
RESEARCH 

Generation of a Transcriptional Map for a 
700-kb Region Surrounding the Polycystic 
Kidney Disease Type 1 (PKDO and Tuberous 

Sclerosis Type 2 (TSC2) Disease Genes on 
Human Chromosome 16p13.3 

Timothy C. Burn, 1 Timothy D. Connors, Terence J. Van Raay, 

William R. Dackowski, John M. Millholland, Katherine W. Klinger, and 

Gregory M. Landes 

Department of Human Genetics, Integrated Genetics, Framingham, Massachusetts 01 701 

A 700-kb region of DNA in human chromosome 16pl3.3 has been shown to contain the polycystic kidney 

disease I (PKD/) and the tuberous sclerosis type 2 (T$C2) disease genes. An estimated 20 genes are present in 
this region of chromosome 16. We have initiated studies to identify transcribed sequences in this region using 
a bacteriophage PI contig containing 700 kb of DNA surrounding the PKDI and TSC2 genes. We have isolated 

96 unique exon traps from this interval, with 23 of the trapped exons containing sequences from five genes 
known to be in the region. Thirty exon traps have been mapped to additional transcription units based on 
data base homologies, Northern analysis, or their presence in cDNA or reverse transcriptase (RT}-PCR 
products. We have mapped the human RhlP$ gene to the cloned interval. We have obtained cDNAs or 

RT-PCR products from eight novel genes, with sequences from seven of these genes having homology to 

sequences in the data bases. Two of the newly identified genes represent human homologs for rat and murine 
genes identified previously. We have isolated three exon traps with homology to sequences in the data bases 

but have been unable to confirm the presence of these exon traps in expressed sequences, in addition, we 
have isolated 43 exon traps that do not map to our existing cDNAs or PCR products and have no homology 

to sequences in the data bases. In this report we present a transcriptional map for the 700 kb of DNA 
surrounding the PKD1 and T$C2 genes. 

A 700-kb CpG-rich region in band 16p13.3 has 

been shown to contain the disease gene for 90% 

of the cases of autosomal dominant  polycystic 

kidney disease (PKD1) (Germino et al. 1992; 

Somlo et al. 1992; European Polycystic Kidney 

Disease Consortium 1994) as well as the tuburin 

gene (TSC2), responsible for one form of tuberous 

sclerosis (European Chromosome 16 Tuberous 

Sclerosis Consor t ium 1993). An estimated 20 

genes are present in this region of chromosome 

16 (Germino et al. 1993). In addition to the PKD1 

and TSC2 genes, four additional genes from this 

interval have been characterized previously and 

include the ATP6C proton pump gene (Gillespie 

et al. 1991), the CCNF gene encoding cyclin F 
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(Kraus et al. 1994), the sazD gene encoding a 

transducin-like protein (Weinstat-Saslow et al. 

1993). and the hERV1 gene (Lisowsky et al. 1995). 

Studies of the region surrounding PKD1 in 

16p13.3 are complicated by the duplication of a 

portion of the genomic interval more proximally 

at 16p13.1 (European Polycystic Kidney Disease 

Consortium 1994). This duplication makes the 

assembly of a transcriptional map particularly 

challenging. For these reasons, we have chosen to 

use exon trapping to identify transcribed se- 

quences in the 700 kb of DNA surrounding the 

PKD1 gene. Several exon trapping methodologies 

and vectors have been described for the rapid and 

efficient isolation of coding regions from ge- 

nomic DNA (Auch and Reth 1990; Duyk et al. 

1990; Buckler et al. 1991; Church et al. 1994). 

The major advantage of exon trapping is that the 
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expression of cloned genomic DNAs (cosmid, P1, 

or YAC) is driven by a heterologous promoter in 

tissue culture cells. This allows for coding se- 

quences to be identified without prior knowledge 

of their tissue distribution or developmental 

stage of expression. A second advantage of exon 

trapping, and particularly important for our ap- 

plication, is that exon trapping allows for the 

identification of coding sequences from only the 

cloned template of interest, which eliminates the 

risk of characterizing highly conserved tran- 

scripts from duplicated loci. This is not the case 

for either cDNA selection or direct library screen- 

ing. Exon trapping has been used successfully to 

identify transcribed sequences in the Hunting- 

ton's disease locus (Ambrose et al. 1992; Taylor et 

al. 1992; Duyao et al. 1993) and BRCA1 locus 

(Brody et al. 1995; Brown et al. 1995). In addi- 

tion, a number of disease-causing genes have 

been identified using exon trapping, including 

the genes for Huntington's disease (Huntington's 

Disease Collaborative Research Group 1993), 

neurofibromatosis type 2 (Trofatter et al. 1993), 

Menkes disease (Vulpe et al. 1993), Batten Dis- 

ease (International Batten Disease Consortium 

1995), and the gene responsible for the majority 

of Long-QT syndrome cases (Wang et al. 1996). 

In preliminary studies by our group, the 700- 

kb interval around the PKD1 locus was cloned as 

a series of 14 overlapping bacteriophage P1 

clones, with a minimal tiling series being defined 

by 11 P1 clones (Dackowksi et al., this issue). 

Here, we describe the isolation and characteriza- 

tion of 96 individual exon traps from the ge- 

nomic P1 contig, with the exon traps being used 

as a framework for the assembly of a transcrip- 

tional map. 

RESULTS 

The Identification of Coding Sequences Using 

Exon Trapping 

The starting reagent for exon trapping experi- 

ments was a 14-clone bacteriophage P1 contig 

containing 700 kb of genomic DNA from the re- 

gion surrounding the PKD1 gene in chromosome 

16p13.3 (Dackowski et al., this issue). Exon trap- 

ping was performed using an improved trapping 

vector (Burn et al. 1995), with the resulting exon 

traps being characterized by DNA sequence 

analysis. In a number  of cases, exons were 

trapped multiple times from overlapping P1 

clones, whereas in other cases, exons were 

trapped both as individual exons and in combi- 
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nation with one or more flanking exons. The re- 

sulting unique exon traps were individually la- 

beled and hybridized to the dot-blotted P1 contig 

to authenticate the exon trap as well as obtain 

additional positional information. In >98% of 

the cases examined, hybridization to the parental 

P1 clone was observed with additional hybridiza- 

tion to one or more overlapping P1 clones being 

seen in many cases (summarized in Fig. 1). 

Comparison of Trapped Exons to Human Genes 

Reported Previously 

To determine the relative efficiency of the exon 

trapping procedure, exon traps were compared 

with the cDNA sequences for those genes known 

to be in the interval around the PKD1 gene (Fig. 

1). Single exon traps were obtained from the hu- 

man homolog of the ERV1 (Lisowsky et al. 1995) 

and the ATP6C proton pump genes (Gillespie et 

al. 1991). In contrast, 8 individual exon traps 

were isolated from the TSC2 gene and 10 from 

the CCNF gene (European Chromosome 16 Tu- 

berous Sclerosis Consortium 1993; Kraus et al. 

1994). We obtained trapped sequences from 

three of the exons present in the PKD1 gene 

(American PKD1 Consortium 1995; Hughes et al. 

1995; International Polycystic Kidney Disease 

Consortium 1995). We were unable to identify 

exon traps containing sequences from the sazD 

gene, despite obtaining an exon trap from the 

adjacent hERV1 gene as well as 16 additional 

exon traps from the 109.8C and 47.2H P1 clones, 

where the sazD gene is located. Based solely on 

these data, our overall efficiency for obtaining 

exon traps from genes in the region of PKD1 

could be estimated at 83%. This is in close agree- 

ment to previous studies using exon trapping, 

which reported the isolation of at least one exon 

trap from seven of eight genes known to be pre- 

sent in a chromosome 6 cosmid contig (North et 

al. 1993). 

Sequences present in two exon traps (Ge- 

nome Sequence Database L75926 and L75927), 

localizing to the region of overlap between the 

96.4B and 64.12C P1 clones, were shown to con- 

tain sequences from the human homolog to the 

murine RNPS gene described previously (Gen- 

Bank accession no. L37368), encoding an S- 

phase-prevalent  DNA/RNA-binding prote in  

(Schmidt and Werner 1993). A comparison of 

these exon traps to the dbEST data base indicated 

that they were also contained in cDNA 52161 

from the I.M.A.G.E. Consortium (Lennon et al. 
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Figure 1 Schematic diagram of the P1 contig and trapped exons. The horizontal line at the top shows the 
position of relevant DNA markers (in red) with the scale (in kilobases) being indicated in navy blue. The position 
of Notl sites is shown in navy blue below the horizontal line. The position and orientation of the known genes is 
indicated by green arrows with the number of exon traps obtained from each gene shown in parentheses. The 
position of the transcription units described in this report (A-M) are shown below the known genes. Authenti- 
cated transcription units are shown in light blue, with the orientation being denoted by an arrow, if known. 
Transcriptional units that have not been authenticated are denoted by open light blue boxes (transcripts D and 
E), whereas the gray box denotes the LLRep3 sequences encoding a potential pseudogene (transcript K). Tran- 
scriptional units with EST hits are denoted by solid red circles. The accession numbers of corresponding exon 
traps are shown below each transcriptional unit. P1 clones are indicated by orange lines with the name of the 
clone above the line. The position of trapped exons that did not map to characterized transcripts are shown 
below the P1 contig. Vertical lines denote the interval within the P1 clones detected by the exon traps in 
hybridization studies. 

1996). On the basis of these data, the hRNPS gene 

can be mapped  to 16p13.3 near  DNA marker  

D16S291 (transcript G in Fig.l). 

Identification of Human Homologs to Two Rat 

Genes and a Murine Gene 

At least three h u m a n  homologs  to rodent  genes 

reported previously are present  in the 700 kb ex- 

amined  based on comparison of the 96 unique  

exon traps with the data bases. Two exon traps 

from the 1.8F P1 clone were found to have a high 

level of homology  to the mur ine  ~AP3 transcrip- 

t ion factor described previously (Fognani et al. 

1993). The two exon traps were linked by PCR, 

with the resulting 1.1-kb PCR product  being 85% 

identical at the nucleotide level to the mur ine  

~AP3 cDNA (Fognani et al. 1993). Hybridizat ion 

of the ~AP3-1ike exon traps to the dot-blot ted P1 

c o n t i g  i n d i c a t e d  t h a t  t he  gene  lies in t he  

nonover lapping  region of the 1.8F P1, between 

the DNA markers KLH7 and GGG12 (transcript H 

in Fig. 1). Significant homology  was also seen be- 

tween two exon traps from the 97.10G P1 and 

the rat Rab26 ras-related GTPase (Wagner et al. 

1995). The Rab26-1ike exon traps were linked by 
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reverse transcriptase (RT)-PCR (transcript J in Fig. 

1) with the encoded sequences being 94% (83/ 

88) identical at the protein level to Rab26 (Fig. 

2D). We also have obtained an exon trap that is 

86% identical (170/197) at the nucleotide level to 

the rat augmentor  of liver regeneration described 

previously, ALR (Hagiya et al. 1994). The ALR-like 

exon trap was shown to contain sequences from 

the recently described hER V1 gene, which en- 

codes a func t iona l  h o m o l o g  to yeast  ERV1 

(Lisowsky et al. 1995). Data base searches by 

Lisowsky and co-workers (1995) revealed homol- 

ogy to only ERV1; however, a comparison of 

hERV1 and rat ALR indicates that  the two pro- 

teins are 89% (111/125) identical. 

Exon Traps Containing Sequences from Novel 
Genes 

To correlate exon traps with individual tran- 

scripts, cDNA library screening and PCR-based 

approaches were used to clone transcribed se- 

quences containing selected exon traps. RT-PCR 

was used to link individual exon traps together in 

cases where the two exon traps had homology to 

similar sequences in the data bases. In cases 

where only single exon traps were available, we 

relied on 3' rapid amplification of cDNA ends 

(RACE) or cDNA library screening to obtain ad- 

ditional sequences. Using this strategy, we have 

obtained six partial cDNAs, three RT-PCR prod- 

ucts, and a 3' RACE product (Fig. 1; Table 1). Se- 

quences from the exon traps and cloned products 

where used to map the position, and when pos- 

sible, the orientation of the corresponding tran- 

scription units. 

Six unique exon traps, containing sequences 

from at least eight exons, were shown to be from 

a transcriptional unit  in our centromeric most P1 

clone, 94.10H (transcript A in Fig. 1). A 2-kb 

cDNA linking the six exon traps was isolated and 

shown to hybridize to an 8-kb transcript (Fig. 3, 

below). Additional hybridization studies indi- 

cated that the gene was oriented centromeric to 

telomeric, with at least 6 kb of the transcript 

originating from sequences centromeric of our P1 

contig. Extensive homology  was observed be- 

tween the translated cDNA and a variety of pro- 

tein kinases; however, the presence of the con- 

served HRDLKPEN motif encoded in exon trap 

L48734, as well as the partial cDNA, suggests that 

it encodes a serine/threonine kinase (van-der- 

Geer et al. 1994). We have also isolated cDNAs 

using sequences from a separate 94.10H exon 
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trap (L48738) and determined the position and 

orientation of the corresponding transcription 

unit  (transcript B in Fig. 1). Two cDNA species 

were obtained using exon trap L48738 as a probe, 

with the only homology between the two species 

arising from the 109 bases contained in the exon 

trap. Using oligonucleotide probes, the transcrip- 

tion unit  was mapped to a position near the 26- 

6DIS DNA marker, in a telomeric to centromeric 

orientation; however, we were only able to map 

one of the cDNA species to our P1 contig (tran- 

script B in Fig. 1). On the basis of these data, we 

hypothesized that the second cDNA species origi- 

nated from a region outside of our P1 contig, pos- 

sibly from the duplicated 26-6PROX marker lo- 

cated farther centromeric in 16p13.3 (Gillespie et 

al. 1990). 

In addition to the ATP6C gene, the 110.1F P1 

clone contains at least two additional genes. Us- 

ing BLASTX to search the protein data bases, we 

observed s ignif icant  h o m o l o g y  be tween  se- 

quences encoded by exon trap L48741 and the 

N-acety lg lucosamine-6-phosphate  deacetylase 

(nagA) proteins from Caenorhabditis elegans (Wil- 

son et al. 1994), Escherichia coli (Plumbridge 

1989), and Haemophilus (F le ischmann et al. 

1995). An al ignment of the nagA proteins to the 

translated exon trap revealed the presence of 

multiple conserved regions (Fig. 2A), suggesting 

that the exon trap contains sequences from the 

human  nagA gene. We have cloned additional 

sequences from the nagA-like transcript using 3' 

RACE and mapped the transcription unit  to a re- 

gion between NotI sites 2 and 3 in Figure 1. The 

gene is oriented telomeric to centromeric with 

NotI site 2 being present in the 3' untranslated 

region (UTR) of the RACE clone (transcript C in 

Fig.l). Two additional exon traps (L75916 and 

L75917), mapping to the region of overlap be- 

tween the 110.1F and 53.8B P1 clones (transcript 

D in Fig. 1), were shown to have homology with 

the chicken netrins (Kennedy et al. 1994; Serafini 

et al. 1994) and the C. elegans UNC-6 protein 

(Ishii et al. 1992) (Fig. 2). The netrins define a 

family of diffusable factors involved in axon out- 

growth, whereas UNC-6 has been shown to have 

a role in the migration of mesodermal cells and 

axons (Ishii et al. 1992). Sequences encoded by 

exon trap L75917 were shown to have significant 

homology with the carboxy-terminal most epi- 

dermal growth factor (EGF) repeat found in the 

netrin and UNC-6 proteins (Fig. 2B). The second 

netrin-like trap (L75916) encodes sequences from 

the more divergent carboxy-terminal domain of 
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A 

Emn Tr~ LSU~ ~m~ 

C. elegmns 150 -H~Ke~-IS--RRG-HPE .... S ........... YG---N--IVT--PEw----E- ....... V~-A-L---E-AV-SQk-- 

E. coli 128 ~ .... K-GI14 ..... R---A-A--D-L- ..... D----VIL-PE ..... EV---L--~I-VS-GI~-A-L--A .... -G-TF 

H. influenza 126 I/4-E-P--S-EK-G-H ..... R ........ D-L---G--IM----T---E- ............. I-VS-G~S-A----A--A---(~kTF 

E~n ~ ~ 9 ~ L  

C. ele~ms 242 ~--H~I~--GIId~S--L- ...... YG-I-DG-HT---AERIA ..... -GUWAFa~-ALG---G-H-IE-Q---V-GL- 

E. coli 213 ~ P -  ....... -GL- .... L- .... I--G-IADG-H---A--R-A-R .... L-LVII~----G .......... 

H. influalza 211 -~l~q~%q-P- ...... -G- ............ -G-I-DG-H-N----RI ....... L--VID-I-A---C-- .... L- ..... -G-T 

B 

E~n Tr~ 

netrin-2 

netrin-i 

ONC-6: 

3ei 

406 APC- 

410 C-C~Pk~--G--ClqQ- -G~C~K -V-PC- 

C 

m m T r ~  

netrin-2 

netrin-1 

HSP~SAE~IB~,mSSP~P~O3S~Kp 

425 ......... I ....... S-- -P-IX3~S-CKPA-G-Y- I- -EK-C~I~y 

450 .......... P-PT--SS---P-DC~S-CK---G---I--I~-(~EDy 

D 

RAB26 RT-PCR 

rat Rab26 

E 

1 ~ K - ~ 2 ~ Z . ~ - S F I ~  

~ ~ , ~ , .  

pilB Protein 410 .... F-PG-I~----G--12SS--KY .... -~K~-pT--I-A-SXr ............. V ...... iGH-F--DGI ~- .... 

S. cerevisiae 68 ..... E-G%~-CA-CD--L-SS--K- .... -~AF-E- ................ A-----C--C---LGH-F---G-K ...... 

C. elegans 55 F--HFE-G-Y~--CS-E~F-S--K .... -M~AF-E- ................. V �9 -C--C---LGM-F-ND~ .... 

H. ~ 241 .... F--G-~V----G---FSS--K ..... -WP-PT--I--D-V .................. -GN-LGH-F--DGRK-G- -R- 

Figure 2 Alignment of selected exon traps with sequences in the data bases. (A) 
An alignment of sequences encoded by exon trap L48741 and nagA from C. 
elegans, E. coli, and Haemophilus. In all cases, identical residues are shown below 
the translated exon trap, whereas mismatches are denoted by the hyphens. The 
numbers at left designate the position of the amino acids from each protein. (B) 
The EGF repeat from netrin-1, netrin-2, and UNC-6 are shown aligned to one of 
the translated netrin-like exon traps (L75917). (C) An alignment of sequences 
from the second netrin-like exon trap (L75916) and netrin-1 and netrin-2 is 
shown. (D) An alignment of the translated Rab26-1ike RT-PCR product and rat 
Rab26. (E) Sequences encoded by exon trap L48792 are shown aligned to se- 
quences from the pilB transcriptional repressor from N. gonorrhoeae, sequences 
predicted by computer analysis to be encoded by cosmid F44E2.6 from C. el- 
egans, the YCL33C gene product from yeast (GenBank accession no. P25566), 
and a transcriptional repressor from Haemophilus. (.)Positions where gaps were 
inserted in the protein sequence to maintain alignment. 

the  netrins (Fig. 2C). This region is the least con- 

served between UNC-6 and the netrins, with se- 

quences being 63% conserved between netrin-1 

and -2 and 29% conserved between netr in-2 and 

UNC-6 (Serafini et al. 1994). We have been un- 

able to confirm the presence of the netrin-like 

exon traps in transcribed sequences based on RT- 

PCR or cDNA library screening. These data sug- 

gest that  the exon traps originate from a gene 

with a restricted tissue or developmenta l  expres- 

sion pattern,  or a l ternat ively from an unt ran-  

scribed pseudogene. 

F o u r  e x o n s  w e r e  

shown to have a h igh level 

of homology  to the mur ine  

ABC1 and ABC2 proteins  

(Luciani et al. 1994), which 

represent a novel subclass 

o f  m a m m a l i a n  ABC 

(ATPase b ind ing  cassette) 

transporters.  Three of the 

ABC-like exons (L48758-  

L48760) map  to the region 

of o v e r l a p  b e t w e e n  t he  

30.1F, 64.12C, and 96.4B 

P1 clones (transcript F in 

Fig. 1), whereas the fourth 

( L 4 8 7 5 3 )  m a p s  to  t h e  

79.2A P1 exclusively (tran- 

script E in Fig. 1). We have 

been unsuccessful in iden- 

tifying tissues that  express 

sequences conta ining exon 

trap L48753 using bo th  RT- 

-PCR and PCR screening of 

cDNA libraries. Again, it is 

unclear whether  the exon 

t rap  o r i g i n a t e d  f rom an 

untranscr ibed pseudogene 

or a gene with a restricted 

pat tern  of expression. We 

have, however, obtained a 

1 .1-kb RT-PCR p r o d u c t  

tha t  links the three exon 

t raps  f rom t r a n s c r i p t  F, 

with the RT-PCR product  

de tec t ing  a 7-kb message 

on  N o r t h e r n  b lo ts  (data  

not  shown). We have also 

obtained a cDNA from this 

region based on a search of 

the dbEST data base, with 

sequences from exon traps 

L75924 and L75925 being 

conta ined in cDNA 49233 from the I.M.A.G.E. 

Consor t ium (Lennon et al. 1996). Because data 

base searches indicated that  the cDNA also en- 

codes sequences with homology  to mur ine  ABC1 

(Table 1), we hypothes ized that  the 1.1-kb RT- 

PCR product  and the cDNA originate from the 

same transcr ipt ion unit .  The presence of bo th  

cloned reagents in the same transcript ion uni t  

has been conf i rmed using RT-PCR (T.D. Con- 

nors, T.J. VanRaay, K.W. Klinger, G.M. Landes, 

and T.C. Burn, in prep.). These results, coupled 

with hybridizat ion studies, indicate that  a novel 
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gene encoding an ABC-transporter is located be- 

tween the LCN1 and D16S291 markers in a cen- 

tromeric to telomeric orientat ion.  

Five t rapped  exons from Pls  109.8C and  

47.2H were shown to conta in  sequences with ho- 

m o l o g y  to the  h u m a n  r ibosomal  p ro t e in  L3 

cDNA, with hybridizat ion studies indicating that  

the L3-1ike gene is oriented centromeric  to telo- 

meric (transcript L in Fig. 1). The cumulat ive per- 

cent ident i ty  between the t rapped exons and the 

reported h u m a n  ribosomal protein L3 cDNA was 

74% (537/724) at the nucleotide level. These data 

have been confirmed by analysis of a full-length 

cDNA, with the compar ison suggesting that  we 

have identified a novel r ibosomal protein L3 sub- 

type (T.J. Van Raay, T.D. Connors,  K.W. Klinger, 

G.M. Landes, T.C. Burn, in prep.). In addit ion,  we 

have obtained an exon trap (L48792) from a gene 

that  is located telomeric of the L3-1ike gene (tran- 

script M in Fig. 1). Exon trap L48792 was shown 

to have homology  to a computer-predicted 17.2- 

kD protein encoded by cosmid F44E2.6 from C. 

elegans (Wilson et al. 1994). Using sequences 

from exon trap L48792, we have isolated a 600- 

bp partial cDNA and determined that  the corre- 

sponding gene is oriented centromeric  to telo- 

meric. A 1.3-kb message is detected by the cDNA 

on Nor thern  blots (Fig. 3). Sequences conserved 

between the partial cDNA and the hypothet ica l  

17.2-kD protein were also conserved in the pilB 

Figure 3 Expression pattern of selected transcip- 
tion units. Hybridization of cDNAs (transcripts A and 
M) or an exon trap (transcript I) to poly(A) § RNA. 
Multiple-tissue Northern blots were obtained from 
Clontech. The sizes of the transcripts are shown at 
right. Exposure times were 1 (transcripts A and M) or 
4 days (transcript I). 

TRANSCRIPTIONAL MAP OF IHE PKD! LOCUS 

prote in  from Neisseria gonorrhoeae (Taha et al. 

1988), a hypothet ical  19.3-kD protein from yeast 

(GenBank accession no. P25566), and a fimbrial 

t r an sc r i p t i on  r egu la t ion  repressor  f rom Hae- 
mophilus (Fleischmann et al. 1995) (Fig. 2E). The 

pilB protein has homology  to hist idine kinase 

sensors and has been shown to have a role in the 

repression of pilin product ion  in N. gonorrhoeae 
(Taha et al. 1988, 1991). An addit ional  exon trap 

from region of overlap between the 109.8C and 

47.2H P1 clones was shown to conta in  h u m a n  

LLRep3 sequences (Slynn et al. 1990). Hybridiza- 

t ion studies indicated that  the LLRep3 sequences 

(transcript K in Fig. 1) were located between the 

sazD and L3-1ike genes. However, because there 

are nearly 200 copies of LLRep3 in the mur ine  

and h u m a n  genomes (Heller et al. 1988), with  

the major i ty  of the copies representing pseudo- 

genes, no addi t ional  character izat ion was per- 

formed on this exon trap. 

Forty-three of the t rapped exons did not  have 

significant homology  to sequences in the protein 

or DNA data bases, nor  were expressed sequence 

tags (ESTs) conta ining sequences from the exon 

traps observed in dbEST. The absence of ESTs 

con t a in ing  sequences  f rom these  novel  exon  

traps is no t  surprising because one of the crite- 

rion for selecting exon traps for further analysis 

was the presence of an EST in the data base. These 

t rapped exons are likely to represent bona  fide 

p roduc t s ,  because  in m a n y  cases t h e y  were 

t rapped mult iple times from different P1 clones 

and in combina t ion  with flanking exons. An ex- 

ample  of this is given by  exon trap L48769, 

which maps to the region of overlap between the 

1.8F and 97.10G P1 clones. Sequences conta ined  

in the L48769 exon trap were obtained from both  

the 1.8F and 97.10G P1 clones (transcript I in Fig. 

1), with a compar ison of the exon traps from this 

region indicat ing that  at least four individual  ex- 

ons are present in trap L48769 (data not  shown). 

There were no sequences in the  pro te in  data 

bases with homology  to exon trap L48769; how- 

ever, an EST conta ining sequences from the exon 

trap was identified. The presence of the exon trap 

in transcribed sequences was also confirmed by 

Nor thern  analysis, with the exon trap hybridiz- 

ing to a 3.0- and 4.5-kb message (Fig. 3). 

Comparison of the Exon Traps and cDNAs to the 

EST Data Base 

A search of the dbEST data base using exon traps, 

cDNAs, and RT-PCR products revealed the pres- 
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ence of ESTs for 61.5% (8/13) of the novel genes 

identified in our studies (indicated by solid red 

circles in Fig. 1). In addition to the EST from tran- 

script I described above, we found three ESTs con- 

taining sequences from the nagA gene (transcript 

C). Two ESTs from the ABC transporter gene 

(transcript F) were identified, whereas a total of 

five ESTs were found to contain sequences from 

the RNA-binding protein gene (transcript G). 

Single ESTs were identified for the human  ho- 

mologs to the murine chAP3 (transcript H) and rat 

Rab26 genes (transcript J). ESTs containing se- 

quences from transcript M, encoding a potential 

transcriptional repressor, and LLRep3 (transcript 

K) were also identified. 

DISCUSSION 

We have used exon trapping to identify tran- 

scribed sequences in a P1 contig containing -700 

kb of DNA surrounding the PKD1 and TSC2 

genes. Exon traps have been obtained from a 

m i n i m u m  of 18 genes in this interval. The 18 

genes identified include 5 genes reported previ- 

ously from the interval and 1 previously charac- 

terized gene whose location was unknown.  Addi- 

tional exon traps have been mapped to genes 

based on their presence in cDNAs, RT-PCR prod- 

ucts, or their hybridization to distinct mRNA spe- 

cies on Northern blots. Transcripts D and E have 

been tentatively labeled as genes based on the 

presence of homologous sequences in the protein 

data bases; however, we have been unable to con- 

firm their presence in transcribed sequences. We 

have included the LLRep3 transcriptional unit  

(transcript K) in the 18 identified genes. How- 

ever, the LLRep3 transcriptional unit  may be a 

pseudogene, as there are 200 LLRep3 copies in 

the genome with the majority being pseudogenes 

(Heller et al. 1988). We have also identified 43 

exon traps that  have not  been mapped to tran- 

scription units and lack significant homology to 

sequences in the data bases; some of these novel 

exon traps are likely to contain sequences from 

additional genes. We have not, however, tested 

these novel exon traps in "zoo-blots" to confirm 

their cross-species conservation, nor have we at- 

tempted to determined the number  of genes that  

these exons may represent. 

Exon traps representing a number  of biologi- 

cally interesting genes have been identified in the 

700-kb region. Exons traps containing sequences 

from a novel protein kinase gene were observed 

in the centromeric-most P 1. The kinase-like exon 
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traps detected an 8-kb transcript by Northern 

analysis (Fig. 3), with sequences of one of the 

exon traps predicting a motif  characteristic of a 

protein-serine/threonine kinase (van-der-Geer et 

al. 1994). Because the kinase gene is oriented cen- 

tromeric to telomeric, with the 5' 6 kb of the 

transcript lying outside of our Pl contig, it pos- 

sible that  the gene extends into the familial 

Mediterranean fever (FMF) critical region, which 

has a telomeric boundary mapping to the VK5 

DNA marker (Aksentijevich et al. 1993), <100 kb 

centromeric of the 94.10H P1 clone. 

We have also identified exon traps from a 

gene with homology to the netrin family of pro- 

teins. Analysis of the full-length cDNA and pre- 

dicted peptide will be required to examine more 

completely the conservation of functional do- 

mains between the netrin-like gene encoded in 

the PKD1 locus and the chicken netrins. How- 

ever, the low level of homology between the ne- 

trin-like trap and the C-domain of the netrins 

may indicate that the exon traps originate from a 

gene encoding a closely related protein and not  a 

homolog  to either of the chicken netrins. To 

date, we have been unable to identify a cDNA 

library containing sequences from the netrin-like 

exon traps. Given that netrins function as target- 

derived neural chemoattractants, it is likely that 

the netrin-like gene has a restricted spatial and 

temporal pattern of expression. The identifica- 

tion of two exon traps from a gene with an ap- 

parently restricted expression pattern highlights 

one of the major advantages of exon trapping. 

That is the ability to identify transcribed se- 

quences independent  of their tissue-specific or 

developmental-specific patterns of expression. 

Our exon trapping results indicate that  there 

is at least one novel ABC transporter in the PKD1 

locus. Exon traps with homology to the murine 

ABC1 and ABC2 genes (Luciani et al. 1994) were 

obtained from the 79.2A P1 clone as well as from 

the region of overlap between the 30.1 F, 64.12C, 

and 96.4B P1 clones. However, only the latter 

exon traps have been successfully mapped to a 

transcript, suggesting that  the 79.2A ABC-like 

exon traps contain sequences from a gene with a 

restricted pattern of expression or an untran-  

scribed pseudogene. Exon traps from the ABC 

transporter encoded by transcript F encode se- 

quences with homology to the R-domain of the 

murine ABC1 and ABC2 genes (Luciani et al. 

1994). The R-domain is believed to have a regu- 

latory role based on the comparison to a con- 

served region in CFTR (Luciani et al. 1994). To 
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date, on ly  ABC1, ABC2, and CFTR have been 

shown to conta in  an R-domain (Luciani et al. 

1994). The cloning and characterization of a full- 

length cDNA for this novel ABC transporter  gene 

will allow for a more  comprehens ive  analysis 

(T.D. Connors,  T.J. VanRaay, K.W. Klinger, G.M. 

Landes, and T.C. Burn, in prep.). 

We report the cloning and characterization 

of sequences from h u m a n  homologs  to two pre- 

viously character ized rat genes and  a mur ine  

gene. We have obtained sequences from the hu- 

man  homolog  to the mur ine  ~AP3 gene, encod- 

ing a zinc f inger-containing transcript ion factor 

(Fognani et al. 1993). The m~AP3 protein is be- 

lieved to func t ion  as a negative regulator for 

genes encoding proteins responsible for the inhi- 

bi t ion of cell cycling (Fognani et al. 1993). In 

addi t ion,  we describe the ident i f icat ion of se- 

quences from the h u m a n  homolog  to the rat 

Rab26 gene encoding a GTP-binding protein in- 

volved in the regulation of vesicular t ransport  

(Nuoffer and Balch 1994; Wagner  et al. 1995). 

Finally, we note  tha t  the  h u m a n  hom olog  to 

yeast ERV1 is also the h u m a n  homolog  to the 

recently cloned rat augmenter  of liver regenera- 

t ion (ALR), which is capable of augment ing  he- 

pa tocyt ic  regenerat ion following h e p a t e c t o m y  

(Hagiya et al. 1994). 

Sequences encoded  by  t ranscr ip t  M were 

shown to have homology  to pilB from N. gonor- 

rhoeae (Taha et al. 1988) as well as to sequences 

from C. elegans (Wilson et al. 1994), yeast, and 

Haemophilus (Fleischmann et al. 1995). The pilB 

protein, which  acts to repress pilin product ion in 

N. gonorrhoeae, has been shown to have homol-  

ogy to hist idine kinase sensors (Taha et al. 1991). 

However, residues conserved between pilB, tran- 

script M, and the C. elegans, yeast, and Haemophi- 

lus sequences do not  include the conserved his- 

t id ine  kinase domains  f rom pilB (Taha et al. 

1991). These findings suggest that  the  conserved 

region in transcript M has a funct ion that  is in- 

dependent  of the proposed hist idine kinase sen- 

sor activity of pilB. It is unclear at present  what  

the functional  role of this conserved moti f  is. 

The region of highest  gene densi ty appears to 

be at the telomeric end of the cloned interval, 

p a r t i c u l a r l y  t h e  r e g i o n  b e t w e e n  TSC2 a n d  

D16S84, with a m i n i m u m  of five genes mapping  

to this region (transcription units K, L, and M, 

sazD and hERV1). We have also mapped  17 novel 

exon traps to this region, with m a n y  of these 

l ikely to c o n t a i n  sequences  f rom add i t i ona l  

genes. Despite the ident if icat ion of numerous  

TRANSCRIPTIONAL MAP OF THE PKD1 LOCUS 

genes from this region, we were unable  to obtain 

an exon trap from the sazD gene. Similar gaps in 

transcript ional  maps have been observed when  

independen t ly  derived maps from the BRCA1 lo- 

cus have been compared (Brody et al. 1995; Fried- 

man  et al. 1995; Osborne-Lawrence et al. 1995; 

Rommens  et al. 1995). These findings, coupled 

with our results suggest that  no transcript ional  

mapp ing  me thodo logy  is 100% efficient, and a 

combina t ion  of approaches may  be warranted.  

However, even using a combina t ion  of five meth-  

ods, Brody and co-workers (1995) were unable to 

identify clones for at least two known genes in a 

600-kb region. 

In summary,  we have used exon t rapping to 

identify transcribed sequences from a 700-kb re- 

gion in 16p13.3. We describe 96 exon traps from 

this region conta ining sequences from at least 18 

genes, with 43 of the exon traps current ly being 

unassigned to transcripts. Further s tudy of this 

region will be aided greatly by the exon traps and 

cloned reagents described in this report. The con- 

t inued character izat ion of this region and the 

genes encoded in it will provide valuable infor- 

mat ion  about genome organization and gene ex- 

pression. 

METHODS 

Tissue Culture 

COS-7 cells (ATCC CRL-1651) were maintained in Dulbec- 
co's modified Eagle medium (DMEM; Life Technologies, 
Inc., Gaithersberg, MD) supplemented with 10% fetal bo- 
vine serum (Life Technologies, Inc.), 2 mM L-glutamine 
(Life Technologies, Inc.) and penicillin/streptomycin (Life 
Technologies, Inc.). 

Exon Trapping 

Genomic P1 clones were prepared for exon trapping ex- 
periments by digestion with PstI, double digestion with 
BamHI-BglII, or partial digestion with limiting amounts of 
Sau3AI. Sau3AI digestions were performed by incubating 1 
I~g of P1 DNA with increasing amounts of Sau3AI (0.1-1.0 
units) for 30 min at 37~ followed by phenol/chloroform/ 
isoamyl alcohol (24:24:1) extraction and ethanol precipi- 
tation. For the Sau3A! partial digests, ligations were per- 
formed using those reactions yielding 2- to 6-kb products. 
The BamHI-BglII-digested and Sau3AI-digested P1 DNAs 
were ligated to BamHI-cut and dephosphorylated pSPL3B, 
whereas PstI-digested P1 DNA was subcloned into PstI-cut 
dephosphorylated pSPL3B. A modification present in the 
pSPL3B vector results in improved exon trapping effi- 
ciency, with the HIV tat-derived background being re- 
duced to <1% of the resulting exon trapping products 
(Burn et al. 1995). Ligations were performed in triplicate 
using 50 ng of vector DNA and 1, 3, or 6 mass equivalents 
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of digested P1 DNA. Transformations were performed fol- 

lowing an overnight 16~ incubation, with one-tenth and 

one-half of the transformation being plated on LB + AMP 

plates. After overnight growth at 37~ colonies were 

scraped off those plates having the highest tranformation 

efficiency (based on a comparison with "no insert" liga- 

tion controls) and miniprepped using the alkaline lysis 

method. To examine the proportion of the pSPL3B con- 

taining insert, a small portion of the miniprep was di- 

gested with HindlII, which cuts pSPL3B on each side of the 

multiple cloning site. Approximately 10 Ixg of the remain- 

ing miniprep DNA was ethanol precipitated, resuspended 

in 100 i~1 of sterile PBS, and electroporated into -2 • 1 0  6 

COS-7 cells (in 0.7 ml of ice-cold PBS) using a Bio-Rad 

GenePulser electroporator (1.2 kV, 25 ~F, and 200 f~). The 

electroporated cells were incubated for 10 rain on ice be- 

fore their addition to a lO0-mm tissue culture dish con- 

taining 10 ml of prewarmed complete DMEM. 

Cytoplasmic RNA was isolated 48 hr post-trans- 

fection. The transfected COS-7 cells were removed from 

tissue culture dishes using 0.25% trypsin/1 mM EDTA (Life 

Technologies, Inc.). Trypsinized cells were washed in 

DMEM/IO% FCS and resuspended in 400 ixl of ice-cold 

TKM (10 mM Tris-HC1 at pH 7.5, 10 mM KC1, 1 mM MgCI2) 

supplemented with 1 txl of RNAsin (Promega, Madison, 

WI). After adding 20 ixl of 10% Triton X-100, the cells were 

incubated for 5 rain on ice. The nuclei were removed by 

centrifugation at 1200 rpm for 5 min at 4~ Thirty micro- 

liters of 5% SDS was added to the supernatant, with the 

cytoplasmic RNA being purified further by three rounds of 

extraction using phenol/chloroform/isoamyl alcohol (24: 

24:1). The cytoplasmic RNA was ethanol-precipitated and 

resuspended in 50 txl of H20. RT-PCR was performed as 

described (Church et al. 1994), using commercially avail- 

able exon trapping oligonucleotides (Life Technologies, 

Inc.). The resulting CUA-tailed products were shotgun- 

subcloned into pAMPIO as recommended by the manu- 

facturer (Life Technologies, Inc.). Random clones from 

each ligation were analyzed by colony PCR using the sec- 

ondary PCR primers (Life Technology, Inc.). Products con- 

taining trapped exons, based on comparison with the 177- 

bp "vector-only" product, were selected for sequencing. 

Characterization of Exon Traps 

Miniprep DNA containing the pAMPlO/exon traps was 

prepared from overnight cultures by alkaline lysis using 

the EasyPrep manifold or a QIAwell 8 system as described 

by the manufacturers (Pharmacia, Piscataway, NJ and Qia- 

gen Inc., Chatsworth, CA, respectively). DNA was se- 

quenced with fluoroscein-labeled M13 universal and re- 

verse primers using the Pharmacia Autoread Sequencing 

kit and Pharmacia ALF automated DNA sequencers. Se- 

quences were assembled and analyzed using the Se- 

quencher sequence analysis software (GeneCodes, Ann Ar- 

bor, MI). Sequences from the exon traps were used to 

search the nonredundant nucleotide and dbEST (on Dec. 

16, 1995) data bases using the BLASTN program (Altschul 

et al. 1990), whereas protein data bases were searched us- 

ing BLASTX (Altschul et al. 1990; Gish and States 1993). In 

searching dbEST, only identical or near identical se- 

quences were examined in detail. 

cDNA Library Screening and RT-PCR 

cDNA library screening was performed using the Gene- 

trapper cDNA Positive Selection System with adult kidney, 

liver, or heart libraries as described by the manufacturer 

(Life Technologies, Inc.). For Genetrapper experiments, 

two oligonucleotides (Table 2) were designed from each 

exon trap using Oligo 4.0 (National Biosciences, Inc., Ply- 

mouth, MN). The first oligonucleotide was biotinylated 

and used for selection, whereas the second oligonucleotide 

was used in the repair reaction as described by the manu- 

facturer (Life Technologies, Inc.). RT-PCR was performed 

essentially as described using poly(A) + RNA from adult 

Table 2. Oligonucleotides Used to Clone Addit ional Sequences 

Gene a 

A 

B 

C 

F 

H 

J 

L 

M 

M e t h o d  b 

Genetrapper 

Genetrapper 

Oligonucleotide 1 c 

T G A ~ T C ~ A G T  

Oli [onuc leot ide  2 d 

CAGCGIWaGI"G~ATGTrCCT 

CTAC ~ G C r G G ' r G A T r A A C A  

3' RACE ~ G A G G A ~  ~ ~ C L - T I ' C A T C A  

I ~ T - P C R  G A ~ ~ G C  ~ ~ G G A T  

RT-PCR ~ ~ C I ' G  ~ ~ G G A T r  

RT-PCR GI "GTC~?.~C,A AGAC L"IU I ETG 

A ~ C A ~  

TGT~ATGAGCTGTrCTC 

Genetrapper 

Genetrapper 

A G G A ~ G A C A  

A A A C G C ~ A G G A ~  

GCAGT~ATIL-TGAATAT 

Clone Size e 
i 

2.0 kb 

1.3 kb 

0.6 kb 

1.1 kb 

1.1 kb 

0.24 kb 

1.7 kb 

0.7 kb 

aGene as denoted in Fig. 1. 
bMethod used to clone additional sequences. Lifetechnologies Genetrapper system, 3' RACE, and RT-PCR were performed as 
described in Methods. 

CSequence of oligonucleotides used to obtain additional sequences. For the Genetrapper system, this oligonucleotide was used in 
the direct selection step. In the case of 3' RACE experiments, this oligonucleotide was the external primer. While in RT-PCR 
experiments, the designated oligonucleotide was used as a sense primer. 
dSequence of oligonucleotides. In the Genetrapper experiments, this oligonucleotide was used in the repair step. For 3' RACE 
experiments, this was the internal primer, for RT-PCR experiments, this was the antisense primer. 
eSize of clone obtained using the primer pair. 
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brain and placenta (Kawasaki 1990). Sense and anti-sense 

RT-PCR primers (Table 2) were designed from different 

exons to minimize the risk of characterizing a product am- 

plified from genomic DNA. To clone sequences 3' to se- 

lected exon traps, RACE was performed as described 

(Frohman 1994). In cases where RNA from a desired source 

was unavailable, PCR was performed using commercially 

available cDNA libraries as template. All PCR products 

were cloned using the pGEM-T vector as described by the 
manufacturer (Promega). 
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