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Abstract

Genomic alterations and abnormal expression of the FHIT gene at
3p14.2 have been observed in cell lines and primary tumors ofthe lung. To
correlate FHIT locus DNA and RNA lesions with effects on Fhit protein
expression, we have analyzed 11 lung cancer cell lines, 15 small cell lung
carcinomas, and 38 paIrsof non-small cell primary tumors and bronchial
mucosa specimens by molecular genetic and immunocytochemical meth
ods. Using specific antibodies against the Fhit protein, we observed con
cordance between RNA abnormalities and lack of Fhit protein expression
in lung tumors and cell lines. In addition, absence of Fhit protein in some

precancerous dysplastic lesions suggested that FHIT inactivation may
occur at an early phase of lung carcinogenesis.

Introduction

Abnormalities in structure or expression of the FHJT gene at
3pl4.2, spanning the FRA3B common fragile site (1), have been
reported in a considerablefractionof primary lung tumors and cell
lines of small cell and non-small cell type (2â€”4).Structural abnor
malities of the FHJT gene are mainly in the form of independent
deletions of both alleles, deletions which sometimes overlap in a
region of apparent homozygous deletion (5)â€¢3DNA lesions, which
have been described in detail, result in reduced or absent FHJT
mRNA, undetectable by Northern analysis, but detectable in some
cancer cell lines and tumors as aberrant RT-PCR4 products lacking
various FHIT exons (1, 4, 5).

Although a number of investigators have suggested that there may
not be a direct relation between occurrence of DNA lesions and
aberrantnestedRT-PCRproducts(4, 6, 7), we haveused this method
withcautionas an indicatorof tumorsthat are likely to harborFHJT
gene and protein alterations (5). To further validate our use of the
nested RT-PCR strategy to detect FHJT locus lesions, as well as to
determine the effect of FHIT lesions at the protein level, we have
developed specific polycbonal antisera against Fhit (5, 8, 9) that
allowed us to study, by Western blot and immunocytochemistry, the
pattern of Fhit protein expression in cell lines, primary tumors, and
bronchial mucosa of lung cancer patients and to correlate these
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findings with genomic and transcriptional alterations. We detected
abnormalities in the FHJT gene at DNA, mRNA, and protein levels in
cell lines and primary tumors of small cell and non-small cell type and
demonstrated that the analysis of Fhit protein expression by immu
nocytochemistry may be reliably used for detecting FHJT gene mac
tivation in lung carcinogenesis.

Materials and Methods

Lung Cell Lines and Tissues. The 15 SCLC specimens were obtained
from lung cancer cases at Istituto Nazionale Tumori (Milan, Italy). NSCLC
tumors, bronchial mucosa, and peripheral lung parenchyma samples were
obtained from 38 surgically resected lung cancer cases at Royal Brompton
Hospital (London, UK). Among the 28 NSCLCs analyzed for FHIT DNA,

RNA, and protein abnormalities, 13 were squamous cell carcinomas, 12 were
adenocarcinomas, and 3 were large cell carcinomas. They included 17 stage I,
6 stage II, and S stage ifi tumors. The mean age of SCLC and NSCLC patients
at presentation was 63; 31 were males, and 12 were females. Small cell (H69,
Hl46, N592, H209, and H466) and non-small cell (Calu-3, Calu-l, SK
MES-l, and H460) lines were purchased from American Type Culture Col
lection, and two (POVD and AFL-l) were established from SCLC tumor
specimens at Istituto Nazionale Tumori.

FISH. The probes used for FISH analysis of normal and H460 interphase
nuclei and metaphase chromosomes were cosmids B4 (covering FliT exon 5
and flanking regions) and 05#l (spanning exons 6 and 7; Ref. 1). Fifty @xgof
DNA were labeled by nick translation (Boehringer) with digoxigenin-ll-dUTP
and biotin-16 dUTP, respectively. Hybridization and detection were performed

as described (10). Approximately 200 nuclei were counted for the H460,
AFL1, and normal peripheral lymphocyte preparations. Slides were visualized
using a CCD (Photometrics) equipped Zeiss Axioskop fluorescence micro

scope.
Nucleic Acid Analyses. Southernblot hybridization,genomic PCR, LOH

analysis, RT-PCR, and cDNA sequencing procedures and the primer pairs used

in the analyses have been described in detail previously (2).
Western Blot Analysis. Cell lysates were prepared, and Western blots

were performed using â€”100 @gof total protein per lane, as described (5, 9).
The rabbit anti-GST-Fhit polyclonal antiserum (5) was used at a 1:5000
dilution. The specificity of this antiserum for Fhit has been demonstrated
previously by immunobbot detection of exogenous Fhit protein in transfected
Cos and human tumor cell lines (5, 9). Additionally, absorption of the anti
serum with purified Gst does not reduce detection of endogenous or exogenous

Fhit.
Immunocytochemistry. The immunoperoxidase assay was carried out

with an avidin-biotin peroxidase complex (ABC) kit (Vector Labs, Burl

ingame, CA). Briefly, trypsinized cells from cell lines were spun onto slides in

a cytocentrifuge; cytospin preparations and frozen sections of tumors and
bronchial mucosa specimens were fixed in cold acetone for 10 mm. The fixed

cells and tissue sections were rehydrated and incubated for 1 h at room

temperature with the anti-GST-Fhit polyclonal serum diluted 1:500. After
being rinsed in PBS, the slides were processed according to the kit staining

procedure. Calu-3 cells were included in each mmmunostainingexperiment as
a positive control.
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Results and Discussion

FHIT Alterations in Lung Cancer Cell Lines. Genomic abnor
malities in cell lines were studied by means of FISH, Southern blot,
and PCR analyses. Dual-color FISH analysis on H460 and AFL1
nuclei using cosmid probes for FHJT exons 5 and 6fl revealed
subpopulations with different configurations of these FHIT exons,
suggesting that exons 5, 6, and 7 were deleted from one allele (data
not shown) in both cell lines. Results were similar to FISH results

obtained for head and neck cancer cell lines (1 1). The other FHJT
allele in H460cells was probablyinactivatedby loss of exons 3 and
4 (see below). Boldog et a!. (12) have suggested that a portion of the
FHIT locus, including at least part of intron 4, is homozygously
deleted in H460 cells; our Southern blot results suggest that most
FHIT exons are reduced in copy number in these cells (data not
shown, summarized in Table 1). Fong et aL (4) have shown that FHJT
mRNAis undetectablein H460 cells by Northernanalysis,and our
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Fig. 1. Expression of Fhit protein in lung cancer cell lines. A. lysates were prepared from 293 human embryonic kidney and tumor cell lines; proteins were fractionated by PAGE
and blotted to membranes, and Pint protein was detected using rabbit polyclonal anti-GST-Fhit serum. 293 is an adenovirus 5 T antigen-transformed line expressing endogenous Mr
16,800 Fhit protein. B, immunocytochemistry on cytospins of fixed lung cancer cells using the GST-Fhit antibody. a and b, Calu-3 and H146 cells showing positive cytoplasmic
immunostaining. Note the negative staining of single cells in Hl46. c and d, N592 and H460 cell lines showing negative Fhit immunostaining.
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Table 1 FHJT alternationsin lung cancer-derived celllinesCell

lineDNARNAProteinWesternImmunocytochemistryFISHSouthernNorthernâ€•RT-PCR293k'N'++H69NN,A--H146N++N,A++1-N592NN,A--Calu3'@e3,4A(-e4)+

++Calul@e3N,A--H209NN,A--H446@e5NH46oee5,6,7Aâ€”A(-e3,4

toe8,9)â€”â€”AFL1e5,6,7A(-e3,4
toe8.9)â€”â€”SKMESIN(wt,-e5

to 7,insertions)â€”â€”POVDNN(-e5,-e8,
insertions)â€”â€”

A .@ -â€¢@!â€˜â€¢@II4@
I

@La@@

CelllinesSCLCNSCLCDNA

alteration4/10(40%)â€•NE22/38(58%)bRNA
aberrant10/10 ( 100%)10/1 3 (77%)1 3/32(40%)Proteinabsent8/10(80%)11/15(73%)11/28(39%)RNA

aberrant and protein absentc8/10 (80%)1 1/31(85%)6/22(27%)RNA
normal and proteinabsent005/22(23%)RNA
normal and protein present

RNA aberrant and protein present0 2/10 (2()%)d3/13
(23%)

1/13(8%)6/22(27%)5/22(23%f

FElT EXPRESSION IN LUNG CARCINOGENESIS

a D@ from Fong et aL (4); H146 showed abundant apparently shorter FHJT mRNA.

293 is a human adenovirus 5 T-antigen transfonned embryonic kidney cell line used for comparison.
C N, means apparently normal, but it must be emphasized that this could mean alterations were not detectable by methods used. A, aberrant;@ , reduced; blank space, not done;

â€”, absent.

d For Calu3, e3, 4, and 5 (exons 3, 4, and 5) were detected by PCR amplification using intron primers.
e H460 showed apparent absence of intron 4 probe (12) by Southern and homozygous loss of intron 5 markers by PCR analysis (Ref. 4 and this study); also. a rearrangement in

intron 5 was detected by cosmid hybridization to Southern blot.

exons 8 or 9. In six samples (H69, Hl46, N592, Calu-l, H209, and
H446), FHIT RT-PCR products of both normal and abnormal size
were found,whereastwo cell lines (POVDand SK-MES-l) showed
only a normal-sized product (data not shown). Subcboning and se
quencingof the apparentlynormal-sizedproductsin cell linesPOVD
and SK-MES-l revealed a mixture of products lacking crucial coding
exons,suchas exons5 or 8, andoftenexhibitinginsertionsof various
length between or replacing exons (data not shown). SK-MES-l
amplification products contained a clone with a wild-type sequence
and two other clones showing absence of exons 5 to 7 and two
different insertions of 137 and 87 bp at nucleotide â€”17. Ten of the
lung tumor cell lines were tested for expressionof Fhit protein by
immunoblotting (Fig. 1A) and immunocytochemical staining of fixed
cells (Fig. lB). Results in the Table 1 summary show that all but two
of these cell lines do not express Fhit protein; Hl46 expresses Fhit at
a low level (Fig. lA) in a few cells (Fig. lB, b), and Calu-3 cells,
expressing a transcript lacking exon 4, is uniformly positive for Fhit
(Fig. 1, A and B, Lane 2 and panel a). Preliminary results suggest that
theFhitproteinlevelis reduced,relativeto endogenousFhit in normal
tissues, when translated from transcripts lacking exons 3 or 4 (data not
shown), such as found in Calu-3 and HeLa cells. Diminished expres
sion of Fhit in Calu-3 cells may suggest that absence of 5 â€ũntrans
bated exons could contribute to reduction in level of expression of the
protein.

FHIT Alterations in Uncultured Lung Tumors. To detect DNA
lesions at the FHIT locus in primary tumors, LOH was evaluated in
grossly dissected NSCLC specimens at three microsatellite markers
internal to the FHlTgene, located in intron 5 (D3S1300 and D3S4103)
or in the 3' end ofthe gene (D3S1234) (2). Loss affecting all three loci
was recorded in 22 of 38 (58%) tumors analyzed (Table 2).

Abnormal FHIT RT-PCR products were found in 13 of 32 (40%)

cases 6 20 22 25 26

Table 2 FHIT abnormalities in lung twnors and cell lines: correlation with absence of
Fhit

a From Southern, PCR, and FISH data; NE, not evaluated.

b From LOH data. For 38 NSCLC cases, there was sufficient sample to isolate DNA
and examine the FHIT locus for LOH; for 32 cases, it was possible to isolate RNA for
FHIT RT-PCR analysis; for only 22 cases, analysis of both FH!T RNA and protein was
possible.

C â€˜Drisand following lines summarize results for the cases for which both RNA and

protein expression data were available.
d Hl46 expresses little protein, and cells are mixed negative and weakly positive;

Calu3 cells are uniformly positive.
e Some of these cases consisted of mixed populations of positive and negative cells;

RT-PCR amplification revealed normal and aberrant products for each case.

nested RT-PCR results show only aberrantly sized products from
H460 and AFL1 mRNA (summarized in Table 1). This extensive, but
still incomplete, analysis of the FHIT locus in lung tumor cell lines
suggests the difficulty involved in thorough understandingof the
genomic alterations that have occurred over the 1 Mb FHIT/FRA3B
locus. The H460 cells were previously shown to be entirely negative
for expressionof the Fhit proteinby Westernblot, immunoprecipita
tion, and immunocytochemistry (Ref. 9; Fig. 1 and Table 1), and
reexpression of exogenous Thit in H460 cells suppresses their tumor
igenicity (9).

Similarly, the other lung cancer cell lines used in this study have
been examined, less thoroughly, for FH!T DNA, RNA, and protein
alteration,as summarizedin Table 1, withexamplesof data shownin
Fig, 1, Southern blot hybridization. using eDNA and specific cosmid
probes, and PC@ R amplificationof microsatellitemarkerswithin the
gene showedFH1Tgeneabnormalitiesin threecell lines,Deletionof
exon 3 or exons 3 and 4 were observed in Calu@l and Calu-3,
respectively. although PCR analysis showed that these exons are not
completely absent. A rearrangement in distal intron 5 and a homozy
gnus deletionof marker03S4103 locatedin intron 5 were found in
H460 cells (data not shown).The RT-PCRanalysisof ntRNAsand
sequencingof amplifiedproductsrevealedabsenceof normalFill!'
transcript in three cell lines. Calu-3 showed lack of the noncoding

exon 4 in the nested RT-PCR product, whereas in H460 and AFL1,
multiple shorter amplified products were lacking exons 3 or 4 through

31 32 35 44 6556

Fig. 2. RT-PCR analysis of FHffexpresaion In primary NSCLC apecim@ns.N, normal
lung parenehyma; 7'. tumor.

5209

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/23/5207/2465160/cr0570235207.pdf by guest on 19 M

ay 2023



FElT EXPRESSION IN LUNG CARCINOGENESIS

c&@ â€˜.:@ â€˜. ,@ S â€@̃-@@ ?

@: â€˜\ :;@ @â€˜@

,@. - S

,\@ â€˜@-. â€˜@t(@ â€˜@ . â€˜a@'
@ - ., . . , 4 .@,,@ 4-

@ ,:, â€˜A@@

F--@@@@@@

-- @*@:k â€œ!@â€˜

@.

â€˜.5.I

,c@

.\â€˜

.â€˜@4
.%

@:@1?@J@,4@

â€˜@

â€¢l@
@ :â€˜. @1c@

a@.@,

,@ .@

S 1@5@%

p.@
-;.@â€˜

@..\ .@ .. lt@' â€˜V

: @,@ ,:.

;@@@

-

â€”.
--..â€˜ â€” . @.

r@d-,.'@

@4@c;@

e!@@L.@ @V@ 4'

(@
@â€˜- s@@; (

@ @:@@

., â€˜@@â€˜k 4@'k'@

a â€¢@ @, (@a@ @. @-;â€˜

.,@%,,â€˜ â€˜...
.@

V@ â€˜@@

.â€œ*,.@, . â€˜.

@@ I

â€˜0@

â€˜@@ \ .@.:@,,@@@ @-@

.@

â€˜.S@@ â€r̃@ .@ @,

L@-â€˜@ ,

. . .@

. :

.â€˜.â€˜@ ,,@

.J@ya@v.

... @L

@/;)â€˜_@5,

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/23/5207/2465160/cr0570235207.pdf by guest on 19 M

ay 2023



FElT EXPRESSION IN LUNG CARCINOGENESIS

NSCLCs and in 10 of 13 (77%) SCLCs (summarized in Table 2;
Fig. 2). Sequence analysis of aberrant products showed the absence
of coding and noncoding exons and nucleotide insertions. The
majority of these products lacked crucial coding exons, like exons
5 and 8, and had altered reading frames (data not shown). Most of
the tumors displayed a coexistent normal-sized FHIT RT-PCR
product, which in several instances was of reduced intensity (cases
25 and 26 of Fig. 2). FHIT normal-sizedtranscript was detected in
all matched lung parenchyma samples used as source of normal
tissue(Fig.2).

The immunocytochemical analysis was performed on frozen 5cc
tions in paired specimens of tumors and bronchial mucosa from 28
NSCLC patients and 15 SCLC tumor specimens. Fig. 3 shows exam
pies of Thit cytoplasmic immunostaining in the bronchial epithelium,
precancerous lesions, and tumor samples. In 11 of 28 (39%) NSCLC
tumor specimens, the Fhit protein was completely absent (Table 2).
An additional 18% of the cases (5 of 28) showed a â€œmixedâ€•protein
expression pattern with coexisting positive and negative tumor cells,
whereas 3 of 28 (11%) tumor samples displayed a â€œbasalâ€•expression
pattern with positive cells only at the margins of the tumor areas, with
the more differentiated tumor cells showing negative staining. The
â€œbasalâ€•pattern was exclusivelyobservedin squamouscell carcino
mas. Nine of 28 NSCLC tumors showed homogeneous positive stain
ing of tumor cells. Results are summarized in Table 2. No association
was observed between expression of the Fhit protein and clinical
features, such as histotype and tumor stage in NSCLC.

Eleven of 15 (73%) SCLC tumor specimens were completely
negative for Fhit protein expression (Fig. 3, panel h for example), with
the remaining four samples displaying a mixed pattern of positive and
negative cells. The Fhit protein was clearly detectable by immunocy
tochemistry in the bronchial mucosa specimens of all cases analyzed,
with cells in the basal layer as well as columnar cells displaying
positive immunostaining (Fig. 3a). Reduction or absence of Fhit
protein was observed in precancerous metaplastic and dysplastic
lesions detected in the bronchial mucosa samples of several patients
(Fig. 3, bâ€”dfor example), suggesting that inactivation or reduction
of Fhit protein expression occurs in the early phases of lung carcino
genesis.

Table 2 details the correlation between results of RNA and protein
analyses in NSCLC and SCLC tumors and cell lines. A 90% con
cordance was observed in cell lines and SCLC tumors. In fact, only 1
of 13 (8%) SCLC tumors and 1 (Calu-3) of 10 cell lines showing
abnormal transcripts expressed the Fhit protein. Hl46 showed very
weak immunostaining, suggesting that aberrant RT-PCR products can
be associated with very low protein expression.

Among the 22 NSCLC specimens analyzed for both RNA and
protein expression, 5 of the 11 cases with aberrant transcripts cx
pressed Fhit protein, possibly encoded by concurrent normal-sized
transcripts; these cases will need to be studied in more detail to

understand the relationship of specific RNAs to level of Fhit protein
expressed. The absence of Fhit protein in five cases with apparent
normal FHIT transcript was not unexpected because the RT-PCR
analysis would underestimate the frequency of lesions in the FHJT
locus. In three of these five cases, LOH of FHIT alleles was observed.

Conclusions. In this study, we have demonstrated that alterations
in the FHJT locus detected by DNA and/or RT-PCR analysis are
correlated with loss of Fhit protein expression in lung tumors. Ab

sence of the Fhit protein is observed in about 70% of SCLCs and 40%
of NSCLCs. An additional 30% of tumors of both types displayed a
mixture of Fhit positive and negative cells, possibly reflecting oligo
clonality of FHlTlocus deletions. The FHJTgene is located within the
FRA3B region, which is highly susceptible to breaks and deletions
induced by carcinogens, such as those in tobacco smoke. The evalu
ation of expression of the Fhit protein directly in tumor and bronchial
sections simplifies the study of FlIT involvement in tumors of the
lung, as well as other tumor types where abnormalities of the FHJT
gene have been reported (1 1, 13â€”15).Additionally, immunocyto
chemistry seems to be more sensitive in detection of Fhit alterations,
as compared to the analysis of genomic and transcriptional changes,
because several tumor specimens showed lack of the Fhit protein in
the absence of detected gene alteration. This could be particularly true
in lung tumors where the large amount of infiltrating stromal and
inflammatory tissue can limit the sensitivity of molecular analysis
performed on grossly dissected tumor specimens. Thus, though loss of
Fhit activity involves deletion of portions of both FHJT alleles, rather
than loss of one allele and mutation in the remaining one, as seen for
many tumor suppressor genes, the lack of Fhit protein expression in
lung tumors implicates FHIT in lung cancer pathogenesis. Moreover,
the finding of absence of the Fhit protein in precancerous lesions, at
the dysplastic level, suggests a role in the early phases of lung
carcinogenesis.

To demonstrate that functional inactivation of FHIT participates in
cancer pathogenesis, we have transfected the wild-type FHIT gene
into various cancer cell lines, including lung, which lacked endoge
nous Fhit. Consistent with a role as a tumor suppressor gene, exog
enous wild-type FlIT gene replacement resulted in tumor cell growth
inhibition (9). These studies may form the basis for novel therapeutic
approaches, such as transfer of a wild-type FlIT gene to precancerous
lesions or tumors of lung cancer patients carrying a disrupted FlIT
gene, a gene therapy approach recently attempted for p13 by gene
transfer to tumors of patients with lung cancer (16).
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