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thymocytes (1) .'such CD4-CD8I0 precur- 
sor cells and their CD4+CD8+ progeny 
constitute all the CD8+ cells that are pres- 

During differentiation in the thymus, immature T cells progress through an ordered se- ent in the fetal thymus because mature 
quence of developmental stages that are best characterized by variable expression of the TCRh' CD4-CD8+ thymocytes do not ap- 
co-receptor molecules CD4 and CD8. Crosslinking of T cell receptor (TCR) molecules on pear until after birth (I) .  Therefore, fetal 
precursor thymocytes was found to block their differentiation into CD4+CD8+ cells by thymocyte populations are an excellent 
eliminating messenger RNA's encoding two families of developmentally important mole- source of CD4-CD8'" precursor cells that 
cules: the co-receptor molecules CD4 and CD8 and the recombination activating genes are not contaminated with mature cells. As 
1 and 2. TCR-induced post-transcriptional regulation in early thymocytes was specific for a means of further increasing the frequency 
selective messenger RNA's, required protein synthesis, and was itself developmentally of precursor cells, we depleted fetal thymo- 
regulated. These data identify a post-transcriptional mechanism that is influenced by TCR cyte populations of cells that had already 
signals and that regulates early thymocyte development. become CD4+CD8+ in vivo by treatment 

with a monoclonal antibody (MAb) to 
CD4 (anti-CD4) plus complement (C) . 
Placement of CD4- fetal thymocytes in 

M o s t  lymphocytes of the T cell lineage differentiation of murine CD4-CD8I0 thy- short-term single-cell suspension culture re- 
develop in the thymus and express T cell mocytes into CD4+CDat cells. We found sulted in the in vitro generation of 
receptors (TCR's) of the a p  isotype. Dif- that CD4-CD8I0 precursor thymocytes are CD4+CDat cells (Fig. 2A). Because 
ferentiation of TCRaP+ T cells in the committed to CD4 transcription and to CD4- fetal thymocyte populations actually 
thymus proceeds through an ordered se- differentiating into CD4+CD8+ cells, but contained two immature thymocyte sub- 
quence of developmental stages that are that their differentiation could be inhibited populations, CD4-CD8- (70 percent) and 
best identified by the co-receptor molecules by TCR crosslinking or by the drug phorbol C D ~ - C D ~ ' "  (30 percent), either or both of 
CD4 and CD8, both of which function as myristate acetate (PMA), which is a potent these populations might have differentiated 
cell interaction molecules for developing activator of protein kinase C (PKC). We into CD4+CD8+ cells in vitro (Fig. 2A). 
thymocytes as well as mature T cells (Fig. found that TCR signals did not block the However, physical separation by electronic 
1) (1, 2).  Most of the cells in the thymus differentiation of early thymocytes by inhib- cell sorting of CD4- fetal thymocytes into 
are CD4+CDat whose developmental fate iting transcription but, rather, by eliminat- purified subpopulations of CD4-CD8- cells 
is determined by the specificity of their ing mRNA's encoding two distinct families and CD4-CD8I0 revealed that only the 
TCRaP receptors (3). While TCR-specific of molecules involved in the differentiation CD4-CD81° thymocyte subpopulation be- 
selection events determine the fate of of early thymocytes into CD4+CD8+ cells: came CD4+CD8+ during short-term cul- 
CD4+CD8+ thymocytes in the thymus (3, (i) the co-receptor molecules CD4 and ture; CD4-CD8- fetal thymocytes did not 
4) ,  little is known about the role of TCR in CD8 that mediate critical cellular interac- undergo significant phenotypic change 
thymocyte development prior to the tions in the thymus (Z), and (ii) the recom- (Fig. 2A). During their differentiation into 
CD4+CD8+ stage of differentiation. bination activating genes (RAG) 1 and 2 CD4+CD8+ thymocytes, CD4-CD81° pre- 

The first cells to enter the CD4 and CD8 that are required for rearrangement of TCR cursor cells: (i) proliferated, in that the 
developmental pathway are the immediate gene loci (10). TCR induced elimination of number of CDqtCD8+ thymocytes recov- 
precursors of CD4+CD8+ thymocytes and these mRNA's required protein synthesis ered after overnight culture was 1.5 times 
these precursors have been identified as and was itself developmentally regulated. greater than the initial number of input 
CD4-CD81° cells (5-7). The CD4-CD8'" These results identify a post-transcriptional CD4-CD81° cells (Table 1); (ii) increased 
precursor thymocytes spontaneously differ- mechanism regulating early thymocyte de- their expression of CD8, as their 
entiate into CD4+CDat thymocytes in velopment that is influenced by TCR sig- CD4+CD8+ progeny expressed five times 
vitro in short-term single cell suspension nals, that limits further rearrangements of more CD8 than they did (Fig. 2A); and (iii) 
culture (5). Whether CD4-CD81° precur- TCR genes, and that would function as a marginally increased their low expression of 
sor thymocytes actually express TCR mole- rapid mechanism for blocking the differen- TCR (Fig. 2B). Thus, CD4-CD81° fetal 
cules that might regulate their further dif- 
ferentiation has not been fully established Fig, Simplified scheme of 
(6-8). However, Hunig found that anti- mic differentiation, Characterization of Thymocyte ckvelopment 
body to TCR inhibited the differentiation thymocytes as immature or mature re- CD&D~- 
of C D ~ - C D ~ ~ "  adult rat thymocytes into fers to whether they have attained 
CD4+CD8+ cells (7), and we have recently functional competence. 
found that many CD4-CD81° thymocytes CD4-CD8- -+ cD4-cD81° --, CD~+CD~+ 
from fetal mice do express small amounts of 
TCRaP that are competent to transduce 

0 
intracellular signals (9). 

We have now examined the in vitro 
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thymocytes are the immediate precursors volved in the differentiation of CD4-CD8'" 
of CD4+CD8+ thymocytes, and essential- precursor thymocytes into CD4+CD8+ 
ly all CD4-CD8'" cells resident in the cells, we examined mRNA1s encoding a 
fetal thymus are precursor cells with the number of molecules important in immune 
capability of differentiating into CD4+CD8+ cell development (Table 2) ,  focusing ini- 
thymocytes. tially on CD4 (Fig. 3). Among unfraction- 

To determine the molecular events in- ated day-19 fetal thymocytes were 
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Fig. 2. Differentiation of CD4-CD8'" 
precursor thymocytes into CD4+CD8+ 
cells in suspension culture. (A) Indi- 
cated subpopulations of day 19 fetal 
C57BU6 (B6) thymocytes were 
placed in s~ngle-cell suspension cul- 
tures for 16 hours and assessed for 
CD4 and CD8 expression (23). Cells 
were stained with fluorescein isothio- 
cyanate (FITC)-conjugated anti- 
CD4 and biotinvlated antiLCD8 MAb 

and then by Texas red-linked streptavidin (TRA). Expression of CD4 and C D ~  is displayed as dual 
parameter contour plots. Numbers within each box of contour diagrams ind~cate the frequency of 
cells with~n that box. The two anti-CD4 MAb's used for staining and for cytolytic depletion bound to 
different epitopes on CD4 and d ~ d  not interfere with each other's binding (B) TCR expression on 
CD4-CD8I0 thymocytes before and after 16-hour suspension cultures, Indicated subpopulat~ons of 
thymocytes were stained either w~th FITC-conjugated anti-TCRp (MAb H57-597) (24) (solid lines) or 
with FITC-conjugated control MAb Leu4 (dashed lines). Day-19 fetal CD4-CD8+ thymocytes 
expressed low but significant amounts of surface TCR both before and after culture (upper panel), 
as indicated after comparison of their staining with that of TCR day-15 fetal thymocytes and w~th 
TCRh' CD4-CD8+ adult thymocytes (lower). 

Table 1. Recovery of CD4- fetal thymocytes from short-term suspension culture, and the effects of 
TCR crossllnking and PMA Equal numbers of electronically sorted CD4-CD8+ thymocytes (experl- 
ment 1) or C D 4  thymocytes treated with anti-CD4 + C (experiment 2) from day-19 fetal B6 mice were 
cultured in medium, plate-bound MAb to TCRp (xTCR), or PMA at 100 ngiml as indicated (23). 
Numbers of v~able cells recovered from each culture were measured by trypan blue dye exclusion 
method. Cells were also sta~ned with MAb to CD8 to determine the frequency of CD8+ cells. 

'larting Time in Reagent Viable cells Relative 
populat~on Experiment of fetal culture in 

CD8+ recovery of 
( N )  

cells 
(hours) culture (%) 

CD8+ cells* 
thymocytes (%) 

7.2 x lo5 
Medlum 10.7 x lo5 
xTCR 10.0 x lo5 
PM A 6.3 x lo5 

5.0 x lo6 
Medlum 4.7 x lo6 
xTCR 5 0 x  lo6 
PMA 5 5 x  lo6 

*Number of recovered CD8+ cells are expressed relative to the number of input CD8+ cells before culture, and 
were calculated by mut~py ing  the number of recovered cells tlmes the frequency of CD8+ cells in the recovered 
population 

CD4+CDgt cells containing CD4 mRNA, 
most of which were removed by treatment 
with anti-CD4 + C (Fig. 3A, lanes 1 and 
2). The amounts of CD4 mRNA within the 
resulting C D 4  thymocyte population in- 
creased significantly in suspension culture 
(Fig. 3A, lane 3),  and this increase was 
blocked by the transcription inhibitor acti- 
nomycin D (Fig. 3A, lane 4). Direct mea- 
surements of CD4 transcription demon- 
strated that its rate was significantly in- 
creased in suspension culture (Fig. 3B), 
during which CD4-CD8'" fetal thymocytes 
differentiated into CD4+CD8+ cells. As a 
control, we also examined transcription of 
the housekeeping enzyme glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) in the 
same samples, and we found that its rate 
was not increased (Fig. 3B). That these 
molecular changes occurred in CD4-CD8'" 
cells within the CD4- fetal thymocyte pop- 
ulation, and not in CD4-CD8- cells, was 
confirmed by the failure to detect either 
CD4 or CD8 mRNA in cultured CD4- 
fetal thymocytes that had been further de- 
pleted of CD8+ cells (Fig. 3C). These 
results with fetal thymocytes contrast with 
those reported in adult thymocytes in 
which some CD4-CD8- cells expressed 
very small amounts of CD4 and CD8 
mRNA transcripts and were able to become 
CD4+CD8+ in vitro (1 1 ) .  

Effect of TCR crosslinking on CD4 
and CD8 mRNA's. To determine whether 
TCR engagement influenced the in vitro 
differentiation of CD4-CD8I0 precursor 
thymocytes, immobilized anti-TCR MAb 
was included in the induction cultures. 
TCR crosslinking did not affect cell recov- 
ery (Table 1) but did diminish appearance 
of CD4 protein and accumulation of CD4 
and CD8 mRNA's in most cells (Fig. 4, A 
and B). These inhibitory effects resulted 
specifically from TCR crosslinking because 
crosslinking of other cell surface determi- 
nants expressed on precursor thymocytes 
had no effect (Fig. 4A). Since TCR signals 
may be mediated in part by PKC, we also 
assessed the effect of PMA on the accumu- 
lation of CD4 and CD8 mRNA's. PMA was 
even more potent than TCR in blocking 
the accumulation of CD4 and CD8 tran- 
scripts (Fig. 4B), presumably because PMA 
can act on CD4-CD8I0 precursor thymo- 
cytes regardless of the amount of TCR they 
express. We then compared CD4 transcrip- 
tion in the absence and presence of TCR 
crosslinking (Fig. 5, A and B). In the 
absence of TCR crosslinking, CD4 tran- 
scription increased in CD4-CD8'" thymo- 
cytes upon placement in single-cell suspen- 
sion culture. However, CD4 transcription 
was not diminished by either TCR 
crosslinking or PMA (Fig. 5, A and B), 
even though both prevented the accumula- 
tion of CD4 mRNA. 
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Fig. 3. Amounts of CD4 A Anti-CM+C B AntlGD4 + C R~~~~ 
mRNA and CD4 transcr~p- o 

I * a '  No culture Culture (n=3) 
tlon rates In cultured CD4- E u m v  -a-w 
precursor thymocytes (A) z f + +  GAPDH Q 4 gi l.Oi.O.1 
Northern blot analysls of - 5  @ 2 2  p g z z  
steady-state mRNA Thymo- 2 z o a - l  CD4 $ * 4 7 f l . l  
cytes from day-19 fetal B6 
mlce were treated wlth antl- 

+28S 
pUC19 

CD4 and C, and cultured In Cw 
suspension for 6 hours ~n -18s 
the absence or presence of 
actinomycln D at 1 pglml 
Total cellular RNA (7 pg) 
from lndlcated cells was GAPDH 
subjected to Northern anal- 
ysls w~th CD4 or GAPDH 100 75 43 28 31 0 $ &  Y 
cDNA probes (25) Arrows 0 0  2 or2 o lndlcate mlgratlon polnts of 28s and 18s  ribosomal RNA Numbers under 3 = 
each lane lnd~cate the relat~ve lntens~tles of the bands as determ~ned by a 3 

grin densitometty (6) Transcr~pt~on rates measured by nuclear RNA run-on 5 ,  
assay. Thymocytes from day-19 fetal B6 mlce were treated wlth anti-CD4 
and C and cultured for 3 hours, and nuclear run-on analyses were 
performed (26) The resulting labeled hlgh molecular slze RNA was 
purlfled and hybrldlzed to n~trocellulose f~lters supporting lmmoblllzed CD4 

denatured plasmlds contalnlng GAPDH cDNA, CD4 cDNA, or pUC19 
plasm~d alone lndlvldual slgnals were scanned by dens~tometty, and the 
results were corrected for background obtalned by pUC19 vector alone 
S~gnal rat~os of cultured to uncultured cells were calculated, and the mean 
ratlo ? SE from three ~ndependent exper~ments are d~splayed (C) CD8a 
Northern blot analysls of mRNA Untreated, CD4-CD8-, and CD4- "" 

thymocytes from day-19 fetal B6 mlce were cultured In s~ngle-cell suspen- 
sion for 4 hours The total cellular RNA (8 pg) from lndlcated cells was 
subjected to Northern hybrld~zatlon analysls w~th the lndlcated probes 
(25). Two bands of CD8a mRNA represent larger spllclng lntermedlates GAPDH 

and smaller mature forms (27). 

Since TCR- and PMA-induced signals 
did not inhibit CD4 transcription, we 
examined the possibility that they desta- 
bilized CD4 mRNA. Direct measurements 
of CD4 mRNA degradation rates in pre- 
cursor thyrnocytes require that the synthe- 
sis of new CD4 transcripts be blocked 
during the assay. However, in the pres- 
ence of actinomycin D, PMA did not 
affect the turnover rate of CD4 mRNA 
(1 2), possibly because the degradation 
pathway stimulated by TCR and PMA 
signals involved newly synthesized pro- 
teins and was itself dependent on new 
transcription. Indeed, protein synthesis 

inhibitors (anisomycin, puromycin, and 
cycloheximide) blocked the inhibitory ef- 
fects of both TCR and PMA stimulation 
on CD4 mRNA accumulation in 
CD4-CD8'" precursor cells (Fig. 6, A and 
B). In the presence of protein synthesis 
inhibitors, CD4 mRNA increased in pre- 
cursor thymocytes whether or not TCR 
complexes were crosslinked or PMA was 
present (Fig. 6, A and B, and Table 2). 
These inhibitors did not increase CD4 
transcription, in that they did not them- 
selves increase CD4 mRNA compared to 
controls (Fig. 6A, lanes 3, 5, 7,  and Table 
2). Thus, TCR and PMA signals control 

Fig. 4. Inhibitory effects of TCR-crosslinking or PMA on A 

precursor thymocytes. (A) CD4- thymocytes from day-19 
fetal 66 mice were cultured for 16 hours in the absence 
(upper) or presence (lower) of various platebound MAb (24, 
28). After culture, the cells were stained with FITC-conju- 
gated anti-CD4 and biotinylated anti-CD8 MAb and then by 
TRA and were assessed for CD4 and CD8 expression by 
two-color flow cytometty (23). CD4 expression on CD8+ 
cells is displayed as single color histograms. (B) Effects of 
TCR-crosslinking or PMA on steady-state mRNA's in cul- 
tured CD4- fetal thymocytes. CD4- thymocytes from day 
19 fetal B6 mice were cultured for 4 hours in the absence or 
presence of either plate-bound anti-TCRp (MAb H57-597) 
or PMA at 100 nglml. Total cellular RNA (5 pg) from the 
indicated cells were analyzed by Northern blot hybridiza- 
tion with the indicated probes (25). Data from two indepen- 
dent experiments are displayed. CD4 expression on CD8+ cells 

the appearance of CD4 transcripts, by 
inducing a post-transcriptional regulatory 
mechanism that is dependent on new pro- 
tein synthesis. 

Since the differentiation of CD4-CD8'" 
precursor cells into CD4+CD8+ thymo- 
cytes resulted in increased CD8 expression 
as well as increased CD4 expression, we 
examined whether TCR- and PMA-in- 
duced signals similarly blocked increases in 
CD8 transcripts occurring in cultured 
CD4-CD8'" precursor cells. Not only did 
PMA block accumulation of CD8a and 
CD8P mRNA's, but it decreased CD8a and 
CD8P mRNA's to below the amounts pres- 
ent at the initiation of culture (Fig. 6C, 
lanes 1 to 3). That PMA was inducing 
elimination of CD8a and CD8P mRNA's, 
as it did CD4 mRNA, was indicated by the 
ability of cycloheximide to reverse the 
PMA effect and restore CD8a, CD8P, and 
CD4 mRNA amounts (Fig. 6C, lanes 4 and 
5). The effects of TCR crosslinking on 
CD8a and CD8P mRNA's were similar to 
those of PMA, but quantitatively less dra- 
matic (Table 2). 

Since CD4 and CD8 mRNA's are ex- 
pressed in mature T cells as well as in 
immature thymocytes, we assessed whether 
PMA also reduced CD4 and CD8 mRNA's 
in mature T cells or whether it only did so 
in immature thymocytes. We compared 
spleen T cells and thymocytes from the 
same adult animals. Even though PMA 
stimulation markedly reduced the amounts 
of CD4 and CD8a mRNA among thymo- 
cytes, it did not affect those in mature 
spleen T cells (Fig. 7), an indication that 
the post-transcriptional regulatory mecha- 
nism activated by TCR crosslinking and 
PMA in immature thymocytes was itself 
developmentally regulated. 

B Experiment 1 Experiment 2 
Anti-CD4+C Anti-CD4+ C - n 

TCRP GAPDH 

GAPDH TCRa 
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Fig. 5. Effects of TCRcrosslinking or A Anti-CD4 + C-treated 
PMA on CD4 transcription rates in 
CD4-CD8" precursor thymocytes. Culture 
CD4- thyrnocytes from day-19 B6 Ll.. 

I"" fetal mice were cultured for 3 hours in culture Medium xH57 +PMA 
the absence or oresence of either 
plate-bound a n t i i ~ c ~ p  (MAb H57- 
597) or PMA at 100 ng/ml, and nucle- GAPDH 4 
ar run-on analyses were performed 
(26). (A) The resulting labeled large CD4 
size RNA was purified and hybrid- 1 
ized to nitrocellulose filters support- pUCIS 
ing immobilized denatured plasmids 
containing GAPDH cDNA. CD4 
cDNA, or pUCl9 plasmid alone. (9) 
Individual signals were scanned by a Relatlve transcription rates 
densitometer with results corrected 
for background obtained by pUC19 - No culture 
vector alone. Signal ratios of cultured 2- - - Culture plus 
to uncultured cells were calculated, med~urn 
and the mean ratio + SE from three to 
six independent experiments are dis- 1.5- 
played. Values are normalized to 0 Culture PIUS 

those of cells cultured for 3 hours in 
med~um alone. 

0.5- 

n, - 
C M  GAPDH 

Effect of TCR signals on mRNA's en- molecules to this same control mechanism 
coding RAG, TCR, and tyrosine kinases. (Table 2). We examined mRNA's encod- 
Having observed post-transcriptional regu- ing: (i) RAG because these molecules are 
lation of CD4 and CD8 mRNA's in early necessary for productive rearrangement and 
thymocytes, we then examined the suscep- expression of TCRaP receptors, (ii) TCR a 
tibility of other immunologically relevant and 8, and (iii) tyrosine kinases Fyn and 

Table 2. Effects of TCR crosslinking. PMA, and cyclohexiniide on mRNA's encoding T cell 
associated molecules in CD4- fetal thymocytes. CD4- thymocytes from day-19 B6 fetal mice were 
cultured for 4 to 6 hours in medium or in the presence of plate-bound MAb to TCRp (xTCR) or PMA 
at 100 ng/ml (+PMA). Where indicated, cultures contained cycloheximide at 10 pg/ml. Equal 
amounts of total cellular RNA from harvested cells were subjected to Northern blot analysis with the 
indicated probes (25). Numbers (in arbitrary densitometric units) indicate relative band densities as 
measured by a densitometer, and represent mean values of up to three independent experiments 
for each point. Densitometer values for each probe were normalized to those of cells cultured in 
medium alone which were arbitrarily set equal to 10. 

mRNA of CD4- fetal thymocytes* 

Suspension culture 
mRNA Before 

culture No cycloheximide Cycloheximide 

Medium xTCR +PMA Medium xTCR +PMA 

CD4 1 10 4* O* 7 8 8 
CD8a 3 10 5* 1 * 5 6 6 
CD8p 4 10 5* 1 5 5 5 
RAG-1 1 10 3* 0* 8 9 9 
RAG-2 0 10 5* 0' 11 9 10 
TCRa 1 1 O t  lit 11$ 7t 8t 
TCR$ 11 10 11 14 14 14 
F Y ~  11 10 12 17 
Lck 15 10 11 12 
GAPDH 11 10 10 11 10 11 10 

'Significantly decreased relative to cells cultured in medium (P < 0.05; two-tailed Student's t -test). The mRNA 
values for cells cultured in the absence of cycloheximide (columns 3 and 4) were compared to cells cultured in 
medium alone (column 2); mRNAvalues of cells cultured in the presence of cycloheximide (cdumns 6 and 7) were 
compared with cells cultured in medium plus cycloheximide (column 5). *Size of transcripts hybridized with 
TCRa probe corresponded to mature TCRa mRNA (1.6 to 1.8 kb). SSie of TCRa transcripts in cells cultured 
with PMA were smaller (1.2 to 1.4 kb), corresponding to sterile transcripts. 

Lck because these molecules influence thy- 
mocyte development. 

1) The RAG-1 and RAG-2 mRNA's 
are the transcription products of genes that 
are required for productive rearrangements 
of the TCRa and TCRB loci (1 0). Both 
RAG-1 and RAG-2 mRNA's were post- 
transcriptionally regulated in these early 
thymocytes in 2 manner indistinguishable 
from that regulating CD4 and CD8 
-A's (Table 2 and Fig. 6C). RAG-1 
and RAG-2 mRNA's were initially low in 
CD4- fetal thymocytes and both increased 
rapidly during culture. TCR crosslinking or 
PMA stimulation blocked accumulation of 
RAG-1 and RAG-2 mRNA's, and protein 
synthesis inhibitors reversed the inhibitory 
effect of TCR and PMA signals on accumu- 
lation of RAG-1 and RAG-2 mRNA's dur- 
ing culture (Table 2 and Fig. 6C). Thus, 
the accumulation of RAG-1 and RAG-2 
mRNA transcripts in early thymocytes is 
post-transcriptionally regulated by TCR or 
PMA signals. Consequently, TCR signals 
would eliminate RAG transcripts and pre- 
vent further TCR gene rearrangements in 
early thymocytes. 

2) Surface expression of TCRaf3 recep 
tors requires rearrangement and expression 
of both TCRa and TCRB gene loci (1, 13). 
Since TCRB is expressed earlier in devel- 
opment than TCRa (14), TCRa expres- 
sion is the limiting factor regulating 
TCRaP expression on developing thymo- 
cytes. Expression of surface TCRa$ com- 
plexes is low on CD4-CD8l0 fetal thymo- 
cytes, with the amount of TCRaB expres- 
sion increasing during difFerentiation into 
CD4+CD8+ cells (Fig. 2B). We found that 
TCRa mRNA was low in CD4- fetal thy- 
mocytes at the initiation of culture (Fig. 
4B, lane 2) and rapidly increased during 
culture (Fig. 4B, lane 3), resembling the 
changes occurring in CD4, CD8, RAG-1, 
and RAG-2 mRNA's (Table 2 and Fig. 
4B). Despite this similarity, TCRa mRNA 
expression was not affected by TCR engage- 
ment. TCR crosslinking had no effect on 
accumulation of TCRa mRNA in cultured 
CD4- fetal thymocytes, and TCRa mRNA 
accumulated to the same extent regardless 
of whether TCR molecules were engaged 
(Fig. 4B; Table 2).  Thus, even though 
TCRa rnRNA's increased during differen- 
tiation into CD4+CD8+ cells with kinetics 
similar to those of CD4, CD8a, CD8B, 
RAG-1 and RAG-2 mRNA's, TCR en- 
gagement did not affect TCRa mRNA, 
demonstrating that the post-transcriptional 
regulatory mechanism activated by TCR 
engagement is selective for specific 
mRNA's. 

PMA stimulation of CD4- fetal thymo- 
cytes also failed to quantitatively interfere 
with accumulation of TCRa mRNA during 
culture (Fig. 4B and Table 2); however, 

SCIENCE VOL. 258 27 NOVEMBER 1992 
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Rap, and so had already 
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lnrrasr rv TCRa, TCRP mRNA 
levels were high in CD4-CD8'" precursor 
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covery; T C R  stimulation of CD4-CD8'" 
precursor thymocytes does not induce rapid 
DNA fragmentation, an indicator of apop- 
tosis (12); the selectivity of the mRNA's 
that are eliminated is inconsistent with 
apoptosis; and PMA, which has similar 
effects to those of T C R  engagement in early 
thymocytes, protects immature thymocytes 
from the induction of apoptosis rather than 
inducing these cells to undergo apoptosis 
(16). It seems more likely that T C R  stim- 
ulation of CD4-CD8'" precursor thymo- 
cytes results in their becoming 
CD4-CD8-TCRap+ thymocytes because 
T C R  signals eliminate CD4 and CD8 
mRNA's, but not T C R a  or TCRP 
mRNA's. In fact, a C D 4 - C D 8  T lym- 
phoma cell has been described that tran- 
scribes both CD4 and CD8 mRNA's but 
maintains its C D 4 - C D 8  phenotype by 
actively degrading newly synthesized CD4 
and CD8 transcripts (1 7). Consistent with 
our view, CD4-CD8-TCRaPf thymo- 
cytes are increased in transgenic mice ex- 
pressing autoreactive T C R a P  molecules 
(3). Moreover, we have found in such 
T C R a P  transgenic mice that in vivo anti- 
gen engagement prevents CD4-CD8'" fetal 
thymocytes from differentiating into 
CDqtCD8+ cells (9). 

Our study demonstrates that, in precur- 
sor thymocytes, TCR or PMA terminates 
RAG expression by post-transcriptionally 
eliminating RAG mRNA's, and therefore it 
may provide a molecular mechanism for the 
original observations of Turka et al. (18) 
that TCR- or PMA-induced signals termi- 
nated RAG expression in human 
CD4+ CD8+ thymocytes. Our current ob- 
servation that RAG-1 and RAG-2 mRNA's 
are initially low in precursor thymocytes is 
surprising given their initially high level of 
TCRP mRNA expression. One possibility 
is that RAG-1 and RAG-2 mRNA1s may be 
present in  high amounts early in develop- 
ment, declining subsequent to TCRP ex- 
pression, and may increase again during 
differentiation of precursor thymocytes into 
CD4+ CD8+ cells during which T C R a  gene 
rearrangements occur. We think that the 
appearance of small, sterile T C R a  tran- 
scripts induced in early thymocytes by PMA 
stimulation is actually a secondary conse- 
quence of rapidly terminating RAG expres- 
sion, preventing productive T C R a  gene 
rearrangements in  cells that have not yet 
rearranged their T C R a  gene loci. Whether 
PMA also activates a cryptic T C R a  pro- 
moter that stimulates transcription of unre- 
arranged T C R a  genes in early thymocytes 
requires further examination. It has recent- 
ly been observed that RAG expression is 
also te~nlinated during positive selection of 
CD4+ CD8+ thymocytes into mature T 
cells (1 9). A t  present, positive selection of 
CD4+ CD8+ thymocytes is thought to re- 

sult in the selective shutoff of either CD4 or 
CD8 transcription. However, our data sug- 
gest that post-transcriptional elimination of 
both CD4 and CD8 mRNA1s, as well as 
RAG mRNA's, might be the initial conse- 
quence of intrathymic positive selection 
signals. 

The actual mechanism by which selec- 
tive mRNA's are eliminated in early thy- 
mocvtes has not been determined. but nre- 
sumably alters the processing, transport, or 
stability of target mRNA1s. Because PMA 
has similar effects to those of T C R  in early 
thymocytes, we think that PKC may be a 
necessary signal regulating the activity of 
this post-transcriptional mechanism. Our 
current perspective is that signals activating 
PKC induce the synthesis in  immature thy- 
mocytes of sequence-specific protein or pro- 
teins that degrade specific rnRNA1s. The 
induced trans-acting uroteins may be relat- - A 

ed to adenosine-uridine-binding factor that 
has been implicated in  mature lymphocytes 
in destabilizing mRNA's encoding proteins 
controlling cell growth such as lymphokines 
and proto-oncogenes (20, 2 1 ) . However, 
the sequence-specific proteins induced by 
TCR signals in precursor thymocytes might 
occur only in early thymocytes as T C R  
signals in mature lymphocytes destabilize 
T C R a  and TCRP mRNA's (22), whereas 
those in  precursor thymocytes did not. 
Alternatively, it might be argued that T C R  
or PMA signals in  precursor thymocytes do 
not activate a post-transcriptic)nal regulato- 
ry mechanism at all, but rather inactivate a 
preexisting post-transcriptional regulatory 
mechanism that is constitutively active in 
precursor thymocytes. In this alternative 
view, certain mRNA1s are unstable in  early 
thymocytes and become increasingly stable 
during differentiation into CD4+CD8+ 
cells; PKC activation would prevent 
mRNA stabilization by blocking differenti- 
ation. However, this perspective predicts: 
(i) that increases in CD4 mRNA during 
differentiation of precursor thymocytes in  
CD4+CD8+ cells would result from in- 
creased CD4 mRNA stability, not in- 
creased transcription, whereas we observed 
increased transcription; and (ii) that PKC 
activation would not affect the stability of 
mRNA transcripts in  thymocytcs that have 
already become CD4+CD8+, whereas we 
observed that PMA reduced both CD4 and 
CD8 mRNA's in  unfractionated adult thy- 
mocyte populations that consisted predom- 
inantly of CD4+ CD8+ cells. Thus, taken 
together, our results indicate that T C R  and 
PMA actively induce a post-transcriptional 
regulatory mechanism that is functional in 
early thymocytes and that regulates their 
further differentiation. 

In conclusion, post-transcriptional regu- 
lation has not previously been appreciated 
in  immune cell development having only 

been observed in mature lymphocytes upon 
activation (22). Nevertheless, we think 
that post-transcriptional regulatory mecha- 
nisms may be found to influence other 
important aspects of thymocyte develop- 
ment and selection as well. 
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