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Introduction:

Transforming oncogenes have traditionally been identified by introduction of
tumor DNA or cDNA into mesenchymal cells such as NIH3T3. We have developed an
expression cloning assay using an epithelial cell line that serves to identify oncogenes
expressed in carcinomas in a sensitive and specific fashion. These cells form foci when
transduced with activated RAS, activated B-catenin, or wild type alleles of c-MYC, GLI,
or GKLF. In contrast, NIH3T3 cells form foci in response to RAS, but exhibit no
response to any the other major carcinoma oncogenes listed above. As few oncogenes
are known to be activated in prostate cancer, we will apply the RK3E assay to human
prostate tumor cell lines. By analogy with a recently completed and published screen of
breast and oral cancer lines, we expect to identify c-MYC as well as other known or
novel transforming activities.

Body:

DU-145, PC-3, and LanCaP cell lines were purchased from the Americal Type
Culture Collection, and passaged in tissue culture. Total RNA was extracted from
exponentially growing cells and purified by guanidinium isothiocyanate acid phenol
extraction (1). Comparable yields and purity were ascertained by absorption of
ultraviolet light (see Table 1). As described in the Methods section of the reprint
included in the Appendix, equal quantities of total mRNA from each line was mixed
together. Poly A+ mRNA in the mixture of total RNA was purified by two passages over
oligo dT cellulose, quantified by absorption of ultraviolet light, and stored at —70C.

Table 1: Preparation of mRNA from prostate cancer cell lines.

Cell line RNA yield (ng/ml) | Optical density
(260nm/280nm)

LNCaP 197 2.02

DU145 79.4 1.98

PC-3 150 1.97

A cDNA synthesis kit was purchased from Stratagene (La Jolla, CA) and used to
prepare first strand and second strand cDNA using a trace amount of radiolabel to
facilitate visualization of the final product. Gel electrophoresis of this cDNA indicated a
low final yield of cDNA, as determined by ethidium bromide staining and
autoradiography of the dried gel. Rather than perform the screen using sub-optimal
yields of cDNA we elected to repeat the RNA extraction, poly A+ mRNA isolation, and
cDNA synthesis. This work is in progress at the time of the annual report and the screen
will be completed this year. Increased effort by the principal investigator as requested
and approved will facilitate completion of the work.

At the same time, several studies indirectly related to the proposal were
successfully completed. To test whether novel oncogenes identified using the RK3E
assay are activated in vivo, we worked out the technique of mRNA in situ hybridization
and used the assay to analyze expression of GKLF in oral squamous dysplasia and



carcinoma. As shown on the cover of the June issue of Cell Growth and Differentiation,
GKLF expression is prominently increased in dysplastic oral epithelium. This result
supports the validity of the expression cloning assay and suggests that GKLF or novel
oncogenes may likewise be activated in epithelial neoplastic lesions such as prostatic
intraepithelial neoplasia (PIN) and invasive carcinoma.

Initial mRNA in situ hybridization assays of GKLF expression in paraffin-
embedded PIN and prostatic tumors suggested that GKLF is likewise expressed in this
tumor type. A novel monoclonal antibody specifically detects GKLF by western blot and
by immunocytochemistry of tissue culture cells. Immunohistochemical studies currently
in progress will be used to detect the protein in normal, neoplastic PIN, and invasive
prostatic lesions to determine the temporal relationship of GKLF expression and tumor
progression. If GKLF can be detected in normal prostatic epithelium and/or tumor, we
would like to include these expression studies as additions to the original statement of
work upon approval by the Grants Officer.

Key Research Accomplishments:

e Culture and passage of prostate cancer cell lines

Preparation of total mRNA

Isolation of polyA+ mRNA

Synthesis of cDNA

Validation of the RK3E assay by showing that GKLF is an oncogene activated during
carcinoma progression in vivo

¢ Development of an immunocytochemical assay for GKLF polypeptide

Reportable outcomes:
Provisional patent application, May 19, 1999: Oncogene Identification by
Transformation of RK3E cells and uses thereof, D6236

Conclusions: The ability to identify the major transforming oncogenes activated in
epithelial-derived tumors is critical to the understanding carcinoma pathogenesis. The
RK3E assay showed that transformation of epithelial cells in vitro is a highly specific
assay that does not lead to identification of artifacts such as truncated cDNAs or cDNAs
that are irrelevant to tumor progression in vivo. Identification of GKLF as an oncogene
indicates that the major transforming activities in tumors remain poorly characterized.
Application of the assay to poorly understood tumors such as prostate cancer will lead to
better insight into pathogenesis.

References:

1. Chomczynski, P. and Sacchi, N. Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem., 762: 156-159,
1987.
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Abstract

The function of several known oncogenes is restricted
to specific host cells in vitro, suggesting that new
genes may be identified by using alternate hosts. RK3E
cells exhibit characteristics of epithelia and are
susceptible to transformation by the G protein RAS and
the zinc finger protein GLI. Expression cloning
identified the major transforming activities in
squamous cell carcinoma cell lines as c-MYC and the
zinc finger protein gut-enriched Krippel-like factor
(GKLF)/epithelial zinc finger. In oral squamous
epithelium, GKLF expression was detected in the
upper, differentiating cell layers. In dysplastic
epithelium, expression was prominently increased and
was detected diffusely throughout the entire
epithelium, indicating that GKLF is misexpressed in the
basal compartment early during tumor progression.
The results demonstrate transformation of epithelioid
cells to be a sensitive and specific assay for
oncogenes activated during tumorigenesis in vivo, and
identify GKLF as an oncogene that may function as a
regulator of proliferation or differentiation in epithelia.
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Introduction

Cellular oncogenes have been isolated by characterization of
transforming retroviruses from animal tumors, by examina-
tion of the breakpoints resulting from chromosomal translo-
cation, by expression cloning of tumor DNA molecules using
mesenchymal cells such as NIH3T3, and by other methods
(1-5). Several human tumor-types exhibit loss-of-function
mutations in a tumor suppressor gene that lead to activation
of a specific oncogene in a large proportion of tumors. For
example, c-MYC expression is regulated by the APC colo-
rectal tumor suppressor; expression of GL/ is activated by
loss-of-function of PATCHED1 in human basal cell carci-
noma and in animal models; E2F is activated by loss-of-
function of the retinoblastoma susceptibility protein p1057°;
and RAS GTPase activity is regulated by the familial neuro-
fibromatosis gene NF1 (6-12). The comparative genomic
hybridization assay and related methods have shown that
numerous uncharacterized loci in tumors undergo gene am-

plification (13). These observations, and the infrequent ge- *

netic alteration of known oncogenes in certain tumor types,
suggest that novel transforming oncogenes remain to be
identified.

One limitation to the isolation of oncogenes has been the
paucity of in vitro assays for functional expression cloning.
Whereas most studies have used NIH3T3 or other mesen-
chymal cells as host for analysis of oncogenes relevant to
carcinoma, the potential use of a host cell with epithelial
characteristics has been discussed (2). In addition, several
known oncogenes exhibit cell-type specificity. GL/, BCR-
ABL, NOTCH1/TAN1, and the G protein GIP2 have been
found to transform immortalized rat cells (14-18), but not
NIHT3 cells, demonstrating the potential use of alternate
assays for oncogene expression cloning.

A consistent feature of human tumors is inactivation of the
G, phase cell cycle regulatory pathway that includes p1057®
(19-22). Loss-of-function mutations affect p1057° or the
cyclin-dependent kinase inhibitors, or gain-of-function mu-
tations occur in cyclin-dependent kinases or associated cy-
clins. Such alterations are rate-limiting for tumor formation in
vivo because inheritance of these defects predisposes to
retinoblastoma, cutaneous malignant melanoma, and other
tumors. During viral infection of normal cells, disruption of
the same pathway is critical for successful induction of the
cellular DNA replicative machinery to support viral replica-
tion. Therefore, viruses express proteins, such as adenovirus
E1A, that affect cell cycle progression through direct inter-
action with cell cycle regulators including p10572, p27XiP1,
and others (23-26).

423




424 Oncogene |dentification by Transformation of RK3E Cells

§

Fig. 1. RK3E cells exhibit characteristics of epithelial cells. A, con-
fluent RK3E cells in a culture dish were fixed and stained with uranyl
acetate and lead citrate, and ultra-thin sections were examined using
a Hitachi 7000 transmission electron microscope. The upper surface
was exposed to growth media, and the lower surface was adherent.
Electron dense aggregates typical of adherens junctions {arrows) and
desmosomes (circled) are shown. Bars, 3.2 um (top) or 1.3 um
{bottom). B, Northern blot analysis of RK3E cells {Lane 7} and REF52
] P fibroblasts (Lane 2). The filter was hybridized sequentially to a des-
i 1 - moplakin probe (top) and then to B-tubulin (bottom). C, vimentin ex-
3 s pression by immunocytochemistry in RK3E (top) and REF52 (bottom)
cells. Bars, 100 um.



Cell Growth & Differentiation

Table 1 Assessment of cDNA libraries

Library A titer cDNA size (N,Ry? Probe®  cDNA clones transduced®  Transduced RK3E cells®  Foci identified
Squamous cell carcinoma 8.9 X 10°  1.69 (10, 1.00-3.60) NT ~4 %X 108 ~1.2 X 107 13
Breast carcinoma 7.4 X 10°  1.64 (18, 0.50-2.7) hBRF ~4 X 108 ~1.2 X 107 1

2 The mean size of cDNAs in kb pairs; the number of clones sized by gel electrophoresis (N) and the size range (R) are indicated.
b Plaques (420,000) were analyzed by hybridization to the 5’ end of the RNA polymerase |ll transcription factor hBRF cDNA (see “Results”); NT, not tested.
¢ The number of clones processed at each step of library construction was equal to or greater than 4 X 10°. The Bst X| adapter strategy generates
recombinant cDNA expression plasmids in an orientation-independent fashion, such that both sense and antisense vectors result.
9 The number of RK3E cells transduced was estimated as the product of the transduction frequency (20%), the number of dishes screened (20), and the

number of cells/dish (3 X 10).

We previously developed and used RK3E cells, immortal-
ized by E71A, to demonstrate the transforming activity of GL/
(17). We now show that these cells exhibit multiple features
of epithelia and detect known and novel transforming activ-
ities in tumor cell lines. The epithelial features of the cells
and/or the mechanism of immortalization may explain the
surprising sensitivity and specificity of the assay compared
with previous expression cloning approaches (27). Three of
the four genes known to transform RK3E cells are activated
by genetic alterations in carcinomas, and, of these genes,
only RAS exhibits transforming activity in the commonly used
host NIH3T3. We identify GKLF* (3) as an oncogene that is
expressed in the differentiating compartment of epithelium
and misexpressed in dysplastic epithelium. We also suggest
that GKLF may regulate the rate of differentiation and mat-
uration and the overall cellular transit time through epithe-
lium. The functional similarities shared with other oncogenes,
including GL/ or c-MYC, identify GKLF as an attractive can-
didate gene relevant to tumor pathogenesis.

Results
RKB3E Cells Have Characteristics of Epithelia. RK3E cells
are a clone of primary rat kidney cells immortalized by trans-
fection with adenovirus E7A in vitro (17). The cells exhibit
morphological and molecular features that are epithelioid.
They are contact-inhibited at confluence and are polarized
with apical and basolateral surfaces and electron-dense in-
tercellular junctions typical of adherens junctions and des-
mosomes (Fig. 1A). Northern blot analysis showed that RK3E
cells, but not REF52 fibroblasts, expressed desmoplakin, a
major component of desmosomes and an epithelial marker
(Fig. 1B). By immunocytochemical staining, the mesenchy-
mal marker vimentin was low or undetectable in RK3E cells,
but was strongly positive in REF52 cells (Fig. 1C). Neither line
reacted strongly with anticytokeratin or antidesmin antibod-
ies. These results are consistent with the observation that
E1A induces multiple epithelial characteristics without induc-
ing cytokeratin expression (28).

Karyotype analysis revealed RK3E cells to be diploid with
a slightly elongated chromosome 5q as the only apparent
abnormality (17). Importantly, RK3E cells can be transformed
by functionally diverse oncogenes such as RAS and GL/.

4 The abbreviations used are: GKLF, gut-enriched Kriippel-like factor;
B-gal, B-galactosidase; UTR, untranslated region; MMLV, Moloney murine
leukemia virus; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
ISH, in situ hybridization.

Four such transformed lines were each homogeneous for
DNA content, as determined by flucrescence analysis of
propidium iodide-stained cells derived from RAS- (one line)
or GLI- (three lines) induced foci, indicative of a relatively
stable genetic constitution (data not shown). These proper-
ties suggested that RK3E cells may serve as an in vitro model
for identification and mechanistic analysis of gene products
involved in the progression from normal epithelial tissue to
malignancy.

cDNA Library Construction. To identify transforming
genes, we used mRNA from human squamous cell carcino-
ma- or breast tumor-derived cell lines. These tumor types do
not exhibit frequent alteration of RAS or GLI. After pooling
mRNAs for each tumor type, oligo dT-primed cDNA libraries
were constructed in bacteriophage A (Table 1). The libraries
were high-titer (assessed before amplification on agar plates)
with a mean insert size of 1.6-1.7 kb. The amplified breast
cDNA library was further assessed by plaque screening for
the transcription factor hBRF, using a probe derived from the
5" end of the protein coding region (bases 315-655, acces-
sion U75276). Each of the seven clones identified were de-
rived from independent reverse transcripts, as determined by
end sequencing, confirming that complexity of the library
was maintained during amplification. The inserts ranged in
size from 2.1-3.4 kb and contained the entire 3’ UTR and
much or all of the protein coding region intact. Three of the
seven clones extended through the predicted initiator me-
thionine codon, whereas four others were truncated further
downstream. These results suggested that the library is rel-
atively free of COOH-terminally truncated clones and con-
tains full-length cDNAs even for relatively long mRNAs. The
overall abundance of hBRF mRNA has not been determined.

Isolation of c-MYC and GKLF by Expression Cloning.
The libraries were cloned into the MMLYV retroviral expression
plasmid pCTV1B (27), packaged in BOSC23 cells (29), and
high-titer virus supernatants were applied to RK3E cells.
Fourteen foci, identified at 10-20 days after transduction,
were individually expanded into cell lines. Thirteen of these
foci contained a single stably integrated cDNA, as indicated
by PCR (Fig. 2A). Eleven of these PCR products were iden-
tified as human c-MYC by end-sequencing and restriction
enzyme analysis. The c-MYC cDNA in Lane 15 included the
coding region and 193 bases of 5’ UTR sequence (accession
V00568). As determined by sequencing or restriction map-
ping, the other c-MYC cDNAs extended further 5’ (Lanes 1,
3,5~-7,9-7, 13, and 14), such that all of the clones contained
the entire protein-coding region.
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Fig. 2. Expression cloning of c-MYC and GKLF. A, identification of human cDNAs present in transformed RK3E cell lines SQC1-SQC13 (derived using a
squamous cell carcinoma library, Lanes 7 and 3-14) and BR1 (derived using a breast carcinoma library, Lane 15). PCR was used in combination with
vector-derived primers and cell line genomic DNA. RK3E genomic DNA served as a negative control template (Lane 2). No cDNA was retrieved from cell
line SQC3 (Lane 4). All foci identified in the screen are represented. Molecular weight markers are indicated on the left in kb pairs. B, reconstitution of
transforming activity by cloned PCR products. cDNAs were cloned into a retroviral expression plasmid, packaged into virus using BOSC23 cells, and applied
to RK3E cells. Foci were fixed and stained at 3-4 weeks. Vector, pCTV3K; Control, pCTV3K-SQC1; c-MYC, pCTV3K-BR1; GKLF, pCTV3K-SQC?7. C,
morphology of foci and cloned cell lines. Top to bottom: first panel, low-power phase contrast view of adjacent foci in a dish transduced with retrovirus
encoding GKLF (bar, 900 um); second through fourth panels, high-power phase contrast view (bar, 230 pm); second panel, RK3E cells at subconfluence;
third panel, GKLF-transformed RK3E cells; fourth panel, c-MYC-transformed RK3E cells.

In addition, two cell lines (Fig. 24, Lanes 8 and 12) con-
tained cDNAs coding for GKLF. Mouse and human GKLF
cDNAs were previously isolated by hybridization with zinc
finger consensus probes (30-32), but were not implicated as
oncogenes or found to be induced during neoplastic pro-
gression. After cloning into plasmid, the sequences of these
two cDNAs, termed SQC7 and SQC11, were obtained in
total. As determined by comparison with multiple expressed
sequence tags and two full-length coding sequence files in
the database (accessions U70663 and AFO22184), each
contained the predicted GKLF protein coding region
bounded by 5’ and 3’ UTRs. An ATG in good context for
translation initiation was located at base 330, with the pre-
dicted terminator codon at base 1740. Both isolates were

artificially truncated at the Xho! site in the 5’ UTR during
library preparation. Because the transcripts had been pro-
cessed using distinct AAUAAA polyadenylation signals, the
cDNAs were slightly different in length and derived from
independent mRNA molecules (Fig. 2A4).

Sequencing revealed these two GKLF isolates to be iden-
tical within the residual 5’ UTR and throughout the coding
region. A single bp difference in the 3’ UTR represents a
PCR-induced error or a rare variant, as determined by com-
parison with ESTs. Comparison to a placenta-derived se-
quence (accession U70663) revealed three single bp differ-
ences in the coding region. These differences were resolved
by alignment with other sequences in the database (acces-
sions AF022184 and AA382289) from normal tissues, indi-
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Table 2 Retroviral transduction of reconstituted GKLF and c-MYC expression vectors

Focus assay

Colony morphology assay

Plasmid (no. foci/10 cm dish)? (no. transformed/total)®
pCTV3K (vector) 0/184
pCTV3K-SQC1° (c-MYC) 0/232
pCTV3K-SQCS5 (c-MYC) >1000, >1000 ND9

pCTV3K-BR1 (c-MYC)

>1000, >1000

81/91 (89%)

pCTV3K-SQC7 (GKLF) >1000, >1000 91/206 (44%)
pCTV3K-SQC11-2° (GKLF) >1000, >1000 ND
pCTV3K-SQG11-3 (GKLF) >1000, >1000 ND

2 RK3E cells were transduced with 4 ml of virus supernatant after calcium phosphate-mediated plasmid transfection of virus packaging cells.

2 RKSE cells were transduced with 0.4 ml of thawed viral supernatant. Cells were split 1:4 into selective media 30 h later. At 2 weeks, drug-resistant colonies
were fixed, stained, and examined visually for morphological transformation. Numbers indicate colonies/10-cm dish. A duplicate transduction experiment
yielded similar results {data not shown). No colonies formed in control dishes that were not exposed to virus.

¢ pCTV3K-SQCH1 is a c-MYC allele obtained by PCR that exhibited greatly reduced transforming activity compared with other alleles.

9 ND, not determined.

€ 8QC11-2 and -3 are independent plasmid clones derived from the same PCR reaction (Fig 24, Lane 12).

cating that the GKLF molecules obtained by expression clon-
ing are predicted to encode the wild-type protein.

Reconstitution of Transforming Activity for c-MYC and
GKLF. To demonstrate transforming activity, three inde-
pendent PCR products each for the c-MYC and GKLF
cDNAs were cloned into the retroviral expression vector
pCTV3K (27), packaged into virions, and tested for transfor-
mation of RK3E cells in vitro (Fig. 2, B and C; Table 2). One
of the c-MYC clones (pCTV3K-SQC1) possessed greatly re-
duced transforming activity in multiple experiments despite
similar viral titers, as determined by induction of hygromycin
resistance, suggesting that an error may have been intro-
duced during PCR. Each of the other virus supernatants
carrying GKLF and ¢c-MYC transgenes induced >1000 foci/
dish compared with no foci for virus controls.

To determine the efficiency of transformation by GKLF and
c-MYC, a colony morphology assay was used, as described
previously (27). Virally transduced cells were selected in hy-
gromycin at low confluence, and stable colonies were fixed,
stained, and scored for morphological transformation by vis-
ual inspection as above for foci (Table 2). The c-MYC-trans-
duced cells exhibited loss of contact inhibition and dense
growth in 89% of colonies. The GKLF-transduced cells ex-
hibited a transformed morphology in 44% of colonies. In
comparison, a previous study showed that 70% and 40% of
NIH3T3 colonies transduced by viruses carrying RAS and
RAF exhibited a transformed morphology (27). We, likewise,
tested virus supernatants for transformation of NIH3T3 cells.
Neither c-MYC nor GKLF induced morphological transfor-
mation of NIH3T3 colonies, as previously described for GL/
and others (data not shown; Ref. 17). These results identify
the RK3E assay as not only highly specific, but also sensitive
to the activity of a select group of oncogenes.

In lieu of sequencing the c-MYC alieles, we confirmed that
wild-type ¢-MYC can transform RK3E cells. A human wild-
type expression vector (pPSRaMSV c-MYC tk-neo) induced
foci using direct plasmid transfection of RK3E cells in mul-
tiple experiments. Foci were observed at a similar frequency
using known wild-type or new c-MYC isolates when ana-
lyzed in parallel (data not shown). In addition, retrovirus en-
coding the estrogen receptor-c-MYC (wild-type) fusion pro-
tein induced morphological transformation of RK3E cells in

the presence or absence of 4-hydroxy-tamoxifen (33). No
effect was observed for controls (empty vector or a control
containing a deletion in c-MYC residues 106-143).

Northern blot analysis of transformed RK3E cell lines dem-
onstrated expression of the c-MYC and GKLF vector-derived
transcripts (Fig. 34). No endogenous transcripts were de-
tected at the stringency used in this experiment. Compared
with RK3E cells at subconfluence (Lane 1) or confluence
(Lane 2), no consistent increase of E1A transcripts was de-
tected in cells transformed by RAS, GLI, c-MYC, or GKLF,
suggesting that these genes act upon cellular targets to
induce transformation.

To detect the endogenous rat GKLF transcript, we used
reduced-stringency wash conditions and a Smal fragment
from the coding region exclusive of the COOH-terminal zinc
fingers and with no sequence similarity to other genes in the
database. By this approach, the apparent GKLF transcript
was identified and migrated at 3.1 kb, similar to the human
3.0-kb transcript, in RK3E and all derivative-transformed cell
lines (data not shown). A single transcript with the same
mobility was detected by hybridization of the filter to full-
length coding region probe. These studies revealed similar
GKLF expression in RK3E and in derivatives transformed by
RAS, GLI, or c-MYC. The results show that GKLF mRNA
expression is not significantly altered by these other onco-
genes and is consistent with function of GKLF in an inde-
pendent pathway.

Cell lines derived from foci induced by c-MYC or GKLF
were further tested for tumorigenicity in athymic mice by s.c.
inoculation at four sites for each line (Table 3; Ref. 17).
Tumors were >1 cm in diameter and were scored at 2-4
weeks after inoculation. Cells transformed by c-MYC in-
duced tumors in 75% or 100% of sites injected (two lines
tested). Three lines transformed by GKLF each induced tu-
mors in 50-75% of sites injected. No tumors resulted from
injection of RK3E cells, whereas a GL/-transformed cell line
induced tumors in each of the four sites injected. In all, GKLF
cell lines induced tumors in 8 of 12 injection sites, compared
with 7 of 8 injection sites for c-MYC and 4 of 4 injection sites
for GLI. GKLF-induced tumors also grew more slowly in vivo,
reaching 1 cm in diameter by 3.4 weeks, on average, com-
pared with 2.6 weeks for c-MYC and 3 weeks for GL/. The
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Fig. 3. Northern blot analysis of c-MYC and GKLF expression. Total RNA (25 pg) was loaded for each sample. A, analysis of transgene expression in RK3E
cells and derivative cell lines transformed by the indicated oncogene. Lane 7, RK3E cells in exponential growth phase; Lane 2, RK3E cells incubated at
confluence for 5 days. Ethidium bromide-stained RNA is shown below after transfer to the filter. B, endogenous GKLF (3.0 kb) or c-MYC (2.3 kb) expression
in tumor cell lines. Lanes 1-3, breast cancer lines; Lanes 4-6, squamous cell carcinoma lines. C, analysis of gene expression in laryngeal squamous cell
carcinoma. Lane 1, SCC25 cell line; Lanes 3-6, 9, and 72, primary tumors; Lanes 7, 8, 10, and 71, metastatic tumors; Lanes 3-12 correspond to case
numbers 5, 8, 18-20, 6, and 21-24, respectively (see Table 4). RK3E-RAS cell RNA served as a negative control (Lane 2), whereas hybridization to S-tubulin

served as a control for loading.

Table 3 Tumorigenicity of RK3E-derived cell lines in athymic mice

Cell line Nﬁ.otusr;;ggs/ Tumor latency  Doubling time
inj;acte d in vivo (weeks)? in vitro (h)
RK3E 0/4 - 12.7
RK3E-c-MYC BR1? 3/4 33,4 191
RK3E-c-MYC B° 4/4 2222 19.8
RK3E-GKLF E 3/4 3,33 33.7
RK3E-GKLF F 2/4 4,4 27.0
RK3E-GKLF G 3/4 334 ND“
RK3E-GLI 4/4 3333 18.0

2 The time required for tumors to reach 1 cm in diameter is indicated.

b Cell line derived from a focus identified in the original screen using a
breast cancer cDNA library.

¢ Cell line derived by transformation with the reconstituted plasmid
pCTV3K-BR1.

9 ND, not determined.

moderately increased latency and decreased efficiency of
tumor formation for GKLF cell lines may be attributable to the
intrinsic rate of proliferation for these cells (Table 3). Although
c-MYC, GLI, and GKLF cell lines all exhibited prolonged
doubling times in vitro compared with RK3E cells, GKLF cells
divided more slowly than the other transformed cell lines.
Northern Blot Analysis of Tumors and Tumor-derived
Cell Lines. We then examined human tumors and cell lines
by Northern blot analysis of total RNA (Fig. 3, B and C). GKLF
expression in breast or squamous cell carcinoma cell lines
was variable, with increased expression in the breast tumor
line ZR75-1 and the squamous cell lines SCC15 and SCC25
(Fig. 3B). In human squamous cell carcinomas microdis-
sected to enrich for tumor cells, GKLF expression was de-
tected in each of 10 primary or metastatic tumors analyzed,
with expression levels comparable with that for the cell line

SCC25 (Fig. 3C). The results suggest that GKLF represents a
potent transforming activity that is consistently expressed in
tumors as well as in tumor-derived cell lines. Because GKLF
was isolated from cell lines that express the gene at a level
found in tumors in vivo, the results suggest that GKLF may
represent a major transforming activity in tumors, as well as
in cell lines.

Gene Copy Number of c-MYC and GKLF. c-MYC was
previously shown to be activated by gene ampilification in
~10% of oral squamous cancers and may be activated in
these or other tumors by genetic alteration of WNT-APC-3-
catenin pathway components (6, 34-37). To determine
whether expression of GKLF in cell lines and tumors is,
likewise, associated with gene amplification, we performed
Southern blot analysis (Fig. 4, A and B). Filters were sequen-
tially hybridized to GKLF, c-MYC, and B-tubulin. Increased
copies of c-MYC were identified in two cell lines used for
library construction, FaDu and MCF7. Increased hybridiza-
tion to c-MYC was, likewise, observed for 1 of 11 oral squa-
mous cell carcinomas (Fig. 44, Lane 10) and for one of nine
breast carcinomas (Fig. 4B, Lane 8). These results are con-
sistent with the published frequencies of c-MYC ampilifica-
tion for these tumor types (34, 35, 38). No copy number gains
of GKLF were observed, indicating that other mechanisms
may contribute to expression of GKLF in tumors. The same
may be true for c-MYC because gene amplification in FaDu
cells was associated with reduced expression compared
with other oral cancer cell lines (Fig. 3B).

GKLF Expression Is Activated Early during Tumor Pro-
gression in Vivo. Previously, expression of ¢c-MYC was
found to be up-regulated consistently in dysplastic oral mu-
cosa and in squamous cell carcinomas, and tumors with the
highest levels of c-MYC expression were associated with the
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Fig. 4. Southern blot analysis of cell line- and tumor-derived genomic DNA. DNA (5 ug) was digested with EcoRI and separated by gel electrophoresis.
The filters were hybridized sequentially to GKLF, c-MYC, and B-tubulin probes. *, samples with increased apparent copy number of c-MYC. Molecular
weight markers are indicated on the right. NL, normal human lymphocyte DNA. A, oropharyngeal squamous cell carcinoma. Cell lines (Lanes 2-4) and
tumors (Lanes 5-15) are shown. B, breast carcinoma. Cell lines (Lanes 2-5) and tumors (Lanes 6-174) are shown.

poorest clinical outcome (36, 39-41). To determine how
GKLF mRNA expression is altered during tumor progression,
we analyzed squamous cell carcinoma of the larynx and
adjacent uninvolved epithelium from the same tissue blocks
using 3°S-labeled riboprobes by ISH analysis. In apparently
normal epithelium, GKLF expression was detected in the
spinous layer above the basal and parabasal cells (nine

specimens analyzed; Fig. 5, A-C, G-/; Table 4). No specific
GKLF expression was detected in the basal or parabasal
cells or in the underlying dermis. In contrast, a sense control
probe produced grains at a much-reduced frequency in a
uniform fashion across the epithelium. GAPDH expression
served as a positive control and was detected diffusely
throughout the entire epithelium (data not shown). The ob-
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CASE 1
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’?ng\j"-
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Fig. 5. ISH analysis of GKLF. Paraffin-embedded (A-L) or fresh-frozen (M-O) tissues were analyzed using antisense (GKLF-AS) or sense (GKLF-S)
353-labeled RNA probes. Each image (A-O) is 650 um X 530 um. Sections were stained with H&E. Case 7, A-C, uninvolved epithelium in a patient with
primary laryngeal squamous cell carcinoma; D-F, adjacent dysplastic epithelium within the same tissue block. Case 2, G-/, uninvolved epithelium; J-L,
adjacent primary tumor nests within stroma in the same tissue block; *, a salivary gland and ducts. Case 3, M-O, metastatic laryngeal squamous cell
carcinoma infiltrating a lymph node; *, lymphocytes.
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Table 4 Expression of GKLF in oral epithelium and tumors

Case? Histopathology  Tissue source  Method GKLF
(U,°D,P,M) (PE/FF) {N/ISH)  expression
1 u,b,P PE ISH D,P>U
2 uUD PE ISH b>U
2 upP PE ISH P>U
3 M FF ISH +
4 uD PE ISH D>U
5 P FF N,ISH +
6 M FF N,ISH +
7 P FF ISH +
8 P FF N,ISH +
9 D,P PE ISH D,P+
10 M PE ISH +
11 U,D,P PE ISH D,P>U
12 uD PE ISH D>U
12 UD,P PE ISH D,P>U
13 U PE ISH +
13 P PE ISH +
14 P PE ISH +
14 M PE ISH +
15 D PE ISH +
15 D PE ISH +
15 D,P PE ISH D,P+
16 Upb,p PE ISH D,P>U
16 M PE ISH +
17 D,P PE ISH D,P+
18 P FF N +
19 P FF N +
20 M FF N +
21 P FF N +
22 M FF N +
23 M FF N +
24 P FF N +

2 Each row corresponds to a tissue specimen. Levels of gene expression
indicate changes identified within, rather than between, single tissue
sections. For some cases, multiple specimens isolated during the same
surgical procedure were analyzed. ISH results were confirmed by analysis
of sections in duplicate.

U, uninvolved or normal-appearing epithelium; D, dysplastic epithelium;
P, primary tumor; M, metastatic tumor; PE, paraffin-embedded; FF, fresh-
frozen; N, Northern; D,P>U, increased expression in dysplasia and pri-
mary tumor compared with uninvolved epithelium in the same section;
D,P+, expression in both dysplasia and adjacent primary tumor.

served pattern of GKLF expression is identical to the pattern
in normal mouse skin (32).

For each of 12 specimens analyzed, dysplastic epithelium
exhibited increased GKLF expression throughout the epithe-
tium (Fig. 5, D-F; Table 4, Cases 1,2,4,9, 11, 12, and 15-17).
In contrast to results obtained in normal-appearing epithe-
lium, there was no reduction of expression in the basal and
parabasal layers compared with superficial layers. For tissue
sections that contained both uninvolved epithelium and ad-
jacent dysplastic epithelium, the overall level of GKLF ex-
pression in dysplastic epithelium was prominently elevated
compared with the GKLF-positive cell layers in uninvolved
epithelium (Fig. 5, B, E, and H; Table 4, Cases 1, 2,4, 11, 12,
and 16). These results suggest that GKLF expression is
qualitatively and quantitatively altered in dysplasia, that ex-
clusion of GKLF from the basal and parabasal cell layers is
lost early during neoplastic progression, and that GKLF ex-
hibits properties of an oncogene not only in vitro, but also in
vivo.

As shown by Northern blot analysis, GKLF transcripts are
consistently present in tumor-derived mRNA (Fig. 3C; Table

4). To determine whether GKLF is expressed in tumor cells,
we examined laryngeal squamous cell carcinomas by mRNA
ISH. Expression was detected in each primary (13 cases) or
metastatic (6 cases) tumor examined (Fig. 5, J-O; Table 4),
with all or nearly all tumor cells associated with silver grains.
The level of expression was somewhat heterogeneous, with
higher levels found in the periphery and in nodules of tumor
containing centrally necrotic cells or keratin pearls. As for
dysplastic epithelium, expression in tumor cells was consis-
tently elevated compared with uninvolved epithelium in the
same sections (Fig. 5, H and K; Table 4, Cases 1, 2, 11, 12,
and 76). However, expression in tumor cells was not higher
than in dysplastic epithelium (Cases 7, 9, 171, 12, and 15-17).
For several cases, expression in the most dysplastic epithe-
lium was higher than in adjacent GKLF-positive tumor, sug-
gesting that GKLF expression is specifically activated during
the transition from normal epithelium to dysplasia, before
invasion or metastasis.

Discussion

The results demonstrate that cells with an epithelial pheno-
type can be used for identification of transforming activities
present in carcinoma-derived cell lines. The assay repeatedly
identified two genes, and none of the isolated cDNAs were
artificially truncated or rearranged within the protein coding
region. This indicates that transformation of these cells is
unusually specific to a few pathways or genes, including
c-MYC, GKLF, RAS, and GLI. c-MYC, RAS, and GLI are
directly or indirectly activated by genetic alterations in di-
verse carcinoma types during tumor progression in vivo (9,
10, 42-44). For both breast and oral squamous carcinoma,
the tumor types analyzed in this study, c-MYC gene ampli-
fication is one of the more frequent oncogene genetic alter-
ations and is observed in 10-15% of cases. By analogy,
novel oncogenes identified by the RK3E assay may be di-
rectly activated in neoplasms through gain-of-function mu-
tations or indirectly activated by loss-of-function genetic al-
terations.

Whitehead et al. (27) developed the retroviral vectors that
we used in this study for transduction of NIH3T3 cells, in
which they isolated 19 different cDNAs encoding 14 different
proteins. Known oncogenes were isolated, including raf-1,
Ick, and ect2. Other known genes included phospholipase
C-v,, B-catenin, and the thrombin receptor. In addition to the
known genes, seven novel cDNAs were isolated, including
several members of the CDC24 family of guanine nucleotide
exchange factors. Only the thrombin receptor was isolated
more than once, and many of the 14 different genes identi-
fied were truncated within the protein coding region. The
diversity of cDNAs isolated in the NIH3T3 assay is in contrast
to results obtained in the current study. The specificity of the
RK3E assay may be attributable to the “tumor suppressor”
activity of the E1A oncogene (28, 45). Although E1A antag-
onizes p1057° and immortalizes primary cells, it also induces
epithelial differentiation in diverse tumor types, including sar-
coma, and suppresses the malignant behavior of tumor cells
in vivo.

GKLF was previously isolated by hybridization to zinc fin-
ger probes (30-32). The human gene is located at chromo-
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some 9931 and is closely linked to the autosomal dominant
syndrome of multiple self-healing squamous epitheliomata
(31, 32, 46, 47). Affected individuals develop recurrent inva-
sive, but well-differentiated, tumors morphologically similar
to squamous carcinoma that spontaneously regress. Al-
though GKLF has been proposed as a candidate tumor
suppressor gene relevant to multiple self-healing squamous
epitheliomata (32), our results suggest that activating muta-
tions could account for the syndrome.

GKLF encodes a nuclear protein that functions as a tran-
scription factor when bound to a minimal essential binding
site of 5'-%/,%/,GGC/;GC/7-3' (48). The 470 residue polypep-
tide exhibits modular domains that mediate nuclear localiza-
tion, DNA binding, and transcriptional activation or repres-
sion (31, 32, 49, 50). In mice, GKLF expression is found
predominately in barrier epithelia, including mucosa of the
mouth, pharynx, lung, esophagus, and small and large intes-
tine (30, 32). Arole for GKLF in differentiation or growth arrest
was suggested by the onset of expression at the time of
epithelial differentiation (approximately embryonic day 13;
Refs. 32 and 51) and by similarity within the zinc finger
domain to family members erythroid Krippel-like factor and
lung Krippel-like factor that were previously associated with
growth-arrest or differentiation-specific gene expression (52,
53). Similarity to these other genes is limited to the DNA-
binding zinc finger region.

Our results show that GKLF can induce proliferation when
overexpressed in vitro. Analysis of expression in dysplastic
cells and tumor cells in vivo provides independent evidence
that GKLF exhibits properties expected of an oncogene.
Genetic progression of carcinoma seems to involve genes
and pathways important for homeostasis of normal epithe-
lium (6, 7, 9, 54). For example, the zinc finger protein GLI is
expressed in normal hair shaft keratinocytes, whereas c-
MYC is expressed in normal epithelium of the colonic mu-
cosa. In tumors derived from these tissues, GL/ and c-MYC
are more frequently activated by recessive genetic changes
in upstream components of their respective biochemical
pathways than by gain-of-function alterations such as gene
amplification. Up-regulation of GKLF expression in dysplas-
tic epithelium and tumor cells in vivo is particularly interesting
as expression seems not to be increased by proliferation in
vitro. Expression of the endogenous GKLF mRNA in RK3E
cells was similar in cycling versus contact-inhibited cells
(data not shown). In contrast, GKLF is significantly induced in
NIH3T3 cells during growth arrest (30). These different re-
sults suggest that cell type-specific mechanisms can regu-
late GKLF expression, and that GKLF may play different roles
in epithelial versus mesenchymal cells.

Squamous epithelium is divided into compartments (55,
56). In the basal cell layer, proliferative reserve or stem cells
possess long-term or unlimited self-renewal capacity,
whereas the parabasal transit amplifying cells undergo sev-
eral rounds of mitosis and then withdraw from the cell cycle
to differentiate into spinous cells that form the mid strata of
the epithelium. These cells then undergo terminal differenti-
ation and programmed cell death at the surface. Proliferation
and differentiation are normally balanced such that overall
cell number remains constant. In contrast to GL/ and c-MYC,

GKLF expression in skin seems limited to the differentiating
compartment (32). A simple model is that GKLF normally
regulates the rate of maturation and shedding and the overall
transit time for individual cells. The thickness of epithelium,
which varies greatly in development and in different adult
tissues, may be regulated not only by alterations in the rate
of cell division in the basal layer, but also in response to
GKLF or similarly acting molecules in the suprabasal layers.
This model is consistent with the relatively late induction of
GKLF during mouse development, and is testable by mod-
ulating expression of GKLF in transgenic animals or using
raft epithelial cultures in vitro. Activation of GKLF in the basal
layer of dysplastic epithelium suggests that dysplasia and
progression to invasion and metastasis could result from loss
of normal compartment-specific patterns of gene expres-
sion.

In summary, GKLF, c-MYC, and GLI are potent oncogenes
in epithelioid RK3E cells in vitro, are analogous with respect
to their expression in normal epithelium, and have potentially
complex roles in the regulation of epithelial cell proliferation,
differentiation, or apoptosis (6, 7, 9, 44, 56-58). How GKLF
contributes to these processes will require a better under-
standing of its function and of the pathways that regulate
GKLF activity in epithelia.

Materials and Methods

Immunocytochemistry. Immunocytochemical assays were performed
in the Immunopathology Laboratory at The University of Alabama at
Birmingham. Antibodies to vimentin and desmin were from Dako (Car-
penteria, CA). A mixture of anticytokeratin included AE1/AES3 (Biogenics,
San Ramon, CA), CAM5.2 (Becton Dickinson, San Jose, CA), and MAK-6
(Zymed, South San Francisco, CA). Human tissue served as a positive
contro! for each antibody. No signal was obtained in the absence of
primary antibody.

Construction of cDNA Libraries. Two cDNA libraries were con-
structed using the ZAP-Express cDNA synthesis kit (Stratagene, La Jolla,
CA). A library was prepared from human squamous cell carcinoma cells
derived from tumors of the oro-pharynx. Equal quantities of total mRNA
from cell lines SCC15, SCC25, and FaDu (American Type Culture Collec-
tion, Manassas, VA) were pooled. Similarly, equal quantities of mMRNA from
the breast cancer cell tines MCF-7, ZR75-1, MDAMB-453, and T47D
(American Type Culture Collection) were pooled. For each pool, poly(A)+
mRNA was selected by two cycles of oligo-dT cellulose affinity chroma-
tography, and 5 ug were reverse transcribed using an oligo-dT linker
primer and MMLV reverse transcriptase. Double-stranded ¢cDNA was
synthesized using Escherichia coli RNase H and DNA polymerase |. cDNA
was ligated to AZAP EXPRESS bacteriophage arms and packaged into
virions. The A titer and the frequency of nonrecombinants were deter-
mined before amplification of the library on bacterial plates (Table 1). The
frequency of nonrecombinant clones was estimated to be <2% by
complementation of B-gal activity (blue/white assay). Phage were con-
verted to pPBKCMV plasmids by autoexcision in bacteria. Insert sizes in
randomly selected clones were determined at this step by gel electro-
phoresis of plasmid DNA digested with Sall and Notl (Table 1). The
pBKCMV plasmid libraries were amplified in soft agar at 4 X 10* colony
forming units/ml (27). After incubation at 37°C for 15 h, bacterial cells
within the agar bed were isolated by centrifugation, amplified for 3-4
doublings in culture, and plasmid DNA was purified using a Qiagen
column {Qiagen, Inc., Chatsworth, CA).

To generate libraries in a retroviral expression vector, cDNA inserts
were excised from 10 pg of plasmid using Sall and Xhol. After treatment
with Klenow and dNTPs and extraction with phenol, the DNA was ligated
to 5’ phosphorylated BstX! adapters (5'-TCAGTTACTCAGG-3' and 5'-
CCTGAGTAACTGACACA-3'), as described (27). After treatment with
Notl, excess adapters were removed by gel filtration, and the residual
vector was converted to a 9.0-kb dimer using the Notl site and T4 DNA
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ligase. The cDNA was size-fractionated by electrophoresis in Sea Plaque
agarose (FMC BioProducts, Rockland, ME) and fragments 0.6-8.5 kb
were isolated and ligated to the BstX|- and alkaline phosphatase-treated
MMLYV retroviral vector pCTV1B (27). E. coli MC1061/p3 were transformed
by electroporation and selected in soft agar as above.

Retroviral Transduction. The libraries were analyzed in two transfec-
tion experiments performed on consecutive days. For each library, ten
10-cm dishes of BOSC23 ecotropic packaging cells at 80%~90% con-
fluence were transfected using 30 pg of plasmid DNA/dish (29). The
transfection efficiency for these cells was ~60%, as determined using a
B-gal control plasmid. Viruses were collected in a volume of 9.0 ml/dish at
36-72 h after transfection, filtered, and the 9.0 ml was expressed into a 10
cm dish containing RK3E cells at ~30% confluence. Polybrene was
added to a final concentration of 10 ug/ml. After 15 h, and every 3 days
thereafter, the cells were fed with growth media (17). A total of 20 RK3E
dishes were transduced for each library. A B-gal retroviral plasmid trans-
duced at least 20-30% of RK3E cells in control dishes. For colony assays,
hygromycin was used at 100 pg/ml. Cell proliferation rates for trans-
formed cell lines was measured by plating 2 x 10° cells in duplicate and
counting cells 96 h later using a hemacytometer (Table 3).

PCR Recovery of Proviral Inserts. PCR reactions used 200 ng of cell
line genomic DNA, 20 mm Tris-HCI (pH 8.8), 87 mm potassium acetate, 1.0
mm MgCl,, 8% glycerol, 2% DMSO, 0.2 mm of each dNTP, 32 pmol of
each primer (5'-CCTCACTCCTTCTCTAGCTC-3'; 5 -AACAAATTGGAC-
TAATCGATACG-3'; Ref. 27), 5 units of Taq polymerase (Life Technolo-
gies, Inc., Gaithersburg, MD), and 0.3 units of Pfu polymerase (Stratagene,
La Jolla, CA) in a volume of 0.05 ml. Cycling profiles were: 95°C for 1 min;
then 95°C for 10 s, 59°C for 40 s, 68°C for 8 min (35 cycles).

RNA Extraction and Northern Blot Analysis. Tumor samples were
obtained through the Tissue Procurement Facility of the University of
Alabama at Birmingham Comprehensive Cancer Center and the Southern
Division of the Cooperative Human Tissue Network. Microdissection was
used to isolate tissue composed of >70% tumor cells. Total RNA was
isolated as described (59), then denatured and separated on a 1.5%
formaldehyde agarose ge! and transferred to nitrocellulose (Schleicher
and Schuell, Keene, NH). Prehybridization was at 42°C for 3 h in 50%
formamide, 4 X SSC [SSC is 150 mm NaCl, 15 mm sodium citrate (pH 7.5)],
0.1 M sodium phosphate (pH 6.8), 0.1% sodium PP;, 0.1% SDS, 5 X
Denhardt’s, and 25 pg/ml denatured saimon sperm DNA. Hybridization
was at 42°C for 16-20 h. The hybridization mixture contained 45% form-
amide, 4 X SSC, 0.1 M sodium phosphate (pH 6.8), 0.075% sodium PP,
0.1% SDS, 10% dextran sulfate, and 100 pg/ml denatured salmon sperm
DNA. After hybridization, the filter was washed twice in 2 X SSC, 0.1%
SDS for 20 min at room temperature, then washed in 0.3 x SSC, 0.3%
SDS for 30 min at 59°C (for detection of rat transcripts) or 65°C. For
stripping of hybridized probes, the filter was placed in a solution of 2 X
SSC, 25 mm Tris-HCI (pH 7.5), 0.1% SDS at initial temperature of 95°C,
and shaken for 10 min at room temperature.

ISH. ISHs were conducted as described (60), using sense and anti-
sense 3°S-labeled riboprobes generated from a 301-bp EcoRl fragment
derived from the GKLF 3’ UTR positioned 40 bases from the stop codon.
A GAPDH antisense probe corresponding to bases 366—-680 (accession
M33197) was synthesized using a commercially available template (Am-
bion, Inc., Austin, TX). All results were obtained in duplicate. High strin-
gency washes were in 0.1 X SSC and 0.1% (v/v) 2-mercaptoethanol at
58°C for GKLF or 68°C for GAPDH. Slides were coated with emulsion and
exposed for 14 days.

Nucleotide Sequencing. Automated sequence analysis was per-
formed for the two independent GKLF isolates using vector-derived prim-
ers and sense or antisense primers spaced at 400-bp intervals within the
inserts. The complete sequence was obtained for both clones, with one of
the clones analyzed for both strands. Primer sequences are available
upon request. GKLF sequence was submitted to GenBank (accession
AF105036).
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