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ABSTRACT

The identification of differential gene expression
between cells is a frequent goal in modern biological
research. Here we demonstrate the coupling of
representational difference analysis (RDA) of cDNA with
microarray analysis of the output for high throughput
screening. Two primary Ewing’s sarcoma tissue samples
with different biological behavior  in vivo were compared
by RDA: one which was metastatic and progressed
rapidly; the other localized and successfully treated. A
modified RDA protocol that minimizes the necessary
starting material was employed. After a reduced number
of subtractive rounds, the output of RDA was shotgun
cloned into a plasmid vector. Inserts from individual
colonies from the subtracted library were amplified with
vector-specific primers and arrayed at high density on
glass slides. The arrays were then hybridized with
differentially fluorescently labeled starting amplicons
from the two tissues and fluorescent signals were
measured at each DNA spot. We show that the relative
amounts of fluorescent signal correlate well with the
abundance of fragments in the RDA amplicon and in
the starting mRNA. In our system, we analyzed 192
products and 173 (90%) were appropriately detected as
being >2-fold differentially expressed. Fifty unique,
differentially expressed clones were identified. There-
fore, the use of RDA essentially provides an enriched
library of differentially expressed genes, while analysis
of this library with microarrays allows rapid and
reproducible screening of thousands of DNA
molecules simultaneously. The coupling of these two
techniques in this system resulted in a large pool of
differentially expressed genes.

INTRODUCTION

The ability to determine mMRNA expression differences between
cell lines and tissues is a powerful tool in modern biological
research. Several recent and rapid PCR-based methods, including
subtractive suppressive hybridization (SSH), representational
differences analysis (RDA) and differential display4), have
been proposed for the cloning of genes which are differentially
expressed between two tissues. These methods have been
validated and successfully applied to various research problems.
Recently, cDNA microarrays and oligonucleotide arrays have
been developed and used to quantitate differential gene expression
by hybridizing a complex mRNA-derived probe onto an array of
PCR products or oligonucleotides representing specific cDNAs
(5-7). Microarrays allow thousands of genes to be monitored
simultaneously for expression level and compared between many
different tissues. However, even arrays of thousands of known
genes are likely to miss key differentially expressed genes, as only
a fraction of all potentially expressed genes can be currently
arrayed on glass slides. Furthermore, oligonucleotide arrays rely
entirely on primary EST/gene sequencing data and are not widely
available at reasonable cost. To date, probably <50% of all human
cDNA sequences are present in the public EST database
(Unigene). Thus, there is still considerable room for cloning of
novel genes involved in a myriad of cellular pathways. Therefore,
differential cloning techniques that give the ability to clone
specific genes that are meaningfully differentially expressed and
can be rapidly and exhaustively screened are desirable. This
allows maximal focus on the tissue of interest and includes genes
which are not yet in the public database.

RDA has been successfully adapted to identify genes that are
differentially expressed between two populations of céjlarid
has been successfully used in cell line experimemts4y.
Representative cDNA fragments from each population are first
generated by restriction endonuclease digestion of cDNAs
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followed by PCR amplification. The resulting mixtures, termedPurification Kit (Qiagen). RDA amplicons made frdbpnll-
‘amplicons’, are then subject to successive rounds of subtractid@ested cDNA were generated by PCR and purified on silica spin
cross-hybridization followed by differential PCR amplification. columns (Qiaquick PCR Purification Kit; Qiagen). Subtractive
This leads to progressive enrichment of cDNA fragments that ahgbridizations were performed in reduced volumes (2}8}-5
more abundant in one population than the other. using 10% PEG (final concentration) and less amplicons {510
While initial experience has been encouraging, a number dester to driver ratios were preserved and, thus, decreased
critical determinants have emerged from our experience witimounts of tester were used. The mung bean nuclease digestion
RDA. First, the relative difference in expression level does impacised during differential amplification steps in previous protocols
on whether a gene is recovered by RDA. In a mixed population afas omitted. In the Ewing’s sarcoma RDA, both ES7 — ES10 and
differentially expressed genes in which some genes differ by 5-foleS10 — ES7 subtractions were performed. The ratios for rounds
and others by 100-fold, the 100-fold genes will be amplifiedt and 2 were 1:100 and 1:500 respectively. Subtracted RDA
preferentially in RDA. However, absolute expression level has ngroducts were digested withpnll and shotgun cloned into
been a crucial determinant for identifying genes, because fragmepBluescript KS I+ (Stratagene).
from both abundant and rare transcripts have been isoldied (
Second, like all subtractive methodologies, RDA can only compaggnalysis of RDA subtraction by SAGE
cell populations two at a time. Third, each RDA recovers typicall\/N _ ) _
only 6-12 differentially expressed cDNA fragments, which likely?"Ve assessed the diversity of RDA output at earlier stages of
represent only a small subset of all the differentially expressed gerfdtraction (i.e. following two rounds) by serial analysis of gene
(4,8-15). Finally, RDA has generally required largelQo pg) ~ €Xpression (SAGE)L(). Adapters containing a type Il restriction
quantities of starting RNA, which precludes using non-renewabf@Zyme recognition site Bsnfl (GGGAC/CCCTG) and an
cell sources such as tumor specimens. anchorlng enzyme recognition sitelxpnll (GAT(;/CTAG) were
Here we incorporate alterations in the RDA protocol that allo/9ated to RDA fragments. The SAGE-specific adapters used to
smaller starting tissue amounts, which allows its application tgféate the libraries Were.-’BTTG(%ATTTGCTGGTGCAGTA-
biopsy or otherwise small specimens. RDA is halted at an eal CTAGGCTTAATAGGGAC-3 and 5'GATC%UAT'
round of subtraction at which there has been both enrichment ffpAGCCTAGTTGTACTGCACCAGCAAATCC™3; 5—'I‘!‘I'C—
differentially expressed sequences and preservation of a Wia—,éaCTCGA'A‘-l_rC'A"A‘GC-l_l—c-l—'A‘ACGATGTACGMG:3 and
distribution of the differentially expressed genes. This more “CATCGTCCACGTACATCGTTAGAAGCTTGAATTCGAG-

complex output of RDA is shotgun subcloned into a plasmi@AG*3' (* = 3 amino modifier C7). Digestion witBsnf
vector and the inserts are microarrayed onto dozens of glass slidegrated a 14 bp tag from the ends of each RDA fragment. These
at discrete positions. The arrayed inserts are subsequerifi@S were then concatamerized, amplified, subcloned into
co-hybridized with differentially labeled amplicons to identify PBluescript KS Il+ and sequenced.

those inserts which are differentially represented in the starting. _

populations. After the analysis of only 192 products, 5d%|croarraylng of cloned RDA products

differentially expressed genes were found. Therefore, the merging Rﬁer shotgun cloning the RDA products into pBluescript KS I1+,

RDA with microarray analysis proved to be an efficient methog, jyiqual colonies from the subtracted libraries were picked into
for detection of unique, differentially expressed genes. 96-well liquid cultures. Plasmid inserts were PCR amplified
using amino-modified vector-specific primers GCCGCTC-
MATERIALS AND METHODS TAGAACTAGTGGAT-3' and 3-CTCGAGGTCGACGGTAT-
CGATA-3') which amplify the inserted fragment from pBluescript
KS lI+. PCR was performed by adding @u5saturated growth

Serial sections of two fresh frozen Ewing's sarcoma tumdjquid culture to 500l PCR reactions containing 10 mM Tris
specimens from separate patients were used, termed ES7 &d 9.0), 50 mM KCl, 0.1% gelatin, 2.5 U Taq DNA polymerase
ES10. Tissue culture cell lines consisted of the NIH 3T3 cell linand 150uM dNTP in 96-well plates (MJ Research). Thermal
transfected with either an EWS/FLI1 transforming variant (clon€ycling conditions consisted of an initial denaturation &Co#r
10.10) or a plasmid control (clone 46.15) Cell lines were 2 min, followed by 35 cycles of 9€ for 1 min, 68C for 1 min

cultured in DMEM with 5% calf serum and glutamine (Gibcoand 72C for 1.5 min, with a final 10 min 7Z extension, in a
BRL). PTC100 thermal cycler (MJ Research). Five microliters of each

PCR amplification product were examined by agarose gel
electrophoresis and ethidium bromide staining. A single band was
detected in 187 of the 192 PCR reactions performed (data not
Total RNA was extracted from 100 mg fresh frozen tumor tissughown). Each PCR product was recovered from the remaining
with Stat-60 reagent using the manufacturer’s recommendatiofs pl ((11-2g) by ethanol precipitation in the 96-well plates. The
(Tel-Test Inc.). cDNA was synthesized fromi@ptotal RNA by  PCR products were arrayed onto glass slides in a manner similar
oligo(dT) priming using Superscript Il as recommended by tht that already published)( Briefly, the PCR products were
manufacturer (Gibco BRL). resuspended in 1fl 1x SSC. A custom built arraying robot
picked up[600 nl DNA solution and deposited 1-4 nl DNA
solution in duplicate onto a silanized glass slide surface (Sigma).
The design of the arrayer is publicly available at
RDA procedures were similar to previously published methodttp://cmgm.stanford.edu/pbrown ). Up to 84 slides were created
(15), with some notable exceptions. Poly{/NA was purified  per printing. Each slide was hydrated for 10 s over&3vater

from only 30 pg total RNA using the Oligo-tex mRNA bath, snap dried for 2 s on a 2@block, then crosslinked with

Tissues

Isolation of total RNA and cDNA synthesis

Generation of the subtracted library by RDA
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4000 mJ short wave UV irradiation (Stratalinker; Stratagenejandomly sampling cDNAs in different libraries by sequencing
Each slide was then washed for 2 min sequentially in 0.2% SDB®ort 10-14 bp tags derived from a defined region within each
and distilled water. The crosslinked slides were denatured gene (6). In our system we applied this technique to RDA
100°C water for 2 min, desiccated in 95% ethanol and air drieghroducts by modifying the linkers to accommodate Dipeil
No specific blocking step was required. restriction ends of RDA fragments. Following addition of these
RDA amplicons (3ug) were fluorescently labeled with either special adapters, 14 bp tags were released and the original
Cy3 or Cy5 dyes. Maximum incorporation of fluorescentprotocol was followed. The tags were concatamerized, cloned
nucleotide was accomplished with 1AM dGTP, dTTP and and sequenced.
dATP and 10uM unlabeled dCTP: dCTP-Cy3 or dCTP-Cy5 We assessed the diversity of RDA in a model system comparing
(Amersham) was doped in at a final concentration gfM@nd  NIH 3T3 cells expressing a transformation-competent variant of
incorporated into DNA using random primer labeling as per ththe EWS/FLI1 fusion gene under the transcriptional control of an
manufacturer’s recommendations (Stratagene). Labeled RDA proinelucible metallothioneine promoter (clone 10.10) versus NIH
was purified through Sephacryl 200 spin columns (Pharmacia) aBd3 cells containing empty vector (46.1y). After two rounds
precipitated. The labeled probe was resuspendediB¥BSC, of RDA, SAGE mini-libraries were made from both the 10.10 —
1% SDS, % Denhardt's solution, 100 mg/ml sheared salmor6.1 and the reciprocal 46.1 — 10.10 outputs and sequenced.
sperm DNA, 50% formamide and 10% dextran sulfate. The probeThe SAGE sequence results indicated that the RDA outputs
was denatured in the hybridization solution at®@or 10 min  following two rounds of subtraction were quite diverse. Sixty five
and applied to the arrayed/denatured slide &€4@r 12-20 hin  SAGE concatamer clones were sequenced, identifying 1710 tags
a humidified chamber. Hybridized slides were washed BRC, which represented 621 distinct sequences: 553 were detected one
0.1% SDS for 5 min at room temperature, them 838C for5min  to two times, 55 were counted three to 10 times and 13 were
prior to scanning. counted more than 10 times. It is difficult to determine whether
Slides were scanned in a custom built two color laser scanniagsequence that was only found one or two times represents a
fluorimeter and the image files analyzed with NIHimage v.1.6@lifferentially expressed gene, however, 546 tags were detected in
to quantitate the signal at each spot. A separateXlD224 image either one of the RDA outputs but not the other. Thus, it was
was captured for each of the two fluorophores used. Thapparent that after two rounds of RDA strong diversity still
resolution of the scan was g per pixel with a 256 gray scale. remained in the subtracted pool.

Northern analysis Optimization of hybridization conditions allows

Five micrograms of total RNA obtained from ES7 and ES1§°mparison of primary tissues

tumor sections were electrophoresed in denaturing formaldehy?Olucing the amount of starting tissue required for RDA is

cessary to apply RDA to biopsy specimens. Various refinements
ere incorporated into the RDA procedure to accomplish this
Ih?see Materials and Methods). Most importantly was the use of
volume excluding agents in the subtractive hybridization so that
the amount of amplicons used per round of RDA was reduced by
8-fold (i.e. from 40 to fuQ).

) Our EWS/FLI1-NIH 3T3 model system was used to confirm
Southern analysis that the changes in hybridization conditions and number of RDA

Driver DNA (800 ng) from each direction was fractionated on yc_Ies dgscriped in ;his manuscript would not impa" the ability
1.2% agarose gel. The DNA was denatured in the gel by submerg %ldenufy differentially expressed genes. Using a Standard
in 0.5 M Tris—HCI, pH 7.5, 1.5 M NaOH for 30 min and neutralized ™! thp_dology and three cycles of RDA, we had prewou_sly
in 1.5 M Tris=HCl, pH 7.5, 1.5 M NaCl for 30 min. Transfer Was|dent|f[ed a cohort of genes up—regl_JIated by the EWS/FLI1 fusion
overnight in & SSC to Nitroplus membrane (MSI). Probes,3€N€ in NIH 3T3 cells1(). Amplicons were prepared from

it ; o olyclonal NIH 3T3 populations expressing the EWS/FLI1
hybridization and washing conditions were as for northern analys tision gene or empty vector and subjected to two rounds of RDA

with reduced amounts of driver amplicons. Products were then
RESULTS shotgun subcloned into plasmids, picked into 96-well plates and
A reduction in the number of subtractive hybridizations amplified inserts from 1512 clones were gridded onto microar-
leads to greater RDA diversity rays. These arrays were then hybridized with probes from th_ree

different genes known to be up-regulated by EWS/FLI1. While
For the most part, RDA has been successful in identifying onigill three genes are undetectable in NIH 3T3 cells without
a small subset of genes that are differentially expressed betwdeWS/FLI1, they reach different absolute levels when induced:
two cell populations. Potential explanations for not detecting th@ EAT1, high (approximately equal f@-actin); (ii) stromely-
remaining differentially expressed genes include: (i) the diversityin-1, intermediate; (iii) EAT2, low{LO-fold less thaf-actin).
in the starting amplicon pools is low; (ii) differentially expressedAll three genes were detected on EWS/FLI1 — empty vector
gene fragments are lost along with non-differentially expressedicroarrays. Their frequency on the microarray approximated the
gene fragments, after multiple rounds of RDA. SAGE was usaelative levels of expression: EAT1 was represented in 268 of
to assess the diversity of RDA amplicon pools following twal512 microarray spots (17%); stromelysin -1 in 141 (9%); EAT2
rounds of subtraction hybriditan/differential amplification. in 41 (2.7%). These data confirm that enrichment of both high
SAGE is a method for profiling the expressed transcripts blevel and low level differentially expressed genes is achievable

agarose gels. Following overnight capillary transfer to MS
Nitroplus membranes, the blots were probed with PCR-amplifie
fragments which were radioactively labeled with the Rando
Primed DNA Labeling Kit (Boehringer-Mannheim). Hybridization
and high stringency washing with a final wash ok(&C, 0.1%
SDS at 52C for 20 min were performed.
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using our new conditions. However, such a model system cannot 1 2345678910112

b

gauge the idiosyncratic effect of PCR amplification itself. Given
a heterogeneous population of cDNA fragments from differentially
expressed genes, some may be amplified more efficiently and
therefore be more highly represented on the microarrays.
To demonstrate the feasibility of using small amounts of ES10
clinical tissue specimens as starting material in our modified
RDA protocol, two Ewing's sarcoma tumor specimens from patients
with very different biological behavior and clinical outcomes were
compared: ES7, from a patient with localized disease who is alive
and well; ES10, from a patient with a quickly metastatic tumor who 1234567891112
died. Amplicons were generated from B total RNA from each
tumor that was harvested directly from frozen tissue blocks. Each
round of RDA subtraction was analyzed by gel electrophoresis and
indicated abundant bands which were unique to the ES7 — ES10 or
the ES10 — ES7 subtractions, as well as a diffuse smear of products ES7
from 200 to 600 bp (data not shown). The heterogeneous products
of the second round of RDA were used as substrates in the
subseqguent experiments.

ITowm omO>

TTOW MO >

Differential hybridization of the amplicons to the

microarray predicts differential expression of genes _ _ ,
Figure 1. Microarray analysis of 192 RDA products. 192 RDA products were

mplified from plasmid clones using vector-specific primers. ES10 indicates
SAGE data from our NIH 3T3 model system suggested that?e 96 clones derived from the ES10 — ES7 RDA subtraction and ES7 indicates

stopping RDA after two rounds lessens the IQ_SS Qf differentiallye g6 clones derived from the ES7 — ES10 subtraction. One microgram of ES7
expressed cDNAs, perhaps due to PCR amplification preferencegnplicon was labeled with Cy3 and 1 mg ES10 amplicon was labeled with Cy5
and maintains diversity. However, it seemed likely that thesdy direct incorporation of fluorescently tagged nucleotide. The labeled
RDA populations would also have a higher proportion ofamplicons were mixed and co-hybridized onto the 192 RDA array. After
i - : . _sfringent washing the array was scanned with a laser scanning fluorimeter. Cy3

non-differentially expressed Species tha.n RDASs performed us'”§ nal and Cy5 signals were captured separately as a 256 gray scale. The images
a greater numbe.r of rounds. Q”dded microarrays were used asyére overlaid in NIHimage v.1.60 with Cy3 signal false colored red and Cy5
screening technique to identify those RDA clones that wergalse colored green.
derived from differentially expressed genes.

After two rounds of RDA, ES7 — ES10 and ES10 — ES7 RDA S
fragments were endonuclease digested and shotgun subcloAéd Southern hybridization patterns were completely concordant
into plasmids. Individual clones were picked into 96-wellwith the microarray data.
microtiter dishes and inserts were PCR amplified with vector-
specific primers. 192 of the RDA products (96 from eacliable 1.Relative hybridization signal of amplicons onto 192 subtracted RDA
subtraction) were arrayed in duplicate on glass slides arpducts
co-hybridized with Cy3-labeled ES7 and Cy5-labeled ES10

amplicons. After stringent washing, hybridization signals from Relative signal Clones derived from

each fluorophore were quantitated in the two color fluorescent ES10-ES7 ES7-ESI0
scanner. Each image was captured separately and each spot wags0 > ES7 82 0
quantitated relative to the local slide background in arbitraryg; 5 £510 5 91

fluorescent units. The net fluorescent signal at each spot from the
Cy5 and Cy3 dyes was compared. Overlaying false colore&S’ =ES1® 4
images from the fluorescent signal on a single slide allowed &l signal 5 0
quick visual inspection and demonstrated that the majority of
RDA products hybridized differentially to either the ES7 or ES1@Relative signal is <2-fold different for the two probes.
starting amplicons (Fid.). The relative fluorescent signals from
each probe were measured to determine the relative abundance tfi order to measure how many distinct differentially expressed
each RDA clone in the original amplicon. The vast majoritymRNA were represented, all 192 clones were analyzed by either
(173/192) showed greater hybridization to the amplicon used asquencing or back-hybridization. First, 17 of the most intense
a tester in the RDA (TablB. signals were sequenced, yielding 10 unique fragments. Using
Northern and Southern experiments were performed orombinations of these fragments as probes on the array (back-
selected RDA clones to correlate microarray hybridizatiomybridization), 99 of the 192 spots were hybridized. Specifically,
patterns with cDNA fragments from differentially expressedwo of the clones accounted for 37 spots, while eight others
genes. Clones from both ES7 — ES10 and ES10 — ES7 RDAs thgbridized with 62 spots (data not shown). Further sequencing or
gave differential microarray signals were radiolabeled anback-hybridization of the remaining differentially hybridizing
hybridized to Southern blots containing ES7 and ES10 amplicosgpots revealed an additional 40 unique clones. Not surprisingly,
as well as northern blots containing starting RNAs (Bigrhere  the highest degree of redundancy within the clones occurred in
were both high and low abundance genes in this set and northémose with the highest signal intensity. The more abundant RDA
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1083 10E8  1QH1 7AE 7E7  10H7 group of clones had been fully detected in screening of the initial
192 microarray.
Based on the data from probing of the 192 RDA fragment array,
we can estimate how many of 206 new spots detected on the larger
- 285 1152 clone array are unique. Since 99 of 192 (52%) were derived
it a - . from the 10 high signal clones, we expect these 10 clones to be
. ) present on the 1152 array 594 times. Since medium signals were
present at 54 of 192 (28%) DNAs of the original array, we expect
324 spots to be from medium signals. However, there is a 2.6-fold
A S A S 4SS s P redundancy rate on the 192 array. Assuming this same redun-
e ma AR B o 4 dancy continues on the new array, only 39% of the clones are new
—1632 medium signal DNAs. In other words, 126 (39% of the 324
anticipated) should not be represented already within the 21
. - -517 medium signal clones already detected, while 198 should
M- 290 hybridize with one of the first 21 medium signal clones detected.
Of the low signal clones with only a 1.05 redundancy rate, 95%
of the low signal clones may be novel. Since 20 of the original 192
belonged to the low signal class, there should be 120 low level
signals on the 1152 clone array and 114 (95% of 120) new clones
detectable. We estimate from the values above that the ratio
between the medium signal clones and the low signal clones
ES10 should be 126:114. This results in an estimated 109 (53% of 206)
being medium signal clones and 97 (47% of 206) being low signal
clones. Each medium signal clone will be present at least 2.6
times on the 1152 array and each low signal clone will be present
Figure 2. Northern and Southern analyses confirm microarray accuracy. Sixat least 1.05 times on the array. Therefore, we estimate that

clones detected on the microarray as differentially present in either driver ormaxima"y 43 more unique medium signal clones and 92 more
non-differentially present were PCR amplified and used as probes on northerp _. . : :
and Southern blots. Fragments were assigned names according to the directig“."que low signal clones will be detected as this subsequent array

from which they were cloned (10 or 7), followed by their location on the 192 IS Screened. These are approximations based on the redundancy
spot microarray. Enlarged microarray signals are aligned below their respectivéate at the initiation of probing the 1152 clone array. The
northern and Southern blots. Fragments 10B3, 10E9, 10H1 and 7A6 all ShOWedundancy rate will increase as we identify more clones and,
differential detection on the microarray, which is confirmed on Southern bIOts'thUS, the 135 new clones anticipated is an overestimate. The key

As well, hybridization to total RNA from the tumor tissues directly is strongly . is th b ial b f . diff iall
correlated with the microarray results. Fragment 7F7 is also dete(:teoooInt Is that a substantial number of unique difrerentially

appropriately on the microarray as compared with the northern blot. Fragmen@Xpressed genes can be identified by this screening approach after
10H7 demonstrated near equal detection on the microarray (a <2-foldhe analysis of only 1344 clones.
difference). This non-differential hybridization was verified on a Southern blot.

Southemn

(] [=] [=]

Microarray

B0
O
=

DISCUSSION

products will be arrayed more redundantly on the array, and th&ur primary goals are to rapidly screen small tissue samples in a
high relative concentration in a random priming DNA labelingpairwise fashion for differential gene expression and to analyze
reaction will result in high intensity signals on hybridization to thehe expression pattern of those cloned genes in a wide variety of
microarrays. Thus, there is a theoretical and empirical correlatidissues. The modifications to RDA implemented in our system
between high intensity signals and high frequency of redundan@llow the ready adaptation of RDA to primary tumors. Halting
The argument follows for rare fragments as well. Once the highlubtraction at the end of two rounds of RDA allows a broader
redundant clones were identified and removed from the remainispectrum of differentially expressed genes to be represented and
candidates, a higher rate of identification of unique genes watected within the subtracted RDA fragments. The screening of
observed. In the subset of spots with medium signals 20 unig®DA output by microarray and two color fluorescent hybrid-
sequences were detected out of 54 DNAs arrayed. In the subigation appears to be a powerful means to rapidly generate and
of spots with the lowest signals, >90% proved to be of uniquecreen for genes that are differentially expressed between two
fragments (19 of 20). tissues or cell lines.

While 50 of the 192 spots on our initial array proved to be RDA relies on the restriction digestion of cDNA and ligation
unique, the high rate of detection of unique genes in the mediunh adapters to a PCR-amplified subset of all gene sequences.
and low signal subsets suggested that we were not yet saturatBigce each mRNA is 2—4 kb on average, there is a high likelihood
our ability to detect unique genes. To confirm this notion, aof two Dpnll sites at appropriate spacing, such that the
additional 1152 RDA clones were arrayed to determine if furthentervening gene sequence is amplified. However, since not every
unique products could be detected. The array was probed with #equence is equivalently amplified, there will be sequence bias
50 previously identified gene fragments and signals werduring the multiple rounds of PCR amplification, resulting in the
detected at 946 of the 1152 DNA spots (data not shown). Thuess of some PCR products. If this selection were to be severe, it
there are 206 microarrayed DNAs not represented in the first sebuld be difficult to detect many differentially expressed genes
which may represent new unique clones. All of these clonegith RDA. However, this has not been a major problem in our
belong to the medium signal or low signal groups. The high signaitial screens. Although 10 fragments represented 52% of the
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arrayed products, of the first 192 clones analyzed a diverddis large number of replicates is quite useful. Initially, the clones
population of 50 unique differentially expressed fragments waare screened by co-hybridization of differentially labeled drivers
detected and the subsequent analysis of 1152 additional cloneddtest the efficiency of RDA subtraction. Subsequently, the arrays
microarray indicates that at least 100 more clones will bean be hybridized with batches of the arrayed clones to select a
detected. The most highly abundant 10 clones likely represent then-redundant set of fragments. We estimate that screening 1600
low number of difference products likely to have been cloned iRDA fragments should allow a thorough, but not complete,
the typical RDA subtraction. detection of differentially expressed sequences. As tissues may
The subtraction performed in the reduced volume RDA wasxpress 10 000—20 000 genes and between closely related cell
efficient, with 90% of the arrayed products being more abundatypes [1-10% are differentially expressed, there should be
in tester than driver. As it appears that there is a good quantitatd@0—2000 differentially expressed geri&g3).(In our experience
correlation between the analysis of abundance of PCR productdtie screening of 1600 RDA products by microarray allows the
the amplicon and the original MRNA, it may be possible to ussampling of(200-300 unique genes. Most importantly, these
RDA amplicons as probes onto microarrays fabricated from threplicate microarrays can be probed with multiple other tissues to
RDA products. This has two advantages. First, rare transcripts magsess tissue distribution and relation to other biological
be detectable with the amplicon probe but not by a direct mRNyariables.
probe. Second, much less starting mRNA (nanograms) may beOther subtractive techniques, like SSH, have also been
needed to generate an amplicon from the cDNA than is needed $oreened by microarray hybridization in a similar format.
probing microarrays with mRNA (1+44f) directly. Minimization ~ Although not directly compared with the ES7 and ES10 tissues,
of mMRNA needed to create the probe for hybridization to tha similar rate of unique differentially expressed genes are detected
microarrays extends the utility of the approach. by SSH library screenings (L.Goodlick, J.Gregg and S.Nelson,
The comparison of tissues from two different individuals raisesnpublished data).
the possibility that some of the RDA fragments may be due to Two color fluorescent hybridization reveals only the relative
primary DNA sequence differences. The vast majority oBbundance of a given gene contained on the microarray within the
polymorphisms in the human genome are single nucleotide/o probes applied. Absolute quantitation is not determined. We
changes. Most importantly, polymorphisms within pnll infer from the hybridization intensity that stronger signals
restriction sites can create sufficient alterations in the abundanicelicate higher expression. However, given variations in the
of RDA fragments irrespective of differential mMRNA expressioramount of DNA coupled to the glass surface, we may under- or
by altering the size of tHepnll fragment. However, such effects overestimate the absolute expression level. Since both Cy3- and
should be minimal. Single nucleotide differences occur withirfCy5-labeled probes are co-hybridized onto the same spot, the
coding sequences in the human genome at a highest rdtéof relative signal between the fluorophores strongly correlates with
1000 nt (8). Thus, the frequency of changing 1 of the Dyl the relative abundance in the probe solutions. Precise relative
recognition sites at either end ofCpnll fragment, thereby quantitation comparing many slides could be attained by doping
creating a restriction fragment polymorphism, would be abouh a standard control hybridization pool of all RDA products
once out of every 125 fragments. Therefore, at a maximum <1kabeled with Cy5. Each test sample would be labeled with Cy3,
of all RDA amplified fragments will be altered due to poly-mixed with same amount of control Cy5-labeled probe and
morphism between the individuals. co-hybridized onto microarrays. This would allow correlation of
The comparison of ES7 and ES10 Ewing’s tumors wathe Cy3/Cy5 signal across numerous probes.
performed with the biological intent of determining genetic The proposed combination approach allows for a thorough
markers of metastatic Ewing’s tumors. In order to test that thenalysis of differential gene expression between tissues. As the
genes isolated in this experiment are actually consistenthjological behavior of tissues must be reflected in some manner
differentially expressed in metastatic tumors, further analysis willy differential gene expression, there is great interest in the gene
need to be performed. Screening of these candidate genes ovekaression profiling of various tissues, for instance to extend
panel of Ewing’s tumors will elucidate which genes show linkageiopsy information. Developing focused sets of genes which are
to metastasis. This will also answer questions regarding thikely to be differentially expressed in particular disease states
quality of the tumor samples and contaminating stromal tissueill be beneficial to this application of the microarray technology,
Before such experiments are performed, however, no conclusiaasit is currently not feasible to array the entire assortment of genes
can be made on the biological relevance of the genes isolated hérehigher eukaryotes and screen for all possible differences.
Of the 50 genes that we have identified, 21 were already known, @dupling of RDA subtraction with microarray analysis creates a
had only EST matches in the database and the remaining nine kadvenient, high throughput means to profile gene expression
no matches in GenBank. The list of identified genes is availabfgatterns.
on-line (http://atrip.mednet.ucla.edu/snelson/rdadata ).
It has recently been proposed to screen the output of SSH using
high density Southern blots of the cloned produt®. (This ACKNOWLEDGEMENTS
approach is clearly successful and will likely be useful to
laboratories without the need to build a DNA microarrayerThis work was supported by grant P30 CA16042-22 and a Stop
However, creating microarrays has several advantages. First, @@ncer Research Career Development Award to S.F.N. S.W. is
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