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Abstract

The 121 family of transcription factors, in partnership with DP pro
teins, is thought to regulate transcription of genes that encode protein
products that are required for DNA synthesis, which include important
cancer chemotherapeutic targets such as thymidylate synthase and dihy-

drofolate reducÃase.This study was conducted to investigate the effects of
overexpression of human E2F-1 cDNA on Chemosensitivity in a human
fibrosarcoma cell line, HT-1080. The E2F-l-overexpressing HT-1080 cells

had a shorter doubling time both in vitro and in vivo. Associated with an
up-regulation of TS, E2F-l-transfected cells were more resistant to 5-flu-
orouracil than were untransfected cells. These E2F-I transfectants, al

though resistant to fluoropyrimidines and serum deprivation, were more
sensitive to etoposide, doxorubicin, and SN38 (the active metabolite of
irinotecan) but not to Taxol.

Introduction

The E2F family of proteins play a key role in progression of cells
from the late G, into S phase of the cell cycle. These E2F family
members (E2F-1-E2F-5) regulate transcription of genes that encode

proteins that are required for DNA synthesis, such as thymidine
kinase, DHFR,4 TS. and ribonucleotide reducÃase(1).

E2F-1. -2, and -3 bind hypophosphorylated pRb, and as a result of

this sequestration of E2F, transactivation of genes such as TS, ribo
nucleotide reducÃase,and so on is repressed. Hyperphosphorylation of
pRb by Gl cyclins and their associaled kinases cyclin D-CDK4,
cyclin D-CDK6, and cyclin E-CDK2 results in release of transcrip-
lionally adi ve E2F-1. Loss of Rb function due to delelion, allerations

in the phosphorylalion of pRb, and mulalions in ine E2F binding
region of Rb all increase free E2F-1 levels (2). Previous work from

this laboratory has demonstrated that loss of Rb, common in sarcomas
and in other human tumors, leads to an increase in levels of free
E2F-1. associated with an increase in DHFR and TS mRNA and

protein levels. This results in cellular resistance to MTX, which
targets DHFR. and 5-fluorodeoxyuridine, which targets TS (3, 4).
Overexpression of E2F-1 cDNA has been reported to either induce
cell proliferation or apoptosis, depending upon the cell type (5-7).

This study was conducted to investigate the effects of human E2F-1

cDNA overexpression on growth, tumorigenicity, and sensitivity to
chemotherapeutic agents in HT-1080 human fibrosarcoma cells.
Herein, we report that cells overexpressing E2F-1 show a 4-14-fold
increase in specific activity of TS and a 1-2-fold increase in DHFR
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activity compared to wt HT-1080 cells. Moreover, these E2F-1 trans

fectants grow more rapidly in nude mice than those inoculated with
control NeoR-transfected cells. Although they are resistant to 5-FU,

these E2F-1 transfectants are more sensitive to etoposide, doxorubi
cin, and SN-38, the active metabolite of irinotecan.

Materials and Methods

Cell Lines and Culture Conditions. The HT-10X0 human fibrosarcoma

cell line was obtained from the American Type Culture Collection (Manassas,
VA) and grown in RPMI 1640 supplemented with 2 mM L-glutamine. peni

cillin/streptomycin, and 10% fetal bovine serum.
Cloning of E2F-1 in a Mammalian Expression Vector and Transfection

of HT-1080 Cells. The E2F-1 cDNA cloned between BamHl sites in pBSK

vector was a kind gift of Dr. K. Helin (MGH Cancer Center, Boston. MA). The
pBSK E2F vector was digested with Ncol and EcoRl and religated to remove
the 5' Bu/ntil site that existed between the Ncol and Â£iv>RIsites. The E2F-1

cDNA was then excised from the pBSK vector with Hindlll and ÃŸ<iwHIand
cloned into the //mdIII/a<iÂ»iHI site of the BAP2 vector downstream of the
ÃŸ-actinpromoter. Transfection of the resulting BAP2-E2F-I vector (cotrans-
fected with pSV2Neo vector from Stratagene: ratio of BAP2-E2F-1 :pSV2Neo
was 20:1) into cells was carried out using the /V-[l-(2.3-dioleoyloxyl)propyl|-
AW.iV-trimethylammoniummethyl sulfate transfection reagent from Boeh-

ringer Mannheim (Indianapolis. IN) according to the protocol supplied by the
manufacturer. For the control transfection, the empty BAP2 vector was used in
place of the BAP2-E2F-1 vector. Positive colonies were selected in medium
supplemented with 750 /xg/ml G-418. and cell lines were established and
characterized for E2F-I cDNA integration and expression by Southern and

Northern blotting.
Western Blotting. Actively growing cells were harvested from culture, and

protein lysates were prepared by lysing cells in the presence of lysis buffer [50
mM Tris-HCl (pH 8.0). 100 mM NaCl. 0.5% SDS, 2 m.MDTT, 0.5% sodium
deoxycholate. and 0.5% Nonidet P-40] containing the protease inhibitors

aprotinin (0.4 units) and 1 mM phenylmethylsulfonyl fluoride. The lysate was
centrifuged at 15.000 x # for 30 min in an Eppendorf microfuge at 4Â°C.and

the clarified supernatant was recovered. Protein concentration was determined
by the Bio-Rad protein assay, and 75 /ig of total protein from each clonal cell
line were analyzed on SDS-PAGE (the polyacrylamide percentage in the gel

varied from 12.5 to 1%, depending upon the particular protein to be analyzed).
The proteins were electroblotted onto nitrocellulose membranes and probed
with primary and appropriate secondary antibodies for E2F-1. cyclin A. and

pRb (Santa Cru/ Biotechnology. Santa Cruz, Ã‡A).A polyclonal antiserum for
TS, a gift from Dr. F. Maley (Wadsworth Laboratories. Albany. NY), and a
DHFR antibody, a rabbit polyclonal antiserum raised against recombinantly
expressed human DHFR protein, were used for Western blotting. The protein
bands were visualized on X-ray film using the enhanced chemiluminescence

reagent from Amersham (Arlington Heights, IL).
TS and DHFR Enzyme Assays. Cells in logarithmic growth phase were

harvested, washed twice in ice-cold PBS. and resuspended in 50 mM Tris-HCl
(pH 7.5) containing 100 mM KCI. 10% glycerol. 50 mM 2-mercaptoethanol.
10% glycerol, 0.1% Triton X-100, 2 mM DTT, and 1 mM phenylmethylsulfonyl
fluoride. Crude extracts were prepared by three cycles of freeze-thawing.
followed by centrifugaron at 42.500 X g for 30 min al 4Â°C,and protein

content of lysates were measured by the Bio-Rad reagent for microassay
according to the manufacturer's instructions (Bio-Rad, Richmond. CA). The

supernatant was used for DHFR and TS enzyme assays as described (8. 9).
CAT Assay. Cells from control and E2F-1 overexpressing clones were

transfected with a plasmid containing the CAT reporter construct downstream
of a promoter containing the E2F binding sequence TTTCGCGCCAAA (ob-
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tained from Dr. J. C. Azizkhan. Roswell Park Memorial Institute. Buffalo,
NY). A control transfection was carried out a similar plasmid containing a
CAT reporter gene downstream of the promoter containing a mutated E2F
binding sequence ITlCGTACCAAA (underlining indicates mutated bases).
Activity assays for CAT in lysates of transfected cells were performed 36 h
posttransfection according to the procedure described by Blake and Azizkhan
(10).

Cytotoxicity Assays. Cytotoxicity was determined by the 2,3-bis[2-
methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide inner salt as
say, carried out in 96-well plates. One thousand cells were plated in each well
and exposed to various concentrations of drugs for 5 days. At the end of 5 days,
2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide in
ner salt and PMS were added, and the color developed was quantitated using
a plate reader. Percentage cell survival was determined by comparing treated
and untreated cells. To determine the response to serum deprivation, 500 cells
were plated in triplicate in each well of a six-well plate in complete medium,
and 24 h later, the medium was changed to medium with decreasing amounts
of serum. The serum concentrations used were 10, 5, 1. and OA% in RPMI.
Colony counts were performed after 12 days.

Immunohistochemical Staining. Cells were centrifuged onto glass slides
using a Shandon cytospin centrifuge (Shandon Corp. Cheshire, England) and
processed for staining with the E2F-1 antibody and the avidin-biotin-conju-
gated second antibody (Santa Cruz Biotechnology, La Jolla. CA) according to
the protocol supplied by the manufacturer.

Results

Transfection of E2F-I cDNA Cells and Establishment of HT-
1080 Clones Overexpressing E2F-1. Selection of transfected clones
was carried out by cotransfection of the NeoK gene in the plasmid

pSV2Neo at a ratio of 1:20 to the BAP2-E2F-1 plasmid and selection

in medium containing 750 Â¿ig/mlG418. Nine individual cell lines
were established from the clones obtained. Each of these cell lines was
then analyzed for integration and expression of the transgene. A
control transfection with the Neo vector alone was carried out, and
resulting G-418-resistant colonies were pooled and established as the
NeoR cell line. Clones 1 through 9 all showed integration of the

transgene by Southern blotting with different copy numbers (data not
shown). Clones 1, 2, 3, 5, and 6 showed increased levels of E2F-1

mRNA, whereas clones 4, 7, 8, and 9 did not show any detectable
increase in levels of E2F-1 mRNA expression over control cells and

were not analyzed further (data not shown). Clones 1, 5, and 6 showed
the higher level of E2F-1 protein expression, as determined by West

ern blot analysis (Fig. IA).
Cytotoxicity Studies. Certain proteins that are up-regulated by

E2F-1 are important targets in cancer chemotherapy. The Cytotoxicity
of common chemotherapeutic agents on the E2F-1 transfectants as
compared to the control cells showed that HT-1080 cells overexpress-
ing the E2F-1 transgene were less sensitive to a 5-day exposure to
5-FU, a drug that targets TS, whereas there was no appreciable
increase in resistance to MTX, a DHFR-specific drug (Table 1). In
contrast, the E2F-1 transfectants were more sensitive to etoposide and

doxorubicin, topo II inhibitors, and SN38 (the active metabolite of
irinotecan), a topo I inhibitor. Because high levels of topo II are
known to be associated with increased sensitivity to these drugs, we
measured topo II levels in E2F-1-transfected cells. Western blot

analysis indicated that topo II levels were marginally higher in the
E2F-1-transfected cells than they were in the control cells (data not
shown). The marginal resistance to Taxol seen in E2F-1-transfected
cells was less than 2-fold and was probably not significant.

Localization and Transcriptional Activity of E2F-1 in HT-10SO

Transfectants. Immunohistochemical analyses showed that, in these
clonally derived cell lines, E2F-1 was expressed at different subcel
lular locales. For example, clone 1 expressed E2F-1 in the nucleus and
clone 2 expressed E2F-1 in both nucleus and cytoplasm, whereas
clone 6 showed only cytoplasmic staining for E2F-1 (data not shown).
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Fig. 1. A, analysis of expression of E2F-1 in Iransfected clones of HT-1 OSOby Western
blotting. The E2F-1 protein appears as a characteristic double! (arrow) in lysates prepared
from clones 1. 2, 3. 5. and 6 (LMne* 1-5, respectively; these clones were chosen based on
higher levels of RNA detected by Northern blotting), whereas Lane f>reprcsenls lysate
from the mock-transfected control (the NeoR cell line), in which little endogenous E2F-1
can be seen, ÃŸ,pRb expression in cells transfected with E2F-I. Control cells (NeoR cell

line; Lane 1) show that the majority of pRb is present in the hypophosphorylated form,
whereas cells from clones 1, 2. and 6 show higher levels of ppRb (the hyperphosphory-

lated form of pRb). The ratio of ppRb to pRb is higher in cells from clone 1 than it is in
cells from clones 2 and 6. C, expression of cyclin A in cells transfected with E2F-1.
Control NeoR cells in Lane 1 show modest levels of cyclin A expression. Cells from

clones 1. 2. and 6 have higher levels of cyclin A expression, as shown in Lanes 2, 3. and
4. respectively. Cells from clone 1 show higher levels of cyclin A expression than do cells
from clones 2 and 6.

These three clones were chosen for further studies, as they represented
three different classes of transfectants that expressed E2F-1. The
NeoR control cell line did not have any detectable levels of E2F-1

protein by immunohistochemical staining and took up the counterstain
only. The three cell lines (E2F-1.1, E2F-1.2, and E2F-1.6) were
transiently transfected with pDHF210-CAT plasmids and assayed for
relative CAT activity in the cell-free supernatant 36 h posttransfec
tion. The cell line E2F-1.1 had the highest CAT activity when trans

fected with the wt E2F binding sequence, but no CAT activity was
detected when this cell line was transfected with the mutated E2F
binding sequence (Fig. 2). Of interest, cells from E2F1.2 and E2F1.6
showed less CAT activity correlating with less nuclear localization of
E2F-1; clone 2 also had less total E2F-1 protein expression, as

measured by Western blotting than clones 1 and 6.
Growth in Culture, Cell Cycle Analyses, and Tumor Growth in

Nude Mice. Logarithmically growing cells were plated (10s cells per
plate) in 25-cm2 flasks with complete growth medium, and cells were
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Table I Cytotoxicity of several chemotherapeutic agents in E2F-l-overexpressing and control HT-1080 ceil linca
Toxicity assays were carried oui as described in "Materials and Methods." Results are mean Â±SE of IC;0s of three independent experiments.

Cells MTX (nM) 5-FU (Â¿IM) VP-16(fiM) Doxorubicin (nM) SN38" (nM) Taxol"-'' (nM)

NeoRE2F-E2F-E2F-E2F-E2F-.1_2.3.5.68090858090752018152520250.25.53.53.82.62.50.081.51.01.20.81.11.0Â±0.2
Â±0.5
Â±0.8
Â±0.6
Â±0.5

Â±0.20.050.20.20.10.2400

Â±20
Â±40Â±35

Â±55
Â±50

Â±805101218121253555507595250450350400500350
' Average of two independent experiments.
'' Tweniy-four-h exposure.

counted daily for 6 days. The growths of clones E2F-1.1, -1.2, and
-1.6 were compared to that of the NeoR control cells. Cells transfected

with the E2F-1 cDNA exhibited a faster growth rate than did the
control NeoR cells. The doubling times for clones 1, 2, and 6 were 24,
30, and 28 h, respectively, whereas that for HT-1080 NeoR cells was

34 h.
Because E2F-1 transfectants appeared to grow at a faster rate, it was

of interest to examine the cell cycle profile of these cells. Fluores
cence-activated cell sorting analysis of propidium iodide-stained cells
revealed that E2F-1-transfected cells showed a similar cell cycle
distribution as the NeoR control cells. When E2F-1.1, -1.2, and -1.6

cells were treated with 200 nM MTX for 24 h prior (this dose was less
than the ED5<,dose of a 24-h MTX exposure), an average of 58, 50.
and 48% of cells were in S and G-, phases, respectively, whereas only
28% of the NeoR control cells were present in the S and G2 phases,

indicating that cells from E2F-1.1, -1.2, and -1.6 lines were able to
overcome a forced G,-S block (with 200 nM MTX), whereas the NeoR

control cells were less able to do so (data not shown).
To determine whether E2F-1 transfectants also grew faster in vivo,

2 X IO6 cells from clones 1 or 2 were injected s.c. into flanks of nude

25
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~
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Neo wt I^HI Neo mut SÃ¤SÃ¤Ã¤Ã¤Ã¤Ã¤C11 wt

CI 2 wt I I CI 2 mut I I CI 6 wt

Fig. 2. E2F-1 is transcriptionally active. HT-1080 NeoR and E2F-1.1, -1.2, and -1.6

cells were transfccted with a plasmid containing the CAT reporter gene downstream of a
promoter containing the E2F binding sequence TTTCGCGCCAAA (wt). Control trans-
i'ection was carried out using another plasmid containing a similar CAT reporter gene

downstream of the promoter construct containing a mutated (underlined) E2F binding
sequence TTTCGTACCAAA (mut). The CAT activity assay in lysates of transiently
transfecled cells was performed 36 h post tran sfeci ion according to previously described
procedures. Cells from clone 1 show higher levels of CAT activity than do cells from
clones 2 and 6 or NeoR control cells.
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mice (two mice for each clone), and tumor growth was measured for
14 days. Clone 1 grew to a sizes of 1.3 and 1.1 cm' in the two animals
in 14 days, clone 2 grew to 0.9 and 0.7 cm3 in 14 days, and NeoR

control grew to a size of 0.2 and 0.3 on in the same time, indicating
that ectopie expression of E2F-1 cDNA in the HT-1080 cells resulted

in accelerated growth in vivo. These results suggest that cells from
clone 1, in which a majority of the transfected E2F-1 is expressed in

the nucleus, grow faster in vitro and in vivo, whereas cells from clones
2 and 6, in which less E2F-1 is expressed in the nucleus, have

progressively slower growth rates. This is also reflected in higher
CAT activity in E2F-1.1 cells than in 1.2 and 1.6 cells after transient
transfection with an E2F-CAT plasmid. Although cells derived from
clones 2 and 6 have less nuclear expression of E2F-1 than do cells
from clone 1. they were also able to overcome a forced MTX-induced
G]-S block in comparison with the control cells. Cells from clone 1

showed less sensitivity to serum deprivation than did control cells or
cells from other clones. Although <5% of surviving cells could be
detected in cultures of control cells or cells from clones 2 and 6 after
6 days in growth medium containing 0.1% serum, 30% of cells from
clone 1 survived under these conditions (data not shown).

Cells Overexpressing E2F-1 Show Increased Levels of Hyper-

phosphorylated pRb. Western blot analysis for pRb revealed that
clones 1, 2, and 6 all contained higher levels of hyperphosphorylated
pRb (the slower migrating band), as compared to the NeoR-transfected

control cells (Fig. IB). Among clones 1, 2, and 6, the ratio of
hyperphosphorylated Rb to pRb was higher in clone 1 than clones 2
and 6. Because the phosphorylation of Rb is likely mediated by the
cyclins and associated kinases, we examined the levels of cyclin A
and cyclin Dl in the cell lines. Cyclin A protein levels were ~4-fold
higher in cells from clone 1 as compared to the NeoR cells, whereas

no increase in cyclin A levels in cells from clones 2 and 6 was
observed (Fig. 1C). Because E2F-1-transfected cells had increased
levels of cyclin A, it is likely that the cyclin A- and/or cyclin
E-associated CDK activity was responsible for pRb phosphorylation

and not cyclin D. No major change in the cyclin Dl levels in the
E2F-1 transfected cells was observed (data not shown), further sug
gesting that cyclin D-associated kinase activity may not have been

involved in the increased phosphorylation of pRb. It has been shown
recently that cyclin D l-associated kinase activity is actually inhibited
by E2F-1 as a result of down-regulation of the cyclin Dl gene (11).

Apart from having higher levels of hyperphosphorylated pRb, clones
1, 2, and 6 appeared to have higher overall levels of pRb than the Neo
control cells. It is possible that E2F-1 overexpression results in an

increase in pRb synthesis. This possibility has been suggested by Shan
et al. ( 12), as the RB promoter contains an E2F recognition sequence.

E2F-1 Overexpression Leads to Increased Levels of TS Protein
and Enzyme Activity. Northern blot analyses confirmed that over-
expression of E2F-1 resulted in increased levels of cyclin A, TS, and
DHFR mRNA, respectively (data not shown). Because 5-FU and

MTX target TS and DHFR proteins, Western blot analyses were
carried out to determine protein levels of TS and DHFR in the
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Table 2 TS and DHFR .specific activities und protein levels in E2F-I-o\'erexpressing
and control HT-1080 ceils

Numbers in parentheses show fold increase in specific activity (milliunits/mg/min)
over control cells. Assays were performed in duplicate from two independent determina
tions as described in "Materials and Methods."

CelNeoRE2F-E2F-E2F-E2F-E2F-!.12.3.5.6TSactivity0.5

(IX)6.9
(14X)4.9UOX)2.9

(6X)1.8(3X)1.6

(3X)TS

levels"143NDND2DHFRactivity0.9

(IX)2.3
(2X)1.3(1X)1.4(1X)I.O(IX)1.1

(IX)DHFR

levels"121NDND1

" Values obtained by densilometric scanning of Western blots. ND. not done.

E2F-1 -transfected cells, as compared to the controls. TS is up-regu
lated in the E2F-1 transfectants to a far greater extent (3-4-fold by
densitometric scanning) than DHFR (increase was only 1.2-fold). This

was confirmed by determining the specific enzyme activities of TS
and DHFR in the cell lysates prepared from the E2F-1 transfectants
and the control cells (Table 2). Clones expressing E2F-1 show greater

increase in the specific activity of TS than DHFR, with clone 1
showing an increase of 14-fold in TS-specific activity and only a
2-fold increase in DHFR-specific activity. Clones 2 and 6 show 10-
and 3-fold increases in TS activity and little or no increase in DHFR

activities, respectively, over control cells.

Discussion

Cell cycle check points serve important regulatory roles in different
phases of the cell cycle. D-type cyclins, in conjunction with CDK4/6
activity, regulate the G,-S phase transit, mainly by phosphorylating
pRb (13). This hyperphosphorylation of pRb releases bound E2F-1
(along with other pRb-binding E2F members), which then transacti-
vates S-phase genes. Elevated levels of cyclin Dl protein have been

found in a variety of cancers, including breast cancer, head and neck
cancer, non-small cell lung cancer, and mantle cell lymphoma (4).

pRb loss or mutations associated with lack of or mutations in p53 are
also common in human malignancies. Thus, increased levels of free
E2F-1 may occur in transformed cells, either due to deletions or

mutations in pRb or to increased phosphorylation of pRb as a result of
increased levels of CDK activities. Overexpression of E2F-1 in fibro-

blasts leads to an increase in the percentage of cells in the S phase and
increased tumorigenicity (5, 6). Our own results confirm that E2F-1
increases the growth rate of HT-1080 human fibrosarcoma cells. The
E2F-l-overexpressing cells were able to overcome an enforced G,

block (induced with MTX) whereas the control cells appeared to be
blocked in G, after such MTX treatment. DeGregori et al. (1) and
Lukas et al. (14) have shown that cells overexpressing E2F-1 were
able to overcome y radiation and pl6-induced G, blocks as compared

to control cells.
These studies show that cells overexpressing E2F-1 have increased

levels of TS and, as a consequence, are resistant to TS drugs, such as
5-FU. However, they are more sensitive to drugs such as etoposide

and doxorubicin. It is noteworthy that there was only a slight increase
in DHFR levels, as compared to a greater increase in TS levels in the
E2F-1-overexpressing cell lines. DeGregori et al. (1) also noted only

a slight increase in DHFR and thymidine kinase levels as compared to
a greater increase in TS levels in E2F-1-overexpressing rat embryo

fibroblasts. Although the human DHFR promoter contains a consen
sus E2F-1 binding sequence (10), there was little increase in DHFR
levels in E2F-1-overexpressing cells, suggesting that regulation of
different E2F-1 target genes is complex and possibly involves multi

ple factors. Some degree of cooperativity among transcription factors
in up-regulating DHFR comes from the work of Lin et al. (15), who
showed that E2F-1 and Spl act synergistically to up-regulate tran

scription of DHFR. Factors such as YY1, NF-Y. and Spl family
members can all cooperate with E2F factors to mediate growth-

regulated transcription (16). Both human DHFR and human TS pro
moters contain Spl sites, whereas only the DHFR promoter contains
the consensus E2F-1 site. In the human TS promoter, there are three

regions upstream of the CACCC box that have partial homology to the
E2F-1 binding sequence (17). However, in in vitro transcription
assays deletion of these sequences resulted in up-regulation of the

reporter gene, suggesting that these regions were negative regulatory
sequences. Thus, E2F-1 appears to regulate TS and DHFR differently,

although the details remain, as yet, unclear.
Human leukemia cells (32 D.3 myeloid progenitor cells) overex

pressing E2F-1 were found to be more sensitive to topo II inhibitors
such as etoposide but not to doxorubicin (18)._ Because the E2F-1-

overexpressing cells transit faster into S phase and because topo II is
an S-phase enzyme, an increase in topo II activity may be attributed

to an increase in the percentage of cells in the S phase rather than an
effect of E2F-1 on the transcription of this gene; however, this has not

been determined. It is interesting to note that forced expression of
E2F-1 in the 32D.3 cells caused enhanced S-phase accumulation of

cells treated with both etoposide and doxorubicin; however, increased
apoptosis was seen only with etoposide but not doxorubicin, although
both agents are capable of inhibiting topo II and also stabilizing the
cleavable complexes. The results of the this study indicate that over-
expression of E2F-1 in HT-1080 cells make them more sensitive to

etoposide and doxorubicin as well as SN38, the active metabolite of
irinotecan, a topo I inhibitor. The apparent discrepancy in the two
studies may be attributed to the different cell types used, one being a
myeloid progenitor line and the other a fibrosarcoma line, especially
because the human leukemia lines may have higher levels of E2F-1

expression than cells from other tissues.
Overexpression of E2F-1 alone is not oncogenic but requires an

other transforming event such as a ras mutation. HT-1080 cells are
known to harbor an activated N-ras due to a mutation in codon 61 (19)
providing a possible explanation why stable HT-1080 cell lines over-
expressing E2F-1 were obtained, despite the presence of wt p53 in
these cells. Although Overexpression of E2F-1 causes apoptosis in

many human tumor cell lines, there are some cell lines, such as
MCF-7, that are resistant to the apoptotic effects of E2F-1, even in

presence of wt p53 and pRb (20). Thus, antiapoptotic proteins are
likely present in tumors that express high levels of E2F-1; as a

consequence, these tumors would be expected to have increased
oncogenicity. In contrast to the observed oncogenic behavior of
E2F-1, recent work of Yamasaki et al. (21) and Field et al. (22)
showed that knockout mice lacking E2F-1 develop hyperplasia in

some tissues and even neoplasias, including sarcomas of the repro
ductive tract, lung tumors, and lymphomas, leading to the suggestion
that at least in the developmental stage, E2F-1 may function as a
tumor suppressor gene. If it is assumed that E2F-1 is, indeed, a tumor
suppressor gene, one would expect to encounter loss of E2F-1 func
tion in tumors. However, lack of E2F-1 has not been reported in

tumors.
Because our results suggest that up-regulation of TS is a good

indicator of increased E2F-1 activity, we reasoned that tumors with

high levels of TS without evidence of gene amplification may result
from E2F-1 Overexpression. A recent analysis of pulmonary and

hepatic mÃ©tastasesof colorectal carcinoma revealed that pulmonary
mÃ©tastaseshad 4-5-fold higher levels of TS gene expression than did

the hepatic mÃ©tastases(23). When the same tumor samples were
analyzed for E2F-1 mRNA expression by a quantitative RT-PCR
assay, a correlation between the TS and E2F-1 expression levels was

observed (24). These results have two potentially important clinical
implications. First, because elevated TS mRNA levels in colon cancer
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have been correlated with poor response to fluorouracil treatment
(23), pulmonary mÃ©tastaseswould be predicted to be resistant to
fluoropyrimidincs. Second, these tumors may be more sensitive to
S-phase agents such as topo I and II inhibitors. Clinical data suggest

that Ãluoropyrimidines are more active against hepatic mÃ©tastasesthan
pulmonary mÃ©tastases,whereas the topo I inhibitor irinotecan has
been reported to produce encouraging response rates in patients with
pulmonary mÃ©tastases(25, 26). We are now investigating the basis of
this difference in E2F-1 levels between pulmonary and hepatic me

tastasis of colon cancer.
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