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TRAF2-Mediated Activation of NF-KB by TNF 
Receptor 2 and CD40 
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TNF receptor-associated factor (TRAF) proteins are candidate signal transducers that 
associate with the cytoplasmic domains of members of the tumor necrosis factor (TNF) 
receptor superfamily. The role of TRAFs in the TNF-R2 and CD40 signal transduction 
pathways, which result in the activation of transcription factor NF-KB, was investigated. 
Overexpression of TRAF2, but not TRAFl or TRAF3, was sufficient to induce NF-KB 
activation. A truncated derivative of TRAF2 lacking an amino-terminal RING finger domain 
was a dominant-negative inhibitor of NF-KB activation mediated by TNF-R2 and CD40. 
Thus, TRAF2 is a common mediator of TNF-R2 and CD40 signaling. 

Cytoklnes  trigger changes in gene expres- 
sion by mod~fymg the  activity of otherwise 
latent transcription factors (1).  T N F  is a n  
~nducer  of nuclear factor KB (NF-KB) (2 ) ,  a 
homo- or heterodimer of members of the 
Re1 fanlily of transcriptional activators that 
control the  expression of a variety of impor- 
tant cellular and viral genes (3,  4). T N F  
initiates pleiotropic ~nflammatory and im- 
m~~noreg~l la tory responses by binding to t\vo 
distinct cell surface receptors of -55 kD 
(TNF-R1) and 75 kL3 (TNF-R2) (5) .  Both 
T N F  receptors mdependently mediate NF- 
KB act ivat~on by T N F  (6-8) .  Two putatlve 
effectors of TNF-R2 s ig~~al ing have been 
identified-TRAFI and TRAF2-that share 
a COOH-terminal homology region, the 
TRAF iio~nain (7).  TRAF2 holnodilners as 
well as TRAF1:TRAFZ heterodimers can as- 
sociate with a COOH-terminal region in the 
cytoplasmic ilornain of TNF-R2 that is re- 
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q ~ l ~ r e d  for signal~ng growth prollferation and 
NF-KB actlvatlon. A t h ~ r d  TRAF domain 
protein, TRAF3 [also knoa8n as CD40bp, 
CRAF1, or LAP1 (9-1 1 )], interacts wlth the 
cytoplasmic doman1 of CD40, another nlem- 
ber of the TNF receptor superfd~nily (12).  
Because CD40 can also s~gnal NF-KB actma- 
tlon (13), we ~nvestigated the potentla1 role 
of TRAF protelns in this process. 

In  the  yeast two-hybrid assay (14),  
TRAF3 self-associated, but ~t did not fornl 
heterotypic complexes n i t h  e ~ t h e r  T R A F l  
or TRAF2 (Table 1 ) .  None of the  three 
TRAFs associated with the  cytoplasmic do- 
main of elther TNF-R1 or the  Fas antigen 

(Table 1 ) .  Also, T R A F l  did not interact 
with CL340, nor diii TRAF3 interact with 
TNF-RZ. However, TRAFZ associated 
strongly with the  cytoplasmic dornains of 
both C1140 and TNF-R2 (Table 1 )  (15) .  

Induction of NF-KB acti1,ity by T N F  
has been demonstrated in numerous cell 
types, incl~lding human  embryonic kidney 
293 cells ( 8 )  (Fig. 1 ) .  I n  293 cells, both 
T N F  receptors are capable of signaling 
NF-KB activation. Because of a low level 
of endogenous TNF-R2 (16) ,  only T N F -  
R l  mediates NF-KB activation in  non-  

strcty near  w t h  enzyme concentraton, v ~ t h  no de- 
tectable cooperatvty (H. V\lihem and P. Vtlalter, un- 
published data). Thus, this basal reacton does not 
seem to involve the cooperation of two Ffh moe-  
cues, but rather results from an intrnsc property of 
monomerc Ffh tse f .  
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transfected 293 cells as lnd~ca ted  by s t i r -  
ulation with receptor-speclf~c agonistic 
antibodies (Flg. 1 ) .  Hoa,ever, upon trans- 
fection TNF-RZ also signals NF-KB acti- 
vation (beloa,) .  T o  examine a functional 
role for TRAFs in  NF-KB activation, we 
transiently transfected 293 cells with 
T R A F  expression vectors (17)  and per- 
formed elect rophoret~c mob~l~ty-shlf t  as- 
says (18) .  Expression of T R A F l  or TRAF3 
did not  result in  i n d u c t ~ o n  of NF-KB 
DNA-binding activity. In  contrast ,  
TRAF2-expressing 293 cells contalned ac- 
tivated NF-KB (Fig. 1 ) .  T h e  major com- 
ponent  of the  active NF-KB complex was 
the  p 6 5 : p X  he te rod~mer  as indicated by 
supershift exper i~nents  (Fig. 1 ) (1 8 ) .  

T o  determine whether TRAF2 expres- 
slon might activate a n  NF-KB-dependent 
reporter gene, we cotransfected an  E-selec- 
tin-luciferase reporter construct (19) n i t h  
the various TRAF expressloll vectors into 
293 cells (18).  TRAF2 expression potently 
actmated the reporter gene, whereas expres- 
slon of TRAFl  or TRAF3 had no  effect 
(FIE. ZA). In  all cases, reporter gene activity 
could be coinduced through the TNF-R1 
pathway by the add~t ion  of T N F  (Fig. 2A) 
(20). T h e  observed reporter gene induction 
was dependent o n  NF-KB activation because 
TRAFZ expression failed to actlvate a con- 
trol reporter c o n s t r ~ ~ c t  111 \ v h ~ c l ~  the NF-KB 
sites in the E-selectin prornotor were mutat- 
ed (21). Thus, overexpression of TRAF2, 
but not of TRAF1 or TRAF3, is sufficient to 
initiate NF-KB activation in 293 cells. This 
observation is consistent with an  activation 
mechanis~n in which TRAFZ clustering in- 
duced by its overexpression is similar to that 
induced by ligand-triggered receptor aggre- 
gation, thereby activating the NF-KB signal- 
ing pathway independently of TRAFZ asso- 
ciation with TNF-R2. 

TRAFZ and TRAF3 contain NH2-ter- 
minal RING finger motifs that are not re- 
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quired for interaction with TNF-RZ and 
CD40 (7, 9-1 1). In particular, a truncated 
variant of TRAFZ which lacks the NH2- 
terminal 86 amino acids that comprise the 
RING finger domain [TRAF2(87-501)] re- 
tains its ability to associate with the cyto- 
plasmic domains of TNF-RZ and CD40, as 
well as with TRAFl and wild-type TRAFZ 
(Table 1) (7). This otherwise functional 
TRAFZ(87-501) protein was completely 
defective in the induction of NF-KB-de- 
pendent reporter gene activity in 293 cells 
(Fig. ZA). Thus, the RING finger domain 
of TRAFZ is required for NF-KB activation. 

To confirm the results obtained in 293 
cells, we performed similar transient trans- 
fection experiments in the murine cytotox- 
ic T cell line, CT6. CT6 cells do not ex- 
press detectable levels of TNF-R1 (22), and 
TNF-induced NF-KB activation in this cell 
line is mediated by TNF-R2 (7). As in 293 
cells, expression of TRAFZ potently in- 
duced the E-selectin-luciferase reporter 
gene in CT6 cells, whereas TRAF1, 
TRAF3, and TRAFZ(87-501) did not (Fig. 
ZB) (23). Furthermore, expression of mu- 
tant TRAF2(87-501), but not wild-type 
TRAF1, -2 or -3, suppressed the NF-KB- 
dependent reporter gene activity induced 
by TNF stimulation of CT6 cells (Fig. ZB). 
Thus, TRAFZ(87-501) acts as a dominant- 
negative inhibitor of TNF-RZ-mediated 
NF-KB activation in CT6 cells. 

In contrast to CT6 cells, TNF-induced 
NF-KB activation in nontransfected 293 
cells is mediated by TNF-R1 (above). Over- 
expression of mutant TRAFZ(87-501) in 
293 cells did not inhibit the TNF-induced 
E-selectin-luciferase reporter gene activity 
(Fig. ZA), which indicates that TNF-R1 
signaling is not blocked by the dominant- 
negative TRAFZ mutation. The effect of 
TRAFs on TNF-RZ signaling in 293 cells 
was tested by transient coexpression of 
TNF-R2 with wild-type or mutant TRAFs. 
Overexpression of TNF-R2 alone was suffi- 
cient to initiate NF-KB-dependent reporter 
gene activity even without concomitant 
TNF stimulation (Fig. 3A) (24). This ac- 
tivity was dependent on the integrity of the 
cytoplasmic domain of TNF-RZ because 
overexpression of mutant TNF-R2 proteins 
defective in signal transduction (7) did not 
induce NF-KB activation (7, 21). Coexpres- 
sion of mutant TRAFZ(87-501) completely 
abolished reporter gene activation induced 
by wild-type TNF-RZ (Fig. 3A). Thus, as in 
CT6 cells, TRAF2(87-501) exerts a domi- 
nant-negative effect on TNF-RZ signaling 
in 293 cells. However, NF-KB-dependent 
reporter gene activity in 293 cells that co- 
expressed TNF-R2 and TRAFZ(87-501) 
could still be induced through the TNF-R1 
pathway by the addition of TNF (Fig. 3A). 

We next examined whether TRAF2 also 
mediates NF-KB activation by CD40, be- 

Table 1. Interaction between TWFs and members of the TNF receptor superfamily in the yeast 
two-hybrid assay. Yeast Y190 cells were cotransformed with expression vectors encoding the indicated 
Gal4 DNA-binding domain and Gal4 transcriptional activation domain fusion proteins (14). Each trans- 
formation mixture was plated on a synthetic dextrose plate lacking tryptophan and leucine. Filter assays 
for p-galactosidase activity were performed to detect interaction between fusion proteins. (+) Strong 
color development within 1 hour of the assay; (-) no development of color within 24 hours. Control 
transformations with empty Gal4 vectors were negative and are not listed. 

DNA- Activation domain hybrid 
binding 
domain 
hybrid TWF1 TWF2 TRAF2(87-501) TRAF3 

TRAF1 + + + - 

TRAF2 + + + - 
TRAF3 - - - + 
TNF-R2 - + + - 

CD40 - + + + 
TNF-R1 - - - - 

Fas - - - - 

cause it associates with both TNF-RZ and 
CD40 (above). As with TNF-R2, overex- 
pression of CD40 in 293 cells was sufficient 
to induce NF-KB activation in the absence 
of ligand (Fig. 3B). In contrast, transient 
overexpression of a mutant CD40 protein 
defective in signal transduction (13) did 
not induce NF-KB activation (21 ). Coex- 
pression of wild-type CD40 and mutant 
TRAFZ(87-501) completely inhibited the 
CD40-induced reporter gene activity (Fig. 
3B), which demonstrates that TRAFZ(87- 
501) exerts a dominant-negative effect on 
CD40 signaling. These results indicate that 
TRAFZ is a common mediator of NF-KB 
activation for both TNF-RZ and CD40. 

Whereas TRAFZ acted as a positive sig- 
nal transducer, TRAF3 suppressed CD40- 
induced NF-KB-dependent reporter gene 

activity in 293 cells (Fig. 3B). TRAF3 also 
inhibited TNF-RZ-induced NF-KB activa- 
tion in 293 cells (Fig. 3A), although this 
effect was not observed in CT6 cells (Fig. 
ZB). Because no direct interaction of 
TRAF3 with TRAFl, TRAFZ, or TNF-R2 
was detected by two-hybrid analysis, the 
dominant-negative effect of TRAF3 in 293 
cells might imply a weak interaction of 
TRAF3 with one of these components. In- 
hibition of TNF-RZ-mediated NF-KB acti- 
vation could then be explained by the high 
level of TRAF3 overexpression in 293 cells 
relative to CT6 cells. It is also possible that 
TRAF3 participates in signaling pathways 
distinct from the TRAF2-mediated NF-KB 
activation pathway. By analogy with 
TRAFZ, the initiation of such a pathway 
may involve the RING finger domain of 

Fig. 1. Transcription fac- 
tor NF-KB is activated by 

c e 
Vector A@<+' 

I i n n 1  
TRAFP 

TRAF2 overexpression. I 

293cells(2 x 106)were ~~~~, : : : : : - - Pre p M  P65 eRel rela $152 
MT . . . . . . 

transfected with 7.5 pg Treatment . TNF Pre A$ y; . . . . . - . . . .  
of pRK control (lanes 1 to . . 

5) or expression vectors 
for TRAFl (lane 6), 
TRAF3 (lane 7), and B' '* ' L 1 

TRAF2 (lanes 8 to 16) 
(1 7, 18). Cells were treat- 
ed with human TNF (1 00 
ng/ml) (lane 2), preim- 
mune serum (lane 3), an- 
tibodies to human TNF- 
R1 (anti-TNF-R1) (lane 4) 
or anti- human TNF-R2 
(lane 5) at a dilution of 
1 : 500 for 1 hour before 

+ 

harvest (7). Nuclear ex- 
tracts were prepared 24 1 2 3 4 5 6 7 8 9 1 0  

11  12 13 14 15 16 
hours after transfection, 
and 6-pg aliquots were incubated with a radiolabeled double-stranded oligonucleotide containing two 
NF-KB binding sites (26). Individual reactions were supplemented with a 50-fold excess of unlabeled 
competitor oligonucleotide containing either wild-type (lane 9) or mutated (lane 10) NF-KB binding sites 
(26). Reaction mixtures were incubated with 1 pI of preimmune serum (lane 1 I), anti-p50 (lane 12), 
anti-p65 (lane 13), anti-c-Rel (lane 14), anti-relB (lane 15), or anti-p52 (lane 16) (18). F and B, free 
oligonucleotide probe or oligonucleotide probe in a complex with protein, respectively. 
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TRAF?. ,A truncatecl TRAFi protein lack- 
ing the NH,-terminal half of the molecule 
was observed to suppress CD40-mediated 
iniluctic~n of CD23 (1 C) .  Although the ef- 
fect of native TR.AF3 was not exarnlneii 111 

( l o ) ,  our results cix~ld indicate that induc- 
tlon of CD23 expressicm by CD40 tnay he 
mediateel by TRAF2 ancl ~nhibited by na- 
tlve TRAF3. 

The COOH-terminal cytoplasmic domain 
of the Epstein-Barr virus-transformi~lg prc3- 
tein, L M " ,  has k e n  reported to interact 
\\it11 TRAFl and TRAFi (1 1 ) .  The interac- 
tion hetween TRAF1 and Lh~lPl is indlrect 
anci is 11ypothesi:ecl to he rnedlated by an as 
yet unknown TRAF prcxein. Because TRAF2 
mediates the interaction of TR.AF1 vr~ith 
TNF-R2 (7) and TRAF2 also associates n-ith 
CD40 (Tal~le l ) ,  we spec~~late that TRAF2 is 
l~kely to mediate the TRAF1:LhZPl Interac- 
tion. LMPl 1s a dolnlnant oncogene that has 

multiple do\vnstream effects (XI cell growth 
and gene expression, at least some of n-hich 
require NF-KB actlvaticm (25). Our compar- 
ative analysis of all three kno~vn TRAFs sug- 
gests that TR.AF2 initiates NF-KB activation 
as a colnlnon signal transducer for TNF-R2, 
CD40, and, hy analogy, perhaps LhlP1. 

The recent identificaticx~ of the TRAF 
protein fanlily provideel an i~llportant chle 
as to how ~llelnhers of the TNF receptor 
superfamily signal downstream responses. 
The finclings outlineil in the present stucly 
demonstrate that TRAF2 1s a conlmon me- 
diator of TNF-R2 and CD40 signaling that 
is central to the actlvation of NF-KB. Con- 
ceptually, this signaling cascade is activated 
by TRAF2 aggregation, which can he trig- 

gered either hy receptor clustering or 
TR.AF2 overexpression. Recently, a pro- 
tein, TRADD, was idelltlfled that is unre- 
lated to the TRAF family and that mecliates 

Fig. 2. Overexpresson of TRAF2 induces NF-KB-depe~i- 
dent reporter gene activty. (A) Effect of TRAF overexpression 
on NF-KB-dependent reporter gene activlty In 293 cells. 
Two hundred ninety-three cells were transiently cotrans- 
fected with an E-seectln-uciferase reporter gene pasmd ,z 20- .- 
(19) and TRAF expression vectors (I  p.g) as indcated (17, 

lo, 18). Cells were elther untreated (closed bars) or sttnulated 8 
for 8 hours with human TNF (100 ng/tnl) (hatched bars) 

187-5011 
before harvest. Luc~ferase actlvlties were determlned and = 
normalized on the basis of P-galactosdase expresslon (18). 2 30 
Values shown are averages (mean + SDI of one representa ,$ 25 
tlve experiment ~n whlch each transfecton was done n trip- 5 20 
Ilcate. (B) Effect of TRAF expresson on NF-KB-dependent 15 
reporter gene actlvty In CT6 cells. CT6 cells were transently 
cotransfected with an E-selectin-luclferase reporter gene 
plaslnd (18) and TRAF expression vectors (6 kg) as ndicat- 
ed (23). After 24 hours, cells were left untreated (closed bars) 187-501 I 

or stlmuated for an additional 16 hours with lnurne TNF (1 00 Transfected DNA 
ngiml) (hatched bars) before harvest. Luciferase actlvitles 
were deterlnined and normalized on the bass of p-galactos~dase expression (18). Values shown are 
averages (tnean = SD) of one representative experiment In whch each transfecton was performed In 
triplicate. Numbers represent the fold induction of reporter gene activity by TNF sillnulation for the 
res~ectlve transfections. 

Fig. 3. TRAF2 lnediates induction of NF-KB-dependent re- 40 
porter gene activity by TNF-R2 and CD40. (A) Effect of coex- 
pression of TNF-R2 and TRAFs on NF-KB-dependent reporter 30 

gene actvty in 293 cells. Two hundred ninety-three cells were 
transiently cotransfected with an E-selectin-uclferase reporter ,g 20 
gene plastn~d (19) and expression vectors for TNF-R2 (1 p.g) ,g 10 
and TRAFs (1 p.g) as indicated (1 7. 18). Cells were either 
untreated (closed bars) or stitnuated for 8 hours with hulnan 3 0 ,zc,cr Ti\F-n2 (87-5C1) , 
TNF (1 00 nglml) (hatched bars) before harvest. Luciferase ac- 2 TI‘F-RZ 

tivtes were detertnined and nortnaized on the basis of p-ga- g 
lactosldase expresslon (18). Values shown are averages (mean u 40 
t SD) of one representatlve experiment in which each trans- 
fectlon was petformed in triplicate. The off-scale value IS 92 = 
7. (B) Effect of coexpression of CD40 and TRAFs on NF-KB- 
dependent reporter gene activity In 293 cells. Two hundred 
nlnety-three cells were trans~ently cotransfected with an E-  10 

selectin-uciferase reporter gene plastnid (19) and expresson 
\/ectorsfor CD40 (1 kg) and TRAFs (1 kg) as ndlcated (1 7, 18). 
After 24 hours, cells were harvested and lucferase activltles CC40 

were determned and normalized (closed bars) (18). Values Transfected DNA 

shown are averages (tnean = SD) of one representatve experiment in whlch each transfection was done 
In triplcate. 
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NF-KB activation hy TNF-R1 (8). The 
identification of two signal transducers, 
TR.AF2 and TRADD, provides molecular 
eviclence for earlier indications that actlva- 
tion of NF-KB can he achieved through 
multiple, ~nclepenclent signaling path\\~ays 
(4). The RING finger dolllain of TRAF2, 
which is required for NF-KB actlvation hut 
not for other TR.AF2 f~lnct~ons,  represents a 
potentla1 pmteln-protein interaction clo- 
main that may ccxlnect TR.AF2 \\~lth suhse- 
quent steps in the signaling cascade. 
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prepared, and NF-KB act~vat~on was analyzed by 
eectrophoretc ~nobity-sh~ft  assay (26). The c o n -  
poston of the actvated NF-KB colnpex was exaln- 
ned  by supershft analysis w~ th  antbodes that rec- 
ognze specif~c NF-KB subunts (Santa Cruz Botech- 
nology) For cotransfect~on exper~ments, 3 x 10' 
293 cells were transfected w~ th  0.5 I L ~  of E-seectn- 
uc~ferase reporter gene plaslnd (19) and 1 p g  of 
each expresson construct 11 f l  DNA concentratons 
were kept constant by s~ippementaton w th  pRK. 
Cells were ysed 24 hours after transfecton and re- 
porter gene actl\/ty determned w ~ t h  the Luc~ferase 
Assay System (Promega) A pRSV-p-Gal vector (0.5 

was used for normazny transfecton effcency. 
19. U Schnder and V. R Balch\NaI. i;/lol. Cell. 6/01. 14, 

5820 (1 994) 
20. TNF-nduced actvaton of the E-seectn-ucferase re- 

porter construct was confrmed to be medated by TNF- 
R1 through use of receptor-specfc agonstc antbod- 
es. Only antbodes drected ayanst TNF-RI but not 



TNF-R2 induced NF-~Edependent reporter gene ac- 
tlvatlon In 293 cells that were not transfected with TNF- 
R2 (H. Hsu and D. V. Goeddel, unpublished results) 
Thisobservation 1s consistent wlth results obtained from 
electrophoret~c mob~l~ty-shift assays (Fig. 1). 

21. M. Rothe and D. V. Goeddel, unpubl~shed results. 
22. M. Lew~s et al., Proc. Natl. Acad. Sa. U.S.A. 88, 

2830 (1991). 
23. Transient transfect~on of CT6 cells was done accord- 

Ing to the DEAE-dextran method [F. M. Ausubel et 

a/., Current Protocols in Molecular Biology (Green1 25. C. Laherty, H. Hu, A. Opiparl, F. Wang, V. M. Dlxit, J. 
Wlley, New York, 1994)l. CT6 cells (1 0') were trans- 6/01. Chem. 267, 24157 (1992); M. Rowe et al., J. 
fected wlth a total of 10 k g  of plasm~d DNA ~n DEAE- Virol. 68, 5602 (1 994). 
dextran (250 ~ g l m l )  for 90 mln. Reporter gene actlv- 26. S. Schutze et a/., Cell 71, 765 (1 992). 
~ty  was assayed 40 hours after transfection (78). 27. We thankZ. Cao. V. R. Ba~chwal, and S. L. McKnlght 

24. S~milarly, TNF-R1 overexpression in the absence of for helpful comments on the manuscr~pt. Supported 
exogenous TNF Induces apoptosis and NF-KB acti- In part by Nat~onal Institutes of Health grant 
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Inducible Gene Targeting in Mice feron a (IFN-a) or IFN-fi or of synthetic 
double-stranded RNA [~olvinosinic-~olv- 

.L , L ,  

Ralf Kuhn,* Frieder Schwenk, Michel Aguet,? Klaus Rajewsky c~t idy l ic  acid (p1-pC), an IFN inducer (6 
7)]. Hence, mice harboring a floxed target 
gene and a Mx-cre transgene acquire an 

A method of gene targeting that allows the inducible inactivation of a target gene in mice inactivating mutation of the target gene 
is presented. The method uses an interferon-responsive promoter to control the expres- upon treatment of the mice with IFN or 
sion of Cre recombinase. Here, Cre was used to delete a segment of the DNA polymerase PI-pC. 
p gene flanked by loxP recombinase recognition sites. Deletion was complete in liver and T o  assess the efficiency of induced Cre- 
nearly complete in lymphocytes within a few days, whereas partial deletion was obtained mediated deletion of a target gene, we gen- 
in other tissues. This method can be used for the inducible inactivation of any other gene erated mice transgenic for a Mx-cre expres- 
in vivo. sion vector (8) and crossed them to a strain 

harboring an allele of the DNA polymerase 
p gene that contains two directly repeated 
loxP sites. This allele, polpfl"" (2), is inacti- 

Studies of gene function in mice often organism may react to the mutation to give vated upon excision of a loxP-flanked 1.5- 
involve the analysis of embryonic stem (ES) a complex, secondary phenotype. More- kb segment containing the promoter region 
cell-derived gene-targeted mice. Such mice over, if the complete loss of a gene product and first exon of the polp gene. Cre-medi- 
carry a predesigned mutation in their germ results in embryonic lethality ( 4 ) ,  gene ated deletion of the floxed gene segment in 
line and are devoid of a particular gene function at later stages of development can- a given tissue can be quantified by Southern 
product throughout ontogeny ( I ) .  A strat- not be analyzed. T o  overcome these limita- blot analysis of genomic DNA, which en- 
egy for conditional, cell type-specific gene tions, we have developed a method to in- ables comparison of the intensities of the 
targeting was recently developed (2)  that duce gene inactivation in mice at a given band from the polpflc" allele and the frag- 
uses the CrelloxP recombination system of time during ontogeny. This method uses the ment derived from the deleted (polpA) al- 
bacteriophage P1 (3). In this procedure, a inducible promoter of the mouse Mxl gene lele (Fig. l ) .  
target gene is flanked ("floxed") with re- (5) to control the expression of a Cre re- Two of 42 Cre transgenic strains gener- 
combinase recognition (loxP) sites intro- combinase transgene. Mxl,  part of the de- ated (Mx-cre3la and 31b) (8) exhibited 
duced by homologous recombination in ES fense to viral infections, is silent in healthy low background recombination, but exten- 
cells; the amount of expression of the floxed mice. The  Mxl promoter can be transiently sive deletion could be induced by treatment 
allele should be the same as that in the wild activated to high amounts of transcription of adult mice with IFN or PI-PC. Groups of 
type unless it is inactivated by Cre-mediat- in many tissues upon application of inter- five mice (strain Mx-cre3la) received ei- 
ed deletion of the loxP-flanked gene seg- 
ment. Gene inactivation can be restricted 
in vivo to a particular cell type by crossing Fig. 1. Detection of Cre- A Nontreated pl-pC treated 
a mouse strain harboring the floxed allele to mediated deletion. (A) 

B B 
a transgenic strain expressing Cre recombi- Southern blot strategy to I I 13 

nase constitutively under the control of a distingu~sh polp wild- :ow' 'E 
cell type-specific promoter (2). type (+I  (upper line), B4 4 5 k b  

* 
These approaches have a major draw- pOIPflox (middle line), and I u 

C 

back. The function of the gene product pO1pA (lower l i n e )  alleles. r y  
01,' B Bam HI fragments (B) 7 

must be deduced from the phenotype of containing the promoter r~ n 
animals that are, either in all cells or in region (ellipses), the first 

3kb * 
D 

certain cell types from an early time point two exons of the polp 
on, constantly deficient throughout ontog- gene (numbered rectan- 
eny for the product of the disrupted gene. A gles), and an adjacent genomic probe used for hybridization (bar) are shown. In the 1 2 3 
mutant organism may compensate for the polpf1OX allele a 1.5-kb gene segment has been flanked by two loxP sites (triangles) 
loss of a gene product so that no obvious (2). Upon Bam HI digestion the wild-type, polpfloX, and polpA alleles yield fragments 
deviation from the type is seen, or the of 10, 4.5, and 3 kb, respectively (2). (B through D) Southern blot analysis of DNA 

from liver (B) and spleen (D) of groups of polpfloX/+ Mx-cre transgenic mice and from 
EM:y 

liver (C) of polpfloX/polpflox Mx-cre transgenic mice (strain Mx-cre3la) that received three intraperitoneal 
R. Kuhn, F.Schwenk, K. RaJewsk~, lnstltutefor Genetics, (IP) injections of pl-pC (250 pg) at 2-day intervals or were left untreated. Genomic DNA was prepared 2 
University Of Cologne' Weyertal l2' ' 50931 Cologne, days after the last injection. The positions of the fragments derived from thepolp wild-type (W), polpf1OX 
Germany. 
M, Aguet, lnstltute of Molecular Biology I, Unlverslty of (Flox), andpolpA (A) alleles are indicated. Each lane represents one mouse. In (C) the wild-type bands are 
Zur~ch, Honggerberg, 8093 Zur~ch, Switzerland. absent but a weak background band appears at the same position. (E) Southern blot analysis of DNA 

'To whom correspondence should be addressed. from her of mice (strain Mx-cre3l a) that received three IP injections of human IFN-u,/a, (1 O6 units; lane 
+Present address: Genentech Inc,, 460 Point Sari Bruno 3) (72) or pl-pC (250 pg; lane 2) in comparison to a nontreated mouse (lane 1). Female littermates 
Boulevard, South San Francisco, CA 94080, USA. heterozygous for the Mx-cre transgene were used at an age of 8 weeks. 
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