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Role of the Chaperone Protein Hspl04 in 
Propagation of the yeast Prion-Like Factor [psi+] 

Yury 0. Chernoff,*l-Susan L. Lindquist, Bun-ichiro Ono,i 
Sergei G. Inge-Vechtomov, Susan W. Liebman 

The yeast non-Mendelian factor bs i f ]  has been suggested to be a self-modified protein 
analogous to mammalian prions. Here it is reported that an intermediate amount of the 
chaperone protein Hspl04 was required for the propagation of the bsi t ]  factor. Over- 
production or inactivation of Hspl04 caused the loss of bsi f ] .  These results suggest that 
chaperone proteins play a role in prion-like phenomena, and that a certain level of 
chaperone expression can cure cells of prions without affecting viability. This may lead 
to antiprion treatments that involve the alteration of chaperone amounts or activity. 

Certain ma~nrnalian neurodeeenerati.i~e " 

d~seases, such as sheep scrape, human 
Creutzfeldt-Tacob d~sease, and bov~ne suon- 
giform encephalopathy, are widely believed 
to be caused by proteins in an unusual 
protease-resistant conformation, called pri- 
ons (1) .  Evidence indicates that transmis- 
sion of the prion diseases does not require 
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any nucleic acid. Rather, infection depends 
on the prion's ability to convert unmodified 
nonprion protein, encoded by the same host 
gene, into the prion conformation. It has 
been noted that the yeast factors [LrRE3] 
(2 )  and [psif] ( 2 ,  3) closely resemble prions. 

The [psi+] factor was first described as a 
non-Mendelian element, found in some but 
not other laboratory strains of Saccharorny- 
ces cereuisiae, that increases the efficiency of 
certain nonsense suppressor transfer RNAs 
[for a review, see (4)]. Later it was sho~vn 
that [psif] causes weak nonsense suppres- 
sion by itself (4-6). No extrachromosornal 
DNA or RNA elements have been found to 
be responsible for [psif] (4). Moreover, 
[psi+] can be "cured" (lost from the cell) by 
stress-inducing agents (4). Several pieces of 
evidence strongly suggest ( 2 ,  3) that [psi+] 
is a prion-like form of the EF-la-related 
protein Sup35. (i) Mutations in the SLrP35 

"To whom corresr~ondence should be addressed. gene cause omnipotent suppression, just as 
?Present address: Department of Biolog~ca Sciences. [psi+] does (7). (ii) Overexpression of 
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SLrP35 induces [psif] (8), just as overex- 
of Science and Enq~neer~nq. R~tsume~kan Un~vers~ty, pression the prioll proteill gene ('rP) 
1910 Noj~, Kusatsu 525, shga, Japan. transgenic mice induces the prion disease 
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(9). (iii) The 5' coding region of the SUP35 
gene is required for the maintenance of 
[psif] (lo), just as the PrP gene is required 
for the maintenance of the mouse prion 
(1 1 ). (iv) The corresponding NH,-terminal 
domain of the Sup35 protein shows a re- 
markable structural similarity to mammali- 
an prions, including a region of tandem 
oligopeptide repeats (3), mutations in 
which cure [psi+] (3 ,  10). 

Here, we searched for extra c o ~ v  modi- . , 
fiers of '[psi+]-mediated nonsense suppres- 
sion. The [psi+] strain YC13-6C (Table 1) 
contained sup1 11, which increases the sup- 
pression efficiency of [psi+] (6). In the pres- 
ence of [psi+], nonsense mutations ku2-1 
(UAA), ilul -2 (UAA), and rnet8-1 (UAG) 
were suppressed, leading to cell growth on 
media lacking leucine, isoleucine and va- 
line, or methionine, respectively (see Table 
1). Among more than 6000 centromeric 
(CEN) plasmids screened from a YCp50- 
based S. cerewisiae genomic library, one in- 
hibited [psi+]-mediated suppression in 
strain YC13-6C (12). Deletion analvsis of . , 

this clone and partial sequencing of the 
minimal functional subclone (12) revealed 
that it contained a gene coding for the heat 
shock protein Hspl04. Furthermore, we 
found that a CEN plasmid pYSl04 contain- 
ing the independently cloned and se- 
quenced HSP104 gene (13) also had an 
inhibitory effect on [gsi+]-mediated sup- 
pression. The inhibition of suppression 

Table 1. Genotypes of yeast strains. The strains 
YC13-6C (6, 12) and Dl 142-1A (27) were origi- 
nally Gosi+]. [Psi-] derivatives of these strains were 
obtained by growth in the presence of 5 mM gua- 
nidine hydrochloride, as described (4). The strain 
74-D694 was originally bsi-1. A [psi+] derivative of 
this strain was obtained by growth in the presence 
of overexpressed SUP35, as described (8). As 
previously noted (4), Gosic]-mediated suppression 
varied in efficiency and was usually detected after 
2 to 8 days of incubation on standard selective 
media (28), depending on both the strain and 
marker. No suppression was detected in bsi-] 
strains. 

Strain Genotype 
Markers 

suppressed in 
Gosi+] 

YC13-6C MATa ade2 met8- 1 (UAG) 
aro 7 ilv 1 leu2 ilvl -2 (UAA)' 
met8 trp 1 ura3 leu2- 1 (UAA)' 
can1 sup1 11 
Gosi+] or bsi-] 

D1142-1A MATaaroJ met8- 1 (UAG) 
cyc 1 his4 leu2 trp5-48 (UAA) 
lys2 met8 trp5 lys2- 187 (UGA) 
ura3 
bsi+] or bsi-] 

74-D694 MATa adel adel-14 (UGA) 
his3 leu2 trp 1 
ura3 
Gosic] or bsi-] 

'These markers are not suppressed in bsi+] strains lack- 
ing sup1 11. 

caused by the HSPI 04-containing plasmid 
was neither strain-specific nor sup1 J J-spe- 
cific because it was reproduced in other 
[psi+] strains that did not contain sup1 11 
(see Table 1 and Fig. 1). In the presence of 
pYS104, [psif] was not able to suppress 
nonsense mutations (Fig. 1). However, sup- 
pression was restored in cells that lost the 
plasmid, suggesting that [psi+] is inhibited 
but not eliminated by pYS104. Protein im- 
munoblot analvsis (Fig.. 2) confirmed that , . - ,  
the Hspl04 protein was overaccumulated 
two- to fourfold in strains bearing the 
pYS104 plasmid compared with strains 
lacking the plasmid. The same plasmid con- 
taining a mutant Asp1 04 allele, truncated by 
introducing two in-frame nonsense codons 
into the NH,-terminal reeion. did not cause - - 
overaccumulation of the Hspl04 protein in 
[psi+] strains (14) and did not inhibit [psi+]- 
mediated suppression (Fig. 1). Thus, it is 
clear that it was excess Hspl04 protein and 
not HSPJ04 DNA or another component 
of the plasmid that was required for the 
inhibition of [psi+]. 

Several mutant derivatives of HSP104 
were also tested for their interactions with 
[psi+]. Yeast Hspl04 protein is an adenosine 
triphosphotase (ATPase) and contains two 
ATP-binding sites (15). Mutations in either 
site (Lys2'8+Thr218 or Lys620+Thr620) 
compromise Hspl04 function in thermotol- 
erance, particularly in the disaggregation of 
heat-damaged proteins (1 5) .  Apparently, 
the use of ATP is essential for the chaper- 
one function of Hspl04. A CEN plasmid, 

Fig. 1. Propagation and ex- 
pression of bsi+] in strains 
that differ in HSP104 gene 

bearing a mutant hsp104-KT218,620 allele 
(K and T refer to Lys and Thr, respectively) 
with both ATP-binding sites inactivated, 
converted [psi+] strains into [psi-] strains. 
In this case, [psi+]-mediated suppression did 
not reappear after the loss of the plasmid, 
suggesting that mutant Hspl04 cured rather 
than just inhibited [psi+] (Fig. 1). Because 
the double mutation, hsp104-KT218,620, 
caused the loss of [psi+] in the presence of 
the chromosomal wild-type HSP104 gene, 
it is a dominant psi no w e  (PNM) (3, 4) 
mutation. Alleles of hsp104, in which only 
one of the two ATP-binding sites was inac- 
tivated, each showed strain-dependent ef- 
fects: hsp104-KT218 cured [psi+] in strains 
74-D694 and YC13-6C and inhibited but 
did not cure [psi+] in strain D1142-lA, 
whereas hsp104-KT620 cured [psi+] only in 
strain 74-D694 and inhibited [psi+] in two 
other strains (1 6). 

The dominant effect of hspl04- 
KT21 8,620 may have resulted from a com- 
petition between the mutant (nonfunction- 
al) and wild-type (functional) Hspl04 pro- 
tein. The multimeric organization of 
Hspl04 (1 5 )  may facilitate such a dominant 
negative effect. To determine whether the 
absence of functional Hspl04 affects the 
propagation of [psi+], we disrupted HSP104 
in the three different [psi+] strains listed in 
Table 1. Protein immunoblot analysis (Fig. 
2) confinned the absence of Hspl04 protein 
in the disruptant strains. All hspl04-A 
(hsp104::URA3 and hspl04::LEU2) dis- 
ruptants lost (Fig. 1). Two indepen- 

HSPI 04 On bsi+] 

Chromosome Plasmid Propagation Suppression Color 
I I I test ~- - 

copy number. *, 
HSP704 gene with two ATP 1 - + + - I 
binding sites (ABSs). Con- 
structs 1 through 4eachcon- 2 - - + - 
tain one wild-tv~e chromo- 
somal copy of ~ ~ ~ 1 0 4  and 
bear the following IURA3 
CEN] plasmids: coistiuct I ,  
pRS316 (291; Construct 2, 4 & 
~ ~ ~ 1 0 4  (73) which is 
pRS316 plus HSP704; con- 5 - 
struct 3, pTerm-104 (14) 
which is pYS104 with two 
nonsense mutations (?) introduced shortly after the ATG codon of HSP104; and construct 4, 
pKT218,620 (15) which is pYS1W with two missense mutations (t), Lysme+Thr21e and 

that inactivate the NH,-terminal and the COOH-terminal ABS, respectively. Construct 5 
contains a disruption of the chromosomal HSP104 gene, hsp704-A (30). and does not cany a plasmid. 
All constructs were tested in all the b i + ]  strains listed in Table 1, and the results were the same for all 
strains and all suppressible markers. The experimental procedures used (37) allowed us to distinguish 
between the inability of the cells to propagate b i + ]  (constructs 4 and 5) and the inhibition of m+]- 
mediated suppression (construct 2). 1 and II refer to the experimental assay used (31). Strain 74-D694 also 
provides a color assay for bsi+]. After 2 to 3 days of incubation on complete medium (YPD), bsi-] 
derivatives were red, whereas mi+] derivatives were white because of partial suppression of the gene 
adel- 14. The color test results were in good agreement with growth test results: Both pRS316 (construct 
1) and pTerm-104 (construct 3) transformants were white (Gosi+]), the pYS104 transformant (construct 2) 
was pink because it is a mixture of red sectors containing the plasmid that inhibits Mi+] and white (Bi+]) 
sectors that lost the plasmid, and both the pKT218,620 transformant (construct 4) and the hsplO4-A 
disruptant strain (construct 5) were red (Gosi-1). 
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dent hsp 104: : URA3 [psi-] derivatives of 
YC13-6C were crossed to the [psi+] strain 
D1142-1A. The resulting diploids were 
[psi+], judging from the suppression of the 
homozygous met8-1 mutation, which is effi- 
ciently suppressed by [psi+] (6). This means 
that a heterozygous disruption of hspl04 has 
no effect on [psi+]. The diploids were sporu- 
lated, and among 10 tetrads analyzed, all 
hspl 04: :URA3 (Urat ) spores were [psi-], 
whereas all HSP104+ (Ura-) spores were 
[psi+]. In the control isogenic [psi+] diploid 
that was homozygous for HSP104+, [psi+] 
segregated 4+:0-, as usual (4). To verify the 
absence of [psiC] in the hsp104::URA3 dis- 
ruption segregants, we crossed them to [psip] 
HSP104' met€-1 strains. None of the result- 
ing HSP104+/hsp104: : URA3 heterozygous 
diploids were [psi+], indicating that [psi+] 
was actually lost and not just inhibited in the 
hsp104: :URA3 spores. Thus, an hspl04-A 
disruption is a recessive PNM mutation. 

Conversion of yeast strains from [psi-] to 
[psi+] can normally be achieved by the over- 
production of Sup35 protein (8). To deter- 
mine whether it is possible to induce [psi+] 
de novo in the absence of Hspl04, we trans- 
formed both HSP104+ [psi-] and hsp104-A 
[psi-] versions of strain 74-D694 with a mul- 
ticopy plasmid bearing the wild-type SUP35 
gene. Multicopy SUP35 caused nonsense 
suppression and induced [psi+] in the 
HSP104+ strain. However, both suppression 
and [psit] induction were absent in the iso- 
genic hspl04-disrupted strain (Fig. 3). 

Thus, the lack of functional Hspl04 pro- 
tein caused the loss of [psi+], whereas an 
approximately two- to fourfold increase in 
the amount of Hspl04 protein inhibited 
suppression caused by [psi+]. Growth tem- 
perature affects [psi+]-mediated suppression 
(8, 17), but it is unlikely that Hspl04 func- 
tions directly in translational termination, 
because suppression caused by either the 
ribosomal protein gene mutation SUP44 or 
the aminoglycoside antibiotic paromomy- 
cin (7) is unaffected by Hspl04 amounts in 
[psi-] strains (16). Rather, we propose that 
an intermediate amount of the functional 
Hspl04 protein is required for the propaga- 
tion of [psif]. If so, we might expect even 
transient expression of a large excess of 
Hspl04 protein to cure [psi+]. To check 
this, we transformed the [psi+] strains 
D1142-1A and 74-D694 with a CEN plas- 
mid bearing HSP104 under the control of 
the galactose-inducible (GAL) promoter. 
On glucose medium, little or no Hspl04 
protein was expressed from this plasmid, 
whereas on galactose Hspl04 was express- 
ed at about the same level as it is normal- 
ly expressed in a wild-type strain (with 
no plasmid) after heat shock (18). If the 
cells were never grown on galactose, the 
GAL::HSP104 plasmid did not affect [psi+]. 
However, after incubation on galactose, 

882 

[psi+] strains bearing this plasmid became 
[psi-] (Fig. 4). The loss of [psi+] was con- 
firmed from the observation that neither a 
shift from galactose to glucose nor the loss 
of the plasmid restored suppression. We 
conclude that overexpression of HSP104 
cured the yeast cells of [psit]. 

These results may explain the findings 

that both environmental stresses, such as 
exposure to heat or ethanol, and some con- 
ventional mutagens, such as ultraviolet 
(UV) light and methyl methanesulphonate 
(MMS), can cure [psit] (4). This is because 
induction of Hspl04 is a component of the 
stress response. In particular, Hspl04 is 
shown to be induced by heat, ethanol (1 3), 

Fig. 2. Hspl04 protein amounts in strains that a u ? a 
differ in HSP104 gene copy number. Yeast cul- 2 8  8 Z X *  z a g  ZX$J  
tures were grown in -Ura medium to the middle z z ;  z z ;  z z ;  $ z ;  % L a  EL2 B L ~   EL^ of the logarithmic phase at 25°C. and for 45 min 
the cultures were either maintained at that tem- HSp104 - - - -- 
perature or shifted to 39°C to induce Hsp expres- 
sion. Proteins were extracted, separated in 7% 
SDS-polyacrylamide gels, transferred to Immo- 
bilon filters (Millipore), and reacted with an anti- 
body specific for Hspl04 (#8-1) as described (15). 
Coomassie staining (32) before immunological re- 
action confirmed that the amount of total protein 
did not vary significantly among the samples. Im- 
munochemical data shown on the figure confirmed that [UM3 HSP1041 (pYSl04) transformants contain 
from two- to fourfold more Hspl04 protein than the control [Urn31 (pRS316) transformants under normal 
growth conditions, whereas hspl04::URA3 disruptant strains (hspl04-A) do not contain any Hspl04 
protein even after heat induction. Stationary phase cells bearing pYS104 (32) also contained three- to 
fourfold more Hspl04 protein than those bearing pRS316. The experiment was reproduced three times 
with similar results. 

Fig. 3. Effects of multiple 
copies of the SUP35 gene 
in HSP104+ and hsol04- 
A strains. ~ ~ ~ 1 0 4 ;  bsi-] 
refers to the [osi-] 74- 
D694 strain (Table 1). A 
derivative of bsi+] 74- 
D694, in which bsi+] was 
lost as result of 
hsp 104::LEU2 disruption 
(30), is listed as hspl04-A 
bsi-1. Both the disrupted 
and nondisru~ted strains 

Strain - 
HSP104+ [psi-] 

HSP104+ @st] 

hsp 104-A [psq 

hsp 104-A [psq 

Plasmid 

[URAA3] 

[ U r n 3  SUP35I 

[ U r n 3  SUP3q 

[Urn31 

Original After 
transformants plasrnid loss 

were transformed with either the episomal [URA3J plasmid pEMBLyex4 or its derivative containing a 
wild-type SUP35 gene (33). The original transformants were replica plated onto medium lacking uracil 
(-Ura) or adenine (-Ade). A suppressor effect caused by multiple copies of SUP35 was detected by 
growth on -Ade medium as a result of suppression of the adel-14 (UGA) mutation. [Psi+] induction by 
multicopy SUP35 was detected as residual suppression of adel-14 in transformants after plasmid loss, 
in which the [URA3]-containing plasmid was cured by counterselection on 5-fluoroorotic acid (5-FOA) 
(28). The difference in papillation between hspl04-A and HSP104+ strains, shown here, was not 
reproducible. To distinguish between the absence of bsi+] and the inability of bsi+] to be expressed in 
an Hspl04- background, we crossed plasmid-cured transformants of an hspl04-A strain to a bsi-] 
HSP104+ adel - 14 strain. The absence of suppression of adel-74 in the resulting diploids (32) indicates 
that the bsi+] factor was not present in either parent. 

Fig. 4. Elimination of the bsi+] factor caused by Suppression on glucose 
overexpression of the HSP104 gene. Yeast 
strains were transformed with either pRS316 
([URA3]) or pYS-GAL104 ([Urn3 GAL::HSP704]) 
plasmids. Plasmid pYS-GAL104 (78) is identical 
to pYS104 except that it contains a GAL promoter 
instead of the normal HSP104 promoter. Trans- 
formants were grown on glucose medium lacking 
uracil and were then replica plated to either the 

Plasmid 

W A 3 1  

[URA3 GAL::HSP104] 

Glucose 

after - 
Galactose 

same medium (glucose) or the same medium containing galactose instead of glucose (galactose). After 
3 days of incubation, transformants from each medium were replica plated to glucose medium deficient 
in both uracil and the nutrient corresponding to the marker to be tested for suppression. A color test on 
YPD medium (see legend to Fig. 1) was also used for 74-D694 (32). In the presence of pYS-GAL104 both 
Dl 142-1A and 74-D694 lost bsi+] after incubation on galactose but not on glucose. Suppression of 
trp5-48 in Dl 142-1A is shown as an example. 
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and MMS (1 9 ) ,  and Hspl04-dependent 
thermotolerance is induced by radiation 
(20).  Furthermore, the  observation that 
D N A  damage, caused by UV and other 
related mutagens, induces expression of a t  
least some stress-related proteins (21 ) may 
explain why D N A  repair can reverse the  
effect of uv light o n  [psit] loss (4) .  

Growth in  the  presence of guanidine 
hvdrochloride IGuHC1) is the  most effi- 
c;ent treatmen; reported for curing [psit] 
14). This effect has been attributed to  the  . , 

protein denaturing activity of GuHC1 o n  
Suo35 12. 3): However, the  5 m M  con- . ,  
centration of GuHC1 commonly used to 
cure [psit] is too low. to  cause significant 
denaturation of most cellular proteins. W e  
suggest that  G u H C l  acts o n  [psit] indi- 
rectly, by changing the  amount  of hea t  
shock proteins. Indeed, the  amount  of 
Hsp l04  protein was selectively increased 
about three- to  fivefold by growth in  the  
presence of 5 to 10  m M  G u H C l  (22) .  
Although it is generally believed that  
yeast strains cured of [psit] by 5 m M  Gu-  
HC1 are very stable ( 4 ) ,  in  some of them 
[psit] frequently reappears de  novo (8, 
17) .  O n e  possible explanation is that  these 
differences in  the  frequency of [psi-] to  
[psit] conversion are related to strain vari- 
ations in  basal Hsp l04  expression (18) .  
Another  yeast non-Mendelian prion-like 
element,  [CRE3], theorized to  be encoded 
by URE2, has also been reported to  be 
cured by 5 m M  GuHC1 (2 ) .  Aigle ob- 
served (23) ,  and we confirmed (16) ,  that  
the  frequency of [URE3] appearance is 
increased up to  100-fold when yeast cells 
were stored a t  low temperatures. This  sug- 
gests that  stress-induced f~lnct ions  also in- 
fluence the  appearance and propagation of 
IURE31. 

T o  determine whether chaperone pro- 
teins other than Hsol04 are involved in  the  
propagation and expression of [psit], we 
transformed yeast [pslt] strains 74-D694 
and D1142-1A with a plasmid contai~llng 
SSAI,  which encodes one of the major pro- 
teins of the Hsp70 famlly (24).  In  both 
strains [psit]-mediated suppression was in- 
hibited in  the  presence of the SSA1-con- 
taining plasmid. However, suppression was 
restored after plasmid loss, indicating that 
[psit] was not  eliminated. Thus, in parallel 
with the  Hspl04 results, overdosage of the  
Hsp70-encoding gene inhibited [psit]. This 
is in  good agreement with the  previously 
reported observation that excess Hsp70 par- 
tially compensates for the  loss of Hspl04 in  
thermotolerance assays (25) ,  providing fur- 
ther support for a close f~lnctional relation 
between these proteins. 

H s ~ 1 0 4  is a member of the  HsolOO 
(Clp)  ' family which is conserved in  bo th  
prokaryotes and eukaryotes (15).  Yeast 
Hspl04 has a chaperone-like f ~ ~ n c t i o n  and 

increases thermotolerance by promoting 
the  disaggregation of proteins that have 
been damaged and aggregated by heat (15).  
This provides a hypothesis to explain the  
effect of Hspl04 o n  the  propagation of 
[psit]. It has been proposed (26) that con- 
for~national conversion from the  wild-type . -  
to the prion form may require a partially 
unfolded intermediate. A prion "template" 
is thought to complex with this intermedi- 
ate, converting it into the  prion conforma- 
tion. W e  suggest that the  Hspl04 chaper- 
one may be required for the  formation or 
maintenance (or both) of the  partially un- 
folded form of the  Sup35 protein. There- 
fore, a n  insufficient amount of c h a ~ e r o n e  
would prevent formation of the  prion. If the  
amount of chaperone was too high, howev- 
er, the  prion "template" would disaggregate 
from the  unfolded intermediate, leading to 
the  loss of the  protein-modifying activity. 
T h e  finding that chaperones are essential 
for the propagation of [psit] explains why 
prion formation is inefficient in  vitro in the  
absence of chaperones and provides support 
for the  model that protein folding is respon- 
sible for [psit], as well as for other prion 
phenomena. 
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KAII,  a Metastasis Suppressor Gene for Prostate 
Cancer on Human Chromosome 11 p11.2 

Jin-Tang Dong," Pattie W. Lamb, Carrie W. Rinker-Schaeffer, 
JasMinka Vukanovic, Tomohiko Ichikawa, John T. Isaacs, 

J. Carl Barrett-t 

A gene from human chromosome 11 p11.2 was isolated and was shown to suppress 
metastasis when introduced into rat AT6.1 prostate cancer cells. Expression of this gene, 
designated KAII, was reduced in human cell lines derived from metastatic prostate 
tumors. KAll specifies a protein of 267 amino acids, with four hydrophobic and pre- 
sumably transmembrane domains and one large extracellular hydrophilic domain with 
three potential N-glycosylation sites. KAll is evolutionarily conserved, is expressed in 
many human tissues, and encodes a member of a structurally distinct family of leukocyte 
surface glycoproteins. Decreased expression of this gene may be involved in the ma- 
lignant progression of prostate and other cancers. 

Metastasis, the main cause of death for nlost 
cancer patients, remains one of the most 
i~nportant but least ~lnderstood aspects of 
cancer (1).  Both positive and negative reg- 
ulators of lnetastasis are likelv to exist. The  
existence of genes involve; in metastasis 
s~~ppression is suggested by sonlatic cell ge- 
netic s t ~ ~ d i e s  in which nonmetastatic and 
metastatic tumor cells are hvbridized and the 
resultant cell hybrids are tu~norigenic but no 
longer metastatic (2).  For example, the met- 
astatic ability of rat AT6.1 prostate cancer 
cells was suppressed when they were f~used to 
nonmetastatic cancer cells ( 3 ) ,  and the pu- 
tative metastasis suppressor gene was mapped 
to h ~ u n a n  chro~nosome 1 lp11.2-13 ( the  
p11.2-13 region of chromosome 11) by mi- 
crocell-mediated chrornosorne transfer (4).  

T o  clone this lnetastasis suppressor gene 
o n  human chromosome 1 I ,  we isolated 
genoinic D N A  fragments from the p11.2-13 
region by huma11-specific Alu element-me- 
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diated polymerase chain reaction (Alu- 
PCR) (5)  with DNAs from the metastasis- 
suppressed lnicrocell hybrid AT6.1-11-1 
and from the nonsuppressed hybrids AT6.1- 
11-2 and AT6.1-11-3 ( 4 ,  6 ) .  T h e  Alu-PCR 
fragments in the AT6.1-11-1 D N A  were 
then used as probes to screen a complemen- 
tary D N A  (cDNA) library from the sup- 
pressed cell hybrid clone AT6.1- 1 1 - 1 that 
contained human chrolnosolnal region 
l l cen-p l3 .  Of five cDNA clones obtained 
( 7 ) ,  all were expressed in the suppressed 
hybrid but not  in the i~ons~~ppressed hy- 
brids, as detected by reverse transcription 
PCR (KT-PCR). Northern (RNA)  blot 
analysis (8) of h ~ u n a n  prostate tissue and 
the metastasis-suppressed hybrid cells 
(AT6.1-11-1) revealed that two of the 
cDNA clones detected 2.4-kb and 4.0-kb 
sequences in human tissue and in the sup- 
pressed hybrid cells, respectively. These two 
sequences were not  detected in the parental 
AT6.1 cells or in the nonsuppressed hybrid 
cells (AT6.1-11-2 and AT6.1-11-3). T h e  
clone that detected the 2.4-kb sequence, 
designated KAI1 for kang ai (Chinese for 
anticancer), was abundant in AT6.1-11-1 
(Fig. 1A)  and was analyzed f ~ ~ r t h e r .  

Southern ( D N A )  blot analysis con- 
firmed that KA11 was isolated from human 
chro~nosome 1 lp11.2-13. Only the cell hy- 
brids containing the p11.2-13 region in- 
volved in metastasis suppression exhibited 
the pattern observed with norrnal h ~ u n a n  
D N A  when hybridized to the KAl1 probe. 
Fluorescence in situ hybridization of a KA11 

probe to metaphase chroinosomes f ~ ~ r t h e r  
localized KAI 1 to the p11.2 region (9) .  

T h e  KA11 cDNA has a single open read- 
ing frame (nucleotide positions 166 to 966) 
that predicts a protein of 267 a ~ n i n o  acids 
with a molecular mcss of 29,610 daltons 
(Fig. 1B). AII Alu element is present in the 
3'-untranslated region of the cDNA. The  
predicted protein has fo~ur hydrophobic and 
presumably transmembrane domains and 
one large extracellular hydrophilic domain 
with three potential N-glycosylation sites. A 
search of the GenBank and European Mo- 
lecular Biology Laboratory (EMBL) databas- 
es revealed that KAll is identical to three 
cDNA clones from human lymphocytes, 
designated C33, R2, and 1A4 by different 
laboratories (10-12). C33 is associateil with 
the inhibition of virus-induced syncytium 
formation ( l o ) ,  R2 is strongly up-regulated 
in mitogen-activated human T cells (1 1 ) ,  
and IA4 is expressed in large amounts in 
several B lymphocyte lines (12). O n e  of 
these studies shou~ed that the protein is lo- 
calized to the cellular lnelnbrane and is 
highly glycosylated (1 O), which is coilsistent 
with the predicted molec~~lar  features. 

T o  investigate whether KAl1 was re- 
sponsible for the lnetastasis suppression in 
AT6.1-11-1, we subcloned KAIl cDNA 
into a const i t~~t ive expression vector (13) 
and transfected it into parental AT6.1 cells. 
Individual transfectants were analyzed for 
KAl1 expressio~l and for their ability to  
suppress lung lnetastases of AT6.1 cells in 
nude mice (14).  T h e  vector alone was also 
transfected as a negative control. Expres- 
sion of KA11 resulted in a significant sup- 
pression of the number of lung lnetastases 
per mouse, but it did not  affect the groat11 
rate of the primary tumor. These findings 
were observed in different experiments with 
multiple clones; one such experiment is 
shown in Table 1. Although the parental 
AT6.1 cells yielded 58 lnetastases per 
mouse, two transfectants that expressed 
large amounts of KAI1 mRNA (similar to 
those for AT6.1-11-1) yielded only 6 or 7 
lnetastases per mouse. Three vector control 
transfectants produced 30 to 47 lnetastases 
per mouse. Northern blot analysis showed 
that KAII expression was undetectable or 
very low in 28 lung lnetastases from the 
KAII transfectants, suggesting that selec- 
tion for cells with absent or reduced KAI1 
expression resulted in lnetastasis formation. 
In addition, KAII expression was reduced 
in human cell lines derived from metastatic 
prostate tumors (15) as compared with its 
expression in normal prostate tissue (Fig. 
2) ;  this finding suggests a possible suppres- 
sive role for KAl1 in the metastasis of hu- 
man prostate cancer. 

T o  rule out the possibility that metasta- 
sis suppression by KAI1 is the result of an 
indirect i~nmune  mechanism, we performed 
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