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ABSTRACT

The hybridization signature approach, using colony
filters and labeled complex probes, can provide high
throughput measurement of gene activity. We describe
here the implementation of this method to follow the
expression levels of 47 genes in resting and activated
T cells, as well as in epithelial cells. Using 4-fold
spotting of colonies, imaging plate detection and
various correction and normalization procedures, the
technique is sensitive enough to quantify expression
levels for sequences present at 0.005% abundance in
the probe. Comparison with Northern blotting shows
good consistency between the two methods. Upon
activation of a T cell clone by an anti-CD3 antibody
variations ranging from 2- to 20-fold are measured,
some of which had not been reported previously. This
‘multiplex messenger assay’ method, performed using
available commercial apparatus, can be used in many
cases where simultaneous assessment of mMRNA levels
for many genes is of interest.

INTRODUCTION

known T cell genes in three cell types: a thymic epithelial cell line,
a cytotoxic T cell clone and the same T cell clone stimulated by an
anti-CD3 antibody. The activation of T lymphocytes by antigen
during an immune response is mediated by the T cell receptor, which
recognizes peptide antigens bound to self major histocompatibility
complex (MHC) molecules on the surface of an antigen-presenting
cell. This stimulation initiates a cascade of biochemical events that
culminate in cellular differentiation and proliferatioh?), The
activation by an anti-CD3 antibody simulates the events observed
after activation. The effect of the mechanisms used by cells at the
transcriptional level to regulate the numerous genes involved in
activation (including alterations of transcriptional rate, termination
of transcription and mMRNA stability) are quantified in a single step
by our method.

MATERIALS AND METHODS
Cell lines

KB5.C20, a CTL clone of B10.BR origin specific for the H22K
alloantigen, was maintained in long-term culture as descfilSd (
Samples of 28 10 cells were grown in RMPI medium with 10%
FCS alone or in the presence of plastic coated anti-(1i43.2¢.11)
mADb (14) for 3 h.

Gene indexes with many thousands of entries have beenrhe MTE-1D epithelial cell line, obtained after MTE cell line

constructed by tag sequencing of randomly selected cDNA clongshcloning as describedS), was grown in standard DME with
(1-8) and are widely available in repositories such as the db ESpoy, FCS.

database9). As more and more genes are identified, efforts are

redirected towards understanding the control of gene expressi ; ; ;

that occurs in a strictly ordered time- and cell-dependent fashi @éleecstlon and spotting of clones corresponding to known

In order to analyze the expression profiles of a large number

known genes in the tissue (or cell) of interest we have adapteilast of the cDNA clones used were obtained from an adult mouse

large scale gene expression analysis system recently describethigynus cDNA library {0) by hybridization of filters containing

us (L0). It is based on the hybridization of complex probes withpart of the library with probes corresponding to known genes.

high density colony cDNA filters followed by quantitative Others were found among already sequenced clones from the same

measurement of the amount of hybridized probe on each colotilgrary. For some additional clones (including the cotiiblaliana

A somewhat similar approach using PCR produdisaididopsis  cytochrome c554 gene) the cDNA insert was transferred from the

thalianacDNAs has recently been reportéd)( original cloning vector to that used for the cDNA library (pcDNA1)
Our method, called MMA, for multiplex messenger assay, iand then transformed into MC1061 p3 bacteria to obtain a coherent

applied to the investigation of differential expression of a set @kt of clones in the same plasmid vector and bacterium. Three clones

* To whom correspondence should be addressed
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Figure 1. MMA colony filter hybridized with the vector oligonucleotide proBg &nd with a complex probe made fromi2ptotal RNA of the MTE-1D cell line

(B). Each colony has been spotted in duplicate twice in two opposite symmetrical areas of the filter. TheQ@jiaf@ns the results for successfully quantified
colonies; all the genes are ordered by increasing intensity on a logarithmic scale in percentage of abundance relative to cytochrome c554, present at 0.1% (see F
The intensities correspond to the average values of the four spots corrected by vector hybridization and the error bars to the difference between the maximum &

minimum values measured for the spots.

containing essentially a poly(A) sequence (50, 60 and 90 bp) wétesparation and labeling of complex probes from total

obtained by appropriate digestion of the poly(A) tail of sequencd®fINA and hybridization conditions

cDNAs followed by cloning at the multiple cloning site of the

PcDNAL vector. In all cases participation of the original insert imotal RNA was isolated from cell lines using the Trizol reagent
addition to the poly(A) stretch is <20 bp. (Gibco BRL).

Filters were prepared using a BIOMEK 1000 (Beckman) robotics Complex probes were prepared from total RNA with an excess
workstation and a 96 pin tool. Colonies from freshly grown replicaf oligo(dT) @5) to saturate the poly(A) tails and ensure that the
plates were spotted onto Hybond N filters (Amershai®)) Each  reverse transcribed product does not contain long poly(T) sequences.
colony was spotted in quadruplicate twice in two opposit@liquots of 25ug total RNA, 8ug dT»s plus 300 ng df>_1gand
symmetrical areas of the fiter (see Fitp). Filters were a defined amount (0.5-5 ng in different experiments) of cytochrome
subsequently treated as described by Nizefic ( c554 mRNA were mixed, heated to°@to remove secondary
structure in the RNA and progressively cooled ttCA® ensure
Preparation of the A.thaliana cytochrome c554 messenger annealing of oligo(dT) with the poly(A) tail. Complex probes were
RNA then.prepared in 25 l?y simultaneous reverse transcription and

labeling for 1 h at 43C in the presence of (i [32P]dCTP, SuM

dCTP, 0.8 mM each dATP, dTTP and dGTP and 200 U RNase H
TheA thalianacytochrome ¢554 was provided in the pHD-1 vectoreverse transcriptase (Gibco BRL). RNA is removed by treatment
by Herman Hofte (INRA, Versailles, France).The messenger RN&t 68 C for 30 min with 1ul 1% SDS, 1ul 0.5 M EDTA, 3l
of this gene was prepared from this cDNA cloned into Bluescrig@ M NaOH and then equilibrated at room temperature for 15 min.
SK+ vector at thé\otl restriction site and messenger RNA wasNeutralization is with 1@l 1 M Tris—=HCI plus 3ul 2 N HCI.
synthesized from the T3 promotor using the RiboMax large scdltincorporated nucleotides were removed by purification on a
production system (Promega). G50 column. The probe (after 5 min denaturation at@pwas
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then incubated with g poly(dA) (dAgg) in 1 ml hybridization  Table 2.Clones used to produce the MMA-1 filter
mix (5x SSC, % Denhart’s, 0.5% SDS) for 2 h at €&

. g . . g . t DA
Pre-hybridization and hybridization were both performed for 20 f——— o e souree
After hybridization filters were washed in 3SC, 0.1% SDS for | 0ooa0ioi EF1 alpha MTA
20 min and twice in 02SSC, 0.1% SDS at 66 for 1 h v A NN e lln
, U.1L70 a or . 000AD507 poly A &0pb MTA
Qo0ADTN poly A S0pb MTA
. . .y . . Q00AQ901 cytachrome ¢554 Herman Hofte
Vector oligomer labeling and hybridization conditions 000A1101 PCDNAT Invitrogen
QROBOZ01 CD3 epsilon CRL (Bernard Malissen)
Hybridization of oligomers (labeled at theehd with [-32P]JATP 0080401 €D8 alpha QWML (Eric Vivier)
A . s . 0 C0BOS01 p53-FYN CIML (Eric Vivier)
and kinase) was in6SSC, Denha_rdts mix, 1% SDS for 15 h | ooososot tvbuin alpha Christiane Bouchier
at 42°C, followed by two short (2 min) washes ir 8SC, 0.1% %ggg: Ei‘-.’;ﬁifn'”.-te orotein ﬂ:
. [l 1
SDS at room temperature. The vector oligomer sequence used Wagososo mu-Rha MTA
5'-GCTTATCGAAATTAATACGACTCACTATAG-3. 00081001 H2TL(d) MTA
QOB 1IN Protgacsome C1 MTA
o008 2M prolein phosphatase 1 MTA
=H : H Qoaco1 ot EN-7 MTA
Measurement of hybridization signals 00000201 GTPase Ran WTA
L . . . . . D00CO30 HMGZ e MTA
Quantitative data were obtained using an imaging plate device. Theoocoso1 ~ cspon MTA
hybridized filter was exposed to an imaging plate for 2035 h ar{dPeecoso RabsC A
. . . . . OoOCeae0 MNADP isocitrate DH MTA
then scanned in a Fujix Bas 1000 (F_up) system. Hybnqlz_anommcgam MSP23 MTA
signatures were determined with a modified version of the B|0|mageg%: ?g: 14-363(5?@" eta subtype m:
softwgre (M|Illp(_)re) running on a Unix Workstat|0ﬁ7_][. The 000C 1207 fbosorml protsin L11 MTA
resulting quantified data were then analyzed on a mmrocomputeg%g;g} Plo'v-A blindinqhnrotein MTA
(Macintosh Centris 650) using Excel software with Mmacro COMl gacooant  omumay/rinetase gamma il
mands that compute average values for each colony. 000DOS01 CD3 delta CIML (Bernard Malissen)
00000701 ZAP-70 MTA
QoO0DO8M p371 invariant chain CIML {Jean Davoust)
H ifi H 00000507 ATP synthetase alpha MTA
Northern blot analysis and quantification 00001001 Ferrn homtr <hain i
. . s 000011 toskelet Li MTA
Northe_rn blot analysis was performed according to Marititd 00001201 22233&&,‘?2?3"353:; |I::'0tein MTA
(18) with nylon membranes (Hybond N; Amersham). The samg 000£c10) cyclophilin MTA
. OODER201 Thieredoxin MTA
amo_unt Of KB5.C20 and MTE-1D tOtaI RNA(X@) O!’ serlal 000?0301 interferon gamma CIML {AM. Schmitt-Verbulst}
dilutions (26, 13, 8.6, 6.5, 5.2 and fAdj for sensitivity estimations | ©00Ec40 CTLA CIML (Pierre Golstein)
loaded on the gels. The resuling Northern blots wefel3%0s01  CiLas - (Perre osten)
Were_ _oa e ] gels. g ok _ DOOEDEOT Cch4 CIML (Bernard Malissen)
hybridized with probes labeled by random priming with gggFﬁé ;?g: Iszreseptor alpha CIML (AM. Schmict-Verhulst)
[0-32P]dCTP using purified cDNA inserts9). Northern blots were perforin CIML (Pierre Golstein)

exposed to a Fuji imaging plate and to X-ray fim and the
hybndlzatlon S|gnals were quantlfled using Fujix Bas 1000 SOf-twarq:rom left to right: position of the clone on the MMA-1 plate; name of the gene

and origin of the clone. Clones indicated as MTA (for mouse thymus adult) were
RESULTS obtained from our library by tag sequence identification or hybridization.

. . . . ... Clonesindicated as CIML XXX were provided by the investigator indicated in
The first section describes the MMA filter and the hybridizationoyr institute and re-cloned in pcDNA1 as described in Materials and Methods.

conditions for a complex probe prepared from total RNA.Other clones were provided by outside investigators whose work is cited in the
Controls are detailed in the three following sections, mainly theeference list.

standardization provided by a plasmid containingAdhaliana

cytochrome gene that does not hybridize with mouse sequences, and

an evaluation of the sensitivity and reproducibility of signal intensitgliscussedi(0,20). To avoid production of poly(T) tracts the probe
measurements. The two final sections present results on differeriti@s prepared by simultaneous reverse transcription and labeling
expression of a set of genes between two different cell types, iarthe presence offP]dCTP, using a large excess of oligo(dT)
epithelial cell line (MTE-1D) and a resting cytotoxic T cell cloneprimers (dBs) under stringent hybridization conditions (see

(KB5.C20), and same T cell clone in a resting or activated stateMaterials and Methods). Three plasmids containing only poly(A)
sequences were used as negative controls, for which, as for the

vector control, the signal must be close to the filter background.
This checks for elimination of this artefact.

In the experiments reported here we used a filter containing 47Hybridization with the vector probe allowed detection of all the
clones corresponding to a series of known genes (@gbf@tted  colonies that had grown (Fid). With the complex probe (FigiB)

in quadruplicate to improve the precision of the measuremertpproximately half of the colonies gave hybridization signals; after
The filter was hybridized successively with a vector probeif)g. quantification the intensity values ranged over more than two
and a complex probe (FitB). This was prepared with total RNA orders of magnitude. Three sets of spots are indicated on the image
from the MTE-1D cell line containing as an internal standard abtained with the complex probe (FI§), corresponding to three
small amount ofn vitro transcribed RNA of\.thalianacytoch-  levels in the diagram. Figut€ shows a graphical representation
rome c554 corresponding to an approximate abundance of 0.8¥the data obtained after imaging plate exposure and quantifica-
(see below). Artefactual hybridization, via the poly(A) stretchion. Each hybridization signal was corrected by dividing by the
present in some clones, can be a significant problem, as alreaitynal obtained after vector hybridization and normalized using the

MMA filters and hybridization results
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loaded with MTE-1D total RNA. Right to left: 26) (1/1); 13ug (1/2); 8.6ug

(2/3); 6.5ug (1/4); 5.2ug (1/5); 2.6ug (1/10). (Top) RNA visualized by UV

C after ethidium bromide staining. The resulting Northern blot was hybridized

with the invariant chain p31 (middle) and Rab 5c (bottom) probes. These two

clones show an abundance of 0.0057 and 0.0094% respectively with a complex

probe prepared from MTE-1D.

same amount of c554 RN, vitro transcribed with T3 polymerase
from the corresponding cDNA clone, was added before labeling to
the total RNA of each cell type or tissue to be tested. The
guantification of corresponding colonies present on each filter
(Figs 1A and B and5A and B) allowed us to normalize each
independent hybridization according to this value, which corrects for
differences in the labeling, washing, duration of exposure and
progressive degradation of the filters. These variations can be taken
Figure 2. Data improvement by vector correction and by averagity. ( INtO @ccount so that the differential expression levels for each clone
The signals from spots 1 and 4 are compared for the whole set of cloneg;an be compared with greater confidence.

(B) Improvement of the reproducibility after vector correcti@).The results The A.thalianaclone also provided a direct measurement of

of two independent hybridizations using RNA from the same cell line with sensitivity. Increasing quantities of c554 RNA Corresponding to
different amounts of control RNA are compared, taking the average of all four,

o :
spots after vector correction. The clone shown by an arrow in (C) corresponu?bundarlces of 0.01, 0.1 (;':md 1% with respect to pmw
to the cytochrome c554 control; in one hybridization 0.5 ngn ofitro assumed to represent 2% of the total RNA) were added to the

transcribed RNA from this clone had been added, 5 ng in the other. total RNA before labeling. We observed that the signal intensities
were proportional to the amount of c554 RNA in the probe (data
not shown). In addition, we reproducibly detected a number of
c554 signal (see below). Results are ordered by increasisgnals on other clones with an intensity less than half that
hybridization signal on a logarithmic scale. The hybridizatiombserved on thé.thalianaclone when the corresponding sequence
intensity of EFla corresponds to an abundance of 1%, thevas provided at the 0.01% level. Reproducibility was satisfactory
abundance dfi tubulin is between 0.01 and 0.1% and H2TL(d) isdown to half this value and we conclude from these measurements
among the lowest intensities, corresponding to an abundancetiudit our limit of detection i990.005% abundance (which

experiment 2

experiment 1

<0.01%. corresponds to an abundance of 1/20 000). Since the reproducibility
decreases drastically below 0.005%, we chose to analyze only genes
Use of anA thaliana cytochrome ¢ sequence as an whose signals fell above this threshold.

external standard

Validity and reproducibility of signal intensity

To standardize hybridization intensities obtained in several o< rement

experiments we used th&.thaliana cytochrome c¢554 cDNA
sequence (1 kb insert), which has no homology with mammalidrevious analysis indicated that, under our hybridization conditions,
DNA. To compare independent hybridizations more precisely, thike signal intensity is proportional to both the amount of target and
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Figure 4. Comparison of expression profiles in an epithelial cell line, MTE-1D, and a quiescent T cell clone, KB5.C20. Signals observed on the cDNA clones sho
left, 12 lymphoid-specific genes (black); middle, three epithelial-specific genes (grey); right, ubiquitous genes. The averaged corrected intensity is ordere
increasing values on a logarithmic scale relatiweatctin (abundance 0.3%).

the concentration of the hybridizing sequences in the complexided to the two complex probes in different amounts. As
probe (0,17). To control variability resulting from the different expected, the ratio in the two experiments is close to 10 (s& Fig.
amounts of DNA bound to the filter due to spotting, growth of

bacteria and DNA binding efficiency we performed the followingcomparison of sensitivity threshold between complex

experiments. ) probe hybridizations and Northern blots
After hybridization with a complex probe prepared from the

MTE-1D cell line, each clone giving a signal on the filter wasl0 compare the sensitivity of hybridization with complex probes
quantified. The intensity obtained for the first colony of awith that of Northern blots, two reference genes were selected
quadruplicate (see above) is plotted against that obtained with @féer hybridization with MTE-1D RNA (FiglC): the p31
fourth. The diagram (Fi@A) shows dispersion around the diagonalinvariant chain (estimated abundance 0.0057%, close to the
resulting essentially from variations in the amount of DNA in eaciireshold) and Rab 5c (estimated abundance 0.0094%). Labeled
spot. The same filter was hybridized with a vector probe and tiobes corresponding to these two cDNA clones were successively
signals quantified. The intensity obtained with the complex prod@ybridized with a Northern blot obtained from a gel loaded with
was divided by that measured with the vector probe. The resultifigrial dilutions of MTE-1D RNA (25-0.2fg). As shown in
plot, displayed in Figur@B, shows a marked reduction in the Figure3, the hybridization signals with p31 and rab5c cDNA are
dispersion. detected in lanes where 6.5 and |5g2RNA respectively were

The last diagram (Fi@C) shows the reproducibility between loaded. The signals obtained with these two reference clones are
two independent hybridizations of the same filter with compleglose to and twice the threshold defined with the complex probes
probes made from the same batch of total RNA. The mean of t@ade from 2fig total RNA) respectively. Thus the threshold on
four signals (after vector correction) for all clones from ondNorthern blots is reached with approximately four times less total
hybridization is plotted against that from the other hybridizaRNA. In conclusion, the sensitivity of Northern hybridization
tion. The reproducibility obtained is satisfactory enough t¢eemsH#-fold better than that of complex probe hybridization.
perform subsquent analysis on the means of reproducible valu
obtained from two independent hybridizations. The 26 gen
shown in FigurdC satisfy the criteria and further analysis can b
performed on these hybridizations. The point lying off the diagon®lVe used this system to compare mRNA levels in two different
corresponds to c554, whosevitro transcribed RNA has been cell types, a cytotoxic T cell clone, KB5.C20 (unstimulated), and

FSifferential gene expression between two distinct cell
es
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Figure 5. Hybridization of an MMA colony filter with complex probes from a cell in two different st&#¢frpbe prepared from total RNA of a resting cytotoxic
T cell line, KB5.C20.8) Probe prepared from the same T cell line after 3 h stimulation by an anti-CD3 antibody. The Gipghaws at the bottom the intensities
for successfully quantified colonies under unstimulated conditions, at the top the variation in expression after stimulation (ratio stimulated/unstimulated).

an epithelial cell line, MTE-1D. Among the 47 clones spotted ois probably related to the high mitochondria content of epithelial
the filter, 39 gave a signal with complex probes made with eitheells in comparison with T cell&€).
MTE-1D or KB5.C20 RNA. As shown in Figuse 12 genes

expressed in the cytotoxic T cell clone are not detected in tl ir?\/estigation of differential gene expression upon

epithelial cell line, whereas only three genes are exclusively i, ation of a cytotoxic T cell clone (KB5.C20)
detected in the epithelial cell. Expression of the other genes is '

comparable in both cell types, with the exception of the 5-folffo analyze transcriptional events occurring upon activation of
higher representation of thioredoxin mRNA in KB5.C20 cellskB5.C20 cells total RNA was prepared from T cells either in the
This expression profile was expected, since candidate genes wessgting stage or activated by an anti-CD3 antibody.

chosen to analyze their variations in T cells. Indeed, interferon  The same MMA filter was then hybridized with each complex
components of the T cell receptor complex, such ass@n8 probe, containing the same amount of RNA transcribed from
CD3%, associated molecules, such as @DBAP-70 and p9¥",  A.thalianacytochrome c554 (FighA and B; see above). Our
and activation markers, such as the llaZBceptor, CTLA-1 and positive control (CD8) is expressed in the quiescent T cell clone
CTLA-3, are expected to be transcribed in a T cell and not in gRig. 5A), while a negative control, CD4, was not found expressed
epithelial cell. Some HMG2 (high mobility group 2) family genesijn either unstimulated or stimulated T cells (Bi§y.and B;27).
members of the HMG transcription factor group, are known to be A graphical representation of the results obtained with the RNA
highly expressed in lymphoid celiz1(22). A new member of the from resting T cells is shown in Figus€ (lower graph). All
small G protein family, mu-Rho (whose sequence is homologodgtected cDNAs were ordered according to the relative abundance
to canine and human rho), was identified with consisterdf RNA inresting T cells. The ratio between hybridization signals
expression in this T cell line as EN-7 small G protein, in agreemeinbm the same cDNA obtained using probes from stimulated or
with the literatureZ3). On the other hand, among genes detectegnstimulated T cells is plotted (stimulated/unstimulated) in
only by hybridization with the MTE-1D probe we found cathepsirFigure 5C (upper graph). Interferon(IFNy) shows a stimulation

L, which has been described as expressed in epitheliabdgliar{d  ratio of [20. This result is in agreement with previous reports
mu-CD63, described as expressed in kidney and in macrophaghswing IFN induction both at the mRNA and at the protein levels
after activation Z5). Finally, the preferential expression in after CD3-mediated triggering of the KB5.C20 T cell cldp®@. (
epithelium of (nuclear encoded) NADP isocitrate dehydrogenagepression of a number of genes increased with a stimulation ratio
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# synthetase, whose variation is, however, marginal Hlyy. The

4 ag observed variations are consistent with those measured on Northern
il blots. Four different genes were tested by Northern hybridization
and compared with results obtained with the complex prob&)Fig.
Northern and complex probe hybridizations appeared to have
similar reliability for the detection of strong (CTLA-1 and ifir
weak inductions (IL2-B and p59M).

IFH gamims L

‘ CTLA-

L=1 =

DISCUSSION

Reliable means of quickly assessing expression profiles for sets of

R — cDNA clones representing hundreds or thousands of genes are

T needed to provide this essential complementary information that

“ represents a first step toward functional analysis. Most primary gene
?‘b

L3 == P L o U Oy
i

LTS T ] e stimilaies

activation in eucaryotes requires ohly5—-20 min from the initial
stimulus to the appearance of mRNA, indicating that if one
E-‘e ﬁ,zf regulatory gene were to simply activate the next regulatory gene plus
# i — a group of functional genes, there would be hundreds if not
1.5 1 thousands of such steps in a process as complex as activation ol
- I IL2R alpha i | differentiation, lasting many day31)
- Current methods used to determine multiple expression profiles
use widely different approaches. Systematic sequencing of a set of
randomly chosen clones from carefully constructed cDNA libraries,
1 as implemented by Okubo and co-work&)s [frovides frequency
data that translates into expression information, but its sensitivity is
limited unless very large numbers of clones are analyzed. Rapid
PCR-based methods use variations on the original differential
snsbmdated | samulies display technique3@) to target it to a set of pre-determined
[ ] ® 285 sequences3@). While very sensitive, this approach is not
'E™ guantitative and does not lend itself readily to simultaneous assay of
[ Compiee Pk many diverse sequences. The SAGE metBdd iq contrast, does
provide quantitative information while minimizing the amount of
sequencing work through the ingenious use of short, concatenated
Figure 6. Comparison of Northern bIottlng and differential hybl’ldlZathn for Sequence tagsy however, detectlon and quantlflcanon Of transcrlpts

four representative clones. (Left) Northern hybridizations (total RNA from a : : :
cytotoxic T cell line KB5.C20, unstimulated and after stimulation by an anti-CD3 present at low levels stil requires the anaIySIS of very Iarge numbers

antibody) using, from top to bottom, two clones corresponding to highly Of tags. ) )
differentially expressed genes, IfNnd CTLA-1, and two corresponding to Hybridization signature methods are inherently parallel and can

weak induction, IL2Rx and p59-FYN. The control hybridization with 28S or  provide simultaneous expression information on many genes; their

18S oligonucleotides used to normalize the data is shown at the bottom of ea T ;
Northern blot. RNA samples were loaded in the order indicated on the righ'[‘génsmwty can be enhanced by modern detection methods and,

(Right) Comparison of figures obtained from quantification of the Northern blot 'pOSSIny, by the use of I'nearly ampl|f|ed prqbes. SCbeah(ll)
and from the hybridization signature of the same clones on MMA filters. Thehave demonstrated such a system using PCR products of

intensity is represented relative to the signal observed in the unstimulated\.thaliana cDNAs printed in microarrays on glass microscope
condition. slides; fluorescence-based detection allows simultaneous two color
hybridization, which minimizes the experimental variations inherent
in the comparison of independent hybridizations. Stdisticated

of 2 for IL-2Ra and CD@®:, while H2TL(d) and CTLA-1 increased technology requires specially developed, state of the art
with stimulation ratios of 3 and 5 respectively (B, upper instrumentation for both spotting of the DNA targets and detection
graph). The fact that other cytokine encoding genes, such as IL-2 arfithe hybridization signals.
IL-4, were not induced in response to anti-CD3-mediated activationOur MMA system, based on commercially available equipment,
is characteristic of this type of CD8ytotoxic T lymphocyte (CTL) can be implemented in any laboratory and is quite generally
clone @9). applicable. We had previously established hybridization signature

Interestingly, we observed a difference in the behavior of the twoeasurement on high density filters0 shown quantitative
serine esterase genes CTLA-1 (granzyme B) and CTLA-8orrelation between the signals and the amounts of target and probe
(granzyme A). CTLA-3 mRNA, quite abundant in unstimulated TDNA and eliminated major artefacts. In the present implementation,
cells, did not appear to be increased 3 h after stimulation by dasigned for more precise expression measurement on a smallet
anti-CD3 antibody, whereas CTLA-1 mRNA present at an intemumber of clones, the precision has been increased by spotting
mediate level before stimulation was increased 5-fold. CTL groweiones in quadruplicate and the sensitivity reaches 1 in 20 000 using
in the presence of IL-2 are thought to constitutively express theélbpg total RNA (corresponding f®.5pg mRNA), to be compared
granule content, which includes CTLA-1 and CTLA3B)( with 1 in 50 000 with 21.g mRNA in the fluorescent system. An

In this selected set of genes none seems to be repressgtbrnal standard allows normalization of signals from independent
significantly after activation, except possibly for glutamylhybridizations and makes possible precise comparison of different

EEA-FYM




1442 Nucleic Acids Research, 1996, \ol. 24, No. 8

experiments. The preparation of the complex probe from total RNA
makes it possible to use relatively low numbers of cefsl(®) or
small amounts of tissues. Expression levels for a set of 100 genes

A

Okubo,K., Hori,N., Matoba,R., Niiyama,T., Fukushima,A., Kojima,Y. and
Matsubara,K. (1992)ature Genef2, 173-179.

dams,M.D., Soares,M.B., Kerlavage,A.R., Fields,C. and Venter,J.C.
1993)Nature Genet4, 373-380.

obtained in one step using 1020 times less material than needed §01adams,M.D., Kerlavage,A.R., Fields,C. and Venter,J.C. (1988)re

the Northern blot hybridization technique, which would also require
much longer. We observed that Northern blot hybridization seem&
to be four times more sensitive than complex probe hybridizatio
however, the same reliability in detection of variations is conserver(z
even for weak inductions. The expression data obtained by this
method, just as with a Northern blot, provides a global view of the
amount of MRNA at one precise moment, resulting from the balancé

Genet, 4, 256-267.

Takeda,J., Yano,H., Eng,S., Zeng,Y. and Bell,G.I. (1888). Mol.

Genet, 2, 1793-1798.

Sudo,K., Chinen,K. and Nakamura,Y. (19&&nomics24, 276-279.
Auffray,C., Behar,G., Bois,F., Bouchier,C., Da Silva,C., Devignes,M.D.,
Duprat,S., Houlgatte,R., Jumeau,M.N., LamgBal (1995)C.R. Acad.
Sci. Paris 1l| 318 263-272.

Boguski,M.S., Lowe,T.M. and Tolstoshev,C.M. (19838)ure Gene}4,
332-333.

between transcription and degradation. Of course, gene families giye \yquven.C.. Rocha,D., Granjeaud,S., Baldit,M., Bernard,K., Naquet,P. and

rise to difficulties in this system, just as in Northern hybridizations.

Jordan,B.R. (1996penomics29, 207-216.

On the set of clones used in this study, a difference in the pattetn Schena,M., Shalon,D., Davis,R.W. and Brown,P.O. (1968nhce270

of expression was easily observed between two cell types (MTE-1D

and KB5.C20). We observed consistent expression of a new mo §e

467-470.
Weiss,A. and Imboden,J.B. (198Wv. Immuno) 41, 1-38.
Hua,C., Boyer,C., Buferne,M. and Schmitt-Vershulst,A.M. (1986)

Rho-like gene in T cells. This gene did not appear to be transcribed mmunol, 136 1937-1944.

at a detectable level in MTE-1D cells, while the other small G4
proteins Rab5c and Ran were detecJ36; for a review see
37,38). We easily detected the variation of expression between twe
different states of a given cell (resting versus activated). Here wg
found that anti-CD3-mediated stimulation, which is efficient at
inducing both perforin- and Fas-based cytotoxic activities in clong
KB5.C20 8), led to an increase in CTLA-1 gene expression
without affecting CTLA-3 gene expression. It should be noted thaf
the role in cytotoxicity of the latter granule component is not clear,
since cytotoxic function does not seem to be affected in miae
rendered deficient in CTLA-3 expressi@d) In contrast, CTLA-1 20
appears to be necessary to the lethal hit delivered by 4TJ.L (

The MMA method is adapted to analysis of the transcription§I1
level of a relatively large number of genes in a kinetic context. In the
near future the majority of genes will be partially or completely
sequenced and this method will be useful for cell typing b¥3
expression profile in a number of normal or modified contexts, i.
during development, as well as in neoplastic or drug-treated cells

25

ACKNOWLEDGEMENTS 26
27
We wish to thank Malek Djabali and Philippe Naquet (Centre

d’Immunologie de Marseille-Luminy) for many helpful discussiong8

and Charles Auffray (Genexpress, Généthon) for tag sequencing.

This research was supported by institutional grants to CIML from

Centre National de la Recherche Scientifique (CNRS) and Institad
National de la Santé et de la Recherche Mdicale (INSERM), as
well as by specific grants from Groupement de Recherches ¥t
d’Etudes sur les Génomes (GREG) and from Association Frangag-
ise contre les Myopathies (AFM). SG was supported by an AFM

post-doctoral fellowship. 34

35

REFERENCES 36

1 Adams,M.D., Kelley,J.M., Gocayne,J.D., Dubnick,M., Polymeropou-
los,M.H., Xiao,H., Merril,C.R., Wu,A., Olde,B., Moreno,ReFal (1991)
Science252 1651-1656.

2 Adams,M.D., Dubnick,M., Kerlavage,A.R., Moreno,R., Kelley,J.M.,
Utterback, T.R., Nagle,J.W., Fields,C. and Venter,J.C. (198®)re 355
632-634.

37
38
39

40

Leo,O., Foo,M., Sachs,D.H., Samelson,L.E. and Bluestone,J.A. (1987)
Proc. Natl. Acad. Sci. USR4, 1374.

Naquet,P., Lepesant,H., Luxembourg,A., Brekelmans,P., Devaux,C. and
Pierres,M. (1989Thymus13, 217-226.

Nizetic,D., Drmanac,R. and Lehrach,H. (199d¢leic Acids Resl9,

182.

Granjeaud,S., Nguyen,C., Rocha,D., Luton,R. and Jordan,B.R. (1996)
Genet. Anal. Biomol. Engngj2, 151-162.

Maniatis, T., Fritsch,E.F. and Sambrook,J. (1888ecular Cloning: A
Laboratory Manual Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY.

Feinberg,A.P. and Vogelstein,B. (1988al. Biochem 132 6-13.

Gress, T.M., Hoheisel,J.D., Lennon,G.G., Zehetner,G. and Lehrach,H.
(1992)Mammal. Genomé, 609—-619.

Shimamura,M., Oku,M. and Yamagata,T. (120Biol. Chem 267,
18810-18813.

Bucci,L.R., Brock,W.A. and Meistrich,M.L. (198Bjochem. J 229,
233-240.

Shirsat,N.V., Pignolo,R.J., Kreider,B.L. and Rovera,G. (1086bgenge

5, 769-772.

4 Kasai,M., Shirasawa,T., Kitamura,M., Ishido,K., Kominami,E. and

Hirokawa,K. (1993Cell. Immunal 150, 124-136.

Miyamoto,H., Homma,M. and Hotta,H. (19®lpchim. Biophys. Acta
1217 312-316.

Sazanov,L.A. and Jackson,J.B. (199EBS Lett 344, 109-116.
Auphan,N., Boyer,C., Andre,P., Bongrand,P. and Schmitt-Verhulst,A.M.
(1991)Mol. Immunol, 28, 827-837.

Anel,A., Buferne,M., Boyer,C., Schmitt-Verhulst,A.M. and Golstein,P.
(1994)Eur. J. Immuno)| 24, 2469-2476.

Herold,K.C., Lancki,D.I., Dunn,D.l., Arai,K.l. and Fitch,F.W. (19B6}.
J. Immunal, 16, 1533-1538.

Podack,E.R., Hengartner,H. and Lichtenheld,M.G. (1884). Rev.
Immunol, 9, 129-157.

Crabtree,G.R. (1989cience243 355-361.

Liang,P. and Pardee,A.B. (19%)ience257, 967-971.

Fischer,A., Saedler,H. and Theissen,G. (1P98¢. Natl. Acad. Sci. USA
92, 5331-5335.

Velculescu,V.E., Zhang,L., Vogelstein,B. and Kinzler,K.W. (1$2%nce
270, 484-487.

Chauvrier,P., Vingron,M., Sander,C., Simons,K. and Zerial,M. (146D)
Cell. Biol, 10, 6578—6585.

Coutavas,E.E., Hsieh,C.M., Ren,M., Drivas,G.T., Rush,M.G. and
D’Eustachio,P.D. (1994ylammal. Genom&, 623-628.

Hall,A. (1993)Curr. Opin. Cell Biol, 5, 265-268.

Hall,A. (1994)Annu. Rev. Cell Bigl10, 31-54.

Ebnet,K., Hausmann,M., Lehmann,G.F., Mullbacher,A., Kopf,M.,
Lamers,M. and Simon M.M., (1996MBO J, 14, 4230-4239.
Heusel,J.W., Wesselschmidt,R.L., Shresta,S., Russell,J.H. and Ley,T.J.
(1994)Cell, 76, 977-987.



