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During embryogenesis in mouse, the thymus is seeded by waves of hematopoietic stem cells
that provide the first peripheral T lymphocytes after birth. It is known that embryo thy-
mocytes and adult thymocytes have different phenotypic and functional features. The identifi-
cation of genes expressed in the thymus only during embryogenesis would help to understand
the molecular basis underlying these characteristics. We used the mRNA differential display
technique to compare gene expression between thymus and kidney from embryo (171/2 days)
and adult,mice. This technique is the method of choice for comparing gene expression
because it is able to display rapidly and simultaneously the mRNA complement from several
different types of cells. The major drawback of the method is that it leads to the cloning of
many false positives and therefore needs a high throughput method to screen for the truly dif-
ferentially expressed cDNAs. We combined advantages from previously described methods
in order to develop a new version of the mRNA differential display technique that is fast,
cheap, and reliable. Instead of oligo dT priming, we used random hexameres for the reverse
transcription of total RNA and 10-mer primers for the amplification of internal parts of the
cDNAs. We obtained reproducible and clean patterns of discrete bands. We were able to eas-
ily identify DNAs differentially amplified between embryo and adult tissues (embryo spe-
cific; E 58.73), between thymus and kidney (thymus specific; Thy 52.54), or between embryo
and adult thymus (embryo thymus specific; E Thy 58.73) cDNA fragments. After reamplifi-
cation, cloning, and sequencing of these DNA fragments, it appeared that in most cases, one
band corresponded to a single DNA sequence. On a northern blot, each of these candidate
genes recognized a transcript that is differentially expressed as expected. Thus, we report an
optimized, reproducible, and fast mRNA differential display method that overcomes the usual
problems met with the originally described technique or its reported modifications.
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INTRODUCTION

Programs of differential gene expression mediate cell
differentiation that leads in higher eukaryotes to all

specific biological processes, including development,
organ functions, adaptation to the environment, or

pathological disorders such as cell malignancy. In
order to recognize and control these cell phenotypes,
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it is necessary to characterize genes differentially
expressed between cell types. Recently, a rapid
method for identification of genes involved in cell
differentiation has been developed. This technique
named the mRNA differential display (Liang and Par-
dee, 1992, reviewed in Liang and Pardee, 1995)
seemed to be the most promising one since it is the
fastest method to investigate differential gene expres-
sion between two or more cell types. It utilizes
reverse transcription of RNA and PCR amplification
to produce a population of DNA fragments that can
be separated according to size. The identification of
DNA fragments specific for one cell type leads to the
characterization of genes differentially expressed. In
order to overcome some problems met with the first
described mRNA differential display technique,
closely related methods like RAP-PCR (Welsh et al.,
1992)) or modifications of the original method have
been reported (Sokolov and Prockop, 1994; Guima-
raes et al., 1995; Graf et al., 1997; Fislage et al., 1997;
Von Stein et al., 1997; Matz et al., 1997). Neverthe-
less, the pattern of PCR products is frequently not

reproducible and reveals a high background ("smear-
ing" problem). Moreover, the reamplification of a
DNA product eluted from the acrylamide gel, leads to
the cloning of many different sequences of related
lengths that makes difficult the identification of the
DNA product that is differentially expressed (Fengsh-
eng et al., 1994; Poirier et al., 1997; Consalez et al.,
1996; Smith et al., 1997). We combined the advan-
tages of reported techniques to develop an improved
version of mRNA differential display using random
primers for the reverse transciption and 10-mer prim-
ers for PCR amplification as first described by
Sokolov and Prockop (1994). This leads to a high
reproducibility, solves background problems, and
allows efficient reamplification of, in most cases, a

unique PCR product corresponding to a differentially
expressed gene. This method is low in cost (only one
reverse transcription reaction is necessary for each
RNA sample) and requires small amounts of total
RNA (2 tg of total RNA to perform amplification
with 40 combinations of primers). It can be applied to
different organisms (plants, A. Aggelis and A. Kanel-
lis, personnal communication) without any modifica-

tion. It can also be used for the characterization of non
poly adenylated RNA (like some viral RNA or

prokaryotic mRNA). We utilized this technique to

compare gene expression between embryo and adult
mouse thymocytes. Embryo (171/2 days) thymocytes
differ from adult thymocytes in TCR gene rearrange-
ments (Chien et al., 1987), susceptibility to deletion

(Finkel et al., 1992), terminal transferase expression
(Bogues et al., 1992), and precursor origin (Jotereau
et al., 1987). Genes involved in these differences are
of interest in immunology and may help to understand
the development of T lymphocytes and their mecha-
nisms of activation or apoptosis. With this mRNA dif-

ferential display technique, two combinations of
10-mer primers were enough to identify mRNAs that
are stage and tissue specific. One of these RNAs,
IGF2, is already known to be expressed exclusively in

embryonic tissues (Christofori et al., 1994). In addi-

tion, we analyzed two new differentially amplified
cDNA fragments. Both products correspond to genes
expressed in the thymus but not in the kidney; one is
not developmentally regulated, but the other is down-
regulated in the adult thymus. We report here the con-
ditions used to obtain reproducible, low background
patterns of PCR products as well as efficient and spe-
cific reamplification of the resulting DNA fragments.

RESULTS

Duplicate experiments were carried out using inde-
pendent stocks of RNA for both embryo and adult
thymus. Figure 1 shows the pattern of bands obtained
for two combinations of primers. Each combination
of primers gave a different number of discrete bands
up to more than 500 bases in length. As shown in

Fig. 1, the DNA products are identical when similar
cDNA matrixes are used for PCR amplification (com-
pare the two lanes of embryo thymus or adult thy-
mus). This proves that our protocol leads to

reproducible results. Moreover, the amplification of
cDNA from embryo or adult kidney resulted in the
recovery of mainly identical DNA products that are
similar to the DNA products obtained from thymus
cDNA. Some exceptions appear to be kidney specific



or thymus specific cDNA fragments. The size of each
band could be precisely determined by running the
PCR products together with a sequencing reaction
from a known plasmid (not shown). From the dried

acrylamide gel, we cut out three bands that are differ-

entially expressed and potentially corresponding to
three genes of interest: One band of 313 nt is ampli-
fied from embryo but not from adult tissues (E 58.73),
one band of 197 nt is amplified from thymus but not

from kidney RNA (Thy 52.54), and one band of 132
nt is amplified from embryo thymus but not from
embryo kidney or adult thymus (E Thy 58.73). Each
band was reamplified directly from 2 1 of the solu-
tion containing the acrylamide piece. Increasing the
amount of this matrix DNA was not necessary and
even detrimental to the amplification, probably
because of an excess of salts or urea contained in the
solution in which the gel slice was incubated. Under
these conditions, the PCR reamplification resulted in
more than 100 ng of the DNA of interest without any
other products as visualized by running 40 l of the
PCR reaction on a 2% agarose gel. PCR products
were then ligated in pCR II vectors (Invitrogen) and
independent clones were sequenced. We found unique
sequences corresponding to the bands E 58.73 (8
clones sequenced) and E Thy 58.73 (5 clones
sequenced). The third band appeared to be a mixture
of two PCR products of exactly the same size (Thy
52.54 o and [) with a dominance of the c sequence (9
clones out of 12 sequenced) over the [ sequence (3
clones out of 12 sequenced). These four different
DNA products were compared to DNA sequences
available in databases.

Thy 52.54 o and E Thy 58.73 have no significant
homology with any reported DNA sequence.
On the contrary E 58.73 is a part of the last exon of

the insulinlike growth factor II (IGF2). The primers
BS 73 and BS 58 have an identity with their targeted
IGF2 sequence of 7 and 6 nucleotides, respectively.
IGF2 is widely expressed in the developing mouse

embryo, but its expression is progressively extin-

guished in virtually all tissues after birth (Christofori
et al., 1994). Thus, the band E 58 73 that appears on
the differential display gel as an embryo specific
cDNA fragment is a single DNA product truly corre-

Embryo Adult

KT TIT T K
EmbryolAdult
K T TT T K

Thy 58.73--
(132 nt.)

--Thy 52.54
(197 nt.)

BS 58 + BS 73 BS 52 BS 54

FIGURE Size separation on a 5% sequencing gel of the RT PCR
products obtained with the differential display procedure, cDNAs
from embryo or adult kidney (K) and thymus (T) were amplified
with the pair of primers BS 58 (5’CAGTGAGCGT3’) and BS 73
(5’AGCCTGTGTC3’) or BS 52 (5’CAAGCGAGGT3’) and BS 54
(5’AACGCGCAAC3’). For the thymus, duplicate experiments
using two independant stocks of cDNA were performed. The
arrows show the three bands that were cut out of the dried acryla-
mide gel for further analysis

sponding to a gene expressed only during embryogen-
esis both in thymus and kidneys.

The minor by-product obtained by reamplification
of Thy 52.54 (the [ sequence) is homologue with a

FASTA score of 572 to the human RING 3 gene. This

gene located in the MHC class II region has no known
function in the immune system (Beck et al., (1996).
When used as a probe on a northern blot, the Thy
52.54 1 sequence recognizes a single mRNA tran-

script expressed both in kidney and thymus of embryo
or adult mice (data not shown). So, the minor Thy
52.54 product does not correspond to a gene differ-

entially expressed; probably, it is a cDNA fragment
weakly amplified by the primers BS 52 and BS 54
that is not visible on the differential display gel in the
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lanes corresponding to the kidney cDNAs. On the
contrary, the major product obtained from the band
Thy 52.54 (the o; sequence) recognizes on a northern
blot a single mRNA transcript of approximately 4 kb
in total RNA from adult or embryo thymus but not in

embryo kidney RNA (Fig. 2). Thus, the Thy 52.54
product is corresponding to a mRNA differentially
expressed between thymus and kidney in embryo as it

appears to be on the differential display gel.
The fourth analyzed DNA sequence is a single

DNA product corresponding to the cDNA fragment
that appears to be amplified from the mouse embryo
thymus cDNA. On a northern blot this sequence rec-

ognizes two RNA products; one major mRNA of

approximately 4.5 kb and one minor of approximately
3 kb (Fig. 2). These two products are not detected in
RNA from embryo kidneys and are weakly detected
in RNA from adult thymus. Thus, as it appears on the
differential display gel, this cDNA fragment corre-

sponds to a gene expressed in the thymus but not in
the kidney and upregulated during fetal development.
Moreover, the long exposure time (1 week) that was

required to visualize the mRNA product correspond-
ing to E thy 58.73 in embryo thymus RNA, indicates
that rare RNA species can be efficiently detected with
our mRNA differential display technique.

with amplification with anchored oligo dT primers
and can be used to study non polyadenylated RNA
(like some viral nucleic acids or prokaryotic mRNA);
(3) the reamplification of selected bands cut from

acrylamide gels is easy and results in large amount of

DNA; (4) in most of the cases, one band is a unique
DNA product (although in other studies, we observed
that reamplification of faint bands may lead to the

cloning of more than two different DNA products);
and (5) the 10-mer primers amplify internal parts of

the cDNA that are more informative than the untrans-

lated 3’ parts (as it was first described by Sokolov and

Prockop, 1994) and can lead also to the identification

of differentially spliced mRNA.

The reamplification of DNA products requires only
one PCR reaction and leads to the cloning of a major
species of DNA. Indeed, the amplification depends on

the specificity of two primers contrarily to the origi-
nally described method in which only the 5’ 10-mer

primer gave the specificity for the DNA to be ampli-
fied since the 3’ primer is an anchored oligo dT

primer. The strategy we used for our method avoids

totaly degenerated primers that are less efficient for
reverse transcription compared with random hexam-
ers (Kawasaki, 1990) and for PCR amplification com-
pared with specific primers.

DISCUSSION

Trying to identify genes of the immune system that
can be developmentally regulated, we used the
mRNA differential display technology to compare the
mRNA population of kidney and thymus from adult
or 171/2 day mouse embryos. We describe a modified
mRNA differential display technique that allowed us

to characterize three genes differentially expressed
with only two combinations of primers. We used ran-

dom hexamers for the reverse transcription of the
total RNA and 10-mer primers for the PCR amplifica-
tion. This method has many advantages: (1) total
RNA is used as starting material and only one reverse

transcription reaction is required; (2) the PCR ampli-
fication with 10-mer primers gives a more reproduc-
ible and non-smearing pattern of bands compared

Thy 52.54 E Thy 58.73

28 s

18 s

K T’,T
Eryo Adult

actin

i:. :.i!ii ,i’’

K T’,T
Embryo Adult

FIGURE 2 Northern blots hybridized with the cloned Thy 52.54 a
(left panel) and E Thy 58.73 (right panel) DNA products. Total
RNA from Kidney (K) or Thymus (T) from embryo or adult mice
were size separated on an agarose/formaldehyde gel and blotted.
The position of the ribosomic RNAs is indicated. Amounts of RNA
were checked by hybridization of the same membranes with a 1
actin probe



We chose to analyze three bands differentially
expressed and being (1) development specific (E
58.73); (2) organ specific (Thy 52.54), and (3) organ
and development specific (E Thy 58.73). These three
cDNA fragments were selected on the basis of an
all-or-none criteria. Using this strategy, we attempted
to identify genes turned on or off in a tissue or devel-
opment specific manner. Nevertheless, users of our

protocol reported that this method may be also quanti-
tative since it allowed the identification of genes over-
or underexpressed (A. Aggelis; data not shown).
Moreover, the application of our improved mRNA
differential display technique enabled us to identify a
rare mRNA transcript that might be involved in T
lymphocyte anergy (data not shown). These results
indicate that the method is highly sensitive and not
biased toward the detection of abundant mRNA spe-
cies.

We could identify quickly the mRNA products cor-

responding to the three studied cDNA fragments and
show that they are differentially expressed as

expected. E 58.73 is corresponding to a part of the last
exon of the IGF2 mRNA. This gene is expressed in all
organs during embryogenesis and is downregulated
after birth. The 5’ and 3’ primers are able to recognize
the IGF2 transcript and they show an homology of
70 % and 60 % to their target sequence, respectively.
Thy 52.54 o is corresponding to an unknown gene
that is expressed in the thymus but not in the kidney
of embryo mouse. Finally, E Thy 58.73 is a fragment
of a gene expressed in the thymus of mouse embryo,
not expressed in the kidney and downregulated in the
adult thymus. We are currently analyzing the genes
corresponding to E Thy 58.73 and Thy 52.54 c.

MATERIAL AND METHODS

Preparation of RNA

Thymuses and kidneys were removed from 171/2

days BALB/c embryos or from 4 to 6 week old adult
Balb/c mice. Total RNA was prepared as described

(Chomczynski and Sacchi, 1987). Briefly, small

pieces of organs were teased in 2 ml of solution D (4
M guanidium thiocyanate, 25 mM sodium citrate, pH
7.0, 0.5% N-lauroylsarcosine, 100 mM [-mercapto-
ethanol). Proteins and DNA were eliminated by acidic

phenol extraction and the aqueous phase was again
cleaned by neutral phenol/chloroform extraction. The
RNA was recovered from the aqueous phase by iso-

propanol precipitation, resuspended in sterile water
and quantified by O.D.

Thereafter, all work was carried out in conditions
dedicated to avoid DNA contaminations arising from
the presence of nucleic acids in all the tools and the
air of standard molecular biology laboratories (Mc
Pherson et al., 1992).
DNA-free RNA was obtained by DNAse treatment

of 2 gg of total RNA for 1 hr at 37 C in a final vol-
ume of 100 gl containing 40 mM Tris, pH 8, 10 mM
NaC1, 6 mM MgC12, 40 u RNAsin (Promega), and 10
u DNase (Boehringer). After phenol/chloroform
extraction and ethanol precipitation, the RNA was

resuspended in 20 gl of sterile water.

Reverse Transcription of RNA

One hundred pmol of random hexameres were added
to the 20 gl of water containing 2 gg of DNA-free
RNA. The samples were heated at 65C for 10 min
and cooled down to room temperature. The cDNA
synthesis was carried out during 2 hr at 37C in a final
volume of 40 gl containing 500 gM dNTPs, x RT
buffer (Promega), 40 u RNasin (Promega), and 800 u

M-MLV Reverse Transcriptase RNAse H minus

(Promega).
In order to complete further the reverse transcrip-

tion, the reactions were again heated at 65C for 10
min and cooled down before the addition of 800 u
extra of M-MLV RT RNAse H minus and incubation
for 2 hr at 37C before the addition of 1 gl of RNAse
H (Promega) and 30 min incubation at 37C.

PCR Amplification

The reverse transcribed RNA was directly used for
PCR amplification. We utilized the previously
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described 10-mer primers designed for PCR amplifi-
cation of eukaryotic cDNAs (named BS 52, BS 54,
BS 58, BS 73, etc; Sokolov and Prockop, 1994). 1
of cDNA (out of the 40 ktl total volume of the reverse

transcription reaction) was amplified in a final vol-
ume of 20 ktl containing 10 mM Tris, pH 8, 25 mM
KC1, 2 M dNTPs, 0.5 tl dATP 35S (10 mCi/ml;
Amersham), 20 ng of each primer, and 1.5 mM
MgC12. After the mix was overlayed with mineral oil,
the PCR tubes were positioned in the thermocycler
and heated up to 94C. Then, 1 gl of Taq polymerase
(diluted to 2.5 u/gl; Cetus) was added under the oil.
The conditions of thermocycling were 94C for 30
sec, 40C for 2 min, 72C for 30 sec; 40 cycles in a

Perkin Elmer Cetus DNA thermal cycler. Then the
samples were kept 10 min at 72C before storage at

4C. For the analysis of the PCR products, 5 ktl of the
reaction was denatured at 100C in a mix containing
50% formamide, 5 mM EDTA, 0.01% xylene cyanol
FF and 0.01% bromophenol blue and loaded on a 5%
sequencing gel. At the end of the run, the acrylamide
gel was dried and exposed to autoradiography film.

We observed differences in the pattern of bands
coming from PCRs d,one in the same conditions but in
different thermal cyclers or, in some cases, in differ-
ent positions inside one thermal cycler (data not

shown). Thus, particular attention should be dedi-
cated to the selection of reagents and tools used to

prepare the DNA-free RNA, the cDNA, and the PCR
reactions.

Recovery and Reamplification of cDNA Fragments

A differentially amplified cDNA was identified and
recovered by precise cutting of a gel slice inside the
band. This piece of dried acrylamide gel was incu-
bated overnight at room temperature in 100 ktl of
water. Reamplification was achieved directly by using
2 ktl out of this solution in a final volume of 50
containing PCR buffer (Cetus), 200 ktM dNTPs,
2.5 mM MgC12, and 20 ng of each primer. The mix
was overlayed with mineral oil. The PCR tubes posi-
tioned in the thermocycler were heated up to 94C
prior to the addition of 1 ktl of Taq polymerase
(diluted to 2.5 u/gl; Cetus) under the oil. The condi-

tions of thermocycling were 94C for 30 sec, 40C for
2 min, 72C for 30 sec; 40 cycles. Then the samples
were kept for 10 min at 72 C before storage at 4 C.
Forty ktl of each PCR reaction were loaded on a 2%
agarose gel to check the efficiency and specificity of
the reamplification. Then, 2 to 4 ktl of PCR reaction
were used for ligation in a pCR II vector (Invitrogen).
The inserts were sequenced, and used as probes on

northern blots.
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