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ABSTRACT Growth inhibition assays indicated that the
IC50 values for methotrexate (MTX) and 5-fluorodeoxyuridine
(FdUrd) in HS-18, a liposarcoma cell line lacking retinoblas-
toma protein (pRB), and SaOS-2, an osteosarcoma cell line
with a truncated and nonfunctional pRB, were 10- to 12-fold
and 4- to 11-fold higher, respectively, than for the HT-1080
(fibrosarcoma) cell line, which has wild-type pRB. These
Rb-/- cell lines exhibited a 2- to 4-fold increase in both
dihydrofolate reductase (DHFR) and thymidylate synthase
(TS) enzyme activities as well as a 3- to 4-fold increase in
mRNA levels for these enzymes compared to the HT-1080
(Rb+/+) cells. This increase in expression was not due to
amplification of the DHFR and TS genes. Growth inhibition
byMTX and FdUrd was increased and DHFR and TS activities
and expression were correspondingly decreased in Rb trans-
fectants of SaOS-2 cells. In contrast, there was no significant
difference in growth inhibition among these cell lines for the
nonantimetabolites VP-16, cisplatin, and doxorubicin. A gel
mobility-shift assay showed that parental SaOS-2 cells had
increased levels of free E2F compared to the Rb-reconstituted
SaOS-2 cells. These results indicate that pRB defective cells
may have decreased sensitivity to growth inhibition by target
enzymes encoded by genes whose transcription is enhanced by
E2F proteins and suggest mechanisms of interaction between
cytotoxic agents and genes involved in cell cycle progression.

polyglutamate formation or impaired uptake (17). The fifth
cell line (HS-18), although able to transport MTX and make
long-chain polyglutamates comparable to the MTX-sensitive
HT-1080 fibrosarcoma cell line, had an increased level of the
MTX target enzyme DHFR compared to the other cell lines,
without evidence of DHFR gene amplification. The subse-
quent finding that this cell line lacked both copies of chromo-
some 13, which contains the gene for pRB (18), led us to
investigate further the relationship between pRB and resis-
tance to MTX as well as FdUrd, antimetabolite drugs that
inhibit enzymes involved in DNA replication.

This study addresses the relationship between absent or
abnormal pRB and sensitivity to drugs that target DHFR and
TS. We have compared the growth inhibition of a human
sarcoma cell line containing pRB (HT-1080) with cell lines
either lacking pRB (HS-18) or having a truncated pRB
incapable of binding E2F (SaOS-2). We have also obtained
viable SaOS-2 sublines stably transfected with Rb after G-418
selection (see below). Cells lacking functional pRB were more
resistant to growth inhibition by MTX and FdUrd compared
to pRB-expressing cell lines. In cell lines lacking pRB, levels of
DHFR and TS enzyme activity as well as mRNA expression
were higher. Furthermore, cell lines lacking pRB had increases
in free E2F as measured by gel-retardation assays.

A wide variety of human cancers demonstrate loss or mutation
in the tumor suppressor gene p53 and the retinoblastoma
tumor suppressor gene (Rb) (reviewed in refs. 1 and 2). Rb
encodes a nuclear phosphoprotein that has been implicated in
the transition between the GI and S phases of the cell cycle and
is phosphorylated starting at a point after mid-GI (3-7) by
cyclin D-cdk4 (8) and/or cyclin E-cdk2 complexes (9, 10).
The viral oncoproteins ElA, simian virus 40 T antigen, and

papilloma virus E7 bind to hypophosphorylated Rb protein
(pRB) and displace cellular pRB binding proteins such as the
E2F family of transcriptional activators (11, 12). Cells lacking
pRB or sequences important for its interaction with E2F would
therefore be expected to have high levels of "free" E2F, a
shortened G1 phase, and increased transcription of E2F target
genes such as dihydrofolate reductase (DHFR) (13, 14),
thymidylate synthase (TS) (15), and other genes necessary for
entry and progression through S phase. Overexpression of
E2F-1, a member of the E2F family, can reverse pRB-mediated
GI growth arrest and allow entry into S phase (16).
Newly derived human soft tissue sarcoma cell lines (five

studied in detail to date) are inherently resistant to metho-
trexate (MTX), when compared to HT-1080, a well-established
fibrosarcoma cell line obtained from ATCC (17). Mechanisms
of this inherent resistance are attributed to decreased reten-
tion of MTX in four of these cell lines due to decreased

MATERIALS AND METHODS

Chemicals. MTX was obtained from Lederle Laboratories
(Pearl River, NY). FdUrd was supplied by Roche Laboratories
(Nutley, NJ). Doxorubicin, cisplatin, and VP-16 were obtained
from Sigma. [3H]MTX and [5-3H]dUMP (20 Ci/mmol; 1 Ci =
37 GBq) were purchased from Moravek Biochemicals (La
Brea, CA). [a-32P]dCTP and [,y-32P]ATP were from DuPont/
NEN. The Rb polyclonal antibody Ab-2 was obtained from
Oncogene Science, E2 oligonucleotide probe (E2pro) and
DHFR E2F binding oligonucleotides were synthesized with an

Applied Biosystems oligonucleotide synthesizer. E2pro corre-

sponds to the -70 to -32 region of the adenoviral E2
promoter.

Cell Lines. HT-1080, a human fibrosarcoma cell line, and
SaOS-2, an osteosarcoma cell line, were obtained from the
American Type Culture Collection (ATCC). HS-18, a human
liposarcoma obtained from an untreated patient, was estab-
lished as a cell line in this laboratory. HT-1080, SaOS-2, and
HS-18 cells were maintained as monolayer cultures in RPMI
1640 medium containing 10% fetal bovine serum. The dou-
bling times of exponentially growing HT-1080, SaOS-2, and
HS-18 cells were 26, 39, and 36 h, respectively.

Cell Growth Inhibition Studies. Exponentially growing HT-
1080, HS-18, and parental and Rb-transfected SaOS-2 cells (5
x 103 cells per cm2) were exposed to various concentrations of

Abbreviations: pRB, retinoblastoma protein; MTX, methotrexate;
DHFR, dihydrofolate reductase; TS, thymidylate synthase.
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drugs (MTX, FdUrd, doxorubicin, cisplatin, or VP-16) for 5
days. Cells then were counted with a model ZB Coulter
Counter. IC50 values were determined from the growth inhi-
bition data.
Western Blot Analysis of pRb. pRb was detected by immu-

noblotting as described with a polyclonal Rb antibody (Onco-
gene Science) (19).
DHFR Activity Assay. Midlogarithmic phase growing cells

were harvested, washed twice with cold PBS, and resuspended
in 50 mM Tris HCl (pH 7.5) containing'10% (vol/vol) glycerol,
2mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride.
Cellular extract was obtained'by sonication followed by cen-
trifugation at 30,000 x g for 30 min at 4°C. The supernatant
was used for enzyme assays. DHFR activity was determined as
described (20).
TS Activity Assay. Midlogarithmic phase cells (_107) were

suspended in 1 ml of extraction buffer consisting of 50 mM
Tris-HCl (pH 7.5), 50 mM 2-mercaptoethanol, 10% glycerol,
and 0.1% Triton X-100. Cells were disrupted by freeze-
thawing three times and centrifuged at 42,500 x g for 30 min
at 4°C. The supernatant was assayed for TS activity, by the 3H
release assay, using [5-3H]dUMP as described (21).
Northern Blot Analysis.' Total RNA was extracted from

exponentially growing cells with RNazol (Biotecx, Houston).
A total of 40 ,ug of RNA was electrophoresed in an agarose gel
containing 1.5% formaldehyde and transferred to a nylon filter
and probed with 32P-labeled DHFR cDNA (22). The filter was
washed and quantitated with a blot analyzer (Betascope 603)
and autoradiographed. After stripping, the filter was reprobed
with TS cDNA (23). Hybridization of the same filter with 36B4
cDNA (24) served as an internal control for RNA loading.

Transfection of SaOS-2 Cells. SaOS-2 cells were transfected
at 70% confluency with the transfection reagent DOTAP with
the plasmid pLRbRNL (ATCC) containing the Rb cDNA
(Boehringer Mannheim) (25). After selection with G418 (800
,ug/ml) for 4 weeks, resistant clones were isolated and ex-
panded into cell lines in medium containing G418 (200 ,ug/ml).
E2F Binding Activity Assay. Whole cell extracts from cells

were prepared as described (26). E2F binding activity was
determined by gel-retardation assays (27). The reaction mix-
ture contained, in a total of 20 ,lI, the binding buffer [50 mM
KCl, 20 mM Hepes (pH 7.5), 10 mM MgCl2, 10% glycerol, 0.5
mM dithiothreitol, and 1% Nonidet P-40], 20 ,tg of extract
protein, 20 ,ug of bovine serum albumin, 2 Ag of salmon sperm
DNA, and 1 ng of 32P-labeled E2 oligonucleotide probe
(5'-GATCAGTTTTCGCGCTTAAATTTGAGA-
AAGGGCGCGAAACTAG-3') (28). After a 30-min incuba-
tion the reaction products were separated on a 4% polyacryl-
amide gel in 0.25 x TBE buffer at 4°C. The gel was dried and
exposed to x-ray films.

Cell Cycle Analysis. Midlogarithmic phase growing cells (1
x 106 cells) were washed in ice-cold PBS, fixed in methanol,
and stored at 4°C. The cells were stained with propidium
iodide (100 ,ug/ml) and analyzed on a Becton Dickinson

fluorescence-activated cell sorter according to published pro-
cedures (29, 30).

RESULTS

Relationship Between Expression of Rb Protein and Drug
Sensitivity. Our initial studies established that HT-1080 cells
have significant levels of pRB as determined by Western
blotting. However, pRB was not detected in HS-18 and SaOS-2
cells, using a polyclonal anti-Rb antibody. An anti-pRB mono-
clonal antibody (clone 53-245; PharMingen) was able to
detect the 95-kDa truncated pRB in parental SaOS-2 cells (31)
(data not shown).
Compared with HS-18 and SaOS-2 cell lines, HT-1080 cells

were more sensitive to both MTX and FdUrd (the IC50 values
for MTX were 12- and 10-fold lower and those for FdUrd were
11- and 4-fold lower than those obtained in HS-18 and SaOS-2
cells, respectively; Table 1). The effect was specific for this
class of antimetabolites since no significant difference in
growth inhibition was evident among these cell lines for VP-16,
cisplatin, and Adriamycin.

Target Enzyme Levels in Relation to MTX and FdUrd
Resistance. Based on growth inhibition studies as described
above, the HS-18 and SaOS-2 cells were more resistant to
MTX and FdUrd compared to HT-1080 cells. We examined
the level of the target enzymes for MTX (DHFR) and FdUrd
(TS) in relation to MTX and FdUrd resistance. DHFR activ-
ities- measured in HS-18 and SaOS-2 cells were 2- to 3-fold
higher than those obtained in HT-1080 cells (Table 1). Higher
TS activities (4- to 8-fold) were also noted in HS-18 and
SaOS-2 cells compared to HT-1080 cells (Table 1). MTX
uptake and' polyglutamate formation were also measured in
these cell lines as impaired MTX uptake and accumulation of
polyglutamates may be important mechanisms of MTX resis-
tance (17). There was no significant difference in MTX uptake
or polyglutamate formation among the cell lines (data not
shown). Thus, the relative resistance to MTX and FdUrd in the
two Rb-lacking cell lines compared to the HT-1080 cell line is
attributed to increased levels of the target enzymes in these
cells.
DHFR and TS Gene Amplification and Expression. No

significant difference was detected for DHFR or TS gene copy
number in the cell lines (data not shown). However, Northern
blot analysis showed that HS-18 and SaOS-2 cells have a 2- to
4-fold higher level of mRNA expression of DHFR and TS
compared to the HT-1080 cell line (Fig. 1).

Reversal of MTX and FdUrd Resistance in the SaOS-2 Cell
Line After Transfection with Rb cDNA. Based on the above
results, intrinsic resistance to MTX and FdUrd appeared to be
associated with absence of functional pRB and increased levels
of DHFR and TS in the HS-18 and SaOS-2 cell lines. To
confirm this relationship, Rb cDNA was introduced into one
of these cell lines to determine whether transfection of the Rb
gene decreased resistance to MTX and FdUrd. Eight stable

Table 1. DHFR and TS activity and growth inhibition by MTX, FdUrd, Adriamycin, VP-16 (etoposide), and cisplatin in human cell lines
containing or lacking pRb protein

Rb DHFR, TS, IC5o, nM IC50, ,LM
Cell line status j±mol-h-1.mg-I nmol-h-l-mg-1 MTX FdUrd Adriamycin VP-16 Cisplatin
HT-1080 + 0.06 ± 0.01 0.80 ± 0.20 7.20 ± 2.80 28.9 ± 8.10 0.21 ± 0.09 2.2 ± 0.3 2.5 ± 0.1
HS-18 - 0.13 ± 0.02 6.20 ± 0.50 84.1 ± 25.1 315 ± 9.10 0.35 ± 0.1 2.1 ± 0.3 3.1 ± 0.4
SaOS-2 - 0.14 ± 0.01 3.90 ± 0.60 79.2 ± 29.3 107 ± 12.1 0.18 ± 0.07 1.7 ± 0.3 2.8 ± 0.3
SaOS-2 31 - 0.12 ± 0.01 4.00 ± 0.10 94.4 ± 41.9 137 ± 53.4 0.29 ± 0.05 2.8 ± 0.7 4.3 ± 1.0
SaOS-2 9 + 0.07 ± 0.01 2.10 ± 0.10 29.2 ± 17.1 67.2 ± 13.2 0.24 ± 0.04 2.1 ± 0.2 3.2 ± 0.6
SaOS-2 10 + 0.06 ± 0.01 1.10 ± 0.20 41.7 ± 20.8 27.9 ± 13.1 0.24 ± 0.05 2.7 ± 0.1 3.4 ± 1.7

DHFR and TS activities were determined by a spectrophotometric assay and a [3H]dUMP assay, respectively, with cell extracts obtained from
exponentially grown cells. IC5o values were obtained by counting, using a model ZB Coulter Counter, the surviving cells after a 5-day exposure
of exponentially grown cells to various concentrations of the indicated drug. Results are means ± SE from three experiments. -, Rb is either absent
or nonfunctional; +, functional Rb.
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FIG. 1. Northern blot analysis ofmRNA in three human cell lines.
The probes were a DHFR cDNA (Top) and a TS cDNA (Middle).
(Bottom) Control for total RNA loaded using a 36B4 probe. Lanes: 1,
HT-1080 cells (pRB+); 2, HS-18 cells (pRB-); 3, SaOS-2 cells (pRB-).

clones from SaOS-2 cells transfected with Rb were obtained
with G418 selection and were expanded into cell lines. Seven
of the eight sublines showed pRB expression by Western
blotting (105-110 kDa) (data not shown). Some of these
sublines had changes in morphology and were larger and
flatter in appearance, as has been described (32-38). Five of
the eight sublines grew slowly, with a longer doubling time than
that of parental SaOS-2 cells. The three sublines that had a
similar doubling time compared to the parental line (38-39 h)
were selected for determination of the effect of pRB expres-
sion on cell growth inhibition by MTX and FdUrd. Two of
these three sublines (S-9 and S-10) expressed full-length pRB,
while subline S-31 did not (Fig. 2). As shown in Table 1, pRB+
sublines S-9 and S-10 were more sensitive to growth inhibition
by MTX and FdUrd than parental cells (IC50 values for MTX
were 2.6- to 6.2-fold lower and those for FdUrd were 2.3- to
4.1-fold lower, respectively). In contrast, the G418 selected but
pRB- subline S-31 showed no change in sensitivity to MTX
and FdUrd compared to parental cells. This pRB-mediated
drug sensitivity was specific to antimetabolites since no sig-
nificant change in growth inhibition to the nonantimetabolites
VP-16, Adriamycin, and cisplatin was observed when parental
SaOS-2 cells and the pRB-expressing sublines of SaOS-2 cells
were compared (Table 1). DHFR and TS activities in Rb-
transfected cells were determined to ascertain whether the
increase in sensitivity to MTX and FdUrd was related to a
decrease in DHFR and TS activities. As predicted, DHFR and
TS activities in the S-9 and S-10 cell lines were 2- to 3-fold
lower than in SaOS-2 cells and were similar to those of
HT-1080 cell lines (Table 1). DHFR and TS activities in the
S-31 subline were similar to the parental SaOS-2 cell line
(Table 1).
The Level of Free E2F Is a Critical Factor in Determination

of Drug Sensitivity. E2F-like binding sites have been found in
the promoters of several genes involved in DNA replication,
including DHFR (13, 14), TS (15), thymidine kinase (39, 40),
human DNA polymerase a (41), and the CDC2 gene (42). We
therefore measured E2F and its complexes in these cell lines
by a gel-retardation assay in order to determine free and bound
forms of this family of transcription factors (Fig. 3). E2F
complexes (Fig. 3, band A) were observed in HT-1080 cells
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FIG. 2. Expression of pRB in Rb-transfected SaOS-2 cells. pRB
was detected by immunoblotting as described. Lanes: 1, HT-1080 cells;
2, Rb-transfected SaOS-2, clone 10; 3, parental SaOS-2 cells; 4,
Rb-transfected SaOS-2, clone 9; 5, Rb-transfected SaOS-2, clone 31.
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FIG. 3. E2F binding assay. Cell extracts (10 j.Lg) were incubated
with a 32p-labeled E2 oligonucleotide probe. Lanes: 1, HT-1080
extract; 2, HS-18 extract; 3, SaOS-2 extract; 4, extract from Rb-
transfected SaOS-2 cells (clone 9); 5, extract from Rb-transfected
SaOS-2 cells (clone 10); 6, extract from Rb-transfected SaOS-2 cells
(clone 31); 7, HT-1080 extract plus 100-fold excess unlabeled E2 probe;
8, HT-1080 extract plus 2 i±g of monoclonal antibody to pRB; 9,
HT-1080 extract plus 0.5% sodium deoxycholate; 10, SaOS-2 extract
plus 0.5% sodium deoxycholate. Positions of free E2F and E2F
complexes are indicated by arrows: A, E2F complexed with pRB; B
and C, free E2F, of which C. is the pRB-regulated free E2F; D, a
nonspecific band.

(containing pRB) (lane 1) or in pRB-reconstituted SaOS-2
sublines (lanes 4 and 5) but these complexes were absent in
HS-18 cells (lane 2), in parental SaOS-2 cells (lane 3), and in
the S-31 subline of SaOS-2 (lane 6), cell lines lacking functional
pRB. Addition of Rb antibody (lane 8) reduced the intensity
of this complex and the band appeared to have supershifted.
Furthermore, when the assay mixtures containing HT-1080
and SaOS-2 were treated with sodium deoxycholate (lanes 9
and 10, respectively), known to be capable of disrupting E2F
complexes (43), the E2F complex (band A) was not detected,
while bands B and C were not affected. Therefore, uncom-
plexed or free E2F appeared as a doublet (bands B and C).
This is consiste'nt with recent reports (44, 45) and may repre-
sent migration of different family members of E2F. The
faster-migrating component (band C), but not the slower
migrating band (band B), appeared to be regulated by pRB
(compare lanes 2 and 3 and lanes 3 and 4).' There Wkas
significantly more pRB-regulated free E2F in HS-18 (lane 2)
and parental SaOS-2 cells (lane 3) when compared with
HT-1080 cells (lane 1). However, in Rb-transfected SaOS-2
sublines [S-9 (lane 5) and S-10 (lane 6)], the level of free E2F
was markedly reduced.

Cell Cycle Changes in Cells Containing and Lacking pRB.
Cell cycle distribution was assessed in cells containing or
lacking pRB. As shown in Table 2, HS-18 cells, which lack
pRB, contained more cells in S phase than HT-1080 cells
containing pRB. Compared to SaOS-2 parental cells, Rb-
transfectedSaOS-2 cells had a higher percentage of cells in Gl.

DISCUSSION

We recently reported that mouse embryonic fibroblasts from
homozygous Rb "knockout" mice accumulated nuclear p53
under a variety of growth challenges and underwent cell death
by apoptosis (46). Selective pRB inactivation by targeted
expression of E7 or of a mutated T antigen, which cannot bind
p53, also resulted in apoptosis in vivo (47). In contrast,
inactivation of p53 in cells lacking functional pRB led to
hyperproliferation and an increase in frequency of tumorigen-
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Table 2. Cell cycle distribution of several sarcoma cell lines and
Rb-transfected SaOS-2 subline

Fraction, %

Cell line Rb status G1 S G2/M
HT-1080 + 54.5 20.1 25.4
HS-18 - 50.5 33.0 16.5
SaOS-2

(parental) - 46.4 37.1 16.5
SaOS-2 9 + 61.8 24.2 14.0
SaOS-2 10 + 74.3 17.4 8.3

Cell cycle analysis was performed by staining midlogarithmic phase
cells of each cell line with propidium iodide followed by flow cyto-
metric analysis.

esis (48, 49). In this circumstance, unlike cells that contain
wild-type p53, overexpression of E2F (50), c-myc (51), or ElA
(52) did not commit these cells to apoptosis. The tumor cell
lines used in this study, the HS-18 sarcoma cell line and SaOS-2
osteosarcoma line, lacking both functional p53 and pRB, are
likely, for this reason, to be relatively resistant to growth
challenges that include anticancer drugs compared to tumor
cells that contain wild-type p53.

Introduction of Rb cDNA into cells lacking pRB or con-
taining a nonfunctional form of this protein into different cell
lines including SaOS-2 cells has been reported to lead to
morphologic changes, slowing of growth and cell death (32-
34). We obtained several clonally derived cell lines, using G418
selection that, although containing functional Rb, were able to
grow with a generation time similar to that of parental cells. As
expected, these transfectants had an increase in the G1 phase
of the cell cycle, consistent with the function of pRB in
regulating S-phase cell entry (3). It is likely that the level of
expression of pRB is one factor that may determine the
viability of transfectants. High levels of expression of Rb may
result in such profound G1 block as to not allow cells to enter
S phase, resulting in cessation of growth.
The HS-18 and SaOS-2 cell lines, lacking pRB or functional

pRB, respectively, both express elevated levels of mRNAs
encoded by DHFR and TS, two of several genes related to
DNA replication that are regulated in part by E2F/DP het-
erodimeric transcription factors that can bind hypophospho-
rylated pRB (43). These data are in accord with our recent
findings that Rb-/- mouse embryonic fibroblasts derived from
knockout mice have elevated levels of DHFR and TS mRNA,
as compared to syngeneic fibroblasts with the RbI/I genotype
(46). Compared to HT-1080 cells containing normal pRB, the
HS-18 and SaOS-2 cell lines were severalfold resistant to
growth inhibition by MTX and FdUrd. Furthermore, Rb
expression correlates with restored sensitivity to these anti-
metabolites and reduced DHFR and TS mRNA synthesis in
SaOS-2 cell transfectants. Studies with other cell lines selected
by chronic exposure to MTX that have low level gene ampli-
fication (2- to 4-fold) and an increase in DHFR mRNA and
protein clearly show that a significant (10- to 20-fold) degree
of resistance to MTX results (53). As intracellular MTX levels
are regulated by a saturable carrier-mediated transport pro-
cess, the intracellular level of DHFR becomes a critical factor
in the inhibition of tetrahydrofolate biosynthesis by this drug
and consequent growth inhibition (54). In contrast, the Rb
transfectants were equally sensitive to other anticancer agents
that do not target enzymes whose transcription is known to be
increased by free E2F.
The data presented show that there is a relationship between

the level of at least one species of "free" E2F and the presence
or absence of functional pRB. Five members of the E2F family
have been described to date (55), and at least three E2F
proteins can bind the pRB-related proteins, p107 and p130 (56,
57). A large number of genes may be regulated during different

phases of the cell cycle by these distinct E2F-DP1 heterodimers
(55). As the oligomer used to detect E2F proteins in the
gel-retardation assay does not distinguish between the E2F
species involved, further investigation is required to determine
which E2F heterodimer(s) transcriptionally activates the
DHFR and the TS promoters. If transcriptional activity is
demonstrated for these and other promoters containing an
E2F binding site-e.g., ribonucleotide reductase (58) and
DNA a polymerase (41)-it may be predicted that these
pRB-deficient cells may also be resistant to inhibitors of these
enzymes (e.g., hydroxyurea and aphidicolin).
These results may explain why human tumors lacking pRB

or having functional abnormalities of this protein are relatively
resistant to treatment with drugs that target DHFR or TS. For
example, retinoblastoma cell lines are intrinsically resistant to
MTX, not alkylating agents (59). In addition, small cell lung
cancer cell lines that commonly lack pRB are relatively resis-
tant to MTX (60), and MTX is not used in the treatment of this
disease as patients with this tumor are usually refractory to
treatment with MTX (61).
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