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ABSTRACT The candidate tumor suppressor gene, FHIT,
encompasses the common human chromosomal fragile site at
3p14.2, the hereditary renal cancer translocation breakpoint,
and cancer cell homozygous deletions. Fhit hydrolyzes dinucle-
otide 5*,5--P1,P3-triphosphate in vitro and mutation of a central
histidine abolishes hydrolase activity. To study Fhit function,
wild-type and mutant FHIT genes were transfected into cancer
cell lines that lacked endogenous Fhit. No consistent effect of
exogenous Fhit on growth in culture was observed, but Fhit and
hydrolase ‘‘dead’’ Fhit mutant proteins suppressed tumorigenic-
ity in nude mice, indicating that 5*,5--P1,P3-triphosphate hydro-
lysis is not required for tumor suppression.

The structure and expression of the FHIT gene encompassing the
FRA3B common fragile site frequently are altered in primary or
cultured esophageal, head and neck, lung, gastric, breast, and
cervical carcinomas (1–8). Structural alterations tend to be
because of deletion within both FHIT alleles, resulting in loss of
exons and concomitant absence of full-length FHIT transcript
and protein (ref. 6; for review, ref. 9). It has been argued that the
FHIT gene may be altered in cancer cells simply because it
encompasses the fragile region and is likely to be very susceptible
to breakage (7). We agree that the locus is highly susceptible to
carcinogen damage, explaining why deletion is much more fre-
quent than point mutation in the gene, but we argue that loss of
Fhit function provides a selective advantage for the tumor cell;
otherwise, frequent expansion of the deleted FHIT clones in
tumors and tumor-derived cell lines would be difficult to explain.

Fhit-related proteins have been found in mammals and
yeasts (1, 10, 11) and constitute a branch of the histidine triad
(HIT) superfamily (12). The Fhit branch includes the Schizo-
saccharomyces pombe diadenosine tetraphosphate hydrolase
[dinucleoside 59,5--P1,P4-tetraphosphate (Ap4A) hydrolase]
(10) to which Fhit is similar. Barnes et al. (13) have shown that
Fhit behaves in vitro as a typical dinucleoside 59,5--P1,P3-
triphosphate (Ap3A) hydrolase (EC 3.6.1.29); site-directed
mutagenesis of FHIT demonstrated that the conserved histi-
dines are required for full activity, and the central histidine of
the triad is essential for Ap3A hydrolase activity.

To investigate mechanisms for a selective growth advantage
of Fhit negative tumors, we have prepared vectors for expres-
sion of Fhit in cancer-derived cells and have examined the
phenotypes of the Fhit-expressing clones relative to the Fhit
negative parental cells. To determine if the in vitro enzymatic
activity was associated with a role in tumor suppression, the
hydrolase ‘‘dead’’ mutant gene, FHITH96N, with the central
histidine codon of the HIT changed to an asparagine codon,
also was expressed in Fhit negative cancer cells.

MATERIALS AND METHODS
Cells. The MKN74 cell line (kindly provided by Eiichi Tahara,

University of Hiroshima, Japan), was derived from a gastric
carcinoma (14) and forms tumors rapidly in nude mice. The H460
large cell lung cancer line exhibits homozygous deletion in intron
5, does not express Fhit protein by Western blot or immunohis-
tochemistry, and is highly tumorigenic in nude mice. Human cell
lines, AGS, HKI (15), RC48 (16), and 293 (17), were character-
ized previously for structure and expression of endogenous FHIT
alleles (6); 293 cells express Fhit protein, whereas the three cancer
cell lines exhibit homozygous deletions within FHIT and do not
express Fhit protein.

Plasmids. Wild-type FHIT cDNA (1) was ligated in-frame to
a FLAG octapeptide coding sequence (Eastman Kodak) and
cloned into the HindIII and XbaI sites of the pRcCMV vector
(Invitrogen) under control of the immediate early human cyto-
megalovirus (CMV) promoter (13). Codon 96 (CAC, His) was
mutated to AAC (Asn) via site-directed mutagenesis to create the
plasmid pRcFHITH96N; expression of Fhit wild-type and mu-
tant proteins from these vectors was described (13).

Transfection. Four Fhit negative cancer-derived cells, and
the Fhit positive 293 cells, were transfected with 15 mg of
pRcFHIT or control plasmid (pRcCMV) DNA by using the
calcium phosphate method (GIBCOyBRL); the AGS, RC48,
MKN74, and 293 cell lines also were transfected with the
pRcFHITH96N plasmid. Clones were selected in the presence
of 200–400 mgyml G418 (Geneticin; GIBCOyBRL).

For electroporation, exponentially growing H460 cells (1.5 3
107) were resuspended in 1 ml of DMEM supplemented with 50%
fetal bovine serum (FBS), mixed with 50 mg of plasmid DNA, and
incubated at 4°C for 15 min. Electroporation was performed with
a Bio-Rad gene pulser by using a setting of 960 mF and 250 V; cells
were plated in DMEM supplemented with 10% FBS and 700
mgyml of G418 and cultured for 3 weeks.

Western Blot Analysis. Preparation of cell lysates and Western
blots were described previously (13). Fhit proteins were detected
by using anti-FLAG M2 monoclonal IgG or rabbit polyclonal
anti-Fhit, and signal was detected by using the SuperSignal
chemiluminescent substrate (Pierce). Two rabbit polyclonal an-
tisera were used: the previously described anti-glutathione S-
transferase (GST)-Fhit antisera (6, 13) for immunoblot and
immunohistochemistry of the H460 clones; and a polyclonal
anti-Fhit antiserum commercially prepared against purified Fhit
and used at 1:5,000 in other immunoblot experiments.

Immunoprecipitation. Protein was immunoprecipitated from
lysates with the anti-FLAG monoclonal IgG, electrophoresed on
a 12% SDSypolyacrylamide gel, transferred to nitrocellulose
filters, and protein detected with the indicated antisera. Immu-
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noreactive bands were visualized by using horseradish peroxi-
dase-conjugated secondary antiserum and enhanced chemilumi-
nescence (Amersham). One microgram per milliliter of anti-
FLAG M2 mAb (Eastman Kodak) was used both for
immunoprecipitation and immunoblot detection, and anti-GST-
Fhit polyclonal antibody (6) was used at a 1:500 dilution for
detection of precipitated Fhit-FLAG in immunoblots.

Assay of Dinucleoside Polyphosphate Hydrolase Activity.
Transfected cells were assayed for Ap3A hydrolase activity as
described (13). Crude supernatants were assayed in duplicate
at three different protein masses in an experiment, and the
specific activity, expressed as nmol of Ap3A hydrolyzedymin
per mg of protein, was calculated from a linear regression
analysis of the activity (Ap3A hydrolyzedymin) as a function of
protein mass. Each experiment was done two or three times,
and mean values are reported.

Growth Kinetics. For growth rate determination, cells were
seeded in 12-well plates in MEM with 10% FBS and 200 mgyml
G418. The medium was replaced with fresh medium every 48
hr. Every 24 hr, cells were trypsinized and counted. For low
serum growth cells were seeded in medium containing 10%
FBS, and the medium was replaced with 1% FBS 24 hr later.

Soft Agar Growth. The soft agar culture was composed of an
underlay (MEM, 10% FBS, G418, 0.6% agar) and overlay
(MEM, 10% FBS, G418, 0.3% agar). The overlay included 1 3
103 or 1.5 3 103 (H460) cells in 2 ml for each 35-mm plate.
RC48 and AGS colonies were counted at 8 weeks, MKN74 and
H460 colonies at 18 days.

Tumorigenicity Assay. Transfected clones from tissue cul-
ture passages 3–5 were harvested and resuspended in PBS.
One (AGS), two (H460), or 5 3 106 (MKN74, RC48, HK1,
293) cells were injected subcutaneously between the shoulder
blades or into the right flank of 6-week-old female nude mice,
four or five mice per cell line. The animals were monitored
twice weekly for tumor formation up to 4 months after
inoculation. Tumor growth rate was calculated from tumor
volume data, obtained from measurements of tumor dimen-
sions by using linear calipers. At termination of the experiment

tumors were excised for histology, assessment of Fhit expres-
sion, and, in some cases, growth in tissue culture.

Immunohistochemistry. The immunoperoxidase assay was
carried out with an avidin-biotin peroxidase complex (ABC)
kit (Vector Laboratories). Briefly, trypsinized cells were spun
onto slides in a cytocentrifuge and fixed in cold acetone for 10
min. The fixed cytospun cells were rehydrated and incubated
for 1 hr at room temperature with anti-GST-Fhit polyclonal
serum diluted 1:500. After rinsing in PBS, the slides were
processed according to the kit staining procedure.

PCR and Reverse Transcription (RT)–PCR Amplification.
Total RNA isolation and RT-PCR amplification was as described
(6). For RT 250 pM of dT or SP6 oligonucleotide primers were
used and 5 ml of the RT product or 100 ng of genomic DNA
served as templates for PCR amplification with 25 pM of primers
HITF and HITR from FHIT exons 5 and 9 (13). The amplifica-
tions were performed in a Perkin–Elmer Cetus thermal cycler for
30 cycles of 94°C for 45 sec, 58°C for 45 sec, and 72°C for 45 sec.

RESULTS
Characteristics of Parental Cancer Cell Lines for Transfec-

tion. There were several criteria for selection of cancer cell lines
for expression of exogenous Fhit. First, it was important that the
parental cancer cell lines should have endogenous FHIT alleles
inactivated; thus, we chose cell lines exhibiting homozygous
deletion of FHIT coding exons (6) andyor no detectable Fhit
protein expression. Second, we wanted cell lines derived from
cancers originating from various organs, and third, the chosen
parental cancer cell lines should be tumorigenic in nude mice.
The HKI nasopharyngeal and AGS gastric carcinoma cell lines
lack exon 5 and are reportedly tumorigenic (15), and the RC48
renal carcinoma lacks exons 8–10 (6). The MKN74 gastric cancer
cell line was tested for deletion within the FHIT gene by PCR
amplification of FHIT locus markers encompassing mid intron 4
to distal intron 5, and homozygous deletion of exon 5 was
observed (data not shown). The H460 large cell lung cancer line
exhibits homozygous deletion of markers in intron 5, but each
FHIT exon is represented in H460 DNA. MKN74 and H460 cells

Table 1. Characterization of FHIT transfected cancer cells

Cell

Transfection parameters Growth parameters

Total Number Number Soft agar
colyplate

Doubling time, hr Tumors, cm3

coloniesyplate analyzed expressing Fhit 10% FBS 1% FBS Number Vol

AGSyCMV 240 2 0 43 (cl1) 37.4 60.1 3y4 .48
AGSyFHIT 121 86 2 (cl25, cl40) 61 (cl25) 36.1 43.6 0y4
AGSyFHITH96N 112 57 0 NA NA NA
HK1yCMV 107 2 0 0 52.8 67.2 No tumors
HK1yFHIT 58 36 1 0 48.3 54.6
RC48yCMV 105 2 0 53 (cl1) 49.5 58.1 3y4 .50
RC48yFHIT 68 67 2 (cl15, cl31) 66 (cl15) 43.2 50.2 1y5 0.2
RC48yFHITH96N 4 4 1 NT 46.5 50.8
H460yCMV .200 2 0 26 (mean) 20 NT 9y10 1.2
H460yFHIT ,,100 34 4 (cl1.2, 6 (mean) NT NT cl1.2, 0y5

cl2.1, 40 NT cl2.1, 0y5
cl3.2, NT NT cl3.2, 3y5 0.1
cl2.3) NT NT cl2.3, 4y4 0.6

MKN74yCMV 259 4 0 37 (mean) NT NT P, 5y5 .30
E4, 4y4 .35

MKN74yFHIT 141 116 10 35 (mean) NT NT A66, 5y5 .05
A116, 5y5 .10

MKN74yFHITH96N 223 92 7 10 (mean) NT NT B27, 3y5 .05
B59, 5y5 .13

293yCMV 118 2 0 3 35.4 43.2 No tumors
293yFHIT 114 55 20 5 (cl56) 31.2 36.8
293yFHITH96N 108 18 15 NT 33.6 (cl24) 40.1

Numbers in parentheses are specific clone names; NA, not applicable; NT, not tested; Number analyzed means number of colonies tested for
Fhit expression by Western blot analysis with anti-FLAG IgG. For RC48yFHITH96N the low number of colonies observed was probably because
of an inefficient transfection.
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are negative for endogenous Fhit protein by Western blot and
immunocytochemistry, as will be shown below. The 293 adeno-
virus 5 transformed human kidney cell line expresses endogenous
Fhit and is nontumorigenic in early passage.

Expression of Fhit in Transfected Clones. The AGS,
RC48, MKN74, and 293 cells were transfected with each of the
three vectors, pRcCMV control vector, pRcFHIT, and
pRcFHITH96N, whereas the HK1 and H460 cells were trans-
fected with the control and wild-type vectors, as reflected in
Table 1.

Two to three weeks after transfection, colonies were
counted and colonies from each transfection were isolated,
grown, and tested for Fhit expression, as summarized in Table
1. The numbers of colonies obtained after transfection with the
FHIT wild-type or mutant vectors were reduced, usually about
2-fold, compared with the empty vector transfections except in
the 293 transfections, where each vector yielded about the
same number of colonies. Additionally, FHIT and mutant
transfectants rarely expressed the Fhit-FLAG or FhitH96N-
FLAG protein, as detected by immunoblot analysis of stable
transfectant cell lysates by using anti-FLAG mAb (results
shown in Fig. 1 Upper, summarized in Table 1). For example,
of 86 AGSyFHIT clones, only two expressed detectable Fhit
protein, and none of the 57 AGSyFHITH96N clones expressed
the Fhit mutant. Conversely, the 293 stable clones were about
equal in number after transfection with the three vectors, and
many of the FHIT wild-type and mutant clones expressed the
exogenous protein. For the MKN74 and H460 cell lines we
obtained several Fhit-FLAG expressing clones, as summarized
in Table 1 and illustrated in Fig. 1 (Upper), which shows
immunoblotting results, and Fig. 1 (Lower) with immunocy-
tochemical detection of Fhit in H460 transfectants.

To determine the status of the transfected FHIT gene in the
majority of G418 resistant colonies that did not express
detectable Fhit-FLAG, three MKNyFHIT and three MKNy
FHITH96N clones that did not express Fhit protein were
analyzed further. The three MKNyFHIT clones did not retain
an intact FHIT cDNA as determined by attempted amplifica-
tion of the cDNA ORF from the transfectants. Similarly, two
of three MKNyFHITH96N clones did not retain an intact
FHITH96N cDNA, an indication that in these five clones, the
vector may have integrated into cellular DNA through the
FHIT portion of the transfecting plasmid DNA. The remaining
MKNyFHITH96N clone, which did retain an intact FHIT

cDNA, also expressed FHITH96N mRNA, as determined by
RT-PCR, with FHIT exon 5 and 9 primers. For this clone the
lack of FhitH96N expression may have been caused by a
posttranscriptional block or a very low level of expression.

Ap3A Hydrolase Activity in Stable Fhit-FLAG Transfectants.
Previous studies had shown that transiently expressed Fhit-FLAG
fusion proteins were enzymatically active in Ap3A hydrolysis,
whereas the FhitH96N-FLAG mutant protein lacked detectable
enzymatic activity (13). Similarly, crude supernatants from wild-
type and mutant stably transfected cell clones were tested for
Ap3A enzymatic activity, and results are summarized in Table 2.
The specific activities in the 293yFHIT transfectants are 14–55
times larger than the control. Activities in RC48yFHIT and
MKN74yFHIT transfectants are at least 24 times larger than the
activities in the corresponding control cells. However, activities in
HK1yFHIT and AGSyFHIT transfectants are only two and four
times larger, respectively, than activities in corresponding control
cells. The level of enzymic activity detected for each cell line
roughly paralleled the level of Fhit protein detected by Western
blot: 293yFHIT.RC48yFHIT.MKN74yFHIT.AGSy
FHIT.HK1yFHIT (Fig. 1). Activities in the FHITH96N trans-
fectants of 293 and MKN74 cells are similar to those of the 293
and MKN74 control cells, respectively. Thus, Ap3A hydrolase
activity can be readily detected in stable cancer cell transfectants.

Phenotype of FHIT Transfectants. To determine if expres-
sion of exogenous wild-type or mutant Fhit affects ability of
the stable transfectants to grow, transfected clones were tested
for growth in liquid medium supplemented with 10% or 1%
FBS, in 0.3% agar and for ability to form tumors in nude mice.
Transfectant cell lines expressing Fhit, FhitH96N, and the
vector alone were grown continuously in the presence of 10%
or 1% FBS. For the stable transfected clones of each of four
cell lines, 293, HKI, RC48, and AGS, we found no significant
difference in the growth rate among wild-type, mutant, and
vector transfected cells in 10% FBS (see Table 1). In 1%
serum, cells stably expressing Fhit or Fhit mutant showed a
slightly decreased doubling time compared with control vector
transfectants grown under the same conditions (see Table 1).
In contrast to the calcium phosphate-transfected Fhit express-
ing clones, an H460yFHIT stable transfectant expressing Fhit
showed reduced growth ability with a doubling time of 40 hr
compared with the parental H460 cells with a doubling time of
20 hr (see Table 1).

FIG. 1. Fhit expression in stably trans-
fected cell lines. (Upper) Detection of Fhit
expression of transfectant clones after immu-
noblotting of 50–100 mgylane of protein from
the following lysates: Lane 1, control Cos cells
transiently transfected with pRcFHIT; lane 2,
RC48yFHIT cl15; lane 3, RC48yFHITH96N
cl1; lane 4, RC48yCMV, lane 5, HKIyFHIT
cl26; lane 6, AGSyFHIT cl25; lane 7, 293y
FHIT cl56; lane 8, 293yFHITH96N cl24; lane
9, MKN74yCMV; lane 10, MKN74yFHIT
clA66; lane 11, MKN74yFHIT clA116; lane 12,
MKN74yFHITH96N clB27; and lane 13,
MKN74yFHITH96N clB59. Protein in lanes
1–8 was detected by using the monoclonal M2
anti-FLAG antibody; protein in lanes 9–13 was
detected by using rabbit polyclonal anti-Fhit
antiserum (1:5,000). (Lower) Detection of Fhit
expression by immunocytochemistry. Cyto-
spins of H460 cells and pRcFHIT transfected
clones were tested for Fhit-FLAG expression
by immunocytochemistry by using rabbit poly-
clonal anti-GST Fhit antiserum (1:500) fol-
lowed by detection by using immunocoupled
horseradish peroxidase: (a) H460 cells; (b) Fhit
expressing transfected clone 1.2; (c) clone 3.2;
(d) clone 2.I; and (e) clone 2.3.
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Transfected cell lines then were examined for anchorage-
independent growth. The soft agar assay for AGS- and RC48-
transfected cell lines showed no significant difference in
numbers of colonies formed by the FHIT or empty vector
transfectants (Table 1), but AGS and RC48 cells expressing
Fhit formed larger colonies compared with control vector
clones. HKI and 293 cells, transfected with either FHIT or
control vector, demonstrated no colony formation in the soft
agar assay. The H460 stably transfected cell clones showed
reduction in efficiency and size of colony growth for Fhit
expressing H460 transfected clones vs. H460 control vector
transfectants (see Table 1).

Because in vitro results do not necessarily predict in vivo
behavior, we implanted 1, 2, or 5 3 106 tumor-derived cells,
with or without Fhit expression, on the shoulder or flank of
6-week-old female nude mice. The tumorigenicity study of
AGS cells showed that three of four mice injected with 1 3 106

cells not expressing Fhit (AGSyCMV) formed tumors within
9 weeks, and the average size of tumors reached '0.5 cm3

volume after 13 weeks. In contrast, no tumors were observed
after injection of 1 3 106 AGSyFHIT cl25 cells. RC48 cells
(5 3 106ymouse) formed tumors in 3 of 4 mice in 2 months,
whereas the RC48yFHIT expressing clone produced a tumor
in 1 of 5 mice (Table 1). HK1 and 293 parental cells did not
form tumors in the time period observed (from 3 to 6 months).

MKN74 gastric cancer transfected clones all formed tumors
after injection of 5 3 106 cells but tumors from Fhit wild-type or
mutant-expressing clones were smaller and grew more slowly than
the MKN74 control vector transfectants (see Fig. 2 a and b). The
tumors appeared about 10 days after injection and were observed
and measured every 2 days up to 3 weeks after injection. Results
in Fig. 2a show that the MKN74 cells not expressing Fhit reached
an average size of '0.3 cm3 at day 20, whereas Fhit and Fhit
mutant expressing clones reached an average size of 0.1 cm3 or
less in the same time, as shown photographically in Fig. 2b for
excised tumors. The tumors were all similar histologically, with an
undifferentiated phenotype.

Representative MKN74yFHIT tumors were excised for each
clone, and the level of Fhit protein was assessed by immunoblot
of equal amounts of protein from the MKN74yFHIT and
MKN74yFHITH96N tumors compared with the MKNyFHIT
clA66 parental clone. The level of Fhit protein detected in each
of the tumors was less than detected in lysate from the

MKN74yFHIT clA66 parental cells (not shown), consistent
with the idea that growth of these Fhit-expressing clones,
including the hydrolase ‘‘dead’’ mutant expressors, selects for
cells expressing less Fhit.

For the H460 transfectants, four wild-type Fhit-expressing
clones (2 3 106ymouse) were injected into four or five mice each,
and growth of tumors in these mice was compared with growth
of tumors after injection of Fhit negative H460 cells. Two
Fhit-expressing clones, clones 1.2 and 2.I did not form tumors in
mice by 5 weeks after injection. Clone 3.2 formed very small
tumors (average size, '0.1 cm3) in 3 of 5 mice at 5 weeks, and
clone 2.3 formed tumors of an average volume of 0.6 cm3 in 4 of
4 mice compared with the 1.2 cm3 tumors formed in 9 of 10 mice
injected with Fhit negative H460 cells. These results are presented
in graphic form in Fig. 2c.

Several of the H460 tumors were excised, and the expression of
exogenous Fhit was evaluated by immunocytochemistry, by using
anti-GST-Fhit polyclonal antibody, and by immunoprecipitation
with anti-FLAG IgG, either on primary tumors or cell lines
established from individual tumors. Tumor-derived cell lines
from clone 3.2 showed absence of the Fhit protein in both assays
(not shown), whereas those from clone 2.3 expressed less Fhit
protein (Fig. 3). Fhit protein expression was barely detectable
with anti-Flag and anti-GST-Fhit antibodies after immunopre-
cipitation of cell lysates prepared from the cell lines established
from tumors (not shown). Immunohistochemical analysis re-
vealed that cells established from clone 2.3 tumors were only
10–20% Fhit-positive compared with 50–60% positive cells
observed in the corresponding 2.3 parental clone (Fig. 3). Con-
versely, parental clone 2.I, which was completely suppressed for
in vivo tumorigenicity, showed more than 90% positive cells (Fig.
3). These results suggest that selective pressure against Fhit
expression had occurred during in vitro and in vivo passage of
clone 2.3 cells. Thus, the degree of tumor growth inhibition by
transfectants may be dependent on the level of expression of the
Fhit protein.

DISCUSSION
In 1996 the FHIT gene, at human chromosome region 3p14.2, was
cloned and shown to be a large gene that encompassed the
FRA3B common fragile site, numerous cancer cell-specific ho-
mozygous and hemizygous deletions, and a familial renal cancer
chromosome translocation break (1, 18). The gene is '1 Mb in
size and encodes a 1.1-kb cDNA with 10 small exons; exon 5 is the
first protein coding exon and is flanked in intron 4 and intron 5
by the specific FRA3B fragile sites thus far described (19–22).
Early studies of a number of important human tumor types
showed that FHIT RNA expression frequently was altered (1–3,
5, 23), and the alterations to RNA expression were shown to
correlate with deletions within the FHIT gene (6). Furthermore,
lack of detectable Fhit protein in cancer-derived cell lines was
correlated with FHIT gene deletions and altered RNA expres-
sion; that is, cell lines derived from gastric, cervical, nasopharyn-
geal, head and neck, and breast cancers did not express Fhit
protein (6). Cancer cell-specific homozygous deletions within a
gene and lack of expression of the protein product are hallmarks
of tumor suppressor genes; so from many angles the FHIT gene
was a strong candidate tumor suppressor gene that could play an
important role in major human cancers. Because many tumor
deletion endpoints were near positions of fragile sites in introns
4 and 5 and the deletions occurred frequently in tumors that are
known to be carcinogen-induced, such as lung cancer (24), we
proposed that the FRA3B was particularly susceptible to chro-
mosome breaks caused by environmental factors.

There were, however, aspects of the FHIT locus alterations
in cancer cells that were puzzling when viewed in the frame-
work of knowledge generated by classical tumor suppressor
genes thus far studied. The major puzzles were: occurrence of
small homozygous deletions within large FHIT introns, appar-
ently not affecting FHIT exons; occurrence of apparent full-

Table 2. Ap3A hydrolase activity in transfected clones

Transfected cell lines

Specific activity

nmol Ap3A hydrolyzedymin per mg

293yCMV 0.62
293yFHIT clNK3 24.2

cl27 28.8
cl44 8.45
cl56 34.0

293yFHIT H96N cl3 0.62
cl4 1.52
cl11 0.70
cl24 1.66
cl30 1.67

RC48yCMV 0.74
RC48yFHIT cl15 23.3
AGSyCMV 1.40
AGSyFHIT 6.10
HK1yCMV 0.99
HK1yFHIT 1.99
MKN74yCMV 0.36
MKN74yFHIT A66 8.55
MKN74yFHIT A116 13.6
MKN74yFHIT H96N B27 0.42
MKN74yFHIT H96N B59 0.40
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length FHIT transcripts accompanied by aberrant transcripts
in cancer-derived cell lines and tumors; lack of point mutations
in remaining FHIT alleles in cancer-derived cell lines; multiple
noncontiguous homozygous deletions within the FHIT locus in
some cancer-derived cell lines; and oligoclonality of FHIT
genomic alterations in some tumor-derived cell lines.

We do not have complete answers to each of these puzzles, but
partial explanations follow from the presence of the most induc-
ible of the common fragile regions, FRA3B, within the FHIT
gene. The fragility of the FHIT gene, we believe, accounts for the
fact that deletions in both alleles of the gene occur far more
frequently than loss of one allele and mutation of the other. We
already have shown that apparent homozygous deletions in
introns are because of overlapping deletions on the two alleles,
with each allele carrying hemizygous deletions of exons (6). The
nature of damages to the locus, which has not been completely
elucidated but presumably involves double-strand breakage and
incorrect repair, also may account for the multiple, noncontigu-
ous deletions seen in some cells; that is, maybe two or three
regions of one allele can be deleted simultaneously. The oligo-
clonality, vis-a-vis the FHIT locus, observed in some long-term,
cultured cancer-derived cell lines (2, 6) may suggest that loss of
Fhit function does not impart a very strong selective pressure in
vitro for overgrowth by Fhit minus cells; it also suggests that some
primary tumors, from which the oligoclonal cell lines were
derived, were not monoclonal for alterations in the FHIT locus.
Nevertheless, there was clonal expansion of Fhit minus cells
within many tumors, as reflected in the ability to define FHIT
alterations, if monoclonal, biclonal, or oligoclonal, in many pri-

mary and cultured tumors. Thus, Fhit inactivation provides a
selective advantage for clonal expansion in vivo. Others have
argued that, because the FHIT introns are very large (.200 kb),
the FHIT gene may not be the target of the frequent deletions
within the gene, although we and others (7) have looked for other
genes without success.

As part of our study of Fhit function, especially as a tumor
suppressor, we have expressed exogenous wild-type and mu-
tant Fhit proteins in tumorigenic Fhit minus lung, kidney, and
gastric cancer-derived cells and have studied the affect of Fhit
expression on growth of the tumor cell clones. For each of four
carcinoma-derived cell lines, Fhit expression eliminated or
reduced the tumorigenicity of the cancer cells in nude mice.
We conclude that Fhit is indeed a tumor suppressor.

The AGS gastric cancer cell clones were the first transfectants
analyzed. Only two Fhit expressing clones were isolated, and one
of these was assessed for growth and tumorigenicity. The AGSy
FHIT cl25 cells grew at least as well, and in 1% FBS better, than
the AGSyCMV control clone in tissue culture; nevertheless on
injection of 1 3 106 cells per nude mouse, the AGSyFHIT clone
produced no tumors, whereas the control vector transfected clone
produced sizable tumors in 3 of 4 mice. Similarly, the HK1 and
RC48 Fhit expressing clones grew as well as the nonexpressing
parental clones in liquid and semisolid medium, but the RC48y
FHIT clone was less tumorigenic than the RC48 parental Fhit
negative cells. It is likely that a high level of Fhit expression does
affect cell survival or growth, as indicated by the very low yield
of cancer cell transfectants expressing wild-type or mutant Fhit.
It could be that we have, by selecting for constitutive Fhit
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c

FIG. 2. Stable Fhit wild-type and H96N mutant expression in
transfected cancer cell clones suppresses tumor growth in nude mice.
(a) MKN74 transfectants. Two MKN74 clones stably expressing
wild-type or H96N mutant Fhit protein were injected (5 3 106

cellsymouse) into nude mice (5 mice per cell line), and tumor growth
was compared with growth in mice injected with 5 3 106 MKN74
parental cells or a MKNyCMV clone. Tumor dimensions were mea-
sured for each mouse over a 3-week period, and tumor volumes were
determined. Volumes were averaged for each time point for the five
mice injected with the individual clones. Although there is clonal
variation in size of tumors, all tumors of Fhit wild-type or mutant
expressor clones were two to three times smaller than the MKN74 or
MKN74yCMV tumors. (b) MKN74 tumors. (Top) MKN74yCMV
tumors. (Middle) MKN74yFHIT tumors. (Bottom) MKN74y
FHITH96N mutant tumors. (c) H460 transfectants. Nude mice were
inoculated in the right flank with 2 3 106 H460 cells (10 mice) or 2 3
106 cells of individual Fhit expressing clones (5 mice each) and mice
were observed over a 5-week period. Animals without tumors were not
included in calculation of average tumor volumes.
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expression, selected for the fittest Fhit expressors, or it could be
that a low level of Fhit expression is compatible with vigorous
growth of some cell types in tissue culture. Some of the questions
raised as a result of these experiments may be answered by
selection of conditionally expressing Fhit transfectants.

For our second round of tumorigenicity experiments we
selected two cell lines, H460 and MKN74, which we knew to
be highly tumorigenic in nude mice. We also selected and
tested many colonies from these transfections to have a panel
of Fhit-expressing clones to test for tumorigenicity. For both of
these faster-growing tumor cell lines, Fhit expression either
suppressed tumor growth completely (H460yFHIT clones 1.2
and 2.I) or slowed the tumor growth significantly. One of the
surprising conclusions of the experiments with the MKN74
cells was that the FHITH96N mutant, which has no detectable
Ap3A hydrolase activity, suppresses tumorigenicity as well as
wild-type Fhit, suggesting that perhaps substrate binding or
binding of Fhit to an interacting protein is more important in
tumor suppression than hydrolytic activity.

That for 293 cells exogenous Fhit did not affect growth of the
cells, as reflected in the high yield of colonies and Fhit expressors
among the colonies, is comparable to the report that transfection
with wild-type p53 has no effect on growth of benign colorectal
tumor cells expressing endogenous wild-type p53 (25) and dem-
onstrates that Fhit overexpression does not result in generalized
toxicity.

The H460 transfectants behaved somewhat differently than the
other transfectants, in that there was a significant decrease in
growth in liquid medium and in efficiency of soft agar growth for
H460yFHIT clones. This decrease may be related to the specific
cell line, a specific histotype or the transfection method used,
electroporation, which may result in higher copy number of
transfecting plasmids and higher Fhit protein expression.
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FIG. 3. Immunocytochemical detection of Fhit in
tumor-derived cells. Fhit protein expression, evaluated
by immunocytochemistry, of clone 2.I (a), clone 2.3 after
several tissue culture passages (b), and cultured cells
from tumors of mice injected with clone 2.3 (c–e).
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