
The CD38-CD20+ cells generated in 
our culture system have all the features of 
memory B cells: phenotype, ability to re- 
spond to proliferative signals, and low levels 
of intracytoplasmic and secreted Ig. Al- 
though most memory B cells isolated from 
human tonsils are medium-size resting B cells 
(7), the memory B cells generated here are 
large cells. Large memory B blasts have been 
identified in vivo in the B cell follicles, 
where they have been construed as long- 
term memory B cells undergoing chronic 
stimulation by immune complexes on follic- 
ular dendritic cells (1 ), and among the recir- 
culating thoracic duct lymphocytes, where 
they have been construed as memory B cells 
recently generated from GCs (15). The gen- 
eration of CD3gPCD20+ memory B blasts 
from G C  B cells described here will provide 
a model to identify the signals that allow 
such blasts to revert to small resting cells. 

Our results show that interruption of the 
CD40 signal after 3 days of primary culture 
results in the terminal differentiation of 
proliferating B blasts into plasma cells. 
They are characterized by typical pheno- 
type and morphology, large amounts of in- 
tracellular Ig and secretion of large amounts 
of Ig, and the inability to undergo further 
proliferation. During humoral immune re- 
sponses, responding B cells differentiate 
into either memory B cells or plasma cells. 
These two facets of the response must be 
tightly integrated to ensure adequate 
amounts of antibody production and the 
generation of memory B cells. CD40L plays 
a critical role at two stages of memory B cell 
generation: (i) in the induction phase of 
G C  reaction, as demonstrated by the lack of 
GCs in hyper-IgM patients (16) and in 
mouse models where CD40-CD40L interac- 
tions were interrupted (17, 18), and (ii) in 
the differentiation phase of high-affinity 
G C  B cells toward memory B cells, as dem- 
onstrated here. This second phase (CD40L- 
dependent GC B cell differentiation) was 
also suggested by an interesting in vivo 
observation: Mice receiving soluble CD40- 
IgG chimeric molecules have normal GCs 
but no memory B cell generation. Because 
soluble CD40-IgG chimeric molecules have 
a lower affinity for CD4OL than do antibod- 
ies to CD40L, this observation suggests that 
the G C  differentiation phase is more easily 
blocked than the GC induction phase (1 9). 
The recent identification of T cells that 
express CD40L in the light zone of GCs 
from human tonsils (9) supports the hy- 
pothesis that the GC differentiation phase 
occurs here (20). After somatic mutation 
and positive selection, high-affinity G C  B 
cells pick up antigen from follicular dendrit- 
ic cells and present it to G C  T cells (20). 
During this cognate T-B cell interaction, T 
cells may be induced to secrete cytokines 
and to express CD40L (21), resulting in the 
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The aryl hydrocarbon (Ah) receptor (AHR) mediates many carcinogenic and teratogenic 
effects of environmentally toxic chemicals such as dioxin. An AHR-deficient (Ahr-/-) 
mouse line was constructed by homologous recombination in embryonic stem cells. 
Almost half of the mice died shortly after birth, whereas survivors reached maturity and 
were fertile. The Ahr-/- mice showed decreased accumulation of lymphocytes in the 
spleen and lymph nodes, but not in the thymus. The livers of Ahr-/- mice were reduced 
in size by 50 percent and showed bile duct fibrosis. AhrP/- mice were also nonresponsive 
with regard to dioxin-mediated induction of genes encoding enzymes that catalyze the 
metabolism of foreign compounds. Thus, the AHR plays an important role in the devel- 
opment of the liver and the immune system. 

T h e  AHR is a ligand-activated transcrip- locator (Arnt) (1,  2). A functional AHR is 
tion factor that is distinct from members of required in laboratory animals to mediate 
the steroid receptor superfamily (1). It is a the harmful effects of toxic environmental 
member of the basic helix-loop-helix chemicals such as dioxin (2,3,7,8-tetra- 
(bHLH) superfamily of DNA binding pro- chlorodibenzo-p-dioxin, or TCDD),  benzo- 
teins and is activated by ligand binding and [aIpyrene in cigarette smoke and the prod- 
by dimerization with the AHR nuclear trans- ucts of other combustion processes, poly- 
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chlorinated bivhenvls, and volvbrominated 
biphenyls (3-7). f i e  AHR k constitutively 
expressed in many mammalian tissues, with 
the hiehest amounts of mRNA in liver. - 
kidney, lung, heart, thymus, and placenta 
(8, 9). Dioxin-inducible genes regulated by 
the AHR include those encoding cyto- 
chromes P450 (Cyplal, Cypla2, and 
Cypl bl ) (10-12), phase I1 enzymes such as 
uridine diphosphate (UDP)-glucuronosyl- 
transferasel*06 (Ugtl*06), and other 
growth factors and proteins (6, 13). 

An endogenous ligand for the AHR has 
been postulated to play a critical role in 
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embryonic development and homeostasis 
(14). In addition, a role for the AHR in 
dioxin-mediated teratogenesis, apoptosis, 
immunosuppression, and cell type-specific 
proliferation (4-7) would support the view 
that this transcription factor regulates crit- 
ical life functions. We now describe the 
construction and characterization of an 
AHRdeficient mouse line. Our results sug- 
gest that the AHR is important in the 
expression of dioxin-inducible genes and in 
normal development of the liver and the 
immune svstem. 

The Ahr gene was inactivated in Jl em- 
bryonic stem (ES) cells by homologous re- 
combination (1 5) with the use of a positive- 
negative selection strategy (16). A 7.5-kb 
fragment from a 129/SV mouse genomic 
clone containing exon 1 of Ahr was isolat- 
ed, mapped, and partially sequenced (Fig. 
1A). Exon 1, which encodes most of the 
basic region that participates in DNA bind- 
ing, was replaced with a neomycin-resis- 
tance cassette that contained the bacterial 
phosphoribosyltransferase I1 gene (neo) as a 
~ositive selection marker. This construct 
bas ligated to a thymidine kinase cassette 

bHLH 

Targeting 
vector 

PC 9 

(as a negative selection marker) under the " 
control of the herpes simplex virus promot- 
er (HSV-TK). The construct was linearized 
and introduced into ES cells by electropo- 
ration. Of 980 clones screened, 3 represent- 
ed a legitimate homologous recombination 
event and were injected into 3.5day-old 
C57BL/6N mouse embryos. All the chime- 
ras obtained showed a large 129/SV contri- 
bution, as judged from coat color. The male 
chimeras were mated with C57BL/6N fe- 
males to give rise to heterozygotes, which 
were then interbred to produce an Ahr ho- 
mozygous mutant colony. We screened 
mice for the presence of the targeted allele 
by Southern blot analysis of tail genomic 
DNA (Fig. 1B). 

Of 260 animals screened from heterozy- 
gous mating, the relative frequencies of 
wild-type (Ah-+/+), heterozygous (fir+/-), 
and homozygous mutant (Ahr-I-) mice at 
birth were 1 : 2:1, in accordance with nor- 
mal Mendelian distribution and indicating 
no lethality during in utero development. 
Between 40 and 50% of the homozygous 
mutant (Ahr-I-) mice died or were selec- 
tively cannibalized within 1 to 4 days after 

Genotype +I+ +/- -I- --- Genotype +I+ +I- 4- --- 
^ --- we- -= ---- 

Xba l 

Nl 
E 

Genomic probe Neomycin 
X 0 1 1 1  . Targeted Genotype +I+ +I- 4- 

2 
- lows Genotype +I+ +I- 4- 

Prnha 
--- --- 

Fig. 1. (A) Strategy for inactivation of the murine Ahr gene by homologous 
recombination (21). The vertical arrow indicates the 5' end of the 7.5-kb 
genornicfragment used in theconstmction of the targeting vector. The genorn- 
ic probe used for screening is indicated by the shaded box. Coding exons are Genomic probe Neomycin 
indicated by black boxes. The 5' untranslated region of the gene is represented 
by an open box. bHLH, the bHLH domain of the AHR. Restriction endonucleases: B, Bam HI; E, Eco RI; H, Hind 

C 

Ill; N, Nar I; Nh, Nhe I; X, Xba I; and Xh, Xho I. (El) Southem blot analysis of mouse tail genomic DNA (22). Ge"w +I+ -1- 
- + - +  Genornic DNA was isolated from tails and digested with either Xba I or Hind Ill. Xba I generated 2.0- and 3.1 -kb TCDD 

bands for the wild-type (+)and targeted (-) alleles, respectively; Hind Ill yielded 9.0- and 10.1 -kb bands for the 
wild-type and targeted alleles, respectively. The fidelity of the recombination event was confirmed by hybrid- Cyplal 
ization with the neornycin cassette as a probe; only the bands corresponding to the targeted allele hybridize 
with the probe. Two different animals for each genotype are shown. (C) Northern blot anaiysls of transcripts that 
encode major AHR-regulated phase I and phase II enzymes that participate in the hepatic detoxification C Y ~ l a 2  
process. Six-week-old littermates were treated with solvent or TCDD (23) and total liver RNA was then 
subjected to Northem analysis (24). For comparative purposes, results corresponding to the same exposure 
time for the different genes are shown; longer exposures allow the detection and quantification of.the consti- 
tutive amounts of Cypla2 and Ugt7'06 rnRNAs in the liver of Ahr-'- mice. Actin mRNA was analyzed to 
monitor the integrity of RNA. 
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birth; although the precise cause of death 
could not be determined, necropsy analysis 
revealed lymphocyte infiltration of various 
organs, particularly the gut, urinary tract, 
and lung. Surviving Ahr-1- mice had a 
slower growth rate within the first 2 to 4 
weeks of age as compared with f ir+/+ or 
f ir+/-  littermates. but thev usuallv reached 
adulthood and were fertiie. The' animals 
were housed in a germfree facility and were 
fed with sterilized Purina rodent chow. 
Drinking water was filtered and chlorinated 
to 8 to 10 parts per million. 

The AHR is required for dioxin induc- 
ibility of such murine genes as Cyplal, 
Cypl a2, and Ugtl*06 and interacts with 
aromatic hydrocarbon-responsive elements 
(AhREs) upstream of each gene (6, 13, 17). 

Both Cypl a2 and Ugtl*06 are constitutive- 
ly expressed in liver, whereas Cyplal is 
expressed in this organ only in the presence 
of inducer (18). To determine the role of 
the AHR in the regulation of these genes, 
we studied their constitutive and dioxin- 
induced expression by Northern (RNA) 
blot analysis (Fig. 1C). Whereas f i r+ /+  
animals exhibited maximal induction of 
Cyplal by dioxin, this effect was abolished 
in fir-/- mice, demonstrating that a func- 
tional AHR is required for induction in 
liver. Similar results were obtained in lung 
and kidney. The abundance of Cypla2 and 
Ugtl*06 rnRNAs was also increased in the 
liver of f i r+ /+  animals after dioxin treat- 
ment (8- to 10-fold and 2- to 3-fold, respec- 
tively), but induction was not observed in 

Fig. 2 Histological analysis of hepatic and splenic tissues from 4-week-oldAhr/- andAhr+/+ liiermates. 
(A) Normal liver parenchyma and normal portal tract from an Ahr+/+ mouse. HA, hepatic artery; W, portal 
vein; and BD, dile duct. (B) Hypercellularity in an Ahr-I- mouse liver; small hepatocytes with liile cytoplasm 
are concentrated toward the centrilobular area of the liver. (C and D) Development of fibrosis (moderate at 
this stage) in Ahr-/- mice. The connective tissue surrounding the portal tract is indicated by a thick arrow. 
(E and F) Histology of spleen from Ahr+/+ (E) and Ahr-I- (F) mice. Organs were removed, weighed, and 
fixed in formalin solution (10% formaldehyde in phosphate-buffered saline); sections (5 pm) were prepared 
and stained with hematoxylin-eosin. Magnification: x 180 (A to D), X 13 (E and F). 

either liver or kidney of f ir - / -  mice. The 
absence of the AHR was also associated 
with decreases of 90 + 5% and 85 + 5% 
(means + SD, n = 6), respectively, in the 
constitutive amounts of Cypla2 and 
Ugtl*06 transcripts in liver. Thus, in the 
absence of exogenous ligand, the AHR con- 
trols basal gene expression; these data sug- 
gest either that trans-activation of some 
genes occurs in the absence of endogenous 
ligand or that an endogenous ligand occu- 
pies the binding site on the AHR, allowing 
its interaction with certain AhREs. 

Fig. 3. Quantitative analyses of number and cell 
surface phenotype of splenic lymphocytes in 
MI-+/+ and Ahr-I- mice. (A) Number of splenic 
lymphocytes recovered from Ahr+/+ and Ah-/- 
mice at various ages. Cell counts reflect the num- 
ber of trypan blue-excluding, nucleated cells ob- 
served microscopically; each data point repre- 
sents the total number of such cells recovered 
from a single mouse of the indicated genotype. (B) 
Proportion of splenic B cells and T cells obtained 
from wild-type and mutant mice at 2 and 10 
weeks after birth. B cells were identified by the 
expression of CD45R(B220) (0) and T cells by the 
expression of CD4 (B) and CD8 (0). Results from 
three mice at 2 weeks and two mice at 10 weeks 
of age are shown. All 2-week-old mice were l'ier- 
mates, as were the 10-week-old animals. Each 
data point represents the proportion of cells 
stained by fluorescein isothiocyanat* or phyco- 
erythrin-labeled monoclonal antibodies specific 
for the indicated cell surface antigen. All staining 
reagents were obtained from Pharmingen (San 
Diego, Califomia). Data were collected and ana- 
lyzed on a FACScan with LYSYS I I  software (Bec- 
ton Dickinson, Palo Alto, California). Red blood 
cells were excluded by forward scatter. Dead cells 
were excluded by propidium iodide staining. In 
some graphs, data points overlap and are there- 
fore not fully visible. 
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The AHR is expressed in many tissues in 
both mice (9)  and humans (19). T o  inves- 
tigate the systemic effects of AHR deficien- 
cy, we compared the major internal organs 
of Ahrpi and Ahrti+ mice. Lung, kidney, 
brain, heart, bone marrow, muscle, adrenal 
gland, thyroid, and intestine showed no 
obvious histological abnormalities in 
Ahrpi animals. In contrast, liver tissue 
from Ahr-l- mice differed both quantita- 
tively and qualitatively from that isolated 
from Ahrfi+ animals. Livers from +week- 
old Ahrpi mice constituted 2.9 + 0.3% (n 
= 15) of body mass, compared to 6.1 t- 
0.4% (n = 15) in Ahrti+ or Ahrfi- ani- 
mals. Histological examination (Fig. 2, A to 
D) revealed that the eeneral structure of the " 
hepatic lobules was normal in Ahr-l- mice. 
However, these animals develo~ed Dro- 
nounced fibrosis in the portal tract; sponta- 
neous liver fibrosis in mice is extremely rare 
and normally can be induced only by sev- 
eral hepatotoxins (20). This phenomenon 
was apparent already at 3 weeks of age in 
Ahr-I- mice. Some Ahrpi mice also 
showed mild to moderate inflammatory 
changes in the bile ducts (cholangitis). Eo- 
sinophilia resembling that seen after treat- 
ment of mice with certain foreign chemicals 
was consistently apparent in periportal 
hepatocytes. Ahr-l- mice also showed cen- 
trilobular hypercellularity and glycogen de- 

A Ahr+l+ mice ~ h r - I -  mice 

: 

' '0 10 20 30 10 20 30 

Age (weeks) 

B Ahr+l+ mice Ahr-I- mice 

Age (weeks) 

Fig. 4. Quantitative analyses of number and cell 
surface phenotype of thymocytes from Ahr+/+ 
and Ahr-/- mice. (A) Total number of thymocytes 
recovered from mice of the indicated ages. Cell 
count~ng was performed as described in the leg- 
end to Fig. 3, (B) The cell surface phenotype of 
thymocytes was determined with phycoerythrin- 
labeled monoclonal antibodies to CD4 and fluo- 
rescein ~sothiocyanate-labeled monoclonal anti- 
bodies to CD8 (25). The double-positive 
(CD4+CDaf) (0) and single-positive [CD4+CD8- 
(0) and CD4-CD8+ (A)] subpopulations were 
identified by two-color flow cytometry as de- 
scribed in Fig. 3. Each data point represents the 
proportion of thymocytes in a single thymus ex- 
pressing the indicated antigen. 

pletion. Nevertheless, no instance of scle- 
rosing cholangitis was severe enough to be 
lethal in the absence of chronic treatment 
with dioxin. These results suggest that the 
histological defect might impair liver func- 
tion in Ahrpi mice, possibly contributing 
to their lower rate of growth at early ages (2 
to 4 weeks). The  AHR may exert a protec- 
tive effect against endogenous or dietary 
chemicals during development. 

T o  evaluate the effects of AHR deficien- 
cy on the development and maintenance of 
the immune system, we compared the cel- 
lular composition and cell surface pheno- 
type of thymic and splenic cells obtained 
from Ahrf I+ and AhrPi- mice. Histological 
analyses of spleen demonstrated that 
4-week-old Ahrfi+ mice developed normal 
splenic architecture (Fig. 2E), whereas age- 
matched Ahrpi mice had smaller, al- 
though structurally normal, periarterial 
lymphatic sheaths (Fig. 2F). A quantitative 
comparison of splenic lymphocyte numbers 
between Ahrfif and Ahrpi mice indicated 
that this difference varied with the age of 
the animal (Fig. 3A).  In particular, Ahrpip 
mice at 2 to 3 weeks of age contained 75 to 
85% fewer lymphocytes that did Ahrti+ 
littermates. As Ahrpi mice aged, the num- 
ber of splenic lymphocytes increased to ap- 
proximately normal numbers by 10 to 12 
weeks after birth. The oldest Ahr-l- mice 
tested (25 to 32 weeks) showed a decrease 
in lymphocytes to -50% of the number in 
Ahrfi+ controls. Similar analyses also indi- 
cated that peripheral lymph nodes from 
Ahrpi mice contained fewer lymphocytes 
than those from Ahrti+ mice. 

The difference in the absolute numbers of 
peripheral lymphocytes between young 
Ahrfi+ and AhrPi- mice suggested that mu- 
tant mice may either lack a specific lym- 
phoid subpopulation or, alternatively, dis- 
play a systemic defect in the ability of lym- 
phocytes to reside in the periphery. T o  dis- 
tinguish between these possibilities, we 
assessed the exmession of T cell- and B 
cell-specific surface markers on  splenic lym- 
phocytes obtained from wild-type and mu- 
tant mice at 2 and 10 weeks of age (Fig. 3B). 
Comparison of age-matched Ahrf I+ and 
Ahr-I- mice indicated that thev contained 
similar proportions of B cells as determined 
by expression of CD45R(B220). Similarly, 
the proportions of T cells, as assessed by CD4 
and CD8. were also similar between wild- 
type and mutant animals of the same ages. 
Analyses of lymph node populations indicat- 
ed that, although fewer cells were present, 
the cell surface phenotype and the ratio be- 
tween T and B cells appeared normal. Thus, 
the AHR deficiency results in an apparent 
delay in the seeding of peripheral T and B 
lymphocytes. 

T o  determine whether this delayed de- 
velopment was restricted to the peripheral 
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immune svstem or whether other lvm~hoid  , L 

organs we're also affected by the absence 
of AHR, we assessed the cellular composi- 
tion and surface phenotype of cells within 
the thymus of Ahrtif and Ahrpi mice. 
Neither the absolute number (Fig. 4A) 
nor the proportion of single-positive 
( C D 4 + C D 8  or CD4-CD8+) or double- 
positive (CD4+CD8+) thymocytes (Fig. 
4B) differed between Ahrpi  and age- 
matched Ahrti+ mice. T h e  expression of 
CD3 and the a p  T cell receptor also ap- 
peared normal on  AhrPi- thymocytes, fur- 
ther suggesting that AHR deficiency does 
not affect the development of normal thy- 
mic subpopulations. 

The  mechanisms by which AHR defi- 
ciency delays the appearance of peripheral 
lymphocytes and subsequently decreases 
their number in mutant animals remain 
unclear. However. AHR deficiencv mav af- , , 
fect the normal process of positive selection 
in the thvmus or emigration from the bone 
marrow, 'thereby limyting the number of 
lymphocytes entering the periphery. Such a 
scenario would allow for the generation of 
apparently normal numbers of progenitor B 
and T cells, but only a small fraction would 
successfully emigrate to the periphery. Al- 
ternatively, AHR deficiency may not affect 
the production of competent lymphocytes 
but rather mav interfere with their abilitv to 
home efficiendy to the appropriate periph- 
eral lymphoid organ; those cells displaying 
inappropriate homing specificities would be 
subiect to elimination. Finallv. AHR defi- , , 
ciency may simply shorten the normal life- 
span of peripheral lymphocytes. In young 
animals, which generate large numbers of 
immune cells, a shortened half-life may 
only delay the accumulation of peripheral 
lymphocytes. In contrast, older mice, in 
which production of newly emerging lym- 
phocytes has diminished, would likely ex- 
~ e r i e n c e  a decrease in the absolute number 
of peripheral lymphocytes as a result of a 
shortened lymphocyte life-span. 

Ahrpi mice should prove useful for 
studies of carcinogenesis and chemical risk 
assessment with regard to various important 
highly toxic environmental pollutants. The 
effects of these chemicals on  the liver and 
the immune system without the mediation 
of the AHR will help clarify the genotoxic 
and nongenotoxic pathways for tumor ini- 
tiation, promotion, and progression as well 
as for mutagenesis and toxicity. In addition, 
this mouse line will help delineate the role 
of the AHR in normal development of the 
liver and the immune system. 

REFERENCES AND NOTES 

1 .  H.  I .  Swanson and C. A. Bradfield, Pharmacogenet- 
ics 3, 213 (1993). 

2. E. C. Hoffman eta/., Science 252, 954 (1991): H.  Li, 
L. Dong, J. P. Whitlock Jr., J. BIG/. Chem. 269, 

725 



28098 (1994); M. L. Whteaw, J.-A. Gustafsson, L. 
Poel~nger, Mol. Cell. Biol. 14, 8343 (1994). 

3. A. 8 .  Okey, D. S. Riddck, P. A. Harper, Trends Phar- 
macol. Sci. 15, 226 (1 994). 

4. G. W. Lucier, C. J. Portier, M. A. Gallo, Environ. 
Health Perspect. 101,36 (1 993); M. J. DeVito, X. Ma, 
J. G. Babish, M. Menache, L. B~rnbaum, Toxicol. 
Appl. Pharmacol. 124,82 (1994): H. Huoskonen, M. 
Unkla, R. Pohjanvirta, J. Tuomsto, ibid., p. 174; P. 
A. Bertazz etal., Epidemiology 4, 398 (1993); L. S. 
B~rnbaum, Environ. Heaith Perspect. 102, 676 
(1 994) 

5. D. J. McConkey, P. Hartzell, S. K. Duddy, H. Ha- 
kansson, S. Orren~us, Science 242, 256 (1988). 

6. D. W. Nebert, CRC Cnt. Rev. Toxicol. 20,153 (1 989). 
7. , D. D. Peterson, A. Puga, Pharmacogenetics 

1,  68 (1 991). 
8. W. Li, S. Donat, 0. Dohr, K. Unfr~ed, J. Abel, Arch. 

Biochem. Biophys. 31 5, 279 (1 994). 
9. K. M. Dowicketal., Mol. Pharmacol. 44.91 1 il9931. 

10. S. Kimura, F. J. Gonzalez, D. W. Nebert, M~I. cell. 
Biol. 6, 1471 (1986). 

1 1. F. J. Gonzalez and D. W. Nebert, Nucleic Acids Res. 
13, 7269 (1 985). 

12. U. Savas etal. . J. Biol. Chem. 269. 14905 11 994): T. 
R. Sutter et a/., ibid., p. 13092; Z. Shen etal., DNA 
Cell Biol, 13, 763 (1 994). 

13. T. R. Sutter, K. Guzman, K. M. Dold, W. F. Greenlee, 
Science 254, 41 5 (1 991); A. Puga, D. W. Nebert, F. 
Carrier, DNA Cell Biol. 11 , 269 (1 992). 

14. B. D. Abbott, G. H. Perdew, L. S. Birnbaum, Toxicol. 
Appl. Pharmacol. 126, 16 (1994); D. W. Nebert, Bio- 
chem. Pharmacol. 47, 25 (1 994). 

15. M. Capecchi, Science 244, 1288 (1 989). 
16. S. L. Mansour et al. , Nature 336, 348 (1 988). 
17. F. J. Gonzalez, Pharmacol. Rev. 40, 243 (1989); R. 

W. Robertson, L. Zhang, D. S. Pasco, J. B. Fagan, 
NuclelcAcids Res. 22, 1741 ( I  994): J. 0. M~ners and 
P. I. Mackenzie, Pharmacol. Ther. 51, 347 (1 991). 

18. F. J. Gonzalez and D. W. Nebert, Trends Genet. 6, 
182 (1 990). 

19. S. Hayash1 etal., Carcinogenesis 15, 801 (1 994). 
20. A. Poland and J. C. Knutson, Annu. Rev. Pharmacoi. 

Toxicol. 22, 51 7 (1 982). 
21. To inactivate the Ahr gene n ES cells, we isolated a 

genomic clone from a 129/SV mouse library (Strat- 
agene) with a 96-nucleotide oigomer compemen- 
tary to the 5' cod~ng region of the murine AHR 
complementary DNA [nucleotides 978 to 1073 in 
M. Ema et a/., Biochem. Biophys. Res. Commun. 
184, 246 (1992)l. A 7.5-kb fragment contain~ng 
exon 1 from this genomic clone was digested with 
Sal I (phage vector cloning site) and Bam HI, and 
cloned into the vector pMC-TK (negat~ve selection 
marker conferred by the HSV-TK cassette). To 
generate the replacement target~ng construct, we 
deleted the coding exon 1 by digestion with Nar I 
and ~nsertion of a mod~fied neo-poly(A) cassette 
(posit~ve selection marker that confers resistance 
to G418) with compatible C a  I ends. The final con- 
struct in pUC9 was linearized at a unlque Xho I site 
and introduced by electroporation ~n to  1 x 1 O7 ES 
cells with a Bio-Rad Gene Puser (250 V, 250 yF). 
Electroporated ES cells were plated onto a mono- 
layer of y-irradiated, neomyc~n-resistant mouse 
primary fibroblasts and the cells were grown In the 
presence of leukemia ~ n h ~ b ~ t o r  factor (1000 U/ml) 
(G~bco BRL). Selection was performed for 7 to 8 
days with G418 (350 pg/m) and 5 WM gancicovir. 
Surviving clones were isolated and analyzed for the 
homologous recombination event. 

22. Genomic DNAwas digested with Xba I or H~nd Ill and 
subjected to electrophores~s on 0.7 and 0.45% aga- 
rose gels, respect~vely. The gels were blotted under 
alkaline condit~ons w~th Gene Screen Plus nylon 
membranes (DuPont), which were then hybrdzed at 
42°C in 10% dextran sulfate-50% formamide sou- 
tion w~th random primer-labeled genom~c DNA 
probe or neomycin cassette at a radoact~ve concen- 
tration of 1.5 X 1 O6 cpm/ml. The membranes were 
washed at 65°C for 30 mln in 2 x  standard saline 
citrate (SSC) containing 0.5% SDS and then for 15 
min in 1 x SSC containing 0.5% SDS 

23. Animals were adm~n~stered a s~ngle intraperitoneal 
injection (25 wI) of TCDD (Accu-Standard) dissolved 
~n 1,4-dioxane (Baxter) at a dose of 40 pg per kio- 

gram of body mass. Control animals were Injected 
with the same volume of pure solvent. Mice were 
killed by carbon monox~de asphyxiat~on 20 hours 
after inject~on. The organs were removed rapidly, 
weighed, and stored in l~quid nitrogen until use. 
TCDD was of the highest purity commerc~ally aval- 
able (>99%) and 1,4-dioxane was of high perfor- 
mance liqu~d chromatography qualty. 

24. Total her RNA was isolated from the frozen t~ssues 
accordng to the guanidnium-th~ocyanate method [P. 
Chomczynski and N. Sacch~, Ana' Biochem. 162, 
156 (1 987)] and 15 k g  were applied to 1 % agarose- 
formaldehyde gels. The gels were blotted onto Gene 
Screen Plus nylon membranes, which were then hy- 
brid~zed at 42°C in 10% dextran sulfate--50% form- 
am~de solution contain~ng the appropriate murine 
complementary DNA probes. The membranes were 
washed at 65°C for 30 min in 2 x  SSC contaning 

0.5% SDS and then for 20 mln in 0.5x SSC contain- 
Ing 0.5% SDS. Quantitation of the amounts of mRNA 
was performed by exposing blots to Phosphor 
Screens (Eastman-Kodak) for 24 hours. The screens 
were then analyzed wth a Phosphor~mager (Molecu- 
lar Dynamics) and the signals were quant~fed by vo- 
ume integrator- with software provided by the manu- 
facturer. 

25. D. M. Hilbert, K. L. Holmes, A. 0. Anderson, S. 
Rudikoff, Eur. J. lmmunol. 23, 2412 (1993). 

26. We thank U. Hochgeschwender for the J1 cells, 
which were orig~nally provded by R. Jaenisch, and 
for techncal sucioort: D. Acc~li for helofu suaaes- 
tions; and G. ~ ~ i l e r ,  E. Lee, and H. Westp% for 
technical ass~stance. Supported in part by NIH 
grants R01 ES06811 and P30 ES06096 to D.W.N. 

14 December 1994: accepted 24 February 1995 

lnhi bi tion of Proteasome Activities and 
Su buni t-Specific Amino-Terminal Threonine 

Modification by Lactacystin 
Gabriel Fenteany, Robert F. Standaert, William S. Lane, 

Soongyu Choi, E. J. Corey, Stuart L. Schreiber* 

Lactacystin is a Streptomyces metabolite that inhibits cell cycle progression and induces 
neurite outgrowth in a murine neuroblastoma cell line. Tritium-labeled lactacystin was 
used to identify the 20s proteasome as its specific cellular target. Three distinct peptidase 
activities of this enzyme complex (trypsin-like, chymotrypsin-like, and peptidylglutamyl- 
peptide hydrolyzing activities) were inhibited by lactacystin, the first two irreversibly and 
all at different rates. None of five other proteases were inhibited, and the ability of 
lactacystin analogs to inhibit cell cycle progression and induce neurite outgrowth cor- 
related with their ability to inhibit the proteasome. Lactacystin appears to modify co- 
valently the highly conserved amino-terminal threonine of the mammalian proteasome 
subunit X (also called MBl), a close homolog of the LMP7 proteasome subunit encoded 
by the major histocompatibility complex. This threonine residue may therefore have a 
catalytic role, and subunit WMBl may be a core component of an amino-terminal- 
threonine protease activity of the proteasome. 

Lactacystin (compound 2 in Fig. 1) was 
discovered on the basis of its ability to 
induce neurite outgrowth in the murine 
neuroblastoma cell line Neuro-2a (1 ). Lac- 
tacvstin also inhibits ~roliferation of other 
cell types, suggesting ;hat its target is not 
exclusive to Neuro-2a cells (2). To under- 
stand the cellular effects of lactacystin, we 
tested a series of analogs and found that a 
synthetic p-lactone (compound 1 in Fig. 1) 
related to lactacystin showed similar biolog- 
ical activity, whereas the corresponding 
acid, formally the product of hydrolysis of 
the lactacystin thioester or the p-lactone, 
did not (2). These and other data suggested 
that an electrophilic carbonyl at C4 was 
essential for the biological activity of lacta- 
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cystin, and thus that its target m~ght be an 
enzyme containing a catalytic nucleophile, 
such as a protease or a lipase (2). The C4 
carbonyls of both the thioester and the 
R-lactone are reactive electro~hiles, where- 
as the carboxylate of the dihidroxy acid is 
essentially inert to nucleophilic attack. 

To purify and identify the target, we 
synthesized [3H]lactacystin and the [;HIP- 
lactone at a s~ecific activitv of 3.4 Cilmmol . , 

(Fig. I) .  Incubation of crude extracts from 
Neuro-2a cells or bovine brain with [3H]lac- 
tacystin (or [3H]~-lactone), followed by 
SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) and fluorography, revealed 
the presence of an intensely labeled protein 
band of -24 kD (Fig. 2)  and a weakly 
labeled band at -32 kD. The latter is not 
evident in Fig. 2 and appeared only with 
prolonged exposure times, but the 24-kD 
band was visibly radiolabeled even after a 
5-min treatment with 1 pM [3H]P-lactone 
or [3H]lactacystin (3). Similar results were 
obtained with extracts from Saccharomyces 
cerewisiae and bovine liver and thymus. La- 
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