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There is substantial interest in implementing technologies that allow comparisons of whole genomes of
individuals and of tissues and cell populations. Restriction landmark genome scanning (RLGS) is a highly
resolving gel-based technique in which several thousand fragments in genomic digests are visualized
simultaneously and quantitatively analyzed. The widespread use of RLGS has been hampered by difficulty in
deriving sequence information for displayed fragments and a lack of whole-genome sequence-based framework
for interpreting RLGS patterns. We have developed informatics tools for comparisons of sample derived RLGS
patterns with patterns predicted from the human genome sequence and displayed as Virtual Genome Scans
(VGS). The tools developed allow sequence prediction of fragments in RLGS patterns obtained with different
restriction enzyme combinations. The utility of VGS is demonstrated by the identification of restriction
fragment length polymorphisms, and of amplifications, deletions, and methylation changes in tumor-derived
CpG islands and the characterization of an amplified region in a breast tumor that spanned <230 kb on 17q23.

Several electrophoretic approaches have been investigated for
the separation of genomic DNA in two dimensions to allow
comparisons of genomes of different individuals or tissues.
Fischer and Lerman (1979) and others relied on two indepen-
dent modes, size in the first dimension and mobility in a
denaturing gradient in a second dimension, to separate and
probe whole-genome DNA restriction fragments (Fischer and
Lerman 1979; Uitterlinden et al. 1989; Qiu et al. 1997). A
probe-free method was developed, referred to as Restriction
Landmark Genome Scanning (RLGS), in which genomic DNA
is radioactively labeled at cleavage sites specific for a rare
cleaving restriction enzyme, followed by first-dimension elec-
trophoresis. By subjecting separated DNA fragments to in situ
digestion with a frequent cutter prior to a second-dimension
electrophoresis, several thousand fragments from throughout
the genome can be resolved and visualized (Hatada et al.
1991). The reliance on the rare cleavage enzyme NotI to digest
genomic DNA prior to labeling generates landmarks that al-
low visualization of DNA fragments that occur preferentially
in CpG islands (Lindsay and Bird 1987). Because of the local-
ization of CpG islands in proximity to transcribed sequences
(Larsen et al. 1992), there is a strong likelihood that NotI frag-
ments detected in RLGS scans occur in the vicinity of coding
sequences.

There are numerous applications of RLGS stemming
from its quantitative reproducibility. We have shown previ-
ously the feasibility of utilizing RLGS to distinguish spot in-
tensities representing fragments that occur in one copy in the
genome from spot intensities representing fragments that oc-

cur in two copies (Asakawa et al. 1994; Kuick et al. 1995).
Thus, RLGS could be useful for studies of restriction fragment
length polymorphisms, for identifying genomic insertions,
deletions, or amplifications, and for identifying somatic
methylation changes (Kim et al. 1996; Thoraval et al. 1996a,b;
Corn et al. 1999; Wimmer et al. 1999; Eng et al. 2000).

There is a critical need to identify DNA fragments of in-
terest displayed in RLGS scans. Some strategies that rely on
extraction of DNA fragments from gels for their cloning (Hi-
rotsune et al. 1993) or on their PCR amplification (Suzuki et
al. 1994) have been utilized but have proven difficult in the
case of fragments that occur in two copies or less in the ge-
nome. An arrayed genomic library approach has been utilized
to overcome this problem, resulting in assignment of clones
to unique fragments observed in the gel (Smiraglia et al.
1999). Limitations of this approach are attributable to limited
library coverage. The near completion of sequencing of the
human genome has prompted us to develop genome se-
quence-based tools to facilitate the identification of frag-
ments of interest.

RESULTS

Virtual Genome Scans Derived from the Sequence
of the Human Genome
The most frequently utilized initial enzyme for cutting and
tagging genomic fragments in RLGS is NotI, with EcoRV being
utilized to further reduce the size of NotI fragments, prior to
first-dimension electrophoresis. For the second-dimension
separation, fragments are digested in situ, using any one of a
number of frequent cutting enzymes that can efficiently di-
gest DNA in gels to provide an independent second-
dimension separation mode. We have developed informatics
tools that yield virtual genome scans using NotI and EcoRV as
first dimension enzymes and HinfI or DpnII as second-
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dimension enzymes. We have chosen these four enzymes be-
cause they are utilized most frequently in RLGS studies. How-
ever this approach could be applied to any set of enzymes and
any sequenced genome. The current version of Virtual Ge-
nome Scans (VGS1.01) is based on approximately a quarter
(24.7%) of the human genome sequence that is available
through GenBank as finished sequence, and on the remainder
that is available as draft sequence (http://www.ncbi.nlm.nih.
gov/genome/seq/). The finished sequence set consists of
648,560 kb and the draft sequence set consists of 2,579,072 kb.

For each set of sequence data, we computed the size of
the NotI–EcoRV fragments or the size of a NotI–NotI fragment
if no EcoRV site is present between two NotI sites. We also
computed the size of second-dimension fragments based on
the HinfI (or DpnII) site that is nearest to NotI. We then
merged the final and draft sequence sets and removed redun-
dancy resulting from overlapping clones in the draft sequence
set. Thus, we obtained 4840 fragments for HinfI and 5210

fragments for DpnII that had first- and second-dimension size
ranges (0.8–16 kb, and 135–2700 bp, respectively) that corre-
sponded to the separation ranges of our standard RLGS pat-
terns. These numbers represented ∼50% of the total number
of fragments detected in the genome.

Figure 1 shows, as background for the VGS display inter-
face, a NotI/EcoRV/HinfI RLGS profile of a human B lympho-
blastoid cell line. Most of the intense spots in this pattern are
derived from the 44-kb rDNA sequence that is tandemly re-
peated ∼40 times on each of the five acrocentric chromo-
somes. The other intense fragments are derived from the Ep-
stein-Barr virus (EBV) genome. We have deduced the restric-
tion maps for both rDNA and EBV, from their known
sequence in prior studies (Kuick et al. 1996). Thus, we utilized
the location of these fragments as internal standards for esti-
mating the size of fragments in RLGS patterns based on their
pixel position as described in Methods. This also allowed us to
compute pixel positions of all the fragments predicted from

Figure 1 Whole genome restriction landmark genomic scanning (RLGS) pattern superimposed with a chromosome 1 virtual genome scanning
(VGS) profile, both obtained using the NotI/EcoRV/HinfI enzyme combination. (Yellow, draft sequence; blue, finished sequence). Instructions for
use of the software are accessed by clicking the Help button. The red spot represents the experimental ALX3 spot described in Table 1. The small
rectangle centered on the predicted ALX3 spot (yellow) represents the area encompassing 75% of the predicted-experimental spot pairs, and the
larger rectangle encompasses 100% of these pairs.
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the human genome sequence. The resulting graphs represent
VGS patterns that matched RLGS patterns in fragment size
separation range. For example, the human chromosome 1 vir-
tual pattern is shown in Figure 1 superimposed onto a whole
genome RLGS pattern.

Prediction of Fragments in RLGS Patterns
by Comparison with VGS Patterns
The utility of VGS was evaluated by testing whether the in-
formatics tools we have developed could predict the se-
quences for 29 fragments of interest in RLGS patterns, for
which we have obtained sequence information experimen-
tally (Table 1). Eight of these fragments represented restric-
tion fragment length polymorphisms detected in RLGS scans.
Such polymorphisms are of particular interest as they occur in
or near CpG islands, in the vicinity of coding sequences. Six
of the eight fragments were predicted correctly from the VGS
database. Two of the eight polymorphisms were not predicted
as their corresponding sequence in GenBank was incomplete
and did not encompass both NotI and EcoRV sites.

We have previously undertaken an RLGS analysis of ge-
nomic amplification in neuroblastomas (Wimmer et al.
1999). Among the 11 amplified fragments observed by RLGS
(six in HinfI and five in DpnII patterns), we successfully pre-
dicted seven (Table 1). Four fragments (two in DpnII patterns
designated NBA-1A and NBA-1B (Wimmer et al. 2001) and
their two HinfI counterparts) that were cloned and which
were derived from the same NotI site, could not be predicted
as their sequence was not yet available from the human ge-
nome project.

We also undertook an analysis of RLGS patterns of 13
neuroblastoma tumors for alterations involving chromosome
1 fragments. Three fragments that we have assigned to chro-
mosome 1 (Wimmer et al. 1996) were concomitantly reduced
in intensity in the same six tumors, compared to controls,
suggesting they could be located close to each other on chro-
mosome 1 (Fig. 2). One of the fragments (spot A) was cloned
and sequenced. Database searches using the BLASTsearch en-
gine showed a perfect homology with a sequence in GenBank
(AB031234) that contains the promoter region and exon 1 of
the TP73 gene (Ding et al. 1999). This fragment was predicted
successfully using VGS. The corresponding genome sequence
(GenBank NT_004068, 138941 bp) occurred in a region that
contained two NotI sites that predicted a correspondence with
the two additional fragments (Fig. 2B,C) in our RLGS patterns
that were concomitantly reduced in intensity with fragment
A. Two other fragments that showed frequently diminished
intensity in neuroblastomas versus controls were cloned and
identified as ALX3 and RPA2 (K. Wimmer, X.-X. Zhu, J.-M.
Rouillard, P. Ambros, B. Lamb, R. Kuick, M. Eckart, A. Wein-
häusl, C. Fonatsch, and S. Hanash, in prep.). VGS successfully
predicted ALX3 (Fig. 1), whereas RPA2 was not predicted be-
cause its corresponding sequence available from the human
genome project was incomplete and too short to contain both
NotI and EcoRV sites needed to compute a first-dimension size.

NotI site methylation results in loss of the corresponding
fragment(s) from RLGS patterns. We previously cloned and
sequenced two fragments that occurred at an intensity corre-
sponding to multiple copies in the genome in NotI/EcoRV/
HinfI patterns of neuroblastomas that were absent in RLGS

Table 1. Correspondence Between Migration and Predicted Pixel Location

Type of
variations

HinfI
exp.

1D/2D

HinfI
Predicted

1D/2D

DpnII
exp.

1D/2D

DpnII
Predicted

1D/2D Identity

Polymorphism 647/504 645/493 NA NA Polymorphism on chr 17
582/386 578/390 NA NA Polymorphism on chr 3
524/628 514/620 NA NA Polymorphism on chr 19
528/307 528/318 NA NA Polymorphism on chr 21
669/225 680/278 NA NA Polymorphism on chr 13
704/188 714/252 NA NA Polymorphism on chr 14
395/390 NP NA NA Polymorphism on chr 9
749/198 NP NA NA Polymorphism on chr 4

Deletion 447/581 443/566 NA 463/666 TP73
402/550 405/544 NA 426/1023 Expected P73
582/517 576/510 NA 587/362 Expected P73

Methylation 568/333 568/385 NA 579/1023 ALX3
675/480 NP NA NA RPA2
602/453 596/448 603/441 605/441 NBL3
402/787 393/776 414/779 414/783 NBL2

NA 393/1008 417/651 414/653 NBL2
Amplification 257/574 253/566 NA 277/816 ODC1

258/658 253/664 NA 277/901 ODC1
368/608 371/610 384/890 393/868 NAG1 (NBA-2A

NA 747/1023 742/549 745/458 NAG1 (NBA-2B)
367/618 NP 388/724 NP NBA-1A
779/603 NP 771/695 NP NBA-1B

NA 656/1023 651/679 660/692 DDX1 (NBA-3)
595/672 592/673 NA 602/1023 DDX1-B

Correspondence between migration and predicted pixel location in the first and second dimensions (1D/2D) for a set of fragments that
exhibited biological variation in RLGS patterns. The sequence identity of these fragments was determined experimentally.
NA, data not available.
DP, no prediction because of insufficient sequence data in the genome database.
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patterns of normal controls. These fragments, which were des-
ignated NBL2 and NBL3, were found to undergo demethyl-
ation in neuroblastoma (Thoraval et al. 1996b). VGS success-
fully predicted both fragments (Table 1).

A total of 22 of the 29 fragments were predictable from
the VGS database. There were precise correspondence be-
tween expected location and actual migration of fragments in
the first dimension and a slightly less precise correspondence
in the second dimension, which was not limited to any par-
ticular fragment size range (e.g., large or small fragments). As
a result, the predicted location of fragments is covered in a
narrow first-dimension zone and a slightly wider second-
dimension zone. Thus, by examining the correspondence be-
tween RLGS and VGS for a set of known fragments, we have
determined for HinfI profiles that 75% of the fragments were
located in a rectangular area that spanned 12 pixels in the first
dimension and 30 pixels in the second dimension. The re-
maining 25% was located in an area that spanned 24 pixels in
the first dimension and 128 pixels in the second dimension
(Fig. 1, rectangle).

We have developed interactive informatics tools to pro-
vide a user-friendly interface for automated RLGS fragment
prediction and for downloading of the corresponding se-
quence in the genome. Users can directly query our database
through this interface from the VGS Web site (http://
dot.ped.med.umich.edu:2000/VGS/index.html). An overall
view of the interface is given in Figure 1.

Utilization of VGS to Characterize a Highly
Amplified Region on 17q23 in a Breast Tumor

Several groups have uncovered genomic amplification involv-
ing 17q23 in breast tumors and cell lines (Muleris et al. 1995;
Barlund et al. 1997; Tirkkonen et al. 1998; Couch et al. 1999).
There is evidence that multiple genes on 17q23 may be the
targets of amplification (Barlund et al. 2000). In our analysis
of breast tumors and cell lines by RLGS, one breast tumor
(Tumor 200) that was found by comparative genomic hybrid-
ization to exhibit 17q23 amplification (Muleris et al. 1995),
presented a unique NotI/EcoRV/HinfI profile in which two
fragments were highly amplified (Fig. 3A). Amplification of
the two fragments in Tumor 200 was estimated at 200 copies
each in the tumor genome, based on quantitative analysis of
their RLGS spot intensity. Given that chromosome 17 was
represented by several hundred fragments in RLGS patterns
and that only two fragments were amplified in Tumor 200,
this tumor provided an opportunity to delineate a small re-
gion of amplification. The two fragments had identical mi-
gration in the first dimension, suggesting that they were de-
rived from the same NotI–NotI fragment. Two amplified frag-
ments with similar migration characteristics in the first-
dimension were also observed in DpnII-based separations of
genomic DNA from this tumor (data not shown). We and
others have assigned chromosomal identity to most frag-
ments observed in RLGS patterns (Wimmer et al. 1996; Yoshi-
kawa et al. 1996; Curtis et al. 1998). The amplified fragments
observed in the breast tumor were clearly derived from chro-
mosome 17. Our VGS tools yielded a unique match for the
two amplified fragments consistent with their occurrence as
part of a NotI–NotI fragment in the first dimension (NotI sites
in positions 414373 and 417881 in sequence NT_001445)(Fig.
3A). Two additional fragments with a first dimension size of
15,649 and 21,903 bp were predicted. Their absence in RLGS
patterns is attributable to the limited first-dimension size
range (1–6 kb) of the RLGS patterns we have analyzed. A
BLAST search uncovered identity of the NotI/NotI fragment
with the 5� end of TBX2 mRNA (HSU28049). The TBX2 gene
maps to 17q23 and has been shown recently to be encom-
passed in relatively large amplicons spanning this region in
some tumors and cell lines including MCF7 (Barlund et al.
2000; Jacobs et al. 2000). We have confirmed the identity of
the fragment by semiquantitative duplex PCR (see Methods),
which showed that the TBX2 sequence was amplified in the
tumor relative to control DNA (Fig. 3B).

The TBX2 related fragments exhibited high-level ampli-
fication in the breast tumor. Furthermore, no additional
17q23 derived fragments were observed in RLGS patterns of
the tumor, including lack of detectable amplification of frag-
ments encompassing a NotI site present at position 738509 in
NT_001445. These findings suggested the occurrence of a
small amplicon in this tumor. To delineate the extent of this
amplicon, we designed 15 pairs of primers that were spaced
regularly on each side of the TBX2-amplified fragments for
PCR analysis (six are presented in Fig. 3C). Based on the PCR
results, a highly amplified region spanning <228 kb was de-
lineated. Using BLAST, we found two EST clusters, in addition
to TBX2, in this amplicon. The first occurred ∼55 kb from
TBX2, and corresponded to the UniGene cluster Hs.269402
containing three ESTs, two of which were derived from breast
tissue libraries. The second occurred ∼85 kb from TBX2, and
contained four ESTs in the opposite direction, also from breast
tissue libraries (GenBank BE075001 for example). We deter-

Figure 2 Close-up sections of restriction landmark genomic scan-
ning (RLGS) patterns containing chromosome 1 derived spots A–C
(arrows) with reduced intensity in neuroblastoma STA-NB9 cell line
relative to control peripheral blood lymphocytes. The location of
matching fragments in virtual genome scanning (VGS) patterns is
indicated with black squares. RLGS patterns were obtained using the
NotI/EcoRV/HinfI enzyme combination.
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mined the expression level of TBX2 and of the two clusters of
ESTs by semiquantitative RT–PCR (Fig. 4) in Tumor 200 and in
MCF7. The HPV11–21 breast cell line that does not contain
17q23 amplification was used as a control. TBX2 was overex-
pressed in MCF7 compared to control, as reported previously
(Barlund et al. 2000). It was also overexpressed in Tumor 200
relative to control. Similarly, UniGene cluster Hs.269402 was
overexpressed in both MCF7 cell line and Tumor 200 com-
pared to control. EST BE075001 was overexpressed in MCF7
cell line but not in Tumor 200.

DISCUSSION
We have devised an efficient approach for predicting the
identity of genomic fragments detected in RLGS profiles,
based on their correspondence with fragments of similar size
characteristics displayed in VGS scans computed from the hu-
man genome sequence. Previously, a major bottleneck in
RLGS analysis was the need for cloning strategies to identify
fragments of interest. The small amount of DNA extractable,
for most fragments in RLGS gels, substantially limits identifi-
cation of these fragments by gel extraction. NotI/EcoRV library
construction has facilitated fragment identification. In one
strategy, based on an arrayed library (Smiraglia et al. 1999),
1789 RLGS fragments were assigned to unique library clones.
However, coverage remained limited primarily because of
relatively small-sized fragments and was restricted based on
the choice of enzyme(s) used to construct the library from
genomic DNA. Additionally in the case of NotI, library cover-
age is limited to NotI sites that were unmethylated in the
genomic DNA from which the library was prepared. Compu-
tational prediction of RLGS profiles from genome sequence
data overcomes these limitations. A similar approach has
been applied to yeast for high-resolution hybridization analy-
ses using megabase stretches of known DNA sequences as a
reference (Qiu et al. 1997). The approach we have developed
is applicable to all species for which genome sequences are

Figure 3 (A) Tumor 200 NotI/EcoRV/HinfI restriction landmark ge-
nomic scanning (RLGS) profile. Black squares represent predicted
spots from chromosome 17 in this section of the RLGS pattern. Ar-
rows point to two amplified fragments specific to Tumor 200 and to
the location of their predicted fragments from chromosome 17. The
three highly intense spots in the right part of the gel represent rDNA.
(B) PCR analysis of TBX2 genomic amplification. Lane 1: MCF7; lane
2, Tumor 200; lane 3, Control DNA. Arrows point to GAPDH (407 bp)
and TBX2 (188 bp) PCR products. (C) Extent of the 17q23 amplified
region as determined by PCR analysis. Lanes 1– 6 represent multi-
plexed PCR using GAPDH and primers 1–6, respectively (C, control
DNA; T, Tumor 200 DNA). An arrow points to the location of GAPDH
(407 bp) PCR product. Positions of primer pairs 1–6 and TBX2 along
sequence NT_001445 are drawn. The scale is given in kb.

Figure 4 Semiquantitative RT–PCR analysis of TBX2 gene (188 bp),
Hs.269402 UniGene cluster (323 bp) and BE075001 EST (486 bp).
Total RNA from Tumor 200 (T), MCF7 (M), and the control HPV11–21
(H) cell line was utilized. GAPDH (407 bp) was coamplified as a con-
trol. Numbers given below lanes represent fold intensity for MCF7
and Tumor 200 vs. HPV11–21.
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available. This tool substantially enhances the utility of RLGS
for genome scanning for methylation analysis, for the detec-
tion of polymorphisms in CpG islands, and for the analysis of
genomic alterations in cancer.

We observed a good correlation between the experimen-
tal and predicted fragment location in the first dimension.
However, a few fragments in our study exhibited seemingly
aberrant migration in the second dimension, suggesting that
parameters additional to DNA fragment size may affect mo-
bility. Qiu et al. (1997) reported that a 180° bend in a DNA
fragment leads to a discrepancy between expected and appar-
ent migration of a DNA fragment on RLGS. Other parameters
such as GC content and methylation status may affect DNA
mobility. The occurrence of unrecognized sequence polymor-
phisms could also explain some discrepancies between virtual
and experimental maps in either first or second dimension.

The availability of two different profiles for a sample as
with the use of either HinfI or DpnII in the second dimension
has utility in determining among candidates, the correct frag-
ment in VGS. When two lists of candidates obtained from
HinfI and DpnII patterns are compared, only common candi-
dates have to be considered. It is unlikely that multiple can-
didates will match a particular fragment in both HinfI and
DpnII patterns. Alternatively, assignment of a fragment ob-
served in an RLGS pattern to a particular chromosome sub-
stantially reduces the likelihood that multiple candidates oc-
cur in the VGS database. Only candidates derived from one
chromosome, or few chromosomes in the case of ambiguities,
need to be considered. VGS help allows us to predict a se-
quence or to narrow the list of candidates for a given spot.
Any prediction may need to be confirmed. Direct access to
sequences allows, for example, PCR-based testing to deter-
mine which candidate’s oligonucleotide primers yield a PCR
product from the gel-extracted DNA fragment of interest.

The utility of RLGS in combination with VGS was dem-
onstrated by the identification of fragments that exhibited
NotI site methylation or that were deleted in neuroblastomas
and the identification of fragments involved in amplifications
in neuroblastoma or in breast tumors. The amplified 17q23
region we have delineated may represent a minimal critical
region for amplification in breast cancer, given its small size
and its very high level of amplification in Tumor 200. This
does not exclude that other minimal critical regions may oc-
cur in 17q23 as suggested in other studies (Barlund et al.
1997). The occurrence of EST’s within this region that were
expressed in breast lineage is of interest as the corresponding
genes may be of relevance to breast tumorigenesis.

In our study, 75% (22/29) of the tested fragments were
predictable using VGS tools. The inability to predict the re-
maining fragments was attributable to their sequence occur-
ring in multiple, as yet unassembled, sequences in the draft
genome sequence, or due to their (as yet) lack of sequence. We
can expect that with the completion of the human genome
sequencing effort, the vast majority of fragments will be pre-
dictable using VGS.

The VGS approach substantially overcomes the prior dif-
ficulty in deriving sequence information for fragments dis-
played in RLGS patterns. This should facilitate a widespread
use of RLGS for comparative whole-genome scanning.

METHODS

Human Genome Sequence
The finished sequence was downloaded in FASTAformat from

the GenBank site (http://www.ncbi.nlm.nih.gov/genome/
seq/). The draft sequence was downloaded in GenBank format
based on the keywords HTGS_PHASE1 or HTGS_PHASE2.
Comments were parsed to split sequence entries containing
more than one piece in as many FASTA sequences as there
were pieces present. Entries without chromosome assignment
were discarded at this step.

Cell Lines and Tumors
STA-NB9 neuroblastoma cell line (Ambros et al. 1997) was
obtained from Children’s Cancer Research Institut (Vienna,
Austria). MCF7 breast cancer cell line was obtained from
American Type Culture Collection. HPV11–21 (Ethier et al.
1993), a human papilloma virus immortalized nontumori-
genic mammary cell line, was developed at the University of
Michigan Comprehensive Cancer Center.

RLGS and PCR
A detailed description of the RLGS experimental conditions
can be found in Hatada et al. (1991) and Asakawa et al. (1994).
PCR primers 1–6 were designed using NT_001445 sequence.
The position on this sequence of the first base of each primer
is given in parenthesis. 1F (514654) aacaggggttttacagcagtct,
1R (515170) aaacaaaaggggtgggttctgt, 2F (500747) tacaccagc
tatagcgtgcaga, 2R (501195) ctgtgtttcttggtagagtgca, 3F
(458906) cacatggtcttagctgggggta, 3R (459229) ggggcaaatag
atttgcaggta, 4F (302579) tcctggttctcctgtctgtagg, 4R (302913)
cagggactctgccgtgcact, 5F (272689) agctgtaattgtcacagggaga, 5R
(272916) ccttgtcgggtgacctggaga, 6F (264458) gatgttttccat
gagcctgatg, 6R (264626) ggaaataaccctttgagccact. TBX2 and
GAPDH primers are described below. One hundred ng of con-
trol or Tumor 200 DNA were used in a 20 µL PCR reaction
using 100 ng of each primer and 40 ng of each GAPDH
primer. For primers 1, 3, and 4, 20 cycles were done. For prim-
ers 2, 5, and 6, three cycles were done without GAPDH prim-
ers and then these primers were added for 20 more cycles. Ten
µL of PCR reaction were loaded on a 2% agarose gel.

Semiquantitative PCR was done using primers: TBX2 F,
ggtgcagacagacagtgcgt; R, aggccagtaggtgacccatg; Hs.269402 F,
aggatgattttggcaggtga; R, ctcccctttcgcttccttcca; BE075001 F,
caagcactgccagcctgtga; and R, tcttacccgctctcagagagga.

Gene of interest was duplexed with internal control
GAPDH F: gggagccaaaagggtcatca, R: tttctagacggcaggtcaggt.

Virtual Map Computation
For each known spot on a master image (rDNA- and EBV-
derived spots), coordinates in pixels for first and second di-
mension, respectively, were plotted against first- and second-
dimension fragments sizes deduced from the sequence data.
The two cubic polynomial curves fitting these points were
used to compute the pixel coordinates of each virtual spot on
the master image.
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