trogens are removed, resulting in enhanced
osteoclast development in the marrow,
which is responsible for the increased bone
resorption and hence the loss of bone.
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Expression of a Ryanodine Receptor-Ca%*
Channel That Is Regulated by TGF-3

Giuseppe Giannini, Emilio Clementi, Roberta Ceci,
Giovanna Marziali, Vincenzo Sorrentino*

Ryanodine receptors (RyRs) are intracellular channels that release calcium ions from the
sarcoplasmic reticulum (SR) in response to either plasma membrane depolarization (in
skeletal muscle) or increases in the concentration of intracellular free Ca2* (in the heart).
A gene (B4) encoding a ryanodine receptor (similar to, but distinct from, the muscle RyRs)
was identified. The B4 gene was expressed in all tissues investigated, with the exception
of heart. Treatment of mink lung epithelial cells (Mv1Lu) with transforming growth factor
beta (TGF-B) induced expression of the B4 gene together with the release of Ca?* in
response to ryanodine (but not in response to caffeine, the other drug active on muscle
RyRs). This ryanodine receptor may be important in the regulation of intracellular Ca2+

homeostasis.

Extracellular stimuli, such as binding of
hormones and neurotransmitters, cause a
sustained increase in the concentration of
intracellular free Ca?* [Ca?*],, which is
mediated by the activation of channels that
release Ca?* from intracellular stores (1).
One class of intracellular Ca?* channel,
the inositol trisphosphate (InsP;)—operated
Ca?* channel (or InsP; receptor), is pre-
sent in most cells (2, 3). A second class of
intracellular Ca?* channel, the ryanodine
receptor, is sensitive to the plant alkaloids
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ryanodine (Ry) and caffeine and is present
in the SR of striated muscle (4) as well as in
smooth muscle, neurons, eggs, epithelial
cells, and secretory cells (5-13). The two
classes of intracellular Ca?* channels are
either present together in a single compart-
ment or segregated, at least partially, in two
distinct Ca?* stores (6, 7, 9, 14) that may
cooperate in complex processes such as the
generation of Ca’* oscillations and the
propagation of Ca?* waves (2, 15, 16).
Other tissues and cell lines are not respon-
sive to caffeine, the usual probe for RyRs.

To isolate genes whose expression is
regulated by transforming growth factor
beta (TGF-B) (17), we differentially
screened a cDNA library prepared from
TGE-B-treated mink lung epithelial cells
(Mv1Lu) with the use of cDNA probes
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from either TGF-B-treated or untreated
cells (18). One such cDNA clone (B4) was
identified and further characterized. The
amount of B4 mRNA that was expressed
increased as early as 1 hour after the addi-
tion of TGF-B (19), and after 15 to 24
hours of continuous treatment had in-
creased 30-fold (Fig. 1A). Constitutive and
TGEF-B—induced expression of B4 mRNA
was observed in various cell lines. Induc-
tion of B4 mRNA by TGF-B was also
observed in pPVU-O 1.5.3 cells (20), an
Mvl1Lu clone transformed with SV40 large
T (LT) antigen (Fig. 1B). These cells no
longer responded to the antiproliferative
effect of TGF-B, but the induction of ex-
tracellular matrix proteins and nuclear tran-
scription factors such as jun-B was main-
tained (20), which suggests that TGF-B
induction of B4 mRNA levels was not a
consequence of its effects on growth.

Treatment of cells with cycloheximide
and TGF-B caused accumulation of greater
amounts of B4 mRNA than treatment with
either agent alone, whereas treatment with
2-aminopurine (2-AP), an inhibitor of ser-
ine-threonine kinases (21), abolished the
effect of TGF-B, and treatment with phor-
bol myristate acetate left it unchanged (Fig.
1C). Therefore, induction of B4 mRNA (i)
appeared to be a primary response to TGF-B
because it did not require synthesis of new
proteins, and (ii) appeared to be mediated
by, or sensitive to, protein kinase or kinases
that are different from protein kinase C but
responsive to 2-AP. Results of nuclear run-
on assays performed on nuclei isolated from
control and TGF-B-treated cells indicated
that TGF-B stimulated transcription of the
B4 gene (Fig. 1D). The B4 mRNA was
expressed in several tissues, including those
of the spleen, lung, and kidney, but not of
the heart (Fig. 1E).

The 2413-nucleotide sequence of clone
B4 contained an open reading frame of 641
amino acids followed, after a TAA stop
codon, by an untranslated region and a short
polyadenylated [poly(A)™] tail. The amino
acid sequence of the protein deduced from
the sequence of clone B4 was similar to that
of the COOH-terminal sequences of hu-
man and rabbit RyRs. Two forms of the
RyR, skeletal and cardiac, were cloned
and are encoded by two different genes
(4). In Northern (RNA) blots containing
poly(A)* RNA (10 pg) isolated from TGF-
B—treated Mv1Lu cells, clone 4 hybridized
to a low-abundance mRNA of about 16 kb
(19), a size similar to those observed for
muscle RyR mRNA. The B4 clone thus
appeared to be a partial cDNA that encod-
ed a sequence with similarity to the
COOH-terminus of skeletal and cardiac
RyRs, including the last 7 (M4 to M10) of
the 12 putative membrane-spanning re-
gions of these proteins (Fig. 2). The B4
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Fig. 1. Expression of B4 mRNA. (A)
Time course of B4 mRNA induction
in MviLu cells treated with TGF-B.  p
Actively growing cells were treated

with TGF-8 (1 ng/ml) (porcine TGF-

B1, R&D Systems, Minneapolis,

Minnesota) and RNA was extract- B
ed at the indicated time and ana-
lyzed by RNase protection assay
(23). (B) Analysis of B4 mRNA ex-
pression in SV40 LT antigen—trans-
formed pPVU-O 1.5.3 cells. (C) Ex-
pression of B4 MRNA in MvilLu
cells treated for 6 hours with either
TGF-B (1 ng/ml), cycloheximide
(CHX) (10 pg/ml), 2-aminopurine
(2-AP) (10 mM), phorbol miristate
acetate (TPA) (100 ng/ml), or com- D
binations of these drugs as indicat-

ed. Lane 1, control (CTR); lane 2,

TGF-B; lane 3, TGF-B plus CHX;

lane 4, CHX; lane 5, 2-AP; lane 6,

TGF-B plus 2-AP; lane 7, TGF-B e 2
plus TPA; lane 8, TPA. (D) Nuclear g
run-on transcription assay of p4
gene expression in untreated and
TGF-B-treated cells. PAI (plasmin-
ogen activator inhibitor type |

Time (hours)

0 3 9 15 24

: 24 hours

3 4 5 8 8 B30 117512

gene), pBS (Bluescript vector, as control). (E) Expression of clone B4 mRNA in mink tissues. Lane
1,tRNA; lane 2, Mv1Lu at time zero; lane 3, Mv1Lu after 9 hours; lane 4, skeletal muscle; lane 5, liver,
lane 6, kidney; lane 7, lung; lane 8, stomach; lane 9, spleen; lane 10, ileum; lane 11, jejunum; and

lane 12, heart.

protein shared an overall sequence identity
of 57 and 61% with the skeletal and cardiac
RyRs, respectively. The similarity was
greater in the most COOH-terminal part
that includes the putative transmembrane
domains 7 to 10 but decreased in the region
that corresponds to the transmembrane do-
mains M4 to M6 (where the skeletal and
cardiac proteins also diverge). In particular,
the B4 protein appears to lack a sequence
corresponding to the putative transmem-
brane domain M5 that is conserved in the

Fig. 2. Sequence align- B

other two receptors (4). The similarity of
the B4 sequence to skeletal and cardiac
RyR sequences suggests that it may encode
a new RyR.

In striated muscle, eggs, neurons, and
other secretory cells, RyRs are intracellular
channels that release Ca’* from stores in
response to increased [Ca’*], (Ca’*-in-
duced Ca’* release) (4—7). These RyRs are
activated by caffeine (which apparently
sensitizes these channels to the stimulatory

effect of [Ca?*]) and bind Ry with a high

T I L G[G] I Q
ment of the protein encod- F :EI:%‘:.’
” ma

ed by the cDNA clone B4 #
and the same region from o

afiinity, which locks them in an open,
low-conductance state (1, 5, 16).

At variance with the results in striated
muscle, smooth muscle, neurons, eggs, and
secretory cells (5—13), neither control nor
TGF-B—pretreated Mv1Lu cells released in-
tracellular Ca?* in response to caffeine
(administered at concentrations ranging
from 2 to 90 mM). Nor was any effect of
caffeine detected after various treatments
that modify Ca?* homeostasis in the cells,
such as incubation for 5 min without or
with Ca?* (up to 10 mM) in the medium or
prestimulation with 0.5% serum a few min-
utes before treatment with caffeine (19).

Treatment (up to 20 min) with Ry (100 to
200 M) also failed to induce any changes in
[Ca**), in control or TGF-B-treated cells,
which confirms that the effect of Ry is use-
dependent, that is, requires activation of the
RyR function to be established (I, 4-6).
Treatment with a suboptimal concentration
of the InsP;-mobilizing nonapeptide bradyki-
nin (Bk, 0.05 pM) to increase [Ca?*]; and
consequently activate Ry binding to RyR (I,
4-6) revealed the presence of a Ry-sensitive
Ca’* channel in TGF-B-treated cells. Treat-
ment with Ry (200 pM) for 10 min yielded an
increase in the size and especially in the
duration of the [Ca?*); transient induced by
Bk as compared with that in Ry-untreated
cells (Fig. 3B). The subsequent decreased
response to thapsigargin (Tg) (0.1 pM), an
SR and endoplasmic reticulum Ca?*-adeno-
sine triphosphatase inhibitor (Fig. 3B) (6, 7),
indicated that the Ry plus Bk-induced [Ca?*],
increase in TGF-B—treated cells was caused by
release of Ca’* from intracellular stores. In
contrast, Ry had no effect in TGF-B-untreat-
ed cells (Fig. 3A).

To verify that TGF-B—treated cells ex-
press a functional RyR, we investigated
Ca?*-store depletion according to the two-
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Fig. 3. Expression of a
functional Ry-sensitive
Ca?* channel in MvilLu
cells after treatment with
TGF-B. (A and C) Cells cul-
tured under standard con-
ditions. (B and D) Cells
pretreated for 26 to 28
hours with TGF-g (2 ng/ml).
The direct effect of Ry (200
M) followed by subopti- :
mal Bk (0.05 uM) on Ca2* !
release in TGF-B-treated

and untreated cells is

shown in (A) and (B). Con-

{
Bk lono

tinuous and dashed lines refer to traces recorded with and without Ry, respectively. Thapsigargin
(0.1 pM) was added where indicated. Effect of Ry (10 nM) plus serum (0.5%) pretreatment on the
Bk (1 uM) response is shown in (C) and (D). In the first part of the experiment (not shown in the
figure) the cells, pretreated for 10 min with or without Ry (continuous and dashed lines, respectively),
were exposed to serum (24). The cells were then switched to the Ca?+-free medium and treated with
Bk, followed by lono (0.5 pM) where indicated (6, 24). Similar results were obtained when Bk was
administered in the first, and serum (or Tg, 0.1 wM) in the second step of the protocol (19).

step protocol previously described (6). Un-
treated cells and cells treated with TGF-B
were incubated for 10 min, with or without
Ry (10 pM), in Ca’*-containing medium
and then with serum for a further 10 min to
increase [Ca®*}, and thus facilitate Ry bind-
ing to the activated RyR. The cells were
then stimulated with an optimal concentra-
tion of Bk (1 pM) in Ca’*-free medium.
Pretreatment of the cells with Ry (continu-
ous line) prevented the increase in [Ca?*],
induced by Bk (Fig. 3D) or Tg (19) in
TGF-B—pretreated cells but not in control
cells (Fig. 3C). This inhibition of the re-
sponse to Bk was not due to the toxicity of
Ry because the response of the cells to the
Ca’* ionophore ionomycin was normal (5-
7) (Fig. 3D).

The effect of Ry on Ca?* release induced
by Bk indicates that, as observed in other
cells (6, 7, 9), at least a fraction of the RyR
induced by TGF-B in Mv1Lu cells is local-
ized to the same Ca’* store as the InsP,
receptor. Under these conditions, binding of
Ry to the TGF-B—induced RyR locks the
channel in an open, low-conductance state
and depletes this store, which is then unable
to discharge Ca?* through the InsP3 recep-
tor after stimulation with Bk (1, 2, 6, 7).

Fibroblast growth factor (FGF) reverses
the increased expression of the skeletal RyR
in BC3H1 cells that occurs together with
myogenic differentiation (22). Our results
demonstrate that the opposite effect took
place: the induction of a Ry-sensitive intra-
cellular Ca?* channel by a growth factor.
Whether induction by TGF-B of this novel
RyR influences the control of Ca?* homeo-
stasis in TGF-B—treated cells is still unclear.
Although our results demonstrate that, in
TGF-B—treated Mv1Lu cells, this RyR is
coexpressed in the same Ca?* store as the
InsP; receptor, no obvious modification in
the size of the store was observed (Fig. 3)

(19). A possible consequence of the induc-
tion of this RyR in Mv1Lu cells could be a
change in the regulation and in the kinetics
of Ca?* discharge from this store after
stimulation of the InsP; receptor (I, 2, 15,
16). It is also possible that a fraction of the
expressed RyR is not colocalized with the
InsP; receptor but serves to regulate a dis-
tinct Ca®* store (14).

The Ry-sensitive Ca’* release was
thought to occur only in certain cell types.
We report the identification of a novel,
broadly expressed RyR that can be induced
by TGF-B. We have also identified by
polymerase chain reaction two other
cDNA:s related to, but different from, 4 in
hepatoma cells (19), which indicates that a
family of B4-related Ca?* channels may
exist. The data suggest that Ry-sensitive
Ca?* channels may participate as exten-
sively as InsP, receptors in the regulation of
intracellular Ca?™ signaling.
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recovery from serum stimulation. Excess EGTA (3
mM) was then added, followed 2 min later by the
addition of Bk (1 uM) and then 3 to 4 min later by
the addition of lono (0.5 pwM), where indicated.
Data represent the results of eight to ten experi-
ments. The [Ca2+], calibration values are shown on
the left-hand side of the traces.
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No Requirement for p56/¥ in the
Antigen-Stimulated Clonal Deletion of Thymocytes

Kei-ichi Nakayama and Dennis Y. Loh*

Activation of protein-tyrosine kinases (PTKSs) is required for signal transduction during T
cell activation, although the pathway used during thymic selection is unknown. An in vitro
system was established in which T cell receptor transgenic thymocytes underwent clonal
deletion in response to peptide antigen. The effects of two PTK-specific inhibitors, her-
bimycin A and genistein, on the clonal deletion of immature thymocytes and the activation
of mature thymocytes were examined. Clonal deletion occurred while T cell activation was
inhibited and when no p56'°¢ activity was evident. Thus, p56/° is not required for the
antigen-stimulated step of clonal deletion of immature thymocytes, and negative selection

proceeds via a distinct pathway.

Because many growth factor receptors
have cytoplasmic tyrosine kinase domains,
PTKs are thought to participate in cell
growth. The T cell antigen receptor (TCR)
complex, which is not itself a PTK, func-
tionally associates with at least two Src-like
PTKs, p56* and p595™ (1). A model has
been proposed in which the activation of
PTK is the essential first step of biochemical
change during T cell activation. Stimula-
tion of the TCR results in the tyrosine
phosphorylation of several intracellular sub-
strates within 5 s, whereas the hydrolysis of
phosphatidylinositides (PI) does not occur
until approximately 30 to 40 s after stimu-
lation (2). Furthermore, stimulation of the
TCR induces tyrosine phosphorylation of
phospholipase C (PLC)—yl, presumably
through the activation of PTKs (3). PLC-
v1 catalytic activity itself may be augment-
ed by tyrosine phosphorylation of PLC-y1
(4). The PLC-y1 catalyzes the breakdown
of PI, leading to the generation of inositol
trisphosphate’ (IP;), which has been impli-
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cated in the elevation of intracellular Ca?*
levels, and diacylglycerol, a potent activa-
tor of protein kinase C. Indeed, treatment
of T cells with both phorbol esters (to
activate protein kinase C) and Ca?* iono-
phores (to increase cytosolic Ca’*) can
mimic phenotypic changes observed with T
cell activation. Two potent PTK-specific
inhibitors with distinct modes of action,
herbimycin A (5) and genistein (6), inhibit
PI turnover induced by TCR stimulation
and result in the failure of T cell activation
(7, 8). Lastly, p56* and p595™ are both
required for T cell activation (9, 10). Thus,
the activation of PTKs is required for signal
transduction during T cell activation
through the TCR.

Within the thymus, T cells undergo a
stringent process of positive and negative
selection during development to emerge as
self-tolerant, major histocompatibility com-
plex (MHC)-restricted functional cells
(11). Although the selection process is
mediated by the TCR, which also mediates
T cell activation, the signal transduction
pathway in the thymic selection process is
unknown. We investigated whether the
signal transduction pathway in the thymic
selection of immature T cells is similar to
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that in T cell activation of mature T cells.
Using mice transgenic for a TCR froma T
cell hybridoma DOI11.10 that recognizes
chicken ovalbumin in the context of the
MHC class II molecule I-Ad, we showed
that exposure of immature thymocytes to
self antigen [cOVA(323-339) peptide de-
rived from chicken ovalbumin] induces in-
trathymic apoptosis in vivo (12). Thus,
negative selection occurs by apoptosis.
With the same TCR transgenic mice, we
developed an in vitro clonal deletion model
in which both antigen-induced apoptosis of
immature CD4+*CD8+*TCR" transgenic
thymocytes and antigen-induced activation
of mature CD4+*CD8~ transgenic thymo-
cytes could be observed simultaneously
(13). A similar in vitro clonal deletion
system was reported (14). Here, we inves-
tigated the signal transduction mechanism
of clonal deletion by using pharmacologic
agents. :

Transgenic thymocytes were cultured
with [-Ad* antigen-presenting cells in the
presence of cOVA(323-339) peptide or
cOVA(324-334) peptide (control peptide)
with the use of the in vitro system (I13).
The cOVA(324-334) peptide binds to I-A¢
(15) but does not activate the transgenic
TCR (12). Three-color analysis of the cul-
tured thymocytes was done with monoclo-
nal antibodies (MAbs) to CD4, CD8, and
the transgenic TCR (KJ1-26, a clonotype-
specific MAb). The number of mature
CD4*7CD8~ thymocytes present at the end
of 20 hours of culture was similar to the
number present at the beginning of culture
(Fig. 1, A and B). However, greater than
95% of the immature CD4*CD8+K]J1-26%
thymocytes died after 20 hours of culture in
the presence of cOVA(323-339) peptide
(Fig. 1, C and D). The presence of
cOVA (324-334) control peptide had virtu-
ally no effect on clonal deletion or T cell
activation. DNA fragmentation was aug-
mented by the cOVA(323-339) peptide as
early as 5 hours after culture (Fig. 2),
although thymocytes showed background
spontaneous DNA fragmentation when cul-
tured in vitro with the cOVA(324-334)
peptide. To define the potential role of
PTKs in thymocyte clonal deletion and
activation, we added either herbimycin A
or genistein to the in vitro deletion exper-
iments. Neither herbimycin A nor ge-
nistein blocked the clonal deletion of
CD4*CD8*K]J1-26" thymocytes induced
by the cOVA(323-339) peptide (Fig. 1, C
and D). The DNA fragmentation induced
by the cOVA(323-339) peptide was also
not inhibited (Fig. 2).

Although no change could be seen in
the number of mature CD4+*CD8~ thymo-
cytes with or without cOVA (323-339) pep-
tide (Fig. 1, A and B), the addition of
cOVA(323-339) peptide for 20 hours acti-



