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ABSTRACT. Established cell lines have long been used for in vitro
studies of tumor biology, enabling investigators to control growth condi-
tions and to draw important conclusions about the oncogenic microenvi-
ronment. However, gene expression behavior in cultured cells may not
always reflect the actual in vivo scenario, and analysis derived from
such experiments should take into consideration the existing differences
between the two environments. We used suppression subtractive hy-
bridization to study transcriptional changes elicited after oncogene trans-
formation and cell line establishment. We found that transcriptional
changes elicited in cultured cell lines are in fact representative of late
events, and they do not occur early after oncogene transfection or acti-
vation. We also determined that a fraction of the transcriptional changes

Genetics and Molecular Research 3 (3): 410-420 (2004)               FUNPEC-RP www.funpecrp.com.br



Cell line transcriptional patterns 411

Genetics and Molecular Research 3 (3): 410-420 (2004) www.funpecrp.com.br

is oncogene specific, whereas other changes are shared between two or
more different oncogenes.

Key words: Tumor biology, Transcriptional patterns, Transformation,
Oncogene

INTRODUCTION

A major goal of cancer investigation is the determination of molecular differences be-
tween neoplastic and normal tissue;  such differences can be characterized as early and possi-
bly involved with tumor initiation, or late and therefore playing a growth support role or merely
being a consequence of diverse signaling pathway activation, after the malignant transformation
(Schneider et al., 1987; Brandstetter et al., 1998; Kato et al., 1999; Tice et al., 2002). Both early
and late changes may have significant biological or medical roles, either by participating in the
tumorigenesis or by serving as tumor markers that can help classify tumors or sort them into
prognostic groups (Jen et al., 1994; Telang et al., 1998; Isfort et al., 1999).

Identifying differential expression patterns has shifted from being a major scientific
undertaking into becoming a relatively simple and high throughput process, after which investi-
gators are often left with more data than they can actually interpret (van den Berg et al., 1989;
Tai et al., 1998; Velculescu et al., 2000; Coller et al., 2000). We recently used two independent
methodologies to identify oncogene-induced expression changes (Louro et al., 2002). The
suppression subtractive hybridization (SSH) technique is a PCR-based process in which
only messages present in the tested population, but not in the driver population, are expo-
nentially amplified (Diatchenko et al., 1996). The Affymetrix microarray technology uti-
lizes a DNA chip in which surface DNA oligos (25 mers) are synthesized, representing
approximately 8800 genes per microarray (U34 rat genome arrays). Therefore, with the utiliza-
tion of U34A and U34B microarrays, more than 17,000 transcripts were tested for differential
expression.

Both methodologies have proven useful and complementary, since no single technique
was able to detect all the differences that were identified (Louro et al., 2002). Moreover, it is
questionable whether expression patterns observed in tissue culture cell lines can be extrapo-
lated into the in vivo human context (Wu and Chikaraishi, 1990; Kees et al., 1992; Mackay et
al., 1992; Roland and Morello, 1993; Lee and Maihle, 1998).  Acquiring good quality and inter-
pretable data from human specimens is often a challenging task, due to genetic background
variability from one human subject to another. In addition, the cellular microenvironment is far
from 100% controllable; samples are frequently exposed to below-optimal temperature condi-
tions between collection and utilization, and the availability of specimens may not be sufficient to
provide statistically significant data. When all variables are taken together, one can see that a
cell line is needed that serves as a good model for malignant transformation, with an identical
genetic background, under controllable culturing conditions, with unlimited sample availability
and which would portray biological events in an in vivo setting.

Based on these criteria, we decided to use RK3E cells, a diploid cell line, immortalized
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after the transfection of adenoviral-E1A into baby rat kidney cells (Louro et al., 1999). The
resulting line grows as a monolayer and has the ability to be transformed by multiple oncogenes
(i.e., GLI, MYC, RAS, and GKLF), after which transformed cells lose contact inhibition and
grow in a tumor fashion, piling up on the top of each other. These so-called foci can be
macroscopically visualized and scored, enabling the investigator to study signals that af-
fect malignant transformation. Foci can also be isolated and expanded as RK3E-derived ma-
lignant cell lines.

In previous studies, we have demonstrated that oncogene-induced expression changes
in RK3E cells actually portray changes induced by the same oncogene in human tumors (Louro
et al., 2002). This correlation was demonstrated by in situ hybridization (ISH) analysis of hu-
man tumors that were known to express GLI. Non-radioactive ISH probes were generated to
detect the presence of GLI-induced transcripts, and several selected human tumors were tested.
Virtually all of the designed probes showed expression in the tumor mass, except for one tran-
script that showed a pattern of expression around the tumor and is therefore believed to be
induced by GLI in a paracrine fashion.

We attempted to identify the time frame of oncogene-target inductions, as well as the
specificity of induced messages. These analyses enabled us to determine if induced transcrip-
tion is an early or a late event, as well as specific to a single oncogene, or is shared by more than
one oncogene. The biological implications of such categorization are extensive and point to-
wards genes that may be involved early in the malignant transformation of tumors, or late,
possibly resulting from a cascade of events subsequent to the malignant start point.

MATERIAL AND METHODS

Suppression subtractive hybridization

The SSH technique was developed, patented, and commercialized by Clontech, under
the name Clontech PCR-SelectTM cDNA Subtraction Kit (cat # K1804-1). We have extensively
modified the procedure described in the user’s manual to achieve maximal subtraction of com-
mon messages and enrichment of differentially expressed mRNA transcripts. Most of all, this
procedure requires that high quality poly A+ RNA is produced, from which cDNA is synthe-
sized. The alterations of the manufacturer’s protocol were as described below.

Linkers and primers provided in the kit were substituted with others, based on Diatchenko
et al. (1996). To produce cDNA from poly A+ RNA, we substituted the avian reverse tran-
scriptase in the Clontech Kit with murine reverse transcriptase, sold by Invitrogen in the ZAP
cDNA Synthesis Kit. The enzyme, as well as the conditions used in the Invitrogen Kit, have
consistently given us higher cDNA yields, as well as longer molecules; however, the meth-
ylated dCTP was substituted for regular dCTP, as the methylated species seem to be
considerably less restricted by RSA I. The first hybridization was performed in a 3-µl
volume, instead of 4  µl, for 24 h, at which time point 1 µl of fresh denatured driver in 1X
hybridization buffer was added, and hybridization was continued for another 24 h. The
second hybridization, after the two tester populations were mixed together, was allowed to
proceed for 48 h, and no more driver was added. At the end of the primary and secondary
hybridizations, a titration of the library was performed, by making serial 1:10 dilutions of the final
product, until no PCR product was detected on 2% agarose gels. By scoring the number of



Cell line transcriptional patterns 413

Genetics and Molecular Research 3 (3): 410-420 (2004) www.funpecrp.com.br

distinct visible bands per lane and multiplying by the dilution factor, we were able to estimate the
titration of the library and also have a crude estimate of the library complexity. In order to clone
SSH products, we used the Zero Background/Kan Cloning Kit (Invitrogen). Cloned SSH prod-
ucts were sequenced (Iowa State University sequencing facility) and blasted online for se-
quence homology. Selected sequences were tested in Northern blots to confirm SSH subtrac-
tion results.

Total RNA and poly A+ RNA isolation

Total RNA was isolated as described by Chomczynski and Sacchi (1987). The entire
procedure was repeated, using the eluted mRNA (double-pass poly A+ RNA) to minimize con-
tamination with ribosomal RNA. At the end of the protocol, the mRNA was precipitated using 1/
10 volume of 2 M KOAc, pH 5.0, and 2.5 volumes of 100% ethanol. After overnight incubation
at -70°C, the precipitate was microcentrifuged for 30 min at 4°C, washed once in 70% ethanol,
and resuspended in appropriate volumes of DEPC-treated water.

Northern blots

RNA was denatured, separated on a 1.5% formaldehyde agarose gel, and transferred
to a nitrocellulose membrane (Schleicher & Shuell). Prehybridization was at 42°C for 3 h in
50% formamide, 4X SSC, 0.1 M sodium phosphate, pH 6.8, 0.1% sodium pyrophosphate, 0.1%
SDS, 5X Denhardt’s, and 25 mg/ml denatured salmon sperm DNA. The blot was hybridized to
labeled probe at 42°C for 16-20 h. The hybridization mixture contained 45% formamide, 4X
SSC, 0.1 M sodium phosphate, pH 6.8, 0.075% sodium pyrophosphate, 0.1% SDS, 10% dextran
sulfate, and 100 µg/ml denatured salmon sperm DNA. The filter was washed twice in 2X SSC,
0.1% SDS for 20 min at room temperature, then in 0.3X SSC, 0.3% SDS for 30 min at 59°C for
cross-species hybridizations or at 65°C for same-species hybridizations, and then exposed to
film.

Cell transfection by high-titer retroviral supernatants

Retroviral supernatants were used to infect RK3E cells. This procedure consists of
cloning the gene of interest into a retroviral-based vector and transfecting the construct into a
293-derived ecotropic packaging cell line that produces high-titer retroviral supernatants, which
can then be used for infection of other cell lines. This method has the advantages that high
efficiency of transfection is achieved by the retrovirus, and almost 100% of the transfected cells
integrate the gene of interest.

Nucleotide sequencing

Automated dideoxy sequencing  (Sanger et al., 1977) was performed at the Iowa State
University DNA Sequencing and Synthesis Facility. For the reactions, we used the Applied
Biosytems (Foster City, CA, USA) Prism BigDye terminator cycle sequencing kit with AmpliTaq
DNA polymerase, FS Taq polymerase and these were electrophoresed on an Applied Biosystems
Prism 377 DNA sequencer.
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Densitometry

To calculate the pixel density of specific bands, after completion of the Northern blot
procedure, the developed X-ray film was scanned and imported into Imagequant Software
(Amersham Biosciences, Sunnyvale, CA, USA). The same procedure was applied to the load-
ing control, so that relative loading values could be calculated. Normalization was achieved by
dividing the Northern blot quantified band by its respective loading control value. Normalized
data were then plotted using a Microsoft Excel spreadsheet (Microsoft Office 2000).

RESULTS

Oncogene-induced targets isolated from established cell lines represent late
transcriptional events

In order to characterize the timeframe of oncogene-induced transcriptional activation,
we used results from the SSH methodology to investigate how early the isolated transcripts
could be detected. The investigation was performed using high-titer retroviral transfections to
introduce GLI into RK3E cells. The efficiency of such transfections is close to 100%, and the
majority of the cells are able to receive and express the GLI-containing retroviral vector as soon
as 24 h after transfection. By selecting cells in G418 for 3 to 10 days, at which time point RNA
was extracted, we were able to determine how early after oncogene transfection identified
target messages were induced. We previously validated the induction timeframe by showing
that a known direct target of GLI (patched) is induced at the 3- and 10-day time points (Louro
et al., 2002). Moreover, by using an inducible GLI construct we also found that direct targets,
such as patched, are identifiable as soon as 1 h after oncogene translocation into the cell
nucleus. Although direct targets are rapidly induced by oncogene activation, we found that most
expression changes observed in established cell lines are part of late transcriptional events and
do not occur within the first 10 days after oncogene transfection (Figures 1, 2 and 3). These
results are indicative that most oncogene direct targets are transiently induced, shortly after
oncogenic transformation, and they subsequently decrease their expression levels again, making
it technically difficult to isolate direct targets from established cell lines.

Based on Northern blot analysis, we found that s7 (ribosomal protein), mad3, pp2a,
and rig are upregulated in one or more GLI cell lines (mad3 is upregulated in GLI-A and GLI-
RR1 cells, whereas s7 is only upregulated in the GLI-A cell line; see Figure 1).

Vector-induced gene expression

We also found that some transcriptional patterns are elicited by the oncogene-bearing
vector and not by the oncogene itself. In our experiments, vector-attributed changes were not
apparent at the 3-day time point, but they became obvious 10 days after transfection (Figures 1
and 2; pp2a and rig).  Mad3 showed a transient increase in transcription at day 3, attributed to
the viral vector backbone, which disappeared after 10 days, and came back later in the estab-
lished cell line (Figures 1 and 3). In contrast, s7 started as a moderately expressed message in
RK3E cells, was induced in the GLI-A cell line, and also appeared to be upregulated early by the
viral vector backbone (Figures 1 and 3).
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Figure 1. Northern blot analysis of transcripts isolated by SSH. The data presented in this figure were not normalized for
loading and, in some cases, may not allow for good visualization of the fold inductions (i.e., P0 and S3). Ethidium bromide-
stained bands were used as loading controls, and are not shown here.

Fold-induction variation

To calculate the relative fold induction for each target transcript, we scanned the devel-
oped X-ray film after the Northern blot procedure, and used the Molecular Dynamics ImageQuant
software (Amersham Biosciences) to determine pixel density of selected bands. The same
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procedure was applied to the ethidium bromide-stained gels (not shown in the figures), to deter-
mine the relative RNA loading of each lane. This procedure allowed for the normalization of all
bands, and a fold change was attributed to each sample.

Fold inductions were variable, as expected, and the highest rate of induction (mad3,
Figure 3) correlated with the lowest baseline expression, since the closer to zero the baseline is,
the higher and the more evident is the calculated transcriptional induction. All other targets,
pp2a, s7 and rig, showed modest inductions, ranging from 1.5 to 2.5, and as shown in Figures
2 and 3, these transcriptional changes were obvious in the cell lines, but not early after oncogene
transfection.

Oncogene-specificity of GLI transcriptional changes

In an attempt to determine if GLI-induced transcripts are also induced by other onco-
genes, we divided induced messages into two distinct groups, one that demonstrates a clear
specificity for GLI and therefore is not induced by other oncogenes, such as MYC or RAS, and
a second group that appears to be common to more than one oncogene. The category of GLI-
specific targets was indicated by mad3 (Figure 3), since it is not induced by other oncogenes. In
contrast, l5, p0, s3, pp2a, rig, and s7 are also induced by either RAS or MYC and therefore fall
into the second category. Interestingly, l5, p0 and s3 show an even higher transcriptional activa-
tion by RAS than they do by GLI (Figure 4), whereas pp2a and s7 are more induced by GLI
than by other oncogenes (Figures 2 and 3), and finally, rig had approximately the same level of
activation by GLI and MYC (Figure 2).

RK3E GLI-C MYC-B Vector GLI-
96 h

Vector GLI-10
days

4.50

4.00

3.50

3.00

2.50

2.00

1.50

1.00

0.50

0.00

PP2A

RIG

Figure 2. Fold induction timeframe and specificity. Inducible transcripts were tested for early or late induction, as well as
for oncogene specificity.
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Figure 3. Fold induction timeframe. GLI targets were tested for early or late induction, as well as for oncogene specificity.
RK3E, GLI-C, GLI-RR1 and RAS-A are established cell lines, whereas “3d” and “10d” experiments represent RK3E cells
that were transfected with the vector alone, or with the oncogene-containing vector, and subsequently drug-selected for
3 (3d) or 10 (10d) days.

Figure 4. Relative induction of GLI-induced transcripts. The “Y” axis shows the calculated fold induction after densito-
metric quantification and normalization according to RNA lane loading. Different cell lines are represented in the “X”
axis.
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DISCUSSION

It is currently a common approach in cancer research to study the differences between
normal and malignant tissues, in order to determine the transcriptional alterations caused by the
tumorigenic process, and thereby infer the oncoprotein networks playing a role in cellular trans-
formation  (Field et al., 1989; Williams and Wynford-Thomas, 1989; Oliner et al., 1993; Ohtani et
al., 1998; Vonlanthen et al., 2001; Westerheide et al., 2001). However, it is quite challenging to
study transcriptional changes in vivo, since they are part of a complex system, in which many
interactions or events are uncontrollable by the investigator. For instance, every patient carries
a different genetic background, which will greatly influence how tumors arise, progress and
respond to therapy. By the same token, different people have diverse habits, eat specific foods,
live in determined environments, and all those factors will ultimately influence results obtained
from direct analysis of tumor samples. Therefore, when dealing with a great number of vari-
ables, the investigator needs to be careful when making interpretations and drawing conclu-
sions, which, nonetheless, may be very important for the growing knowledge about cancer and
its dynamic context. Clinical trials, for instance, take into account all of the aforementioned difficul-
ties, and also require strong statistical support in order to reach conclusions that can be, in turn,
applied back to how patients are managed, in terms of disease detection, therapy and follow-up.

In trying to understand the biology of cancer, it is common to analyze changes that
occur in a well-controlled microenvironment, and to extrapolate those results into the broader
macroenvironment scenario. This too offers challenges, since the events resulting from careful
manipulation of cells in culture will not always mimic what happens in the context of a human
being, for the same reasons stated above. Therefore, we have to choose the best methods for
our studies and take into consideration their strengths and weaknesses.

Because established cell lines are frequently used in the laboratorial analysis of tumor
biology, we have questioned whether transcriptional alterations observed in cultured cells are
actually predictive of alterations that occur early on during transformation. We found that most
messages identified as upregulated in cell lines result from transcriptional changes occurring
more than one step downstream of the oncogene transcription factor. It is hard to evaluate
which category of message is more important for cancer development, early or late, and it
seems logical that these two types play different and important roles during the malignant pro-
cess. However, cancer investigators need to be aware that, when using cell lines to address
specific questions about tumor behavior, such as transcriptional patterns, they are most likely
visualizing pattern shifts that occur after these cells have been growing in vitro for a length of
time, during which many cell divisions have occurred, multiple adaptation processes to the in
vitro culture environment have taken place, and these cells may not necessary respond to
specific conditions, as they would have originally in the tumors where they were isolated from.

Some cell lines are notorious for their use in the research laboratory, such as NIH/3T3
cells, which have currently been cited in more than 5,000 indexed manuscripts, giving us a
perspective of the importance of the characterization of cell line behavior. In general, cells need
to grow for long periods of time in culture and will progressively become less representative of
in vivo tumor behavior. However, it must be emphasized that cell lines can certainly lead inves-
tigators to very elucidating conclusions about in vivo events, as long as we observe strict crite-
ria during the analysis of cell line data (Pons et al., 1998; Rajala et al., 2000; Hirsch et al., 2002;
Lee et al., 2002; Vecsey-Semjen et al., 2002).
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