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The LAG3 protein has several features in common with CD4, suggesting that it may be 
important in controlling T cell reactivity. However, mice with a Lag3 null mutation have 
now been shown to exhibit a defect in the natural killer cell, rather than the T cell, 
compartment. Killing of certain tumor targets by natural killer cells from these mice was 
inhibited or even abolished, whereas lysis of cells displaying major histocompatibility 
complex class I disparities remained intact. It appears that LAG3 is a receptor or 
coreceptor that defines different modes of natural killing. 

T h e  LAG3 gene, initially discovered in 
activated natural killer (NK) cells, was later 
shown to be expressed just as prominently 
in stimulated T cells (1 ). The gene encodes 
a transmembrane protein of the immuno- 
globulin (Ig) superfamily, consisting of four 
extracellular Ig-like domains, the most ex- 
ternal with an unusual looplike insertion. 
Both Lag3 and its product (LAG3) exhibit 
similarities to the CD4 gene and protein: 
the genes map close together in the mouse 
and human genomes and the proteins share 
stretches of sequence homology ( 1 , 2). Ev- 
idence also suggests that LAG3, like CD4, 
interacts with major-histocompatibility 
complex (MHC) class I1 molecules (3). 
These similarities have provoked specula- 
tion that LAG3 plays a role in controlling 
T cell responses (1 , 3,  4). 

To investigate the function of LAG3, we 
produced a null mutation in the mouse ge- 
nome by homologous recombination. A 
mouse Lag3 complementary DNA (cDNA) 
clone was isolated by low-stringency screen- 
ing of a spleen library with a human Lag3 
probe ( 1 ), sequenced (2), and used to probe 
a rrenomic DNA librarv from embrvonic 
stem cells for Lag3 gene f;agments ( ~ i ~ . ' l ~ ) .  
We then replaced exons 1 to 3 with the 
neomycin resistance gene (neo') (Fig. 1A). 
A fragment spanning this region was trans- 
ferred by electroporation into the D3 line of 
embryonic stem cells (129 genetic back- 
ground). Fifteen of 82 neomycin-resistant 
clones harbored the desired product of ho- 
mologous recombination, and one of them 
(clone KE6) was injected into blastocysts to 
generate chimeras. Chimeric males were 
crossed with C57BL/6 (B6) females, and the 
resulting progeny (Lag3+lP) were inter- 
crossed to generate homozygous mutant 
mice (Lag3-I-). Polymerase chain reaction 
(PCR) analysis of RNA from splenocyte 
blasts induced bv concanavalin A (Con A)  
confirmed that the mutation abolished 
expression (Fig. 1B). 

At first, the phenotype of the homozy- 
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gous mutants appeared normal. No devel- 
opmental or growth abnormalities were ob- 
served, and diverse aspects of immune func- 
tion-in particular, those related to the 
operation of MHC class I1 genes-also ap- 
  eared normal (2, 5). Briefly, normal pa- 
rameters included (i) positive and negative 
selection of T cells in the thymus; (ii) num- 
bers and distribution of peripheral CD4+ 
and CD8+ T cells, their activated and 
memory subpopulations, and their responses 
to mitogens and to antigen priming; (iii) 

Table 1. Effect of Lag3 disruption on NK cell 
activity against YAC-1 targets. Lysis of 51Cr-la- 
beled YAC-1 target cells by enriched NK cells (26) 
was determined in duplicate at the indicated ef- 
fector:target (E:T) ratios in a standard cytotoxicity 
assay (6) at 37°C for 5 hours. Results are ex- 
pressed as percent-specific cytotoxicity. In exper- 
iments 1 and 2, Lag3-I- mice were compared 
with phenotypically wild-type, heterozygous litter- 
mates. In experiment 3, the controls were mice 
heterozygous (phenotypically wild type) for both 
the Lag3 mutation and a CD4 null mutation (8). 
Spontaneous 51Cr release by the target cells (1 8, 
22, and 8% in experiments 1 to 3, respectively) 
has been subtracted from the values shown. 

Specific cytotoxicity (%) 

Phenotype 
at E:T ratio 

200 100 50 25 12 

Experiment 1 

33 24 16 10 6 
28 17 13 8 7 
41 29 18 13 10 
14 7 4 2 1  
9 6 2 2 1  

18 10 6 3 2 
Experiment 2 

74 53 38 32 26 
69 47 34 27 20 
43 27 18 14 4 
44 28 18 12 6 
Experiment 3 

32 20 13 9 4 
28 19 11 7 5 
17 10 5 2 0 
11 7 3 1 0  
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generation and function of cytotoxic cells 
directed against several viruses; (iv) B cell 
maturation and distribution; and (v) anti- 
body production after primary and second- 
ary immunization. 

However, one set of experiments re- 
vealed a marked difference between mice 
that did or did not express Lag3: NK activ- 
ity induced by poly(1)-poly(C) against the 
YAC-1 tumor line was consistentlv reduced 
in the homozygous mutants compared with 
that in heterozygous (Table 1) or homozy- 
gous wild-type littermates. This reduction 
was partial but reproducible, observed in all 
of the >25 littermate vairs tested. 

It was important to show that this phe- 
notype was not attributable to the mutation 
itself rather than to linked genes, a concern 
because hg3 ,  together with the CD4 gene, 
maps at the boundary of the NK gene com- 
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Fig. 1. Disruption of the Lag3 gene. (A) Partial 
restriction enzyme map of Lag3 is presented on 
the top line. Exon positions were determined by 
hybridization with short oligonucleotide primers. 
The 5' and 3' ends of the Lag3 mRNA have not 
been identified, and it is possible that additional 
exons encode untranslated sequences at either 
end. Exons 4 to 6 are located in a 5.8-kb Xho 
I-Hind I l l  fragment but have not been mapped 
accurately within this fragment. The targeting vec- 
tor, made by replacing a 2.0-kb Hind Ill-Xho I 
fragment that includes exons 1 to 3 with the MC1- 
neo cassette, is shown on the middle line. Wavy 
lines denote plasmid sequences (pBluescript). 
The mutant gene resulting from homologous re- 
combination is shown on the bottom. The position 
of the probe used for Southern (DNA) blot analysis 
is indicated, as are the 6.4- and 5.2-kb Bam HI 
fragments that hybridize to this probe in wild-type 
and mutant DNA, respectively. Restriction en- 
zymes: B, Bam HI; H, Hind I l l ;  K, Kpn I;  X, Xho I. (B) 
Estimation of Lag3 expression in the indicated 
number of Con A blasts from wild-type (W) or 
Lag3-I- mice by semiquantitative PCR (24). 



E:T ratio E:T ratio E:T ratio E:T ratio 

Fig. 2. Mce lacklng Lag3 have decreased NK actvity against YAC-I (A), IC-21 (B), and J774 (C) tumor 
cells but not against MHC-deficient blasts (D). Lysis of target cells was determined as in Table 1 .  Both 
lC-21 and J774 cells were obtained from the American Type Culture Collection. MHC-deficient targets 
were Con A blasts (48-hour culture) from P,M-deficient mice (25). Each curve represents lysis by enriched 
NK cells (26) from individual mice. either Lag3-'- anmals (C) or heterozygous littermates (@). Sponta- 
neous "Cr release by the target cells ( I  I .  15, 14, and 12% for YAC-1, IC-21, J774. and Con A blasts, 
respectively) has been subtracted from the values shown. E:T, effector to target ratio. 

plex, which contains several genes impor- 
tant in NK cell f~~~lnction, including the 
Ly49, CD69, and NK-RP1 gene families 
(6).  Allelic polymorphism between the B6 
and 129 strains at  these loci is evidenced by 
differential staining of cells with monoclo- 
nal antibodies and by differential respon- 
sive~less to bone marrow allografts (7). 
Thus, the 129 allele of a linked recessive 
gene might cosegregate wlth the Lag3 mu- 
tation and confer low NK activity in the 
homozygous mutants. To  exclude this pos- 
sibility, we derived positive controls that 
were double heterozygotes: for the Lag3 mu- 
tation on one copy of chromosome 6 and 
for a CD4 11~111 ~uutatioll (8) on the other. 
These mice were phenotypically wild type, 
but both copies of the NK gene complex 
originated from the 129 strain. Reduced 
killing by NK cells from L a g 3 '  mice com- 
pared with that from cells from Lag3+Ip 
littermates was still apparent (Table 1).  

T o  evaluate the generality of the NK 
defect in Lag3-'- mice, we measured lysis of 
other NK targets that differ in various re- 
spects. YAC-1 is a T lylnphoma line, 
whereas IC-21 and J774 are macrophage- 
derived tumor lines; YAC-1 and IC-21 are 
sensitive to both Ly49+ and Ly49- NK 
cells, whereas 5774 is sensitive to only 
L y 4 9  cells (9).  A marked reduction in NK 
activity was also observed with the two 
macrophage tumor targets (Fig. 2, A to C ) .  

Different results were obtained with 
M H C  class I-deficient targets. Class I mol- 
ecules are a major determinant of suscepti- 
bility to natural killing: Inhibition of NK 
activity is induced by the recognition of 
supratypes of M H C  molecules by a family of 
receptors 011 NK cells; derepression and lysis 
occur in the absence of self-MHC mole- 
cules (10). Thus, Con A blasts from mice 
devoid of P2-microglobulin (p2A/1) are 
readily lysed by NK cells from nornlal mice 
(1 1 ). In contrast to their reduced activity 
against tumor targets, NK cells from 
Lag3-I- mice effectively lysed M H C  class 
I-deficient targets (Fig. 2D). W e  also as- 

sessed the rejection of bone marrow grafts 
from PLM-'- mice, another assay of NK 
reactivity to self-class I def ic~e~lcy (12). 
Mice displaying class I molecules, whether 
or not they expressed Lag3, rejected bone 
marrow cells from PZM-'- animals, as in- 
dicated by the representative splenic 
5-[1251]~odo-2'-deoxyuridlne lncorporatlon 
assay shown in Fig. 3. Thus, accordii~g to 
both in vltro and in vivo assays, recognition 
of MHC d~sparity by the NK system is not 
affected by the absence of LAG3, in con- 
trast to recognition of certain turnor targets. 

These observations suggest that LAG3 
might participate in recognition by or signal 
transduction in NK cells. However, it is pos- 
sible that LAG3 plays a more indirect role, 
influencing NK ontogeny or selection (we 
c o ~ l d  not ascertain directly the nulnber of 
NK cells in Lag3 mutant mice because the 
129 alleles of NK complex genes linked to 
the mutation are not detected by available 
antibodies to NK1.l or Ly49A). Additional 
evidence indicates that LAG3 directly par- 
ticipates in target cell recognition. First, with 
mice lacking both LAG3 and P2M, we 
showed that Lag3 is not required for the 
generation of NK cell-susceptible MHC 
class I-deficient targets (13). Second, we 
made use of an antiserum generated against a 
peptide derived from LAG3; this reagent was 
specific for LAG3, as shown by its ability to 
stain activated T cells from wild-type but not 
Lc~g3-~- nlice (1 4). This antiserum stained 
essentially all N K l . l t  splenocytes of B6 
mice that had been treated with poly(1)- 
poly(C) (Fig. 4A); in contrast, NK cells from 
uninduced spleens were largely negative. 
The a~ltiserum inhibited the ability of NK 
cells from normal nlice to lyse YAC-1 cells 
(Fig. 4B), but as expected, it did not affect 
the residual activity in Lag3-'- animals; sim- 
ilar results were obtained with IC-21 and 
J774 targets (1 3).  In contrast, the antiserum 
had 1x1 effect 011 the killing of P2M-deficient 
blasts. The inhibition by the antiserum of 
YAC-1 lysis by NK cells from ~norrnal mice 
was only partial, even at saturating doses, 

Donor: P,M +I- I -  N +I- I -  N 

Recipient: Lag3 +I- -1- 

Fig. 3. Mice lacking Lag3 are fully competent to 
reject bone marrow grafts from P,M-/- mlce. 
lncorporatlon of 5-[1251]~odo-2'-deoxyuridine 
([1251]ldU) into recipient spleen cells was mea- 
sured after transfer to test for rejection of bone 
marrow grafts by NKcels (27, 28). Bone marrow 
donors vilere P,M-deficient mice (-I-) or normal 
heterozygous ttermates (+I-).  as indicated: N 
ndlcates no graft. Lag3-/- homozygotes or het- 
erozygous ~ttermates were used as irradiated 
reclpents. 

reruniscent of the partial defect in Lclp3~'- 
mice. The inhibitory activity of the antiser- 
um was observed when it was added during 
the cytotoxicity assay or when it was incu- 
bated with the effector NK cells before the 
assay (Fig. 4C), indicating that LAG3 oper- 
ates on the NK effectors themselves. 

These data indicate that LAG3 plays a 
role in the lysis of a subset of target cells by 
NK cells. Such a function is consistent with 
its expression pattern and with its genomic 
localization, adjacent to the NK gene com- 
plex 011 mouse chrolllosome 6 (2 ,  6); ill- 

deed, it might now be justified to extend 
the borders of the co~llplex to include Lag3. 
The  precise lllolecular role of LAG3 re- 
mains unclear. It could be an activatory 
recognition receptor. Like several of the 
other NK cell recognition molecules (for 
example, p58 and 2B4) (15), LAG3 con- 
sists of lnultiple Ig-like domains; however, 
its cytoplasmic tail contains 110 o b v i o ~ ~ s  sig- 
nal transduction motif. Instead, the key to 
~lnderstanding LAG3 filnction may lie in its 
si~uilarities to CD4. Thus, LAG3 may func- 
tion as an NK cell coreceptor. The lysis of 
IC-21 cells, which is dependent 011 LAG3, 
also appears to involve NK-RP1: The abil- 
ity to kill IC-21 cells is abolished by block- 
i11g or loss of NK-RP1 (16). These observa- 
tions suggest that NK-RP1 and LAG3 
might f~lnction together to effect IC-21 cell 
lysis, consistent with a coreceptor function. 

The Inore general implications of our 
data concern the target structures recog- 
nized by NK cells. 111 recent years, the 
"missing self' lllodel (17) has becollle an 
accepted paradigm, explaining the NK cell 
sensitivity of many tu~uor  lines and the 
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Fig. 4. Polyclonal antlbodles 
to LAG3 (antl-LAGS) reduce 
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poly(C) were analyzed by 
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NK1.l E:T ratio after stalnlng wlth an antlser- 

um to LAG3 (74) The panels 
show the stalnlng of gated CD3-gM- cells by a comblnatlon of N K I  1 and elther antlserum to LAG3 
(bottom) or a control antlserum from a mouse s~m~larly lmmunlzed wlth keyhole Ilmpet hemocyanln (Ctl) 
(top) (B) Kllllng of YAC-I (top) or p,M-/- Con A blasts (bottom) by enrlched N K  cells (26) from 
LAG3-defclent (open symbols) or wild-type (WT)  (illled symbols) Ilttermates was assayed In the presence 
of 5% ant~serum to LAG3 (squares) or control antlserum (clrces) (C) Effector cells were Incubated wlth 
10% antlserum to LAG3 or control antlserum and washed before testlng In the cytotox~clty assay 
Spontaneous %r release by the target cells (1 6 and 5% for YAC-I and P2 M-/-  blasts respectively) has 
been subtracted from the values shown 

nhenomenon of hybrid resistance. as well as 
broviding a molechar basis for the relation 
between inhibitory receptors and M H C  
class I alleles (9,  18, 19). However, not all 
NK cell activity appears to involve recog- 
nition of missing class I molecules: (i) NK 
cell clones have been detected that are 
apparently oblivious to M H C  disparities 
and levels of expression (1 9 ,  20). (ii) NK 
cell lysis of some tumor lines is only partial- 
ly or not at all affected by the abu~ldance of 
class I molecules (21 ). (iii) NK cell activity 
in class I-deficient mice is reduced but not 
completely abolished (1 1 ,  22). 

Our data may prol~ide a framework for 
these observations, suggesting that the NK 
system operates in two modes. LAG3 was 
important for the lysis of tumor targets, 
whereas the targets whose lysis was indepen- 
dent of LAG3 were nontransformed cells 
taunting natural killers by an absence of 
MHC class I molecules. This difference is 
reminiscent of recent studies showing a dif- u 

ferential influence of class I molecules on 
normal and tumor targets (23). The expla- 
nation for this dichotomy and for the obser- 
vation that the inhibition of LAG3 func- 
tion, through mutation or antibody block- 
ade, did not completely inhibit NK activity 
may lie in what actually constitutes the dom- 
inant trigger for NK action, as well as in the 
balance between activatorv and inhihitorv 
signals. \Vith nontransforlied targets, derel 
~ression of killer activitv in the context of 
altered or absent MHC' molecules may be 

conferred relatively nonspecifically by a 
broadly distributed ligand. With tumor cells, 
a more potent activatory signal, recognized 
by a structure that includes LAG?, would be 
the primary trigger. These two modes could 
operate in an additive manner; for example, 
we have observed that the low level of NK 
activity against YAC-1 targets that persists 
in P 2 M p 1  mice virtually disappears in 
P2M-!- and Lag3-lp double mutants (1 3).  
The  two modes could also be interconnect- 
ed: MHC inhibition of tumor cell lysis has 
been demonstrated, and we have also shown 
that killine of the class I-deficient RMA-S - 
tumor line, which is substantially more effi- 
cient than killing of its class I-positive par- 
ent RMA, is partially affected by the Lag3 
null mutation (1 3) ;  the staining pattern with 
the antiserum to LAG3, which recognizes 
essentially all NK cells, irrespective of Ly49 
subtype expression, also indicates that LAG3 
coexists with the inhibitory receptors on the 
same cells. LAG3-dene~ldel~t and - indene~~-  
dent modes of natural killing may thus be 
operational in the same cell. 

REFERENCES AND NOTES 

1 . F. Trebel eta/., J. Exp. iiiled. 171, 1393 (I 990). 
2. T. Myazakl eta/, In preparation. 
3. E. Baxeras etal., J. Exp. !!/led. 176, 327 (1992): B. 

Huard, P. Prigent M. Tournler. D. Brunlquel, F. 
Triebel, Eur. J. Irnmunol. 25, 271 8 (1 995). 

A. R. M. Locksey, S .  L. Reiner, F. Halam, D. R Liltman. 
N K~lleen. Science 261, 14A8 (1 993). 

5. T. Myazak, A. Derlch, C. Benost, D. Mathis, lnt. 
Irnmunol., in press. 

6 W. M. Yokoyama, Annu Rev. /rnrnuno/. 11, 613 
the primary trigger, a positive signal being (1 993): S. F.-ziegler et a/., J, immunoi. 152. 1228 

SCIENCE VOL. 2 7 2  19 APRIL 1996 

(1994); W. M. Yokoyama et a/., ibid. 147 3229 
(1991); R Giorda and M. Trucco, ibid., p. 1701; W. 
M. Yokoyama, P. J. Kehn, D. I. Cohen. E. M. She- 
vach, !bid. 145, 2353 (1990): E.  R. Stoneman et a/., 
J. Exp. Med. 182 305 (1 995). 

7. C L. Sentman, V. Kumar. G. Koo, M. Bennett. J. 
Immunol 142. 1847 (1 989). 

8. N. Klleen, S. Saviada, D. R.  Llttman, E!!/lBO J. 12, 
15A7 (1 993). 

9. F. M. Karlhofer, R K. Ribaudo, W. M. Yokoyama, 
Nature 358, 66 (1 992). 

10. K. Karre, Semin. lmrnunol. Ser 5, 127 (1 993); G. 
Trlnchlerl, J. Exp. iiiled. 180, A17 (I 99A): W. M. 
Yokoyama, Proc. Natl Acad. Sci. U.S.A. 92 3081 
(1 995). 

11. N.-S. Llao, M. Bix, M. Zljlstra, R. Jaenlsch, D. Raulet 
Science 253, 199 (1991); P. Hoglund et a/., Proc. 
Natl. Acad. Sci. U.S.A. 88. 10332 (1991). 

12. Y. Y. L. Yu, V. Kumar, M. Bennett,Annu. Re'/. Irnrnu- 
no/. 10. 189 (1 992). 

13. T Myazakl, unpublished data. 
l a  Antiserum to LAG3 vias produced by repeated im- 

~nunzation of Lag3-'-  nice vilth a LAG3-derlved 
26-residue peptde (Ser-Gy-Gn-Pro-Thr-Pro-le- 
Pro-Ala-Leu-Asp-Leu-HIS-Gn-Gly-Met-Pro-Ser- 
Pro-Arg-Gn-Pro-Ala-Pro-Gly-Arg) conjugated to 
ovabumin. The antserum vias adsorbed before use 
viith total spleen cells froln LAG3-def~cient mice, and 
~ t s  specificty was ascertaned by its abllty to stain 
Con A blasts from normal, but not from LAG3- 
deficient mlce. 

15. W. M. Yokoyama, Curr. Opin, lmmunol. 7.  110 
(1 995); D. Raulet and W. Held. Cell 82 697 (1 995). 

16. K. Bezouska et a/., Nature 372, 150 (1 99A): J C. 
Ryan, E. C. N I ~ I T I ,  M. C. Nakamura, W. E. Seaman, 
J. Exp. Med. 181. 191 1 (1 995). 

17. K. Karre In Mechanisms of Cyiotoxicity by NK Cells. 
R. B. Herberman and D. M. Caleviaert, Eds, (Aca- 
de~nlc Press, Orlando, FL, 1985), pp. 81-96; H. G. 
Ljunggren and K. Karre. Immunol. Today l l , 7  (1 990). 

18. E. Ciccone et a/., J. Exp. Med. 175. 709 (1 992); E. 
Ciccone et a/., ibid. 176, 963 (1 992); M. Colonna E. 
G. Brooks, M. Falco, G B. Ferrara. J. L. Strominger. 
Science 260, 11 21 (1 993); M. Cela, A. Longo, G. B. 
Ferrara, J. L. Stromnger, M. Colonna, J Exp. Med. 
180, 1235 (1 994): A. Moretta et a/., ibid., p. 545. 

19. V. Litwn, J. Gumperz. P. Parham, J H Phillips, L. L. 
Laner. J. Exp. Med. 178. 1321 (1993). 

20. F. M Karlhofer, M. M. Orihuela, W. M. Yokoyama. 
!bid. 181 , 1785 (1 995). 

21. G. E. Ponteketal . J. /rnrnuno/. 135, A281 (I 985); G. 
Dennert, C. Landon E. M. Lord. D W. Baher, J. G. 
Frelinger, !bid. 140, 2472 (1 988). 

22. H. G. Ljunggren, L. Van Kaer, H. L. Ploegh S. 
Tonegavia, Proc. Natl. Acad. Sci. U.S.A. 91, 6520 
(I 9 9 4  

23. C. L Sentman etal. J. /rnmuno/. 153. 5482 (I 994); 
A, J, Zajac, D. Muler. K. Pederson, J. A. Frelinger, D. 
G. Quinn, Int, /rnmuno/. 7, 15A5 (1 995). 

2A, Reverse transcr~pt~on-PCR vias performed mostly 
as described [B. C. Byrne eta/., Nucleic Acids Res. 
16, A1 65 (1 988)l. Briefly. cDNA vias syntheszed for 
A5 min at A2"C from total RNA, isolated from 5 X 1 OF 
Con A blasts, vi~th 200 ng of random hexamers and 
AMV (avian myeloblastosis vlrus) reverse tran- 
scriptase. PCR was then performed ~11th portions of 
thls cDNA corresponding to 5 X 10"or 5 X 10%ells 
as template, a 5'-spec~f~c prmer complementary to a 
sequence in exon 1 of Lag3 (5'-GAGGCCCGGGA- 
CATAGAGGAGAT), and a 3'-specific primer com- 
plementary to a sequence n exon 2 (5'-TAGAAAGT- 
TAGGATCCAGGTTG). The PCR mxture contaned 
deoxynucleoside triphosphates each at a concentra- 
tlon of 200 pM, 2.5 U of Taq polymerase, primers 
each at a concentration of 1 pM, 50 ITM KCI. 10 ITM 
iris-HCI (pH 8.3). 15 mM MgC2, and 0.1 9.0 gelatin in 
a total volume of 20 p1. PCR products (5 pI) viere 
separated by electrophoress on a 396 agarose gel 
transferred to a nylon membrane, and exposed to a 
"P-labeled Lag3 cDNA fragment. 

25. B. H. Koler, P. Marrack, J. W. Kapper, 0. Smithies, 
Science 248. 1227 (1 990) 

26. To obtaln enrlched NK cells, vie injected mlce with 
200 pg of poly(1)-poly(C) (Sigma). After 48 hours, 
spleen cells were Isolated and Incubated for 30 min on 
ice vilth 10% (v/v) culture supernatants of hybridomas 



RL72 (lgM antbodes to mouse CD4), 31 M (lgM anti- 
bodies to lnouse CD8), and BP-107 (antbodies to 
mouse MHC class II A" [R, Ceredlg, J. W Lovienthal, 
M. Nabhoz, H. R MacDonald, Nature 314,98 (1 985); 
F. W Symlngton and J Sprent, lmmunogenei~cs 14. 
53 (1981), M Sarmlento, A L. Glasebrook, F. W. 
Fltch, J /mmunol. 125, 2665 (1980)l Cedarlane Lo- 
Tox comple~nent vias added to 10% concentraton 
and the cells were inc~~bated for a further 1 hour at 
37°C After two washes In Dubecco's minmum es- 
sential lnedlum contan~ng 5% fetal bovne serum, live 
cells viere counted and resuspended (I x 10' cells 
per mill~l~ter) for use n cytotox~city assays. 

27. W J Murphy et a / . ,  J Exp. iiiled 166, 1499 ( I  987). 
28 Recpent mice were exposed to y radlaton (9.A Gy) 

and then Injected intravenously w~th 5 x 10%one 
marrovi cells from p2M " or p,M-' lnlce (12). 
After 5 days, the  nice were Injected ntrapertonealy 
vilth 3 p.C of 5-[12T]~odo-2'-deoxyur~d~ne Isotope 
ncorporated by the spleens of the recipents was 
deterlnined the next day after extensive rinsing of the 
spleens vilth phosphate-buffered salne 

29. We thank E. Long and D Raulet for helpful com- 
ments on the manuscrpt. D. Llttman for the CDA 
mutant mice; M Dgemann. J.-M. Kuhry, P. Andre, 
and M. Duva for help in creating the knockout mce; 

C. Schrcke and F. Fischer for help w~th care of the 
mce, P. Gerber and C Ebe for assistance; P. Eber- 
Ing and F. Ruffenach for peptdes and ol~gonucleo- 
tldes; and C. Watringerfor help ?vith flow cytometry. 
Supported by funds from NSERM. CNRS. and the 
Centre Hospltaller Unlversitaire Regional, and by 
grants to D.M and C B. from the Assoclatlon pour a 
Recherche sur le Cancer and the Human Frontler 
Science Program T M was supported by a fellovi- 
ship from the Human Fronter Sclence Program Or- 
ganization 

2A October 1995, accepted 18 Janilary 1996 

A Mammalian Histone Deacetylase Related to co~l ld  be 
Tritium-labeled trapoxin was prepared 

the Yeast Transcriptional Regulator Rpd3p by total synthes~s and used to identify trap- 
oxin binding proteins in crude extracts from 

Jack Taunton, Christian A. Hassig, Stuart L. Schreiber* bovine thymus. W e  used a charcoal precip- 
i t a t ~ o n  assay to detect a specific trapoxin 

Trapoxin is a microbially derived cyclotetrapeptide that inhibits histone deacetylation in binding activity primarily in the nuclear 
vivo and causes mammalian cells to arrest in the cell cycle. A trapoxin affinity matrix was fraction of the extracts (6). T h e  binding 
used to isolate two nuclear proteins that copurified with histone deacetylase activity. Both activity was saturable with nanolnolar con- 
proteins were identified by peptide microsequencing, and a complementary DNA en- centrations of ['H]trapoxin and was not 
coding the histone deacetylase catalytic subunit (HDI) was cloned from a human Jurkat detected in the  presence of unlabeled trap- 
T cell library. As the predicted protein is very similar to the yeast transcriptional regulator oxin. Trichostatin also competed for bind- 
Rpd3p, these results support a role for histone deacetylase as a key regulator of eu- ing with ['Hjtrapoxin, \vhich suggests that 
karyotic transcription. both of these compounds exert their cellu- 

lar effects by targeting the same molecule. 
If trapoxin and trichostatin induce cell 

cycle arrest by directly inhibiting histone 
Reversible acetylatio~l of lysine residues an  electrophilic epoxyketone that is essen- deacetylase, then their binding and enzy- 
clustered near the NH,-terminus of nucleo- tial for biological activity (5). Second, the nlatlc activities should copurify. T o  inves- 
soma1 histones is thought to ~nodulate  the  aliphatic epoxyketone side c h a i ~ l  is approx- tigate this possibility, we fractionated nu- 
access~bility of transcription factors to their inlately isosteric with N-acetyl lysine (Fig. clear t l~yinus proteins by a ~ n i n o n i u ~ n  sulfate 
respective enhancer and promoter ele- 1A) .  Trapoxin likely acts as a substrate precipitation and hlonoQ anion-exchange 
ments. Transcriptionally silent regions of mimic, with its expoxyketone poised to al- chromatography (7). Two peaks of histone 
the genome are enriched in underacetylated kylate a n  active site n~~c leoph i l e .  W e  there- deacetylase activity eluted from the  MonoQ 
histone H4 ( I ) ,  and histone hyperacetyla- fore regarded trapoxin as a tool that could column betrveen 250 and 350 nlhl NH,Cl 
tion facilitates the ability of tra~lscriptio~l reveal the  molecular identity of histone (Fig. 1B). Trapoxin binding activity, as re- 
factor TFIIIA to bind to ch ro~na t in  tern- deacetylase, so that its role in  transcription- vealed by the charcoal precipitation assay 
plates (2) .  Although a histone acetyltrans- a1 regulation and cell cycle progression (40 n M  ['H]trapoxin), precisely coeluted 
ferase gene ( H A T I )  has been identified in 
yeast ( 3 ) ,  the  molecular entities responsible 
for histone deacetylation are unknorvn. A N: B w0 H 5 A requirement for a functional histone 

0 N HNH TYNr deacetylase in cell cycle progression has 
been implicated by the discovery that two $3 Trapoxin cytostatic agents, trapoxin and trichostatin -I H~stone 

deacetylase (Fig. l A ) ,  inhibit histone deacetylation in 
cultured ~ n a ~ n ~ n a l i a ~ l  cells and in fractionat- 
ed cell extracts. In  add~t ion  to causing G I  

\ $JJyyJf 3y3+  and G2 phase cell cycle arrest, these natural ' Trichostatln p r o d ~ ~ c t s  alter gene expressio~l and induce 
certain m a m ~ n a l ~ a n  cell l ~ n e s  to differentiate ,. (A, Chemical structures of trapoxin and trichosta. FT 5 10 15 20 25 30 
(4). Whereas sod i~~ l l l  b~ltyrate also has these tin, natural products that n h b t  the enzymatic deacetya- Fraction 
properties, both trapoxill and trichostatill t o n  of ysine residues near the NH,-termnus of hstones, 
are five orders of magnitude Inore potent. The epoxyketone side chain of trapoxin is approx~mately isosteric w~ th  N-acetyl lysine and lhkely akyates 

Trapoxin is a n  "irreversible" inhibitor of an active site nucleoph~le. (B) Copur~f~cat~on of trapox~n binding and hstone deacetylase activit~es. 
lllstone deacetylase activity, its lnolec- Nuclear protens from bov~ne thymus were precipitated w ~ t h  ammonlum sulfate and fractionated on a 

ular structure offers as to how it could MonoOQ column (7) .  Trapox~n binding was assayed by charcoal precpitation with [3H]trapox~n (6). For the 

form a covalent bond rL,itl, a nucleopl,llic histone deacetylase assay, a peptide correspondng to bovine histone H4 (res~dues 1 to 24) was 

active site residue. First, trapoxin co~ltains syntheszed. The peptde was chemically acetylated w th  sodium [3H]acetate (5.3 Ci/mmo. New England 
Nuclear)-BOP reagent (Aldrch) and pur~fied by reversed-phase HPLC. Two microters of [3H]peptide 

~~~~~d ~~~h~~ ~ ~ d i ~ ~ l  lnstltute ~~~~~~~~t~ of (-40,000 dpm) was used per 2 0 0 - ~ l  assay. After ncubation at 37°C for 1 hour, the reaction was 
Chemistry and Chemical Biology, Molecular and Cellular quenched w th  1 M H C  and 0.1 6 M acetic acid (50 FI). Released [3H]acet~c acd  was extracted with 600 
B~ology, Haward Unlverslty, 12 Oxford Street Carn- FI of ethyl acetate and quantified by sc~nt~llation counting. Pretreatment of crude or pari iay purified 
bridge, MA 021 38, USA. enzyme wlth trapoxin or trichostatin (20 nM) for 30 m n  at 4°C abolished deacetyase activ~ty. A,,,2. 
'To whom correspondence should be addressed absorbance at 280 nm: FT. flow-thcough. 
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