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Human chromosome 21 has been analyzed by pulsed-field
gel electrophoresis using somatic cell hybrids containing
limited regions of the chromosome and >60 unique
sequence probes. Thirty-three independent NotI
fragments have been identified, totalling 43 million bp.
This must account for essentially the entire long arm, and
therefore gaps remaining in the map must be small. The
extent of the pulsed-field map has allowed the direct
correlation of the physical map with the cytogenetic
map: translocation breakpoints can be unambiguously
positioned along the long arm and the distances between
them measured in base pairs. Three breakpoints have
been identified, providing physical confirmation of cyto-
genetic landmarks. Information on sequence organization
has been obtained: (i) 60% of the unique sequence probes
are located within 11 physical linkage groups which can
be contained in only 20% of the long arm; (ii) 9/21 genes
are clustered within 4%; (iii) translocation breakpoints
appear to occur within CpG island regions, making their
identification difficult by pulsed-field techniques. This
analysis contributes to the human genome mapping
effort, and provides information to guide the rapid
investigation of the biology of chromosome 21.
Key words: chromosome 21/CpG islands/gene maps/pulsed-
field mapping/translocation breakpoints

Introduction
One of the aims in developing physical maps of complex
genomes is to describe chromosomal sequence organization
and to relate features of this organization to biological
functions. As such, physical maps must be more than simple
ordering of restriction sites at measured distances through
a chromosomal region. While the most detailed physical map
may be a complete sequence, we still need to understand
how sequence relates to function at all levels of genome
organization. Interpreting the information contained within
complete sequences of large regions will probably require
analyses like those presented here to reveal important
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biological features. For example, the basis for cytogenetically
observable banding patterns is not well understood-while
R bands are known to be relatively GC and gene rich, how
much variation there may be within or between bands, and
its significance, is not known. G bands, on the other hand,
are postulated to be gene poor, but it is not known if this
DNA holds other functions, or if large parts of it are truly
'junk' DNA (Cummings, 1978; Goldman et al., 1984;
Ikemura and Aota, 1988). No details are known regarding
the organization of genes within the genome, indeed even
the number of genes can only be crudely estimated (Ohno,
1986). While the distribution of methylation patterns has been
studied for some genes, and is known to vary, again the
whole genome picture is missing (Razin and Riggs, 1980;
Bird, 1986; Silva and White, 1988). Little is known about
the causes of, or predisposition to, the chromosomal
rearrangements that are seen in malignant and non-malignant
genetic disease. Although a few breakpoints, such as those
involving immunoglobulin genes, have been sequenced
locally, it cannot be assumed that the long-range environment
has no effect on these or other rearrangements (Mitelman
and Heim, 1988; Haluska et al., 1987). These and other
problems may be well studied at the level of lower resolution
physical maps.

Different kinds of chromosomal maps, and the strategies
used to produce them, will yield different sets of information.
This information ideally will aid in developing new strategies
for analysis, pinpoint regions of high biological importance
and hasten success in solving genetic problems, such as
malignancy and inherited genetic diseases.
For many mapping efforts, chromosome 21 has served

as the prototype for the human genome. Recently, a partial
physical map of this chromosome was reported (Gardiner
et al., 1988). In that report, speculations were raised regard-
ing certain aspects of sequence organization, including the
distributions of unique sequences, rare restriction enzyme
sites and chromosomal breakpoints. Findings correlated well
with those obtained by other approaches (Bernardi et al.,
1985; Bird et al., 1985; Bird, 1986; Zerial et al., 1986;
Korenberg and Rykowski, 1988). Here, we present a map
of considerably more detail, one that orders 15 breakpoints,
or clusters of breakpoints, at physically measured distances,
and links, by pulsed-field analysis, 60% of the probes used.
In total, this map accounts for 43 million bp in NotI
fragments, and because this is likely to approach spanning
the entire long arm (Korenberg and Engels, 1978), the gaps
remaining in the map must be small. This has, therefore,
allowed the placement, relative to cytogenetic band patterns,
of breakpoints, physical linkage groups, unique sequences
and CpG islands. In addition to this correlation of physical
and cytogenetic maps, partial CpG island and gene maps
are emerging. In some regions, notably 21q22.3, CpG
islands containing sites for many 'rare' cutting restriction
enzymes appear to define clusters of genes, not single genes,
and gene density is locally very high. Pulsed-field gel
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analysis alone frequently gives a good indication of the
sequence content of a region, whether it is within a Giemsa
light band or a dark band. However, there is significant
heterogeneity among both G and R bands regarding rare CpG
islands and gene density.

Results
Hybrid cell panel
The complete panel of rearranged chromosomes 21 used in
this study is shown in Figure 1, with the approximate regions
that are retained in each hybrid indicated. These regions were
originally estimated by cytogenetics, and refinements made
after molecular analysis. For example, the order of the 3;21
and the 1;21 breakpoints, and the order and extent of the
deletions could not be determined by the resolution obtainable
with cytogenetics alone. The figure shows the composite
results of both kinds of analysis.
The 14 chromosomes in the panel have been divided into

three groups, based upon the region retained and the approxi-
mate band location of breaks. The A group retains 2 1q22,
and has breakpoints within 21cen > 21q21. The BC group
generally retains 21pter>2 1q22. 1, and has breakpoints
in the distal part of 21q22. The lower ACEM breakpoint
defines the approximate boundary between q21 and q22.
The new members of the chromosome 21 hybrid clone

panel are JC6, MRC2 and 6918, and form the D group. In
each case, the derivative chromosome 21 is the result of a
complex rearrangement, involving other than a simple
translocation. Cytogenetic analysis suggested that JC6 and
6918 were deleted within the 21q21 region; MRC2 is a ring
chromosome 21. Each chromosome contains one breakpoint
near the centromere; JC6 has a second near the boundary
of 2 1q21 -q22. MRC2 and 6918 each have two breakpoints
within 2 1q22.

In summary, breakpoints appear to occur as follows: five
within 21q1 1/proximal q21, four within 21q21, four within
21q22.1 and six within 21q22.2-22.3. These positions are,
of course, approximate, as discussed below. The 19 break-
points potentially divide the long arm into 20 regions.

Regional localization of unique sequences and
ordering of breakpoints
EcoRI and/or HindIlI digests of DNA from each of the 14
members of the hybrid clone panel, as well as from normal
controls, were examined for the presence or absence of 67
unique sequence probes. Tables I and II, and Figure 2,
column I show a compilation of: (i) the previous mapping
data (obtained with 30 probes, and the group A and BC
hybrids, Gardiner et al., 1988); (ii) that obtained from the
new, group D, hybrids (with all 67 probes); and (iii) that
obtained from the previous hybrids with 37 additional probes.
This cumulative analysis has differentiated, in total, 11
individual and four clusters of breakpoints, thus defining 16
long arm regions. Breakpoints for the 3;21 and the 1;21,
previously not separable, are now distinguished by B14. The
region 2 1q22. 1, previously largely uncharacterized, has been
divided into four segments by the lower JC6 breakpoint, and
breakpoints from MRC2 and 6918.

This analysis also led to the unexpected conclusion that
both MRC2 and 6918 are double deletions; both are missing
large amounts of 2 1q22 (distal to D21S65, and approximately
ERG respectively), in addition to the interstitial deletion

MRC2 J6 6918 ACEN 6:21 4:21 3;21 1:21 8q- 21q 18:21 R 21:22 7;21

,

D BC

Fig. 1. Chromosome 21 hybrid clone panel. The vertical lines to the
left and right of the schematic of the chromosome indicate the regions
of the chromosome retained in each of the hybrids listed at the top of
the figure. Abbreviated names of the hybrids are used (Gardiner et al.,
1988). Brackets at the bottom indicate hybrids that are grouped
together based upon region retained and location of the breakpoints.

Table I. Regional localization of unique sequence probes

Probe Region Probe Region Probe Region

B37 A2 D5la A4 26Ca A4
C81 A4 C9 A5 D32 A5
C8 A7 D6 DI B17 D2
B7 D2 C40 D2 B83 D2
B15 D3 D31 BI D3 B2

aHGM locus symbol D21S26.

within 21q21. This is an interesting observation in particular
for 6918. This chromosome and that of JC6 had been
obtained from patients characterized cytogenetically as
possessing the same abnormality, a 21q21 deletion, yet
presenting radically different phenotypes: 6918 resembles
monosomy 21 (Reynolds et al., 1985), and JC6 is apparently
normal (Korenberg et al., 1986). This analysis suggests a
possible molecular basis for the observed differences. If the
chromosomes present in the hybrids are faithful copies of
those in the patients from which they were derived (and the
deleted material was not translocated to other chromosomes
in the patients), then 6918 is indeed monosomic for a large
part of the gene-rich region of the chromosome, 21q22.3,
and also a substantial fraction of 2 1q22. 1. JC6, on the other
hand, is deleted only for sequences within 21q21, a region
that appears relatively low in transcribed sequences (see
below). The differences in phenotype could, therefore, be
directly ascribed to differences in gene dosage.

In summary, there appears to be a cluster of breaks in
the centromere proximal region of ql1 -q21, while, with
the inclusion of the three deletion chromosomes, the
distribution now seems more uniform throughout 21q22.
While several breakpoints have not been differentiated in
this analysis, there is no reason to believe at this point that
any are identical. As previously noted, 21q21 remains
relatively free of breakpoints.

Sequence distribution
Examination of Tables I and II, and Figure 2, reaffirms
observations made previously regarding the non-uniform
distribution of the unique and transcribed sequences used
as probes (Korenberg et al., 1987; Gardiner et al., 1988;
Tantravahi et al., 1988). Overall, twice as many unique
sequences map to 21q22 as to 21q21. Fully one-third
unambiguously map within 21q22.3, which is believed to
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Table II. Pulsed-field restriction fragment sizes (kb)

HMG9 Probe Not I BssHII MIuI NruI SacII SfiI Region

----------------------------------------------------------------------------------------------------------------------------------------------------------------- Centromere
Locus
--------------------------------------------------------------------------------------------------------------------------------------------------- Acem
D21S16 E9 1500 900 1600 750 600

1 6;2 1 ,

D21S13 M21 1500,700 900,700 1600 700,750 800,400
D21S4 233F 1200 1150,1000 2700 1950 1200 500

D21 S52 511-1H 1800 1700 1700 850
D21 S59 552-2B 1850 1700 2000 1700 700
D21SI1O 4U 1850 1700 1700

D21S11 236B 2350 1800 2350 100
D21S1 228C 2350 1800 2350 1500,1000
D2 1 S95 JG90* 3000 2500 2800 3000 350

B14' 2650,1800 2150 350

D21SI I I I1pcq 1500* 1125 750 950 300 200
D21S12 267C 1500* 1125 750 950 300 200
D21S99 JG108 1500 1125 300 250

LAPP 1500* 1125 2500 2500 500 100
D21S8 245D 6500 6000 7000 500 400

B79' 1950 2000 2250 2250 2000 825

D21S54 513-SH 2100 1650 1800 2100 1650

B88' 1600 600 1600 1800 300 250
D21S93 JG77 2000 1800 1500 2000 700,875

c34' 1900 1300 1900 1400 500 400
C43' 1900 1300 1900 400 M

B18'
D2 I S63 [517-1.7R

SODI

D2 1S58 524-5P
D2 1S65 525-SH

1800
400
200

775
825

1500
400
200

100
400

2500
500*
350*

2500 400
600 50
100 150

400 800 100 50
200 50

D21SI5 H8 1125 1050 2000 1800 1125 400
D21 S55 518-8B 1500 500* 1500 550 400 50
D21S60 CP21G1 1500 750* 1500

ERG 1500 750* 130

D2 1S57 [23- lOB
ets2

D2 1S3 231C
D2 1S71 L 19-9R
D2 IS64 r51-8P

IMX1
MX2
CBS

D21S53 L512-SR
D21SI5 E8
D21Sl9 B3

BCEI
D21S56 520- lOR

PFKL
CRYA
E731
D221

D2 1S91 JG63
D21S25 10.2

700
700
700
700
775
775
775
775
775
1500
775
775
775
50

325
550
400
1125,400
200

500
500
500
500
600
600
600
600
600
1225
300
300
40
50

380
400
200
400
100

750
750
750
750
1225,1125
1225,1125
1225,1125
1225,1125
1225,1125
1225,1125
300
300
250
700
975

500
400
400

550
550
550
550
700
700
700
700
700
1275
250
230
270
900
950

1400
680
350

Al
i,JC6

A2
,6918

[RC2

A4

4;21

3;21
1;21

AS

A6

A7

Acem
DI

JC6

D2

4RC2

D3

6918
D4

8;2 1 ,MRC2

BI

10;21 ,6918
350 75
350 55
350 60 ----------------- Ring
350 80
400 380
400 380
400 380
400 380
400 250

200
450 50

450
30

350 100
100

200
290 100
60 30

LFA 100 100 150 150,300 50
COL6A1 750 120 500 825,500 130 40
COL6A2 750 150 500 825,500 150 20

21;22

7;21

Telomere

B2

Cl

C2

C3

Information obtained for 52 probes with the enzymes NotI, BssHII, MluI, NruI, SacII and Sfi1 is given. Horizontal dashed lines indicate
chromosomal breakpoints defining the regions as described in the text and Figure 2. Probes for which there is only regional localization data, i.e. no

ordering from either genetic linkage (Tanzi et al., 1988) or from pulsed-field analysis, are listed in an arbitrary order within the region. Brackets
indicate physical linkage established in this study (* indicates use of methylation differences or polymorphisms); probes in bold type are expressed
sequences (anonymous sequences, Neve et al., 1986 R.Neve, unpublished results: Stephani et al., 1988). HGM9 locus: official human gene mapping
probe designation (Pearson et al., 1987).
'Donated by U.Tantrahavi.
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Fig. 2. Summary of mapping information by region. Horizontal lines indicate the positions of the breakpoints of the chromosomes from the hybrids
listed in column VIII. Positions were determnined by correlating the pulsed-field map with the cytogenetic map. Column I, the number of unique
sequences (from Tables I and II) localized to each region defined by the breakpoints; II, the number of these sequences known to be transcribed;
III, number of sequences from I analyzed by PFG (Table II); IV, number of independent Notl fragments obtained by PFG; V, total amount of
DNA in NotI fragments; VI, relative sizes of PFG fragments, L (large): 65-100% of the fragments were >200 kb with Sfil, > 1000 kb with all
other enzymes tested, S (small), the converse; VII, region name; VIII, abbreviated hybrid name.

contain only 20% of the DNA. These localization data also
suggest that regions of human chromosome 21 syntenic with
mouse chromosomes 16, 17 and 10 can remain contiguous.
Probes E9, 511, APP, 524, SOD1, ETS2, MXl and MX2
have been mapped to mouse chromosome 16; CBS, 520 and
CRYA to mouse 17; and LFA, COLAl and COLA2 to
mouse 10 (Staeheli et al., 1986; Reeves et al., 1987;
MacDonald et al., 1988; Nadeau et al., 1989).
Of the known transcribed sequences (Table II and Figure

2, column HI), the majority of which are identified genes (see
Table II), 85% are within 2 1q22, with 75% distal to SOD 1.
21q22.3 is clearly gene rich, containing 13/21 genes used
here, in addition to others such as S100 (Allore et al., 1988).
These numbers are somewhat artificial in that not all of these
sequences have been examined for expression, and, in any
case, lack of observed expression may merely be a result
of the wrong tissue, the wrong stage in development or
insufficient sensitivity in detection being used in the study.
It is, however, noteworthy that while the number of
sequences localized here has doubled over the previous
report, the pattern of distribution has remained essentially
the same. This argues for the relevance of the observation.

Pulsed-field analysis
A subset of probes from Figure 2 have been analyzed by
pulsed-field gel electrophoresis. Seven enzymes were
routinely used: NotI, BssHII, MluI, NruI and SacII, all of
which contain two CpG dinucleotides in their recognition
sequences, and give, on average, the largest restriction
fragments; Sfi, with an 8 bp G + C recognition sequence
but no CpGs, which results in fragments generally much
smaller than these; and Sall, with one CpG, which (in
our hands) naturally gives partial digests, possibly due to
methylation patterns.
Four different electrophoretic analyses were done, as

required, and examples are shown in Figure 3.
(i) Digests of normal human DNA (with all enzymes listed

above except Sall) were separated under conditions that

optimally resolved fragments between 50 and 1500 kb, and
the size of hybridization bands determined for probes of
interest. (For an example of this resolution, see Figure 3a.)
Pulse times were chosen to optimize resolution of the size
class studied (Gardiner and Patterson, 1989).

(ii) If this range of resolution did not give interpretable
hybridization signals due to the large size of the fragments
(which frequently happened in certain regions of the
chromosome, see below), digests were then examined under
conditions that resolve fragments between 1500 and
> 6000 kb, and hybridization repeated (Figure 3b). Once
probes in the same or adjacent regions had been examined
in this way, many physical linkage groups were obvious,
simply by comparing the pulsed-field 'fingerprints' (Table
II). To confirm linkage, probes within a group were always
sequentially hybridized to the same filter, to eliminate any
ambiguities due to gel-to-gel mobility variations. Because
of the lack of accurate markers between 1600 and 3000 kb,
fragment sizes in this range are estimates; below 1600 kb
sizes can be determined, conservatively, within 10%.

(iii) Several different DNAs, from both fresh lymphocytes
and cultured cells, were digested with the same enzyme, and
hybridization with a single probe compared. Frequently,
different sized fragments were observed among the DNAs,
with the larger fragments most often found in the hybrid cell
DNAs (see Figure 3a). Such differences could be due to a
sequence change removing an enzyme site, or they could
also result from methylation differences due to the presence
of CpGs in the enzyme recognition sequences (Drahovsky
et al., 1980; Reis and Goldstein, 1982; Nelson and
McClelland, 1987). This latter is likely in the experiment
shown in Figure 3(a). Probe D21S55 recognizes an intense
band of 500 kb in each of the five human DNAs and Hy2
and 3, in addition to (except in Hy3) a faint, larger band
at - 1200 kb. In Hy4, the hybridization is solely to the
1200 kb fragment. Variations in the methylation of a BssHll
site within the 1200 kb fragment could give rise to these
results. Hy4 would be completely methylated at this internal
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Fig. 3. Examples of pulsed-field gel analysis. (A) Resolution of fragments up to 1500 kb and variation in restriction fragment sizes between different
sources of DNA. (i) Human and hybrid cell line DNA was digested with BssHII and electrophoresed for 18 h with a 60 s pulse time. Outside lanes
are S.cerevisiae chromosome markers. Lanes Hu 1-3, DNA isolated from different samples of human lymphocytes; lanes 4 and 5, from
fibroblasts; HT, HT1080; lanes Hy 1-4, from hybrids 8q-, 10;21, 4;21 and R2-1OW; C, CHO ade-C. (ii) The gel in (i), after transfer, hybridized
with D21S55; (iii) the same filter stripped and rehybridized with D21S60. (B) Resolution of fragments > 1500 kb. (i) The chromosomes from
S.pombe (P) and S.cerevisiae (C), and human lymphocyte DNA digested with, lanes 1-5, Notl, BssHII, MluI, NruI and SacII. (ii) Hybridization
with the probe D21S95. These bands are too large to have been observable under the gel conditions in (a). (C) Sall partial digestions. DNA from
cultured fibroblasts, HT1080, hybrids 4;21, 6;21, 10;21, 7;21, 21;22, R2-1OW and 153E7b was digested with Sall and resolved as in (a). (i) and
(ii) show hybridization of this material with the probes D21S1 1 and D21S95 respectively. Dots indicate bands common to the two probes and serve
to establish physical linkage. Arrows in (i) indicate bands that are common to D21S 11 and a third probe, D21S1, previously linked to D21Sl 1 (see
Table II), but only at distances >1000 kb. Arrows in (ii) are bands unique to D21S95.

site, while HT1080 and Hyl are completely methylated at
one more site, or are genuinely polymorphic. Rehybridiz-
ation of this filter with probe D2 lS60 shows the same large
fragments in the same lanes as with D21S55, but a frag-
ment of 750 kb in the DNAs previously showing a 500 kb
fragment. It is concluded that D21S55 and D21S60 are on
adjacent BssHII fragments of 500 and 750 kb respectively,
with the interstitial site variably methylated in some DNA
sources. However, whether due to methylation or to
sequence changes, such differences can sometimes be
used to substantiate linkage and occasionally, they can be
attributed to the identification of a breakpoint (see Figure 4).

(iv) Several different DNAs were digested with SalI,
giving hybridization patterns that are quite complex, with
multiple bands of varying intensity (Figure 3c). Because SalI
sites occur more frequently than those of the other enzymes
used, it can be useful in determining a minimum distance
between two probes (e.g. D21S11 and D21S1, Figure
3c). It can also sometimes be used to cross CpG islands,
demonstrating linkage that cannot be observed with the
enzymes whose recognition sites are of higher GC and CpG
content (e.g. D21S95 to D21S11/S1).
The information obtained for 52 probes is discussed here

and shown in Table II and Figures 2-4. (i) As noted

previously, probes localized to 21q22 identified significantly
smaller pulsed-field fragments than those from q21 (Gardiner
et al., 1988). This is clearly demonstrated by the necessity
of using the large-fragment (1500-6000 kb) resolution
conditions for probes in the latter region (see Table II, and
Figure 2, column VI). (ii) Six new linkage groups have been
identified, and new probes added to three of the previous
five. A total of 33 probes (out of the 52 studied) are now
linked, and the 11 groups are spread throughout the length
of the chromosome. For the majority of these, straight-
forward pulsed-field 'fingerprinting' was sufficient to
demonstrate linkage. SalI digestions were used to determine
that D21S1 and D21S1 1 were only 300 kb apart (the smallest
common fragment), and also to link these to D21S95 (Figure
3c). The BssHU polymorphism helped to confirm the linkage
of D21S60 and D21S55 (Figure 3a), and an Mlul poly-
morphism links SOD and D21S63 (data not shown). (iii) A
total of 33 independent NotI fragments were identified, and
account for 43 million bp of DNA. This is a significant
number, because the upper estimates for chromosome 21
suggest it contains 60 million bp of DNA with two-thirds
to three-quarters of this within the long arm (Korenberg and
Engels, 1978). This suggests that these probes, and NotI
fragments, must approach spanning the entire long arm.
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I E

Fig. 4. Identification of the 6;21 breakpoint. Hybridization of D21S13
to human DNA (lanes 1 and 2) and 6;21 DNA (lanes 3 and 4),
digested with NotI (lanes 1 and 3) and BssHII (lanes 2 and 4).
D21SI3 contains sites for both enzymes and therefore identifies two
bands in each digest. The larger fragment in both cases is reduced in
the hybrid DNA relative to total human. This result is confirmed in
similar experiments using other hybrids.

Also, although there are still gaps in the map (all probes are
not linked, and the telomere is not directly linked to the
centromere), these gaps must be small. This implies that the
physical map can be directly correlated with the cytogenetic
map. Figure 2 shows such a correlation; the breakpoints from
the clone panel have been positioned along the long arm so
that the space between them is proportional to the amount
of DNA measured in NotI fragments (column V) (for
this representation, it has been assumed that the DNA is
uniformly distributed throughout the length of the metaphase
chromosome). Most breakpoints fall in accord with the
cytogenetic determinations made with the hybrid cell lines.
Landmarks include the lower ACEM break being near the
21q21-21q22 boundary; the R2-1OW, being near the
21q22.2-21q22.3 boundary; the 6;21 being near the
centromere. The 8;21 breakpoint moves up from the
q22.2 -q22.3 boundary to the q22. 1-q22.2 boundary, not
untenable given the small size of band q22.2 and its
translocation to the vicinity of a small dark band on
chromosome 8.

Breakpoint identification
Three breakpoints from members of the clone panel have
so far been directly identified by pulsed-field analysis.
The R2-1OW breakpoint has already been described (probe
D21S3 spans the break, Wong et al., 1988). ETS2 is
physically linked to D21S3 (Table H), and therefore it not
only also identifies the R2-1OW breakpoint on pulsed-field
gels (Gardiner et al., 1988), but the map indicates that
it must also be >2000 kb from the 8;21 breakpoint, a
translocation frequently seen in acute myelogenous leukemia
(AML) subtype M2 (Fourth International Workshop on
Chromosomes in Leukemia, 1984). It is unlikely therefore
that rearrangements of the ETS2 gene are involved directly
in the etiology of this disease. Probe D21S13 detects the 6;21
breakpoint with NotI, BssHfl and SacII. D21S13 identifies
two fragments with each of these enzymes (Table II), because
it contains sites for each. As shown in Figure 4, only one
fragment is rearranged in the 6;21 chromosome. This
chromosome serves to order D21S 16 and D21S13, relevant

because of their linkage to familial Alzheimer's disease
(Tanzi et al., 1988; Goate et al., 1989). This has been
confirmed by others (Owen et al., in press). D2 IS 13 is of
particular interest because it clearly contains a CpG island
and because it is transcribed (Neve et al., 1986). Probe
D21S65 identifies the 21q+ break with NotI and NruI (data
not shown), and efforts are currently under way to isolate
this junction fragment and determine its relevance to AML.
In all of these cases, more than one enzyme is informative
for the breakpoint and many different DNA sources
(lymphocytes, fibroblasts and hybrid cell lines) have been
compared, lessening the likelihood that it is simply a
polymorphism that is being detected. Given the current
coverage of the chromosome, it was anticipated that
additional breakpoints would have been identified in the
course of this analysis; possible reasons that they were not
are discussed below.

Ordering of probes within linkage groups
Within each of the 11 physical linkage groups, it is rarely
trivial to order the members. For most groups, breakpoints
are not helpful, and the linkage tends to be very thorough-
all probes are linked with all enzymes tested. Partial digests
can sometimes be employed to advantage. Three linkage
groups are discussed here.

(i) Because D21S16 is missing in the 6;21 chromosome,
it is clear that D21S16 is the more centromere proximal than
D21S13.

(ii) For the ETS2 cluster at the ring break, the order
must be (ETS2,D21S57)-D21S3-D21S71, as described
previously. In partial Sf1i digests, D21S71 was found to share
bands with ETS2 but not D21S57; ETS2 shares bands with
both (data not shown). This suggests the order must be
cen-D2 1S57-ETS2-D2 1S3-D2 IS71.

(iii) The four probes in the APP cluster can be ordered
less directly. D2 S1I11 was isolated as the sequence adjacent
to and distal to the upper break in the ring. [The ring, as
described by Wong et al. (1988), is believed to have been
formed from a dicentric 21 composed essentially of two long
arms; this chromosome then broke, in one arm in 21q22.3
(in the middle of D21S3) and, on the other arm, 21q21,
immediately proximal to D21S1ll. The ring was formed
by the joining of the two breaks.] If the other members of
this cluster-APP, D21S12 and D21S99-were proximal to
D21S 111, they would each detect two fragments in the ring,
normal fragments from the long arm with the break in q22.3
and altered fragments from the long arm portion broken in
q21. Only the normal fragments are found (data not shown),
indicating that all three must be distal to D2 IS11.
Furthermore, D21S12, D21S1 11 and D21S99 are all on the
same SacH fragment, and D21S12 and D21S1 11 also on the
same Sfi1 fragment, while APP is on different ones. This
implies that the general order must be cen-D2 S 1 1 -D21S12-
D21S99-APP. In addition D21S8 has been very tightly linked
in genetic maps to APP (Tanzi et al., 1988). Because D21S8
also does not detect rearrangements in the ring, it is more
likely that it also is distal to APP.

Discussion
The physical map of chromosome 21 described here
distinguishes 15 breakpoints or breakpoint clusters, and
localizes 67 unique sequence probes among 16 regions.
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Pulsed-field analysis has identified 11 physical linkage groups
and >40 million bp ofDNA contained in 33 NotI fragments.
While all the fragments have not been linked, the gaps this
leaves in the map are likely to be small, because of the
estimated size of the long arm. The extent of the map
allows placement of breakpoints at measured distances along
the long arm, thus correlating cytogenetically observable
landmarks with molecular ones. Several features of genome
organization, pertaining to the clustering of genes, the nature
of CpG islands and translocation breakpoints, as they are
represented by chromosome 21, are suggested. Some of
these conclusions are a direct result of the strategy used and
the enzymes selected.

Unique sequence distributions
That approximately two-thirds of the unique sequences
examined localize to one-half of the long arm (q22) has been
noted previously (Korenberg et al., 1986; Gardiner et al.,
1988; Tantravahi et al., 1988). It is worth reiterating that
no strong conclusion regarding unique sequence organization
overall in the genome can be based on these data. This is
due to possible artifacts arising from the methods used in
obtaining clones, artifacts due to restriction enzyme site
preferences, methylation patterns, poisonous sequences or
screening protocols. It also must be kept in mind, however,
that even if artifactual, its non-random nature suggests that
it reflects some aspect of genome organization, at least as
it exists on chromosome 21.

Gene organization
It has become increasingly clear that genes are neither
randomly nor uniformly distributed throughout the genome
[perusal of the table of cloned human genes from HGM9
suggests that two-thirds to three-quarters of genes are located
in Giemsa light bands (Pearson et al., 1987); see also
Goldman et al. (1984), Kuhn et al. (1987), Abe et al. (1988),
Ikemura and Aota (1988)]. The extent of this non-uniformity,
as demonstrated here, is, however, perhaps startling.
Consider the four physical linkage groups within 21q22.3.
Together, they involve a total of 14 unique sequences, of
which seven are cDNAs of identified products (ETS2, MX1,
MX2, CBS, COL6A1, COL6A2 and BCEI) and two more
are also known to be expressed (R.Neve, unpublished). If
one considers the smallest fragment defining each group,
these sequences are contained within a maximum of 1700 kb,

- 4% of the chromosome. A cluster of seven genes within
170 kb has been observed in the mouse MHC H-2K region
(Abe et al., 1988); however, the analysis here spans a larger
chromosomal region and includes a less obviously related
collection of genes. That nine expressed sequences, out of
a total of only 22 so far examined, are found within so limited
a region of the chromosome is strongly suggestive of another,
at least local, level of genome organization.

Distribution of restriction sites
The recognition sites of the enzymes useful for pulsed-field
analysis contain the dinucleotide CpG and/or are high in G
+ C. The observed distribution of these sites can therefore
be used to infer characteristics of local GC content, the
presence ofHTF islands and the occurrence of methylation.
It was shown, for example, in the previous report that these
enzymes cut more frequently in the Giemsa light band,
2 1q22, than in the dark band, 2 1q21. This is consistent with

the use of base-specific dyes in the generation of cytogenetic
banding patterns (Cummings, 1978) and with isochore data
(reviewed in Bernardi, 1990). The increased detail presented
here supports these observations in general, but demonstrates
that there exists considerable inter- and intra-band hetero-
geneity, in particular in Giemsa light bands. For example,
2 1q22.3 is enriched for these enzyme sites, but the region
surrounding the probe E8 is an exception; a more striking
dichotomy occurs in q22. 1 where the distal part resembles
q22.3, but the proximal part resembles 21q21, a dark band.
This heterogeneity may be reflecting a higher resolution
band pattern (Yunis, 1981) and is explored in detail in the
compositional map for chromosome 21 (K.Gardiner et al.,
in preparation).

CpG islands
Clustering of rare restriction sites is accepted as defining
the 5' regions of genes, but this may be limiting the
observations (Gardiner-Garden and Frommer, 1987; Lindsay
and Bird, 1987). HTF islands were defined using MspI,
HpaII and HhaI, enzymes with 4 bp recognition sequences
(Cooper et al., 1983). Clearly, the 6 and 8 bp recognition
sequences used in pulsed-field work can recognize only
subsets of these sites. Indeed this analysis (consider the
physical linkage groups in q22.3 discussed above) suggests
that some rare sites frequently do not define individual genes,
but rather clusters of genes. In particular, the enzyme sites
used here (except for Sfil and Sall) contain two CpGs, and
thus are the most rare. This suggests that there may exist
two classes of CpG islands, the more frequent MspIlHpaH
islands defining individual genes, and rare PFG islands
defining gene clusters.

Methylation
All CpG dinucleotides can be viewed as potential sites for
methylation, but only a few per cent are used by the cell
(reviewed by Razin and Riggs, 1980). If the partial digestion
exhibited by Sall is due to methylation (Figure 3c), then these
rather more common sites seem commonly and variably
methylated in lymphocytes as well as in cultured cells. This
appears true in all regions of the chromosome, although it
may be less extensive in Giemsa light bands, as suggested
by the less complex hybridization patterns generated there
(data not shown). With other enzymes, lymphocyte and
fibroblast DNA exhibited little or no detectable methylation
(or polymorphisms). However, DNA from cultured cell lines
frequently gave two or more bands, generally equal to or
larger in size than the lymphocyte bands, and varying among
cell lines in intensity. It is interesting that the ETS2 gene
never gave evidence of methylation in eight different cell
lines with six enzymes, while SODI frequently did. More
detailed analysis is necessary to determine the relevance of
any putative methylation patterns.

Gaps in the map and breakpoint identification
Because of the amount ofDNA accounted for in this analysis,
the gaps remaining in this physical linkage map must be
small. It follows also (because complete digests were used)
that these gaps must occur where the rare restriction sites
cluster; these regions would be locally high in CpG and G
+ C content and might range in size from less than a kb
to a few tens of kb. While these gaps no doubt could be
spanned using partial digests, or additional enzymes with
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possibly somewhat different restriction site distributions (e.g.
sites containing a single CpG), their very existence gives
additional information. Consider that only three of 19
translocation breakpoints have been detected in this analysis.
Where are the remainder? Logic suggests that they must be
within the gaps in the map, i.e. within in rare CpG islands.
Some support for this suggestion is obtained by inspection
of Table II. Two breakpoints occur in or near transcribed
sequences, known to contain CpG islands from restriction
site analysis. But more interesting is that, of the 11 physical
linkage groups, the map shows seven bounded on one or
both sides directly by a breakpoint. Postulating that break-
points tend to occur in regions of locally high G + C content
also explains why they occur more frequently in Giemsa light
bands than dark bands (Holmberg and Jonasson, 1973;
Mitelman and Heim, 1988). If such susceptible regions are
extensive (i.e. tens of kb), they may not be evident from
the sequencing of 1-2 kb about a breakpoint, as has
generally been done.

Correlations with genetic linkage maps
Partial genetic linkage maps of the long arm of chromosome
21 have been published (Tanzi et al., 1988; Goate et al.,
1989; Warren et al., 1989), using many of the probes
analyzed here. Because of the significant differences between
male and female maps, it is not possible to make meaningful
correlations between physical and genetic distances, other
than to observe that in some cases, e.g. between EST2
and D21S3, the physical distance is quite small in which
measurable recombination has taken place (< 300 kb, with
>2% recombination, Warren et al., 1989). On the other
hand, there are some conflicts between the genetic map
and the physical map presented here. Specifically, Warren
et al. have placed BCEI distal to COLA1, whereas the
21;22 breakpoint would dictate that the reverse order must
be correct. In addition, Warren et al. give the order
D21S8-APP-D21S1 11. The data presented above suggest the
order D21S1 1 1-APP-D21S8. The probabilities for reverse
genetic orders between BCEI and COLA1, and D21S8 and
APP were <1000, which possibly accounts for those
discrepancies.

Phenotypic correlations
With a map spanning the entire long arm, it becomes possible
to attempt direct correlations between observed phenotypes
and deletions or rearrangements of specific gene regions.
This is of relevance in cases of apparent monosomy 21, such
as the 6918 patient studied here. Because the regions missing
from the abnormal 21 can be well defined, the question of
their presence, and possible other location, in the patient's
genome can be addressed. This could be done by in situ
fluorescence, using a mixture of probes from 21q21 and
from 21q22.3 (Lichter et al., 1988). Hybridization to
chromosomes other than the normal 21 would be easily
detected. Such investigations would help to establish if
monosomy 21 is a bonafide syndrome. In another deletion
chromosome, JC6, if a similar analysis yields negative
results, it would be strong support for the suggestion that
21q21 is indeed gene poor, and that its deletion (or partial
deletion) is compatible with a normal phenotype. Similarly,
in cases of Down's syndrome due to translocations or small
duplications, where only a portion of the chromosome is
present in triplicate (Sinet et al., 1976; Perez-Castello et al.,

1983), it now is possible to define more precisely the region
responsible (McCormick et al., 1989; Rahmani et al., 1989).
Again, in 'modified' Down's syndrome (Habedank and
Rodewald, 1982; Jenkins et al., 1983), it may be possible
to assign specific aspects of the phenotype to specific regions.
Such investigations are difficult due to the complexity
and the variability of the Down's syndrome phenotype, and
for any conclusions obtained from them to be reliably
informative, it is absolutely essential to start from a map
as detailed as possible.

Conclusion
Pulsed-field analysis of chromosome 21 has identified a
collection of NotI fragments and sets of linked probes. It
has allowed the direct correlation of cytogenetic landmarks
with molecular ones, and made possible an unambiguous
comparison of the features of Giemsa light and dark bands.
It has shown that, while Giemsa light bands are generally
enriched for rare restriction sites and genes, there is
significant heterogeneity within and between bands. 21q22.3
stands out as possessing several unique features. It contains
-6000 bp, or 15%, of the DNA, half the expressed
sequences and one-third of the unique sequences examined.
It is also known that 40% of the recombination occurs here
(Tanzi et al., 1988). Pulsed-field restriction fragments tend
to be smaller in the distal part of the band, methylation
appears to decrease and the G + C content becomes the
highest observed for the chromosome (K.Gardiner et al.,
in preparation). Are these features reflections of the higher
gene content, or are they fundamental to telomeric regions?
Band q22. 1, in contrast, resembles q22.3 only in the distal
part, displaying features of a dark band in the proximal part.
With the framework that has been laid here, determinations
of gene density, patterns of methylation in rare CpG islands
and their tissue specificity, isolation and characterization of
translocation breakpoints, in addition to physical linkage,
can all now be carried out more rapidly and precisely. As
mapping efforts progress, it will be interesting to see which
of these emerging features of human chromosome 21 are
peculiar to it and which are general to mammalian genome
organization.

Materials and methods
Cell lines
Cell lines HT1080, HeLa, normal long arm controls, 153E7b and 2Fur-l,
and all members of the hybrid clone panel have been described previously
(VanKeuren et al., 1986, 1989; Gardiner et al., 1988) with the exception
of JC6, MRC2 and 6918. Hybrids JC6 and 6918 contain the deletion
chromosome 21s described by Korenberg et al. (1986) and Reynolds et
al. (1985) respectively; MRC2 contains a ring chromosome 21, isolated
from the mother of two children with Down's syndrome (A.Robinson and
B.Ward, unpublished results). Chinese hamster ovary (CHO)/human hybrids
are constructed by fusion of the original cell line or fresh lymphocytes with
CHO ade-C, using UV-inactivated Sendai virus (Moore et al., 1977).
Hybrids are selected for growth and maintained in F12D + 8% fetal calf
serum that has been dialyzed to remove purines. This medium, which does
not allow growth of the CHO parental cells, selects for the maintenance
of any human chromosome containing 21q22. 1 (Chadefaux et al., 1984).
The chromosome complement of all cell lines is monitored by cytogenetic
analysis, with Giemsa-trypsin banding and Giemsa 11 staining (Seabright,
1971; Friend et al., 1976; Morse et al., 1982).

Chromosome 21-specific sequences
Abbreviated probe names, together with the Human Genome Mapping IX
designation are given in Tables I and II. The genomic clones pGS 4U, B3,
H8, E8 and E9 are from G.Stewart (Stewart et al., 1985a,b); pJG 63, 66,
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90 and 108 from J.Galt (Pearson et al., 1987); pG-PFKL3.3 (PFKL),
liver-type phosphofructokinase from Y.Groner (Levanon et al., 1987);
pCW21pcq from C.Wong (Wong et al., 1989); the 16 probes of the pPW
200 and 500 series are subclones in pBR328 and pBR322 respectively of
previously described sequences (Watkins et al., 1985a,b); clones in Table
I, and in Table HImarked 1 are from U.Tantravahi (Tantravahi et al., 1988).
The following are cDNAs: Hu-ets2, the human EST2 oncogene, from
N.Sacchi (Sacchi et al., 1986); FB130 (APP), the 3-amyloid precursor
protein, from J.Gusella and R.Tanzi; pSC61-10 (SOD1), cytoplasmic
superoxide dismutase, from Y.Groner (Sherman et al., 1983); pS2 (BCEI),
a breast cancer estrogen-induced mRNA, from ATCC (Moisan et al., 1985);
LFA9. 1.1 (LFA), a lymphocyte function-associated antigen, from T.Springer
and T.Kishimoto (Kishimoto et al., 1988); pMalphaACr2-Pst (CRYA),
murine a-crystallin, from J.Hawkins (Hawkins et al., 1987); MX1 and MX2,
two interferon-induced cDNAs, p78 and p78-related, from M.Horisberger
(Horisberger et al., 1988; and M.Horisberger, unpublished; for
nomenclature, see Carritt and Litt, 1988; Aebi et al., 1989); COL6A1 and
COL6A2, collagen 6 genes (Weil et al., 1988); ERG, the ETS2-related
oncogene, from V.Rao (Rao et al., 1987).

Standard gel electrophoresis, Southern transfer and hybridizations were
all by established methods (Maniatis et al., 1982). Probes were labelled
by the method of random oligo priming (Feinberg and Vogelstein, 1984).

Pulsed-field gel procedures
Preparation of DNA in agarose plugs, restriction enzyme digestions, size
markers and resolution of fragments up to 1500 kb were all as described
previously (Gardiner et al., 1986, 1988). Size markers: < 50-300 kb, X
DNA (New England Biolabs) ligated to form concatamers; 200-2200 kb,
chromosomes from Saccharomyces cerevisiae strain AB1380 (M.V.Olson);
3000-6000 kb, chromosomes from Schizosaccharomyces pombe 972-h.
Conditions for the separation of Spombe chromosomes: 24 h, 40 V, 60 min
pulse time, followed by 60 h, 60 V, 40 min pulse time. Pulsed-field gel
electrophoresis was carried out in the TAFE system (Beckman Instruments).
Restriction enzymes were from Beckman Instruments and New England
Biolabs.
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