
U R F l i  to that meml~rane. A l t e r ~ ~ a t ~ v e l y ,  ~f 
factor X 1s an  aldehyde, ~t could be Inactl- 
vated through ox~ilation. Elther of these 
events coulil alter the tox~ci ty  associateil 
n - ~ t h  the accumulation of U R F l i  In the  
mitochonilria n-lthout affectmg URF13 ac- 
cumulation (conswent  with the l ~ e h a v ~ o r  
of Rf2). 
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An Orphan Nuclear Hormone Receptor That 
Lacks a DNA Binding Domain and 

Heterodimerizes with Other Receptors 
Wongi Seol," Hueng-Sik Choi,*-i- David D. Moore$ 

SHP is an orphan member of the nuclear hormone receptor superfamily that contains the 
dimerization and ligand-binding domain found in other family members but lacks the 
conserved DNA binding domain. In the yeast two-hybrid system, SHP interacted with 
several conventional and orphan members of the receptor superfamily, including retinoid 
receptors, the thyroid hormone receptor, and the orphan receptor MB67. SHP also 
interacted directly with these receptors in vitro. In mammalian cells, SHP specifically 
inhibited transactivation by the superfamily members with which it interacted. These 
results suggest that SHP functions as a negative regulator of receptor-dependent sig- 
naling pathways. 

T h e  yeast t~vo-hyhrld systelll ( 1 ,  2 )  has 
proved useful in both the c l ~ a r a c t e r l z ~ ~ t ~ o n  
of the  heterodimer~c i ~ l t e r a c t ~ o ~ l s  of mem- 
bers of the  nuclear hormone receptor super- 
family and the  lsolat1011 and character~za- 
tion of recek~tor-interactl~lg protems (3-9). 
W e  used t h ~ s  systeln to isolate proteins that 
interact specifically with mCAR,  a close 
murlne relative of the human orphan recep- 
tor L4B67 (10) .  Among several mCAR- 
i~lteractlllg proteins, one  sola ate ~ncluded 
the ligancl-binding and d ~ r n e r i z a t ~ o ~ l  do- 
lnain of a previously uncharacter~zed or- 
phan ~ l l e ~ u b e r  of the receptor superfamily. 
O n  the basis of its slllall slze and ~ t s  ability 
to interact vvlth several s~~perfamily mem- 
bers, Lve called t h ~ s  protell1 S H P  (small 
heterodl~ner partner). 

S H P  IS encoded bv an  -1.3-kb tran- 
script expressed in 11ver and at lower levels 
in heart and pancreas (Fig. LA). Extenslye 
screening of tn.o murlne l ~ v e r  cDNA lihrar- 

Depadment of Molecular Biology, Massachusetts Gener- 
al Hospta, Boston, MA 021 14, USA 

'Tthese a~~ tho rs  contributed eaually to t l i s  work 

ies produced a nu~nber  of cDNA clones 
( 1  1 ). T ~ v o  lines of evldence suggested that 
these clones were full length. T h e  flrst Ivas 
s~mply that the 5 '  ends of 10 of 12 inile- 
Celldent clones fell ur~thln  a short 32-nucle- 
otide ( n t )  segluent locateil upstream of the  
lnltiator methionlne. More importantly, 
their length [-1120 base pairs (hp) ]  corre- 
sponiled precisely to that of the  S H P  tran- 
script ~vithout its 100- to 300-nt 
p l y A  tract. A s~~l l l l a r  clone was ~solated 
from a human 11ver cDNA l~brary. 

T h e  l1uma11 anil murine S H P  proteins 
are well conserved (Fig. 1B). Both i~lclude 
complete l i g a n d - b ~ n d i ~ ~ g  and d~~nerlzatloll  
doma~ns ,  1~1th sequences s ~ ~ n l l a r  to  those 
assoc~ated n.lt11 heterod~merlzatlon in other 
superfamily members, but 11elther c o ~ ~ t a l n s  
a conventional D N A  binding domain. Ad- 
dltloll of the  a t  least 200 n t  necessary to 
ellcode the  D N A  b1nd111g i d ~ i n a ~ ~ l  would 
increase the  pred~cted size of the  mRNA to 
bet~veen 1.4 and 1.6 kb, sul~stantlally great- 
er than that observed. 

T h e  closest relative of S H P  111 the recep- 
tor suaerfamllv 1s DAX-1 i F i ~ .  1 C ) .  the  , L> 

-'Present address Hormone Research Center, ollly o;ller f; l~lily lllelllher that lack> a co11- 
lnent of Boogy.  Ctionnam Natona University, Kwangju, 
Repubc of Korea 500-757 ventional -. D N A  hilldlng domain (12) .  
::To whom correspondence should be addressed 1 hese two protelns are approsimately as 
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% HSSGQSGVCPCQGSAGRPTILYALLSFSPRT=VAPASHStrCLCQQQRPVRLCA z m : S P A  A S P A  S L K A  ...'.I P P R R  F.H Q 

LYKILLEEASSGTQGAQPSDRPQPSLMVQWLQRCLESFWSLELGPFEYAYLKGTILFNP 
P SGGSG ;P c S C 

D V P G L W r S C H I A H L Q Q E A f i W A L C E V L E P W V P A S Q G R L A ~ I P G T L L V D L F F  
Q AS G V C A  T V T  S T S G  

Fig. 1. (A) Expression of SHP. An RNA blot C I ? I Ligandldimerization I SHP 
(Clonetech) contaming 2 pg of polyadeny- 
lated [poly(A)+] mRNA from the ~ndicated 
human t~ssues was hybridized with an SHP 1 22 1 18 1 2' 1 25 1 41 I DAX-1 
probe under standard conditions. Equiva- 
lent loading was verified by hybridization - - - - - - - - - - - - - - -  

- - - - - - - - - - - - - - -  32 1 COUP-TFI 
with an actin cDNA   robe. (6) Human and 

- --- 
Liaand: - + - + - + 

GST 

Fig. 2. Direct interaction of SHP with other su- 
perfamily members in vitro. Either a GST-SHP 
fusion protein or GST alone was bound to beads 
and incubated under stringent conditions (33) 
with the indicated superfamily members or lucif- 
erase labeled with [35S]methionine by in vitro 
translation. Beads were washed, and specifically 
bound material was eluted with reduced gluta- 
thione and resolved by SDSpolyacrylamide gel 
electrophoresis. 

mouse SHP sequen'ces (1 1; 28). The ami- - - - - - - - - - - - - - - -  
no acid sequence of murine SHP is shown. Led-RXR as a bait in the two-hybrid sys- 

- - - - - - - - - - - - - - -  
and only the differences between the mu- tem (4). Overall, the similarities in the 
rine and human proteins are indicated (a - - - - - - - - - - - - - - -  z pattern of interactions observed with B42- 
period underneath the murine sequence - - - - - - - - - - - - - - -  I GR SHP and M2-RXR suggest strongly that 
denotes an amino acid missing ~n the hu- SHP, like the RXRs, is a common het- 
man sequence). Sequences related to two conserved ligand-binding and dimerization domain subre- erodimer partner for members &f the recep- 
gions (29) associated with dimerization function [see, for example. (30-32)] are underlined. (C) Relation of tor superfamily. 
SHP to other superfamily members. The percentage identity between murine SHP and other family To confirm the interactions observed in 
members is indicated. For DAX-1, each of the NH,-terminal repeats was compared individually to the 
SHP NH,-terminal domain (residues 1 to 69). yeast, we incubated either a glutathione 

S-transferase (GST)SHP fusion protein or 
GST alone with several different receptor 

similar to each other as the thyroid hor- tors, including RARa, RXRa, and TRP proteins labeled with [35S]methionine by in 
mone receptors (TRs) are to the retinoic (Table 1). The SHP-TR interaction was vitro translation. MB67, RARa, RXRa, 
acid receptors (RARs) and are divergent strongly dependent on the presence of thy- and TRol bound specifically ro GST-SHP 
from the rest of the superfamily. The NH2- roid hormone. Retinoids were not required (Fig. 2). Similar results were obtained with 
terminus of DAX-1, which consists of three for SHP interaction with RAR. and RXR, in vitro-translated SHP protein and GST 
complete copies and one truncated copy of although they did have a small stimulatory fusions to TR and RXR. As observed in 
an -70-amino acid motif, apparently binds effect in quantitative P-galactosidase assays yeast, the interaction of SHP with RAR, 
the @RARE, the retinoic acid response el- (13). The l342-SHP fusion did not interact RXR, and TR was increased by the ligand. 
ement from the RARP2 promoter (1 2). with L e d  alone or with a LexA fusion to In the case of RAR and RXR, however, the 
Although the NH,-terminal region of SHP the orphan receptor RIP14, an RXR het- effect of the ligand on this in vitro interac- 
shows a limited amount of similarity to this erodimer partner isolated through the use of tion was much stronger than that observed 
DAX-1 motif, SHP did not bind the 
PRARE Or any of a number of other 'yn- Table 1. SHP interacts with multiple superfarnily members in yeast. The yeast interaction trap (2) was 
thetic direct-repeat or inverted-repeat her- used to define interactions of the various fusion proteins as described previously for the RXR, RAR, TR, 
mone response elements tested. However, and RIP1 4 hybrids (3,4). The LexA and 842 fusions include sequences from the COOH-terminus of the 
both the arrangement and conservation of DNA binding domain of the various receptors to their COOH-termini, except the B42-SHP hybrid, in 
six cysteines in the ~ ~ ~ - ~ ~ ~ i ~ ~ l  region of which the full-length murine SHP protein is fused to the 642 transcriptional activation domain. A plus 
the human and murine SHP proteins sug- indicates a specific interaction as demonstrated by the formation of blue colonies on an X-Gal indicator 

plate; a minus indicates white colonies and thus no interaction. None of the 842 fusion proteins interacted 
gest that this region be a with LexA alone. The respective ligands for RXR, RAR, and TR were added to the plates as described (3, 
ing domain involved in protein-DNA or 4). The interaction of SHP with TR in the presence of ligand was somewhat weaker than the other 
protein-protein interactions. interactions when scored on indicator plates but was comparable with the other SHP-receptor interac- 

In the yeast two-hybrid system, a fusion tions in quantitative 8-galactosidase assays of cells grown in liquid culture. The expected stimulatory 
protein with SHP joined to the ~ 4 2  tran- effect of 9-cis-retinoic acid on the RXR-RXR interaction was also confirmed by such quantitative p-ga- 
scriptional-activation domain interacted lactosidase assays as described previousl~ (3, 4). 
with LexA fusions including the ligand- 
binding and dimerization domain of either LexA- LexA-RXR LexA-TR LexA-RAR LexA- 

B42fusion MB67 
mCAR or MB67. MB67 (10) and mCAR protein 

RIP1 4 
(no No No No 

are retinoid X receptor (RXR) heterodimer ligand) ligand figand ligand &land ligand figand ligand) 
(no 

parmers, and both of these L e d  hybrids 
also interacted with a previously described B42-SHP + + + + + + - - 

842-RXR hybrid (3). However, the M2- ~~~~~ + - + + + + + + + + + - - - - - 
SHP hybrid also interacted with analogous B42 alone - - - - - - - - 
LexA fusions to several conventional recep- 
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in yeast. The basis for this difference is 
unknown. The interaction of SHP with 
RXR was also observed in mammalian cells 
with a two-hybrid system that reproduces 
heterodimeric receptor-receptor interac- 
tions (14, 15). As with the in vitro binding 
results, this interaction was dependent on 
the presence of 9-cis-retinoic acid. 

The dominant-negative effects of a vari- 
ety of mutant receptors unable to bind DNA 
predict that SHP should inhibit both DNA 
binding and transactivation by those recep- 
tors with which it interacts. Our results con- 
firm the expected inhibitory effect of SHP 
on binding of the PRARE by RAR-RXR 
heterodimers (Fig. 3A). In contrast to its 
distant relative DAX-1 (12), SHP did not 
bind this element. Addition of increasing 
amounts of SHP, however, specifically in- 
hibited binding by RAR-RXR heterodimers. 

SHP alone had no effect on a PRARE- 
containing reporter in mammalian cell co- 
transfections. However, SHP coexpression 
specifically inhibited transactivation of this 
reporter by either mCAR or RARP (Fig. 3B). 
In additional experiments, SHP also in- 
hibited 9cis-retinoic acid-dependent trans- 

activation by RXRa to an extent comparable 
with that observed .with mCAR. Thyroid 
hormonedependent transactivation of the 
palindromic triiodothyronine response ele- 
ment by TRP was inhibited to a somewhat 
lesser extent, comparable to that observed 
with RAR. 

We conclude that SHP, like the RXRs 
(1 6-20), interacts with several receptor su- 
perfamily members. In contrast to the broad 
positive effects of RXR, SHP inhibits trans- 
activation by the receptors with which it 
interacts. Thus, we suggest that SHP plays a 
central, negative role in receptor-depen- 
dent signaling pathways in liver and poten- 
tially in other tissues. The magnitude of the 
impact of SHP on function of an individual 
receptor would clearly be dependent on sev- 
eral factors, including the relative levels of 
expression of potential dimer partners and 
their relative affinity for each other. On the 
basis of the magnitude of its inhibitory ef- 
fect in mammalian cell cotransfections, 
SHP appears to show the highest affinity for 
RXR, mCAR, and MB67. 

The inhibitory effects of SHP are anal- 
ogous to those observed in several other 

Fig. 3. Functional interaction of SHP with other A 
superfamily members. (A) SHP inhibits DNA bind- RAR-RXR 1 1 1 1 
ing by RAR-RXR heterodimers. A 32P-labeled oli- SHP - - 620 

gonucleotide containing the BRARE (34, 35) was PRARE competitor - + - - 
incubated with RAR and RXR, with or without SHP 
as indicated. Specific complexes were resolved by 
gel electrophoresis. The amounts of RAR and RXR 
were constant, and either a 6-fold or 20-fold molar 
excess of SHP protein was added, as indicated. A 
specific oligonucleotide competitor was added to 
the incubation in the second lane. No binding was 
observed with RAR, RXR, or SHP alone, or with 
combinations of SHP with either RAR or RXR. SHP 
was produced by in vitro translation, and the total 
amount of reticubcyte lysate was kept constant in B SHP vectn (ng,: . 50 c250 lW3 
all lanes by addition of unprogrammed lysate as 
needed. His-tagged derivatives of RAR and RXR loo 
were expressed in Escherichia coli and purified with 
nickel-agarose. Protein amounts were estimated 80 
by direct measurement for RAR and RXR and by 
incorporation of [35S]methionine for SHP. Electro- 60 

phoretic mobility-shii assays were as described 40 
(lo), except that components were preincubated in : 
the absence of probe for 10 min on ice. After the $ 20 

addition of probe, reactions were further incubated 2 for 20 min at room temperature. (B) SHP inhibits -  CAR RAR- RA RAR + RA 

transactivation by mCAR and RAR. The indicated 
amounts (50 ng to 1 pg) of SHP expression vector were added to cotransfections that included 50 ng of 
either mCAR or RARP expression vectors, 1.5 pg of a thymidine kinase (Vuciferase reporter contain- 
ing three copies of the PRARE, and 2.0 pg of an intemal-control reporter in which the same TK promoter 
directs human growth hormone (hGH) expression (36,37). Total amounts of expression vector were kept 
constant by adding decreasing amounts of the CDM8 expression vector to transfections containing 
increasing amounts of the SHP vector. Like MB67 (lo), mCAR transactivates this BRARE-luciferase 
reporter in the absence of any exogenously added ligand. The absolute transactivation mediated by 
mCAR is about two to four times as great as that described previously for MB67 but is less than half of 
that directed by RAR. SHP did not significantly affect hGH expression in the presence or absence of 
mCAR or RAR. HepG2 cells grown in 35-mm wells were incubated with Dulbecco's minimum essential 
medium plus 10% charcoal-stripped fetal bovine serum and transfected. Luciferase and growth hormone 
assays were as described (10). For both mCAR and RAR, normalized luciferase expression from dupli- 
cate samples is presented relative to the transactivation observed in the absence of SHP. Similar results 
were obtained in two similar experiments. 

families of dimeric transcription factors. 
The Id proteins, for example, are members 
of the basic helix-loop-helix family that 
lack a functional DNA binding domain and 

L, 

heterodimerize with a subset of other family 
members, resulting in a broad range of in- 
hibitory effects (21-23). However, the 
complexity apparent in the functions of the 
members of the nuclear receptor superfam- 
ily suggests that SHP could have activities 
beyond the simple negative effects de- 
scribed here. Its NH,-terminal domain 
could bind as vet unidentified  rotei ins or 
DNA sequences, for example, and it could 
have either positive or negative effects on 
receptors that bind DNA with high affinity 
as monomers (24-26). Additionally, its ef- 
fects could be altered by binding of a spe- 
cific ligand. 
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PKD2, a Gene for Polycystic Kidney Disease That 
Encodes an Integral Membrane Protein 
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A second gene for autosomal dominant polycystic kidney disease was identified by 
positional cloning. Nonsense mutations in this gene (PKD2) segregated with the disease 
in three PKD2 families. The predicted 968-amino acid sequence of the PKD2 gene 
product has six transmembrane spans with intracellular amino- and carboxyl-termini. The 
PKD2 protein has amino acid similarity with PKDl, the Caenorhabditis elegans homolog 
of PKDI, and the family of voltage-activated calcium (and sodium) channels, and it 
contains a potential calcium-binding domain. 

Autosoma1 dominant polycystic kidney 
disease (ADPKD) accounts for 8 to 10% of 
all end-stage renal disease ~\.orld\\~lde (1 ). Its 
pr~ncipal  clinical manifestation is bilateral 
renal cysts that result in chronic renal fail- 
ure in about 45% of affected individuals by 
age 60 (1 ). Hypertension and liver cysts are 
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common, and the tnvolvement of other 
organ systems (2)  lends support to the  view 
that polycystic kidney disease is a systemic 

dtsorder (1) .  Genetlc heterogeneity ~n AD- 
PKD has been delnonstrated after linkage 
was initially discovered for the gene o n  
chrotnosolne 16p13.3 (PKDI)  (3 ,  4) .  T h e  
second gene, PKD2, has been localized o n  
chrotnosorne 4q21-23 and accounts for ap- 
proxinlately 15% of affected fatnilies ( 5 ,  6) .  
A t  least one inore gene for ADPKD is 
known to exist (4). Clinical studies have 
de~nonstrated a milder phenotype for the 
non-PKD1 forms (7) .  This report describes 
the positional cloning (8 )  of a candidate 
gene in which truncating mutations have 
been identtfied in three PKD2 fatnilies (9) .  ~, 
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sive refinements of the  PKD2 interval (1 1 ,  
12).  T h e  closest unambiguous flanking ge- 
netic markers are AFMa059xc9 proximally 
and A I C A l  dlstally (Fig. 1,  A and B) (10).  
W e  constructed a cosmid- and PI-based 
(13) contig extending over -680 kb from 
A I C A l  to the  region centro~neric to the  
polymorph~c marker JSTG3 (Fig. 1 C )  (14).  
This contig contalns a single gap of less 
than 40 kb. Complementary DNAs corre- 
sponding to genes in this region were  so- 
lated wlth inserts from the  genolnlc c lo~les  
used to screen either a liuman fetal brain or 
adult kidney cDNA llbrary (15).  T h e  map- 
ping of the  cDNA clones identified alas 
confirmed, and the clones were sequenced. 
These sequences were analyzed to identify 
open readlng franles (ORFs), and database 
searches with the  BLAST algoritli~ns (16) 
were performed. 

O n e  group of c D N A  clones, collectively 
ternled c T b - 4 ,  were initially lsolated wit11 
insert D N A  from costnid c44a9 from the 
chrotnosome 4-specific coslnid llbrary (Flg. 
I D )  (13,  15).  None of the cTM-4 clones 
have homology at the  nucleotide level to 
any known genes, although two randomly 
sequenced c D N A  clones were identified 
(Fig. 1E). Northern ( R N A )  blot hybridiza- 
tion a~ i t l i  the cTb-4B3-3  insert (Fig. 1E) 
revealed a -5.4-kb transcript expressed in 
most fetal and adult tissues (Fig. 2 ) .  cTM-4 
IS strongly expressed in ovary, fetal and 
adult kidney, testis, small and large intes- 
tine, and fetal 1~1ng. Peripheral blood leuko- 
cytes were the only tissue tested In a ~ h l c h  
expresslon \\.as not detected. 

Inltial database searches with the  six 
translated reading frames obtained from the  
sequence of clone cTM-4B3-3 revealed ho- 
mology at the amino acld level wltli the  
PKDl gene product also called polycystln 
(17,  18) .  On the basis of its map location, 
pattern of expression, and the  observed ho- 
mology, the  c T b - 4  gene was further inves- 
tigated as a candidate for PKD2. Nine over- 
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