. G418-
resistant pools and SC40 that also overexpressed K-
Pal, gave similar results (data not shown). In con-
trast, ASC2 and ASC3 that underexpressed K-Pal,
consistently failed to withdraw from cycle within 24
h of IL-3 withdrawal. Most notably, they continued
to proliferate during the ¢rst 24 h and thereafter
apoptosed at a faster rate than v-TF1. G418-resistant
pools and ASC1 that also underexpressed K-Pal,
gave similar results (data not shown). Thus, under-
expression of K-Pal apparently led to: (1) fast cell
cycling; (2) failure to withdraw from cell cycle in
response to the absence of growth signal; and (3)
increased rate of apoptosis. These e¡ects are very

similar to those observed when E2F-1 is overex-
pressed in cells. When overexpressed, E2F-1 drove
quiescent cells into cycle, and increased the rate of
apoptosis [20,21,42^46]. The premature entry of the
quiescent cells into cycle indicates a failure to with-
draw from cell cycle in the absence of growth signal.
E2F-1 mediated apoptosis is often dependent on cer-
tain experimental conditions, such as low serum.
Similarly, the increased apoptosis of the K-Pal under-
expressing clones, ASC2 and ASC3, were dependent
on the absence of serum. Taken together, the above
results suggest that underexpressing K-Pal leads to
the upregulation of E2F-1 and a consequent increase
in cell proliferation when the growth signal, IL-3,
was present, or a consequent increase in apoptosis
when the growth signal was absent.

3.5. K-Pal interacts di¡erentially on the eIF-2K and
E2F-1 gene promoters

The above results suggest that K-Pal negatively
regulates E2F-1 expression. In agreement, SC50 cells
that stably overexpressed K-Pal, moderately downre-
gulated E2F-1 mRNA and ASC2 that underex-
pressed K-Pal, moderately upregulated the mRNA
(data not shown). To con¢rm this and to elucidate
the molecular mechanism involved, a series of assays
were performed. We started out by searching the
human E2F-1 promoter for K-Pal DNA-recognition
sites. Three sites were identi¢ed within the proximal
region. One of these, E2F1-Pal1, is embedded in a
region known to have strong in£uence on E2F-1
transcription, and has previously been shown to me-
diate transcriptional repression of the E2F-1 pro-
moter [47]. Using EMSA, the K-Pal binding charac-
teristics of this site were compared to those of the
high a¤nity site on eIF-2K promoter (eIF-2PalH). K-
Pal preparations used in the binding studies were:
native K-Pal (nK-Pal) that was puri¢ed from K562
nuclear extract; in vitro translated K-Pal (ivtK-Pal)
that was histidine-tagged rK-Pal translated in vitro in
rabbit reticulocyte lysate (RRL); and a¤nity puri¢ed
bacterially produced rK-Pal (brK-Pal) that was histi-
dine-tagged homodimeric rK-Pal produced in Esche-
richia coli. The results (Fig. 5B) show that neither the
nK-Pal, nor the ivtK-Pal, bound the E2F1-Pal1 site
even though they bound eIF-2PalH with high a¤n-
ity. In contrast, brK-Pal bound both sites with sim-

Fig. 4. The increased proliferation was accompanied by in-
creased apoptosis. Cells grown for 72 h in the presence of 1.7
mM IPTG, were processed and analyzed for apoptosis (see Sec-
tion 2). The data represents averages for six experiments. Cells
underexpressing K-Pal failed to exit the cell cycle in the absence
of IL-3, and apoptosed faster than control cells.
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Fig. 5. K-Pal binds to its sites on eIF-2K and E2F-1 promoters with di¡erent a¤nities. (A) Location and sequence of the upstream K-
Pal binding site on human E2F-1 promoter. The top schematic illustrates the locations of three K-Pal binding sites E2F1-Pal1, E2F1-
Pal2 and E2F1-Pal3. The sequence of E2F1-Pal1 is shown and is then compared to those of the K-Pal consensus and the high-a¤nity
site on the eIF-2K promoter (eIF2-PalH). *, indicates bases critical to binding. (B) Autoradiograph of EMSA comparing the a¤nities
of eIF2-PalH and E2F1-Pal1 for nK-Pal, ivtK-Pal and brK-Pal. Both nK-Pal and ivtK-Pal bound eIF2-PalH with high a¤nity
(Kd = 111 pM), but failed to bind E2F1-Pal1. In contrast, brK-Pal bound both sites. (C) EMSA demonstrating the speci¢city of bind-
ing of brK-Pal to E2F1-Pal1. The binding was not disrupted by 1000-fold excess cold mutant eIF2-PalH (lane 2), but was disrupted
by either 100-fold excess cold wild-type eIF2-PalH (lane 3) or mutant E2F1-Pal1 (lane 4).
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ilar a¤nities. In competition assays, 1000-fold excess
cold mutant eIF-2PalH failed to disrupt binding of
the brK-Pal to E2F1-Pal1 (Fig. 5C, lane 2), whereas
100-fold excess cold wild-type eIF-2PalH probe abol-

ished the binding (lane 3). Also, when the E2F1-Pal1
site was mutated at bases which were previously
shown to be critical to K-Pal binding, the binding
was completely abolished (lane 4). These results con-
¢rm the speci¢city of the binding of brK-Pal to
E2F1-Pal1.

As the cDNA templates for the ivtK-Pal and brK-
Pal were identical, but ivtK-Pal acquired the binding
characteristics of nK-Pal, and brK-Pal did not, then
either ivtK-Pal had been modi¢ed by something in
the RRL in which it was translated, or brK-Pal was
modi¢ed in bacteria so that it behaved di¡erently.
Both possibilities were tested. First, phosphorylation
is the most common modi¢cation that cells use to
alter transcription factor activity, and brK-Pal may
have been inappropriately phosphorylated in bacte-
ria. Therefore, brK-Pal was dephosphorylated with
protein phosphatase 1 (PP1), protein phosphatase
II (PP2) or lambda protein phosphatase (VPP), and
then retested for binding by EMSA. The treated and
the untreated proteins behaved similarly with regard
to binding a¤nities towards E2F1-Pal1 and eIF-
2PalH probes (data not shown). Therefore, the abil-
ity of brK-Pal to bind to both probes in Fig. 5B was
not due to inappropriate phosphorylation in bacte-
ria. Secondly, brK-Pal was treated with catalytic
amounts of RRL to see if it could be modi¢ed to
acquire the binding characteristics of the native pro-
tein. The results (Fig. 6A) showed that brK-Pal ac-
quired the binding characteristics of nK-Pal in that it
decreased a¤nity for the E2F1-Pal1 probe, but sig-
ni¢cantly increased a¤nity for eIF-2PalH. These re-
sults indicate that the switch in binding a¤nities was
caused by a modi¢cation of the brK-Pal homodimer
in RRL. The modi¢cation was not phosphorylation
because neither additional ATP (Fig. 6A, lanes 4, 5,
9, 10) nor other common nucleotide triphosphates
(data not shown) had any e¡ect on the extent of
the K-Pal modi¢cation. The modi¢ed rK-Pal acquired
an apparent electrophoretic mobility that was inter-
mediate to nK-Pal and brK-Pal (Fig. 6A,B), indicat-
ing that it could be a heterodimer. Together, the
results in this section show that, K-Pal interacts
with its binding site on E2F-1 promoter di¡erently
than it interacts with those on the eIF-2K promoter.
They also imply that nK-Pal could be a heterodimer
that binds eIF-2PalH site with high a¤nity but have
very low a¤nity for the E2F1-Pal1 site, and that only

Fig. 6. Modi¢ed brK-Pal exhibited di¡erential binding a¤nities
towards eIF2-PalH and E2F1-Pal1. brK-Pal was treated with
RRL as described in Section 2. (A) Autoradiograph of EMSA
showing binding activities of the modi¢ed brK-Pal towards
eIF2-PalH and E2F1-Pal1. The modi¢ed brK-Pal showed in-
creased binding a¤nity for eIF-2PalH (lanes 2^5), but de-
creased a¤nity for E2F1-Pal1 (lanes 7^10). The indicated ATP
values were added to the modi¢cation reactions to determine if
the mechanism was kinase dependent. (B) Autoradiograph of
EMSA comparing the mobilities of nK-Pal, brK-Pal and modi-
¢ed brK-Pal. The samples were electrophoresed for twice as
long as in A. The modi¢ed brK-Pal has a mobility that appears
to be intermediate to nK-Pal and brK-Pal.
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Fig. 7. Binding of UMK-Pal to E2F-1Pal1 site repressed transcription from E2F-1 promoter. (A) Autoradiograph of 32P-labeled tran-
scripts generated by in vitro transcription from E2F-1 promoter. Linearized wE2F1Luc vector was transcribed in vitro in the presence
of various amounts of brK-Pal as described in Section 2. As controls, linearized mE2F1Luc and HIV-LTR vectors were also tran-
scribed. As shown, nanogram quantities of brK-Pal repressed E2F-1 driven transcription. (B) Plots of luciferase activities assessing the
e¡ects of rK-Pal overexpression on transcription driven by E2F-1, eIF-2K, and eIF-2L promoters. The cell line, 293, was co-transfected
with the following pairs of promoter/expression vectors: weIF2KLuc/pCIneo (a), weIF2KLuc/pCIPal27 (b), meIF2KLuc/pCIPal27 (c),
weIF2LLuc/pCIneo (d), weIF2LLuc/pCIPal27 (e), meIF2LLuc/pCIPal27 (f), wE2F1Luc/pCIneo (g), wE2F1Luc/pCIPal27 (h), mE2-
F1Luc/pCIPal27 (i) ; which are described in Section 2. After 48 h, the cells were processed and assayed for transient luciferase activity.
In response to rK-Pal overexpression, weIF2KLuc and weIF2LLuc upregulated transcription 3-fold, but wE2F1Luc downregulated
transcription 5-fold. (C^E) Extent of rK-Pal overexpression in 293 cells. Autoradiographs of Northern blot (C), Western blot (D) and
EMSA (E) are shown. Phosphoimager analysis of the Northern blot indicated a 20-fold overexpression of rK-Pal.
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K-Pal homodimer binds to the E2F1-Pal1 site with
high a¤nity.

3.6. The di¡erential interactions of K-Pal on eIF-2K
and E2F-1 promoters mediate opposite
transcriptional e¡ects

The observed di¡erential binding a¤nities of K-Pal
can potentially be responsible for the di¡erential ex-
pression of the eIF-2 and E2F-1 genes and the cor-
responding di¡erential e¡ects on cell growth and
proliferation rates. If so, binding of K-Pal to the
eIF-2K promoter would upregulate transcription,
but binding to the E2F-1 promoter would repress
transcription. To examine this, we ¢rst examined
the e¡ect of rK-Pal on the in vitro and in vivo tran-
scription from the E2F-1 promoter. For the in vitro
transcription, linearized wE2F1Luc, a luciferase re-
porter construct driven by the human E2F-1 pro-
moter, was transcribed using TF-1 nuclear extract.
The results (Fig. 7A) show that nanogram quantities
of brK-Pal repressed transcription from the E2F-1
promoter in a concentration-dependent manner;
with 300 ng repressing by 40% and 2000 ng by
95%. The repression was alleviated when we used
mE2F1Luc, a mutant construct that could no longer
bind brK-Pal with high a¤nity, indicating that the
repression was mediated via binding of brK-Pal to
the E2F1-Pal1 site. Additionally, transcription from
HIV-1 LTR that lacks authentic K-Pal sites, was not
a¡ected by 1000 ng of the brK-Pal. In vivo transcrip-
tion was assessed by transient transfection assays.
When the K-Pal-overexpressing vector, pCI-Pal27,
and E2F1Luc promoter constructs were cotrans-
fected into 293 cells, the results (Fig. 7B) show that
cells cotransfected with wE2F1Luc and pCI-Pal27
repressed E2F1 transcription by about 5-fold com-
pared to control cells that were cotransfected with
wE2F1Luc and the empty expression vector, pCI-
neo. When mE2F1Luc and pCI-Pal27 were cotrans-
fected, the repression was relieved and transcription
increased moderately by two-fold, indicating that the
repression was mediated by the E2F1-Pal1 site.

Co-transfection of K-Pal expression vector and lu-
ciferase constructs of eIF2K and eIF-2L promoters
into 293 cells showed that transcription from the
wild-type promoters was stimulated by about
3-fold. Conversely, transcription from the mutant

promoters that could no longer bind K-Pal with
high a¤nity, were inhibited by about 4^5-fold. Taken
together, the results of transcription assays con¢rm
that binding of K-Pal to E2F1-Pal1 repressed the
transcription of E2F-1 gene. Also, in agreement
with earlier work [36,38], binding of K-Pal to the
eIF-2K and eIF-2L promoters stimulated transcrip-
tion. Fig. 7C^E shows that the rK-Pal was signi¢-
cantly overexpressed in the 293 cells as assessed by
Northern blotting (C), Western blotting (D) and
EMSA (E). Phosphoimager analysis of the Northern
blot gave a 20-fold overexpression.

3.7. Unmodi¢ed nK-Pal binding activity is increased in
K-Pal overexpressing cells

The results of the above binding studies and un-
published data suggest that there are two forms of
nK-Pal dimers in cells: modi¢ed K-Pal (MK-Pal) and
unmodi¢ed K-Pal (UMK-Pal). According to Figs. 5B
and 6 MK-Pal appears to be a heterodimer and binds
preferentially to eIF-PalH, and UMK-Pal appears to
be a homodimer like brK-Pal, and may be the only
form that binds to the E2F1-Pal1 site with high af-
¢nity. The data also suggests that UMK-Pal is
present at only trace level in cells, and that the steady
state concentration of MK-Pal far exceeds that of
UMK-Pal. By overexpressing K-Pal, the level of
UMK-Pal may have increased beyond normal, lead-
ing to a downregulation of E2F-1 gene transcription
(Fig. 7). To determine the level of UMK-Pal binding
activity in cells and whether this activity was in-
creased in response to rK-Pal overexpression, its
binding activity to E2F1-Pal1 probe was assessed
by EMSA using nuclear extracts from 293 cells tran-
siently overexpressing K-Pal. The results (Fig. 8A)
show ¢rstly that UMK-Pal binding activity in 293
cells was generally at trace level compared to MK-
Pal (Lanes 6 vs. 1). Secondly, the binding activity of
UMK-Pal was signi¢cantly increased in response to
K-Pal overexpression (lanes 6 vs. 7). Lanes 8^10
show that even a 1000-fold excess of cold mutant
eIF-PalH failed to disrupt binding of UMK-Pal to
E2F1-Pal1 probe, even though 100-fold excess of
the cold wild-type eIF2-PalH probe abolished the
binding. Thus the demonstrated binding was K-Pal
speci¢c. Fig. 8B shows that UM-K-Pal binding activ-
ity was at trace level in TF-1 cells also, and increased
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Fig. 8. UMK-Pal is signi¢cantly upregulated in response to rK-Pal overexpression. (A) Autoradiograph of EMSA illustrating binding
activities of both MK-Pal and UMK-Pal in response to rK-Pal overexpression in 293 cells. Each lane contained 5 Wg of nuclear extract
proteins. Lanes 1 and 2 indicate a signi¢cant overexpression of both MK-Pal and UMK-Pal as detected by their eIF2-wPalH binding
activities. Lanes 3^5 con¢rm the speci¢city of the binding since binding was una¡ected by 1000-fold excess of cold eIF2-mPalH, but
was abolished by 100-fold excess of cold E2F1-wPal1. Lanes 6 and 7 indicate a signi¢cant increase in UMK-Pal as detected by its
E2F1-wPal1 binding activity. Lanes 8^10 con¢rm the speci¢city of the binding since binding was una¡ected by 1000-fold excess of
cold eIF2-mPalH, but was abolished by 100-fold excess of cold eIF2-wPalH probe. (B)Autoradiograph of EMSA illustrating increased
E2F-1Pal1 binding activity of UMK-Pal in SC50 cells (lane 3). In agreement, ASC2 showed a decreased UMK-Pal (lane 4). Each lane
contained 10 Wg of nuclear extract proteins. (C) Autoradiograph of EMSA assessing the E2F-1Pal1 binding activities of UMK-Pal in
the cancer cell lines; NTF-1, Y79 and SKBR-3 (lanes 1^3). For comparison, the corresponding eIF-2PalH binding activities of MK-
Pal are shown in lanes 4^6. Lanes 7^9 show UMK-Pal activities in T cell nuclear extracts and lanes 10^12 show the corresponding
MK-Pal binding activities in the same samples. Each lane contained 5 Wg of protein.
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in SC50 cells that stably overexpressed PK-Pal. In
tandem, the activity decreased in ASC2 cells that
stably underexpressed K-Pal. Thus UMK-Pal in TF-
1 cells also increased in response to K-Pal overexpres-
sion. The presence of only trace UMK-Pal in TF-1
and 293 cells most likely explains why relatively
small changes in cellular levels of K-Pal was able to
induce observable changes in the proliferation rates
of the cells.

Assay of two other cancer cell lines, (Y79 and
SKBR-3) showed similar trace levels of UMK-Pal
(Fig. 8C). Normal activated human T-lymphocytes
also contained relatively trace levels of UMK-Pal ex-
cept that, on average, the levels were 3^5-fold greater
than those of cancer cells. In all cases, though, the
level of UMK-Pal was proportional to that of MK-
Pal (Fig. 8C). This indicates that the two forms of
the protein are at steady state with one another in
vivo. The lower, more-abundant, binding activity
marked UN in Fig. 8A is considered non-speci¢c
since it was not competed away by cold probe.

4. Discussion

The transcription factor, K-Pal, regulates the ex-
pression of eIF-2K and eIF-2L, and is implicated in
coordinating the regulation of key metabolic genes in
response to changes in the growth status of the cell
[33]. We have studied how its overexpression a¡ects
the regulation of key genes in a speci¢c metabolic
pathway, protein biosynthesis, and how the e¡ects
correlate with changes in cell growth and division
cycle. When overexpressed, K-Pal di¡erentially regu-
lated cellular protein synthesis and proliferation ac-
tivities: It upregulated protein synthesis but down-
regulated proliferation. The molecular basis for the
increased protein synthesis was probably the tran-
scriptional upregulation of the K and L subunits of
eIF-2 genes (Figs. 2 and 7, and [38]). The molecular
basis for the downregulation of proliferation appears
to be the transcriptional inhibition of E2F-1 gene.
This negative regulation appears to be mediated by
a functional K-Pal binding site located 210 bp up-
stream of the ¢rst transcription start site on human
E2F-1 promoter. Although this site should bind K-
Pal with high a¤nity based on predictions from pre-
vious kinetic studies [33], it surprisingly showed neg-

ligible binding to MK-Pal. In contrast, it bound
UMK-Pal readily (Fig. 5B). Moreover, this binding
mediated a transcriptional downregulation (Fig. 7)
that contrasts with the transcriptional upregulation
observed for the binding of MK-Pal to sites on the
eIF-2 promoter (Fig. 7, and [38]).

How K-Pal discriminates between the two types of
sites and exerts opposite transcriptional e¡ects is un-
known. It is likely that heterodimerization with an-
other protein and the unique architecture of the eIF-
2 and E2F-1 sites play important roles. Nevertheless,
these opposite transcriptional e¡ects may explain the
opposite phenotypic changes reported earlier. Over-
expression of K-Pal in TF-1 cells likely resulted in
elevated MK-Pal and UMK-Pal (Figs. 1A, 7C^D
and 8A). These bound to and upregulated the tran-
scription of eIF-2 subunit genes, leading to their in-
creased expression and increased protein synthesis.
Because UMK-Pal also bound to its E2F1-Pal1 site
and downregulated the expression of E2F-1 gene, cell
cycle progression was retarded. Thus, increased pro-
tein synthesis failed to drive increased cell prolifera-
tion. Underexpression of K-Pal predictably resulted
in the decreased levels of both forms of K-Pal (Figs.
1B and 8B). In the experiments reported here, the
decrease in MK-Pal was insu¤cient to decrease the
transcription of eIF-2 subunit genes below basal lev-
el. Consequently, neither protein synthesis nor
growth was signi¢cantly repressed. However, the de-
crease in UMK-Pal was su¤cient to relieve whatever
repression the normally trace level of UMK-Pal ex-
erts on the expression of E2F-1 gene. This likely led
to the upregulation of E2F-1 expression with an at-
tendant increase in proliferation. The associated in-
crease in the rate of cell division in the face of a
normal rate of growth most likely resulted in the
smaller sizes of ASC2 cells that underexpressed K-
Pal.

Our model lacks direct evidence that the regulation
of E2F-1 by K-Pal is solely responsible for the ob-
served e¡ects of K-Pal overexpression. As such, we
cannot rule out the possibility that other mechanisms
are responsible. An appropriate experiment is to
overexpress K-Pal in E2F-1 de¢cient background to
see if the e¡ects are abrogated. We plan to address
this question in future experiments using transgenic
and knockout models, since human E2F-1 de¢cient
cell lines are not available.
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The mechanism described above may participate in
coordinating cellular global protein synthesis, growth
and division cycle activities during di¡erentiation
and after cells have terminally di¡erentiated. Di¡er-
entiating vertebrate and invertebrates cells must ¢rst
exit their division cycle during these stages [4,48].
Permanent, terminally di¡erentiated cells such as
neurons and myocytes, maintain high metabolic ac-
tivity, renew their components and can increase their
size in response to increased growth or functional
demands [4]. These activities require high levels of
translational activity and, as such. They can mount
up high levels of global protein synthesis even
though they are non-mitotic. We note that skeletal
muscle tissue, which is populated with terminally dif-
ferentiated myotubes, overexpress K-Pal mRNA.
Furthermore, SC50 clones upregulated the expres-
sion of p27kip that e¡ects cell cycle exit in di¡erenti-
ating, terminally di¡erentiated and senescent cell (¢g-
ures not shown). Another situation in which the
above mechanism can apply is the coordinated regu-
lation of protein synthesis, growth and cell prolifer-
ation in the imaginary disks of the developing Dro-
sophila. When Weigmann et al. [9] blocked cell
division in the developing Drosophila wing imaginary
disk, cell growth continued, resulting in fewer larger
cells, but a normal disk size. These cells apparently
continued with high rates of global protein synthesis
resulting in their larger sizes. Whether it is di¡eren-
tiation or developmental patterning, K-Pal likely par-
ticipates in the transcriptional repression of E2F-1
gene and couples this to the transcriptional modula-
tion of eIF-2 genes. By this mechanism, K-Pal may
coordinate the regulation of cellular global protein
synthesis and cell cycle exit during these processes.
The mechanism may explain the previously reported
roles of K-Pal homologs in Drosophila and sea urchin
embryogenesis [34,35]. E2F1 transcription has also
been shown to be partially repressed by pRB-E2F
complexes that bind to autoregulatory E2F sites on
the E2F1 promoter [49^53].

Acknowledgements

We are grateful to Dr. Joseph R. Nevin for pro-
viding the E2F1Luc-728 construct; Dr. Edward
Korn for manuscript review and support; Drs. Jay

Chung, Myung Chung and Scott Shors for manu-
script review and thoughtful suggestions; Drs.
Charles Egwuagu, Ekwere Ifon and Samuel Ad-
eniyi-Jones for helpful suggestions. We also thank
members of the Molecular Hematology Section for
various help and Debbie Crite for excellent secreta-
rial support.

References

[1] G.W. Swann, The control of cell division, Cancer Res. 17
(1957) 727^737.

[2] G.C. Johnston, J.R. Pringle, L.R. Hartwell, Coordination of
growth with cell division in the yeast Saccharomyces cere-
visiae, Exp. Cell Res. 105 (1977) 79^98.

[3] L. Popolo, M. Vanoni, L. Alberghina, Control of the yeast
cell cycle by protein synthesis, Exp. Cell Res. 142 (1982) 69^
78.

[4] B. Alberts, D. Bray, J. Lewis, M. Ra¡, K. Roberts, J.D.
Watson, The cell division cycle, in: Molecular Biology of
The Cell, 3rd edn., Garland Publishing, New York, NY,
1994, pp. 864^906 (cell cycle) ; pp. 1056^1060 (development) ;
pp. 1142^1146 (terminal di¡erentiation).

[5] S. Moore, Kinetic evidence for a critical rate of protein syn-
thesis in the Saccharomyces cerevisiae yeast cell cycle, J. Biol.
Chem. 263 (1988) 9674^9681.

[6] S.C. Makrides, Protein synthesis and degradation during
aging and senescence, Biol. Rev. 58 (1983) 343^422.

[7] C.E. Finch, in; Longevity, Senescence, and the Genome, The
University of Chicago Press, Chicago, IL, 1990, pp. 370^373.

[8] L.A. Johnston, Uncoupling growth from the cell cycle, Bio-
Essays 20 (1998) 283^286.

[9] K. Weigmann, S.M. Cohen, C.F. Lehner, Cell cycle progres-
sion, growth and patterning in imaginal discs despite inhibi-
tion of cell division after inactivation of Drosophila cdc2
kinase, Development 124 (1997) 3555^3563.

[10] A.B. Pardee, A restriction point for control of animal cell
proliferation, Proc. Natl. Acad. Sci. 71 (1974) 1286^1290.

[11] A. Murray, Cell cycle checkpoints, Curr. Opin. Cell Biol. 6
(1994) 872^876.

[12] S. Coates, W.M. Flanagan, J. Nourse, J.M. Roberts, Re-
quirement of p27kip1 for restriction point control of ¢bro-
blast cell cycle, Science 272 (1996) 877^880.

[13] S.J. Elledge, J.W. Harper, Cdk inhibitors : on the threshold
of checkpoints and development, Current Opin. Cell Biol. 6
(1994) 847^852.

[14] O. Aprelikova, Y. Xiong, E.T. Liu, Both p16 and p21 fam-
ilies of CDK inhibitors block CDK phosphorylation by the
CDK activating kinase, J. Biol. Chem. 270 (1995) 18195^
18197.

[15] M.C. Ra¡, Size control: che regulation of cell numbers in
animal development, Cell 86 (1996) 173^175.

[16] E.W.-F. Lam, N.A.L. Thangue, DP and E2F proteins: co-

BBAMCR 14562 30-12-99

B.J.S. E¢ok, B. Safer / Biochimica et Biophysica Acta 1495 (2000) 51^6866



ordinating transcription with cell cycle progression, Curr.
Opin. Cell Biol. 6 (1994) 859^866.

[17] D. Cobrink, Regulatory interactions among E2Fs and cell
cycle control proteins, Curr. Top. Microbiol. Immunol. 208
(1996) 31^61.

[18] J. DeGregori, L. Gustavo, A. Miron, L. Jakoi, R. Nevins,
Distinct roles for E2F proteins in cell growth control and
apoptosis, Proc Natl. Acad. Sci. USA 94 (1997) 7245^
7250.

[19] J.E. Slansky, P.J. Farnham, Introduction to the E2F family:
protein structure and gene regulation, Curr. Top. Microbiol.
Immunol. 208 (1996) 1^30.

[20] J.-K. Hsieh, S. Fredersdorf, T. Kouzarides, K. Martin, X.
Lu, E2F1-induced apoptosis requires DNA binding but not
transactivation and is inhibited by the retinoblastoma pro-
tein through direct interaction, Genes Dev. 11 (1997) 1840^
1852.

[21] A.C. Phillips, S. Bates, K.M. Ryan, K. Helin, K.H. Vous-
den, Induction of DNA synthesis and apoptosis are separa-
ble functions of E2F-1, Genes Dev. 11 (1997) 1853^1863.

[22] L. Yamasaki, T. Jacks, R. Bronson, E. Goillot, E. Harlow,
N.J. Dyson, Tumor induction and tissue atrophy in mice
lacking E2F-1, Cell 85 (1996) 537^548.

[23] L. Yamasaki, R. Bronson, B.O. Williams, N.J. Dyson, E.
Harlow, T. Jacks, Loss of E2F-1 reduces tumorigenesis
and extends the life span of RB(+/3) mice, Nat. Genet. 18
(1998) 360^364.

[24] S.J. Fields, F.-Y. Tsai, F. Kuo, A.M. Zubiaga, W.G. Kaelin
Jr., D.M. Livingstone, S.H. Orkin, M.E. Greenberg, E2F-1
functions in mice to promote apoptosis and suppress prolif-
eration, Cell 85 (1996) 549^561.

[25] R. Jagus, W.F. Anderson, B. Safer, The regulation of initia-
tion of mammalian protein synthesis, Prog. Nucleic Acids
Res. Mol. Biol. 25 (1981) 127^185.

[26] B. Safer, R. Jagus, The regulation of eIF-2 function in pro-
tein synthesis initiation, Biochimie 63 (1981) 709^717.

[27] C.D. Haro, R. Mendez, J. Santoyo, The eIF-2K kinases and
the control of protein synthesis, FASEB J. 10 (1996) 1378^
1387.

[28] R.P. O'Malley, T.M. Mariano, J. Siekierka, M.B. Matthews,
A Mechanism for the control of protein synthesis by Adeno-
virus VA RNA1, Cell 44 (1986) 391^400.

[29] M.G. Katze, B.M. Detjen, B. Safer, R.M. Krug, Transla-
tional control by in£uenza virus: suppression of the kinase
that phosphorylates the alpha subunit of initiation factor
eIF-2 and selective translation of in£uenza viral mRNAs,
Mol. Cell. Biol. 6 (1986) 1741^1750.

[30] R. Duncan, J.W.B. Hershey, Regulation of initiation factors
during transcriptional repression caused by serum depletion,
J. Biol. Chem. 260 (1985) 5486^5492.

[31] R.B. Cohen, T.R. Boal, B. Safer, Increased eIF-2K expres-
sion in mitogen-activated primary T lymphocytes, EMBO J.
9 (1990) 3831^3837.

[32] I.B. Rosenwald, D.B. Rhoads, L.D. Callanan, K.J. Issel-
bacher, I.V. Schmidt, Increased expression of eukaryotic
translation initiation factors eIF-4E and eIF-2 alpha in re-

sponse to growth induction by c-myc, Proc. Natl. Acad. Sci.
USA 90 (1993) 6175^6178.

[33] B.J.S. E¢ok, J.A. Chiorini, B. Safer, A key transcription
factor for eukaryotic initiation factor-2K is strongly homol-
ogous to developmental transcription factors and may link
metabolic genes to cellular growth and development, J. Biol.
Chem. 269 (1994) 18921^18930.

[34] F.J. Calzone, C. Hoog, D.B. Teplow, A.E. Cutting, R.W.
Zeller, R.J. Britten, E.H. Davidson, Gene regulatory factors
of the Sea Urchin embryo. I. Puri¢cation by a¤nity chro-
matography and cloning of P3A2, a novel DNA binding
protein, Dev. 122 (1991) 335^350.

[35] S.M. DeSimone, K. White, The Drosophila erect wing gene,
which is important for both neuronal and muscle develop-
ment, encodes a protein which is similar to the Sea Urchin
P3A2 DNA binding protein, Mol. Cell. Biol. 13 (1993) 3641^
3649.

[36] W.F. Jacob, T.A. Silverman, R.B. Cohen, B. Safer, Identi-
¢cation and characterization of a novel transcription factor
participating in the expression of eIF-2K, J. Biol. Chem. 264
(1989) 20372^20384.

[37] D.G. Johnson, K. Ohtani, J.R. Nevins, Autoregulatory con-
trol of E2F1 expression in response to positive and negative
regulators of cell cycle progression, Genes Dev. 8 (1994)
1514^1525.

[38] J.A. Chiorini, S. Miyamoto, S.J. Harkin, B. Safer, Genomic
cloning and characterization of the human eukaryotic initia-
tion factor-2L promoter, J. Biol. Chem. 274 (1999) 4195^
4201.

[39] F.M. Ausbel, B. Rogers, R. Kingston, D. More, J. Seidman,
J. Smith, K. Struhl, Current Protocols in Molecular Biology,
John Wiley and Sons, New York, NY, 1989, pp. 4.9.1^4.9.12
and 10.8.1^10.8.14.

[40] D. Dignan, R.M. Libovitz, R.G. Roeder, Accurate tran-
scription initiation by RNA polymerase II in soluble extract
from isolated mammalian nuclei, Nucleic Acids Res. 11
(1983) 1475^1488.

[41] T. Kitamura, T. Tange, T. Terasawa, S. Chiba, T. Kuwaki,
K. Miyakawa, Y.-F. Piao, K. Miyazono, A. Urabe, F. Ta-
kaku, Establishment and characterization of a unique hu-
man cell line that proliferates dependently on GM-CSF,
IL-3 or erythropoietin, J. Cell. Physiol. 140 (1989) 323^334.

[42] P.D. Adams, W.G. Kaelin Jr., The cellular e¡ects of E2F
overexpression, Curr. Top. Microbiol. Immunol. 208 (1996)
79^93.

[43] D.G. Johnson, J.K. Schwarz, W.D. Cress, J.R. Nevins, Ex-
pression of transcription factor E2F1 induces quiescent cells
to enter S phase, Nature 365 (1993) 349^352.

[44] X.-Q. Qin, D.M. Livingston, W.G. Kaelin, P.D. Adams,
Deregulated transcription factor E2F-1 expression leads to
S-phase entry and p53-mediated apoptosis, Proc. Natl.
Acad. Sci. USA 91 (1994) 10918^10922.

[45] B. Shan, W. Lee, Deregulated expression of E2F-1 induces
S-phase entry and leads to apoptosis, Mol. Cell. Biol. 14
(1994) 8166^8173.

[46] T.F. Kowalik, J. DeGregory, J.K. Schwarz, J. Nevins, E2F1

BBAMCR 14562 30-12-99

B.J.S. E¢ok, B. Safer / Biochimica et Biophysica Acta 1495 (2000) 51^68 67



overexpression in quiescent ¢broblasts leads to induction of
cellular DNA synthesis and apoptosis, J. Virol. 69 (1995)
2491^2500.

[47] E. Neuman, E.K. Flemington, W.R. Sellers, W.G. Kaelin
Jr., Transcription of the E2F-1 gene is rendered cell cycle
dependent by E2F DNA-binding sites within its promoter,
Mol. Cell. Biol. 14 (1994) 6607^6615.

[48] A. Sidle, C. Palaty, P. Derks, O. Wiggan, M. Kiess, R.M.
Gill, A.K. Wong, P.A. Hamel, Activity of the retinoblasto-
ma family proteins, pRB, p107, and p130, during cellular
proliferation and di¡erentiation, Crit. Rev. Biochem. Mol.
Biol. 31 (1996) 237^271.

[49] J.E. Slansky, Y. Li, W.G. Kaelin, P.J. Farnham, A protein
synthesis-dependent increase in E2F1 mRNA correlates with
growth regulation of the dihydrofolate reductase promoter,
Mol. Cell. Biol. 13 (1993) 1610^1618.

[50] G.P. Dimri, E. Hara, J. Campisi, Regulation of two E2F-
related genes in presenescent and senescent human ¢bro-
blasts, J. Biol. Chem. 269 (1994) 16180^16186.

[51] L. Good, G.P. Dimri, J. Campisi, K.Y. Chen, Regulation of
dihydrofolate reductase gene expression and E2F compo-
nents in human diploid ¢broblasts during growth and sen-
escence, J. Cell Physiol. 168 (1996) 580^588.

[52] E. Smith, G. Leone, J. DeGregori, L. Jakoi, J.R. Nevin, The
accumulation of an E2F-p130 transcriptional Repressor dis-
tinguishes a G0 cell state from a G1 cell state, Mol. Cell.
Biol. 16 (1996) 6965^6976.

[53] H.B. Corbeil, P. Whyte, P.E. Branton, Characterization of
transcription factor E2F complexes during muscle and neu-
ronal di¡erentiation, Oncogene 11 (1995) 909^916.

BBAMCR 14562 30-12-99

B.J.S. E¢ok, B. Safer / Biochimica et Biophysica Acta 1495 (2000) 51^6868


