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ABSTRACT

Serial Analysis of Gene Expression (SAGE) is a
powerful expression profiing method, allowing the
analysis of the expression of thousands of transcripts
simultaneously. A disadvantage of the method, however,
is the relatively high amount of input RNA required.
Consequently, SAGE cannot be used for the generation
of expression profiles when RNA is limited, i.e. in small
biological samples such as tissue biopsies or micro-
dissected material. Here we describe a modification of
SAGE, named microSAGE, which requires 500- to
5000-fold less starting material. Compared with SAGE,
microSAGE is simplified due to incorporation of a
‘single-tube’ procedure for all steps from RNA isolation
to tag release. Furthermore, a limited number of
additional PCR cycles are performed. Using micro-
SAGE gene expression profiles can be obtained from
minute quantities of tissue such as a single hippocampal
punch from a rat brain slice of 325  pm thickness,
estimated to contain, at most, 10 ° cells. This method
opens up a multitude of new possibilities for the
application of SAGE, for example the characterization of
expression profiles in tissue biopsies, tumor metastases
or in other cases where tissue is scarce and the
generation of region-specific expression profiles of
complex heterogeneous tissues.

INTRODUCTION

comparative EST analysis<6) and differential display711).
However, most of these methods are only capable of analysing
limited numbers of transcript species simultaneously and do not
provide quantitative data on expression levels. In addition, only
changes in expression of abundant mRNAs can be detected.

The Serial Analysis of Gene Expression (SAGE) method, in
contrast, allows qualitative and quantitative analysis of thousands
of transcripts simultaneousl¥%). In SAGE, short sequence tags
(110 bp) are isolated from MRNA at a defined position, ligated
to long multimers, cloned and sequenced. The frequency of each
tag in the cloned multimers directly reflects transcript abundancy.
In addition, the short tags are long enough to uniquely identify the
corresponding transcript in database searches. Thus, SAGE
results in an accurate picture of gene expression at both the
gualitative and the quantitative level. In a single sequencing
reaction over 30 tags can be read serially, an improvement of
efficiency of at least 30-fold compared with conventional EST
analysis 4,13,14). Depending on the number of tags sequenced,
changes in expression levels of rare transcripts can be detected.
The power of SAGE for use in expression profiling has been
nicely demonstrated in a number of studies, including character-
isation of the entire yeast transcriptonie)( identification of
p53-regulated gene$d,17) and analysis of expression profiles in
normal versus cancer cellsg).

A major drawback of SAGE is the requirement of a large
amount of input RNA [2.5-8ug poly(A)* RNA]. Although
SAGE potentially has applications in many fields of research, its
use is thus restricted to situations in which the amount of starting
material is not limiting, such as yeast cultures, cell lines or large

Nearly all biological events like cell division and differentiation,solid tumors. Analysis of changes in expression profiles in small
responsiveness to hormones or growth factors and ultimately cetl scarce biological samples, e.g. biopsies or post-mortem
death are associated with changes in expression of key genesnhderial, is not possible simply due to the fact that these tissue
addition, extensive changes in gene expression occur during g@mples do not contain the required 2 figmMRNA. In addition,
onset and progression of disease. By comparing expressitwe analysis of expression profiles in complex tissues composed
profiles under different conditions, individual genes or groups aif highly heterogeneous cell populations is rather difficult, since
genes can be identified that play an important role in a particulianscriptional changes in a specific subtype of cells will be
signalling cascade or process or in disease etiology, perhapkited by the expression profiles of other cell types present in the
providing clues to the underlying molecular mechanism or evdissue, thus perhaps masking relevant changes in expression. In
to their function. such cases itis preferable to specifically isolate the cell population
Several methods have been developed to identify changesoirinterest for expression profiling, rather than using the complex
expression profiles, including subtractive hybridisati@f?)( tissue as a whole. Although microdissection technology has
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Table 1.Main differences between SAGE procedure and modified procedure for limited amounts of tissue

SAGE (Velculescu et al., 1995) microSAGE procedure
Amount of input 2.5-5 pgpolyA" RNA Total RNA from a single punch of a 300 um
material: tissue slice (10° cells; + 1-5 ng polyA* RNA)
Capture of cDNA by: Streptavidin-coated magnetic beads Streptavidin-coated PCR tube
Multiple-tube reaction ¢ Subsequent reactions performed in ¢ Single-tube reaction from RNA isolation to
vs. single- tube reaction: multiple tubes tag release
¢ Multiple phenol-chloroform extraction and ¢ easy change of buffers between subsequent
ethanol precipitation steps between cDNA steps
synthesis and tag release ¢ no phenol-chloroform extraction or ethanol

precipitation step until after tag release
¢ fewer manipulations reduces loss of
material

PCR: 25-28 cycles of PCR 28 cycles followed by a limited number of
cycles of re-PCR on excised ditag (8-15 cycles)

improved significantly over the last yeard9), obtaining gyrus was removed, transferred to a tube containingl 20
sufficient RNA from a specific subpopulation of cells is aTRIzol (Gibco BRL) and stored af@ until further use. After
laborious task. Finally, a disadvantage of SAGE is that it ipunching, the 32%um sections were also Nissl-stained with
characterised by a large number of sequential reactions aacsylviolet to confirm removal of the correct region.
purifications, which can give rise to a significant loss of material.

To overcome some of the above-mentioned problems, we hag@A isolation and cDNA synthesis
developed a modified SAGE procedure, microSAGE, which i . . )
allows use of very limited amounts of starting material (Taple Punches stored in TRIzol were homogenised using a micropestle,
MicroSAGE is simplified due to the incorporation of a ‘single-Which was rinsed with 180 of TRIzol, making the total volume
tube’ procedure replacing several of the many steps in SAGE. TREOH!, and incubated for 5 min at room temperature. Alternatively,
single-tube procedure is not only easier to perform, but is ald@stead of adding 18@ TRizol, multiple homogenised punches
accompanied by less loss of material between subsequent stég§! be pooled after homogenisation. RNA isolation with TRizol
In addition, in microSAGE a limited number of additional PCRWas performed according to the manufacturer’s instructions,
cycles are performed to generate sufficient ditag. We demonstr&t@ng 1ul of glycogen (20 mg/ml; Boehringer Mannheim) as a
that using microSAGE it is possible to zoom in on a highhfgarrier in the precipitation. The washed RNA pellet was
specialised brain region and to obtain a region-specific SAGEesuspended in 2@l of lysis buffer (NRNA Capture Kit;
expression profile. The present modified SAGE procedure opeR§€ehringer Mannheim). The RNA was enriched for polyadenylated
up a multitude of new possibilities for expression profiling, foRNA molecules using the mRNA Capture Kit (Boehringer
example when combined with microdissection to generatfannheim). First, 4ul of a biotinylated oligo(dTp primer
region-specific expression profiles of complex heterogeneou PmMolfil) was added to the RNA and annealed for 5 min at
tissues. Moreover, it can be used for expression profiling in tiss&”C- Subsequently, the RNA was transferred to a streptavidin-

biopsies, tumor metastases or in cases where tissue is scafégted PCR tube and incubated for another 3 min°al,3fus
i.e. post-mortem tissue. immobilizing the mRNA fraction to the wall of the tube.

Non-bound RNA was removed by gently washing three times
with 50l washing solution (MRNA Capture Kit). After the final
MATERIALS AND METHODS wash, the washing solution was removed and bound RNA was
Punches of rat brain tissue sections rinsed once with 501 1x first strand buffer (50 mM Tris—HCI pH
8.3, 75 mM KCI, 3 mM MgCJ; Gibco BRL). First strand cDNA
After decapitation, the rat brain was removed from the skull anslynthesis was performed in the same tube and primed from the
rapidly frozen in isopentane on a mixture of dry ice and ethanblound oligo(dT)g for 2 h at 42C in a 20ul reaction containing
and stored at—8@ until further use. Alternating coronal sections4 pl 5x first strand buffer, 211 0.1 M DTT, 1pl 10 mM dNTPS,
of (75 and 325um were prepared using a cryostat at>8 1 pl SuperScript Il RT (200 Yd; Gibco BRL) and 12ul
thaw-mounted on poly-lysine-coated slides and stored atDEPC-treated bD. After removal of the first strand synthesis
—80°C. The 75um sections were Nissl-stained with cresylviolet,solution, the single-stranded cDNA bound to the PCR tube was
while the 325um unstained sections were used for punching ouinsed once with 5@ washing solution and then with %0
the dentate gyrus of the hippocampus according to the Palkovits second strand buffer (100 mM KCI, 20 mM (BbEQy, 5 mM
punch out technique2(). Immediately before punching, the MgCl,, 0.15 mMB-NAD, 20 mM Tris—HCI pH 7.5, 0.05 mg/ml
sections were removed from <€D and placed in the cryostat at BSA). Double-stranded cDNA was synthesized in a0
—18°C. The stained 7@m sections, containing tissue which hadreaction volume containing |4 5x second strand buffer, 0.4
been present on either side immediately adjacent to thgr325 10 mM dNTPs, 1ul DNA polymerase | (10 Ui; Gibco BRL),
slice, served as landmarks to facilitate punching out of the corredg pul T4 DNA ligase (5 Udl; Gibco BRL), 0.5ul RNase H
region. Using a hollow needle (0.3 mm in diameter) chilled byl U/ul; Boehringer Mannheim) and 1316H,0 for 2 h at 16C.
dipping in liquid nitrogen, part of the inner blade of the dentat&he double-stranded cDNA was stored at>€20ntil further use.
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Anchoring and tagging of cDNA extraction and ethanol precipitation, the pellet was resuspended
in 1 ml LoTE and 1l was used as input in a fiDre-PCR using
After removal of the second strand reaction mixture, théhe same primers as described above. A series of PCR reactions
double-stranded cDNA bound to the PCR tube was rinsed onggis performed to determine the optimal number of cycles of
with 50 pl washing solution and then with $0 1x restriction  re-PCR, ranging from 6 to 18 cycles. Subsequently, a large-scale
buffer (50 mM potassium acetate, 20 mM Tris acetate, 10 mMCR amplification was performed consisting of 96 l0RCRs
magnesium acetate, 1 mM DTT pH 7.9; NEBuffer 4; Newpo generate sufficient material for ditag isolation.
England Biolabs). The cDNA was digested with 20 U of the
anchoring enz_ymNIaIII (New England Biolabs) fo_r 1 _h at 3¢ Ditag isolation and concatenation
in a 25l reaction volume, followed by heat inactivation at 65
for 20 min. After rinsing with 5Qul washing solution and 50  The 96 parallel PCR reactions were pooled, extracted with PCI,
1x ligase buffer (50 mM Tris—HCI pH 7.6, 10 mM Mg&Z1l mM  ethanol precipitated and resuspended in @6QOTE. The
ATP, 1 mM DTT, 5% w/v PEG-8000; Gibco BRL), linkers 1 andmaterial was loaded on a total of 12 lanes of a 12% polyacrylamide
2 were added to the tube in a total volume dfilXonsisting of ~ gel. After ethidium bromide staining the upper bandidi0 bp
2.5l of each linker (100 ngl), 5 ul 5x ligase buffer and 11 ~ was excised and purified from the gel as described above and
LOTE (3 mM Tris—HCI pH 7.5, 0.2 mM EDTA pH 7.5). The resuspended in 17@l LOoTE. The linkers were cleaved off by
linkers were annealed by heating for 2 min &G@ollowed by  digestion with 100 U oNlalll in a 200pl reaction volume for 1 h
15 min at room temperature and ligated after additionubfT4  at 37°C. After digestion, the material was PCI extracted°& 4
DNA ligase (5 Ulll; Gibco BRL) for 2 h at 16C. After ligation — and subsequently ethanol precipitated by chilling for 10 min in a
the reaction mixture was removed and the bound cDNA wa¥y ice/ethanol bath and centrifugation for 15 min at 13 000 r.p.m.
rinsed with 5Qul washing solution and 5@ 1x restriction buffer  in a microcentrifuge at’4. The pellet was resuspended irul5
(NEBuffer 4; New England Biolabs). The cDNA tags wereLoTE and loaded on two lanes of a 12% polyacrylamide gel with
released by digestion with 2 U of the tagging enZgsmFl (2 Uful;  a 10 bp ladder as marker (F&B). The ditag band running at
New England Biolabs) for 1 h at 85 in a 25l reaction volume. 22-26 bp was excised and eluted as described above, except tha
After digestion, the reaction mixture was transferred to a new 1.5 tiiile incubation was performed at 37 instead 6i@&G5The pellet
tube and the volume was raised to pD@ith LoTE. The mixture ~was resuspended in 6LOTE. Purified ditags were ligated to
was extracted with an equal volume of phenol—chloroform—isoamgbncatemers by addition of 5 U T4 DNA ligase in a total volume of
alcohol (25:24:1) (PCI), ethanol precipitated (20@ample, 31 10 pl for 30 min at 18C and run in a single lane on an 8%
glycogen, 10Ql 10 M ammonium acetate and 7@Cethanol) by  polyacrylamide gel with a 100 bp ladder as a markerZEip After
centrifugation at 13 000 r.p.m. for 15 min &iC4 The pellet was ethidium bromide staining, the gel regions between 400 and 800 bp
washed twice with 70% ethanol and resuspended inPL&TE.  and >800 bp were excised and the concatemers were purified as
described above with an incubation at ®5Purified concatemers

o ) o were subsequently cloned in 8pH site of pZero (Invitrogen).
Ligation to ditags and PCR amplification

The released cDNA tags were blunt-ended €3ar 30 minin  S€duencing and analysis of clones

a 30l reaction containing 21.fl cDNA tags, 6l 5x second  pCR with vector-specific primers was performed on individual
strand buffer, 0.5 BSA (10 mg/ml), 0.5u1 25 mM dNTPs,  pacterial colonies containing cloned concatemers to determine
1.5pl Klenow (1 Upl; Amersham). PCI extraction and ethanoljnsert length. Only PCR products >500 bp, which should contain
precipitation was performed as described above and the pellgt jeast 15 tags, were selected for sequence analysis. Direct
was resuspended in#LoTE. Ligation to ditags was performed sequencing of PCR products was performed using the BigDye
overnight at 16C in a 6ul reaction using 4 U T4 DNA ligase primer Kit (Perkin Elmer) and analysed using a 377 ABI
(5 Ulul; Gibco BRL). After ligation, the volume was raised to gutomated sequencer (Perkin Elmer) according to the manufac-

20l by addition of 14l LoTE and 1ul was diluted 100-fold.  tyrer's instructions. Sequence files were analysed using the
One microliter of the diluted ligation mixture was used as iINPUSAGE program groupl@,15).

in a 50ul PCR reaction containing 8 mM Mg6% DMSO, 1 mM
dNTPs and 350 ng of both SAGE primetg,(5) in PCR buffer
Il (Perkin Elmer) using 5 U of AmpliTaq Gold (5 [ Perkin
Elmer) and amplified for 28 cycles of 30 s at@51 minat 58C  RT—PCR products of six chosen genes corresponding to SAGE tags
and 1 min at 70C with an initial heat activation of the enzyme (novel G protein-coupled receptor, myosin light chain, cofilin,
for 15 min at 95C and a final extension of 5 min at°@®  Stat5b, GAPDH and melatonin-related receptor) were generated.
(Fig. 2A). The products derived from nine parallel reactions wer&he primer sequences used to generate the RT-PCR products are
pooled, extracted with PCI and ethanol precipitated. The pellésted below: novel G protein-coupled recept6lCBGAACGTC-

was washed with 70% ethanol, air-dried and resuspended TGTGTCATCGC-3 and 53-AACACATTGCAGCCAGTGC-3;

100l LOTE. The entire sample was loaded on four lanes of myosin light chain, STCTCCTCTTCGACAGAACCG-3 and

12% polyacrylamide gel with a 10 bp ladder (Gibco BRL) as &-TCAACCTGATGTGTGTGCC-3 cofilin, 5-TTCGCAAGTC-
marker. The region of the gel around 100 bp was excised acrossTalCAACGCC-3 and 5TGACCTCCTCGTAGCAGTTAGC-3

four lanes of the gel and the gel was fragmented by spinning throu§tat5b, 5-CTCCAGAACACGTATGACCG 3and 5-CTTCTC-

a 0.5 ml tube, pierced with a 21 gauge needle, inserted in a 1.5@GATGATGAACGTGC-3; GAPDH, B3-ATTGTTGCCATCAA-

tube. The DNA was eluted from the gel fragments by adding300 CGACC-3 and 5-ATTGAGAGCAATGCCAGCC-3; melatonin-

LoTE and incubating for 15 min at 85, followed by removal related receptor, "SACTGTTCTGGATGTCCTGCC-3 and

of the polyacrylamide on SpinX columns (Costar). After PCE'-TCAGGATT CTGTCCAGCTGG-3

Reverse northern blot analysis



Nucleic Acids Research, 1999, Vol. 27, No. 51303

Rat hippocampal  ADX-induced apoptosis in Apoptotic region is
rat de

Punch needle

Punch:
tissue slice: 300 um
diameter: 0.3 mm
+109 cells

RNA isolation:
+ 1 ng mRNA

Figure 1. Cresylviolet-stained tissue sections of rat hippocampus. Then&ection (left) localized immediately adjacent to the |jB@5section was stained prior

to punching and facilitates identification of the correct anatomical region within the unstainped 82&tion. A higher magnification of the inner blade of the dentate
gyrus of an adrenalectomised rat shows the presence of multiple neurons with a clearly apoptotic morphology, an exaimgeradnkéditwith an arrow (middle).

After removal of this region with a punch needle, the|885lice was stained to check the location of the punch (right). RNA isolated from correctly localised punches
was subsequently used as input in the microSAGE procedure.

Equimolar amounts of the PCR products (500 ng of a 1 kbnstained material. Therefore, prior to punching, tissue sections
product) were denatured by adding 0.4 M NaOH/10 mM EDTAut on either side of the slice are stained to facilitate recognition
and heating to 10@ for 10 min. The denatured DNA samplesof the dentate gyrus and thus removal of the correct region. In
were subsequently applied to a Bio-Dot Microfiltration apparatuaddition, the stained sections are checked for the presence of
(Bio-Rad) and dot-blotted onto Hybond* Naccording to the apoptosis. Combined with post-staining of the remainder of the
manufacturer’s recommendations. Membranes were hybridisstice after punching, only punches containing the region of
with [a-32P]dCTP-labelled cDNA derived from a single dentateinterest and with a sufficient degree of apoptosis are included in
gyrus punch using the Multiprime DNA labelling system (Amer-the further procedure. Figuteshows an example of a correctly
sham) and standard protocdlg);, Hybridised and washed dot-blots punched region of the dentate gyrus (Eigight).
were analysed using a Phosphorimager (Molecular Dynamics).  Total RNA isolated from a single punch was used as input

material in a modified SAGE procedure. We estimate that a
RESULTS dentate gyrus punch contains a maximum of @éls. The

amount of mRNA present is at most 1-5 ng, which is a factor of
Isolated removal of a specific brain region for expression 500-5000 less than has been described so far as required input in
profiling the SAGE procedure.

We are in_terested in how glucocorti_coids affect th_e morphologmitag amplification and isolation

and function of the hippocampus, in particular with respect to

their role in adrenalectomy-induced apoptosis in the rat dentdte microSAGE (in contrast to SAGE) a limited number of
gyrus @2). Since these effects are subfield-specific, e.g. thadditional PCR cycles (re-PCR) are performed on the excised
effects in the CA1 region are fundamentally different than in thditag using the same primers in order to generate sufficient ditag
dentate gyrus2@d), we have developed a method which allowsfor subsequent manipulations, a consequence of using minute
expression profiling in specifically removed apoptotic subfieldemounts of input RNA. After an initial PCR of 25-28 cycles, the
of the inner blade of the dentate gyrus (Ejgniddle). The region PCR products are size-separated on a gel and the region arounc
of interest is specifically removed from a 32% rat brain slice 100 bp containing the amplified ditag (FR).is excised. After

by punching it out with a hollow needle (0.3 mm in diameter)purification of the DNA from the gel slice, the required number
according to the Palkovits punch out meth®@d).(\WWe chose the of cycles of re-PCR is empirically determined, but restricted to a
latter to microdissect the hippocampus, since it is relativelgninimum, since the probability of PCR-based artefacts increases
simple to perform and does not require any specialised microdisith the number of PCR cycles performed. An example of the
section equipment. Punching is performed on frozen unfixed amgitial PCR amplification and the re-PCR are shown in Figare
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A 140bp 222bp x40bp
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— -+

12131415 M 161718 H.0
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B C M; C M,
+40bp  x22bp =+ 40 bp 400 bp
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4— 100 Ep
ditag isolation concatemerisation of ditags

Figure 2. Ethidium bromide-stained polyacrylamide gels [12% in (A) and (B), 8% in (C)] showing examples of several steps in thA@GR@m@&dure A) PCR
amplification of the ditag. Shown are 28 cycles of PCR of various dilutions (1/10, 1/50/ 1/100 and 1/200 ¢iid ligated ditag derived from punch material and

a negative control performed on® (left). The 102 bp band corresponding to the amplified ditag is faintly visible among several other background bands. After
excision of the ditag band and extraction of the DNA, a series of PCRs with varying number of cycles (in this case 12+slBayotesed to determine the optimal
number of cycles of re-PCR (middle). The negative control performeg@ris-hmplified for 30 cycles. After large-scale re-PCR (in this particular case 12 cycles

of re-PCR were considered optimal) the PCR products are concentrated and run on a preparative gel from which the 16@dgsditaiskd (right)B] After

digestion withNlalll to cleave off the linkers, the small ditag of 22—-26 bp is excised and purigd.he isolated ditags are ligated to concatemers that are
size-separated on a polyacrylamide gel. The regions of the gel containing concatemers ranging from 400 to 800 bp anel ex8f)8daf after which the purified
concatemers are cloned in pZero. M, 10 bp ladder; 10 bp ladder; & 200 bp ladder; C, concatemers.

Examples of the subsequent steps of the procedure, i.e. ditzast majority of the tags (84%) were encountered only once
isolation and concatenation, are given in FiglB and C, (Table2).
respectively. Comparison with rat sequences in GenBank (Release 106.0,
April 1998) gave hits for 55 of the 1242 tags (4%) (TableOf
A microSAGE expression profile of a single dentate gyrus ~ these, 31 were hits with known rat genes and 24 with ESTs or
punch other cDNA clones. Thls relatively low percentage of hl'gs is due
to under-representation of rat sequences compared with human
Using the procedure described above, a partial expression profiled mouse sequences in public databases. For example, comparisol
was obtained from a single dentate gyrus punch. After determinatiarith mouse sequences in GenBank (Release 99.0, February 1997)
of the length of cloned ditag concatemers by PCR, clonegve 206 hits (17%), almost four times as many as with rat but still
containing an expected minimum of 15 tags were selected foonsiderably lower than reported previously in another SAGE
sequence analysis. After sequencing 128 selected clones, a tetably, where 54% of human tags matched GenBank erites (
of 1497 ditags was obtained. Of these 1497 ditags, 924 weFaventy-three tags had hits with both rat and mouse sequences,
unique, while 176 were encountered more than once. Thad in 13 cases (57%) the hit was with the exact mouse homolog
repeated ditags were only included once in the analysis by tbéthe rat gene. Therefore, the lack of rat GenBank entries can be
software to avoid bias due to PCR-based artefacts derived frqartly compensated by comparing rat tags to mouse sequences,
preferential amplification of particular ditag species. Of thesince there is afib0% chance of having a hit with the mouse
remaining 1100 ditags, 2200 tags could be extracted. 109 tagsmolog of the missing rat entry.
were discarded because they corresponded to linker sequencesome caution is due when a SAGE tag matches with an EST.
(see Discussion), whereas 299 tags were removed from thecontrast to mMRNA sequences, many of the EST sequences
collection due to ambiguities in the sequence, leaving a total deposited in GenBank are numbered from tken8 towards the
1792 tags. Among the remaining 1792 tags there were 12%2end. The tag sequences extracted by the SAGE software will
different species, ranging in frequency from 1 to 116. Sixteeim this case be adjacent to the mosiN&lll site in a cDNA
percent of the tags were encountered more than once, while $efjuence instead of the mostNalll site. In addition, the
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Table 2. SAGE abundancy classes

Frequency Total number of tags  Number of different tags  GenBank hits (rat)  GenBank hits (mouse)

>100 116 (7%) 1 (0.1%) 0 (0%) 0 (0%)
50 and < 100 0 (0%) 0 (0%) 0 (0%) 0 (0%)
10 and < 50 85  (5%) 6  (0.5%) 1 (0.1%) 1 (0.1%)
>5and < 10 99 (6%) 13 (1%) 4 (03%) 1 (0.1%)
>land<5 451 (25%) 181 (15%) 8 (0.6%) 22 %)
1 1041 (58%) 1041 (84%) 2 (3% 176 (14%)
Total 1792 (100%) 1242 (100%) 55 (4%) 206 (17%)

The tags are divided into different groups according to frequency of appearance among the 1792 tags comprising
the expression profile. The number of tags giving a hit with an entry in GenBank (rat or mouse) is listed per abundancy
class.

Table 3.Hits of tags with rat GenBank entries

Tag Gene (Accession no.) Frequency Percent
CCTGTAATCC * IFNgamma-induced astrocyte EST (H39351); EST (AA859834) 12 0.67%
GTGAAACCCC povel G protein-coupled P2 receptor (D63665 10 0.56%
GACAAGGTCG growth hormone (E00002) 7 0.39%
TACCACCTTT myosin light chain (M 12022 1 0.39%
AAAAAAAAA * calcineurin A (M29275) ; aldehyde dehydrogenase (AF001898); orexin receptor-2 (AF041246); glutamic acid decarboxylase (X57573) 6 0.33%
AAGGAGATGG * ribosomal protein L31 (X04809); hypoxanthine guanine phosphoribosyltransferase (AF009655) 3 0.17%
GAAGCAGGAC cofilin (X62908) 3 0.17%
AACGAGGAATH 18S rRNA (M11188) 2 0.11%
CACAGAGTCC EST (AA817914) 2 0.11%
GAAAAAAAAA * EST (AA859996); EST (AA899266) 2 0.11%
CCTGTAACCC unknown protein PIPPin (X89962) 2 0.11%
GAGGAGGTGG EST (AA875282) 2 0.11%
TATATATAGT Taq 1-298 repetitive sequence.clone ID 4 (X06261) 2 0.11%
AAATACAAGA EST (AA818063) 1 0.05%
AATCAACCCG m mitochondrial genes for 16S rRNA and tRNAs (VO0681) 1 0.05%
AATCGCTTCT transcription factor StatSb (X97541 1 0.05%
ACAAATGACA EST (AA858803) 1 0.05%
ACTGTGCCTG €17-28.1.3-5' Lambda Zap Express Library (R82902) 1 0.05%
AGAAGGATGT fibrinogen B-beta-chain (M27220) 1 0.05%
AGGACAAATA pancreatic Islet cDNA similar to cytochrome B (C06585) 1 0.05%
AGTTTTACAA proteasomal ATPase (D50695) 1 0.05%
ATCAGTATAG EST (AA819519) 1 0.05%
ATGAGCTGTC EST (AA819034) 1 0.05%
ATGTATGGGG EST (AA819181) 1 0.05%
CACATTGGAG vitamin D binding protein (M60203) 1 0.05%
CACTTTTTTTT EST (AAB17788) 1 0.05%
CCAATGGTCC cysteine proteinase inhibitor cystatin C (X16957) 1 0.05%
CCAGAGGCTG EST (AA899981) i 0.05%
CCTGTGGTTC vasopressin V 1b receptor (D45400) 1 0.05%
CCTTTGCCCA UV73 (U12266) 1 0.05%
CTTCTGATAA triosephosphate isomerase (L36250) 1 0.05%
GAAGTCGGAA B 28 S ribosomal RNA (M63916) 1 0.05%
GATGCCCCCC pancreatic Islet cDNA similar to cytocrome oxidase 1 (C06520) | 0.05%
GATGTGGTTT EST (AA901228) ] 0.05%
GATTCCGTGA ribosomal protein L37 (X66369) 1 0.05%
GCAACAACAC EST (AA900974) 1 0.05%
GCCACCCCCT EST (AA859401) 1 0.05%
GCCTCCAAGG glyceraldehyde-3-phosphate dehydrogenase (M29341 1 0.05%
GGATTCGGTC acidic ribosomal protein PO (Z29530) 1 0.05%
GGCTGGGGGC profilin (X96967) 1 0.05%
GGGCTGGGGT EST (AA875618) 1 0.05%
GTACTCTACT leukocyte common antigen related protein (M60103) 1 0.05%
GTGGTGTGCT polymeric immunoglobulin receptor (X15741) 1 0.05%
GTTTAAAATT K" channel (M81784) 1 0.05%
TAAAAAAAAA * trachea (Gang Li) cDNA clone 7A3 (U82289); intrinsic factor-B | 2 receptor precursor (CUBILIN) (AF022247) ! 0.05%
TAACTTTTGG cDNA similar to fisp-12 (C06571) ! 0.05%
TATATATAGC EST (AA818148) 1 0.05%
TGCAGATGAG Ig germline V-lambda chain gene V-region (M17092) 1 0.05%
TGGTTGTGGG EST (AA859565) 1 0.05%
TGTCTGTGGA 16 kDa subunit of vacuolar H(+)-ATPases (D10874) 1 0.05%
TGTTATTTAA cell surface protein (X01785) 1 0.05%
TTAAAAAAAA® connexin 40 (AF021806); EST (AA859029) ! 0.05%
TTCTCTACCA EST (AA819729) 1 0.05%
TTTCCAGTTA EST (AA818486) 1 0.05%
TTTGTGATCT melatonin-related receptor (U52218 1 0.05%

Listed are the tag sequence, the absolute tag frequency and frequency as a percentage of all 1792 tags and the matchingy®@etiBardession number.
The tags matching with more than one gene are marked with an asterisk. The tags derived from rRNA are marked with agbl@ble sagsiused for
validation of the profile with reverse northern are underlined.
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| S5l - DISCUSSION
1 MRR @ HO The ability to look into a cell or tissue at a given time point to see

. _ which set of genes is expressed and to assess their relative levels
3 Cof pZero has enormous potential for the enhancement of our understanding
2 MLC & ciroH of how cells work under normal conditions or how they become

diseased. The SAGE method is a powerful expression profiling
tool, allowing qualitative and quantitative analysis of thousands
of transcripts simultaneously. However, a disadvantage of SAGE
is the relatively large amount of input RNA that is necessary,
o s R e blot of RT_PCR oroduct - making the method unsuitable for analysis of gene expression
igure 3. Reverse northern blot of RI-PLR products corresponding 10 profiles in small tissue samples or microdissected parts of
transcripts identified by microSAGE, hybridised witiP-labelled cDNA of a . ‘o .
single c?entate gyrus );gunch. S5b, StaslltSb (729 bp); MRR, melatonin-relatecf;omplex heterOg_ene_OUS tissues consisting of myltlple _Ce” types.
receptor (215 bp); Cof, cofilin (372 bp); MLC, myosin light chain (453 bp); 10 enable application of SAGE to small quantities of tissue, we
GP2, G protein-coupled P2 receptor (901 bp); GAPDH, glyceralde- have made several modifications to the original procediite (
hyde-3-phosphate dehydrogenase, both GAPDH probes overlap but havgTaple 1). The modifications mostly involve the first steps of the
different lengths of 825 bp (lower spot) and 366 bp (upper spot), respectivelyygeagyre, from RNA isolation to PCR, but leave the basic
pZero, plasmid DNA, negative control for non-specific binding of probe to ™ .~ o .
DNA; H,0, H,O as negative control for non-specific binding to membrane. prlnC|pIes_ of SAGE unaltered. The original SAGE protocol is
The absolute frequencies of the tags are listed next to the abbreviated gene.Characterised by many sequential steps, each followed by a
phenol—-chloroform extraction and an ethanol precipitation to
inactivate and remove enzymes and to purify and concentrate the
material for use in the following reaction. However, these extraction
and precipitation steps are renowned for the concomitant loss of
material that can occur, especially if the amount of starting material

in a false match. low. In our modified protocol, all steps from RNA isolation to tag

Of the 55 tags with GenBank matches, six matched perfectl . ; . .
with more than one gene (Tallletags marked with an asterisk). g;ease are performed in a single tube in which the RNA, and later

10 GrPz| & . GAPDH 1

extracted tag will be on the wrong side ofliialll site, resulting

. .the cDNA, remains immobilised to the wall of the tube by means of
In four of these cases the tag consisted of a low-complexi eptavidin—biotin binding (Tabl&). This obviates the need to

sequence with a high percentage of A residues which could perform a phenol-chloroform extraction and ethanol precipitation
art of a poly(A) tail, explaining the match with multiple genes : :
P Since ‘132 3/2( t)ags repF;esentg the mere tip of thepicgberg g?tween each subsequent step. Enzymes of previous reactions ar

transcripts present in a cell or tissue, these tags are most lik %v&/ti;mgl)é ;?trgrov\czghﬁ]é gﬁztalr(]:i(;g/;g%? b?]rl“f%rc'[ifep (r)lseilt roefa(t:kt]i?)n
derived from abundant transcripts encoding the basic structu n be performed in the same tube. Consequently, the most

cell elements. Accordingly, the matched tags included thr;qportant advantage of this single-tube procedure is a reduction of

housekeeping gene GAPDH and genes for several cytoskelet number of manipulations and reduction of the accompanyin
associated proteins such as myosin and the actin-binding prote S . P . panying
0Ss of material. Furthermore, total RNA is used rather than

cofilin, profilin and vitamin D-binding proteir2d). In addition, V(A - ”
. Lo . . V(A)* RNA, obviating the need for an additional mMRNA
genes encoding proteins involved in energy metabolism ark éraction step. Instead, the poly{Action is directly bound to the

protein synthesis were encountered among the tags, for exam Ay , . "
cytochrome B, cytochrome oxidase | and various ribosom reptavidin-coated wall of the tube via annealing to a biotinylated

proteins. Also, some of the identified tags corresponded wit ligo(dT) primer, which also serves as a primer in the subsequent

genes known to be abundantly expressed in hippocampus C rNA synthesis. Another difference with the original protocol is

more generally n bran, like the V1b vasopressin receB®r (ol ige uro'hont U GGG it g, From the PCR
?22;6"'””' Sgde(;:iltfil(():n Zgi?eneolf?%:qg;smv\?elféog'enr'i:/eelgtigrrﬁcr%pﬁg Sonward the protocol is essentially identical to the original. Using this

. : odified procedure, called microSAGE, an expression profile can
i(rngrlr?pS;,et?g?\riTr?rrﬁeer?t }/(\;'rt 2) g}y;?jléﬁ;/?z)a,t ergoRslt\l'Ial\l;ely caused bg]e obtained from as little as 1-5 ng of mMRNA, allowing expression

profiling in small tissue specimens or microdissected parts of
complex heterogeneous tissues.
Validation of the microSAGE expression profile Quantitative validation of the obtained SAGE profile is difficult
when using limited amounts of tissue, since insufficient RNA can be
We used reverse northern blottir@3{30) to validate the data isolated from a single punch to perform, for example, northern blot
obtained with microSAGE. Six SAGE tags with GenBank hitsanalysis. Reverse northern blotting is a sensitive method to compare
(Table 3, underlined tags: novel G protein-coupled receptorexpression levels of different transcripts between two or more
myosin light chain, cofilin, Stat5b, GAPDH and melatonin-relatednRNA pools, but is less suitable for comparing expression levels
receptor) were selected, the corresponding sequences retrievétthin a single mRNA pool because of differences in length and
and primer pairs designed for RT-PCR. Dot blots containinpybridisation efficiency between probes. The observation that only
equimolar amounts of the six RT-PCR products were hybridisddur of the six tags validated with reverse northern gave a
with radiolabelled cDNA derived from a single dentate gyrusybridisation signal could be due to the fact that the intensity of
punch. Of the selected six genes, four hybridised strongliybridisation is not proportional to the tag frequency in the
including GAPDH, a housekeeping gene known to be abundantigicroSAGE analysis or that it is not justified to directly compare
expressed (Fig). hybridisation signals within a mRNA pool. The two overlapping
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GAPDH probes with different lengths, which do not exhibit exactithe Netherlands Organisation for Scientific Research (NWO),
the same hybridisation intensity, exemplify this. Comparison ajrants 903-68-320 and 925-01-008.

hybridisation intensities of the same probe under different con-

ditions, e.g. in punch material from ADX rats compared with normal

controls, using optimised hybridisation conditions is preferableREFERENCES

Another factor complicating the validation is that the 1792 tags

; i ; Watson,J.B., Battenberg,E.F., Wong,K K., Bloom,F.E. and Sutcliffe,J.G.
characterised here form a random coincidental selection from thk (1990)). Newrosci, Res26, 397408,

entire expression pool, representing only a small fraction of the Travis,G.H. and Sutcliffe,J.G. (1988)oc. Natl Acad. Sci. USAS5,

estimated 50 000 different transcripts in a dentate gyrus punch. 1696-1700.

Therefore, it is most unlikely that the obtained distribution of tags3 Adams,M.D., Kelley,J.M., Gocayne,J.D., Dubnick,M., Polymeropoulos,M.H.,

paints an accurate quantitative picture of gene expression, since thisééaovl%éi"elfggg& Wu,A., Olde,B., Moreno,R &t al (1991)Science

would require sequencmg of at least 10_.f0|d more 'tags. 4 Adims,M.D., Dl;bnick,M., Kerlavage,A.R., Moreno,R., Kelley,J.M.,

The use of minute amounts of starting material demands an yterback,T.R., Nagle,J.W., Fields,C. and Venter,J.C. (188&)re 355

amplification step to enable experimental manipulation. In the 632-634.

original SAGE procedure 25-28 cycles of PCR are performed té@ (Bl%%l(?e)':iKl.\%’ r'\c/,l'?:fnor;{Dl%'2F>70Vé%rs'J'M" Gado,A.M. and Biddison,W.E.
H H H . uror u f —50.

?eT’ER%Ithfe pool qf dlt_ags. AIth_OUgh this PCR ste_p should be? Lee,N.H.,Weinstock,chG., Kirkness,E.F., Earle-Hughes,J.A.,

,y ree of bias since all dltags are of approxmz;tely equa Fuldner,R.A.,Marmaros,S., Glodek,A., Gocayne,J.D., Adams,M.D.,
length, it cannot be completely prevented that some ditag Species kerlavage,A.R., Fraser,C.M. and Venter,J.C. (1986k. Natl Acad. Sci.
are still preferentially amplified. This still does not jeopardise the USA 92 8303-8307.
quantitative aspect of the SAGE data, because the softwaré, Liang,P. and Pardee A.B. (198)ience257, 967-971.

which counts each exclusive ditag combination only once® 'é'zijng’;gé%verbou"h"" and Pardee,A.B. (1988Fleic Acids Res21

excludes any PCR artefacts. A high percentage of ditags excluded pmccielland,M., Mathieu-Daude, F. and Welsh,J. (1988jids Genet11,
from analysis for this reason, however, does cause a reduction in the242-246.
average number of analysed tags obtained per clone. The incideh@eVrzugd?(rllhiliEE-, Fge igggyJ'-\h Slcf’Laaf,M-JHMf:i)jgn&g-, Busscher,J., Vuijst,C.
of these artefacts INCreases expon_entlally_ with the_number_of_ P ?/Uelsrﬁ\].,%?h’ad'a,k(., DaGI;I,S?S.., gﬁgsgc,lR.’, Ralph,D.' and McClelland,M.
cycles performed. In particular, a single ditag species consisting of (1 992)Nucleic Acids Res20, 4965-4970.
linker sequences had a high frequency among the excluded ditags velculescu,V.E., Zhang,L., Vogelstein,B. and Kinzler,K.W. (185nce
(TCCCCGTACANNNTTAATAGGGA) (data not shown). At 270, 484-487.
present it is not clear how this ditag is generated. It is therefot@ Adams,M.D. (1996Bioessays18, 261-262.
advisable to perform multiple parallel PCR reactions of fewer cycleés égﬁgsAMégé_';%r;avage'A'R" Fields,C. and Venter,J.C. (19@8)re
each in order to generate sufficient amounts of ditag, rather thany® velculescu,V.E., Zhang,L., Zhou,W., Vogelstein,J., Basrai,M.A., Bassett,D.E.,
push the PCR amplification to the limit of maximum yield. Hieter,P., Vogelstein,B. and Kinzler,K.W. (19978l 88 243-251.

The high percentage of different tags encountered only onéé Madden,S.L., Galella,E.A., Zhu,J., Bertelsen,A.H. and Beaudry,G.A.
(84%) is an indication of the high complexity of gene expression in, (1997)Oncogenel’ 1079-1085.

. . . Polyak,K., Xia,Y., Zweier,J.L., Kinzler,K.W. and Vogelstein,B. (1997)
the brain, even in a dentate gyrus punch which has a much reducedy e ‘389 300-305.

heterogeneity of cell types compared with the whole hippocampus zhang,L., Zhou,W., Velculescu,VE., Kem,S.E., Hruban,R.H., Hamilton,S.R.,
Striking is the fact that the most abundant tags mostly represent Vogelstein,B. and Kinzler,K.W. (199Bcience276 1268-1272.

unknown genes. In general, the more abundant genes are Wl Simone,N.L., Bonner,R.F., Gillespie,J.W., Emmert-Buck,M.R. and
represented in GenBank. Explanations for this could be that thege ,ﬂgﬁ%\h{g,&ﬁ%i&ggﬁﬁ Sgg'?gﬁfgiszg 6.

tags perhaps are derived from the so far unsequengetiahslated 1 maniatis,T., Fritsch,E.F. and Sambrook,J. (198@Jecular Cloning:

region of known genes or represent genes specifically expressed ata Laboratory ManualCold Spring Harbor Laboratory Press,

a high level in dentate gyrus, since little is known about the overall Cold Spring Harbor, NY. _ ) _
gene expression in this subfield of the hippocampus. 22 ggvKl‘;Etz'EéRéc\)’lreugde”h"'E-' Oitzl,M.S. and Jogls,M. (1898jocrine
_ln conclu3|or_1, we describe . a qu_'f'eo_' SA_GE procedur%S SIO\’/ite;,R.S., VaIiduette,G., Abrams,G.M., Ronk,E.C., Sollas,A.L.,

microSAGE, suitable for expression profiling in limited amounts of  paul,L.A. and Neubort,S. (1988kience243 535-538.

tissue. We demonstrate the feasibility of microSAGE by obtainingg Nishida,E., Maekawa,S. and Sakai,H. (1984ahemistry23 5307-5313.

an expression profile of a single dentate gyrus punch, containinga LolaitS.J., O'Carrol A M., Mahan,L.C., Felder,C.C., Button,D.C,,

factor of at least 500-5000 less RNA than normally required for E%%%’Xvé%égﬂ-%z%yf' and Brownstein,M.J. (19Bfc. Natl Acad. Sci.

SAGE. This broadens the applications of SAGE enormously. 26 Drewe,J.A, Verma,S., Frech,G. and Joho,R.H. (1B9gpurosci 12
538-548.
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