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We compared the expression of the ras gene family (H-ras, K-ras, and N-ras) in adult mouse tissues and
during development. We found substantial variations in expression among different organs and in the amounts
of the different transcripts originating from each gene, especially for the N-ras gene. The expression patterns
were consistent with the reported preferential tissue activation of ras genes and suggested different cellular
functions for each of the ras genes.

ras genes form a family of evolutionarily conserved genes
present in eucaryotes from yeasts to primates (11, 15, 30, 35,
38). There are three members of the mammalian ras family,
termed H-ras, K-ras, and N-ras. The first two genes were
originally described as the transforming oncogenes of rat
sarcoma Harvey and Kirsten viruses, respectively (10, 13).
The third member of the family, N-ras, was first found in a
human neuroblastoma cell line (39). ras oncogene activation,
resulting from point mutations in the coding sequence, has
been detected in a significant proportion of spontaneous and
induced malignancies (44). One of the intriguing points is
that the three genes encode very similar products, p21
proteins (15, 38). So the question arises as to why the
genome contains three genes for essentially the same poly-
peptide. It is conceivable that some important differences
among the three genes lie at the level which regulates gene
expression.
The levels of expression of H-ras and K-ras genes in

organs of adult mice and during development have been
studied before (28, 29, 41). However, no data have been
reported yet on the expression of the more recently cloned
mouse N-ras gene (18), and a systematic analysis comparing
the transcripts, RNA levels, and developmental expression
of the three ras genes has never been carried out. We have
undertaken these studies in a search for clues toward an
understanding of ras gene family expression and preferential
activation of a particular ras gene found in animal model
systems for carcinogenesis.
Because ras genes have significant homology in the coding

region, it was important to rule out any possible cross-
hybridization among the probes used. The H-ras probe
contains only coding sequences (460-base pair EcoRI frag-
ment of plasmid BS9) (12). The K-ras probe (600-base-pair
EcoRI-HindIII fragment of plasmid pY413) (14) and N-ras
probe (600-base-pair BgIII-RsaI fragment of the 3' region)
(19) were essentially derived from the last coding exon (the
more divergent between ras genes) (15) and 3' untranslated
regions. Lack of cross-hybridization was confirmed by
Southern genomic blots hybridized with the three probes
(data not shown). To obtain equal hybridization with all of
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the mRNAs, we chose probes for K-ras and N-ras with 3'
untranslated sequences that are contained in all of the
transcripts, so that the signal intensity was not biased in
favor of any one of the mRNAs.

Differential expression of ras genes in adult mouse tissues.
mRNAs were extracted from organs of RF/J mice by the
guanidine thiocyanate procedure (9, 37) and oligo(dT)-
cellulose chromatography (24). The concentration of
poly(A)+ RNAs was measured by A260 and hybridization to
[3H]poly(U) as previously described (32). Three parallel dot
blots were prepared for hybridization with each of the three
ras probes. Since equal counts per minute were used for
each probe (labeled to the same specific activity), the inten-
sities obtained with each of them should be comparable. To
confirm this, we included mouse genomic DNA in the blots
as a control. The filters were hybridized to nick-translated
probes in the presence of 50% formamide at 42°C as previ-
ously described (24), and the autoradiographs were analyzed
by densitometry. There were clear differences in the total
expression of the three ras genes in the organs screened
(Table 1). The more salient features were as follows. (i)
H-ras seemed to have a particular pattern of expression,
whereas K-ras and N-ras were similar to each other. (ii)
H-ras was expressed more in brain, muscle, and skin. (iii)
K-ras was most prevalently expressed in gut, lung, and
thymus. (iv) N-ras was expressed more in thymus and testis
than in any other organ examined. (v) In skin, H-ras was the
gene most prominently expressed, whereas in thymus K-ras
and N-ras showed higher levels of expression. This last
result is consistent with the preferential activation of ras
genes reported in model systems of carcinogenesis. In recent
studies, mouse skin papillomas or squamous cell carcinomas
induced by carcinogens have repeatedly been found to
contain activated H-ras but not K-ras or N-ras (2, 7, 34).
Conversely, thymic lymphomas induced by N-nitroso-N-
methylurea or -y radiation have been found to contain K-ras
or N-ras but never H-ras (16; L. Diamond, I. Guerrero, and
A. Pellicer, manuscript in preparation). This preferential
activation may reflect biological selection of some tissues as
targets for tumor development. Activating mutations may
only contribute to develop a tumor when the altered ras gene
is substantially expressed in the target tissue.
We then performed Northern experiments so as to resolve

the different mRNAs corresponding to the different ras
genes. The poly(A)+ RNAs were fractionated on a 1.2%
agarose-formaldehyde gel, blotted onto nitrocellulose (24),
and hybridized as described above. Figure 1 shows the result
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FIG. 1. Transcripts of ras genes in adult mouse tissues. Poly(A)+ RNAs (4 Rg per lane) from several organs were analyzed by Northern
blotting, and the filter was consecutively hybridized with N-ras (N), K-ras (K), and H-ras (H) 32P-labeled probes as described in the text.
Marker sizes (MS) in kilobases (Kb) are indicated on the right. Sizes of ras transcripts are indicated with arrows at the left. The samples were:
bone (femur containing bone marrow) (BM), brain (BR), gut (GT), kidney (KD), heart (HR), lung (LG), liver (LV), skeletal muscle (MS),
ovary (OV), skin (SK), spleen (SP), thymus (TH), and testis (TS). A shorter exposure of muscle RNA hybridized with the H-ras probe is
added at the right of panel H for a better appreciation of the two H-ras transcripts.

TABLE 1. Expression of ras genes in adult mouse tissuesa

Relative RNA level
Tissue

H-ras K-ras N-ras

Bone and bone marrow + + + + + + +
Brain + + + + + + + +
Gut + + + + + + + +
Heart + + + + + + +
Kidney + + + + + +
Lung + + + + + + +
Liver + + +
Skeletal muscle + + + + + + +
Ovary + + + +
Skin + + + + + + +
Spleen + + + + + + +
Thymus + + + ++ + + + +
Testis + + + + + + + + +

a Three parallel dot blots (0.8 p.g of poly(A)+ RNA per dot) were hybrid-
ized, as described in the text, with each of the ras probes and exposed for
24 h. The data represent densitometric measurements of the resulting auto-
radiographs. Values were normalized to 100 for the highest level of expression
(N-ras in testis). The symbols correspond to the following densitometric
values: +, 10 to 25; + +, 26 to 50; + + +, 51 to 75; + + + +, 76 to 100.

of this analysis, in which the same filter was sequentially
hybridized with the three ras probes and stripped to ensure
that the differences of the relative RNA levels in the same
organ for each gene were real. We repeated the experiment,
changing the order of probe hybridization and using RNAs
from two independent RNA extractions, and the same
relative levels were observed. The three mouse ras genes
had several transcripts in the different organs (Fig. 1). H-ras
had two transcripts of approximately 1.3 and 1.1 kilobases
(kb). To our knowledge, these two H-ras transcripts have
not yet been described, and the larger one seemed to be less
prevalent in gut, kidney, lung, and liver. K-ras had two
transcripts of about 5.2 and 2 kb, the smaller transcript being
much more abundant than the larger one, especially in gut.
N-ras had three transcripts of approximately 5, 2.4, and 1.3
kb, although the 2.4-kb message was present in low amnounts
in every organ analyzed. The pattern of N-ras expression
was the most complex, showing a wide variation between
the proportions of the 5- and 1.3-kb transcripts. Densi-
tometry revealed that the two extreme examples are brain,
where the signal corresponding to the large message repre-
sented about 90% of the total N-ras transcript, and testis,
where it accounted for only 5%.
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FIG. 2. Expression of ras genes during mouse prenatal develop-
ment. Poly(A)+ RNAs (4 pg per lane) were extracted from embryos
or fetuses at 10, 13, 16, or 19 days of gestation and analyzed by
Northern blotting. The filters were sequentially hybridized with
N-ras (N), K-ras (K), and H-ras (H) 32P-labeled probes as described
in the text. Marker sizes in kilobases (Kb) are indicated on the right.
Sizes of ras transcripts are indicated with arrows on the left.

Taken together, these results indicated that, although the
p21 proteins encoded by the three ras genes are structurally
similar (15, 38), the expression level of each gene and the
amounts of the different transcripts present in adult mice
showed a high degree of variation depending upon the organ.
Therefore, we studied the RNA levels during mouse pre- and
postnatal development to determine how far back this dif-
ferential expression could be traced.

Expression of ras genes during mouse development. For
studies of RNA levels during fetal development, pregnant
mice were sacrificed at day 10, 13, 16, or 19 of pregnancy,
whole fetuses were used for poly(A)+ RNA extraction, and
Northern blot experiments were performed as described
above. Expression of K-ras and N-ras was higher at day 10
and decreased toward the end of pregnancy (day 19) (Fig. 2).
The same transcripts described for adult mice were seen

during fetal development, and the ratios among the tran-
scripts did not change significantly during development.
These results demonstrated an important differential expres-
sion of ras genes during prenatal development. However,
these samples represent a mixture of RNA species coming

from many different embryonic tissues. We then studied the
postnatal development of individual organs.
Mice were sacrificed 5, 10, 15, 20, 25, or 30 days after

birth. Eight organs were used for total RNA extraction:
brain, gut, kidney, liver, skin, spleen, thymus, and testis.
Figure 3 shows the corresponding Northern blots hybridized
with the ras probes. We stained gels before transfer with
ethidium bromide to check the amount and integrity of 28S
and 18S ribosomal RNAs. H-ras displayed a slightly in-
creased level in gut, kidney, and testis throughout develop-
ment (Fig. 3). It is noteworthy that H-ras expression in brain
was high during postnatal development into adulthood. For
K-ras, there was increased expression in testis at days 15 to
25, but there was a decrease later, in contrast to the
corresponding pattern with H-ras and N-ras. K-ras also
showed an increase toward days 20 to 30 in gut. For N-ras
there was some decrease in expression during postnatal
development in brain and kidney. Interestingly, N-ras
showed a large increase in expression in testis, which was
mostly limited to the small 1.3-kb transcript. This transcript
reached its usual high levels in adults (Fig. 1) at the time of
testicular maturation, around 20 days of age. This last result
has some resemblance with the reported appearance of a
new transcript for the proto-oncogene c-abl in mouse testes
(33), although in N-ras it is not a new RNA but a marked
increase of the 1.3-kb transcript.
The experiments reported here clearly showed that the ras

genes are regulated in a complex manner. The three ras
genes were expressed in all of the samples analyzed, which
is consistent with the notion that all ras genes might be
expressed in all cells. Differences in expression occurred
through pre- and postnatal development, and certain adult
tissues preferentially expressed one member of the family
over the others. Assuming that these differences in expres-
sion correlate with the levels of gene product, our results are
in agreement with the current thought that the cellular
functions of the p2ls encoded by H-ras, K-ras, and N-ras
are indeed different, as their products seem to be required in
different amounts and at different times in a tissue-specific
manner. Although p21 seems to be involved in cell prolifer-
ation (23, 27), in this study we showed that H-ras is also
expressed in mouse brain and muscle at its highest levels,
where cell division is minimal. This suggests a role for ras
genes which is not restricted to proliferation. Similar results
were observed in Drosophila melanogaster, in which D-ras
genes are highly expressed in brain cortex and ganglia (36).
Also, high levels of ras protein were found in rat brain (43)
and nervous tissue of the mollusc Aplysia sp. (42). These
findings are consistent with recent observations demonstrat-
ing that ras genes are able to induce differentiation of
neuronal cell lines (3, 20, 31) and erythroid precursor cells
(21, 45).
One possible level of regulation might occur by differential

usage of polyadenylation signals (6). Mouse N-ras is known
to produce its three transcripts by this mechanism (17, 19).
Previous reports have shown that 3' untranslated sequences
play a role in the stability of the transcripts (40, 25) and are
important for transcriptional regulation (4, 5). The 5.2-kb
K-ras and 5-kb N-ras transcripts have long 3' untranslated
regions (around 4.5 kb) (14, 17), among the largest so far
described, suggesting a role in gene regulation. Differential
tissue expression by alternative usage of polyadenylation
sites has also been reported for other genes (1, 8, 22, 26).

In conclusion, demonstration of a diversified pattern of
expression among organs and through developmental stages
may reflect differences in the functions of the three ras
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FIG. 3. Expression of ras genes during mouse postnatal development. Total RNAs from different organs were isolated from mice of ages
5, 10, 15, 20, 25, and 30 days as indicated (for testis, an extra point of 60 days was also analyzed). The RNAs (18 jg per lane) were analyzed
by Northern blotting as described in the text. The filters were sequentially hybridized with N-ras (N), K-ras (K), and H-ras (H) 32P-labeled
probes. Organ abbreviations are as in the legend to Fig. 1.

products. Additionally, differential tissue expression pro-
vides some explanation for preferential activation of partic-
ular ras genes in animal model systems of carcinogenesis.
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