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Glucocorticoids and cyclic AMP exert dramatic effects on the proliferation and viability of murine T
lymphocytes through unknown mechanisms. To identify gene products which might be involved in glucocor-
ticoid-induced responses in lymphoid cells, we constructed a XcDNA library prepared from murine thymoma
WEHI-7TG cells treated for 5 h with glucocorticoids and forskolin. The library was screened with a subtracted
cDNA probe enriched for sequences induced by the two drugs, and cDNA clones representing 11 different
inducible genes were isolated. The pattern of expression in BALB/c mouse tissues was examined for each cDNA
clone. We have identified two clones that hybridized to mRNAs detected exclusively in the thymus. Other clones
were identified that demonstrated tissue-specific gene expression in heart, brain, brain and thymus, or
lymphoid tissue (spleen and thymus). The kinetics of induction by dexamethasone and forskolin were examined
for each gene. The majority of the cDNA clones hybridized to mRNAs that were regulated by glucocorticoids
and forskolin, two were regulated only by glucocorticoids, and three hybridized to mRNAs that required both
drugs for induction. Inhibition of protein synthesis by cycloheximide resulted in the induction of all mRNAs
that were inducible by glucocorticoids. Preliminary sequence analysis of four of the 11 cDNAs suggests that two
cDNAs represent previously undescribed genes while two others correspond to the mouse VL30 retrovirus-like
element and the mouse homolog of chondroitin sulfate proteoglycan core protein.

Glucocorticoids induce cytolysis in susceptible lympho-
cyte populations, including immature thymocytes and cer-
tain leukemias and lymphomas. Steroid-induced cell death is
thought to occur through the activation of an endogenous
suicide process. Glucocorticoid treatment of murine lym-
phocytes results in severe alterations in cellular metabolism
which include an inhibition of glucose transport (50), in-
creased RNA (14) and protein (44) degradation, a rise in
intracellular calcium levels (37), and decreased incorpora-
tion of thymidine into DNA (9). Glucocorticoid-induced
lymphocytolysis is preceded by cell cycle arrest (28) and
extreme morphological changes. These include widespread
chromatin condensation, which is associated with extensive
DNA fragmentation in both human and murine lymphocytes
(22, 58). The DNA cleavage appears to result from the
activation of a preexisting calcium-dependent endonuclease
(17, 59). Glucocorticoid-induced DNA fragmentation and
cell death are prevented when RNA and protein syntheses
are inhibited (17). In addition, there is genetic evidence in
mouse and human cells for the existence of a locus involved
in cell lysis (25, 26, 63). Therefore, glucocorticoids may
induce the synthesis of a specific protein(s) involved directly
or indirectly in lysis of lymphocytes. No such protein has yet
been identified, and the mechanism of glucocorticoid-in-
duced cytolysis remains obscure.

In addition to glucocorticoids, several other agents, in-
cluding 2,3,7,8-tetrachlorodibenzo-p-dioxin (46) and cyclic
AMP (cAMP) (20), are toxic to lymphoid cells. Agents that
increase intracellular levels of cAMP cause cell cycle arrest
in G1 (16) and produce the same pattern of DNA fragmen-
tation as do glucocorticoids (58). A functional interaction
between glucocorticoids and cAMP was observed in WEHI-
7 lymphoma cells, as cAMP increased the glucocorticoid
binding capacity of the steroid receptor (27). cAMP is also
known to regulate the expression of several genes at the
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level of transcription (5, 15, 49). Moreover, cAMP and
glucocorticoids can act synergistically to induce gene
expression (21, 32, 53, 62). The possibility thus exists that
both glucocorticoids and cAMP regulate the expression of
genes involved in the lytic process.

Glucocorticoids and cAMP are known to regulate the
levels of several proteins in lymphocytes. For example,
glucocorticoids induce glucocortin in rat thymus (18), glu-
tamine synthetase in the CEM-C7 leukemic cell line (29),
interleukin-1 receptor in human B lymphocytes (2), and
insulin receptor in the human IM-9 lymphocyte cell line (47).
In contrast, expression of the proto-oncogenes c-myc, c-
myb, and c-Ki-ras is inhibited by glucocorticoids in the T
lymphoma S49 cell line (23) as is expression of thymidine
kinase, thymidylate synthetase, and ornithine decarboxylase
in P1798 lymphosarcoma cells (4). cAMP also produces a
decrease in ornithine decarboxylase activity in S49 cells (36).
Recently, several cDNA clones representing mRNAs re-
pressed by glucocorticoids in rat thymus were isolated (33);
however, the products of these genes have yet to be identi-
fied. Although the levels of the above-mentioned proteins
are regulated by glucocorticoids or cAMP, there is no
evidence to suggest that they are involved in cytolysis.
As a first step towards identifying the gene products

responsible for the effects of glucocorticoids in T lympho-
cytes, we utilized a subtractive hybridization strategy to
isolate glucocorticoid- and cAMP-inducible genes from the
glucocorticoid-sensitive murine thymoma cell line, WEHI-
7TG (8, 31). The isolation and characterization of such genes
will provide useful information towards understanding the
cytolytic process as well as other hormone-regulated re-
sponses in T cells. Eleven cDNA clones have been isolated
that correspond to different mRNAs that are induced by
treatment with glucocorticoids and cAMP. The expression
of several of these mRNAs is lymphoid specific.
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MATERIALS AND METHODS

Cell culture and nucleic acid isolation. WEHI-7TG is a
thioguanine-resistant derivative of the glucocorticoid-sensi-
tive BALB/c murine thymoma line WEHI-7 (8, 31).
CXG56D3 is a variant of WEHI-7TG that was selected for
resistance to cAMP and dexamethasone (dexr cAMPr) by
Don Gruol (The Salk Institute) by a two-step selection
procedure described previously (27). All cells were grown in
Dulbecco modified Eagle medium supplemented with 10%
fetal calf serum (GIBCO Laboratories, Grand Island, N.Y.).
For induction of glucocorticoid-regulated sequences,
WEHI-7TG cells were treated with triamcinolone acetonide
(TA; 1 ,uM) or dexamethasone (1 ,uM) for 5 h. TA and
dexamethasone are both synthetic glucocorticoids with high
affinities for the hormone receptor. In some experiments,
forskolin (an agent which increases intracellular levels of
cAMP) was added to a concentration of 12 FLM and cyclo-
heximide was added at 10 ,ug/ml. Total cellular RNA was
extracted from cells and BALB/c mouse tissues according to
Chirgwin et al. (11) or alternatively by an acid guanidinium
thiocyanate-phenol-chloroform procedure (12). Poly(A) +
RNA was selected by affinity chromatography on oligo(dT)
cellulose (45).
cDNA library construction. Poly(A)' RNA was isolated

from WEHI-7TG cells treated for 5 h with 1 ,uM TA and 12
,uM forskolin. Double-stranded cDNA was made from 5.0 p.g
of poly(A)+ RNA by using the Amersham cDNA synthesis
kit (Amersham Corp., Arlington Heights, Ill.). The cDNA
was methylated prior to ligation with EcoRI linkers to
protect internal EcoRI sites. After removal of excess linkers,
a portion of the cDNA was inserted into the XZAP vector
(Stratagene, La Jolla, Calif.) and resulted in a library of 5 x
105 recombinants. The unamplified library was plated at
50,000 plaques per 150-mm dish in 0.7% top agarose supple-
mented with 30% glycerol (40), and lifts were done with
Hybond-N (Amersham). The plates were stored at -70°C.
cDNA probe preparation and library screening. Single-

stranded [32P]cDNA was made by using poly(A)+ RNA
isolated from WEHI-7TG cells treated with TA and forskolin
for 5 h. With the Amersham cDNA synthesis kit, the
first-strand synthesis reaction was adjusted to contain 0.5
mM each of dATP, dGTP, and dTTP, 0.1 mM dCTP, 50 ,ug
of actinomycin D per ml, and 200 pLCi of [Qx-32P]dCTP (3,889
Ci/mmol). After first-strand synthesis, the template RNA
was removed by incubation in 0.2 N NaOH at 70°C for 20
min. The reaction was neutralized with HCl, and the cDNA
was ethanol precipitated in the presence of 2.5 M ammonium
acetate. The specific activity of the cDNA was approxi-
mately 1 x 108 to 2 x 108 cpm/lpg. The [32P]cDNA was
hybridized to a 40-fold mass excess of uninduced CXG56D3
poly(A)+ RNA to a Rot of 1,000 (mol/liter) x s in 0.5 M
sodium phosphate buffer (pH 7), 0.1% sodium dodecyl
sulfate (SDS), and 0.001 M EDTA. Unhybridized cDNA was
collected by hydroxylapatite chromatography (Bio-Rad,
Richmond, Calif.) in 0.12 M phosphate buffer-0.1% SDS at
60°C. After two cycles of hybridization, the remaining sin-
gle-stranded cDNA was used to screen the WEHI-7TG
cDNA library. Filters were hybridized at 42°C in a solution
of 50% formamide, Sx SSPE (1 x SSPE is 0.18 M NaCl, 0.01
M NaHPO4, 0.001 M EDTA), 0.5% SDS, 5% (wt/vol)
dextran sulfate, 7 x Denhardt solution (1 x Denhardt solution
is 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine
serum albumin), and 200 ,ug of denatured salmon sperm
DNA per ml. Filters were washed in 0.3x SSPE-0.1% SDS
at 65°C and exposed to Kodak XAR-5 film at -70°C. Positive
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FIG. 1. Northern blot analysis of induced mRNAs. Total cellular

RNA (20 ,ug) from untreated WEHI-7TG cells, WEHI-7TG cells
treated for 5 h with 12 ,uM forskolin (fk), 1 ,uM dexamethasone
(dex). or a combination of the two drugs (fk + dex), and untreated
CXG56D3 cells was fractionated on formaldehyde-agarose gels and
transferred to Hybond-N. Labeled cDNA inserts from each clone
were used as probes. As a control, a cDNA corresponding to
CHO-B (30). a constitutively expressed. unregulated mRNA, was
used as a probe. Migration of the 18S (2-kb) and 28S (5-kb)
ribosomal RNAs is indicated.

plaques were rescreened at low density with the subtracted
probe or by using duplicate lifts hybridized to unsubtracted
[32P]cDNA probes prepared from poly(A)+ RNA of induced
WEHI-7TG cells or untreated CXG56D3 cells.

Northern blot analysis. Total cellular RNA was fraction-
ated in 1% agarose gels containing 2.2 M formaldehyde and
was transferred to Hybond-N. The pBluescriptSK(-) plas-
mid containing the cDNA inserts was excised from the XZAP
vector by an in vivo excision protocol as recommended by
the supplier (Stratagene). cDNA inserts were labeled to 1 x
10' to 2 x 109 cpm/,ug with the Multiprime DNA labeling kit
from Amersham. The filters were hybridized at 42°C in a
solution of 50% formamide, 5x SSPE, 8x Denhardt solu-
tion, 0.5% SDS, and 400 ,ug of denatured salmon sperm
DNA per ml (Fig. 1) or in 50% formamide at 42°C as
described by Church and Gilbert (13) (Fig. 2 and 3). The
latter procedure produced a higher signal but otherwise
identical results. Filters were washed in 0.3x SSPE-0.1%
SDS at 65°C and exposed to Kodak XAR-5 film at -70°C.
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FIG. 2. Tissue specificity of expression of induced genes. Total
cellular RNA (20 ,ug) isolated from 5-week-old male BALB/c mouse
tissues was resolved on formaldehyde-agarose gels. transferred to
Hybond-N, and hybridized to labeled cDNA probes. Migration of
the 18S (2-kb) and 28S (5-kb) ribosomal RNAs is indicated.

Northern (RNA) blots were quantified with an LKB Ultro-
scan XL densitometer.
Sequence analysis. Computer searches of GenBank were

done through Bionet with the FASTA program of Pearson
and Lipman (54). Partial nucleotide sequences were com-
pared with release 59 of GenBank.

RESULTS

Preparation and screening of a cDNA library from WEHI-
7TG cells. We were interested in isolating genes induced by
glucocorticoids and cAMP in T lymphocytes. Therefore, a
XZAP cDNA library was prepared by using poly(A)+ RNA
from WEHI-7TG cells treated for 5 h with 1 p.M TA and 12
p.M forskolin. A library of approximately 5 x 105 indepen-
dent recombinant phage was obtained and plated without
amplification. 32P-labeled single-stranded cDNA was pre-
pared from the induced WEHI-7TG mRNA and was submit-
ted to subtractive hybridization against mRNA extracted
from the CXG56D3 (dex'r cAMPr) variant. These cells were
chosen as a source of uninduced RNA because the responses
to both glucocorticoids and forskolin are blocked and there-
fore mRNAs inducible by hormone or cAMP should be
underrepresented. The single-stranded cDNA remaining af-
ter two cycles of subtraction was used as a probe to screen
the WEHI-7TG cDNA library. Approximately 1,000 plaques
per 5 x 105 gave a positive signal. Representative plaques

v*0...

FIG. 3. Kinetics of induction of RNAs induced by dexametha-
sone, forskolin. and cycloheximide. Total cellular RNA (20 pLg per
lane) isolated from untreated WEHI-7TG cells or WEHI-7TG cells
treated for the indicated times (hours shown at top) with 1 p.M
dexamethasone (dex), 12 F.M forskolin (fk), a combination of
dexamethasone and forskolin (dex + fk), or 10 ,ug of cycloheximide
(chx) per ml was fractionated on formaldehyde-agarose gels, trans-
ferred to Hybond-N, and hybridized to each cDNA clone. The
results for the major mRNA species hybridizing to each clone are
shown.

(100) with signals of various intensities were selected for a
secondary screen and were hybridized at low density with
the subtracted probe. Alternatively, positive plaques were
rescreened by differential hybridization in which duplicate
lifts were hybridized to cDNA probes prepared from induced
WEHI-7TG or untreated CXG56D3 poly(A)+ RNA. Plaques
giving hybridization signals of different intensity with the
two probes were selected for further study.

Characterization of cDNA clones and corresponding
mRNAs. Northern blots were used to verify that the selected
cDNA clones represented inducible genes. cDNA inserts
were subcloned into pBluescriptSK by using an in vivo
excision protocol (Stratagene), digested with EcoRI, and gel
purified. Radioactive probe prepared from each insert was
hybridized to Northern blots of total cellular RNA extracted
from untreated CXG56D3 cells, untreated WEHI-7TG cells,
and WEHI-7TG cells treated for 5 h with either dexametha-
sone. forskolin. or both drugs in combination. Of the cDNA
clones, 42 represented induced sequences while the remain-
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TABLE 1. Summary of cDNA clones

Size (kb) of":
Clone Size of cDNA No. of

insert (bp)" isolatesb Major Minor
mRNA mRNA

30 400 1 2.4
4.2 900 13 3.7
59 1,550 1 3.0
1.5 2,200 15 5.0 3.5

9.0
11.0

47 1,450 1 9.0
6.0

20 1,250 + 1,850 1 6.5
26 700 1 2.3

1.5
58 1,100 2 3.1 2.3
9 700 + 1,350 1 1.4 3.0
8.5 800 5 1.2
21 200 + 400 1 1.6 3.7

"Sizes of DNA fragments generated by EcoRI digestion of cDNA clones.
b Determined as the number of times the sequence was isolated from the

100 selected cDNAs.
C Sizes of mRNAs are based on migration of 18S and 28S ribosomal RNAs.

der gave signals of equal intensity in induced and untreated
RNA samples. The latter clones most likely represent se-
quences that were incompletely removed during the subtrac-
tive hybridization. Several cDNAs hybridized to mRNAs of
the same size with similar patterns of dexamethasone and
forskolin induction. We tested the inserts for sequence
similarity by cross-hybridization to identify cDNA clones
corresponding to the same mRNA. In this manner, we
identified cDNA clones representing 11 different glucocorti-
coid- and cAMP-regulated genes. The mRNA sizes ranged
between 1.2 and 11 kilobases (kb), with several of these
cDNA clones hybridizing to more than one mRNA species
(Table 1; Fig. 1). Individual clones representing the 11
inducible genes were selected for further characterization.
Northern blots of RNA from untreated CXG56D3 or

WEHI-7TG cells or from WEHI-7TG cells treated with
either dexamethasone, forskolin, or both drugs in combina-
tion were probed with each of the 11 cDNA inserts and are
shown in Fig. 1. In addition, hybridization to a probe for a
constitutively expressed gene, CHO-B(30), is included as a
control to check that the same amount of RNA has been
loaded in each lane. The mRNAs corresponding to five of the
cDNA clones (1.5 [5 kb], 4.2, 8.5, 26, and 59) were induced
by both dexamethasone and forskolin after 5 h of treatment.
Induction of the 1.4- and 3.0-kb mRNAs for clone 9, the
11-kb mRNA for clone 1.5, and the 9-kb mRNA for clone 47
depended on the addition of both dexamethasone and for-
skolin, as no increase in expression was seen when the cells
were treated with either drug alone. Clones 20, 21, 30, and 58
hybridized to mRNAs that were induced only by dexametha-
sone at S h. Although the mRNAs corresponding to clones 20
and 30 showed no induction with forskolin alone, when
forskolin was combined with dexamethasone an increased
response was observed. In two cases (clones 1.5 and 47),
treatment of WEHI-7TG cells with dexamethasone or for-
skolin alone reduced the levels of a 9- or 6-kb mRNA,
respectively. Exposure of the cells to a combination of the
two drugs, however, caused no change in the accumulation
of the 9-kb mRNA of clone 1.5, while the 6-kb mRNA of
clone 47 remained reduced.

Tissue-specific expression of the induced mRNAs. Another
important aspect in the characterization of the selected

cDNA clones is their pattern of expression in murine tissues.
Northern blots were prepared with total RNA isolated from
BALB/c mouse tissues and were hybridized to the cDNA
insert for each clone (Fig. 2). Expression of the genes
corresponding to several of the clones showed specificity for
lymphoid tissues. Clone 30 hybridized strongly to a 2.4-kb
mRNA in the thymus but showed no detectable hybridiza-
tion to mRNA from any of the other tissues tested. This
pattern of expression was also observed for the 9-kb mRNA
hybridizing to clone 1.5. The gene corresponding to clone 4.2
was expressed in the brain and the thymus with a very low
level of hybridization to mRNA from the spleen. The gene
corresponding to clone 59 was expressed in several tissues
but was most abundant in the brain and thymus. Clone 47
hybridized to mRNAs of two different sizes. The smaller
message (6 kb) appeared to be lymphoid specific as it was
detected only in spleen and thymus. The larger mRNA (9 kb)
was detected in all of the tissues examined.
The expression of several genes demonstrated tissue spec-

ificity in nonlymphoid tissues. The 3.7-kb mRNA of clone 21
was detected at very high levels in the brain relative to the
other tissues. In contrast, the 1.6-kb mRNA of clone 21 was
detected at various degrees in all tissues tested. Similarly, an
11-kb mRNA corresponding to clone 1.5 was detected ex-
clusively and substantially in the heart, while the 5-kb
mRNA was detected in all tissues except the brain. The
genes corresponding to clones 8.5, 9, 20, 26, and 58 were
expressed at various degrees in most of the tissues exam-
ined. However, the mRNA corresponding to clone 20 was
expressed predominantly in brain and lung, whereas expres-
sion of the mRNAs for clone 26 were elevated in the lung.
Time course of induction with glucocorticoids and forskolin.

The preceding analysis of the mRNA response to dexameth-
asone and forskolin (Fig. 1) was performed at 5 h of
treatment. It is possible that the level of induction of some of
the mRNAs, in particular those that showed no response to
dexamethasone or forskolin alone, may change at earlier or
later times. WEHI-7TG cells were treated with dexametha-
sone, forskolin, or both drugs for periods of up to 10 h to
determine the time course of appearance and decay of the
mRNAs. Total RNA was isolated at various times and
analyzed by Northern hybridization to labeled insert from
each cDNA clone. Figure 3 shows the kinetics of induc-
tion by dexamethasone (see Fig. 4 for quantification). The
mRNAs for seven of the 11 clones (1.5 [5 kb], 4.2, 20, 26, 30,
58, and 59) were increased (onefold or more) within 30 min to
1 h after the addition of dexamethasone. Of these clones, 1.5
(5 kb), 58, and 59 reached maximal level of induction by 2 h
and then decreased. The mRNAs hybridizing to clones 20
and 26 reached peak levels at 5 h, while the mRNAs of
clones 30 and 4.2 remained at elevated levels after 10 h of
treatment. A second type of response was observed for the
mRNAs of clones 8.5 and 21 which were not significantly
induced (i.e., not more than onefold) until 2 and 5 h,
respectively. An increase in mRNA levels was not detect-
able by 10 h for clones 9 and 47 (9 kb). Two clones
hybridized to mRNAs that were decreased in abundance by
dexamethasone. The levels of the 9-kb mRNA hybridizing to
clone 1.5 and the 6-kb mRNA hybridizing to clone 47 were
decreased by treatment with dexamethasone at 5 and 10 h,
respectively.
The kinetics of induction by forskolin for each of the

mRNAs is also shown in Fig. 3. The mRNA levels of clones
1.5 (5 kb), 20, 58, and 59 were all increased after 30 min to 1
h and reached peak levels at 2 h, except 59 which peaked
between 2 and 5 h. The levels of induction as well as the time
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FIG. 4. Quantification of Northern blots from time course experiments. Autoradiographs (from preflashed film) of the Northern blots

shown in Fig. 3 were scanned by laser densitometry. Appropriate film exposures that were determined to be in the linear range of the
densitometer (0.1 to 2.0 absorbance units) were used for quantification. The expression of each mRNA in response to treatment with
cycloheximide (chx), dexamethasone (dex). forskolin (fk). or a combination of dexamethasone and forskolin (both) is plotted relative to
untreated RNA levels. The fold response relative to untreated (time zero) levels was calculated according to the following equation: (value
at time n - value at time zero)/value at time zero. In all graphs. the time (h) axis remains unchanged. The fold response axis varies between
each row and for clone 47 (6 kb).

course of decay for these mRNAs differed (Fig. 4). Other
clones did not show induction by forskolin until later times.
The genes corresponding to clones 26 and 8.5 were not
significantly induced until 2 h and peaked at 2 and 5 h,
respectively. The mRNA hybridizing to clone 4.2 decreased
at 2 h but increased (onefold) by 5 h. This decrease was

observed in two different experiments. The genes corre-

sponding to clones 9 and 47 (9 kb) were not induced by
dexamethasone and also showed no increase with forskolin
alone. The genes corresponding to clones 21 and 30 were not
affected by forskolin, although dexamethasone induced
these mRNAs by 30 min. The 6-kb mRNA hybridizing to
clone 47 was decreased by forskolin at 5 h as was seen with
dexamethasone. The 9-kb mRNA of clone 1.5 was also
decreased by forskolin at 5 h but returned to untreated levels
at 10 h.

Therefore, the kinetics of induction by dexamethasone
and forskolin were not the same for all clones. This implies
different mechanisms of gene activation and, thus, the po-
tential for additive or synergistic effects when the two drugs
are used in combination. The time course of appearance for
the inducible mRNAs in cells treated with both dexametha-
sone and forskolin is shown in Fig. 3. Seven of the 11 clones
(1.5 [5 kb], 4.2, 8.5, 20, 26, 58, 59) hybridized to mRNAs that

were induced by 30 min to 1 h. The mRNAs hybridizing to
clones 9 and 21 did not increase until 2 h of treatment. The
mRNAs corresponding to three clones (1.5 [9 kb], 30, and 47
[9 kbj) were induced at 10 h. This time is longer than what
was observed in our initial screen of clone 47 (Fig. 1), where
induction of the 9-kb mRNA was observed at 5 h of
treatment. A similar discrepancy was observed with clone
30, for which induction by dexamethasone and forskolin
(Fig. 3) was observed only after 10 h of treatment, whereas
the initial screen (Fig. 1) detected induction at 5 h. This
variation may be attributed to differences in the handling of
the cells necessary for the large-scale RNA isolation in the
time course experiments. The times of maximum induction
for all clones varied from 2 h to >10 h. The mRNA
hybridizing to clone 4.2 reproducibly decreased to untreated
levels at 2 h, followed by reinduction at 5 h.
The response to dexamethasone and forskolin used in

combination can be compared with the response observed
with each drug used individually. The mRNA levels at the
time of peak induction with both drugs were additive in
relation to the levels seen with each drug alone for clones 21,
26, 30. and 58 (Fig. 3 and 4). In contrast, clones 1.5 (5 kb),
4.2, 8.5, 20, and 59 were synergistically induced by a

combination of dexamethasone and forskolin. Two of the
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cDNA clones, 9 and 47 (9 kb), hybridized to mRNAs that
required the presence of both dexamethasone and forskolin
for induction. The 6-kb mRNA hybridizing to clone 47 that
was decreased by dexamethasone and forskolin alone was
also decreased when both drugs were combined.

Effect of cycloheximide. The inhibition of protein synthesis
has been shown to induce the expression of genes responsive
to growth factors and serum (3, 41). To assess the effect of
cycloheximide on the expression of the dexamethasone- and
forskolin-regulated mRNAs isolated in this study, WEHI-
7TG cells were treated for various times with cycloheximide
and Northern blots of total RNA were hybridized to radio-
labeled insert from each clone. The results are shown in Fig.
3 (quantification shown in Fig. 4). The majority of the
mRNAs (clones 1.5 [5 kb], 4.2, 8.5, 9, 20, 21, 26, 30, 58, and
59) were induced by treatment with cycloheximide. How-
ever, the mRNAs hybridizing to clones 1.5 (9 kb) and 47
were repressed by cycloheximide after 5 to 10 h of treat-
ment.
The effect of cycloheximide on the mRNA responses to

dexamethasone and forskolin for each clone was also studied
(data not shown). For the majority of mRNAs, an analysis of
the effect of cycloheximide on the hormone response was
inconclusive because of the large induction by cyclohexi-
mide alone relative to the induction observed with hormone.
However, cycloheximide partially blocked the mRNA in-
duction by a combination of dexamethasone and forskolin
for clone 4.2 but did not block the induction by dexametha-
sone for clones 1.5 (9 kb), 4.2, 8.5, 20, and 59 or by cAMP for
clones 1.5, 8.5, and 9.

Identification of cDNA clones. Preliminary sequence data
have been obtained for several of the cDNA clones to
determine if they represent new sequences or correspond to
previously described genes. Partial nucleotide sequences for
clones 1.5, 8.5, 30, and 59 compiled from the original cDNA
clones and additional overlapping cDNAs from the XZAP
library were used to search GenBank. For clone 30, approx-
imately 900 nucleotides (corresponding to approximately
one-third of the detected mRNA) adjacent to the poly(A) tail
were compared with sequences in the data base and no
significant similarity was observed. Likewise, searches of
GenBank with sequences from clone 59 (approximately 500
nucleotides at the 3' end of the mRNA and approximately
800 nucleotides further upstream) revealed no significant
similarity. Therefore, clones 30 and 59 may correspond to
unique, undescribed genes.
Sequence analysis of clones 1.5 and 8.5 resulted in the

tentative identification of these cDNAs. A comparison of
approximately 300 nucleotides near the 3' end of clone 1.5
with the sequences in GenBank detected a 94% identity to
the mouse retroelement VL30 (1). The mouse VL30 ele-
ments are a retroviruslike gene family with 100 to 200 copies
dispersed throughout the genome (38, 39). The VL30 ele-
ments are 5 to 6 kb in length and contain long terminal
repeats similar to the long terminal repeats of retroviruses
(10, 34, 35). The cDNA clone we have isolated appears to be
the same as NVL-3, a VL30 element whose sequence was
recently reported (1). Computer searches with partial se-
quences of clone 8.5 consisting of approximately 300 nucle-
otides adjacent to the 3' end or approximately 300 nucleo-
tides located further upstream found these segments to be 65
or 85% identical to the rat chondroitin sulfate proteoglycan
core protein (7), respectively. This suggests that clone 8.5
corresponds to the mouse homolog of this gene.

DISCUSSION

Immature T cells in the murine thymus are susceptible to
the lytic effects of glucocorticoids, and during T-cell matu-
ration this sensitivity is lost (56). The molecular basis of the
glucocorticoid sensitivity and the acquisition of resistance is
unknown. The effects of glucocorticoids are often exerted at
the level of transcription, yet very little is known about the
genes regulated by glucocorticoids in T lymphocytes. As a
first step towards understanding the effects of glucocorti-
coids on T-cell viability, we utilized a subtractive hybridiza-
tion procedure to isolate glucocorticoid- and cAMP-regu-
lated genes. In this study, we have isolated 11 cDNA clones
from a murine T lymphoma cell line that correspond to genes
that are induced by glucocorticoids, forskolin, or a combi-
nation of the two drugs. Clone 30 is of special interest as it
corresponds to a gene that appears to be expressed exclu-
sively in the thymus and is regulated by glucocorticoids. The
expression of this gene in the thymus and not in the spleen
suggests it may be expressed in early T cells and not in
peripheral T lymphocytes. As such, it would be of great
interest as a marker for studying T cell differentiation. The
possibility remains that the gene is expressed in thymus
epithelium; however, this is unlikely since the WEHI-7TG
cell line from which the clone was isolated is of lymphoid
origin. Preliminary sequence analysis suggests that clone 30
represents a previously undescribed gene. Further work is
necessary to determine the identity of this new gene.
Other cDNA clones isolated in this study demonstrated

tissue-specific patterns of gene expression for lymphoid or
nonlymphoid tissues. Clone 47 hybridized to a 6-kb mRNA
in the spleen and thymus and may correspond to a gene
expressed specifically in lymphoid cells. Clones 4.2 and 59
hybridized to mRNAs detected at high levels in the thymus
and brain. This pattern of expression is similar to that of
several members of the immunoglobulin supergene family
(e.g., Ox-2 and Thy-1 antigens) which are found in cells of
the mammalian nervous system as well as on thymocytes
(for a review, see reference 24). However, on the basis of
our estimation of the mRNA size and preliminary sequence
data for clone 59, the genes we have isolated do not appear
to be the Ox-2 or Thy-i genes. Clone 1.5 hybridized to a
mRNA (11 kb) detected only in the heart as well as to a 9-kb
mRNA found only in the thymus, and clone 21 hybridized to
a mRNA (3.7 kb) detected only in the brain. Further study of
the regulation of these genes may provide information rele-
vant to the control of tissue-specific gene expression. Fi-
nally. it should be noted that the 6.5-kb mRNA hybridizing
to clone 20 was not measurably detected in the thymus,
although the clone was isolated from the immature T cell line
WEHI-7TG. The expression of this gene, while strongly
induced by dexamethasone, was very low in untreated
WEHI-7TG cells and in murine tissues. It is possible that the
abundance of this mRNA is low in untreated thymocytes or
is expressed only in a subset of thymocytes and therefore is
undetectable in total thymus mRNA.
The expression of many hormone-regulated genes is under

multifactor control (for a review, see reference 60). The
genes corresponding to the cDNA clones we have isolated
are regulated by glucocorticoids and cAMP. The molecular
mechanisms of glucocorticoid and cAMP regulation have
been studied in a variety of systems. Glucocorticoids can
increase mRNA levels through effects on mRNA stabiliza-
tion (21, 57), RNA processing (19), and by activating tran-
scription as a result of hormone-receptor binding to the
target DNA (for reviews, see references 6 and 61). cAMP
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also induces mRNA transcription via binding of a transcrip-
tion factor to the cAMP-responsive sequence element (48).
The mRNAs for five of the cDNA clones isolated in this
study (clones 1.5 [5 kb], 4.2, 8.5, 20, and 59) were synergis-
tically induced by dexamethasone and forskolin, while the
effects appeared additive for four others (clones 21, 26, 30,
and 58). Future experiments aimed at measuring mRNA
half-life and rates of transcription initiation will enable us to
determine the mechanisms of glucocorticoid and cAMP
induction of these mRNAs. The genes isolated in this study
that required both drugs for induction (clones 1.5 [11 kb], 9,
and 47) will be useful in studying the functional interactions
between these two signaling systems.
Treatment of WEHI-7TG cells with cycloheximide alone

resulted in the induction of all the mRNAs with the excep-
tion of the 1.5 (9-kb) and 47 (6-kb) mRNAs, which were both
decreased in the presence of cycloheximide. Induction of the
mRNAs by cycloheximide suggests that protein synthesis
may be required for RNA destabilization or to inhibit tran-
scription. A combination of these mechanisms is responsible
for the cycloheximide induction of the immediate early genes
which are induced by growth factor stimulation (3, 41). A
common mechanism may exist for repressing transcription
or for controlling mRNA stability of the genes we have
isolated, as all of the glucocorticoid-induced mRNAs iden-
tified are induced by cycloheximide.
The induction of the majority of mRNAs corresponding to

the selected cDNA clones involved an early response to
dexamethasone and forskolin with an increased level of
mRNA detected at 30 min to 1 h. The response for a few
clones was slower, requiring 2 to 5 h for induction, suggest-
ing that, in these cases, the response is an indirect effect of
the hormone and may be dependent on protein synthesis. To
examine this further, we analyzed the effect of cyclohexi-
mide on the mRNA responses to dexamethasone and for-
skolin for all of the clones (data not shown). Cycloheximide
partially blocked the mRNA induction by a combination of
dexamethasone and forskolin observed for clone 4.2. It is
possible that an intermediate protein is involved in the
regulation of this mRNA as was suggested for other gluco-
corticoid-responsive genes (51-53). In other cases, cyclo-
heximide did not block the induction by dexamethasone
(clones 1.5 [9 kb], 4.2, 8.5, 20, and 59) or cAMP (clones 1.5,
8.5, and 9), suggesting that the response does not require
protein synthesis. For the remainder of the mRNAs, the
induction with hormone was small and the mRNAs were
induced by cycloheximide alone; thus, it was not possible to
unambiguously assess the effect of cycloheximide on the
hormone response.

Several of the cDNA clones hybridized to more than one
mRNA species that was not coordinately regulated. A pos-
sible explanation for the multiple mRNAs detected by a
single clone is that concatemerized, unrelated cDNAs were
inserted into the vector during the library construction. This
explanation is unlikely for two reasons. First, it is doubtful
that two cDNAs corresponding to genes regulated by gluco-
corticoids would be inserted into the same vector. Second,
in the cases of clones which contained more than one EcoRI
fragment, each fragment hybridized to the same mRNAs on
Northern blots (data not shown). Thus, the multiple mRNAs
may represent genes that are structurally related but under
the control of separate promoters, or they may be the result
of alternative splicing of a common precursor RNA. Differ-
ential gene regulation by dexamethasone has been observed
for calcitonin/lo-CGRP and ,B-CGRP, two closely related
members of a neuroendocrine gene family (55). In rat med-

ullary thyroid carcinoma cells, dexamethasone increased the
transcription rate of calcitonin/a-CGRP, while the level of
,3-CGRP mRNA did not change. In our study, the multiple
mRNAs hybridizing to clones 1.5 and 47 were the most
striking examples of noncoordinate regulation, as one
mRNA was repressed in the WEHI-7TG cells after treat-
ment with forskolin or dexamethasone and other mRNAs
were induced by the same treatment. Negative regulation by
glucocorticoids is not well understood (for a review, see
reference 6). Further study of the noncoordinate regulation
of the multiple mRNAs corresponding to clones 1.5 and 47
should provide useful information in this area.

Preliminary sequence analysis of four of the 11 clones
isolated in this study indicates that at least two of the cDNAs
(clones 30 and 59) represent new, undescribed genes regu-
lated by glucocorticoids and cAMP in T lymphocytes. Two
other clones (1.5 and 8.5) correspond to known genes. Clone
1.5 encodes a mouse VL30 element. The major transcription
product of the mouse VL30 elements is a 30S (approximately
5-kb) poly(A)+ RNA (39). In addition to a 5-kb mRNA, we
observed a highly expressed mRNA of approximately 11 kb
in the heart as well as a 9-kb mRNA in the thymus in
Northern blots hybridized to clone 1.5. Further experiments
will determine the nature of these previously undetected
transcripts. Clone 8.5 appears to encode a mouse chon-
droitin sulfate proteoglycan, a molecule known to be syn-
thesized and secreted by human and murine T lymphocytes
(42). Stimulated T lymphocytes secrete a B-cell-stimulatory
factor that copurifies with chondroitin sulfate proteoglycan,
and recent evidence suggests that this activity may actually
be chondroitin sulfate proteoglycan (43). To our knowledge,
the synergistic regulation of chondroitin sulfate proteoglycan
mRNA by dexamethasone and cAMP in T lymphocytes has
not been previously observed. Sequence analysis of all
clones isolated in this study is in progress and will provide
information about the structure and function of these genes.
The cDNA clones we have isolated represent an important

step in understanding the effects of glucocorticoids in T
lymphocytes. To date, few T-cell-specific, glucocorticoid-
regulated genes have been identified. Further analysis of the
genes corresponding to the cDNA clones isolated in this
study will increase our understanding of the mechanism of
action of glucocorticoids, perhaps to include the molecular
mechanisms of glucocorticoid-induced cytolysis and ac-
quired glucocorticoid resistance during T-cell maturation. In
addition, identification of genes expressed in specific popu-
lations of thymocytes will be useful for the study of T-cell
differentiation.
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