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Requirement for RORy in 
Thymocyte Survival and 

in a Mendelian distribution, had no discern-
ible physical defect, and were fertile. RORy 
mRNA and protein were undetectable in the 
thymus of homozygous mutant mice, con-
firming the complete inactivation of the- -
RORy gene and loss of expression of RORy

Lymphoid Organ Development and the thymus-specific RORY~isoform (10). 
The thymi of RORyP'- animals appeared 

Zuoming Sun,' Derya Unutmaz,' Yong-Rui Zou,' normal in size, but total cell numbers recov-
Mary JeanSun~hine,',~Alessandra P iera~~i ,~  ered were -30 to 50% of wild-type levels. 

Susan ~renner- or ton,",^ Reina E. M e b i ~ s , ~Dan R. Littmanl.'* Flow cytometric analysis showed a reduction 
in DP thymocyte number (Fig. 1A). Thymo-

Most developing thymocytes undergo apoptosis because they cannot interact cytes also displayed higher forward scatter 
productively with molecules encoded by the major histocompatibility complex. (FSC), indicative of larger cell size, than did 
Here, we show that mice lacking the orphan nuclear hormone receptor RORy wild-type cells (Fig. IB), and most FSCh'gh 
losethymic expressionof the anti-apoptotic factor Bcl-xL. RORy thus regulates cells were confined to the DP compartment 
the survival of CD4+8+ thymocytes and may control the temporal window (11). The amount of CD4 and TCR expressed 
during which thymocytes can undergo positive selection. RORy was also re- was reduced in DP cells from RORy-/- mice 
quired for development of lymph nodes and Peyer's patches, but not splenic (Fig. 1, C and D). However, CD4+CD8- sin-
follicles. In its absence, there was loss of a population of CD3-CD4+ CD45+ cells gle-positive (CD4 SP) cells, although re-
that normally express RORy and that are likely early progenitors of lymphoid duced in number, expressed normal amounts 
organs. Hence, RORy has critical functions in T cell repertoire selection and of both CD4 and TCR, suggesting that they 
lymphoid organogenesis. had undergone positive selection (Fig. 1, C 

and E). Earlier developmental stages appeared 
During selection of a T cell repertoire within activated T cells) transcription factors (8). normal in RORyP'- mice, as assessed by the 
the thymus, CD4+CD8+ (double positive, DP) The ability of RORy to inhibit FasL and number of double-negative (CD4-CD8-) thy-
thymocytes with T cell antigen receptors cytokine gene expression suggested that this mocytes and by CD44 and CD25 expression 
(TCRs) that recognize complexes of host ma- nuclear receptor may regulate apoptosis dur- (11). 
jor histocompatibility complex (MHC) pro- ing thymocyte development. We therefore To determine whether reduced DP thymo-
teins and peptides survive and are exported to generated RORy-deficient mice by gene tar- cyte cellularity was caused by increased cell 
the periphery (I). Cells undergo apoptosis if geting (9). RORy-'- mice were born healthy death, we performed an ex vivo apoptosis 
they have strongly self-reactive TCRs or fail 
to interact productively with MHCIpeptide 
complexes (2). The latter process, termed 
"death by neglect," accounts for more than 
90% of thymocyte death and weeds out use-
less cells from the developing thymus. It has 
been proposed that activation of the glucocor-
ticoid receptor by endogenous corticosteroids 320 
regulates apoptosis of DP thymocytes (3),but 
other members of the nuclear receptor super-

FSC
family have also been implicated in thymo-
cyte selection (4). We studied the role of a 
retinoic acid receptor-related orphan recep-
tor, TOR or RORy, which is expressed in Fig. .,. Phenotypicanal- D DP E SP 
thymus and skeletal muscle but not in mature ys,s of ROR?-/- thy-
T cells (5, 6). A thymus-specific isoform of mocytes. (A) Reduced 
RORy, RORyt, which shares the DNA and 
ligand-binding domains with RORy but dif-
fers in the NH,-terminus, protects hybrid-
omas from TCR-induced apoptosis by inhib-
iting expression of Fas ligand and interleu-
kin-2 (IL-2) (7), probably by its ability to 
block the function of NFAT (nuclear factor of sults from five mice of -1-

each genotype were 
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time course analysis (Fig. 2A). About 80% of CD4 expression remained low (Fig. 3C). T cells in RORy-deficient mice ap-
the RORy-'- thymocytes underwent spontane Both thymocyte survival and cell cycle reg- peared to be exported normally to the pe-
ow apoptosis after 5 hours, compared to only ulation were corrected by the forced expres- riphery and to have normal proliferative 
20% of thymocytes from heterozygous litter- sion of Bcl-xL (Fig. 3, D and E). The latter functions (11). However, RORy-deficient 
mates, and the accelerated apoptosis was con- was correlated with rescue of ~ 2 7 ~ p 'expres- mice completely lacked lymph nodes and 
fined to DP cells (11). TUNEL analysis (2, 12) sion to wild-type levels (Fig. 3A). RORy thus Peyer's patches (Fig. 4A) (11, 19). Devel-
showed localization of .apoptotic RORy-'- appears to act geneticallyupstream of Bcl-xL opment of lymph nodes and Peyer's patch-
cells within cortical regions, where the DP thy- to prolong DP thymocyte survival and pro- es is dependent on several' tumor necrosis 
mocytesreside (Fig. 2B). Multiprobe ribonucle- mote G,phase cell cycle arrest. factor (TNF) family members (lymphotoxin 
ase (RNase)protection assays of RORy-I- thy- We crossed mice with a disrupted TCR-Ca a and lymphotoxin P, TRANCE/OPGL/ 
mocytes showed that the amount of Bcl-xL gene, which does not express TCR on DP cells RANKL) and their receptors (TNF receptor 
mRNA was one-tenth that in normal cells, but and, hence, cannot undergo negative selection, p55, lymphotoxin P receptor) (20-25). Mu-
no differences were found in expression of with RORy-'- mice. TCRa-'-/RORy-'- tations of these genes, with the exception of 
other death-related molecules, including FasL thymocytes had the same phenotype as TRANCE, also result in disruption of splenic 
(11). Bcl-xL protein was almost undetectable RORy-I- thymocytes, indicating that nega- follicular structure and the absence of follic-
by immunoblot analysis of RORy-'- thymo- tive selection signals do not initiate prema- ular dendritic cells. In contrast, splenic archi-
cyte extracts (Fig. 2C). These results suggest- ture apoptosis in the absence of RORy (10). tecture and follicular dendritic cells were nor-
ed that RORy regulates DP thymocyte sur- This suggests that accelerated apoptosis is mal in RORy-'- mice (II), suggesting that 
viva1 by enhancing expression of the anti- due to enhanced death by neglect. We also the membrane-bound form of lymphotoxin, 
apoptotic molecule Bcl-xL. crossed RORy-null mice to gldgld mice, LTaP, and TNFa are produced normally in 

'The FSC profile of DP thymocytes from which are defective for FasL function (18). the follicles of mutant mice (26). Splenocytes 
RORy-'- mice (Fig. 1B) suggested that a Thymocyte apoptosis in gld/gdRORy-l- from RORy-I- mice contained one-third the 
malfunction of the cell cycle may accompany mice was identical to that in RORy-I- mi- normal number of T cells; but the proportion 
accelerated apoptosis. About 30% of thymo- mals (10). Thus, the Fas:FasL system appears of CD4 and CD8 single-positive cells was 
cytes from RORy-'- mice, but only 4 to 5% not to be regulated by RORy to enhance unaffected (11). Lymphoid organ develop-
from heterozygous littermates, had greater thymocyte survival. ment was also defective in gld/gdRORy-I-
t h e  2N DNA content, indicating that they 
were in the S/G, phases of the cell cycle (Fig. 
3) (12). Thymocytes from ~ 0 ~ y - j -mice Fig. 2. R O R ~ - / -thymocytes under- A 
had reduced amounts of p27fi~l,which neg- go massive apoptosis and have ab- 100 
atively regulates the transition from G,to s "'ma' cell cycle Progress''". (A) 

Survival of freshly isolated thymo-
phase by inhibiting the activity of the cyclin- cytes, cultured in medium for vari- 75 

-+--RORy+I-

dependent kiriase CDK2 (Fig. 2D). C~rre- ous time intervals.The level of apo- RORrJ-
spondingly, CDK2 activity was increased 10- ptosis was determined by FACS 
fold in mutant compared to wild-type cells analysis of cells stained with An- w 50 
(Fig. 2D) (13). When these thymocytes were nexin V and ProPidium iodide (72). .p d-RORW 

cultured in the presence ofthe CDK inhibitor Percent of cells that were Annexin (ROsQ)vitim)-5 25V- PI- is indicated. The CDK inhib- +RORrJ-
roscovitine, apoptosis was prevented, even itor roscovitine(A.c.Scientific (~08fovttlrre) 
though Bcl-xL expression was not restored used at a concentration of 5 
(Fig, 2A) (11). Thus, 'CDK function is re- pM. (B) TUNEL analysis of thymic 0 

quired for thymocyteapoptosisin the absence. sections from wild-type and RORy-
of RORy, consistent with recent suggestions deficient mice (72). APoPtotic cells Time (horn) 

that anti-apoptotic Bcl-2 family members stain brown. cortex; B +/- -1-
M, medulla. (C) Imrnu-regulate CDK2 activity (14, IS). noblot analysis of Bcl-

Thymocytes with homozygous disruption ,L levels in wild-type
of the Bcl-xL gene exhibit reduced survival and mutant thyrno-
similar to that in RORy-'- mice (16). The q e s .  The blot was 
thymic phenotype observed in RORy-'- *ripped and reprobed 
mice may thus be explained by the loss df with recOgniz-

ing PKC-0 as a control 
positive regulation of Bcl-xL. To test this for protein loading. (D) 
hypothesis, we prepared RORy-I- mice that ~ e d ~ ~ e damount of 
expressed Bcl-xL under the regulation of the p27fip7 and enhanced 
Ick gene proximal promoter, which directs . CDKZ activity in 
expression in immature thymocytes (17). R0Ry-l- th~moqes.  
Bcl-xL expression in the B C ~ - X L ~ ~ /R O R ~  :$~t~~~$~?''~ 
animals restored most aspects of normal thy- to in vitro kinase assay 
mocyte development (Fig. 3). Thymocyte using~ i * ~ ~ ~~1 as 
number in Bcl-xLTg/RORy-'-animals. was substrate (73) (top panel). Expres- c 
similar to that in RORy+ mice expressingthe sion of p27 and CDK2was assayed 

D 
+I+ +/- -1- +I+ +/- 4-

Bcl-xL transgene (about 1.5-fold higher than by immunoblotting of total cell 
CDK2activity

normal thymus) (Fig. 3B), and both DP and extracts (lower panels). 

CD4 SP cells were present in normal num-
bers (Fig. 3C). TCR expression and the size 
of DP thyrnocytes were normal in the Bcl- U P K C ~ ~ C ~ L  
xLTg/ RORy-I- mice, although the level of 
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mice, indicating that this phenotype is unre- defects in T or B cell homing (11). We 
lated to loss of repression of FasL expression. 

The absence in mutant mice of lymph 
nodes and Peyer's patches despite normal 
splenic B cell follicle development suggested 
that, although LTaP and TNFa can be pro-
duced by splenic B cells, there may be a 
defect in other cells that produce these cyto-
kines. When RORy-I- fetal liver stem cells 
were transferred into RAG2-I- mice, normal 
reconstitution of all secondary lymphoid or-
gans of the recipient mice occurred, indicat-
ing that defective lymph node development in 
RORy-I- animals cannot be attributed to 

A 
Bd-xLTR + - + -
RORy + 

* p 7  

&I-xL 

analyzed cells with the cell-surface pheno-
type CD3-CD4+CD45+IL-7Ra+, which are 
associated with early lymph nodes in fetal 
mesentery, produce lymphotoxin (19), and 
may function in lymphoid organ development 
(27). These cells express large amounts of 
RORy mRNA (10). CD3TCD4+CD45+ cells 
were absent from both mesentery and intes-
tines of E16.5 and E18.5 mutant embryos and 
of 2-day-old mutant mice (Fig. 4B) (11). In 
normal embryos, expression of RORy was 
detected in cell clusters flanking the pharynx, 
intestines, and pericardium as early as E12.5 
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Fig. 3. Rescue by a Bcl-xL transgene of the apo-
ptosis and cell cycle phenotype ~nRORy-I- thy- o 200 400 600 8001000 o m 400 600 BOO~WO 

mocytes. (A) Rescue of ~ 2 7 ~ ' ~ 'expression in R ~ - x L ~ '- BCI-XL Tg+ 
R0R-y-'- thymocytes expressingthe Bcl-xL trans- looo 
gene (77). lmrnunoblot analyses of Bcl-xL and 
~ 2 7 ~ ' " 'expression are shown. (B) Effect of the 
Bcl-xL transgene expression on thymic cellularity 
in RORy-I- mice. (C) Restoration of normal thy-
mocyte development, but not the CD4 level, by 
expression of Bcl-xL. Flow cytometric analysis of 
surface expressron of CD4, CD8, and TCRaP was 0 200 400 600 8001000 0 200 400 600 @331WO
performed. (D) Bcl-xL rescues RORy-/- thymo-
cytes from apoptos~s.Apoptosis analysis was as b 
described in Fig. 2A. (E) Bcl-xL rescues Ro~-y-/- DNA content 
thymocytes from abnormal S-phase entry (72). Freshly isolated cells were stained with propidium 
iodide, and flow cytometric analysis was performed to  detect DNA content in each cell. The 
bracketed regions demark cells possessing >2N amounts of DNA. 

(Fig. 4, C and D) (10, 28). Many of the cells 
that expressed nuclear RORy also ex-
pressed cell-surface CD4 (Fig. 4E). In 
E14.5 embryos, near the limb buds we ob-
served bilateral clusters of cells expressing 
RORy, where axillary and inguinal lymph 
nodes develop (11). These results suggest 
that RORy is required for the development 
of CD4+ progenitor cells involved in the 
morphogenesis of lymph nodes and Peyer's 
patches. 

Our results indicate that RORy is essential 
for survival of immature CD4+CD8+ thymo-
cytes and for development of lymphoid or-
gans. The defect in thymocyte development 
in mice lacking RORy can be attributed di-
rectly to its regulation of Bcl-xL expression 
in DP thymocytes. Anti-apoptotic effects of 
Bcl-xL provide these cells the opportunity to 
interact with MHCIpeptide complexes and 
undergo positive selection. Regulated shut-
off of RORy expression, or ligand-mediated 
regulation of RORy function, could attenuate 
Bcl-xL expression and result in thymocyte 
death by neglect. Bcl-xL also promotes main-
tenance of high ~ 2 7 ~ ~ 'levels; in its absence, 
the increased CDK2 activity contributes to 
cell death. Thymocytes lacking Bcl-xL dis-
play accelerated apoptosis, similar to that 
observed in the RORy-null animals, but it is 
not known whether they also have a defect in 
cell cycle progression (16). 

Disruption of the gene encoding the 
transcriptional repressor Id2 results in a 
lymphoid organ phenotype similar to that 
of RORy-I- mice (29). Interestingly, both 
Id2 and RORy transcripts were detected in 
C D ~ - C D ~ + C D ~ ~ + I L - ~ R L X +cells (10, 29), 
and this cell population was undetectable in 
animals lacking either Id2 or RORy (Fig. 4B) 
(29). Thus, Id2 and RORy may both be re-
quired for survival or differentiation of these 
hematopoietic progenitors, which may be es-
sential at an early stage of lymphoid organ 
development. 
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A Subset of Viral Transcripts 

Packaged Within Human 


Cytomegalovirus Particles 

Wade A. Bresnahan and Thomas Shenk* 

A human cytomegalovirus gene array was used t o  identify a previously un- 
identified class of viral transcripts. These transcripts, termed virion RNAs, were 
packaged within infectious virions and were delivered t o  the host cell on 
infection. This mechanism of herpesvirus gene expression allows for viral genes 
t o  be expressed within an infected cell immediately after virus entry and in the 
absence of transcription from the viral genome. 

Human cytomegalovirus (HCMV), like all To probe the identity of RNA that copu- 
herpesviruses, regulates its gene expression rified with virions, we generated radioactive- 
in a coordinated cascade (1). HCMV genes ly labeled cDNA by reverse transcription of 
are classified as immediate early, early, or RNA isolated from virus particles and used it 
late, depending on their kinetics of expres- to probe the HCMV gene array (5). HCMV 
sion and the conditions under which they are RNAs corresponding to ORFs UL21.5, 
transcribed. Regardless of the class of the UL106-109, TRLiIRL 2-5, TRLIIRL 7, and 
gene, it has been assumed that all HCMV TRLLRL 13 were detected (Fig. 1B). UL21.5, 
RNAs present in the infected cell are tran- originally termed R28070 (6 ) ,is a late mRNA 
scribed from the DNA genome of the infect- (6, 7 ) ,  UL106-109 corresponds to a 5-kb 
ing virus. Recently, it was noted that RNA immediate early RNA (a), TRLiIRL 2-5 is a 
copurified with virions (2). Using gene array 
technology, we identified a subset of HCMV 
transcripts that were packaged within HCMV 
virus particles and delivered to the host cell 
upon infection. Delivery of virion RNAs to 
the host cell allows for their expression im- 
mediately after virus entry in the absence of 
new transcription. 

Specific RNAs in virus particles were 
screened for with an HCMV gene array. The 
array of polymerase chain reaction (PCR)- 
amplified fragments includes DNAs corre-
sponding to all 208 open reading frames 
(ORFs) in the HCMV AD169 genome ( 3 , 4 ) ,  
making it possible to assay most HCMV 
transcripts in a single experiment. Initially, 
the arrays were validated by hybridization to 
radioactive probes prepared by random prim- 
ing of cosmids, whose inserts collectively 
included about 90% of the HCMV genome 
(Fig. 1A). The amount of probe hybridizing 
to each spot on the array was about the same, 
confirming that the spots contained similar 
amounts of target DNA, and the hybridiza- 
tion of each probe was restricted to its cog- 
nate set of target DNAs, verifying the speci- 
ficity of the assay. 
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2.7-kb early RNA (9, lo), and TRLIIRL 7 is 
a 1.2-kb early RNA (9, 10).Analysis of RNA 
from infected cells confirmed the sizes and 
accumulation patterns of these RNAs (Fig. 
2A, lanes 1 to 4). All of the RNAs accumu- 
lated to maximal levels late after infection, 
when virions are being assembled. The func- 
tions of the proteins encoded by these RNAs 
are unknown. 

To confirm the results obtained with the 
HCMV gene array and to verify that RNA 
was detected rather than contaminating DNA, 
we performed a Northern blot assay on RNA 
from virus particles. Particles were purified 
and treated with ribonuclease one (RNase 
One), and deoxyribonuclease I (DNase 1)- 
treated RNA was isolated. Equal portions of 
virion RNA were either mock-treated or 
treated with RNase One and then analyzed by 
Northern blot assay with probes for the RNAs 
identified in Fig. 1B. The samples were sen- 
sitive to RNase One (Fig. 2A, lanes 6 and 7), 
and the virion RNAs migrated identically to 
polyadenylated RNAs isolated from infected 
cells (Fig. 2A, lanes 6 and 8). These obser- 
vations, together with the fact that the probes 
were made by reverse transcription with an 

Fig. 1. Characterization of an 
HCMV DNA array and identifica- 
tion of HCMV transcripts pack- 
aged within virus particles. (A) 
HCMV gene arrays (3) were 
probed with individual [32P]-la- 
beled cosmids to confirm speci- 
ficity of the ORFs spotted on the 
arrays. (B) An HCMV gene array 
was probed with [32P]-labeled 
cDNA generated by reverse tran- 
scription of DNase I-treated 
RNA isolated from HCMV par- 
ticles. The transcripts identified 
correspond to the predicted 
ORFS UL21.5 (A), UL106-109 (B), 
IRLITRL 2-5 (C and F), IRLITRL 4 
(D and C), and IRLlTRL13 (E and 
H). Lighter spots observed in the 
array that are not marked by 
boxes were not consistently pos- 
itive in repeated experiments. 
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