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ABSTRACT We have generated a physical map of human
chromosome bands 20qll.2-20q13.1, a region containing a
gene involved in the development of one form of early-onset,
non-insulin-dependent diabetes mellitus, MODYI, as well as a
putative myeloid tumor suppressor gene. The yeast artificial
chromosome contig consists of 71 clones onto which 71 mark-
ers, including 20 genes, 5 expressed sequence tags, 32 simple
tandem repeat DNA polymorphisms, and 14 sequence-tagged
sites have been ordered. This region spans about 18 Mb, which
represents about 40% of the physical length of 20q. Using this
physical map, we have refined the location of MODYI to a
13-centimorgan interval (-7 Mb) between D20S169 and
D20S176. The myeloid tumor suppressor gene was localized to
an 18-centimorgan interval (-13 Mb) between RPN2 and
D20S17. This physical map will facilitate the isolation of
MODYI and the myeloid tumor suppressor gene.

Non-insulin-dependent diabetes mellitus (NIDDM) is a het-
erogeneous disorder characterized by impaired glucose-
stimulated insulin release and reduced ability of insulin to
stimulate glucose uptake by muscle and adipose tissue and
suppress hepatic glucose production (1). Genetic factors play
an important role in the development of this disorder, and
one of the genes responsible fcr maturity-onset diabetes of
the young (MODY), a form ofNIDDM with onset in the first
and second decades of life and autosomal dominant inher-
itance, is tightly linked to markers in the region of the
adenosine deaminase gene (ADA) on chromosome 20 (2, 3).
This diabetes-susceptibility gene, MODY1, has been local-
ized to an approximately 13 centimorgan (cM) region of
chromosome 20 in bands qll.2-q13.1 (4), a region which
overlaps with a segment of the long arm of chromosome 20
deleted in some patients with malignant myeloid disorders
and containing a putative tumor suppressor gene (5). The
qll.2-q13.1 region of chromosome 20 may also include the
genes responsible for several other disorders including pos-
terior polymorphous corneal dystrophy, Holt-Oram syn-
drome, one form of Fanconi anemia, and benign neonatal
epilepsy (6).
As a first step in isolating the genes responsible for these and

other disorders, we have assembled a contig of yeast artificial
chromosome (YAC) clones that spans a region of approxi-
mately 18 Mb and represents about 40% of the long arm of
chromosome 20.

MATERIALS AND METHODS
YACs. The YAC libraries were from the Centre d'Etude du

Polymorphisme Humain (CEPH) and were screened using
PCR and specific oligonucleotide primers. PCR was carried
out in a 30-,jl volume containing 10 ng of pooled YAC DNA
(CEPH 'A' and 'B' YAC DNA pools, Research Genetics,
Huntsville, AL), 100 ,LM of each primer, 400 ,uM dNTP, 10
mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, and 2.5
units of Taq polymerase in a GeneAmp PCR System 9600
(Perkin-Elmer) for 35 cycles of denaturation at 94°C for 1 min,
annealing for 1 min at a temperature 5-7°C below the melting
temperature (tm) of the primer, and elongation at 72°C for 90
s. PCR products were separated by electrophoresis on 2%
agarose gels and visualized by ethidium bromide staining.
Chromosomal Microdissection and Alu PCR. Chromo-

somal microdissection and Alu PCR were used to generate
new and linking sequence-tagged sites (STSs). Bands 20qll.2-
20q13.2 were microdissected from 15 trypsin-Giemsa-banded
chromosome 20 homologs, amplified by sequence independent
amplification (7), cloned into pGEM-3Z, and sequenced.
Inter-Alu and vector-Alu PCR were carried out using the A33
primer, 5'-CACTGCACTCCAGCCTGGGCGAC-3' as de-
scribed by Chumakov et al. (8). The Alu PCR products were
cloned into pGEM-3Z and sequenced, and the sequence was
used to generate a new STS.

Pulsed-Field Gel Electrophoresis (PFGE). High molecular
weight YAC DNA was prepared in low melting point agarose
plugs. YACs were separated from the other yeast chromo-
somes in 1% PFGE agarose in 0.5 x TBE (lx TBE = 89 mM
Tris base/89 mM boric acid/2 mM EDTA) at 14°C using the
CHEF MAPPER (Bio-Rad). Electrophoresis conditions were
a 120 angle, 6 V/cm voltage gradient, 60-s pulse time for the
first 15 hr, and 60-s pulse time for the next 22 hr. Following
electrophoresis, gels were stained with ethidium bromide,
depurinated in 0.2 N HCl for 20 min, denatured and neutral-
ized for 30 min and transferred to a nitrocellulose membrane
in 20x SSC (1x SSC = 150 mM NaCl/15 mM sodium citrate,
pH 7.0). The filters were hybridized to 32P-labeled total human
DNA to localize the YAC.

Fluorescence in Situ Hybridization (FISH). FISH was per-
formed as described (9) using YAC DNA labeled by sequence
independent amplification with Bio-11-dUTP (Enzo Diagnos-
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FIG. 1. STS content map of human chromosome bands 20qll.2-20q13.1. Expressed sequence tags (ESTs) are shown in blue, anonymous (STSs)
are shown in black. YACs are shown as lines, the length of which reflects the number of included STSs, and not actual size. YACs shown in red
were used for FISH to determine their cytogenetic location and degree of chimerism. The physical distances between adjacent STSs have not been
determined directly. Diamonds indicate that the YAC was positive for the indicated STS. The relevant portion of 20q is shown above the contig
with the genetic distances in cM between selected markers indicated. Only YACs that were found positive with more than one STS are shown.
The regions containing MODYI and deleted in myeloid leukemia are indicated. The sequences of the STSs have been deposited in the GenBank
database.

tics). Hybridization was detected with fluorescein-conjugated
avidin (Vector Laboratories), and chromosomes were identi-
fied by staining with 4',6-diamidino-2-phenylindole dihydro-
chloride (DAPI). The probes for ordering RPN2, SRC, and
RBL1 by dual-color FISH were AhRPII, coslB, and Ap107-
13A, with insert sizes of 15, 40, and 18 kb, respectively.

Family with Early-Onset NIDDM. The RW family, which
includes >360 individuals from 5 generations and 72 members
with diabetes including those with MODY, has been studied
prospectively for 36 years (2). MODY subjects in this pedigree
have varying degrees of hyperglycemia; 880% have or develop
fasting hyperglycemia and -30% require insulin (2). Linkage
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FIG. 2. STS content maps of human chromosome 20q proximal (centromeric) (A) and distal (telomeric) (B) to TGM2 and EST391, respectively.
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studies have shown that the gene responsible for MODY in the
RW family is the MODY1 locus in the region of the adenosine
deaminase gene (3, 4).

Genotyping. Genotyping was carried out by PCR using
specific oligonucleotide primers as described (10).

RESULTS
Construction of a YAC Contig by STS Analysis. A YAC

contig containing MODY1 and the minimal deletion region
associated with malignant myeloid disorders (Fig. 1) was
generated using the CEPH YAC libraries (11). Individual
YAC clones were identified by screening three-dimensional
YAC pools with polymorphic markers, simple tandem repeat
DNA polymorphisms (STRPs), genetically mapped to chro-
mosome 20q, and STSs derived from genes localized to 20q,
microdissection clones from 20ql2-20ql3.2, and YAC inter-
Alu and vector-Alu fragments. DNA was prepared from all
positive YACs, and the presence of the STS in that YAC
confirmed by PCR.

Seventy-one markers were uniquely localized in the YAC
contig. The order of STRPs placed in the genetic linkage map of
chromosome 20 with odds >1000:1 (12) was confirmed in the
contig map. In addition, STRPs showing no evidence for recom-
bination in the genetic map-e.g., D20S99 and D20S107-or not
well mapped genetically-e.g., D20S65, D20S465, D20S424, and
D20S75-could be precisely localized in the physical map.
The overlap between adjacent YACs is defined by at least

two STS in all but two regions: UC9, an STS generated by
vector-Alu PCR of 798E12, and D20SJ 76. The overlap in these
regions needs to be confirmed by screening additional YAC,
P1, or BAC libraries with these markers. Several YAC clones
appear to be unstable and prone to deletion as judged by
inconsistencies in STS content mapping using different YAC
DNA preparations and by PFGE-e.g., 765H11 is deleted for
SRC-and the sizes of the YACs 857H1 1, 807B09, and 948D10
varied in independent DNA preparations as determined by
PFGE analysis.
While it was possible to deduce STS order, the absolute

physical size of the contig is not precisely known, as the
distance between adjacent STSs has not been determined by
PFGE. The presence of YACs that are chimeric or contain
deletions can also confound the estimation of the physical size
of the contig. We have attempted to overcome some of these
problems by isolating multiple YACs for each STS and deter-
mining whether or not the YACs are chimeric by FISH. We
estimate that the interval from TGM2 to EST391 is approxi-
mately 18 Mb based on the sum of the sizes of 20 YACs:

FIG. 3. FISH of YAC clone 948D12. In this example, the YAC
DNA was recovered after PFGE prior to sequence independent
amplification and hybridization to normal human metaphase chromo-
somes. There was no evidence for chimerism and a signal can only be
seen in the distal part of chromosome 20, band q12.

Table 1. FISH analysis of chromosome 20 YACs

YAC Localization YAC
address Chromosome 20 Other sites size, kb

733D10 q13.2 6q24-25 500
1q31-32

765Hll qll.1-11.2 l9p13.3 550
784B08 q12 5q31 1200
798E12 q13.1 16pl3.2 650
807B09 q13.1 11q14, 18q21 950
808C05 q12 - 1000
822B06 q13.1 (proximal) - 200
822E12 q13.1 500
845A08 q13.1 210
857HII q13.1 850
869C05 q12-13.1 (junction) 600
903C02 q13.1 150
909F08 q13.2 800
909H05 q13.1-13.2 (junction) 12q14 950
928D10 q13.1 9q12 1100
936E04 ql1.2 1200
936H03 q12 1400
942B01 ql1.2 1400
945B09 q12 1500
948D12 q12-13.1 (unction) 800
948D10 ql3.1 - 500
951F02 q13.1 Xq12 2000
953B04 q13.1 250
953C12 qll.2 6q12 950
981D02 q13.1 200

765H11, 858C12, 935F03, 942B01, 808C05, 945B09, 949E04,
936E04, 951F02, 909F08, 798E12, 909H05, 948D12, 822E12,
928D10, 948D10, 807B09, 845A08, 903C02, and 773G06. The
sex-averaged genetic distance between SRC and D20S196 is
approximately 29 cM.

Several small YAC contigs proximal and distal to TGM2 and
EST391, respectively, were also isolated during the course of
this study (Fig. 2). A contig containing BCLX and HCK,
initially considered as candidates for the tumor suppressor
gene in malignant myeloid disorders but now excluded based
on their location, and the polymorphic markers D20S11,
D20S200, and D20S187, were localized proximal to TGM2.
Mutations at the agouti locus in mice are associated with
obesity and diabetes. The human homolog of agouti, AGTIL,
was localized in a small contig with D20S195 and D20S55, a
location which excludes AGTIL as being the locus responsible
for MODY. As shown in Fig. 2A, exons 1 and 2 ofAGTIL are
located in different YACs indicating that the 5' end of this
gene is oriented towards the centromere. Two small contigs
from the region distal to EST391 were also assembled, each
comprising seven STSs, and nine and eight YACs, respectively
(Fig. 2B); the melanocortin-3 receptor (MC3R) is in the more
distal contig.

Cytogenetic Localization of the Contig. To verify the phys-
ical map and to test for the presence of chimeric clones, 25 of
the 72 YACs shown in Fig. 1 were mapped to normal meta-
phase chromosomes by FISH. Seventeen YACs were not
chimeric and mapped to chromosome 20 bands q11.1-q13.2
(Fig. 3 and Table 1). The inserts in these YACs contain '12
Mb of DNA. Thus, a substantial share of the interstitial portion
of chromosome 20 can be isolated in nonchimeric clones which
will facilitate the isolation of disease genes from this region
since the YACs can be used directly to screen cDNA libraries
and for exon trapping without worrying about isolating cDNA
clones or exons from genes mapping to other chromosomes.

Ordering of RPN2, SRC, and RBL1 by FISH. Dual-color
FISH was used to order RPN2, SRC, and RBL1 (p107) since
the order of these genes could not be unambiguously deter-

Genetics: Stoffel et al.
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FIG. 4. Partial pedigree of the RW family showing haplotypes of key individuals for localizingMODYL. Of theW branch, III-37 and her offspring
are described in figure 1 of ref. 2. IV-17, an offspring of III-3, and the subjects of the R branch have not been published. The numbers under the
subjects of the W branch give repository numbers of immortalized cell lines stored in the National Institute of General Medical Sciences Human
Genetic Mutant Cell Repository. Individuals with NIDDM are noted by black symbols (2). The marker genotypes and haplotypes are indicated.
The at-risk haplotype is noted by shading, with the lighter shading indicating ambiguity in the transmitted haplotype.

mined by STS content analysis. Dual-color FISH to metaphase
chromosomes indicated that SRC was proximal to RBL1 (of 33
chromosomes examined, SRC was proximal to RBLI in 48%,
SRC and RBL1 signals were fused in 21%, and SRC was distal
to RBLJ in 27%). Hybridization of SRC- and RBL1-specific
probes to interphase nuclei resulted in discrete signals that
were well separated. In contrast, cohybridization of RPN2 and
SRC probes to interphase cells showed a fused signal suggest-
ing that these genes were very close. Although the order of
RPN2 and SRC could not be deduced by interphase analysis,
the results obtained by the analysis of leukemia cells with
deletions or translocations of 20q suggest that RPN2 was

proximal to SRC. In one patient, the proximal breakpoint of an
interstitial deletion of 20q occurred between the RPN2 and
SRC genes; RPN2 was retained, whereas SRC was included in
the deleted segment. In another patient with a

t(17;20)(q21;qll.2), the breakpoint was between SRC and
RBL1 which was translocated to chromosome 17. Thus, the
order was inferred to be cen-RPN2-SRC-RBL1-tel.

Localization of Genes on the Physical Map. Twenty known
genes and six ESTs were placed on the contig by STS mapping.
The locations of the genes in the physical map corresponded

well with previously reported genetic and cytogenetic assign-
ments except for TGM2 and KCNBl. TGM2 was previously
localized to 20q12 by FISH (13), whereas our data place it in
band qll.2. Similarly, KCNB1 was mapped to band q13.2 by
FISH (14), and our data localize it to band q13.1.

Localization of MODYI. Previous studies have localized
MODYI to a 13-cM interval betweenPLCGI andD20S4 (3, 4).
Using the markers shown in Fig. 1, we have refined the location
ofMODY1 to an interval between D20S169 and D20SJ 76. The
haplotypes of the key recombinants in the RW pedigree, the
original pedigree in which this linkage was described and the
only pedigree identified to date showing statistical evidence for
linkage with markers on chromosome 20, are shown in Fig. 4.

DISCUSSION

We have generated a physical map of a significant portion of
the long arm of chromosome 20. This map is comprised of 71
overlapping YAC clones onto which we have ordered 71
markers including 20 genes, 5 ESTs, 32 STRPs and 14 STSs.
The sex-averaged length of this region is 29 cM and the
maximum physical length about 18 Mb. Thus, 1 cM corre-
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sponds to -620 kb. Overall, the order of markers based on
genetic or physical methods are in excellent agreement. More-
over, markers which were tightly linked genetically could be
ordered on the physical map.
Chromosome bands 20q11.2-20q13.1 contain a putative

tumor-suppressor gene involved in myeloid leukemias and a
gene, MODY1, responsible for one form of early-onset
NIDDM. A number of candidate genes for the putative
tumor-suppressor gene have been mapped to the long arm of
chromosome 20 including BCLX, a BCL2-related gene in-
volved in regulating cell growth and apoptosis; HCK, a hema-
topoietic cell-specific tyrosine kinase gene; E2F1, SRC, RBL1,
TOP1, PLCG1, and PTPN1 (15, 16). BCLX, HCK E2F1, and
PTPN1 lie outside the commonly deleted segment which
extends fromRPN2 proximally to D20S17 distally, and thus are
excluded as being the putative suppressor gene. Of the other
genes, RBL1 may be the best candidate for a tumor-suppressor
gene. This gene encodes the retinoblastoma-related protein
p107 which is believed to play a role in regulating cellular
proliferation. The protein pl07 binds to cyclin D1-CDK4 and
cyclin A-CDK2 complexes as well as to complexes of cyclin
A-CDK2 and the transcription factors E2F/DP-1 and the
binding is modulated during the cell cycle and by phosphor-
ylation of pl07 (17). In addition, p107 suppresses the trans-
activation domain of MYC and mutant MYC proteins are
resistant to this suppression. Thus, disruption of a regulatory
interaction between pl07 and cyclin complexes orMYC may be
important in the process of tumorigenesis (17, 18).
The MODY1 gene product appears to be involved in the

regulation of insulin secretion by pancreatic 3-cells and clinical
studies have shown that subjects with mutations in MODY1
have an altered insulin secretory response to glucose that is
evident even before the onset of overt NIDDM, suggesting that
the primary defect affects insulin secretion/,-cell function
rather than insulin action (19). Several candidates for MODY1
have been mapped to chromosome 20. The agouti gene
product, a paracrine signaling molecule which is expressed at
highest levels in skin but whose ectopic expression can lead to
obesity and diabetes, and phospholipase C, an intracellular
second messenger encoded by PLCG1, are proximal to the
MODY1 region and thus excluded as being the disease-causing
locus (14, 20). Similarly, the tyrosine phosphatase gene,
PTPN1, which encodes a protein involved in intracellular
signaling, is distal to MODY1 and thus excluded. The cytosolic
phosphoenolpyruvate carboxykinase gene, which encodes a
key regulatory enzyme of gluconeogenesis, has been mapped
to chromosome 20 and transgenic mice overexpressing this
gene in liver develop NIDDM (21). The phosphoenolpyruvate
carboxykinase gene, PCK1, has been mapped by FISH to
20q13.3, which is outside the MODY1 interval, and linkage
studies have shown that it is not tightly linked to MODY1 (9).

Several candidate genes are located in the interval contain-
ing MODY1. Hepatocyte nuclear factor 4, HNF4, a transcrip-
tion factor of the steroid hormone receptor superfamily, is
expressed at high levels in liver, intestine, and kidney and at
lower levels in endocrine pancreas and skin. It plays an
important role in the regulation of genes of glucose (phos-
phoenolpyruvate carboxykinase and pyruvate kinase), fatty
acid (medium chain acyl-CoA dehydrogenase), and lipopro-
tein metabolism (apolipoproteins AI, AII, AIV, CIII, and B)
(22). HNF4 deficiency is an embryonic lethal, and mice lacking
this protein die due to a defect in gastrulation (23). However,
heterozygous mice having only one functional gene will pro-
vide a useful model to test whether insulin secretion profiles
are affected in these mice. Mutations in ADA and protective
protein genes (PPGB) are associated with single-gene disor-
ders, but diabetes is not a feature of severe-combined immu-
nodeficiency or hemolytic anemia associated with adenosine
deaminase deficiency or excess, respectively, or galactosialido-
sis. SEMG, PI3, CD40, and KCNB1 are not expressed in human

pancreatic islets as judged by reverse transcriptase PCR (M.S.,
unpublished results) and are therefore unlikely causes of
MODY; KCNB1 is also excluded because it maps outside the
MODY1 interval.

In summary, we have established a long-range physical map
of chromosome bands 20qll.2-20q13.1 The YAC contig
which defines this map will be useful for the molecular
characterization of myeloid leukemia deletions and linkage
studies of MODY families. Moreover, it will facilitate the
cloning of the genes responsible for these and other disorders.
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