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Abstract

Both the T cell receptor for antigen, the TCR, which m ediates T cell activation,
and the receptor for T cell grow th factor, the IL2R, w hich drives T cell
proliferation, are able to activate the guanine nucleotide binding proteins
p21ras. The aim of this study was therefore to examine the role of the p21ras
proteins in T cell activation and proliferation.

Transient transfection of IL2 gene reporter constructs and m utant Ras genes
was used to assess the effect of dom inant positive or dom inant inhibitory Ras
m utants on T cell activation. The reporter constructs used to m onitor T cell
activation w ere com prised of either the IL2 enhancer, or m ultiple copies of
NFAT(the nuclear factor of activated T cells), which restricts IL2 expression to
activated T cells, driving the reporter gene CAT. Dominant positive oncogenic
p21ras w as show n to replace some TCR derived signals to activate IL2 and
NFAT CAT, b u t in itself w as not sufficient to drive IL2 reporter gene
transcription. W hen the dom inât inhibitory N17ras was used, the data show ed
that p21ras is crucial to the function of PKC and the TCR in the regulation of
IL2 and NFAT CAT. In addition, these data highlight that p21ras im parts a
third, essential signal from the TCR for IL2 gene regulation, that is independent
of calcium and PKC pathways.

The serine/threonine specific phosphatase calcineurin, involved in calcium
regulation of NFAT, w as also used in transient transfection assays w ith
oncogenic Ras. Calcineurin is a major in vivo target for the im m unosupressants
cyclosporin A and FK506, which block T cell activation. W hen co-expressed,
constitutively active calcineurin and oncogenic p21ras can substitute for TCR
stim ulation of NFAT induction. These data identify p21ras and calcineurin as
cooperating partners for NFAT and IL2 gene regulation.

For T cell proliferation studies, co-transfection of a cell surface m arker and
m utant Ras proteins was used to allow purification of transfected cells out of a
mixed population via co-expression of the surface marker. This w ould in theory
allow the exam ination of the effect of expression of m utant Ras proteins in a
h om ogeneously transfected population. H ow ever, technical difficulties
prevented a conclusive study of this issue.

Ras proteins have been implicated as the initiators of a kinase cascade that
involves Raf-1, MEK, and ERK, and w hich can regulate the activity of
transcription factors as well as ribosom al S6 kinase p90, or RSK. RSK is
regulated by the TCR but not the IL2R. The IL2R does however, regulate the
p70 S6 kinase, and it is this kinase which is a target for the im m unosupressant
rapam ycin. The final part of the thesis describes the developm ent of a system
for exam ining the signalling pathw ays that couple the IL2R to p70 S6 kinase.
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RTK:

receptor tyrosine kinase;

T C P:
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S 6K:

severe com bined im m unodeficiency
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serum response factor;
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6

tyrosine-based activation motif;

ternary complex factor;

ZAP70: zeta associated protein tyrosine kinase - 70kDa

IV

3; SR F:

TCR: T

cell

Aims

The m ajor technical aim of this study was to establish a cell system into
which m utated p 2 1 ras proteins could be introduced and the consequences
of m anipulating the Ras signalling pathw ay then exam ined. This w ould
then allow the specific assessment of :

1. The role of the p21ras proteins in T cell activation pathways.

2. The relationship between p21ras and PKC in T cell activation.

3. The effect of calcineurin and p21ras on T cell activation.

4. The role of p21ras in T cell growth.

5. The regulation of ribosomal protein S6 kinase in T cells.
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Chapter 1: Introduction

The T cell grow th factor interleukin 2(IL2) is critical to the duration and
a m p lificatio n of im m une resp o n se s(l). T hus, th e reg u la tio n of its
ex p ressio n and biological effects are p o te n tia l p o in ts for im m u n e
m odulation. This idea has led to trem endous research effort into the
biochemical and molecular regulation of the IL2 gene, and the biochem istry
of IL2R function. Analysis of grow th factor receptor signalling in other cell
system s has show n conservation of signalling com ponents across species( 2 ,
3). O ne com m on them e is the involvem ent of the guanine nucleotide
binding proteins, p 2 1 ras, as early response elem ents follow ing receptor
ligation. In fact, physiological receptor activation of Ras proteins w as first
dem onstrated in T cells, and is a common feature to both T cell activation,
w hich is controlled chiefly by the T cell antigen receptor, and T cell
proliferation, governed by the IL2R(4-6). Thus, Ras function could be an
im portant focus of imm une regulation.

1.1 T cell activation and interleukin 2
Interleukin 2 plays a central role in cellular and hum oral im m unity by
prom oting the proliferation of cells involved in the generation of cytolytic
and antibody responses to foreign pathogens(l). H ow ever, circulating T
cells are predom inantly quiescent, existing in the Go state of the cell cycle.
They do not express 1L2, or 1L2R, and thus do not respond to IL2 even if it is
supplied exogenously(7). To produce 1L2, T cells m ust be stim ulated and
become active. T cell activation is u nder the control of the antigen-specific

T cell receptor. Thus, I cell activation can be defined as those biochemical
events follow ing association of the I cell receptor w ith antigen th at
cu lm in ate in the secretion of IL2 and ex pression of IL2R(7). This
co rresp onds w ith a transition from Go to G i, and the acquisition of
'competence', i.e. IL2R, by the T cells to respond to grow th stim ulus(l, 8 ). T
cell grow th is then characterized by the events following the association of
IL2 w ith its receptor which drives progression through the cell cycle, and
culm inates in T cell proliferation and grow th(l, 9).

1 .1 .1

T cell activation The signal for T cell activation, and thus entry into

the cell cycle, comes via the T cell antigen receptor, and is given w hen
antigen is presented to the T cell in the context of major histocom patability
complex on the surface of an antigen presenting cell(lO). Ligation of the
TCR alone does not lead to activation, and m ay result in clonal a n erg y (ll13); in some cases, ligation of the TCR which does not lead to proliferation
m ay even result in apoptosis(14). The TCR encounters antigen in a
noncovalent complex w ith accessory molecules (i.e. CDS, CD4/CDS) w hich
in addition to stabilizing the association betw een TCR and antigen/M H C ,
m ay also contribute to T cell activation(lS). Similarly, an antigen presenting
cell m ust not only be able to process antigen into a presentable state via the
MHC, it m ust also deliver secondary activation signals, via co-stim ulatory
m o lecu les(ll, 16), that, w ith the TCR, can cum ulatively trigger a T cell to
full activation. Some cytokines - e.g. IL l and IL6(17-19) - expressed by
antigen presenting cells may also contribute to activation. This tw o signal'
m odel of T cell activation has been suggested as a m echanism for
p rev en ting in-appropriate responses to self a n tig e n s(ll). Thus, antigen
presenting cells - e.g. dendritic cells, m acrophages, B cells, etc. - express a

ligands/receptors expressed on the surface of the T cell and deliver signals
to the T cell that contribute to activation(13). In som e cases, they m ay also
perform other functions - e.g. CD45 in phosphotyrosine dephosphorylation.
T ab le

1 .1

show s a selected list of some T lym phocyte co-stim ulation

receptors and functions.

Table 1.1: Some co-receptors for T cell activation
receptor
ligand(s)
function
ligand
expression
CD2

CD58/LFA-3

CD4

MHC II

CDS

CD72

CD28

CD45

co-stimulation
w ith
TC R,
adhesion
co-stimulation
w ith
TC R,
recognition
MHCn+antigen

co-stimulation
with TCR
B7/BB1;
B7- co-stimulation
2/B70
w ith
TC R,
transcriptional
activation IL2
gene,
stabilization IL2
mRNA?
co-stimulation
?varied,
CD45RO binds w i t h
TCR,
CD22
PTPase

reference

hemopoietic and (20)
non-hemopoietic
cells
antigen
(21)
presenting cells:
dendritic and B
cells,
macrophages,
monocytes
B cells
(21)
activated B and (21-23)
dendritic cells,
macrophages;
above
plus
resting
m onocytes and
dendritic cells
(21)
CD22 - B cells

(21)This refere: ace is an excelleint general revie'W
1.1.2 The biochem istry o f T cell activation. Com m itm ent to activation, and
therefore IL2 production, requires that T cells are exposed to foreign antigen
or pharm acological stim ulation for a period of tim e (~2hrs.)(8, 24) w hich
correlates w ith the tim e in which T cells are sensitive to the action of the
im m u n o su p re ssan ts C yclosporin A an d FK506(8). If stim u la tio n is
w ith d raw n or CsA/FK506 applied during this com m itm ent period', there
is a total block in activation of the IL2 gene and subsequent proliferation.

w ith d raw n or CsA/FK506 applied during this 'com m itm ent period', there
is a total block in activation of the IL2 gene and subsequent proliferation.

One of the im m ediate consequences of TCR ligation is the rapid appearance
of phosphotyrosine containing proteins. This im plies that ligation of the
TCR leads to increases in the activity of protein tyrosine kinases(25-27) This
is believed to be the initiating in tracellu lar event governing T cell
activation (this idea is discussed in m ore detail in section 1.3.1). T cell
activation, and IL2 expression, requires the action of p ro tein tyrosine
kinases(28). Thus, inhibitors of tyrosine kinases(29) or lym phocytes lacking
the expression of certain Src family kinases dem onstrate a com plete block
in TCR activation leading to IL2 production(30) Conversely, expression of
activated tyrosine kinases (e.g. Src or Lck) can enhance TCR m ediated
activation(31, 32). The identity of the kinase(s) able to couple the TCR to
intracellular events has been facilitated by the cloning of a new T cell PTK,
ZAP70(33). ZAP70 is activated upon TCR ligation, but appears to require the
activity of a Src PTK for its activation (see section 1.3.1)(34).

A nother result of TCR ligation is an increase in the phosphorylation and
hydrolysis of m em brane inositol phospholipids, th ro u g h the action of
phosphatidylinositol-3 kinase (Pl3K)(35) and phospholipase C (PLC)(36),
respectively. PI 3 K is a dual-specificity lip id /p ro te in kinase(37). The lipid
kinase is responsible for the p ro d u c tio n of inositol p h o sp h o lip id s
specifically phosphorylated at the 3 position of the inositol ring. The
a c tiv a tio n

of P I 3 K h as

b een

asso c iated

w ith

m ito g e n ic

sig n a l

transduction(38-41), w hich has led to the idea th at 3 p h o sp h o ry lated
inositol lipids m ay be involved in m itogenesis. H ow ever, the exact

d o w n stream consequences of PI 3 K activation are not clear. One report
suggests that 3' lipids can m ediate the activation of PKCÇ(42). Of interest is
the fact that a yeast hom olog of PI 3 K has been identified that is sensitive to
the im m unosuppressant rapamycin(43). It is at present unknow n w hether
PI 3 K activity in m am m alian cells is sensitive to rapam ycin.

PLC h y d ro ly zes m em brane p h o sp h o in o sito l to gen erate the second
m essengers inositol 1,4,5 trisphosphate and diacylglycerol, w hich regulate
increases in intracellular calcium concentration([Ca++]i) and activation of
protein kinase C, respectively(44, 45). These two signals - increased [Ca++]i
and PKC - are required for activation of the IL2 gene(46). Thus, com pounds
w hich inhibit or interfere w ith PKC or calcium signalling pathw ays block
IL2 gene activation(47). Although PKC is clearly activated by the TCR, and is
required for IL2 gene activation, its im m ediate substrates in T cells are not
clear.

Tyrosine kinases are thought to function upstream of PKC and calcium
flux, since treatm ent of T cells w ith phorbol esters such as PdBu and
calcium ionophores such as ionomycin can bypass the inhibitory effects of
tyrosine kinase inhibitors and com pensate for PTk inhibition in restoring
IL2 gene activation(29).

U ntil quite recently, m olecules involved in calcium regulated signalling
p ath w ay s w ere n o t identified in T cells. H ow ever, calcium reg u lated
pathw ays are susceptible to the action of the im m unosupressants CsA and
FK506(48-50). U sing a genetic screen in y east, a h o m olog of the
serine/threonine specific phosphatase calcineurin w as identified as a m ajor

in vivo target for CsA and FK506(51). Subsequently, calcineurin w as show n
to be integral to calcium regulated IL2 gene expression(52, 53). Calcineurin
is in h ib ited at doses of CsA and FK506 w hich correlate w ith th eir
im m u n o supressive effects. The im portance of calcineurin in IL2 gene
regulation w as confirm ed w hen calcineurin w as show n to regulate the
activity of NFAT and O ct/O A P, tw o protein complexes that bind the IL2
enhancer and are required for T cell specific IL2 gene induction(53).

The TCR also regulates the activity of the p21ras proteins(4). In quiescent T
cells, p21ras is G D P-bound. U pon ligation of the TCR, p21ras rap id ly
accum ulates in the GTP-bound state for a prolonged period. A lthough Ras
can be activated by phorbol esters in T cells, the preferred m echanism for
TCR reg u la tio n of Ras seem s to be P K C -independent(20). E vents
dow nstream of p 2 1 ras activation have been docum ented in m any system s,
an d involve a cascade of kinase a ctiv atio n w hich c u lm in ates in
tran scrip tio n factor p hosphorylation and transcriptional activation(see
1.4.2)(2, 54). Thus, activation of Ras m ay stim ulate a p ath w ay able to
contribute directly to IL2 gene activation.

1.1.3 Biochemical and transcriptional activation o f interleukin 2. The IL2
gene encompasses some 5kb of genomic DNA(55, 56), and is represented as
a single copy gene in the hum an genome. A single transcript produces a
protein of 15.5kD(57). Q uiescent T cells do not produce IL2, b u t can be
stim u lated to do so in the presence of the a p p ro p ria te stim uli. N o
tran scrip ts or p ro tein are detected in quiescent cells, an d therefore
regulation of IL2 is at the level of transcription. Thus, the targ et for
signalling pathw ays in T cell activation is the IL2 gene enhancer(58-61).

Interleukin 2 transcription is under the specific control of the T cell antigen
receptor, and is induced within a short time of a T cells' exposure to foreign
antigen - IL2 mRNA can be detected w ithin two hours of stim ulation via
the TCR(8 , 62). Prim ary enhancer sequences, located exclusively 5' of the
coding region of the gene and encom passing some 275bp, include sites for
som e w ell-know n and ubiquitous, as well as lym phocyte restricted, DNA
b in d in g proteins(58, 63, 64). E nhancer activity is controlled by the
cooperative interaction of at least eight proteins that bind to sequences
w ith in this region(£igure

1 .1 ).

These sequences are sufficient for T cell

restricted, inducible IL2 gene expression. Transcriptional activation of IL2 is
sensitive to protein synthesis inhibitors, and thus requires transcription of
other genes for activation. Originally characterized in DNase protection and
m ethylase interference assays, five sites, NFIL2A (for nuclear factor of IL2)
th ro u g h NFIL2E, w ere show n to inducibly b in d p ro tein s follow ing
stimulation(64). Some of the sites bound related activities - for example, the
DN A sequence of NFIL2A and NFIL2D sh are significant sequence
hom ology to each other and both bind octamer proteins. How ever, m ost of
the sites clearly bound distinct activities. Sites for previously know n DNA
binding proteins were also identified. Several of the proteins w hich bind
are widely expressed - e.g. AP-1, Oct-1, and NFkB - and respond to varied
stim uli in different cells. However, a protein complex term ed NFAT-1 (for
nuclear factor of activated T cells), w hich appears to determ ine the T cell
selectivity of IL2 expression, binds a TCR responsive elem ent w ithin the IL2
enhancer(65). M ultim ers of the NFAT site restrict expression of a reporter
gene to activated T cells in transgenic mice(6 6 ). Furtherm ore, expression of
NFAT activity correlates absolutely w ith the activation of the IL2 gene.
Thus, the appearance of NFAT DNA binding activity precedes IL2 mRNA
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Figure 1 .1 : The IL2 enhancer from -326^+47.
The sequences from -326 to +47 are all that are required to ensure T cell specific, TCR-inducible
1L2 production. The effect of m utation on stimulation and the response of various sites to
stimulation is shown. A more detailed description description is found in the text.

expression(58). Therefore, NFAT is thought to play an im portant role in the
regulation of IL2.

Nuclear Factor of Activated T cells (NFAT).
a ctiv ity

and

NFAT requires b o th PKC

increases in in tra c e llu la r calcium

c o n c e n tra tio n

for

activation(67). In addition, NFAT is a m ajor reg u lato ry targ et for the
im m u n o su p ressan ts cyclosporin A and FK506, w hich d e m o n stra te . its
im portance in IL2 gene and T cell activation(48). NFAT has been im plicated
in one case of prim ary T cell im m unodeficiency; its lack of induction is
responsible for a block in IL2 gene expression, and leads to severely reduced
im m u n e responsiveness( 6 8 ). NFAT has been c h aracterized , a n d , as
illustrated in figure

1 .2 ,

is a complex of two different types of DNA binding

proteins. An inducible nuclear com ponent, NFATn, is com posed of AP -1
proteins, and is stim ulated by activation of PKC(69, 70). AP-1 proteins,
w hich include the Fos and Jun fam ilies of proteins,

are ubiquitously

expressed, and describe a family of transcription factors which bind DNA
either as Jun hom odim ers, or Jun/F os heterodimers(71). As there are m any
Fos and Jun proteins, the possibility exists for m any different DNA binding
com plexes. PKC stim u lates a p a th w a y w h ic h can re s u lt in

the

phosphorylation and transcriptional activation of Jun proteins(72). Thus,
PKC could contribute to NFAT activity th ro u g h activation of Jun.
H ow ever, NFATn is also sensitive to the action of cycloheximide, and thus
requires new ly form ed F o s/Ju n proteins. In su p p o rt of this, th e PKC
p athw ay can also contribute to the transcriptional activation of the c-Fos
prom oterand hence c-Fos expression, via phosphorylation and activation of
the Srf ternary complex factor Elk-1(73, 74). The exact Fos and Jun proteins
involved in NFAT remains controversial. Evidence suggests th at w hile a
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F igure 1 .2 : M olecular reg u la tio n of NFAT (nuclear factor of activated T
cells).
NFAT describes a transcriptional activation com plex w hose inducible
activity is essential to the T cell specificity and inducibility of IL2
p ro d u ction. It is com posed of tw o types of p ro tein s - one(NFAT(.) is T cell
restricted, b u t constitutively present in the cytosol. C alcium signals trigger
its translocation to the nucleus. C alcineurin has been identified as a
co m p o nent of this pathw ay, an d is inhibited by the actions of CsA an d
FK506. The other component(NFAT^^) is a m em ber of the AP-1 fam ily,
an d requires PKC activity for expression.

w ide spectrum of proteins m ay be able to bind the sequence defined as
NFAT, not all are able to contribute to NFAT transcriptional activity. In
EMSA assays, Boise et al dem onstrated that antibodies directed against Jun
family m em bers, especially JunB, could elicit a shift in NFAT DNA binding
activity, im plying JunB involvem ent in the DN A b inding complex(75).
Similarly, antibodies against Fra-1, a Fos related protein, hinted that this
protein also played a role in the form ation of NFAT. Som ewhat conflicting
evidence arose from N orthrop et al. in w hich they show ed th at w hile
overexpression of certain F os/Jun family m em bers, including c-Fos, c-Jun,
and JunD, could m ediate enhanced transcription from an NFAT binding
site, JunB could not(70). Interestingly, Fos p ro tein s ap p ea re d to be
dispensable for transcriptional activation of NFAT. Thus though it seems
that m any AP-1 proteins can contribute to complex form ation on DNA, it is
apparent that NFAT transcriptional activity is only responsive to certain
combinations of Fos and Jun.

AP-1 proteins are not them selves sufficient to stim ulate NFAT activity b u t
are com plem ented by a T cell specific, cytoplasmically sequestered protein,
th at responds to calcium by translocating to the nucleus(76).

There,

'NFATp', for NFAT pre-existing, forms a complex w ith AP-1 proteins thus
generating a transcriptionally com petent NFAT complex. This calcium regulated protein has recently been cloned, and encodes a protein of about
97kD, w hich is sm aller than has been observed for NFAT isolated in gel
shift experim ents(77).

NFATp has very lim ited hom ology to the rel

dom ain of hum an and m ouse RelA, b u t is otherw ise a novel protein.
Systematic analysis of its tissue distribution is in progress, b u t the transcript
is present in two T cell lines and not in fibroblasts, as predicted. R enatured

NFATp protein isolated from fractionated T cell extracts, has been show n to
be a su b strate for the calcium regulated p h o sp h atase calcineurin in
vitro.{78) As well, w hen a fragm ent of the cDNA encom passing a DNA
binding dom ain is expressed in T cells along w ith Fos and Jun proteins,
significant transcriptional activation of an NFAT reporter construct can be
detected.

NFIL2A. A nother sequence in the IL2 enhancer responding to antigenic
stim u latio n - ARRE-1 - is found tw ice in the en h an cer(64). Initially
described to bind octam er (specifically Oct-1) proteins, this site is also
sen sitiv e to the action of CsA and FK506. Oct-1 is n o t a stro n g
transcriptional activator, and it is suggested th at it functions instead by
recruiting other proteins to DNA, relying on their activation dom ains to
en h an ce tra n sc rip tio n a l activity. For ex am p le, tra n s c rip tio n

from

herpesvirus im m ediately early genes is facilitated by Oct-1 recruitm ent of
h erp es v iru s p ro tein VP16, w hich contains a stro n g tran scrip tio n a l
activation domain(47). The IL2 enhancer recruits Jun proteins (cjun, JunD)
to the IL2 enhancer in response to calcium signals; thus, Jun proteins m ay
be responsible for transcriptional activation from the ARRE-1 site(79, 80).

Other factors. O ther regions in the IL2 enhancer are know n to be im portant
to IL2 gene activity (figure 1.1). NF-kB, which bind a site distal to the
prom oter - NFIL2D - m ay also play an im portant role in inducible IL2 gene
expression(S l). A n AP-1 site in the central p o rtio n of th e enhancer,
encom passing -185 - -177, has been the focus of a recent stu d y w hich
dem o n strated that this site m ay be the m ajor target for PKC derived
signals(82). Using T cells chronically treated w ith phorbol esters (thus in
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th eo ry dow n-regulating PKC), the authors show th at inducible activity
from the IL2 enhancer is completely abrogated. Interestingly, the activity of
an N F A T /O ctam er reporter construct is unaffected by this treatm ent;
sim ilarly, m utation of a dow nstream NFkB site has no effect u p o n TCR
inducible activity of the IL2 enhancer. This led the authors to suggest that
these sites do not require PKC activity for their activation. The only site
affected by dow nregulation of PKC was an AP-1 site located at -150bp to the
start of IL2 transcription initiation. This observation is interesting in light
of the fact that NFAT activity, which is know n to be partially com posed of
AP-1 proteins, is not inhibited. T cell express m ultiple forms of PKC, some
of which are refractory to the effects of dow nregulation w ith phorbol esters,
e.g. delta, epsilon, zeta; and it is probable that these isoforms m ay still be
able to contribute to gene expression(83).

A nother study, which generated some interest, has show n that CD28, a co
stim ulatory molecule for T cell activation, induces the binding of a protein
or proteins to a discrete site within the enhancer, at position -164 to -154(84).
Adjacent to the previously described NFIL2B, this site m ay also involve the
action of AP-1 proteins, as the binding site is A P-l-like in nature. The
id e n tity of th is C D 28-responsive p ro te in is a t p re s e n t u n k n o w n .
Physiological lig an d s for CD28 are expressed on activ ated an tig en
presenting cells. Thus, the B7-1 ligand for CD28 is expressed on the surface
of B cells, NK cells, while the B7-2/B70 ligand appears to be constitutively
ex p ressed (ll, 22, 85,

8 6 ).

As its costim ulatory affects can be seen long after

the initial presentation of antigen, it is thought to be involved in long as
well as short term activation of T cells. Signal transduction by CD28 is not
well understood. However, PI3 K has been im plicated in its actions(87,
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8 8 ).

Therefore, upon ligation of CD28 by mAbs or its ligands, B7-1 or B7-2, the
PI 3 K regulatory subunit p85 can be detected associating w ith the tyrosine
phosphorylated cytoplasmic tail of CD28. This association is m ediated via
the p85 SH2 dom ains, and is required for CD28's co-stim ulatory activity in
IL2 production.

1.1.4 Lack o f IL2: disease, animal models, and suppression
The im portance of IL2 in the im m une response is sup p o rted by clinical
evidence. Patients w ho have defects in the IL2 signalling system present
w ith sym ptom s of as severe combined im m unodeficiency disease (SCID),
although not all SCIDS are the result of IL2 defects. SCID is prim arily a T
cell defect, and is characterized by severe, persistent infections early in life,
w hich is accom panied by an associated increased risk of cancers. The
sym ptom s correlate w ith cellular and hum oral dysfunction. Some form s
have been attributed to a defect in IL2 gene transcription(89, 90). In fact, one
case has been identified that is the result of a specific abnorm ality in NFAT
tra n scrip tio n a l activation(91). In a d d itio n to a defect in IL2 gene
transcription, this patient also did not produce detectable IL3, IL4, or IL5.
Interestingly, intravenous adm inistration of IL2 alone corrected the defect.

X-linked SCID accounts for m ore than 50% of SCID cases; it is typified by a
defect in T cell differentiation, and does not affect B cells; patients have no
m ature T cells. As an autosom al recessive disease, it can be successfully
treated by bone m arrow transplantation(92). The defect has been ascribed to
a m utation in the recently cloned IL2R y chain gene(93-96). In addition to
IL2 signalling, the y chain is also a subunit for the receptors for IL4, IL7, and
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other cytokine receptors(see 1.3.2)(94, 96). This im plies a role for the IL2R y
chain in T cell differentiation as well as proliferation.

These d ata from h um ans suggest an essential role for IL2 in T cell
d ev elo p m ent and the generation of im m unity. Sim ilarly, in a m ouse
m odel created w ith a null IL2 gene, -50% of anim als die w ithin a m onth of
birth; of those that survive, all develop inflam m atory bowel disease and die
w ithin 3-6 m onths. Interestingly, these anim als show norm al subsets and
n u m b ers of developing and m ature T cells(97). In a d d itio n , in vivo
im m une responses to some pathogens w ere not detectably im p aired (98).
H ow ever, im m unity from infection w as not been extensively exam ined.
Thus, it m ay be that the mice die due to an infection w hich could not be
successfully countered by the im m une defect generated by lack of IL2
production.

In hum ans, im m unosupressants are used to block the IL2 system and
p re v e n t im m une responses generated in au to im m u n e d isease and
rejection during organ transplantation. A lthough only cyclosporin A(CsA)
has been used clinically, both FK506 and rapam ycin have been show n
effective in su p p re ssio n of rejection an d a u to im m u n e d isease in
animals(99, 100). CsA, Fk506, and rapam ycin are all naturally occurring
products isolated from fungi(CsA), or bacteria(FK506 + rapam ycin). FK506
an d rap am y cin are stru ctu rally related to each oth er, b u t b e ar no
resem blance to CsA. However, both CsA and FK506 block IL2 expression,
w hereas rapam ycin blocks proliferation of T cells in response to IL2(48, 101,
102). The intracellular targets for these com pounds are the im m unophilins
- p ro teins w ith rotam ase activity w hich catalyze the isom erization of
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peptide bonds(103). CsA, FK506, and rapam ycin m ust bind im m unophilins
to exert their effects; how ever, evidence exists w hich suggests rotam ase
activity does not correlate w ith im m unosupressive effects(14, 100, 104, 105).
FK506 and CsA, com plexed to im m unophilins, form a com plex w ith
calcineurin, and inhibit its activity, thus explaining the affect on IL2 gene
transcription. Rapamycin, which binds the sam e im m unophilin as FK506 FKBP - and is m utually antagonistic to the action of FK506, interferes w ith
the activation of the ribsom al p70S6K(106-109). The direct targ et for
rapam ycin/FKBP has not yet been identified.

1.2 T cell grow th
Proliferation of T cells is dependent on the production of interleukin 2, and
expression of its high affinity receptor. The function of the IL2 receptor is to
prevent anergy a n d /o r apoptosis and drive T cell proliferation. Thus, while
the specificity of an im m une response is dictated by the TCR, the
m agnitude and duration of a response is u n d er the control of the IL2
receptor.

1.2.1 The biology o f T cell growth. IL2 was originally thought to play a role
in T cell developm ent, as both m ature T cells and im m ature thym ocytes
proliferate in response to IL2(110). However, knockout of IL2 expression in
mice results in anim als w hich are norm al w ith regard to thym ocyte and
peripheral T cell populations. Thus, IL2 does not appear to be critical for T
cell developm ent in the th y m u s (lll). In the periphery, how ever, IL2 is
critical for proliferation of responding lym phocytes. It also participates in
driving T cell differentiaton(l 12-114). In addition to affecting T cells, IL2
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also prom otes activation, proliferation, and differentiation in other cell
types, including NK and LAK cells(115).

1.2.2 The biochem istry o f T cell growth. T cell proliferation and grow th are
m ediated by the high affinity IL2 receptor (IL2R). The IL2R stim ulates PTK
activity upon binding of IL2(103,116). The identity of the kinase involved is
not as yet clear. The Src family kinases Lck and Fyn are capable of binding to
the IL2R p chain(117-119), an d Lck activity is increased u p o n IL2
stimulation(120, 121). Experimental evidence exists suggesting that T cells
can proliferate in the absence of Lck(122, 123). In addition, the association
betw een Src kinases and the IL2R can only be detected under conditions of
low stringency, suggesting that the affinity of interaction is not high. Other
PTKs w ith higher affinity for interaction w ith the receptor could therefore
exist(117). Possible candidates include the Itk(124) and JAK fam ily of
PTKs(125, 126). JAK kinases are know n to couple the interferon other
cytokine receptors to signalling events, and thus it is possible th at a JAK
kinase m ay be involved in IL2R signalling.

The IL2R also stim ulates the activity of the p21ras proteins(5, 6) and
Pl3K(127-129). In contrast to the TCR, it does not regulate the hydrolysis of
m em brane phospholipids, nor does it prom ote calcium flux or activation of
PKC(130-132). Further dow nstream , the IL2R regulates the activity of cRaf(133, 134), and the ribsomal kinase p70S6K(108, 109), w hich is a target for
im m unosupression by rapam ycin. Some data also suggests that the IL2R
m ay activate the Erks(135-137); however, there is still some debate over this
question, as some groups see no activation of Erk activity in cell lines in
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response to IL2(108, 109), while others report quite reasonable activation of
Erks in both cell lines and peripheral blood lymphocytes.

1.3 Structure and function of T cell receptors for antigen recognition and
proliferation
1,3.1 The T cell receptor fo r antigen
The T cell receptor is a m ulti-subunit complex com posed of disulphidelinked m ainly a and p chains, which recognize antigen and are for the m ost
p a rt extracellular, non-covalently associated w ith the in v arian t CD3
com plex (y, S, and e chains), and a dim er of either Ç-Ç, or Ç-t|(138). T he
TCR chains are m ostly extracellular, w ith significant hom ology to
im m unoglobulins in structure, genom ic organization, and regulation of
expression(139, 140). H ow ever, they bear no kinase dom ains, and are
unlikely to contribute directly to signalling events as their cytoplasm ic
dom ains are very small(47). In contrast, the zeta and eta chains are for the
m ost p a rt cytoplasm ic, bearing a sm all extracellular dom ain(141, 142).
Similarly, CD3 and Ç/r| chains have no obvious enzym atic dom ains. At the
tim e of their cloning and characterization, they show ed no hom ology to
know n signal transduction molecules. H ow ever, they couple the antigen
receptor to intracellular events. The question is: how? Recently, a tyrosinebased activation motif, or TAM - the consensus being [YXXL*(X)7*YXXL],
w here X is any amino acid - has been recognized in Ç, and CD3 y, Ô, and e,
and share hom ology to a similar dom ain in the FceRy and p chains, as well
as the BCR(IgGa and P), and three viral proteins - LMP2 and EBNA2 from
EBV and gp30 from BLV(142-144). TAM m otifs are represented three times
in the CD3 zeta chain alone, and once in epsilon, delta, and gam m a. The
functional significance of TAMs has been dem onstrated using chim eric
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receptors. Thus, several groups have dem o n strated th a t chim eras of
individual CD3 chain cytoplasmic dom ains linked the extracellular dom ain
of CD 16 are able to m imic the effects of TCR signalling u p o n crosslinking(145). The tyrosine residues of the TAMs are of critical im portance
for function, as point m utation of the tyrosine residues w ithin the CD3 e
TAM com pletely abrogate the ability of a CD3 e chim eric m olecule to
p ro m o te IL2 production(146, 147). W ith the cloning of a zeta chain
associated p ro tein tyrosine kinase, ZAP70(for zeta associated p ro tein
ty ro sin e k in ase)(33), w hich associates w ith tyrosine p h o sp h o ry la te d
TAMs(34), a clear route for antigen receptor coupling to intracellular events
has been confirm ed. Sim ilar data has also been confirm ed the B cell
receptor (Iga and Igp) chains(148).

A m odel of T cell activation is now em erging in which activation through
the TCR requires the function of at least tw o PTKs(34) and a pro tein
tyrosine phosphatase(PTPase). CD45 is also essential for TCR signalling(149,
150); thus, in fig u re 1.3, the p rim ary activation event follow ing TCR
ligation could be provided by the PTPase CD45, w hich can act on Src PTKs
in vitro by dephosphorylating a C-term inal negative regulatory tyrosine,
consequently activating them (1 in the figure)(47). Thus activated, the PTK
(p56Lck and p59Fyn m ay have interchangeable roles in this system ) can
then phosphorylate the TAMs in the CD3 chains(2), providing docking sites
for ZAP70(3). ZAP70 can then become phosphorylated (4) and activated.
Thus activated, these PTKs presum ably prom ote subsequent activation
events to proceed. There is also data w hich im plies that Src PTKs can
interact directly, in unactivated cells, w ith the TCR(56). H ow ever, this
second m odel still requires the Src PTK to be d ep h o sp h o ry lated for
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F igure 1.3: Early events in T cell signalling.
The p rotein tyrosine phosphatase, CD45, is required for T cell signalling, probably in the
dep h o sp h o ry latio n and activation of Src fam ily kinases(l). A ctivated Lck is capable is
p h o sphorylating TAM m otifs in the TCR(2), providing docking sites for itself as w ell as
the zeta chain PTK(ZAP70; 3). W hen b o u n d to zeta, ZAP70 is a su b strate for p h o sp h o ry latio n
and is subsequently activated(4). This sequential activation of PTKs is required for T cell
activation. The key to proteins and m otifs is show n in the box.

activation and subsequent events. Finally, evidence also exists for a direct
in teraction of Lck w ith ZAP-70 follow ing activation(151). This is not
incom patible w ith the proposed model; it further suggests that aggregation
of receptor complexes - i.e. the TCR w ith CD 4/Lck and perhaps also CD45 m ay allow for the association and activation of essential signalling
com ponents.

The physical proxim ity of these signalling m olecules m ay have im portant
consequences for T cell activation. Thus, in a study by Seed and co-workers,
th e a u th o rs show th a t chim eric recep to r (ex tracellu lar d o m ain of
C D 1 6 )/k in ase constructs can prom ote T cell activation u p o n crosslinking(152). Interestingly, it is the Syk-family kinases - Syk and ZAP70 that are able to mimic the effects of TCR cross-linking; sim ilar chim eras of
Src family PTKs do not elicit T cell activation upon cross-linking. H ow ever,
Src kinases clearly play a crucial role, as T cells lacking their expression
have dysfunctional TCR signalling(30, 122, 153). Therefore, Src kinases m ay
play a 'facilitating' role, (perhaps) by phosphorylating the TAMs, and thus
recruiting ZAP70 to the receptor. Perhaps activated Syk kinases w ould then
be the functional TCR PTKs responsible for prom oting cellular activation.

It is not clear w hy m ultiple TAMs exist in the TCR complex. At least two
alternatives are possible: either the TAMs could function autonom ously to
pro m o te discrete functional events, or m ultiple TAMs could function
together as a w ay for amplifying TCR signalling. W ork from M alissen and
co-workers dem onstrate that the TCR is still able to trigger IL2 production
in the absence of zeta chain expression(154). The authors suggest that these
data are evidence for two autonom ous signalling m odules linking the TCR
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to parallel but distinct pathways. Indeed, some evidence is now em erging
th a t in d iv id u a l TAMs induce d istin ct p h o sp h o ty ro sin e events(146).
H ow ever, the observations that either the CD3e or Ç chain alone can also
prom ote IL2 production could also be interpreted to m ean that the TCR
TAMs m ay indeed be functionally redundant, i.e. that the m any TAMs m ay
sim ply be involved in amplifying TCR signals(146, 155). M ore research will
be required to resolve this issue.

1.3.2 The multim eric high affinity IL2 receptor
The high affinity IL2R is composed of three chains each of which contribute
to receptor activity. The 55kDa a chain, the first cloned, is not detectable in
quiescent cells, but is induced upon T cell activation. A lthough a can bind
IL2 w ith a Kd of 10"^M, expression of a alone will not stim ulate cells to
undergo IL2-induced proliferation(156, 157). Similarly, the 75kDa IL2R p
chain, w hich binds IL2 w ith a Kd of lO '^M , w ill n o t alone d riv e
proliferation in fibroblastoid cells. The com bined expression of a and p
chains produces a receptor capable of binding IL2 w ith high affinity (Kd=10"
^^M), b u t this receptor does not confer IL2-grow th responsiveness(158).
These data, combined with the fact that expression of P alone in lym phoid
cells does not determ ine the quantity of so-called interm ediate affinity
receptors, led to the recent identification and cloning of a third chain, the
64kDa IL2R y chain(159). Interestingly, although expression of P and y can
d riv e

p ro life ra tio n

in

fib ro b lasts,

th e

a ffin ity

for

IL2

is

o n ly

moderate(Kd=10"9M), similar to that for the p chain alone(159). In fact, the y
chain alone is incapable of binding IL2(159). Only upon co-expression of a ,
P, and y is a high affinity receptor(Kd=10-^^M), capable of internalizing IL2
and driving proliferation, formed(159).
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Of the three chains, p has the largest cytoplasmic tail, and plays a critical
role in IL2 signal transduction(103, 160). G am m a is also crucial to IL2
signalling, and like p, appears to be involved in directing at least tw o
distinct signalling pathw ays(123, 161). Interestingly, the y chain has been
proposed to be a 'shared' cytokine receptor, participating, in com bination
w ith other chains, in the receptors for IL4, IL7, IL9, and IL13, as w ell as
IL2(96, 162). This sharing of receptor com ponents appears to be a comm on
them e in the cytokine receptor family - i.e. gpl30 in IL6, CNTF, LIF, etc.
receptors, and the p subunit of IL3, IL5, and GM-CSF receptors(162,163).

Signal transduction through the IL2R is governed by the p and y chains. No
obvious hom ologies w ith signalling motifs have been identified, bu t the P
chain does ap p ear to share lim ited hom ology w ith the oth er signal
transducing chains of cytokine receptors in the cytoplasmic dom ain. This
region, called BOXl, has been identified in the P chains from gpl30, IL2 P,
IL4, IL7, and Epo receptors, and could be involved in coupling to
intracellular signalling events(55, 164).

p561ck can bind directly to the IL2R P chain(118). The IL2R P chain contains
m any tyrosine residues, and becomes phosphorylated upon IL2 binding to
the receptor(165-167), and thus serve as binding sites for SH2 dom aincontaining proteins. Thus, the adapter m olecule Shc(168), and the p85
su b u n it of Pl3K(169) bind to specific regions of the IL2R p chain up o n
b in d in g of IL2 and phosphorylation of the P chain. In ad d itio n , PTK
activity, p21ras-GTP(5, 6), c-Raf(133, 134), PIsK(127-129), and possibly Erk
activity are all stim ulated. Increases in the expression of the proto-oncogene
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c-myc(170), various cyclins(171) and cyclin-dependent kinases(172), as well
as Fos and Jun proteins can also be detected.

Recent w ork has suggested that specific dom ains of the IL2R P chain direct
in d ep en d en t signalling functions. Experim ents perform ed by Satoh et al
(118, 173)dem onstrated that expression in BAF cells of a hu m an IL2R p
chain in w hich a m em brane-proxim al serine-rich dom ain is deleted can no
longer proliferate in response to IL2. H ow ever, deletion of a m ore distal
acidic-domain, which appears to be the binding site for p56Lck, w as capable
of m ediating IL2-driven proliferation in the absence of p21ras activation or
F o s/Ju n induction. A lthough these data are suggestive of p21ras being
dispensable for IL2 proliferation, the serine-dom ain deleted P chain, which
fails to proliferate in response to IL2, also does not induce PTK or p21ras
activation. In an analogous study on the GM-CSF receptor P chain, also
perform ed in BAF cells, m utational analysis revealed that specific dom ains
coupled the receptor to P T K -dependent signalling events and PTKindependent proliferation(174). However, serum grow th factors are able to
activate the Ras pathw ay in these cells. Furtherm ore, the authors observed
th at BAF cells expressing a P chain w hich could not activate Ras w ere
serum -dependent for growth, w hereas BAF cells expressing a p chain that
could activate Ras w ere serum -independent. Thus,m p21ras m ay well play
an im portant role in proliferation.

The fact that the IL2R p chain can direct m ore than one signalling pathw ay
is probably correct, and is supported by initial studies of the IL2R y chain.
Thus, the y chain also seem s to drive k in ase-d ep en d en t an d kinasein d e p e n d e n t signalling pathw ays(161). The iden tificatio n of y chain
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deficiencies as the cause of X-linked SCID illustrates the fact that P cannot
function autonom ously in IL2 signalling. This m eans th at cooperation
betw een p and y m ay be necessary to facilitate efficient signalling.

1.4 p21ras activation and signal transduction
G proteins, w hich include the heterotrim eric G proteins and the sm all
m olecular w eight G proteins, bind and hydrolyse guanine nucleotides. Both
are involved in receptor signalling; how ever, w hereas the heterotrim eric G
proteins are linked directly to seven-transm em brane receptors, sm all G
p ro tein s, w hich include p21ras, appear to be indirectly linked to the
receptor-PTK pathw ay(175). The Ras superfam ily comprises a large group of
g uanine n ucleotide binding proteins, including Rho, Rac, and Rab,
proteins, whose members participate in processes as varied as cell grow th,
mobility, proliferation, adhesion, differentiation, and secretion(2, 176, 177).
The p21ras proteins, including m am m alian Ha, N-, and K-ras, describe a
family of closely related 21kDa guanine nucleotide binding proteins w ith
intrinsic GTPase activity. Microinjection of GDP- and GTP-bound p21ras
p ro tein has show n that it is the G TP-bound form th at is biologically
active(178, 179). In vivo, Ras exists in tw o states - in quiescent cells, it is
predom inantly inactive and GDP-bound. Upon application of an activating
stim ulus, p21ras becomes GTP-bound(4). Oncogenic versions of p21ras
often involve m utations that result in the protein rem aining perpetually
GTP-bound, elim inating the need for an activating stimulus(180). Ras has
becom e know n as a m olecular sw itch, linking signals from activated
receptors to the nucleus; oncogenic versions are thought to obviate the
need for receptor activation by leaving Ras perpetually 'on'(179).
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M any signals have been show n capable of regulating Ras activation in
m am m alian cells (see Table 1.2). Activation of p21ras proteins is

Table 1.2: Some ligands that stim ulate p21ras-GTP
cell
ligand*

reference

TceU

PMA(G)

(4)

IL2

(5, 6)

aTCR(G)

(4)

aCD2(G)

(181)

IL3

(5)

BCR

(182)

Mast cell

IL3

(183)

PC12

EGF(E)

(184)

NGF(E+G)

(184)

PMA

(185)

Rat-1

EGF(E)

(186)

NIH3T3

EGF(E)

(186)

msulin(E)

(186)

PDGF(E)

(187)

B cell

*(G/E): w here known, indicates w hether p21ras activation is a consequence
of (G)AP inhibition or enhanced nucleotide (E)xchange activity on Ras.

achieved via the m odulation of Ras regulatory proteins. Exchange of
nucleotide (GDP replaced by GTP) is accomplished by nucleotide exchange
proteins, w hereas hydrolysis of GTP to GDP is facilitated by the GTPase
activating proteins (GAPs). In theory, p21ras can be activated either by the
stim ulation of nucleotide exchange activity, or the inhibition of GTPase
activity, or a combination of both. In practice, usually only one or the other
activity is affected by stimulation(179).
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Guanine nucleotide exchange factors w ere first identified in yeast, and now
describe a diverse group of proteins w ith the comm on ability of regulation
of guanine nucleotide exchange, b u t w ith differing specificity of target.
M am m alian exchange factors for p21ras have been identified, and include
mSos (the m am m alian hom ologue of the Drosophila Sos protein)(188),
p l4 0 G R F (i8 9 ), and possibly also Vav(190). In one of the m ost dram atic
advances in the understanding of p21ras activity in recent years, several
groups sim ultaneously published the observation that activation of p21ras
proteins by the EGF receptor is achieved through the recruitm ent of the Ras
nucleotide exchange factor, mSos, to activated EGFR. This discovery w as
greatly facilitated by genetic studies in C. elegans (191)and Drosophila
(192)which observed that linking of Ras to the Sev receptor required the
adapter protein Sem 5/Drk. Grb2, the m am m alian hom olog of Sem 5/D rk, is
an adapter protein composed solely of tw o SH3 dom ains and a single SH2
domain. Grb2 has no intrinsic catalytic dom ains, but it is know n to bind to
activated, autophosphorylated RTKs(193). A m ajor break th ro u g h came
w hen it was shown that Grb2 associated w ith Sos(194-201). This association
is m ediated through Grb2's two SH3 dom ains and a proline-rich dom ain in
Sos. This G rb2/S os association ap p ears to be constitutive; how ever,
association betw een Grb2 and RTKs, which is m ediated via an interaction
betw een Grb2's SH2 dom ain and phosphorylated tyrosine residues, is
activation-dependent. The current thinking is that m em brane localization
of Sos triggers Ras activation. In support of this, overexpression of Sos in
m am m alian cells induces transform ation(194). G rb2/S os m ay couple to
other p roteins and receptors indirectly. Thus in Src transform ed cells,
p46Shc and p52Shc complex to the Grb2-SH2 dom ain, and both detected in
Sos IPs, and thus Sos m ay also play a role in the activation of p21ras via

24

non-RTK s(194). In a d d itio n , these d ata p ro v id e a n o th e r in d ire c t
m echanism for coupling Sos to activated RTKs and non-RTKs. O ther
m olecules have been show n to complex to the Grb2 SH2 dom ain and m ay
thus play a role in coupling RTK to Sos, i.e. IRS-1 in the case of insulin(202),
or Syp in the case of the PDGFR(203,204).

To 'tu rn o ff, Ras m ust hydrolyze GTP. A lthough Ras has an intrinsic
GTPase, this activity alone does not account for the rate of nucleotide
hydrolysis seen on Ras in vivo.(205) Instead, proteins exist w hich stim ulate
this activity several h u n d red fold. Two m am m alian GTPase activating
proteins, or GAPs, are known - pl20GAP(205) and neurofibromm(206), the
product of the NF-1 gene. Although GAP phosphorylated upon stim ulation
in some cells, there is no clear correlation w ith an effect upon activity(4, 46,
207). H ow ever, GAP activity is inhibited in activated T cells(4). The
m echanism of inhibition is not understood. Recently, tw o GAP-associated
proteins w ere cloned. pl90, w hich has hom ology to both GTPases and
rho/racG A Ps, seems binds GAP constitutively(208, 209). p62 has hom ology
to a nucleic acid binding protein, GRP33, is able to bind to DNA and RNA,
and binds GAP(via GAP's SH2 dom ains) only after it becom es tyrosine
phosphorylated(210, 211). A lthough p l9 0 has been show n to have in vitro
GAP activity tow ards Rho and Rac (two m em bers of the Ras superfam ily),
and m ay inhibit pl20G A P in vitro, no in vivo effect u p o n pl20G A P has
been detected, and thus the functions of pl90 and p62 tow ards pl20G A P are
still speculative(212).

1.4.1 The regulation o f p llr a s in T lym phocytes
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In quiescent T cells, p21ras is predom inantly found in the inactive GDPbound state. U pon stimulation, by TCR agonists, phorbol esters, or anti-CD2
antibodies, p21ras rapidly becomes GTP-bound for prolonged periods(figure
1.4). Phorbol esters produce a very rapid and potent activation of p21ras,
suggesting that PKC m ay mediate the effect of receptor ligation on p21ras
activation(4). This is in contrast to ex perim ents p erfo rm ed in n o n 
lym phoid cells, w here phorbol ester treatm ent of cells does not result in
p21ras activation; how ever, oncogenic Ras p ro tein s do pro m o te the
activation of PKC(213). In contrast to the im plication of the phorbol ester
data, the TCR couples to p21ras predom inantly via a PK C -independent
p ath w ay (20). Thus, PKC inhibitors do not block the activation of p21ras in
response to TCR ligation. Similarly, if T cells are activated under conditions
in w hich PKC cannot become activated, TCR stim ulation of T cells still
produces Ras-GTP accumulation. It is not know n w hether TCR-stimulated
PKC activity can contribute to p21ras activation.

One m echanism of p21ras activation in T cell appears to involve inhibition
of GAP activity(4; see also figure 1.4). The m echanism of inhibition rem ains
u nknow n; how ever it is unlikely to involve a direct m odification of
pl20G A P, as no change in the phosphorylation of pl20G A P or NF-1 has
been observed in T cells (J. Downward, personal comm unication; (214)). In
addition, both pl20GAP and NF-1 are expressed in T cells; it is not know n
w hether the inhibition of GAP activity seen is du e to pl20G A P or NF-1
inactivation or both. This is in m arked contrast to epithelial cells, w here
nucleotide exchange activity has been show n to be the preferred pathw ay
for p21ras activation, and is tightly coupled to receptor activation(186, 200).
In T cells, Ras guanine nucleotide exchange activity is high, and does not
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quiescent T cells:
.GAP activity high
p21ras/GDP
in activ e

HYDROLYSIS

EXCHANGE
mSOS, VAV

pl20GAP, NF-1

A C T IV E

Signal in:
TCR/PKC

free cytosolic
GTP

I

In T cells,
constitutive
and high

GDP

activated T cells:
GAP activity low

SIGNAL OUT
F igure 1.4: T he re g u la tio n of p21ras activity in T lym phocytes.
In quiescent T cells, Ras predom inates in the G D P-bound, inactive state. This ap p ears to be
a function of high GA P activity; exchange activity in T cells is high and not regulated.
U pon application of a stim ulus - anti-TCR antibodies, phorbol esters - Ras rap id ly becom es
G T P-bound, an d active. Ras-GTP accum ulation in T cells is d u e to an inhibition of GAP
activity; it is not know n w h eth er pl20G A P, NF-1, or both GTPase activating p roteins are
affected. For a m ore com plete description, see the text.

appear to be affected by TCR or phorbol ester activation; thus, w hen the rate
of guanine nucleotide exchange onto Ras w as exam ined in perm eabilized
cells, no difference could be detected betw een unstim ulated and stim ulated
cells(4,181).

A lthough the original experim ents did not elucidate a role for nucleotide
exchange in the activation of p21ras, evidence is em erging that suggests that
a G TP/G D P exchange protein could be involved in the regulation of p21ras
activity. Thus, one group has provided data show ing that Vav, which is a
substrate for TCR regulated PTKs, is a nucleotide exchange factor for p21ras
in vitro. This data was surprising in that by hom ology Vav was predicted to
be an exchange factor for Rho and Rac, but not Ras(215).

In another set of experim ents, Buday et al have dem onstrated th at TCR
ligation m ay couple to p21ras via the nucleotide exchange factor Sos(216).
Thus, the TCR prom otes the tyrosine phosphorylation of tw o proteins - p36
and She - w hich are capable of binding to Grb2. W hen p36 is tyrosine
phosphorylated, it is exclusively m em brane-associated, supporting a role
for p36 involvem ent in translocation of G rb2/Sos to the m em brane and
p21ras. She has already been im plicated in Ras activation via G rb2/Sos in
fibroblasts. Thus, the possibility exists that the TCR could couple guanine
nucleotide exchange activity to p21ras via tw o complexes - one involving
tyrosine phosphorylated p 36/G rb2/S os, and the other involving tyrosine
p h o sp h o ry la te d S h c/G rb2/S os(216). This is sim ilar to th e c u rre n t
understanding of the regulation of p21ras by EGF, in w hich both complexes
[E G FR /G rb2/Sos and E G F R /S hc/G rb2/S os] have been implicated(194).
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H ow ever, no evidence yet exists for Shc/G rb2/Sos complexes form ing after
TCR stim ulation of cells.

In contrast to the TCR, the IL2R does not activate PKC, relying solely on
PTK coupling for p21ras activation. It is not clear how the IL2R couples to
Ras, b u t the adapter protein She does become phosphorylated on tyrosine
following IL2 treatm ent of T cells(217), and does associate w ith the IL2R P
chain(168). Shc/G rb2/Sos complexes form in IL2 stim ulated T cells and thus
m ay play a role in Ras activation.

1.4.2 E vents dow nstream o f p llr a s At the tim e that these studies w ere
initiated, no evidence for p21ras involvem ent in a signal tran sd u ctio n
cascades w as available. Now, a great w ealth of inform ation indicates th at
p21ras proteins are integral to receptor signal transduction culm inating in
tran scrip tio n factor activation(2). A lthough p21ras pro tein s had been
show n to be required for Src-induced transform ation(218, 219), it w as
experim ents show ing that p21ras could induce tran scrip tio n th at first
suggested that p21ras m ight prom ote signal transduction to the nucleus.
Thus, Ras proteins were shown to activate AP-1 elements(220), w hich w ere
show n to bind a heterogeneous group of proteins from the Fos and Jun
families. Ras w as also show n to activate a se rin e/th reo n in e kinase, first
called the m icrotubule associated protein kinase, then called the m itogen
a ctiv ated p ro te in kinases, w hich are now kn o w n as the Erks (for
e x tra c e llu la r

re g u la te d

kinase)(221),

w h ic h

c o u ld

p h o s p h o ry la te

proteins(222, 223). W ith the advent of this observation, it w as clear that a
ro u te from a m em brane-localized sw itch m olecule (p21ras) m ight be
m apped fairly sim ply to the nucleus. Thus, intense effort w as focused on
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identifying the proteins(s) that m ight lie betw een p21ras and the Erks. This
led to the cloning of tw o protein kinases: MAPKK or MEK(184, 189), w hich
are dual specificity threonine / tyrosine kinases capable of phosphorylating
and activating Erks, and MAPKKK, the MAPKK activator. In m am m als,
raf-1 w as first identified as a MAPKKK(188, 224, 225), how ever, it is
apparent th at other MAPKKKs exist in vertebrates(2). The final link w as
p u t in place last year, w hen several groups show ed that p21ras and Raf were
able to associate in a GTP-, and therefore activation-dependent m anner(219,
226, 227). At the sam e tim e that these studies w ere being perform ed in
m ainly fibroblast system s, other evidence came to light th at this sam e
pathw ay exists in T lymphocytes; indeed, it probably exists in one form or
another across species from yeast to vertebrates(2, 54,176). Studies in T cells
have show n Erk activation in response to TCR ligation(228); furtherm ore,
p21ras can couple the TCR to Erks(229).

As these studies were unfolding, I was initiating experiments to identify the
im portance of p21ras proteins in T cell signalling pathw ays. Since the TCR
directs both p21ras activity and expression of the IL2 gene, it seem ed likely
that p21ras m ight also play a role in the regulation of IL2 gene expression
during T cell activation. Thus, chapters 3-5 provide experim ental evidence
th a t h ig h lig h ts the role of p21ras function in signalling p a th w ay s
prom oting IL2 gene activation. In addition to being under the control of the
TCR, the high affinity IL2 receptor, which m ediates T cell grow th, sim ilarly
activates p21ras. Chapter 6 presents w ork aim ed at exploring the role of Ras
in T cell grow th. The functional target of rapam ycin, w hich blocks IL2R
function, is the p70S6K. The final results chapter, chapter 7, describes efforts
to design a system for exploring the regulation of p70S6K in T lymphocytes.
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Chapter 2: Materials and Methods

2.1 Reagents
M aterials and reagents were purchased from suppliers as follows: - Acetyl
CoA and silica gel TLC plates w ere from SIGMA; ionomycin(calcium salt)
an d p h o rb o l 12, 13 d ib u ty ra te w ere bo th from C albiochem ; [^ ^C ]
chloram phenicol (50-60m Ci/m mol), [^^C] Acetyl CoA (50-60m Ci/m mol),
[32p] o rthophosphate (lO m C i/m m ol), [32p]yATP (5000C i/m m ol), [^H]
thym idine (20-30mCi/mmol), and [35s]methionine (lOOOCi/mmol) w ere all
from Amersham; hum an recom binant IL2 (Proleukin) w as from Eurocetus;
M-450 D ynabeads coated w ith sheep anti-m ouse IgG w ere from Dynal;
Herbim ycin A was from GIBCO BRL. Unless otherw ise m entioned, other
reagents w ere of the highest quality commercially available.
S6KP (=KRRRLASLAA) is a 10 amino acid peptide derived from C-term inal
sequence of the rat 40S ribosom al subunit pro tein S6, as described in
Flowtow and Thomas(230).
PKC inhibitors RO-8220 and RO-7549(231)[generously provided by Trevor
H allam (Roche Products, W elwyn City Gardens)] are based on the structure
of staurosporine; how ever, they are som e 100 fold m ore specific th an
staurosporine for PKC in vitro.

2.2 A ntibodies and FACS staining
2C11 - m onoclonal ham ster a m ouse CD3e, used at lO pg/m l, coated onto
dishes for use unless otherwise stated(232).
U C H T l - monoclonal a hum an CD3, used at 10pg/ml(233).
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9E10 - m onoclonal m ouse a hum an, anti-peptide antibody against Cterm inal c-myc epitope, used at

p e r im m unoprecipitate(234)(kindly

provided by G. Evan, ICRF).
66 - polyclonal rabbit a hum an Raf-1 (kindly provided by P. Parker, ICRF).
259 - m ouse a rat monoclonal antibody recognizing Ha-, N-, and K-ras (235).
238 - m ouse a rat monoclonal recognizing only Ha- and K-ras(235).
0X34 - m ouse a rat CD2(236).
4G10 - m ouse a phosphotyram ine-D N P reactive against phosphotyrosine
(237)(UBI).
M l - rabbit a m ouse anti C-terminal peptide mAb reactive against p70 S6
kinase (238)(kindly provided by G. Thomas, Friedrich Miescher Inst.).
OP-41 - pan-ras mAb (Oncogene Science)

Small scale antibody labelling of cells, for analysis only, w as carried out in
96 well plates in 50|ils(no more than 2x10^ cells/w ell). Large scale staining
w as perform ed in FACS tubes'(Falcon, 2054), keeping cell concentration at
-5 x lO ^ /m l. Cells were spun out of culture and resuspended in RPMI, or
PBS, p lu s 1% serum , and incubated on ice for 20 m inutes to block
nonspecific binding of antibody. Prim ary antibody(OX34, 2^ig/m l final
concentration) w as added and incubation continued for a fu rth e r 20
m inutes. Cells w ere quickly pelleted - 3000rpm, ~5secs. - and w ashed 3X
w ith cold PBS or RPMI. Cells w ere suspended in RPMI, or PBS, plu s 1%
serum and FITC conjugated secondary antibody added(l:50 anti m ouseFTTC; DAKO) for 20 minutes, on ice. Cells w ere spun and w ashed as before,
and resuspended in RPMI+1% serum for analysis and sorting, or PBS for
analysis only. Untransfected cells or expressing cells stained in the absence
of prim ary antibody yielded essentially identical negative results.
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Staining of cells for apoptosis analysis: cells are stained at 10^/m l in
RPMI+1%FCS. Propidium iodide and Hoechst 33342 staining are perform ed
sim ultaneously at room tem perature for tw o m inutes before analysis:
propidium iodide 5 |ig /m l, Hoechst Ip g /m l. Flow cytometric analysis is by
dual laser: The prim ary laser at 488nm excites propidium iodide(PI) and the
secondary laser (UV - 351.l-363.8nm) excites the Hoechst. Both signals are
logarithm ically am plified, w ith PI being detected above 600nm , an d
H oechst fluorescence collected betw een 390 and 460nm. The influx of
H oechst into cells into cells is tim e-dependent. The cells that stain w ithin
the first few m inutes are apoptotic (and dead) cells. If left long enough, all
cells will become Hoechst positive.

Staining of cells for cell cycle analysis: Cells are harvested and w ashed once
in PBS. Fixation is in 70% cold ethanol, added to cell pellet dropw ise while
vortexing. This should allow even fixation and prevent clum ping. Fix for
at least 30 m inutes at 4°C. Cells can be left at this stage for several weeks.
W ash 3X in cold PBS. Spin at ZOOOrpm, taking care to avoid cell loss,
especially after spinning oput of ethanol. RNase treat (Im g /m l, RNase A)
for 15 m inutes at room tem perature. W ash once in PBS and resuspend in
5 0 |ig /m l propidium iodide. Analyze by flow cytom etry - PI fluorescence is
m easured above 600nm, and analyzed linearly.

2.3 Cells: all cell grow th was at 37°C and hum idified in 5% CO 2
EL4 - m urine thym om a, m aintained in RPMI 1640 supplem ented w ith 10%
heat inactivated PCS and lOpM p-mercaptoethanol(239)
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Ju rk a t - subclone JH M l 2.2 (kindly provided by A. Weiss, UCSF); hum an T
leukem ia, in RPMI + 10%FCS
C T L L - m u rin e IL2 d ep en d en t cell line, RPMI, 10% PCS, lO '^M p m ercaptoethanol, and 20ng/m l hum an rIL2
BAF p75/BCL2 - m urine m yeloid cell line stably expressing the hu m an
IL2Rp chain and hum an bcl-2 genes(kindly provided by M. Collins, Chester
Beattly Labs); m aintained as per CTLL, w ith 50ng/m l hum an rIL2
Kit225 - hum an IL2 dependent T cell line, m aintained in RPMI, 10%FCS +
20ng/m l hum an rIL2(240)
P erip h eral b lo o d lym phocytes - hum an peripheral T lym phocytes w ere
isolated from healthy donors as described(9), and m aintained in S phase
grow th in RPMI supplem ented w ith 10%FCS and 2 0 ng/m l hum an rIL2.

Kit225 and BAF p75/Bcl2 cells w ere quiesced by rem oving cells from
culture, w ashing three tim e w ith w arm PBS, and returning to culture in
the absence of IL2.

2.4 IL2 bioassays
CTLL cells fed w ith IL2 24-36 hrs previously w ere used for bioassays, as
described (1). Briefly, CTLL were washed w ith RPMI, and then incubated at
least one h our w ithout IL2 before use. 96 well plates w ere p rep ared w ith
100|xl serial 1:2 dilutions of culture supernatants p er w ell to w hich lOOjil
m edia containing of 5x10^-10^ CTLL w ere added. IL2 standards w ere used,
sta rtin g at 2 0 n g /m l, to establish a sta n d a rd g ro w th curve for each
experiment. Cells w ere grown for 48hrs., w ith IpC i [^Hjthym idine added for
the final 4hrs. of incubation. DNA w as collected, using a sem i-autom atic
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cell-harvester, onto glass fiber filters and P -em issions

c o u n te d

in

scintillation fluid.

2.5 DNA and plasm ids
All p lasm id DNAs w ere p rep ared by CsCl p urification according to
established methods(241). IL2enh CAT(58), IL2 m in pro CAT(242), NFAT
CAT(66), ANFAT CAT(64), CMV ras+(243), CMV ras-(243), CMV CAT, IR E
CAT(220), RSV C A T (kindly p ro v id e d

by

H.

L an d , ICRF), RSV

N17(244)(kindly provided by J. Bos, Univ. U trecht), EF BOS(245),

EF

ras(242), EF Src(kindly provided by D. W otton, ICRF), SRa CNA(53), SRa
CNB(53), and SRa CNM(246) have been previously described. CMV rCD2
(247)(generously provided by M artin Gullberg, Umea, Sweden) expresses
the extracellular and transm em brane dom ains, and 6 am ino acids of the
cytoplasmic dom ain of rat CD2 under the control of the CMV prom oter.
3xAP-l CAT (generously provided by D. W illiams, Roche Products, Inc.,
W elwyn Garden City) bears three copies of the TRE site from the 5' region
of the hum an collagenase gene upstream of the m inim al tk prom oter in
the plasm id pBLCAT2. CMV mycS6K (generously provided by G. Thomas,
Friedrich Miescher Institute, Basel) expresses the coding region of the p70
S6kinase fused at the N term inus to the peptide EQKLISEEDL from hum an
c-myc, w hich is recognized by the m onoclonal antibody 9E10. EF L ck ^
(generously provided by Ana Clara Carrera, M adrid) expresses an activated
form of p561ck, bearing a point m utation at aa505, which changes the native
ty ro sin e to a phenylalanine. EF Ic k ^

w as created b y su b clo n in g

LckKA273(defines a m utation in Lck's ATP binding site w hich renders the
kinase nonfunctional) from pSM LckKA273 (generously p ro v id ed by J.
Turner, Cam bridge Univ.) into EF BOS.
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2.6 Transfections
Transfections w ere perform ed via electroporation, using the Bio Rad Gene
Puiser and 0.4cm transfection cuvettes, according to the m anufacturer's
instructions and as indicated below. Briefly, cells and DNA w ere prem ixed
in ep p endorf tubes before transfer to cuvettes. Following a single pulse,
cells w ere rem oved from cuvettes, pooled if necessary, and recultured at
ap proxim ately 2x10^ cells/m l. Cuvettes w ere reused several tim es after
extensive washing.

EL4 cells were transfected at a density of 10^ cells/m l, in 250pl at 960|iF, and
250V in RPMI alone. Time constants w ere typically in the range of 5075msecs. Ju rk a t - transfected at a density of 2x10^ cells/m l, in 500p,l, 960|iF,
and 310V in RPMI + 5%FCS. Time constants ranged betw een 20-25msecs.
C TLL - 2x10? c e lls/m l, 500^1, 960pF, and 330V in RPMI + PCS. Time
constants were betw een 22-27msecs.
BAF - 2x10? cells/m l, 500^.1, 960|iF, 330V in RPMI + PCS. Time constants
w ere betw een 18-20msecs.
K it - 2x10? cells/m l, 500|il, 960|xF, 310V in RPMI + PCS. Time constants
ranged betw een 20-22msecs.

Before analyses was carried out, each batch of CAT reporter gene w as first
tested to determ ine the am ount of DNA w hich w ould result in m axim al
induction. Thus, the am ount of CAT reporter gene w as as follows: AP-1
CAT, 2-3|igs/10^ cells in transfection; NFAT CAT and IL2 CAT 10-20|igs/10^
cells. W hen CAT reporter genes w ere co-transfected w ith constitutive
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expression vectors, the am ount of expression vector used in transfection
w as always in excess.

2.7 CAT assays
Assays w ere perform ed either according to the m ethod of Gorm an et al(248')
or Sleigh(249). In the Gorman m ethod, cells w ere subjected to freeze-thaw
extraction of cytosolic proteins, in 0.25M Tris, pH 8.0. Assay of enzym atic
activity able to acetylate

labelled chloram phenicol w as carried out on

sim ilar cell equivalents. Assays included 0.4mM acetyl CoA and 0.3p,M[14C]
chloram phenicol. Chloramphenicols w ere extracted w ith ethyl acetate and
acetylated products separated from non-acetylated chloramphenicol by TLC
in 95% /5% chloroform /m ethanol running buffer. Assays w ere quantitated
on an Ambis p emissions scanner. Percent conversion in this m ethod is
determ ined by the percent of substrate converted to acetylated products. In
som e experim ents, CAT assays w ere internally controlled for transfection
efficiency by expressing activity as fold conversion relative to unstim ulated
cells. The Sleigh m ethod uses an NP-40 lysis buffer to extract cytosolic
proteins: (NOT to be confused w ith NP40 lysis buffer in section 12) 0.65%
NP40. lOmM Tris. pHS.O. Im M E PTA . 150mM N a C l. Sim ilar cell
equivalents were tested for enzymatic activity able to transfer ^^C labelled
acetyl groups onto chloramphenicol. Assay conditions w ere 150mM Tris,
pHS.O,

0.05|xCi

[14C]

acety l

CoA ,

and

2m M

c h lo ra m p h e n ic o l.

C hloram phenicols w ere extracted w ith ethyl acetate, and the am ount of
radioactivity in acetylated products and nonacetylated substrate of each
reaction w as determ ined by liquid scintillation counting of organic and
aqueous phases, respectively. The extraction m ethod allow s for direct
q u a n titatio n , via scintillation counting, of the assay results. P ercent

36

conversion is determ ined by counting the am ount of radioactivity that is
tra n s fe rre d

from

th e

aqueous

(su b s tra te )

to

th e

n o n -a q u e o u s

phase(products) following a reaction. Fold conversion com pares the percent
conversion in stim ulated versus unstim ulated sam ples.

Assays proceeded for 18hrs. at 37°C. All sam ples were first treated at 68°C
for lOminutes prior to use. Unless stated, each data point in experim ents
rep re se n ts 2-5x10^ cell equivalents. Cell equivalent n um ber m ay vary
betw een experim ents, but w ere kept constant w ithin experim ents. In some
experim ents, data w ere norm alized by com paring the relative am ount of
plasm id DNA present in samples, w here indicated, according to N ovak et
al. Briefly, plasm id DNA extracted from transfected cells w as blotted onto
nylon m em branes, and probed for the presence of bacterial CAT using a 32p
Klenow-labelled DNA probe. After washing, radioactivity w as assessed for
each sam ple by direct scanning of the probed filter via Ambis, and CAT data
adjusted accordingly.

2.8 Metabolic labelling
M etabolic labelling of cells w as perform ed as previously described (214).
Briefly, cells w ere w ashed 3 tim es in either phosphate-free DMEM or
m ethionine-free RPMI, allowing a 15 min. incubation each tim e to deplete
the cells of phosphate or m ethionine. Cells w ere then incubated for 3-4 hrs.
at 5x1
a lb u m in

cells/m l in 20mM H epes (pH 7.4), and Im g /m l bovine serum
in

th e

a p p r o p r i a te

o rth o p h osphate(200^iC i/m l) or

m e d ia

w ith

e it h e r

3 2p

m ethionine(0.5m C i/m l). Cells w ere

then w ashed 3 tim es in phosphate- or m ethionine-free m edia and used
im m ediately for assays.
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2.9 p21ras im m unoprécipitation and activity assays.
The determ ination of p21ras activity in lym phocytes has been previously
described(4). Briefly, metabolically labelled cells w ere stim ulated or not at
370c,

then lysed in a Hepes/TX-100 Ras lysis buffer(see Buffers, sectionl2).

Lysates w ere precleared w ith protein A sepharose beads, and ras proteins
im m unoprecipitated using the rat m onoclonal antibodies 259 or 238(only
for

labelled proteins) coupled to protein A sepharose beads. Beads w ere

extensively w ashed w ith Ras w ash b u ffe r, and either b o u n d proteins
analyzed by autoradiography of dried 15% polyacrylam ide gels

labelled

cells), or bound nucleotides eluted (32p labelled cells) in the presence of
excess guanine nucleotide(R as e lu tio n b u ffer) at elevated tem perature.
Eluted nucleotides w ere separated via TLC, and radioactivity in GDP and
GTP quantitated by direct scanning of TLC plates using an Ambis P scanner.

2.10 W estern blotting
Equivalent cell num bers were lysed (20 m inutes on ice in 0.5ml NP40 lysis
b u f f e r ) , and postnuclear su p ern atan ts used either to p recip itate total
proteins using cold acetone, or for im m unoprecipitation(see 2.11), using
specific antibodies. Following precipitation, sam ples w ere resuspended in
sam p le b u ffer, and loaded onto SDS-PAGE for resolution. M ost proteins
w ere resolved through 10% polyacrylam ide using a Tris-glycine SD S-PAGE
ru n n in g buffer; for resolution of p70 S6K and Raf-1, 7.5-8.0% gels w ere used.
Following electrophoresis, proteins w ere transferred, via w et electroblotting
in CAPS tran sfer bu ffer, onto PVDF(Millipore) m em branes. Blotting w as
carried out at 0.3Am ps overnight (approximately 20hrs.) at 4°C.

38

Prior to probing, filters w ere first blocked in PBS supplem ented w ith 5%
dried m ilk - either one hour at room tem perature, or overnight at 4 °C ,
w ith rocking. M em branes w ere subsequently incubated w ith p rim ary
antibodies as follows:
166: c-Raf, used at 1:1000 overnight
M l: anti-peptide antibody against the N -term inus of p70S6K, used at
1:2000 overnight.
9E10: anti-peptide antibody against c-myc epitope, used at 1:2000 for
one hour at room tem perature.
OP-41: pan-ras mAb, used at 1:100 overnight.
4G10: anti-phosphotyrosine; used at lp,g/m l overnight.
All antibodies w ere diluted into PBS containing 0.05% Tween-20 plus 1%
dried milk. Following incubation w ith the prim ary antibody, m em branes
w ere w ashed w ith PBS + 0.05%Tween-20 (PBST), and then incubated w ith
secondary antibodies (sheep anti-m ouse or donkey anti-rabbit d ilu ted
1:10000-1:15000 in PBST + 1% dried m ilk) conjugated to h o rserad ish
peroxidase (Amersham) for one hour at RT. W ashed blots w ere developed
using ECL(Amersham).

2.11 Im m unoprécipitation and in vitro kinase assays
10^ live cells w ere used per im m unoprecipitate. Cells w ere stim ulated or
not, and then lysed in 0.5ml of NP40-lysis b u ffe r for 5 mins. on ice. Nuclei
w e re

p e ll e t e d ,

and

p o s t- n u c le a r

s u p e rn a ta n ts

used

fo r

im m u n o p récip itatio n of proteins. S u p ern atan ts w ere precleared w ith
insoluble protein A (Sigma), and then allow ed to associate w ith antibody
(9E10, - I p g / p e r IP) for 20 mins. at 4° C w ith inversion. Im m une complexes
w ere isolated by the addition of protein G-sepharose beads (20|xl of a 50%
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slurry; Sigma) for Ihr. at 4°C w ith inversion. Sepharose-antibody-protein
complexes w ere then w ashed three times w ith NP40-lysis b u ffe r (changing
tubes on the last wash) and once w ith S6K w ash buffer.

In vitro S6 kinase assays w ere perform ed w ith either O.Spg of rat 40S
ribosom al subunits or SOjiM S6KP in S6K assay b u ffer for 20' at 37^C, W hen
40S ribosom es w ere used, assays w ere term inated by addition of an equal
v o lu m e of 2X sa m p le b u ffe r and boiling at 100°C for lO m inutes.
Phosphorylated proteins were run on 10% polyacrylam ide m inigels dried,
and autoradiographed. For quantitation, cpm incorporated into S6 w as
d e te rm in e d by direct scanning of d ried gels

u sin g AMBIS.

incorporation into S6KP was quantitated by spotting aliquots of the kinase
reaction onto squares (2x2cm) of P81 ion-exchange paper (Whatman). Papers
w ere w ashed extensively in 30% acetic acid/0.5% phosphoric acid, dried,
and radioactivity counted in scintillation fluid.

2.12 Buffers
IX NP40-lysis buffer
1% N onidet P-40
ISOmM NaCl
50mM Hepes, pH 7.4
lOmM NaF
lOmM iodoacetam ide
5mM sodium orthovanadate (Na3V04) added fresh
Im M phenylm ethylsulfonyl fluoride (PMSF) a d d e d
fresh
and the small peptide protease inhibitors, added fresh
leupeptin, pepstatin A, and chymostatin, all at I p g /m l
NP40 lysis buffer is m ade as a 2X stock, kept at 4^C, w ithout NP40, N a3V 04,
PMSF, or small protease inhibitors(which are added fresh, just prior to use).
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Small protease inhibitors are m ade as a 1000X(lm g/m l) stock in DMSO and
stored at 4°C.

IX Sam ple buffer

3% (w /v) SDS
10%(w/v) glycerol
62.5mM Tris, pH 6.8
0.005%(w/v) brom ophenol blue

Sample buffer is prepared as a 2X stock, kept at RT.

SDS-PAGE running buffer
25mM Tris, pH 8.3
190mM glycine
3.5mM SDS

CAPS transfer buffer

lOmM CAPS, pH 11

S6kinase w ash buffer
50mM MOPS, pH 7.2
5mM MgCl2
0.05% Triton X-100
Kept as a stock at 4°C.

S6kinase assay buffer
S6 kinase w ash buffer, plus
Im M DTT
lOpM ATP
A dded fresh, just prior to use.

Ras lysis buffer

1% Triton X-100
50mM Tris, pH 7.5
lOOmM NaCl
Im M EGTA
lOmM benzam idine
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10|ig/ ml small protease inhibitors: trypsin inhibitor,
aproptinin, and leupeptin, added fresh
Im M DTT, added fresh
Im g /m l BSA
Stored at 40C.

Ras W ash buffer
50mM Hepes, pH7.5
0.5M NaCl
0.1% Triton X-100
0.0005% SDS
5mM MgCl2
Stored at 4°C.

Ras elution buffer 5mM DTT
5mM EDTA
0.2% SDS
0.5mM GTP
0.5mM GDP
Stored at 4°C.

42

Chapter 3: Results - p21ras is an essential component of TCR and
PKC regulation of transcriptional activity from the IL2 enhancer the relationship between p21ras and PKC in T cell activation.

Two pieces of evidence suggested that p21ras was capable of having a role
in T cell activation - first, it had been know n for some time that activated
m utants of ras, in cooperation w ith other oncogenes, such as myc or pim-1,
could transform lym phocyte lineages from transgenic mice(250). This
transform ed phenotype suggests that ras might be able to contribute to gene
expression in lymphocytes, thereby overriding the need for external growth
stim uli. IL2 is the m ajor T cell grow th factor, and so one possible
explanation for the transform ing effect of Ras could be its ability to control
IL2 gene expression, over-riding the need for external signals. Indeed, ras
has becom e know n as a signalling 'sw itch' m olecule, co n stitutively
activated m utants being thought to constantly deliver an on' signal that
m ay preclude the need for grow th or activation signals(179, 180). More
recently, it has been observed that upon activation of norm al hum an
peripheral blood lymphocytes and various T cell lines, the p21ras proteins
are rapidly activated for prolonged periods of time(4). Further experiments
dem onstrated that pharmacological stimuli that were know n to contribute
to the activation of the IL2 gene, a m arker for T cell activation, also were
powerful stimuli for the activation of p21ras.

In lymphocytes, T cell activation defines the biochemical events occurring
after TCR ligation w hich culm inate in the activation of IL2 gene
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transcription and IL2 secretion(8). The physiological trigger for IL2 gene
induction is provided by ligation of the TCR. TCR ligation occurs w hen a T
cell encounters antigen in the context of MHC on the surface of an antigen
presenting cell(APC). (lO)For experim ental purposes, TCR ligation can be
achieved by cross linking the TCR/CD 3 com plex w ith antibodies; the
requirem ent for TCR triggering can be bypassed altogether by the use of
phorbol esters, which activate protein kinase C, and calcium ionophores,
w hich elevate intracellular calcium concentration(251). IL2 gene activation
can be m onitored using a bioassay, m easuring the levels of IL2 secreted into
culture supernatant. As described in M aterials and M ethods, supernatants
are tested for their ability to support the grow th of a cell line absolutely
dependent on exogenous IL2 for proliferation. The signals that regulate IL2
gene activity have been under study for m any years, and thus m uch data
has been accumulated. Table 3.1 illustrates typical IL2 production in

Table 3.1 IL2 production in T cells.

peripheral

EL4

stim u li

blood

lym phocytes
++^
++
+++
+++

iono
PdBu
TCR
iono+pdbu
TCR+pdbu

-

+
+ 4-4-

+++

3+ = < 5U /m l; ++ = 5- 20U/ml; +++ = > 20U /m l

resp o n se

to

v a rio u s

agents

in no rm al

hum an

p e rip h e ra l

blood

lym phocytes, and a m urine T cell line, EL4. Thus, PBLs do not produce
detectable quantities of IL2 in the presence of only calcium ionophore,
phorbol esters, or TCR antibodies(62); it seems that at least tw o 'types' of
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stim ulating agents m ust be applied in order to detect activation of the IL2
gene in these cells. These activating signals are PKC activated w ith phorbol
esters combined w ith a calcium signal or TCR triggering. EL4 cells, w hich
have also been used to study the regulation of the IL2 gene, do not produce
IL2 in response to ionom ycin alone. In contrast, phorbol esters or TCR
antibody alone are sufficient to stimulate some IL2 secretion in EL4(48, 239).
How ever, maximal activation still requires the com bination of stim uli, as
for PBLs.

The TCR and phorbol esters can both activate the p21ras proteins in T
cells(4). Therefore, in this project I wished to introduce dom inant m utant
p21ras proteins into T cells and assess their effects upon IL2 gene activation.
In particular, I w ished to exam ine w hether an activated m utant of Ras
w ould be able to replace or substitute for TCR or PdBu signals for IL2 gene
induction.

Oncogenic v-Ha-ras contains two am ino acid changes in the

protein sequence at codons 12(G"^R) and 59(A ^ T)(252), w hich creates a
protein insensitive to the effects of GAPs, and is oncogenic(253). Similarly, I
w anted to assess w hether a dom inant inhibitory m utant of Ras w ould be
able to block TCR and PdBu signals. Thus, another Ras m utant, N17ras,
contains a single amino acid-substitution - S ^ R at codon 17 - which creates
a Ras protein that cannot associate w ith effector proteins even w hen GTP
loaded(226), and functions by competing w ith endogenous Ras for guanine
nucleotide exchange factors(186, 254). These tw o proteins w ere used in
transfection studies to investigate the affects and requirem ents for Ras in T
cell activation signalling pathways.

3.1: Transient transfection and interleukin 2 regulation .
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Two m ethods for investigating the role of p21ras in T cell activation were
considered - first, I explored m aking stably transfected T cell lines w ith
m utant Ras proteins. This approach was not used, as our m ain interest was
to investigate the prim ary effects of Ras proteins in T cell activation and to
avoid the complications of secondary effects due to transform ation. Second,
I studied the possibility of transiently co-expressing m utant Ras proteins
w ith IL2 reporter genes in T cells. This m ethod proved am enable to
m an ip u latio n , and w as used for all su b seq u en t stu d ies. T ransient
transfection can be accom plished by m any m eans, bu t electroporation,
using the Bio Rad Gene Puiser, proved consistent and reliable. Initially, I
had hoped to be able to study the effects of m utant Ras proteins in norm al
h u m an p erip h eral blood lym phocytes, b u t m any attem p ts, varying
differen t conditions, did not resu lt in rep ro d u cib le re p o rte r gene
expression. Effort was then focused on the hum an T lym phom a Jurkat. For
all of the initial studies, the effect upon IL2 gene transcription was the m ain
goal, and so secretion of IL2 was to be used as an internal control for
activ atio n .

U n fo rtu n ate ly ,

a lth o u g h

all Ju rk a t w ere

rep ro d u c ib ly

transfectable, none proved able to produce IL2 upon stimulation. As almost
a last resort, the m urine thymoma EL4 was tested for its ability to produce
lymphokine, and was shown to make easily detectable quantities of IL2. As
has been show n(table 3.1), the regulation of lym phokine production in EL4
is som ew hat different from w hat has been described for norm al T cells, in
that stim ulation with phorbol esters alone is sufficient to cause the cells to
produce IL2. Thus, in figure 3.1, EL4 cells stim ulated with the phorbol ester
phorbol-12,13,-dibutyrate(PdBu) alone produce ~10pg/m l IL2, as com pared
to hum an PBLs w hich produce alm ost lOx less than that am ount w hen
stim ulated w ith PdBu alone. EL4 cells thus fulfilled the criteria of a good
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FigureS.l: IL2 production in EL4 and human peripheral blood lymphocytes (PBLs).
Culture supernatants from 24hr. stimulated cells were collected and filtered before assessing for IL2
content by assay on CTLL as described in Materials and Methods. The data show 3H Tdr uptake by
CTLL exposed to supernatants harvested from (A) EL4(A) and PBL( A) cultures that were stimulated
with 50ng/m l PdBu only. Data in (B) shows 3H Tdr uptake by CTLL exposed to supernatants from
PBLs that were stimulated with both PdBu and lOpg/ml UCHTl( • ) . Both panels show a standard
graph obtained using human recombinant IL2( + ), starting at 20ng/ml.

m odel for studying IL2 gene regulation by being easily transfectable, and
having an inducible IL2 gene.

The IL2 reporter constructs used for these experim ents encom pass a 275bp
e n h an c er/p ro m o te r fragm ent of the 5' region of the IL2 gene cloned
u p stre a m

of the

b a cterial

re p o rte r

gene

c h lo ra m p h e n ico l

acetyl

transferase(CAT)(figure 3.2). This reporter gene contains all DNA sequences
necessary for T cell inducible activation of the IL2 gene(58). Initial
experim ents in EL4 cells were dedicated to investigating the requirem ents
for IL2 reporter gene expression in transient assays. As show n in figure 3.3
and as previously(58), IL2 CAT activity could not be detected in
unstim ulated cells, or cells stim ulated w ith PdBu for one or six hours, but
could readily be detected in cells stimulated for 18hrs.

3.2; The regulation o f IL2 CAT in EL4 cells.
The regulation of IL2 production has been well docum ented in m any
systems, but I wished to ensure that the combination of reporter construct
and cell system would respond to stimuli in a similar fashion to w hat had
already been published. The regulation of IL2 CAT in EL4 cells is show n in
figure 3.4. EL4 cells were transfected with IL2 CAT, and after 24hrs. stimuli
applied for an additional 18hrs. As has been show n, the com bination of
phorbol esters and calcium ionophores is a pow erful stim ulus for IL2 CAT
activation, producing an almost 350 fold induction of CAT activity in this
experim ent. Similar to published results, stim ulation via cross linking the
TCR, using the monoclonal antibody 2C11 directed against m urine CD3e, is
also a pow erful agonist for IL2 gene induction, resulting in an alm ost 40
fold stim ulation of IL2 CAT activity(58). The m ain difference betw een IL2
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initiation of the IL2 gene, and in clu d in g the IL2 m inim al prom o ter, d riv in g expression of
the bacterial gene chloram phenicol acetyl transferase(CA T). NFAT CAT com prises a trim er
of the b in d in g site for NFAT-1, for nuclear factor of activated T cells, linked to the IL2 m inim al
p ro m o ter d riv in g expression of CAT.
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Figure3.3: Conditions for stimulation of IL2 CAT in EL4 cells.
Cells were transfected with IL2 CAT, rested for 24hrs., and stimulated
with 50ng/m l PdBu for the indicated time.Data show CAT activity
expressed as percent conversion of ^"^C chloramphenicol to acetylated
^"^C chloramphenicol.
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Figure3.4: R e g u la tio n o f IL2 C A T in EL4 c ells.
EL4 cells w e re tra n sfe c te d w ith IL2 C A T , a llo w e d to rec o v er
for 24hrs., a n d stim u li a p p lie d for an a d d itio n a l IS h rs.
C y to so lic ex tra cts w e re p re p a re d a n d C A T a ctiv ity d e te rm in e d
in a n 18hr. assay. S tim u li w e re as follow s: io n o m y c in 0 .5 jig /m l,
p d b u 5 0 n g /m l, a n d 2C11 O .lm g /m l (c o n c e n tra tio n of a n tib o d y
u s e d to co at tissu e c u ltu re d ish e s for stim u la tio n ). D a ta is
e x p re ss e d as fold in d u c tio n of C A T a ctiv ity (p e rc e n t c o n v ersio n )
in s tim u la te d sa m p le s as c o m p a re d to c o n tro l, u n s tim u la te d
sam p le s(c o n tro l).

CAT regulation in EL4 cells and other T cell lines, such as Jurkat, is the fact
that phorbol esters alone induce such a strong activation of reporter gene
activity - as illustrated, PdBu alone gives about a 140 fold induction in
activity. This m ay be due to partial activation of one of the signalling
pathw ays required for IL2 gene activation. However, the reporter gene does
mimic the behaviour of the endogenous IL2 gene - as in figure 3.1, PdBu
alone stim ulates IL2 secretion, while calcium ionophore and phorbol ester
rem ain the strongest stimuli. In addition, calcium ionophore alone has no
effect on IL2 secretion or CAT expression.

3.3; The regulation o f NFAT CAT in EL4 cells
One aim of this study was to investigate the role of the p21ras proteins in T
cell activation, and thus the regulation of the IL2 gene. In addition, I wished
to study the affects upon the regulation of NFAT-1, which at the time was
an uncharacterized DNA binding activity in activated T cells that appeared
to be crucial to the regulation of the IL2 gene. NFAT-1, for nuclear factor of
activated T cells, describes a binding activity (now known to be composed of
at least two distinct DNA-binding protein types) that adheres a region of the
IL2 enhancer called the antigen receptor response elem ent 2, or ARRE-2,
located at -286 to -257 upstream of the site of transcription initiation(58, 76).
Shown to be present only in the nuclei of activated T cells, it is known to be
im portant in IL2 gene regulation. I therefore singled out this portion of the
IL2 enhancer for further study. The reporter construct used in experim ents
presented here, NFAT CAT, contains a trim er of the binding site for NFAT1 driving expression of the reporter gene CAT (66)(figure 1.2).
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A lthough sim ilar, there are significant differences in the regulation of
NFAT CAT as compared to the full IL2 enhancer. EL4 cells were transfected
w ith NFAT CAT, and stim ulated for 18hrs., as for IL2 CAT. As illustrated in
figure 3.5A, the m ost powerful stim ulus for NFAT CAT is the combination
of phorbol ester and calcium ionophore, w hich p roduced a -2 0 fold
stim ulation of NFAT CAT activity in this experim ent. Similar to the IL2
gene, PdBu and 2C11 alone also stim ulate NFAT CAT activity, giving -10
fold stim ulation in activity, in both cases. In contrast to IL2 CAT however,
calcium ionophore is able to stim ulate NFAT CAT, here show ing an
almost 5 fold increase in activity. This effect is dose responsive, as show n in
figure 3.5B.

3.4: p l l r a s expression in T lym p h o cytes - the effect o f expression o f m u ta n t
p l l r a s proteins on IL2 CAT

The next goal was to try and express p21ras proteins in EL4 cells. There are
three highly conserved guanine-nucleotide binding proteins of -21kDa that
have been identified in m am m alian cells: Harvey(Ha-), Kirsten(K-), and Nras(180). As it appears that Ras proteins may be required for cell viability, it
is thought that all m am m alian cells have at least one m em ber . Since EL4
cells had not been previously characterized, an experim ent was perform ed
in order to assess which Ras proteins they expressed. In figure 3.6, four T
cell lines w ere m etabolically labelled w ith

m ethionine, their ras

pro tein s im m unoprecipitated using two different antibodies directed
against p21ras proteins, and im m unoprecipitates separated on SDS-PAGE.
Pictured are proteins that run between MW m arker 24kDa and 20kDa. The
259 antibody recognizes all three forms of Ras, while 238 recognizes only Hand K-ras(235). As K-ras runs at a slightly higher MW than does Ha- or N-
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Figure3.5: Regulation of NFAT CAT in EL4 cells.
EL4 cells were transfected with NFAT CAT, allowed to recover for 24hrs., and then stimulated
for an additional IShrs. Cytosolic extracts were prepared and CAT activity determined in an
18hr. assay. Data is expressed as in figure 3.4. Panel (A) is representative of more than six
experiments, while panel (B) is representative of three experiments. Stimuli are as for figure 3.4, or
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24kDa >
20kDa[>

Figure3.6: Ras proteins in peripheral blood lymphocytes and
T cell lines.
C ells w e re lab e lle d w ith

m e th io n in e , a n d ra s p ro te in s

im m u n o p re c ip ita te d fro m 5x10^ cells u sin g th e ra s m A h 238 or
259 c o u p le d to se p h a ro se b e ad s. W a sh e d IPs w e re su b je cted to
SD S-PA G E, a n d d rie d gels e x p o sed to film . L anes 1, 3, 5, a n d 7
w e re sa m p le s im m u n o p re c ip ita te d w ith m A b 238; lan es 2 ,4 , 6,
a n d 8 w e re IP d w ith m A b 259. L anes 1+2 - EL4 cells; lan e s 3+4 EL4 6.1.10, a clone of EL4 cells e x p re ssin g h ig h levels of IL l
re c ep to r; la n e s 5+6 - Ju rk a t cells; la n e s 7+8 h u m a n PBLs.

Ras, it is clear that EL4 cells contain H-, N-, and K-Ras, com pared to Jurkat
cells and norm al PBLs which contain only K- and N-Ras.

To express m utant Ras proteins, a CMV expression vector was constructed
to drive expression of viral Harvey ras. Both sense(CMVras+ = CMVv-Haras) and antisense(CMVras-) constructs were isolated. In figure 3.7, EL4 cells
were co-transfected w ith lOjigs of IL2 CAT and 25pgs of CMV expression
vector(CMVras- or CMVv-Ha-ras) as described. After 24hrs., stim uli were
applied for an additional 18hrs. As dem onstrated previously, IL2 CAT(here
in the presence of the antisense ras vector, CMVras-) resp o n d s to
stim ulation via either phorbol esters or TCR ligation, but is not activated in
response to calcium ionophore alone. Co-transfection w ith the CMV em pty
vector gave sim ilar results. W ith the introduction of the sense vector,
CMVv-Ha-ras, a m arked change in the induction properties of IL2 CAT is
observed. Like calcium ionophore, CMVv-Ha-ras alone has no effect upon
IL2 CAT activity. However, the presence of activated ras enhances PdBu
induction of IL2 CAT by 2.6 fold and PdBu plus ionomycin by nearly two
fold. The effect of CMVv-Ha-ras on phorbol ester induction w as dosedependent for both CMVv-Ha-ras DNA and phorbol ester concentration,
w ith PdBu doses as low as 5ng/m l being able to induce IL2 CAT expression
in the presence of CMVv-Ha-ras(data not shown). In addition, CMVv-Haras caused a 4 fold stim ulation of IL2 CAT in response to 2C11. H ow ever,
the most m arked effect on IL2 CAT regulation was seen in the presence of
ionomycin - in the two experim ents shown, v-Ha-ras enhanced the signal
seen with calcium ionophore 5 fold and 10 fold.

3.5; The effect o f inhibition o f R as on the regulation o f IL2 CAT
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F igure3.7: T h e e ffe c t o f v -H a-R as e x p re ssio n on th e re g u la tio n o f IL2 C A T in EL4 cells.
EL4 cells w e re tra n sfe c te d w ith IL2 CA T, a n d e ith e r C M V v -H a-ras ( ^ ) , o r C M V ra s-(H ) as
d e scrib e d in M a te ria ls a n d M eth o d s. T w o of m o re th a n six in d e p e n d e n t e x p e rim e n ts, (A) a n d
(B), are sh o w n . C o n tro l activ ity ra n g e d b e tw ee n 0.2-1.0%. S tim u li w e re as follow s: io n o m y cin
at 0 .5 |x g /m l, P dB u at 5 0 n g /m l, a n d 2C11 at O .lm g /m l (coated o n to tissu e c u ltu re p la te s fo r use).
D ata is e x p re sse d as in figure 3.4.

In addition to looking at the stim ulatory effects of v-H a-ras upon the IL2
enhancer, we w ished to discover the relative im portance of ras in the
regulation of the IL2 enhancer. Also, we hoped to resolve a question
regarding the relative placem ent of p21ras and PKC in lym phocyte signal
transduction pathways. For many years, it has been accepted that in several
cell systems, including fibroblasts, p21ras can be a potent activator of PKC
and that m utants of p21ras block the activation of PKC, suggesting that
p21ras lies relatively upstream of PKC in a signalling pathway(213). Some
evidence exists that this may not be the case in all cells - for exam ple
pheochrom ocytom a PC-12 cells(a neuronal cell line)(255, 256), and PBLs.(4)
In the case of T cells, activators of PKC are potent stim ulators of p21ras(4).
These data suggest that Ras m ay lie dow nstream of PKC in T cells. To
investigate this issue, we adopted two strategies - first, we used a dom inant
inhibitory m utant of ras to try and block ras signalling and look at the
effects upon PKC and TCR regulation of the IL2 enhancer. Second, we used
a specific inhibitor of protein kinase C to see if ras could by-pass the
requirem ents for this kinase in IL2 gene regulation.

To block the activity of endogenous Ras, a Ras m utant was used that bears a
single m utation at codon 17(RSV N17ras), in which the native serine is
replaced by asparagine. This m utant is thought to block the function of
endogenous ras by com peting for the proteins that m ediate nucleotide
exchange onto ras(244). In figure 3.8, the effect of N17ras on the regulation
of IL2 CAT was explored. In panel A, EL4 cells were transfected w ith lOpgs
of IL2 CAT and 20fXgs of RSV N17ras or RSV em pty vector. Twenty four
hours later, cells were stimulated as indicated for IShrs. before CAT activity
w as m easured in an IShr. assay. The data show that cotransfection of
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Figure3.8: E x p re ssio n o f a d o m in a n t in h ib ito ry m u ta n t of R as b lo c k s a c tiv a tio n o f
I L 2 C A T.
10^ EL4 cells w e re tra n sfe c te d w ith (A)IL2 CAT 4- R S V e m p ty (^ ) o r R S V N 1 7 ( ^ , o r (B),
in c re a sin g d o se of N 1 7 ras in th e p resen ce of the TCR a g o n ist 2C11( A) o r P d B u ( □ ) as
in d ic a te d . A fter 24hrs., cells w e re stim u la te d as b efore for 18hrs., a n d C A T activ ity a sse ssed in
an 18hr. assay. (A) TCR n= 3, 2C11 n = 6 . D ata in A are are e x p re sse d as in fig u re 3.4. D a ta in B
re p re se n t th e a c tiv ity (p e rc e n t conversion) seen in stim u la te d cells tra n sfe cte d w ith RSV N 1 7 ras
as c o m p a re d to stim u la te d cells transfected w ith R SV em pty.

N17ras w ith IL2 CAT blocks TCR(72%), phorbol ester(78%), and phorbol
ester+ionomycin(95%) m ediated regulation of IL2 CAT. The inhibition of
the TCR and PdBu m ediated induction of IL2 CAT by N17ras occurs in a
dose-responsive m anner(figure 3.8B). The TCR response is slightly more
sensitive to the presence of N17ras than PdBu. Although these data show a
significant reduction in inducible activity in the presence of N17ras, it is
clear that it is not a complete inhibition.

3.6: D eletion o f NFAT fro m the IL2 enhancer - effect upon inducible a c tiv ity
NFAT is im portant to IL2 gene activation, and the data in fig u re 3.9A
dem onstrate that the ability of the IL2 enhancer to respond to stim ulation is
inhibited if the NFAT binding site is deleted - in the experiment shown, the
response to phorbol ester is decreased by nearly 70%, while the response to
TCR stim ulation is impaired by about 60%. In figure 3.9B, the deletion of
NFAT also abrogates IL2 induction in response to v-Ha-ras and ionomycin.
A lthough these data do not rule out the possibility that other sites w ithin
the IL2 enhancer respond to Ras signals, it does suggest that NFAT is an
im portant target for Ras regulation w ithin the IL2 enhancer.

At this point in the study, we decided to focus the study on the effect of Ras
on NFAT, for the following reasons: first, NFAT is necessary for the T cell
specificity and inducibility(figure 3.9A) of IL2 gene expression(66). Second,
NFAT is a m ajor target for TCR derived signals regulating IL2 gene
activity(64). Third, from the data show n in fig u re 3.9B, it appears that
NFAT may also be a major target for Ras induced signals on the IL2
enhancer.
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Figure3.9: D e le tio n o f N F A T b in d in g site fro m th e IL 2 e n h a n c e r im p a irs th e a b ility o f IL2 C A T
to re s p o n d to s tim u la tio n .
(A) EL4 cells w e re tra n sfe cte d w ith ( ^ I L 2 CAT or ( ■ ) ANFAT CAT. A fter 24hrs., stim u li w e re a p p lie d
for an a d d itio n a l 18hrs. as d e sc rib e d b efo re CAT activity w a s a sse sse d in an 18hr. assay. (B) EL4 cells
w e re tran sfe cte d w ith (□ )IL 2 C A T + of C M V em pty, ( ^ )IL 2 C A T + C M V v -H a-ras, o r (□ )A N F A T C A T +
C M V v-ha-ras. S tim u li w e re a p p lie d a n d activity assessed as in (A). To a c c o u n t for d ifferen c e s in
tran sfe ctio n efficiency b e tw e e n p o p u la tio n s, d a ta w ere n o rm a liz e d as d e sc rib e d in the text.

3.7; The effect o f expression o f activated p21ras on the regulation o f NFAT
CAT in EL4 cells
Given that the effect of v-H a-ras on the IL2 enhancer is lost w hen the
NFAT binding site is deleted from the IL2 enhancer, w e decided to
investigate the effect of Ras upon the isolated NFAT binding site. In figure
3.10, the regulation of NFAT CAT in the presence of the activated ras
construct is shown. EL4 cells were co-transfected w ith lOpgs of NFAT CAT
and 40|igs of CMV expression vector, as indicated, and cells stim ulated as
described previously. As show n before, NFAT CAT(in this experim ent in
the presence of the CMVempty vector) is activated m ost strongly in the
presence of PdBu and ionomycin, but also responds to either agent alone, or
to ligation of the T cell antigen receptor, via the mAh 2C11. Co-transfection
in the presence of the CMV antisense vector, CMVras-, gave similar results.
Introduction of the active Ras m utant in transfection had a m arked effect
on induction responses. In the absence of stimuli, a weak 2-3 fold increase
in NFAT CAT expression could sometimes be detected. In addition, CMVvHa-ras increased the signal seen in the presence of PdBu and 2C11 nearly 3
fold, while PdBu+ionomycin responses were further stim ulated by -50%.
Again, the most m arked effect was seen in the presence of ionomycin, with
CMVv-Ha-ras inducing an average 10 fold increase(range 4 to 20 fold) in
NFAT CAT activity as compared to control plasmids.

The effect on NFAT CAT regulation seen in the presence of ionomycin and
CMVv-Ha-ras is both DNA dose dependent and ionophore concentration
dependent. As show n in fi gure 3.11A, the presence of increasing dose of
CMVv-Ha-ras has a low level effect on the activity of NFAT CAT, w hich is
greatly p o ten tiated w hen ionom ycin is in troduced into the culture.
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Figure3.10: The effect of v-Ha-ras on the regulation of
NFAT CAT in EL4 cells.
EL4 cells were treinsfected with NFAT CAT cind CMVempty([])
or CMVv-Ha-ras(H) as described in Materials and Methods. After
24hrs., cells were stimulated for an additional IShrs. before CAT
activity was tested in an 18hr. assay. Stimuli were as follows:
ionomycin at 0.5|ig/ml, PdBu at 50ng/m l, and 2C11 at O.lmg/ml
(concentration of eintibody used to coat tissue cultre dishes). The
experiment shown is representative of more than 8 experiments.
Data is expressed as in figure 3.3.
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Figure3.11: The effect of v-Ha-Ras expression on ionomycin and PdBu regulation of NFAT CAT.
EL4 cells were transfected with NFAT CAT. In (A), the datashows NFAT CAT activity in cells expressing
varied amounts of v-Ha-ras either in the presence (A) or absence (A) of 0.5pg/ml ionomycin. (B) shows
NFAT CAT activity in CMVempty(O) or CMVv-Ha-ras(#) transfected cells, with the dose of ionomycin
as indicated. (C) shows NFAT CAT activity as in (B), except that PdBu was used for stimulation as
indicated. Data is expressed as in figure 3.3.

Similarly, v-Ha-ras can stim ulate the activity of NFAT CAT at very low
doses of ionomycin - as seen in figure 3.11B, even at 0.1|xg/ml an almost 10
fold increase in NFAT CAT signal is evident. In addition, Ras potentiates
the activity of NFAT CAT seen in the presence of PdBu. In figure 3.11C, at
very low doses of PdBu, Ras can be seen to have a stim ulatory effect.
Overall, the presence of CMVv-Ha-ras augm ented the NFAT CAT PdBu
response about 20 fold.

Ligation of the TCR can regulate the expression of both IL2 and NFAT CAT,
and v-Ha-ras can further stimulate IL2 CAT activity seen in the presence of
CD3 antibody. v-Ha-ras has a similar effect on the response of NFAT CAT
to the TCR agonist 2C11. As show n in figure 3.12, the NFAT CAT TCR
response is dose dependent, and can be further augm ented in the presence
of CMVv-Ha-ras. Overall, the m agnitude of this response was increased
approxim ately 6 fold in the presence of CMVv-Ha-ras.

3.8: The effect o f v-Ha-ras on regulation ofA P -1 CAT
In the experim ents w ith IL2 CAT, it was evident that the expression of vHa-ras alone had no effect on activity, while NFAT CAT had a weak and
variable response. Unfortunately, at this tim e we did not have available
W estern blotting antibodies to detect Ras proteins. In order to show that the
inability of CMVv-Ha-ras alone to induce IL2 CAT and NFAT CAT was not
due to insufficient expression of p21ras protein, we used a phorbol ester
responsive elem ent (TRE) reporter construct, w hich binds AP-1 proteins
and is known to be regulated by ras in other cell types(257). TRE (or AP-1)
CAT contains sequences from the 5' region

of the h um an fibroblast

collagenase gene, which contains a single TRE, linked to the herpes simplex
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EL4 cells were transfected as in Materials and Methods, using
CMVempty(A)/ or CMVv-Ha-ras(A) in co-transfection. 2C11,
coated onto tissue culture dishes, dose as indicated. Data is
expressed as in figure 3.3.

v iru s th y m id in e kinase p ro m o ter d riv in g CAT(220). F ig u re

3.13A

dem onstrates that transient expression of CMVras+ in EL4 cells is sufficient
to stim ulate AP-1 activity to the level seen in the presence of PdBu,
inducing a m axim um 5 fold increase in AP-1 CAT activity. The ras effect on
AP-1 activity w as dose-dependent - figure 3.13B show s that AP-1 CAT
activity increases w ith increasing dose of CMVras+. v-Ha-ras can substitute
fully for PdBu in AP-1 induction implying that its failure to induce IL2 and
NFAT CAT alone is not due to insufficient expression of v-Ha-ras.

3.9; The effect o f N lJras on NFAT CAT regulation
In figure 3.14A, the effect of NlZras upon NFAT CAT regulation is shown.
FL4 cells w ere transfected w ith NFAT CAT and RSV N lZ ras. N lZ ras
inhibits the response of NFAT to PdBu by Z5%, TCR by 66%, and
iono+PdBu by Zl%. In addition, the inhibitory effects of NlZras appear to be
selective, as regulation of NFAT CAT by ionomycin is largely unaffected,
and the regulation of constitutive prom oters such as RSV and CMV are
sim ilarly not inhibited (figure 3.15). The inhibition of NFAT CAT activity
in response to TCR and PdBu stim ulation w as also dose-responsive - in
figure 3.14B, the activation of NFAT CAT is successively dim inished w ith
increasing dose of NlZras.

3.10: The effect o f inhibition o f PKC on the regulation o f NFAT CAT
N lZras blocks phorbol ester induction of NFAT CAT suggesting that Ras
functions dow nstream of PKC in FL4 cells. H ow ever, these data do not
preclude a function for PKC dow nstream as well as upstream of Ras. To
investigate this possibility, we inhibited the activity of protein kinase C by
using specific inhibitors of PKCs developed by Roche Products(231). RO-

55

2^

7.5

>

B
□ AP-1
® AP-l+Rfis

V

n

<

5.0

U
C

o

•r!
u
O
Ti

.S
2
'o

2.5 J

V,
0.0

none

PdBu

2.5

5
10
20
ras D N A , ugs

40

Figure3.13: E ffect o f v -H a-R as e x p re ss io n on AP-1 C A T re g u la tio n in EL4 cells.
EL4 cells w e re tra n sfe cte d w ith AP-1 CAT a n d e ith er C M V ex p ressio n v ecto r. A fter 24 h rs.,
cells w e re s tim u la te d , w ith 5 0 n g /m l PdB u o r no t, for an a d d itio n a l 18hrs. C A T a c tiv ity w a s
th e n asse ssed in a n 18 h r. assay. (A) S how s A P -1 C A T activ ity in th e p re se n c e o f C M V e m p ty
( □ ) / or C M V v - H a -ra s (® . (B) sh o w s AP-1 CAT w ith in cre asin g d o se of C M V v -H a-ras w ith
C M V em p ty v e cto r in c lu d e d as n e ce ssa ry to k e ep a m o u n t of D N A in tran sfe ctio n at a c o n sta n t
a m o u n t. D ata is e x p re sse d as in figure 3.4.

iono+pdbu

lono
RSVempty
□ RSVN17

none
0

5

10

15

20

fold induction CAT activity

10

20 30 40 50
dose N17, jugs

60

Figure3.14: Expression of N17ras blocks TCR and PdBu regulation of NFAT CAT.
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expressed as in figure 3.8B..
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Figure3.15: The effect of N17ras on constitutive promoters.
In (A), EL4 cells were transfected with RSV CAT and either RSVempty (ED or RSVN17ras
( 0 ) . In (B) EL4 were co-tansfected with CMV CAT and either RSVempty(g) or RSVN17ras
d p. Data are expressed as in figure 3.3.

7549 and RO-8220 were first tested for their ability to inhibit phorbol ester
induced activation of NFAT CAT in EL4 cells. Figure 3.16A show s that
while both inhibitors were capable of affecting phorbol ester induced NFAT
CAT activity, RO-8220 induced a half m axim al inhibition of activity at
~0.5|J.M, while RO-7549 required doses at least

6X

greater to achieve the

same effect. The com pounds do dem onstrate specificity, as they have no
obvious effect upon ionomycin regulation of NFAT CAT(see figures 3.16B
and 3.17). Also tested was the effect of inhibition of PKC on TCR induced
signalling. In figure 3.16B, EL4 cells transfected w ith NFAT CAT w ere
stim ulated w ith TCR agonist 2C11 or PdBu, sim ultaneously being exposed
to inhibitor RO-8220. Both responses have a sim ilar half maximal response
w hen exposed to RO-8220, of ~0.5|xM. The TCR response w as alm ost
completely inhibited at higher doses of RO-8220.

Finally, we w ished to address w hether inhibition of PKC activity w ould
affect p21ras regulation of NFAT CAT. In fig u re 3.17, EL4 cells w ere
transfected w ith NFAT CAT and CMVras+ as indicated, and 2pM inhibitor
RO-8220 added to cultures at the time of stimulation as required. As before,
tre a tm e n t of cu ltu res w ith

RO-8220 alm ost com pletely

abolishes

stim ulation seen in the presence of the TCR agonist 2C11 or phorbol ester
PdBu, however, it has no effect upon ionomycin regulation of NFAT CAT.
In a d d itio n , it does not affect p21ras reg u la tio n of NFAT CAT.
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Figure3.16: The effect of specific inhibitors of protein kinase C on PdBu and TCR
regulation of NFAT CAT.
EL4 cells were transfected with NFAT CAT, allowed to recover for 24hrs., and stimuli
applied as before, with the exception that inhibitors were added, as indicated, at the time
and for the duration of the IShr. stimulation. DMSO (1:1000) added to cultures (dose=0)
had no effect on stimulation of activity. Activity is expressed as in figure 3.8B..

18

V

15-

H

12

<
<

H - inhibitor
I l+inhibitor

U

C

o

9"

u

6

• I-H

-w
-

73
C
• I-H
"O

o
none

iono+

2C11

pdbu

Figure3.17: T h e e ffe ct o f a sp e c ific i n h ib ito r o f p ro te in
k in a s e C o n v -H a -ras re g u la tio n o f N F A T C A T .
EL4 cells w e re tra n sfe cte d w ith N FA T C A T a n d e ith e r
C M V em p ty (none, 2C11, PdB u) or C M V v-H a-ras(iono-bras).
A fter 24hrs., cells w e re s tim u la te d as in d ic a te d , in c lu d in g
2pM R oche in h ib ito r RO-8220 or D M SO (1:1000), for a n
a d d itio n a l 18hrs. D ata is re p re s e n te d a s in fig u re 3.4.

Chapter 3: Discussion

This chapter presents data which confirms a role for the p21ras proteins in
signal transduction pathw ays involved in T cell activation. In initial
experim ents, data show ed that transiently expressed IL2 gene reporter
constructs and the endogenous IL2 gene w ere regulated in a sim ilar
m an n er in a m urine thym om a, EL4, in accordance w ith p reviously
published data. Subsequent experiments established that introduction of vHa-ras in transfections had a dom inant positive effect on the regulation of
IL2 CAT and NFAT CAT. Most dramatically, both IL2 CAT and NFAT CAT
show ed a synergistic activation in the presence of both v-H a-ras and
calcium ionophores, while either alone produced at best a weak effect. The
inability of v-H a-ras to regulate activity on its ow n w as not du e to
insufficient expression, as dem onstrated by the effect of v-Ha-ras on an AP1 CAT reporter construct. The NFAT element is show n to be an im portant
target for p21ras derived signals in the IL2 enhancer; its deletion erases the
effect of v-H a-ras upon the

enhancer. Inhibition of endogenous p21ras

activity has a profound effect upon the IL2 enhancer - PKC and TCR
regulation of IL2 CAT and NFAT CAT are severely repressed, but the effect
was specific, as blocking endogenous ras activity did not affect ionomycin
regulation of NFAT CAT or the activity of heterologous prom oters. Finally,
inhibition of endogenous PKC activity also blocks PKC and TCR regulation
of NFAT CAT, but has no affect upon ionomycin or ionomycin+v-Ha-ras
regulation of NFAT CAT.
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The observation that Ras is im portant to the induction of the IL2 gene and
NFAT confirm s Ras as a key regulatory m olecule in T cell signal
transduction. NFAT is a major target for TCR, PKC and calcium regulated
signals that contribute to IL2 gene regulation(48). Ras is also im portant for
IL2 gene expression, and since the effect of v-Ha-ras upon the IL2 enhancer
is lost w hen the NFAT binding site is deleted from the IL2 enhancer, Ras
regulation of NFAT is clearly also im portant for IL2 gene induction.
H ow ever, the IL2 gene is subject to complex regulation by a num ber of
transcriptional factors and there are sites other than NFAT in the IL2
enhancer that are PKC and TCR regulated: notably, an additional AP-1 site
and an NFkB site( 8 ). p 2 ira s can regulate transcription from AP-1 (257) and
NF-kB sites(258) and the c o n trib u tio n of Ras reg u latio n of these
transcription factors to IL2 gene induction could be im portant but rem ains
to be examined.

NFAT is nearly completely characterized. It has been known for some time
that the transcription factor 'NFAT' that binds the IL2 gene is a complex of
at least two protein types(76): one is a constitutive b u t T cell specific
cytoplasm ic com ponent that requires increases in cytosolic calcium for
translocation to the nucleus. This com ponent has now been cloned from
mouse(77). A lthough data regarding its cloning and characterization are
forthcom ing, it is apparently a substrate for calcineurin, and has some
homology to rel-related proteins.

The o th er NFAT com ponent is a u b iq u ito u sly ex p ressed n u clear
com ponent that is only present in activated, notably PKC-stimulated, cells.
v-Ha-ras and ionomycin synergize to induce the activity of NFAT CAT, and
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since ionom ycin induces the translocation of the cytosolic protein to the
nucleus, it is most likely that p21ras w ould be involved in TCR and PKC
regulation of the inducible nuclear com ponent of NFAT. This com ponent
is composed of m em bers of the AP-1 family, although the exact identity of
the protein(s) involved in still under investigation. Ras clearly plays a role
in the regulation of NFAT, but the link from Ras to NFAT and the IL2 gene
enhancer is not yet clear. One recent paper implicated the serine/threonine
kinase Raf-1 as integral to the regulation of the IL2 enhancer, increasing IL2
CAT activity and IL2 production in a m anner sim ilar to v-Ha-ras(259). In
support of this, Raf-1 has recently been shown capable of binding directly to
Ras-GTP, and is thus thought to be a Ras effector, competing w ith pl20GAP
and neurofibrom in for Ras binding(219, 226, 227). Raf-1 functions as a MAP
KKK, and there is abundant data from m any cell systems that Ras and Raf-1
couple cell surface receptors to the Erk kinase pathw ay(2, 221, 225).
M oreover, in T cells the TCR activates Erk2, and p21ras and Raf-1 are
essential for TCR regulation of Erk2(229, 260). E xtracellular-regulated
kinases (Erk-1 and Erk-2) are able to act directly on som e transcription
factors, including c-Jun(222, 223) and Elk-1 (74, 261-263). Thus, as show n in
figure 3.18 (bold arrow s), AP-1 activity could be m ediated as a direct
consequence of a Ras stim ulated kinase cascade culm inating in enhanced cjun phosphorylation and transcriptional activity(257, 264). In addition,
inhibitory m utants of c-jun can block stim ulation of transcription induced
by activated ras oncogenes(265, 266). Increases in AP-1 activity could
similarly be the result of increased expression of transcription factors as a
result of Ras induced transcriptional activation of the c-Fos prom oter. Thus,
the c-Fos prom oter is regulated in part by a protein complex com posed of
the serum response factor SRF(267, 268), plus, another family of proteins
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called ternary complex factors, or TCFs(269, 270). TCFs include Elk -1 and
SAP-1 (74, 262), and are substrates for Erks. Indeed, introduction of activated
Ras into cells caused increased phosphorylation of Elk-1 and SAP-1 , and
increased transcription of c-Fos(74). It is possible that Erk uses both of these
pathw ays to m ediate effects upon transcription. As Erk-2 is regulated by
p21ras in T cells, p21ras could couple the TCR to signalling cascades that can
result both in the phosphorylation of c-jun and transcription of c-fos(figure
3.18). In particular, Ras may couple the TCR to NFAT via regulation of Erks
and subsequently AP-1. Thus Erks could be integral to the signalling
pathw ays that couple the TCR and p21ras to NFAT and the IL2 enhancer.

The realisation that NFAT is partly com posed of AP-1 proteins begs the
question of w hy ras alone is not capable of regulating its transcriptional
function. The answ er m ust lie in the com position of NFAT itself, for the
am ount of v-Ha-ras used in transfection can clearly regulate transcriptional
activation of A P- 1 . Thus, although m ultiple Fos and Jun proteins are
expressed upon T cell activation, it is the specific association w ith a calcium
regulated protein that allows NFAT-directed transcriptional function. The
IL2 enhancer itself contains at least two other sites for binding of AP-1
proteins(82), yet does not respond to activation by phorbol esters or v-Ha-ras
alone. It m ay be that the presence of binding sites for calcium sensitive
proteins overrides the simple requirem ent for PKC activation of IL2 gene
transcription.

Inhibitors of PKC did not affect v-Ha-ras regulation of NFAT. This data in
conjunction with the fact that N17ras blocks both TCR and PKC regulation
of IL2 CAT and NFAT CAT indicates that Ras function is crucial for TCR
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and PKC control of IL2 gene expression. However, this does not m ean that
all the intracellular signals generated by the TCR and PKC are channelled
via p21ras. There is evidence from the present study that the TCR and PKC
control signalling pathw ays that do not involve p21ras. First, TCR triggering
or PKC activation are sufficient for IL2 gene or NFAT induction in EL4 cells
w hereas the expression of a constitutively active p21ras is not. Second, the
constitutively active p21v-Ha-ras synergizes w ith TCR and PKC agonists
w hich could reflect that either levels of endogenous p 2 1 ras are norm ally
lim iting in T cell activation, or that the TCR and PKC control alternative
signalling pathw ays that do not involve p 2 1 ^^s Third, the dom inant
negative N17ras failed to completely suppress TCR and PKC induction of
IL2 CAT or NFAT CAT. Collectively, this data suggest that Ras may be only
one com ponent, albeit an im portant one, of TCR and PKC action. Clearly
calcium is an im portant second TCR induced signal that cooperates w ith
Ras; not so clear are the R as-independent signals regulated by PKC that
m nay also be im portant for IL2 gene expression.

Although N17ras blocked TCR induced IL2 gene responses in the present
studies, and also inhibit Erk2(229), in T cells it has been observed that at
least a four fold overexpression of N17ras to endogenous p21ras is required
to block Ras effects, whereas in fibroblasts a level of N17ras equivalent to
l / 2 0 th the level of endogenous p 2 1 ras is sufficient to block dow nstream
events(186). An explanation for the apparent difference betw een the levels
of N17ras required to block signalling in fibroblasts as compared to T cells
could be due to the levels of Ras nucleotide exchange proteins found. Thus,
it has been observed that T cells express approxim ately 10 fold more of the
m am m alian hom ologue of the p21ras nucleotide exchange factor, mSos,
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than do fibroblasts (216)(Reif, Buday, Cantrell, and D ow nw ard, unpublished
observations). Since N17ras is thought to m ediate its effects by form ing an
inactive com plex w ith exchange factors, this suggests th at nucleotide
exchange is crucial to Ras function. The w ork presented here suggests that
relatively high doses of N17ras are required to effectively block responses in
T cells, which w ould seem to support the Sos expression data; low doses of
N17ras appear to have a correspondingly limited inhibitory effect.

The h y p o th esis th at Ras transm its signals from PKC is sim ilar to
observations regarding a downstream role for Ras in PKC signalling in PC 12
cells(108, 250, 255)(256). In fibroblasts, some evidence suggests ras m ay be
dow nstream of PKC, as demonstrated by either overexpression of GAP(271273) or microinjection of ras antibody. How ever, some data also suggests
that Ras proteins function upstream of PKC in fibroblasts, based on the fact
that PKC stim ulation does not result in the accum ulation of active p 2 1 ^^^_
GTP com plexes(213). In ad d itio n , Ras can reg u la te diacylglycerol
production(274), and PKC stim ulation(275). The ap p aren t discrepancy
betw een different cell types regarding the positioning of Ras in relationship
to PKC may reflect differences in signal transduction m echanisms that have
evolved in different cell lineages. It is possible that PKC could function
both upstream and downstream of Ras, particularly since m ultiple isotypes
of PKC exist(276), and may function at different points in Ras signalling
pathways.

Previous studies have suggested that calcium regulated signalling pathw ays
do not control p21ras activity(4). This conclusion is based on observations
that w hereas PKC and TCR stimulation induce the accum ulation of p 2 H^s_
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GTP complexes, increasing intracellular calcium does not. In the present
series of experim ents, expression of N17ras failed to suppress ionomycin
induction of NFAT CAT. The TCR is know n to control NFAT in p art via
calcium controlled signals and these could contribute to a Ras independent
com ponent of TCR signal transduction. TCR regulation of intracellular
calcium could also explain the synergy betw een the TCR agonist 2C11 and
p21v-H a-ras since the experim ents w ith ionom ycin and p21v-H a-ras
indicates the potential for synergy betw een Ras and calcium in T cell
activation.

IL2 and NFAT CAT display significant differences in their responses to
pharm acological stimuli, and their response to v-Ha-ras is sim ilarly quite
distinct. Thus, when IL2 CAT is stim ulated with calcium ionophores in the
presence of v-Ha-ras, a response is generated that is roughly 20% that seen
w hen the cells are stim ulated in the presence of phorbol ester and
ionomycin. However, w hen the same conditions are exam ined for NFAT
CAT, it is apparent that the response generated in the presence of v-Haras+ionom ycin is 60-70% that seen w hen ionom ycin+PdBu are used to
stim ulate activity. The original interest in these experim ents w as to
determ ine if an activated m utant of p 2 1 ras could replace or substitute for
PKC or TCR in T cell activation. In the case of AP-1 CAT, this is certainly
true, since v-Ha-ras is able to stim ulate AP-1 activity as well as phorbol
esters. However, v-Ha-ras is not as strong a stim ulus as phorbol esters in
the case of IL2 directed transcription. Therefore, activated p21ras is an
im portant signal in the regulation of AP-1, NFAT, and IL2 gene activity.
For NFAT and AP-1 activity, Ras seem s to be a pred o m in an t signal.
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However, other im portant presum ably PKC-derived signals are required for
IL2 transcriptional activation.
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Chapter 4: Results - The requirement for protein tyrosine kinases
in the regulation of NFAT CAT

Unlike m any grow th factor receptor systems, the molecules that comprise
the TCR carry no intrinsic catalytic dom ain(277). H ow ever, the TCR
requires the activity of protein tyrosine kinases for its function. Thus, in T
cells lacking the Src family kinase p56Lck, the TCR loses its ability to drive
the biochemical events necessary for T cell activation(30, 153). Similarly,
inhibitors of tyrosine kinases block the activation and function of the
TCR(29). Since the TCR has no inherent kinase dom ain, it m ust be able to
associate w ith and influence the activity of cellular kinases. A few kinases
involved in some aspects of T cell activation have been identified - that is,
the Src kinases p56Lck(30, 34) and p59Fyn(278), and a recently described
TCR/CD3 Ç chain associated PTK, ZAP70(34). It is likely that other, as yet
unidentified kinases may also play a role in TCR-induced events.

One signalling pathw ay identified as a target for protein tyrosine kinases in
T cells is phospholipase C(8 8 , 279, 280), which is involved in the generation
of im portant second m essengers required for T cell activation. A nother
family of signalling molecules recently show n to be dow nstream of the
action of tyrosine kinases in T cells are the p21ras proteins(4, 27). Although
the activity of Ras can be regulated by pharm acological stim ulation of
p rotein kinase C, the preferred pathw ay for TCR activation of p21ras
appears to be independent of PKC and dependent on PTKs(27). The events
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that occur dow nstream of p21ras in T cell activation are not yet clear, but
are likely to involve a cascade of kinase activation( 2 ).

In this study, the aim was to investigate events occurring betw een p21ras
activation and IL2 gene induction. Thus we wished to examine w hether the
inhibition of PTKs could affect p21ras function in the regulation of NFAT
driven transcription.

4.1: Herhimycin A inhibits TCR regulation o f NFAT CAT
Studies using protein tyrosine kinase inhibitors have highlighted the
im portance of protein tyrosine phosphorylation as a proxim al event in T
cell activation(29). Thus treatm ent of T cells w ith herhim ycin A blocks
TCR-induced IL2 production, but has a limited effect on phorbol ester and
ionomycin triggered IL2(29). In addition, herhim ycin A treatm ent of T cell
abrogates TCR induced p21ras activity, thus dem onstrating a role for PTKs
in TCR regulation of p21ras. Experiments perform ed on a heterotrim eric Gprotein linked receptor expressed in T cells were not affected by treatm ent
w ith herhim ycin A(29). As shown in figure 4.1, EL4 cells transfected w ith
NFAT CAT and stim ulated with the TCR agonist 2C11 for 18hrs. show a
three fold induction in reporter gene activity. If herhim ycin A is applied to
the cells at a dose of 2|iM at the same time that the cells are exposed to
agonist, then the effect of stim ulation is com pletely lost. This dose of
herhim ycin A has been reported to dem onstrate inhibitory PTK effects
w ithout having any effect upon cell viability(29). Similarly, w hen Jurkat
cells are transfected with AP-1 CAT and v-Src, as in figure 4.2, a dram atic 35
fold increase in activity is seen in the presence of the kinase. It has been
reported that herhim ycin is able to reverse transform ation by the Rous
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F ig u re 4.2: T h e e ffe ct o f H e rb im y c in A o n v-S rc r e g u la tio n of
A P -1 C A T.
J u rk a t cells w e re tran sfe c te d w ith AP-1 C A T a n d e ith e r EF e m p ty
(control) v e c to r or EF Src(v-Src). T w e n ty -fo u r h rs. a fter tran sfe ctio n ,
cells w e re tre a te d w ith DM SO(1:1000; c o n tro l) o r 2 |iM h e rb im y c in
(h erb im y cin ) for 18hrs. b efo re c u ltu re s w e re te ste d for C A T activity.
D ata sh o w fold in d u c tio n of C A T a ctiv ity in v-Src tra n sfe c te d cells
rela tiv e to co n tro l cells.

sarcoma virus(281, 282); therefore, w hen Src/AP-1 cells are treated w ith
2)xM herbimycin A , the effect of v-Src expression upon AP-1 CAT activity is
repressed(figure 4.2).

4.2; Herbimycin A does not affect phorbol ester or v-H a-ras regulation o f
AP-1 CAT.
H erbim ycin has been dem onstrated to be selective in its action for Srcrelated tyrosine kinases(281, 283). It does not for exam ple inhibit the
tyrosine phosphorylation of Erkl and Erk2(29). It has also been reported to
have no effect upon phorbol ester and calcium ionophore regulation of IL2.
However, its effect upon other non-tyrosine kinase oncogenes has not been
investigated. Thus in figure 4.3, in T cells transfected w ith AP-1 CAT,
herbim ycin A has no effect upon the activity seen in the presence of either
phorbol ester, or v-Ha-ras. These data suggest that Src family PTKs do not
function downstream of p21ras.

4.3: The effect o f herbimycin A on pharm acological regulation o f NFAT
CAT.
In an attem pt to elucidate the events occurring dow nstream of p21ras
activation in the activation of the IL2 gene, the effect of herbim ycin upon
p21ras regulation of NFAT CAT was explored. v-Ha-ras can act in synergy
w ith calcium signals to induce the transcriptional activity of NEAT, and it
w as therefore decided that this w ould be the m ost inform ative w ay to
investigate the effects of herbimycin on events dow nstream of p21ras.

NFAT is known to be partially composed of AP-1 proteins, and the effect of
p21ras u p o n AP-1 directed tran scrip tio n a l activity has been w ell
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docum ented(257, 284). The previous data show ing that herbim ycin has no
effect upon v-Ha-ras regulation of AP-1 CAT w ould seem to suggest that
protein tyrosine kinase activity is dispensable dow nstream of p 2 1 ras in the
regulation of AP-1 activity. The data in figure 4.4 show that, as previously,
herbim ycin has little effect upon phorbol ester and ionomycin regulation of
NFAT CAT. However, herbim ycin is able to potentiate the signal seen in
the presence of ionomycin almost ten fold. Similarly, herbim ycin A did not
inhibit v-Ha-ras + ionomycin induced NFAT CAT activity; in contrast, it
stim ulated NFAT CAT activity to a degree comparable to that of phorbol
ester + ionomycin treatm ent.
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and Ras regulation of NFAT CAT.
EL4 cells were transfected with NFAT CAT and either CMV empty
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described. Twenty four hours after transfection, cells were stimulated,
with or without herbimycin, as indicated previously, for 18hrs. before
CAT activity was assessed in an 18hr. assay. Activity is expressed
as fold induction of stimulated an d/or v-Ha-ras-transfected
samples versus non-stimulated, non-v-Ha-ras transfected samples.

Chapter 4: Discussion

Data presented in this section showed the use of herbim ycin A to assess the
role of tyrosine phosphorylation dow nstream of p 2 1 ras in the regulation of
NFAT CAT. Thus, in T cells transfected w ith NFAT CAT, stim ulation of
activity through the TCR was inhibited in the presence of the tyrosine
kinase inhibitor herbimycin A. Herbimycin was able to reverse the effects of
the transform ing oncogene v-Src on AP-1 CAT . It did not how ever, have
any effect upon AP-1 CAT activity induced in response to phorbol esters or
v-H a-ras. The presence of herbim ycin greatly potentiated the effect of
ionomycin upon NFAT CAT activity; it similarly increased NFAT CAT
activity in the presence of ionomycin and v-Ha-ras. These data support the
idea that Src kinases function upstream of p21ras in T cells.

Due to the effect of herbimycin on NFAT CAT activity in the presence of
ionom ycin, it is im possible

to ascertain

w h e th e r PTKs fu n ctio n

dow nstream of p21ras in the regulation of NFAT. However, it is interesting
to speculate on the cause of the synergy observed between herbim ycin and
ionomycin in the regulation of NFAT CAT. The most obvious explanation
w ould be that treatm ent of T cells w ith herbim ycin relieves an inhibitory
tyrosine phosphorylation, w hich results in strong NFAT transcriptional
activation in the presence of calcium ionophore. One potential candidate
for a tyrosine kinase that negatively regulates T cell activation could be the
product of the csk gene, which negatively regulates Src family kinases by
phosphorylating a C-terminal tyrosine residue(285, 286). It is not know n
w hether herbim ycin acts to inhibit Csk. In addition, inhibition of Csk
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w ould be predicted to result in activation of Src kinases, and since
herbim ycin specifically targets members of the Src family kinase, the result
w ould still be inhibition of Src kinases.

A lthough herbimycin is known to target Src kinases, which are m em brane
localized, it is also possible that herbim ycin functions at some point away
from the mem brane. NFATp, the newly cloned cytoplasmic com ponent of
NFAT

is

p re su m e d

to

be

a ta rg e t

for

se rin e

an d

th re o n in e

phosphorylation(77, 78). How ever, the characterization of NFATp m ay
identify a PTK in its regulation. At present, how ever, no proteins which
form the NFAT complex are likely targets for tyrosine phosphorylation.

One point at which PTKs could negatively regulate T cell activation could
be at the level of MAPK, of which c-Jun is a known substrate(223). MAPKs,
or ERKs for extracellular regulated kinases, require phosphorylation on
tyrosine and threonine for activation(287-290). This function is carried out
by a single dual-specificty kinase know n as MAPKK, w hich is in turn
regulated by phosphorylation. The so-called MAPK cascade, w hich is
triggered by p21ras, has now been extensively described in m any systems,
being conserved in m am m als, D ro s op hi la , and C. elegans.{2, 54, 176)
Although tyrosine phosphorylation plays a role in activating this pathw ay,
there is no evidence for a Src-like kinase playing a distal role. The negative
regulation of MAPK is only now being explored. Two protein phosphatases
have been described with in vivo specificity tow ards MAPK, i.e. MKP-1(291)
and PAC-1(292). Both phosphatases are d u al specificity, capable of
d ep h o sp h o ry latin g both threonine and tyrosine resid u es, an d th u s
deactivating MAPK. Both are absent in unstim ulated cells, and synthesized
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in response to mitogenic stimulation; inhibition of protein synthesis leads
to persistent MAPK activation(292). If phospho-tyrosine was a critical step
in the synthesis or activation of MKP-1 or PAC-1, MAPK could rem ain
constitutively active in the presence of herbim ycin A, sending a persistent
activation signal to the nucleus and perhaps NFAT.
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Chapter 5: Results - p21ras and calcineurin synergize to regulate
the nuclear factor of activated T cells

The calcium -calm odulin dependent phosphatase calcineurin is a major
target for the im m unosupressants CsA and FK506 in vivo{293, 294). It is
activated in response to TCR triggering or stim ulation of cells w ith calcium
ionophores, and has been identified as essential to TCR induction of
NFAT(53). As it has been show n that p21ras can synergize w ith calcium
signals to regulate the IL2 enhancer and NFAT, it is possible that Ras might
be able to cooperate w ith calcineurin in the activation of NFAT.
Accordingly, the object of the present study was to examine the potential for
p21ras and calcineurin to synergize during T cell activation and substitute
for the TCR in the induction of NFAT.

5.1: Regulation o f NFAT CAT in Jurkat JHM l cells.
For the purposes of this study, most of the experiments were carried out in
Jurkat cells. At this time were we fortunate enough to have obtained a line
of Jurkat cells, JH M l, that consistently produced IL2 upon stim ulation; as
data published on the regulation of NFAT by calcineurin had been
perform ed in Jurkat, we felt that interpretation of results m ight be m ore
straightforward if our data were from the same cells.

In fig u re 5.1, the regulation of NFAT CAT activity in JH M l cells is
compared to that obtained in EL4 cells. As before, cells were transfected with
NFAT CAT, as described in M aterials and M ethods, and w ere stim ulated
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cells.
EL4(G) and Ju rk a t(H ) cells were transfected as described in

Materials and Methods using NFAT CAT. After 24hrs., cells were
stimulated, as follows, for 18hrs. before CAT activity was assessed
in an 18hr. assay: ionomycin at 0.5jdg/ml, PdBu at 50ng/ml. Data are
represented as % maximum response, using 100% as the activity
observed in iono+pdbu stimulated cultures in each case. For EL4 cells,
control activity was 1.9% conversion; in Jurkat, control activity was
7.4%. The data shown are representative or three or more experiments.

im m ediately for 24hrs., before CAT activity was assessed in an 18hr. assay,
according to the m ethod of Sleigh et al(249). For the convenience of
com parison, the data is expressed as percentage of m axim al induction,
using the activity seen in ionomycin + PdBu stim ulated cultures as 100%.
The com bination of phorbol ester and calcium ionophore is the strongest
stim uli observed, in

both cell types inducing a 10-20 fold increase in

reporter gene activity over background, unstim ulated activity. In addition,
NFAT responds to calcium ionophores alone, inducing a m arginal, b u t
detectable increase in reporter gene activity. The major difference in the
regulation of NFAT CAT betw een Jurkat and EL4 cells is seen in their
response to phorbol esters. In EL4 cells, as show n in previous sections,
PdBu alone will induce EL4 cells to produce IL2, stimulate the activity of IL2
CAT, and as in figure 5.1, induce the activity of NFAT CAT by about 10 fold
over unstim ulated samples. In Jurkat cells, no NFAT CAT activity can be
detected in PdBu treated cultures.

5.2: v-Ha-ras synergizes w ith calcium ionophores to regulate NFAT CAT in
Jurkat cells
To reconfirm our previous observations with p21ras regulation of NFAT in
EL4 cells, the experiments involving v-Ha-ras and NFAT were repeated in
Jurkat cells. In figure 5.2, JHM l cells were co-transfected w ith NFAT CAT
and a vector expressing either no protein (EF empty) or v-Ha-ras (EF v-Haras). The EF vector, bearing the prom oter from the m am m alian protein
elongation factor la(245), was used, as experim ents have show n that the
level of protein expressed from it is alm ost twice that from the CMV
vector(M. W. and M. Izquierdo, unpublished observations). In addition, EF
did not appear to be a target for regulation by p21ras(M. I., unpublished
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Figure5.2: v-H a-ras reg u la te s N FA T CAT in J u rk a t cells.

Jurkat cells were transfected with NFAT CAT and either EF empty
(□ ) or EF v-Ha-ras(B). Cells were electroporated and immediately
stimulated for 18hrs. CAT activity is expressed as activity observed
in stimulated/Ras transfected cells relative to nonstimulated/non-Ras
transfected cells. Stimuli are as for figure 5.1. The data shown are
representative of three experiments.

observations). Thus, the figure shows that the presence of the constitutively
activated Ras had a stim ulatory effect on NFAT th at w as not further
enhanced by PdBu treatm ent. H ow ever, v-H a-ras generated a strong
synergy w ith ionomycin to induce levels of NFAT comparable to that seen
in ionomycin and PdBu-treated Jurkat cells.

The fact that p21ras alone elicits only a weak stim ulation of NFAT CAT was
not due to insufficient expression of v-Ha-ras. In figure 5.3, in Jurkat cells
transfected w ith AP-1 CAT and either EFempty or EFv-Ha-ras. The level of
v-Ha-ras expressed in these experim ents was alone sufficient to stim ulate
m axim al levels of AP-1 activity, comparable to the level of AP-1 activity
induced in response to PKC stim ulation w ith phorbol ester. At this time,
antibodies against Ras that could function in W estern blotting becam e
available. The level of Ras expressed in the cells was examined in figure 5.3.
Total lysates were m ade from aliquots of transfected populations in figure
5.3, resolved on SDS-PAGE, transferred to m em branes, and probed for the
presence of Ras proteins using the pan-ras antibody OP-41. OP-41 detects all
isoforms of p21ras, including v-Ras. Thus in figure 5.4A, the proteins in
lane

1

are from non-transfected cells, and show the level of endogenous

p21ras proteins expressed; similarly in lane 3, which shows cells transfected
w ith the EF em pty vector. Lane 2 shows the level of v-Ha-ras expressed
24hrs. after transfection, at w hich tim e cultures w ould norm ally be
harvested for assessing reporter gene activity. As can be seen, an enorm ous
overexpression of v-Ha-ras occurs, which may be m any hundredfold more
than the norm al level of p21ras in these cells. Also obvious is that the size
of a significant proportion of the overexpressed Ras is significantly larger
than normal. It has been reported that v-Ha-ras, which bears a T residue at
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Figure5.3: T he effect of v-H a-ras on th e re g u la tio n of AP-1 CAT
in J u rk a t cells.

Jurkat cells were transfected with AP-1 CAT and either EF empty or
EF v-Ha-ras. Stimulation (control or PdBu) and activity are as for
figure 5.2. The data shown are representative of four experiments, and
are shown as per figure 5.2.
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F ig u re 5 .4 : T h e e x p re s s io n a n d re g u la tio n o f v -H a-ras a c tiv ity in T cells.
J u rk a t cells w e re tra n sfe c te d w ith 20jigs of EF ex p re ssio n v ecto r, a n d 24hrs. la te r cells p re p a re d
for W este rn b lo ttin g (A ) or R as-loading(B ). In (A), p o st-n u c le a r s u p e rn a ta n ts w e re co llected fro m
10^ live cells. A fter SD S-PA G E, p ro te in s w e re ticinsferred to Im m o b ilo n , a n d p ro b e d for th e
p resen c e of R as p ro te in s w ith the p an -sp ecific Ras a n tib o d y OP-41 (O n co g en e Science). L ane 1u n tra n s fe c te d cells, lan e 2-cells tra n sfe c te d w ith 20pgs EF v -H a -ra s o r EF e m p ty (lane 3).
In (B), 5x10^ cells, fro m c o n tro l o r v -H a -ra s tran sfe cte d cells, as in (A), w e re lab e lle d for ~4 h rs.
w ith ^^P o rth o -p h o s p h a te , s tim u la te d o r n o t w ith 5 0 n g /m l P dB u fo r lO m ins., a n d R as p ro te in s
im m u n o p re c ip ita te d u sin g m A h 259 c o u p le d to se p h a ro se b e a d s. L ab elled n u c le o tid e s w e re
e lu te d fro m R as, s e p a ra te d on TLC, a n d su b jected to a u to ra d io g ra p h y .

position 59, becomes phosphorylated upon expression(295). Thus, this may
explain the increased size seen in Western blotting.

In a similar experiment, Jurkat cells transfected w ith 20pgs of EF em pty or
EF v-H a-ras were subjected to metabolic labelling to assess the guanine
nucleotide bound to Ras in these cells. Twenty four hours after transfection,
cells were labelled w ith

orthophosphate for 4 hours, stim ulated w ith

phorbol esters or not, and Ras proteins im m unoprecipitated as described in
M aterials and M ethods. After extensive w ashing of im m unoprecipitates,
guanine nucleotides w ere eluted from Ras and separated by TLC. The
autorad from one such experiment is show n in figure 5.4B. The first two
lanes are from control cells, and show that in the norm al, unstim ulated
state, p21ras is predom inantly GDP bound with GTP accounting for -5% of
total bound nucleotide. U pon addition of phorbol ester, this am ount
increases to about 50% of p21ras in the GTP bound state. In the Ras
transfected cells however, the amount of GTP bound to Ras is very high;
even in the unstim ulated cultures, about 60% of p21ras is GTP bound.
W hen PdBu is added, no further stimulation in the am ount of GTP on Ras
can be detected. These data show that v-Ha-ras accumulates in cells in the
GTP-bound state.

5.3: A c o n stitu tiv e ly activated m u ta n t o f calcineurin synergizes w ith
phorbol esters to regulate NFAT.
Calcineurin is a heterodim er composed of a 61kD catalytic subunit. A, and a
19kD calcium binding subunit, B, which binds to the catalytic subunit in the
presence of calcium and rem ains bound thereafter(296). The catalytic
dom ain of the larger subunit is located predom inantly in the N -term inus
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of the protein while calm odulin binding and autoinhibitory dom ians are
located in the C-term inus; consequently, C-term inal deletions render the
phosphatase constitutively active(297). To examine the effect of calcineurin
on NFAT, Jurkat cells were cotransfected w ith NFAT CAT plus one or a
com bination of calcineurin expression constructs: C N A a4, the w ild type
catalytic subunit of calcineurin (CNA); wild type calcineurin B (CNB); or a
constitutively active calcineurin A m utant (CNM). This m u ta n t lacks
functional calm odulin binding and auto in h ib ito ry dom ains, and has
calcium -independent constitutive phosphatase activity in vitro.(1^6) In
fig u re 5.5A, the data show that expression of w ild type CNA and CNB
either alone or in combination do not induce a m arked activation of NFAT
CAT. As described previously, ionomycin has a slight stim ulatory effect
that is enhanced in cells transfected w ith the com bination of CNA and
CNB(53).

PdBu alone has no apparent stim ulatory effect, b u t the m ost striking
observation was the strong synergy betw een CNM and PdBu that resulted
in a level of NFAT induction comparable to that observed in response to
ionomycin plus PdBu. The data show that CNM, but not CNA or CNB, can
su b stitu te for ionom ycin-induced calcium signals in the regulation of
NFAT. The effect of CNM on NFAT activity was selective, as judged by two
observations: first, CNM did not enhance expression of a CAT reporter gene
driven by the IL2 m inimal prom oter(data not shown). Second, CNM had
no effect on the PKC inducibility of an AP-1 reporter construct (figure 5.5B).

5.4: Calcineurin and v-Ha-ras synergize to regulate NFAT.
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FigureS.S: T h e e ffe c t o f c a lc in e u rin o n th e r e g u la tio n of N F A T C A T a n d AP-1 C A T in J u r k a t
cells.

(A)Jurkat cells were transfected with NFAT CAT either alone or in combination with each
calcineurin construct as indicated. Ionomycin was used at 0.5|ig/m l and PdBu at 50ng/m l. Cells
were transfected and stimulated immediately following transfection for 24hrs. before cytosolic
extracts were tested for CAT activity. (B) Jurkat cells were transfected with AP-1 CAT and CNM
or not(control). PdBu applied as in (A). Data are shown as described in figure 5.2.

V-Ha-ras and CNM can both generate signals that regulate NFAT, but these
appear to differ: CNM synergizes w ith PKC, b u t not calcium controlled
signals to regulate NFAT, w hereas v-H a-ras has the converse ability to
synergize w ith calcium but not PKC-controlled pathw ays. To examine the
potential for p21ras and calcineurin to synergize in NFAT induction, Jurkat
cells were co-transfected with NFAT CAT, v-Ha-ras, and CNM, either alone
or in combination. Data averaged from four experim ents (figure 5.6) show
th at v-H a-ras in com bination w ith CNM induced a strong expression of
NFAT CAT com parable to that seen in response to either v-H a-ras plus
ionomycin or CNM plus PdBu. Both v-Ha-ras and calcineurin are activated
in response to triggering of the TCR. The data also show that v-Ha-ras plus
CNM induced NFAT CAT to a level greater than that induced in response
to TCR triggering with the anti-CD3 antibody UCHTl.

The regulatory effect of v-Ha-ras on NFAT is observed in both EL4 and
Jurkat cells. However, the effect of calcineurin on NFAT expression in EL4
cells has not been explored. Thus, the data in figure 5.7 show that in EL4
cells expression of CNM but not wild type CNA or CNB can synergize with
PdBu or v-Ha-ras to induce NFAT. Expression of CNM alone induced only
a w eak NFAT response, b u t in com bination w ith PdBu or w ith the
constitutively active Ras, the active calcineurin m u tan t synergized to
induce a level of NFAT activity similar to that induced in response to cell
activation by ionomycin in combination w ith PdBu.
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F igure5.6: T h e effe ct of v -H a-ras a n d c o n s titu tiv e ly a c tiv a te d
c a lc in e u rin o n th e re g u la tio n o f N F A T C A T in J u r k a t cells.
Ju rk a t cells w e re transfected w ith N F A T C A T a n d EF v -H a -ra s o r
S R a C N M o r b o th , as in d ic ate d . S tim u li are as p re v io u sly , e x c e p t
for U C H T l( a h u m a n TCRe m A h), w h ic h w a s u s e d a t lO jig /m l in
c u ltu re as n ecessary . Stim uli w e re a p p lie d fo r IS h rs. b e fo re e x tra cts
w e re te s te d for re p o rte r gene activity. P e rc e n t m a x im u m re s p o n se
re p re s e n ts the ratio of activity seen in sa m p le s as c o m p a re d to th a t
in io n o + p d b u c u ltu res w ith o u t a n y a d d e d v -H a -ra s o r C N M . M e an
io n o + p d b u activ ity = 84.5%±0.6. D ata are th e m e a n fro m fo u r
e x p e rim e n ts, e rro r b a rs re p re se n t SEM. P e rc e n t c o n v ersio n in co n tro l
sa m p le s ra n g e d from 2.4 to 7.7%.
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F ig u re5.7: T h e e ffe c t o f v -H -ras a n d c o n s titu tiv e ly a c tiv a te d
c a lc in e u rin o n th e re g u la tio n of N F A T C A T in EL4 c ells.

EL4 cells were transfected with NFAT CAT and either ([])EF
empty, (Q)CNA, (^)C N B, (B)CNM , or EF v-Ha-ras as indicated.
Stimuli were applied and data is expressed as previously. The
figure is representative of two experiments.

Chapter 5: Discussion

In T lym phocytes, one im portant role for the TCR is to control the
expression and function of transcription factors such as NFAT, that
contribute to the control of 1L2 gene transcription(76, 298). Expression of a
constitutively active p21ras m utant induces a response in T cells that can
synergize w ith a calcium signal to m odulate T cell activation as judged by
NFAT induction(166, 299). Similarly, overexpression of tw o Src-family
kinases, p561ck and p59fyn, appear to be able to partially replace the calcium
requirem ent for induction of NFAT directed transcription(300, 301). The
com ponents of the calcium signalling pathw ay able to cooperate w ith
p21ras in T cells to regulate NFAT have not been previously determ ined.
H ow ever, recent studies have established th at calcineurin, w hich is
regulated by increases in cytosolic calcium, is essential for TCR signalling
function(52, 117, 246, 293, 302, 303). The data presented here show that
expression of a truncated, constitutively active calcineurin in both a hum an
leukaem ic T cell line, Jurkat, and in the m urine thym om a EL4, can
substitute for calcium signals and, in synergy w ith an activated p 2 1 ras,
stim ulate T cells to induce NFAT mediated transcription.

Given that p21ras had already been shown able to synergize with calcium to
induce NFAT activity, these data were perhaps predictable. W hat w as not
anticipated was that calcineurin w ould be able to account for the whole
calcium signal in its contribution to NFAT signalling. This highlights the
im portance of calcineurin in NFAT signalling pathw ays. In the converse
situation, it is ap p aren t from studies using activated and inhibitory
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m utants of p21ras that Ras is not the only signalling pathw ay initiated by
PKC. Thus, inhibition of p21ras activity does not com pletely block the
action of phorbol esters in NFAT activation. Previous studies have
indicated that calcineurin can synergise w ith phorbol esters to induce
NFAT and hence the IL-2 gene(52, 166, 246). The present study identifies
p 2 ira s as an alternative partner for calcineurin in T cell activation.

NFAT is know n to have a critical function in the regulation of the IL2
gene(166, 299, 304). NFAT itself is a complex of binding proteins from two
distinct families - one, NFATp, is a T cell specific cytosolic com ponent that
translocates to the nucleus in response to increases in cytosolic calcium, and
m ay be a m em ber of the rel family of proteins(69, 76). This protein is
complem ented by a nuclear protein, expressed only in activated cells, that
appears to be a member of the AP-1 family of transcriptional factors(70, 75).
p21ras is well established as an inducer and reg u lato r of AP-1 in
fibroblasts(257, 305). The present data confirm that p21ras is also able to
induce AP-1 m ediated transcription in T cells, w hereas calcineurin has no
a p p aren t regulatory effect. It is m ost probable therefore th at in the
cooperation between p21ras and calcineurin, ras w ould contribute to NFAT
induction via control of AP-1 proteins, while calcineurin w ould regulate
NFAT by control of the subcellular localisation of the calcium responsive
NFATp subunit (as discussed in chapter 1, section 1.1.3). This model for the
cooperative interaction betw een calcineurin and ras in NFAT induction
w arrants further exploration. One complication lies in the fact that the AP-1
proteins are a large heterogeneous family of transcriptional factors(71),
which come together in various com binations of fos and jun hom o- and
heterodim ers to form functional complexes(17). W hen T cells are activated.
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they express m ultiple fos and jun proteins(5, 306), and the identity of the
particular partners present in the AP-1 complex that contribute to NFAT
induction is not yet clear(75).

The dow nstream effectors of both p21ras and calcineurin are not known.
One p otential ras regulated path w ay that could contribute to NFAT
regulation is the MAP kinase signalling cascade(130, 307). p21ras can
regulate the activity of the MAP kinase erk2 in Jurkat cells(229). Substrates
for erk2 include transcription factors such as the A PI family m em ber cjun(223), and elk-l(74, 261). Elk -1 complexes with SRF to transactivate the cfos prom oter, whose function is controlled by phosphorylation at target
sites for the MAP kinase family(10, 131, 132). Thus the MAP kinases could
be integral to the signalling pathw ays that couple the TCR and p21ras to the
cell nucleus.

The potential for cooperation between p21ras and calcineurin has not been
observed in previous studies of ras function in other cell types. How ever,
the idea that ras controlled signalling pathw ays are not alone sufficient for
cell activation is not novel. For exam ple, oncogenic transform ation in
fibroblasts requires a cooperative interaction betw een ras and other
oncogenes(18, 308). The dem onstration herein that ras and calcineurin can
cooperate to activate T cells raises the possibility that calcineurin could be a
p ro to -o n cogene. Thus m u ta tio n s in calcineurin or m u ta tio n s th a t
perturbed the regulation of calcineurin could be oncogenic if they occurred
in cells expressing oncogenic ras.
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Defects in NFAT regulation have profound functional consequences for T
cells as judged by the imm unosupressive effects of the drugs cyclosporin A
and FK506 that inhibit the action of calcineurin on NFAT induction(48,
309). The realisation that p 2 1 ^^s

68,

an im portant partner w ith calcineurin in

NFAT regulation suggests that ras could also be an im portant target for
im m unosupression. A lternatively, any defects in ras regulation w ould
have severe im m une consequences. This is supported by a recent study in
nonobese diabetic (NOD) mice, in which m ature (CD4+8", CD4"8'^) T cells
w ere not only unable to proliferate in response to TCR cross-linking, but
could not dem onstrate activation of p 2 1 ^^s or

after ligation of the

TCR(152, 310). Direct stim ulation of PKC was able to activate p21^^^, and
also to restore the cells' ability to grow in response to TCR signalling. This
suggests that a defect m ust exist between the TCR and the p 2 1 ^^s proteins in
these anergic cells, supporting the hypothesis that p 2 1 ^^s ^nay play an
im portant role in the generation of an im m une response. H ow ever, it
rem ains to be seen if ras defects exist in other anergic T cell m odels or
autoim m une diseases.

PdBu and calcineurin appear to be capable of completely substituting for the
TCR for full activation of NFAT. However, these same stim uli produce an
activation of the IL2 enhancer which is only -15% of the maximal possible
response. The reason for this m ust be that the IL2 enhancer requires more
than Ras and calcium, and by analogy, more than Ras and calcineurin, for
full transcriptional activation.
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Chapter 6: Results - The involvement of p21ras in T cell growth

The biochemical events dow nstream of IL2R ligation im portant for cell growth
are not well characterized. A wealth of evidence suggests that IL2R does not
activate PLC(130), and subsequently does not m odulate intracellular calcium
concentration or activate protein kinase C(131, 132). However, the IL2R is able
to activate the p21ras proteins(5,

6 ),

and it was therefore thought that p21ras

m ight play an im portant role in T cell growth. As Ras is im portant for DNA
synthesis and proliferation in other cell systems(218, 254, 311), we w ished to
explore, using transient expression of p21ras m utants, w hether Ras proteins
could play a role in prom oting cell cycle progression and proliferation.

6.1: CTLL cell require IL2 fo r growth
Physiologically, the IL2R plays two im portant roles. First, it drives T cells to
synthesize DNA and divide. Second, it prevents program m ed cell death, or
apoptosis(14). Experimentally, a few systems exist to study the effects of IL2R
ligation upon proliferation. One system is the m urine cell line CTLL. CTLL
cells were originally characterized as able to grow in response to the T cell
growth factor, IL2(1). In fact, it is apparent that these cells absolutely require the
presence of IL2 for survival. Im portant to this study was the realization that,
unlike normal PBLs, CTLLs can readily be transfected.

Initial experim ents were perform ed to confirm our CTLL's responsiveness to
IL2. To dem onstrate proliferation in response to grow th factor, cells were first
washed out of IL2 for at least an hour, and plated in the absence or presence of
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increasing concentration of IL2. After 20 hours, l|xCi of tritiated thym idine (^H
Tdr) was added, and cells allowed to grow for an additional 4 hours before
harvest. DNA was collected onto glass fiber filters, and counted. The graph
show n in figure

6.1

represents uptake of

thym idine into DNA of CTLL in

response to IL2. Half maximal proliferation is seen at approxim ately 2 n g/m l of
IL2 in culture, w ith essentially no
0 .2 n g /m l

Tdr incorporation detected below

(approximately 12.8pM). This is in good agreem ent w ith the observed

Kd for hum an IL2 associating w ith the m urine high affinity IL2R (20pM).

Thus, CTLL require IL2 for proliferation, and do not incoporate 3H Tdr into
their DNA in the absence of grow th factor. However, w hat is the status of the
cells w hen IL2 deprived? There are a few possibilities - first, they could
accum ulate in G i, as has been described for norm al

perip h eral blood

lymphocytes(7). Second, they could simply stop at all stages of the cell cycle and
w ait for more IL2 to continue proliferating. Third, they could apoptose and die.
To distinguish between these possibilities, the cell cycle status and apoptosis of
CTLL were examined. To m easure cell cycle status of CTLL, cells were washed
o u t of lym phokine, and cu ltu red eith er w ith o u t, or w ith increasing
concentration of IL2. After 24 hours, cells w ere fixed to perm eabilize
m em branes, their DNA labelled with propidium iodide (PI), and DNA content
analysed by FACS. In this m ethod, the am ount of DNA in cells corresponds to
the intensity of fluorescence seen; thus in a heterogenous population, cells in
early stages of the cell cycle, i.e. G q / G i , w ould have less DNA and lower
fluorescence than those

synthesizing DNA, i.e. in S or M phase. Thus, the

fluoresence intensity of cells in S phase will be about twice that of those in G i,
m irroring the DNA content of the cells. Apoptosis analysis takes advantage of
two DNA binding dyes of differing permeability. Thus, propidium iodide, used
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Figure 6.1: CTLL depend on the presence of IL2 for growth.
IL2 deprived CTLL cells were cultured in the absence or
presence of increasing concentration of recombinant IL2 and
allowed to grow for 20 hours. IjiCi of
thymidine was
added to each culture and cells grown for an additional 4
hours before harvest and counting. Labelled DNA was
harvested onto glass fiber filters and counted in scintillation
fluid.

in cell cycle analysis, is m em brane imperm eant, and only has access to DNA if
m em branes are leaky - this can occur either by fixing the cells, or though cell
death. One characteristic of apoptotic cells is that they possess intact cell
m em b ran es.

O nly in later stages of d e a th do m em b ran es becom e

compromised. The second dye used, Hoechst 33342, is a Vital' dye that is taken
up preferentially by apoptotic and dead cells. Thus, the blue fluorescence
intensity of Hoechst in live cells is less than that of apoptotic cells, and can be
distinguished by FACS. Apoptotic cells, therefore, are distinguished from dead
cells by virtue of Hoechst versus PI staining, apoptotic cells show ing intense
Hoechst and low PI staining, dead cells showing intense Hoechst and PI, and
live cells showing low Hoechst and low PI staining(312, 313).

The results of cell cycle analysis on CTLL are show n in figure 6.2 and table 6.1.

Table 6 .1 : The effect of IL2 upon CTLL cell cycle
IL2, n g /m l

% Gi^

% G2 /S /M

0

55

38

1

48

49

5

45

54

10

45

55

57
43
^These num bers are derived from the m arkers as suggested in figure 4.2;
M l= % G i,M 2= G 2 /S /M .

20

It is apparent that the dose of IL2 does not appear to have a significant effect
u pon the cell cycle status of CTLL. Thus, w ithdraw al of lym phokine and
subsequent decrease in 3H Tdr uptake does not correlate w ith a change in cell
cycle state of CTLL. Using just cell cycle analysis, it appears th at w hen
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F ig u re 6.2: T he effect of ly m p h o k in e d e p riv a tio n o n cell cycle statu s of CTLL.
CTLL w ere d ep riv ed of IL2 as previously described, an d g ro w n in the absence
or increasing concentration of IL2 for 24 hours: A = O ng/m l, B = ln g /m l, C = 5 n g /m l,
D = 1 0 n g /m l, and E = 20ng/m l IL2. Cells w ere p erm eabilized an d stained w ith
p ro p id iu m iodide to label DNA. Cell cycle analysis w a s perform ed as described
in M aterials and M ethods, visualizing fluoresence u sin g FACStar. The d a ta are
d isp lay ed as relative cell n u m b er (y-axis) versus red (PI) fluoresence intensity on
the x-axis. N ecrotic cells w ere excluded based on FSC a n d SSC characteristics.
The m arkers show n on each g rap h correspond to M l:
and M2: G 2 /S /M . The
relative percentage of each p o p u latio n in respective state of the cell cycle is
described in the text.

lym phokine is w ithdraw n, the cells simply arrest in w hatever state of the cell
cycle they are in to wait for the addition of more IL2.

W hen apoptosis of these cultures was exam ined, it becam e ap p aren t that
w ithdraw al of lym phokine was having a dram atic effect upon the cultures.
Thus, at the same time that cells were analyzed for cell cycle in figure 6.2, a
portion of the culture was taken and dual-stained w ith H oechst 33342 and
propidium iodide, and percent of cells in apoptosis examined. The results are
illustrated in figure 6.3 and table 6.2. The histogram s depicted in figure 6.3
show PI staining on the x-axis and Hoechst staining on the y-axis. In fig u re
6.3E, two predom inant populations are evident. The cells in region 1 - 'R l' show low intensity staining for both PI and H oechst, suggestive of live,
growing cells. The cells in region 3 - R3' - stain brightly w ith PI and also with
Hoechst, which indicates they are predom inantly dead. A third region, R2,
defines apoptotic cells, which characteristically take up Hoechst quickly(within
tw o m inutes of application), b u t do not exhibit staining w ith PI. This
population is not seen in 6.3E, but is increasingly obvious as the concentration
of IL2 is decreased (figure 6.3E-A and table 6.2). Apoptotic cells are first detected

Table 6.2: Apoptosis in IL2 deprived CTLL cells.
IL2, n g /m l

R ia

R2

R3

0

1.09

30.85

65.56

1

64.41

7.02

23.38

5

80.44

0.60

13.97

10

84.63

0.32

10.21

20

84.66

0.1 0

6.57
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F ig u re 6.3: A p o p to sis in IL 2 -fed or IL 2-deprived CTLL.
CTLL cu ltures from figure 6.2 w ere used for apo p to sis analysis. Cells w ere
sim u ltan eo usly stained w ith p ro p id iu m iodide and H oechst 33342 for tw o
m in u tes and then analyzed w ith a d u a l laser as described in M aterials and
M ethods. In each plot, H oechst staining is rep resen ted logarithm ically on
the y-axis w ith p ro p id iu m iodide staining on the x-axis. Relative cell num bers
are rep resen ted by the contours. S ubpopulations in each culture are identified
by d ensity of contours. Boxes outlining su b p o p u latio n s w ere d ra w n to give a
percentage of the total, as discussed in the text. C oncentration of IL2 in A-E are
as for figure 6 .2 .

^N um bers show n are the percentage of each culture found in the area
represented by the 3 regions in figure 6.3. R2 and R3 w ere defined on the
Ong/m l culture, while R l was defined on the 20ng/m l culture.

in great num bers in cultures having only In g /m l IL2(figure

6 . 3 B).

This is

rem iniscent of the half-m axim al dose of IL2 req u ired for proliferation,
~2ng/m l(figure 6.1). In cultures grown in the absence of IL2, as seen in figure
6.3A, a great proportion of the cells are dead, but a significant num ber are also
in apoptosis, as judged by Hoechst staining seen in the cells in R2. Thus,
Tdr uptake in CTLL is more a reflection of viability of CTLL, rather than of
cells in S phase, and the major effect of IL2 deprivation on CTLL is cell death,
caused by apoptosis.

6.2: Transient expression o f proteins in CTLL.
Prelim inary experiments suggested that CTLL could readily be transfected, as
judged by the expression of the reporter gene CAT from different heterologous
p ro m o ters (data not show n). To determ ine w h eth er v-H a-ras could be
functionally expressed in CTLL, we perform ed a co-transfection experim ent
using, as a reporter for Ras activity, AP-1 CAT. As dem onstrated in figure 6.4,
AP-1 CAT has very low basal activity, which can be induced by treatm ent of
cells w ith phorbol esters. In addition, IL2 w as also added as a source of
stim ulation, and resulted in a 3 fold increase in activity. In cells co-transfected
w ith AP-1 CAT and v-ras, a m arked increase in reporter gene activity, in this
experim ent nearly ten fold, can be detected. Thus, the v-Ha-ras protein can be
expressed transiently in CTLL, and is functional.

One concern about studying the effects of transiently expressed proteins in a
po pulation was the level and consistency of transfection. Thus, if only a
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Figure 6.4: The effect of v-Ha-ras expression on AP-1 CAT
regulation in CTLL cells.
CTLL cells, deprived of lymphokine for one hour, were
transfected with AP-1 CAT and either EF empty (control, pdbu,
IL2) or EF v-Ha-ras (v-ras). Stimuli were applied immediately
following transfection for 24 hours, as follows: IL2 at 20ng/m l,
and PdBu at 50ng/ml. Activity is shown as fold induction of the
activity recorded in stimulated or v-Ha-ras transfected cultures as
compared to non-stimulated, non-v-Ha-ras transfected cultures.
The data shown is representative of two experiments.

portion of a population of cells are expressing a transfected protein, i.e. Ras, it
m ight be difficult to interpret the effect on the total population. A m ethod was
therefore needed to separate transfected cells from non-transfected cells. Co
transfection of desired genes and selectable m arkers is a popular strategy often
em ployed in the isolation of retrovirally transduced cells. This approach
generally introduces the desired gene on one plasm id and in the same
transfection includes a second plasm id encoding a drug resistance m arker.
After allow ing transfected cells to express the m arker, cytotoxic drugs are
applied; only those cells that successfully express the resistance gene survive
the selection. To ensure that every drug resistant cell carries the desired gene,
an excess of the desired gene relative to the selectable m arker is used in co
transfection. A sim ilar approach was used here. But, instead of using a
cytotoxic treatm ent to eliminate untransfected cells, cells were separated based
on positive selection of a transiently expressed lymphocyte cell surface marker,
CD2.

For these purposes, a truncated rat CD2 molecule was used. rCD2(cy6) can be
expressed on the cell surface, but is incapable of delivering a stim ulatory signal,
due to the fact that its cytoplasm ic tail has had all b u t 6 am ino acids
deleted(236). Thus, it can be

used as a selectable m arker w ithout affecting

cellular signalling events. This approach has been used previously for positive
selection of transiently transfected prim ary B cells(247). In the original study,
cells transfected w ith a construct expressing full-length hum an CD2 could be
show n to express CD2 within 6 hours, and at least 5 days after transfection.
O ptim al expression occurred betw een 18 and 36hrs. Thus, we w ished to
exam ine the efficacy of using trasient surface expression of rCD2(cy6) as a
selectable m arker in CTLL. In figure 6.5, CTLL w ere transfected w ith either
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Figure 6.5: Surface expression of rCD2 cy6 IShrs. after transfection.
CTLL cells were transfected with CMVempty or CMVrCD2 cy6(CMV
rCD2). Eighteen hours following transfection, cells were stained for cell
surface expression of rCD2 using mAh 0X34, followed by a FTTCconjugated second antibody(amouse-FITC). FACS analysis was performed
on both populations. Shown is green fluorescence(FITC) from 0X 34/
amouse-FITC labelled CMVempty and CMVrCD2 transfected cells.
Fluorescence of un transfected cells, or rCD2 transfected cells with
antibody(OX34) omitted in staining were identical to the fluorescence
profile of CMVempty transfected cells.

CM Vempty or CMVrCD2. Eighteen hours following transfection, cells were
stained for rCD2 expression using the specific mAh 0X34. Fluorescence analysis
w as then perform ed by FACS. Figure 6.5 dem onstrates that w hen CTLL are
transfected w ith the non-coding vector, CMVempty, no expression of rCD2 can
be detected. Similar data is obtained in untransfected cells or w hen the prim ary
antibody (0X34) is om itted in staining (not shown). W hen CTLL transfected
w ith CMVrCD2 are stained w ith 0X34 and a FITC-conjugated secondary
antibody, high level specific staining is observed. In this experim ent, greater
than 60% of CMVrCD2 transfected cells stained positive for rCD2, while less
than 2% of CMVempty cells stained positive. Interestingly, two populations of
transfected rCD2 expressing cells are obvious

- one highly expresses

rCD2(intense FITC staining), while the other expresses rCD2 to a lower level.

6.3: The effect o f transfection and D N A on CTLL proliferation.
In all the transfection studies, it has been apparent that electroporation, and
especially electroporation w ith DNA, is toxic to cells. Thus, electroporation
itself kills approximately 40% of cells, this num ber increasing to -50-70% w hen
DNA is introduced into transfection. The type of DNA does not seem to
m atter, but different batches of DNA can have an im pact on viability. Thus,
-30-50% of cells can be recovered 24hrs. after transfection, depending on cell
type, and batch of DNA. W hat had not been exam ined previously was the
effect of transfection on CTLL proliferation. In figure 6.6, CTLL, transfected
w ith either no DNA, or lOfigs of FF empty, were plated into 96 well dishes in
the absence or presence of serial dilutions of IL2 and 3H Tdr incorporation
exam ined. After 48hrs., cells electroporated w ith o u t DNA proliferated in
resp o n se to increasing concentration of IL2, achieving half m axim al
proliferation at -0 .6 n g /m l IL2, and incorporating 3H Tdr well above 1.5x10^
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Figure 6.6: The effect of DNA and transfection on CTLL proliferation.
IL2 deprived CTLL were transfected with either EF empty (A)/ or were
transfected without DNA(H). 5x10^ cells were plated into 96-well flat
bottom dishes, and cultured with 1:2 serial dilutions of recombinant
human IL2, starting at 20ng/ml for 44 hours before the addition of IjiQ
thymidine for an additional 4 hours. DNA was harvested and counted
as described in Materials and Methods. Transfection efficiency, assessed on
cells transfected with CMVrCD2 showed -45% of cells stained positive
18hrs. following transfection.

cpm

at the highest doses of IL2. Electroporation per se does not negatively

affect proliferation, as untransfected cells show a proliferation response almost
identical to cells transfected in the absence of DNA(not shown). In comparison,
those cells that had been transfected w ith EFem pty also a p p eared to
dem onstrate a half maximal proliferation at ~0.6ng/m l, bu t overall show ed a
m arkedly reduced capacity to proliferate. One possible explanation for the
difference could be that different num bers of cells w ere plated for the two
populations. Even if cells w ere carefully counted, this possibility cannot be
excluded. However, the viability of these two cultures w ere different - thus,
cells electroporated w ithout DNA showed 53% of the culture was viable, and
cells transfectedw ith EFempty 37% viable 24hrs. after transfection. Viability
only reflects those cells that are able to exclude a vital dye - Trypan Blue - and
thus w ould not account for dying, or apoptotic cells, that still retained intact
m em branes at the time of counting. Thus, it is possible that the difference in
proliferative capacity could be a reflection of difference in cell num bers due to
cell death in the EFempty culture. Another possibility is that introduction of
DNA into CTLL interferes with IL2R function. Although concerned about the
nonspecific effect of DNA, we felt that we m ight still be able to reap
inform ation from CTLL transfected w ith m u tan t Ras proteins, since the
transfected cells were still able to proliferate, albeit at a reduced level.

6.4; Purification o f transiently transfected CTLL
If one only takes the rCD2 expression data into account, there is already
evidence for heterogeneity in a single transfected population. This is also likely
to effect any co-transfected p rotein, m aking purificatio n an im p o rtan t
consideration for study of transiently transfected populations. To purify cells
expressing rCD2, two different m ethods w ere em ployed. First, separation of
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rCD2 expressing cells via magnetic bead particles was attem pted(section 6.4.1).
The second approach involved the use of FACS separation of rCD2 expressing
cells(section 6.4.2-4.6).

6.4.1: Magnetic bead separation of transiently transfected CTLL cells. M ag n etic

bead separation of cells was chosen in the first instance for their rapidity of
purification and ease of use. In addition, purification of large num bers of cells
takes about the sam e am ount of tim e as sm all num bers of cells. In this
approach, antibodies specific for the desired protein are attached to m agnetic
particles, or beads, that are coated w ith Fc reactive antibodies. H ere, 0X34,
w hich is specific for rCD2, and does not cross react w ith either hum an or
m ouse CD2, was used. Separation of cells using the beads is simple: Cells
expressing rCD2 and beads coated with 0X34 are mixed to allow association of
antibody and ligand. A strong m agnet is placed close to the culture, draw ing
the magnetic particles, with cells attached, to the m agnet at the side of the flask
or tube. The rem ainder of the culture is rem oved from the flask or tube. The
m agnet is rem oved, and adherent cells and beads washed a few times before
counting and further analysis.

In figure 6.7, such an experiment was perform ed. CTLL cells w ere transfected
w ith lOjigs of CMV rCD2 and lOpgs of EF CAT. 18 hours after transfection, cells
w ere exposed to 0X34 beads, and equivalent num bers of adherent and non
ad h eren t cells analyzed for CAT activity. The solid bars rep resen t tw o
populations of cells that were transfected separately w ith either rCD2 or EF
CAT, and then mixed - thus, in this mixed population, cells that express CAT
do not express rCD2, and CAT activity is therefore found only in the non
adherent population. However, if rCD2 and EF CAT are co-transfected into the
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Figure 6.7: rCD2 can be used as a sortable marker for CAT activity.
CTLL were transfected with CMV rCD2, EF empty, or EF CAT as
indicated. CD2, CAT indicates a mix of two separate populations that
express either rCD2 or CAT. CD2/CAT describes a population that
was co-transfected with the indicated DNA. After 18hrs., transfected
populations were collected, and a portion (10%) used for FACS analysis.
The rest were used for magnetic bead separation, as described. 0X34,
specific for rat CD2 (rCD2), was adhered to magnetic beads (Dynal), and
used for separation of rCD2 expressing cells. CTLL were 63% (CD2, CAT)
and 55% (CD2/CAT) rCD2 positive by surface staining. Approximately
3x10^ cells were lysed for CAT activity determination for each point.

same cells, as seen with the striped bars, then CAT activity correlates w ith rCD2
expression. One unfortunate drawback to this m ethod is that due to the size of
the beads, the selected/nonselected cells cannot be reanlayzed by FACS to
determ ine the efficacy of rCD2 separation. We also found it impossible to elute
the adherent cells from the beads. In addition, we observed that adherent cells
had a reduced proliferative capacity as com pared to nonadherent cells(figure
6 . 8 ).

Section 4.4.2: FACS separation o f transiently transfected CTLL cells. FACS
sorting is an efficient but tim e-consum ing m ethod for selecting discrete
populations of cells. For our purposes, we were able to select not only those
cells that expressed the selectable marker rCD2, but those cells that show ed the
best expression of the marker. In addition, the efficiency of separation is clearly
dem onstrable. Thus, reanalysis of sorted popu latio n s dem onstrates that
populations that are cleanly positive or negative.

In initial experim ents, we established the effect FACS sorting on CTLL
proliferation. Thus, in figures 6.9(rCD2 expression) and 6.10(proliferation),
CTLL cells that have been co-transfected w ith lOfxgs CMV rCD2 and 40|igs of
EFempty were stained for rCD2 expression, passed through the FACS, and
either 'unsorted' (open squares; necrotic cells were gated out based on FSC and
SSC characteristics), or sorted for low (filled triangles) and high(filled circles)
rCD2 expression. In this experiment, cells expressing the lowest and highest
level of rCD2 am ounting to the top and bottom 7% of the total population
w ere

collected. 5x10^ cells/m l w ere p lated into 96 well dishes, and

proliferation(figure 6.10) examined 24 hrs after sorting. The high rCD2 selected
cells w ould be expected to express not only rCD2, b u t also the co-transfected
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Figure 6.8: CTLL proliferation after magnetic bead separation.
CTLL cells were transfected with either CMV rCD2 or untransfected.
After 18 hours, cells were exposed to OX34magentic beads, according
to Materials and Methods. Adherent and nonadherent populations
were counted, and 10^ cells plated per well in 96 well plates for IL2
proliferation assays as described. After 20 hours, IpCi 3H Tdr was
administered per well and cells allowed to grow for an additional 4
hours before harvesting and counting. A small number of cells from
each culture was used for FACS analysis of rCD2 expression - in this
experiment, un transfected cells expressed 1.93% and rCD2 cells
expressed 31.% rCD2 on their cell surface.
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Figure 6.9: rCD2 expression in transfected and FACS sorted CTLL
cultures.
CTLL cells were co-transfected with EFempty and either CMVempty
or CMVrCD2. After 18hrs., cells were stained with 0X34 to detect rCD2
expression, as described in Materials and Methods, and subjected to
FACS sorting. High and low rCD2 expressing populations were selected
from the rCD2 transfected cells, in this experiment taking approximately
the top and bottom 7% of the total rCD2 expressing population shown
in A. Panel A shows rCD2 staining in control(CMVempty) and rCD2
transfected (CMVrCD2) cells. %rCD2 expression - CMVempty/CMVrCD2:
0.64/34.35%. Panel B shows the relative expression of rCD2 in the sorted
populations. Mean fluorescence intensity of sorted populations - lo/high
rCD2 expressing: 3.4/207.9AU.
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Figure 6.10: CTLL proliferation in FACS sorted populations.
CTLL cells were co-transfected with CMV rCD2 and EFempty. After
18 hrs., cells were stained for rCD2 expression, and sorted for the highest
and lowest rCD2 expressing cells. Cells of each population - (0 )to ta l/
unsorted, (A )low rCD2, and (®)high rCD2 expressing - were plated into
96 well dishes at a density of 5x10^ cells/m l, and proliferation assessed
24hrs. after sorting in the presence of serial dilutions of IL2.

gene, in this case EFempty, since an excess was used in co-transfection. The low
rCD2 cells are probably a mix of untransfected and variably transfected cells,
and thus m ight be expected to display different characteristics to the high rCD2
expressing cells. W hen proliferation of these populations is exam ined, there is
no discernable difference in 3H Tdr incorporation in response to IL2 in the
total and hi rCD2 populations. H ow ever, in cells selected for lo rCD2
expression, a dram atic increase in proliferation is apparent. In all cases, the
same num ber of cells were counted and plated, and unlike the m agnetic bead
populations, dying cells were excluded by the FACS during sorting. The only
obvious difference in these populations is the level of rCD2 expression, and
this appears to inversely correlate with proliferative ability.

At this point we had m ajor reservations about continuing this study since
transfected CTLL did not proliferate well. A few experim ents w ere perform ed
using m u tant Ras genes, but w ere uninterpretable. Thus, this study was
abandoned.
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Chapter 6: Discussion

This series of experim ents w ith CTLL cells aim ed to establish a system that
w ould allow expression of m utant Ras proteins and exam ination of their
effeects upon IL2 proliferation. Clearly, CTLL can readily be transfected, as
illustrated by the expression of the cell surface m arker rCD2. In addition,
transient expression of v-Ha-ras was able to prom ote AP-1 transactivation.
However, a major problem was encountered w hen proliferation of transfected
CTLL was examined, i.e. transfected CTLL did not proliferate.

This type of co-transfection approach can be used sucessfuly, as illustrated by a
recent study which identified a gene im portant in apoptosis(314); the key
param eter seems to be the cell system used. CTLL are clearly too sensitive to
m anipulation to be of use. Although Jurkat cells have been used successfully
in this lab to study TCR signal transduction events(229), they unfortunately do
not express IL2R. However, other IL2-responsive systems do exist. Thus, one
possibility are BAF cells into which an IL2R P chain has been introduced. One
group has used these cells to study IL2 regulation of Erk2 in response to
IL2(135). These cells have also been used in stu d ies to exam ine the
contribution of various domains of the IL2R p chain to prom ote IL2 responses,
including proliferation. Thus, Satoh et alH73) described two m utant IL2R P
chains: one bore a deletion of a m em brane-proxim al serine region.
Introduction of this receptor into BAF cells resulted in abrogation of IL2dependent proliferation. Another m utant contained a deletion of a m ore distal
proline-rich dom ain, which could still induce IL2-dependent proliferation, but
no longer induced IL2-dependent PTK activation, p21ras activation, or Jun/F os

93

in duction. A lthough this data seem s to indicate th at p21ras activity is
dispensible for IL2 proliferation, the serine-dom ain deleted receptor also did
not induce PTK or p21ras activity. Furtherm ore, these cells do respond to
serum , and thus m ay not be an ideal system for investigating ras involvem ent
in IL2 proliferation. Thus, the question of p21ras involvem ent in IL2dependent proliferation is still unanswered.

O ther IL2-responsive cells exist: e. g.(240) Kit225, which are IL2-dependent for
grow th. In addition, they can be deprived of IL2 for several days w ithout
significant loss of viability. Thus, it may be possible to exam ine the role of
p21ras proteins in IL2 proliferation in Kit225 cells.

94

Chapter 7: Results - The regulation of p70 S6 kinase in T
lymphocytes

The im m unosupressants Cyclosporin A(CsA), FK506 and rapam ycin elicit
their effects at different stages of the im m une response. CsA and FK506
interfere w ith TCR signal transduction leading to IL2 production(102). In
contrast, rapam ycin does not affect IL2 production, b u t blocks T cell
proliferation by interefering w ith events dow nstream of IL2R ligation(48,
101). The study of the effects of CsA and FK506 have been facilitated by the
fact that specific transcription factors required for IL2 gene activation are
sensitive to the actions of these compounds. Thus, reporter genes under the
control of the NFAT binding site from the IL2 enhancer are inhibited by the
actions of CsA and FK506(49). This affect has been ascribed, in the case of
NFAT, to the inhibition of the serine/ threonine phosphatase calcineurin,
which is required for NFAT, and thus also IL2 gene activity(53)(see fig u re
7.1).

In contrast to events induced by the TCR during T cell activation, relatively
little is know n about signals initiated by the IL2R w hich drive cells to
mitosis. The IL2R does induce the activation of genes, some of w hich are
know n to play a role in mitogenesis. Thus, the oncogene c-myc and pim1(306, 315, 316) are induced upon treatm ent of T cell w ith IL2. In addition,
various cyclins(171) and cyclin-dependent kinases(306) are also expressed.
H ow ever, the kind of reductionist approach taken in the study of the IL2
gene in T cell activation may well be in appropriate here, as m any genes
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Figure 7.1: Signalling pathways contributing to the phosphorylation of the 40S ribosomal protein 86.
Increased phosphorylation of the 40S ribosom al protein S6 correlates w ith increased pro tein synthesis and
translation. In lym phocytes, both the TCR and the IL2R are able to direct the p h o sphorylation of ribosom al
protein S6 (depicted by the star) through the activation of p90Rsk and p70 S6K, respectively. For IL2R
signalling, it appears th at only the activity of the p70 86 kinase (in bold) is physiologically relevant. W hile
Erks are know n to activate p90Rsk, the upstream activators of p70 S6K rem ain unknow n. A m ore com plete
description is found in the text.

m ay be required to drive a cell through the cell cycle. Thus, chosing an
appropriate target gene for proliferative signals from the IL2R w ould be a
form idable task.

Rapam ycin alone blocks T cell proliferation, suggesting that a single gene,
or gene product, m ust play an essential role in cell cycle progression a n d /o r
proliferation. This idea led to the recent identification of the 40S ribosomal
protein S6 kinase, p70S6K, as a major in vivo target for rapamycin(106-109).
The m echanism of inhibition is not understood, b u t concom itant w ith a
specific decrease in p70 S6K activity w hen rapam ycin is applied to cells, is a
block to the cell cycle in Gi(238). In support of a role for this kinase in cell
cycle progression, specific mAbs directed against the endogenous kinase
block cell cycle progression in late G i w hen microinjected into cells(238).
Thus, the activity of p70 S6 kinase is required for cell cycle progression, and
an u n d erstanding of its regulation is im portant to understan d in g IL2R
function.

Increased phosphorylatyion of 40S ribosomal protein S6 appears to correlate
w ith increased p ro tein translation and p ro tein synthesis, and also
mitogenesis(317). A family of kinases exist that are able to specifically
phosphorylate S6, including p70S6K as well as the structurally unrelated
p90 ribosom al S6 kinase, or p90RSK(318). O ther kinases can also
phosphorylate S6 in vitro{230) - PKC, PKA, calcium /calm odulin dependent
kinase - but the resultant phosphorylations do not appear to correlate with
increased protein translation(106, 319, 320). The phosphorylation of S6 by
p90RSK and p70S6K does appear to correlate w ith increased translation.
However, these two kinases lie on distinct signalling pathw ays. Thus, while
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p90RSK is under the control of the Erks, no evidence exists for p21ras or Erk
reg u la tio n of p70S6K(302)(G. Thom as, p erso n al com m unication). In
ad d itio n , although p70S6K is specifically inhibited by the action of
rapam ycin, rapam ycin has no effect on p90RSK activity(106, 109, 302).
In tere stin g ly , a lth o u g h both kinases req u ire serine an d th reo n in e
p h o sphorylation for activation, little is know n about the regulators of
p70S6K. In contrast, m uch is know n about the regulation of p90RSK.
p90RSK can be activated by the TCR, and is at the distal end of a signalling
pathw ay that includes the p21ras proteins and a cascade of kinase activation
w hich results in the phosphorylation and activation of the Erks(221-223). In
fact, p90RSK is itself a substrate for activated Erks(figure 7.1). In addition to
being able to phosphorylate S6, p90RSK can also act in the nucleus to
p h o sp h o ry la te tran scrip tio n factors and th u s also plays a role in
transcriptional activation(321).

R apam ycin inhibition of p70S6K and effects upon the cell cycle are not
limited to lymphoid cells(see table 5.1), and m ay be indicative of a common

Table 7.1: Receptors and stim uli w hich regulate p70S6K and p90RSK
p90RSK activation?

lig an d /stim ulation*

p70S6K activtion?

IL2R

+

TCR

+ /-

+

PKC

+

+

in su lin

+

+

EGF

+

+

bom besin

+
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.

+

^references: IL2(108, 109); TCR(303), also M. W oodrow , u n p u b lish ed
observations; PKC(106, 108, 322); insulin(107); EGF(106, 322); bombesin(106)
regulator in all cell types. In T cells, p70S6K is under the control of the TCR
and the IL2R. Interestingly, phorbol esters, which activate PKC, are also
p otent stim ulators of p70S6K. As phorbol esters are usually thought to
activate the p21ras-Erk- p90RSK pathw ay, it is not clear how this data is
resolved w ith observations that show that p70S6K is in d ep en d en t of
p90RSK signaling. In com parison, although p21ras and Erks can be
activated by the IL2R, it is not clear that p90RSK is stim ulated by the
IL2R(108, 109, 135-137). Given that inhibition of p70S6K activity is a major
consequence of rapam ycin action in T cells, it is of relevance to understand
how this kinase is regulated. Thus, the aim of this section was to establish a
system for investigating the regulation of p70S6K in T lym phocytes.
Ultim ately, we w ished to introduce constitutively active or null alleles of
signalling molecules to assess the effect upon p70S6K activity.

7.1:Expression o f CMVmycSS kinase in Jurkat cells.

In o rder to look at the activity of p70S6 kinase, a transient expression
system was used to introduce an exogenous source of p70 S6 kinase. For
these experim ents, we m ade use of p70S6K that bears a m yc-tag at the Nterm inus; to exam ine activity of the kinase, the construct w as transfected
into cells transiently, im m unoprecipitated using a mAb, 9E10, against the
tag, and kinase activity assessed m uzfro. This approach was used instead of
follow ing regulation of the endogenous kinase as mAbs available to the
endogenous kinase are low efficiency in im m unoprécipitation, and also
appear to have an inhibitory effect upon kinase activity(238). Thus, we
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decided to transiently express the myc-tagged p70S6K and use the 9E10 mAh
to im m unoprecipitate the kinase and examine its activity.

Initially, Jurkat cells were used as we had m uch more experience w ith them
in term s of transient expression of exogenous proteins. In addition, they
had also been used successfully to examine the regulation of transiently
expressed Erk2(229). Figure 7.2 shows the expression of the myc-tagged
p70S6K in Jurkat cells. p70S6K was expressed from the CMV prom oter,
w hich functions well in T cells. In the top panel A, Jurkat cells w ere
transfected w ith CMVmyc-S6K(lane 1), EF Erk-2myc (lane 2; Erk-2 was
expressed from the EF prom oter, harboring a myc-tag at the C-terminus), or
CMVempty(lane 3). Twenty four hours after transfection, 10^ live cells were
lysed, total proteins im m unoprecipitated using ice cold acetone, total lysates
resolved on 10% polyacrylam ide, and transferred to PVDF m em branes.
W hen the filter was probed w ith mAb 9E10(7.2A), w hich recognizes the
myc-tag, the first lane showed a specific band at ~70kDa. The second lane
shows a band of ~42kDa, which corresponds to the size of Erk-2, and the
third lane shows no specific bands. If this same blot is stripped and reprobed
w ith an antibody against native p70S6K(mAb M l; figure 7.2B), a band of
~70kDa is visible in all lanes, and w ith m uch greater intensity in those cells
transfected w ith CMVmycS6K.

Antibodies directed against endogenous p70S6K exist, but are inefficient in
im m unoprecipitation(238). We exam ined w hether im m unoprécipitation
of myc-tagged p70 S6K with 9E10 might also present such a problem. Thus,
or Jurkat cells w ere transfected w ith either CM Vempty or CMVmycS6K,
and myc tagged proteins im m unoprecipitated 24hrs. following transfection.
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F ig u re 7.2: E x p re ssio n o f C M V m yc-p70 S6 k in a s e in J u r k a t c ells.
10^ Ju rk a t cells w ere tran sfe cte d , as d e sc rib e d in M a te ria ls a n d
M e th o d s, w ith la n e l, 50|igs CM V m yc-S6K , lane2, bOpgs C M V Erk2m y c, o r lane3, 50pgs C M V em pty. T w e n ty -fo u rs h o u rs later, 10^ live
cells w e re ly se d , a n d to ta l cell ly sates p re p a re d . P ro te in s w e re re so lv e d
o n 10% SD S-PAGE, tra n s fe rre d to PV D F , a n d p ro b e d for th e p re se n c e
of m y c -ta g g e d p ro te in s (A; m A h 9E10), or p70 S6 k in ase (B; m A h M l).
T h e filled a rro w h e a d in d ic ate s th e p o sitio n of p70S6 k in ase; th e o p e n
a rro w h e a d in d ic ate s th e p o sitio n of p42E rk-2.

Im m unoprecipitates and rem aining lysates w ere resolved by SDS-PAGE,
transferred to PVDF, and blots probed w ith 9E10. Figure 7.3. shows a 70kD
9E10 reactive protein could be isolated by 9E10 im m onprecipitation from
cells transfected w ith CMVmycS6K. Panel B show s the 9E10-reactive
proteins rem aining in the extract after IP. Thus, in all myc-tagged p70S6K
containing extracts, only a fraction of the total am ount of p70S6K was
brought dow n in 9E10 IPs. However, the IPs were fairly consistent, showing
a band of similar intensity in all tracks where expected(7.3A).

7.2; In

v itr o

k in a se

a ssa ys

using

tr a n s ie n tly

tra n sfe cted

and

immunoprecipitated p70S6K.
The activity of transiently expressed and IPd p70 S6 kinase was examined.
To do so, myc-tagged S6 kinase was introduced into cells and IPd using
mAb 9E10 as previously. After im m unprecipitation, kinase activity of
im m unoprecipitated proteins was examined by in vitro kinase assay. Two
substrates w ere em ployed; initially, the ability of im m unoprecipitated
proteins to phosphorylate 40S ribosom al protein S6 was exam ined. S6 is
one of several proteins that comprise the 40S ribsomal subunit(230). In p70
S6K assays, whole 40S subunits are used, with S6(which runs at about 32kD)
com prising the major target for p70S6K(230). Products of the assay are
resolved by SDS-PAGE and dried gels exposed to film or radioactivity
counted by AMBIS. The second substrate, S6KP, is a peptide encom passing
one of the major p70 S6 kinase phosphorylation sites in S6(230). Peptide
kinase assays are perform ed identically to S6 in vitro kinase assays, except
that quantitation is accomplished by applying the products of the assay to
cellulose paper under acidic conditions. The peptide adheres to the paper.
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Figure 7.3: Immunoprécipitation of transiently expressed myctagged p70 S6 kinase in Jurkat.
Ju rk a t cells w e re tran sfe cte d w ith SOpgs of C M V m y c-p 7 0 S6 k in ase
o r C M V e m p ty vector. A fter 24 h r s., 10^ cells p e r p o in t w e re ly se d ,
a n d m y c -ta g g e d p ro te in s im m u n o p re c ip ita te d (IP 'd ) u sin g m A h 9E10.
Im m u n o p re c ip ita te s a n d re m a in in g ly sates w e re re s o lv e d o n SDSPA G E , tra n sfe rre d to PV D F m e m b ra n e s, a n d p ro te in s d e te c te d u s in g
9E10. P an el (A) sh o w s im m u n o p re c ip ita te s, a n d (B) sh o w s re m a in in g
o r to ta l lysates. L a n e l - SOpgs C M V e m p ty , lan e s 2-4: SOpgs C M V
m yc-S6 k inase. + / - d e n o te s th e p re se n c e o r ab sen c e o r 9E10 in IP.
T he a rro w in d ic ate s th e p o sitio n of th e m y c -ta g g e d k in ase. M W (kD a)
are s h o w n to th e left of e ach p a n el.

and after extensive washing, ^2p incorporated into peptide can be assessed
by scintillation counting.

7.2.2; In vitro S6 kinase assays with 40S ribosomal subunits as substrate. A n
S6 kinase assay using 40S ribosomes is show n in figure 7.4A. Jurkat cells
w ere transfected w ith either control DNA or CMVmycS6K. After 24hrs.,
m yc-tagged proteins w ere IPd using mAh 9E10 and in vitro kinase assays
perform ed on IPs. In panel A, in the absence of stimuli, S6 (which runs at
approxim ately 32kDa) p hosphorylation is very low. H ow ever, upon
addition of PdBu, a dram atic increase in S6 phosphorylation is observed. In
cells transfected w ith control DNA, no S6 phosphorylation was detected.
Similarly, if 9E10 was omitted from the IP, no S6K activity was seen. Results
were quantitated by scanning the dried gels using AMBIS. Thus, in control
samples - i.e. in the absence of 9E10 or in cells transfected w ith control DNA
- the few counts that are incorporated into S6 are equivalent to background
in the gel. In S6K IPs, phosphorylation of S6 is increased over background
in control samples, but is increased almost 3 fold over control w hen PdBu
is added to cells for 10 minutes.

7.2.2; In vitro kinase assays using peptide S6KP as substrate. A n o t h e r
m ethod for investigating the regulation fo p70S6 kinase was also explored.
A lthough the 40S subunits functioned well in assays, we did not have a
ready supply of them. An attem pt was m ade to isolate ribosomal subunits,
b ut was not successful, due to lack of proper equipm ent. Alternatively, we
tu rn e d to the use of a p ep tid e kinase assay. Since the sites for
phosphorylation in S6 are known, we were able to synthesize a peptide;
S6KP(=KRRRLASLAA), is based on sequence found in the C-term inal

101

CMVmycS6K

control PdBu no Ab

Figure 7.4A:40S ribosomal protein S6 kinase activity in 9E10 IPs from
transiently transfected Jurkat cells.
Ju rk a t cells w ere tra n sfe c te d w ith 4 0 p g s of C M V m yc S6K or C M V em p ty .
A fter 24 h o u rs, 10^ live cells p e r p o in t w e re u se d s tim u la te d o r n o t w ith
5 0 n g /m l P d 3 u for 10 m in u te s. C ells w e re ly sed , a n d p o s tn u c le a r
s u p e rn a ta n ts u se d for 9E10 IPs a n d m vitro k in ase a ssa y s as d e sc rib e d in
M a terials and M e th o d s. P h o s p h o ry la tio n of 40S rib o so m a l p ro te in S6
(w h ich m ig ra te s at ~32kD ) d e te rm in e d a fte r SD S-PA G E s e p a ra tio n of
rea ctio n s, fo lo w e d b y d ire c t sc a n n in g of d rie d gels u sin g a n AM BIS p
scan n er, n o Ah' re p re se n ts IPs p e rfo p rm e d in th e a b sen ce o fm A b 9E10.
(A) a u to ra d of in vitro k in ase rea ctio n , M W m a rk e rs(k D a ) are s h o w n a t th e
left of th e panel; (B) AM BIS q u a n tita tio n of C M V m ycS6K tra n sfe c te d
cells in A.

portion of S6, and contains a single site for phosphorylation. It differs from
the w ildtype sequence by two amino acids; despite these changes, its kinetic
param eters are very similar to those for the wild type peptide sequence in
these assays.

An S6 kinase assay, perform ed using peptide S6KP is illustrated in fig u re
7.4B. Jurkat cells were transfected with control DNA or CMVmycS6K. After
24hrs., peptide kinase assays were perform ed on 9E10 im m unoprecipitates
either in the presence or absence of 50|xM S6KP. No phosphorylation of
S6KP occured in kinase assays on 9E10 im m unoprecipitates from control
CMVempty transfected cells. However, w hen kinase assays are perform ed
on 9E10 IPs from cells transfected wtih CMVmycS6K, a huge increase in
phosphorylation of S6KP is readily detected. Phorbol ester stim ulation of
Jurkat cells produces a m odest additional increase in ^^P incorporation into
peptide. This phosphorylation is specific for peptide, since elim ination of
peptide from the assay reduces ^^P incorporation levels to that seen in
control transfected cells. In addition, elim ination of 9E10 from IP also
results in low level

incorporation into peptide.

As we w ere interested in exam ining the regulation of p70S6K in IL2responsive cells, we w ished to transfer this technology to a cell line that
could contain an IL2-activatable p70S6K. W ork from the last chapter had
suggested that CTLL w ould not be suitable for the task. However, at this
po in t in investigations, we became aw are of tw o cell lines that could
proliferate in response to IL2. Kit225 cells are a T cell line of hum an origin
that require IL2 for growth, and can be m ade to quiesce in the absence of IL2
w ithout significant cell death, in the absence of IL2. BAF p75/Bcl2 cells are a
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Figure 7.4B: S 6 p ep tid e S 6 KP kinase activity in 9E10 IPs from
tran siently transfected Jurkat cells.
Jurkat cells w ere transfected w ith 40jugs of either CM Vem pty or CMV
mycS6 kinase. Tw enty four hours after transfection, 10^ cells per point
w ere unstim ulated(control) or stim ulated(CM V em pty, PdBu, no peptide,
no 9E10) w ith 5 0ng/m l PdBu for 10 mins. before cells w ere lysed, and
proteins IPd using mAh 9E10. Kinase activity w as assessed using 50pM
S6KP in a 20min. assay. To quantitate the assay, duplicate aliquots of each
reaction w ere applied to P81 paper, w ashed and ^^P incorporated into
peptide assessed via scitillation counting. No peptide=9E10 IP from
CMVmycS6K expressing cells assayed in the absence of peptide; no
9E10=S6K activity assessed on IP done on CMVmycS6K expressing cells
in the absence of 9E10.

m yeloid cell line expressing the hum an IL2R p chain, p75, as well as the
anti-apoptosis gene, bcl2. Although usually IL3 dependent, these cells were
adapted to IL2 dependent grow th by substituting high concentration of
IL2(50ng/ml) in culture for several weeks.

7.3; M igration o f p 7 6 S6 kinase - the effect o f stim ulation.
A nother w ay of investigating the activation state of p70S6K involves
exam ination of its relative m igration through SDS-PAGE gels. p70S6K
requires phosphorylation on m utiple serine and threonine residues for
activation(302); thus, phosphorylation of p70S6K(G. Thom as, personal
comm unication) results in a detectable shift in its electrophoretic m obility
in SDS-PAGE gels.

W estern blotting was perform ed on Kit225 and BAF p75/Bcl2 cells in order
to m onitor the electrophoretic m obility of their p70S6K in response to
stimuli. In figure 7.5A, Kit225 and BAF p75/Bcl2 cells were deprived of IL2
for tw o days before use. Kit225 cells were also used that had been kept
growing continously in IL2. In panel a, the blot of total lysates from Kit and
BAF cells was probed w ith mAh M l, which is specific for p70 S6K. Thus, in
either BAF or Kit which have been deprived of IL2, in unstim ulated cells
p70S6K m igrates as predom inantly a single band. U pon the addition of
PdBu or IL2 for 30 m inutes, m any bands of slow er m obility becom e
apparent. In the IL2 fed cells, a num ber of M l-reactive bands are apparent in
the absence of stimuli, and no obvious difference is seen w hen stim uli are
applied. As a control for stim ulation, the blot was also probed w ith an
antibody reactive w ith Raf-1, which is known to respond both to phorbol
esters and IL2 in m obility shift. Thus, panel b shows the effect of stim uli
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Figure 7.5A: Stimulation-induced shifts in p70 S6 and Raf kinases in
Kit225 and BAFp75/Bcl2 cells.
Kit225 cells w e re e ith e r g ro w n c o n tin u o u sly in 2 0 n g /m l IL2 - K it(+) - o r
d e p riv e d o f IL2 for 2 d a y s - Kit(-). BAF cells e x p re ss in g th e h u m a n IL2R
P c h a in (p75) a n d h u m a n Bcl2 w e re g ro w n w ith o u t g ro w th fa c to r fo r tw o
d a y s - BAF(-). C u ltu re s w e re e ith e r u n s tim u la te d (c o n tro l), o r s tim u la te d
fo r 30 m in u te s w ith 5 0 n g /m l P dB u or 2 0 n g /m l IL2. T otal cell ly sa te s w e re
m a d e fro m 5x10^ cells p e r p o in t, a n d re so lv e d o n 8 % p o ly a c ry la m id e .
P ro te in s w e re tra n s fe rre d to PVDF, a n d p ro b e d se q u e n tia lly fo r th e
p re se n c e o f p70 S 6 k in a se (M l m A b; a) a n d th e n Raf-1 k inase(166 m A h ; b).
M W m a rk e rs(k D a ) are sh o w n to th e left of e a c h p a n e l. T he o p e n a rro w
in d ic a te s th e p o sitio n of k in ase in u n s tim u la te d cells; filled a rro w s sh o w
th e p o sitio n of k in ase in stim u la te d c u ltu res.

u p o n Raf-1 m igration. In the absence of stim uli, a single Raf-1 band
predom inates in the IL2-deprived cultures. In the IL2-fed Kit, the state of cRaf in the control sample appears to m igrate slightly slower than in the IL2deprived cells. In all cultures, PdBu induces the appearance of a slow er
m igrating Raf species. IL2 also induces a shift in the m obility of Raf-1.

Also com pared was the effect of stim ulation in Jurkat to Kit225 cells. In
figure 7.5B, endogenous p70S6K in Jurkat cells is present as a doublet in
unstim ulated cells. Interestingly, stim ulation does not appear to have an
effect upon m igration of p70S6K in Jurkat. In Kit225 cells deprived of IL2 for
one(K it-l) or two days(Kit-2), p70S6K also appears as a doublet. However,
the relative m igration of this doublet in Kit cells is faster as com pared to
that in Jurkat cells. In addition, when stimuli are applied to the Kit cells, an
obvious shift to slower m igrating species is obvious. This shift can also be
detected in those Kit that were kept growing continously in IL2, though it is
not as dram atic as seen in the IL2 deprived Kit. Thus, it appears that the
electrophoretic mobility, and therefore the phosphorylation state of p70S6K
correlates w ith the growth of these cells; i.e. p70 m igrates as several species
in IL2-fed cultures, but predom inantly as a single species in IL2-deprived
cultures.

7.4: Expression o f CMVmycS6 kinase in Kit225 and BAF p75/Bcl2 cells.
The expression of CMVmycS6K is show n in Kit225 and BAF p75/Bcl2 cells
in figure 7.6. Panel A is a Western blot of total cell extracts from Jurkat and
Kit cells transfected with either CMVempty or CMVmycS6K. Twenty four
hours after transfection, total lysates of each transfection w ere collected,
resolved on SDS-PAGE, and probed for the presence of p70 S6K. Clearly
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F ig u re 7.5B: C o m p a ris o n o f s tim u la tio n -in d u c e d s h ifts in J u r k a t v e rs u s
K it225 c ells.
K it 225 cells w e re e ith e r g ro w n c o n tin u o u sly in th e p re se n c e o f 2 0 n g /m l
IL2 - K it+ - o r d e p riv e d of IL2 for one - Kit-1 - o r tw o d a y s - Kit-2. C ells
w e re s tim u la te d as in d ic a te d for 30 m in u te s as follow s: 5 0 n g /m l P d B u ,
2 0 n g /m l IL2, o r lO p g /m l U C H T l. T otal ly sa te s fro m 2.5x10^ cells w e re
re s o lv e d o n 8 % p o ly a c ry la m id e , tra n s fe rre d to PV DF, a n d p ro b e d fo r th e
p re se n c e o f p70 S 6 k in a s e (M l m A b). M W m ark e rs(k D a ) a re s h o w n o n th e
left sid e o f th e p an el. T he o p e n a rro w in d ic a te s th e p o sitio n of k in a se in
u n s tim u la te d cells; th e filled a rro w sh o w s th e p o sitio n of k in a se in
s tim u la te d c u ltu res.
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F ig u re 7.6: E x p re ssio n o f C M V m y c S 6 k in a s e in J u rk a t, K it225, a n d BAF p75/B cl2 cells.
Ju rk a t(p a n e l A), Kit225 [p an e l A; e ith e r g ro w n c o n tin u o u sly in th e p re se n c e of 2 0 n g / m l IL2 K it+ - o r d e p riv e d of IL2 fo r one d a y - K it-], or BAF p 7 5 /B cl2 c ells(p an e ls B+C) w e re tra n sfe c te d
w ith 4 0 |ig s of e ith e r C M V e m p ty o r C M V m ycSô kinase. T w e n ty fo u r h o u rs a fte r tran sfe ctio n ,
1 0 ^ live cells w e re ly se d p e r tran sfe ctio n , a n d to ta l ly sates re so lv e d o n 1 0 % p o ly a c ry la m id e .
P ro te in s w e re tra n s fe rre d to PV D F, a n d p ro b e d for th e p re se n c e of e n d o g e n o u s a n d tra n sfe c te d
p70 S6 k in ase(m A b M l; A + C ) o r tra n sfe c te d k in ase (m A h 9E10; B). B+C a re th e sa m e lo t th a t w a s
re p ro b e d w ith M l to d e te c t p70 S6 K. M W m a rk e rs(k D a ) are sh o w n to th e left of each p a n el.
T he p o sitio n of th e tra n sfe c te d k in ase is in d ic a te d b y the o p e n a rro w .

those cells th at received CMVmycS 6 K in transfection have a greatly
elevated level of S6 K expression. Panels B and C show expression of
mycS 6 K in BAF cells. Thus, in B, only those cells that had CMVmycS 6 K in
transfection show a 9E10 specific band, while in C, a great overexpression of
the kinase is observed over endogenous S6 K expression.

To investigate w hether p70S6K can also be im m unoprecipitated from these
cells, the experim ent in figure 7.7 w as perform ed. Kit225 cells w ere
transfected w ith either CMVempty or CMVmycS 6 K. After tw enty four
hours, total lysates and im m unoprecipitates w ere m ade from

10^

cells,

resolved on SDS-PAGE, transferred to PVDF, and probed w ith 9E10. In the
first tw o lanes, total lysates indicate the total am o u n t of kinase
overexpresed during transfection. The rem aining lanes dem onstrate that
p70S6K is only IPd from those cells transfected with CMVmycS 6 K, and that
the antibody specifically IPs myc-tagged p70S6K.

7.5: p70S6 peptide kinase assays in Kit225 and BAF p75/Bcl2 cells.
Experiments were perform ed in both Kit and BAF cells to examine p70S6K
p ep tid e kinase activity. F igure 7.8A illustrates the results of several
experim ents in Kit225 cells. In panel a, 9E10 im m unoprecipitable p70S6K
activity in IL2-deprived Kit cells shows a mean 3.9 fold increase in response
to a 15 m inute treatm ent w ith PdBu. Panel b show s an alm ost

8 -fold

difference in 9E10 IPd activity when comparing p70S6K retrieved from IL-2
dep riv ed as com pared to IL2-fed Kit225. In addition, although PdBu
stim ulation of IL2-deprived Kit produces a 5-fold increase in activity,
fu rth er stim ulation of IL2-fed cultures w ith PdBu does not have any
discernable affect.
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Figure 7.7: Immunoprécipitation of transiently expressed nyctagged p70 S6 kinase in Kit225 cells.
K it225 cells w e re d e p riv e d of 1L2 for o n e d a y b e fo re tra n sfe tio n .
C ells w e re e le c tro p o ra te d w ith 40|LLgs of e ith e r C M V em p ty <r C M V
m y c S 6 k in ase. T w e n ty fo u r h o u rs a fter tra n sfe c tio n , ic liv* cells
w e re ly se d a n d u s e d e ith e r for to ta l ly sa te W e ste rn b lo ttin g la n e s
1-1-2), o r fo r 9E10 IP a n d th e n W e ste rn b lo ttin g (lan es 3-6). Ir th e last
lan e, p ro te in s fro m m yc-S 6 k in ase tra n sfe c te d cells w e re suljected
to IP in th e ab sen ce of 9E10. W este rn s w e re p ro b e d w ith 9E 0. M W
m a rk e rs (kD a) are s h o w n to th e left of th e p a n el. T he o p e n a ro w
in d ic a te s th e p o sitio n of p70 S 6 kinase.

HKit+

I

control

PdBu

control

PdBu

F ig u re 7.8A: p70 S 6 k in a s e a c tiv ity in tr a n s ie n tly tra n s fe c te d K it225 c ells.
K it cells w e re d e p riv e d of IL2 one d a y b efo re transfection(K it-), o r k e p t g ro w in g c o n tin u o u sly
in 2 0 n g /m l IL2(Kit+). C ells w e re tran sfe cte d w ith 4 0 p g s of e ith e r C M V e m p ty o r C M V m yc S 6
k in ase. T w e n ty fo u r h o u rs a fte r tran sfectio n , 10^ live cells p e r p o in t w e re tre a te d [c o n tro l,
u n stim u la te d ; 5 0 n g /m l PdB u, 15 m in u te s], lysed, a n d ly sa te s u s e d fo r 9E10 IP's. A c tiv ity w a s
e x a m in e d in 9E10 IPs in a 20 m in u te assay u sin g 50 pM S 6 KP as su b stra te . P a n e l a sh o w s the
m e a n fold in d u c tio n in S 6 k in ase activ ity after P dB u stim u la tio n (n = 4 + /-S E M ). Pcinel b sh o w s
th e a v e ra g e fold in d u c tio n se en in S 6 k in ase activ ity a fte r P dB u stim u la tio n of IL2 d e p riv e d o r
fed c u ltu re s (of tw o e x p erim e n ts). B a ck g ro u n d activ ity (S6 KP k in ase a c tiv ity in IPs d o n e in th e
absence of m A b 9E10) w a s su b tra c te d b efo re analysis. F old in d u c tio n d e scrib e s th e activ ity
o b se rv e d in P dB u s tim u la te d sa m p le s v e rsu s u n s tim u la te d sa m p le s.

Stim ulation w ith phorbol esters did not consistantly increase p70 S6 K
pep tid e kinase activity. Thus, figure 7.8B show s the results from three
in d ep e n d en t experim ents. In BAF p75/B cl2 cells, the effect of PdBu
stim ulation is quite varied. The only consistent observation appears to be
that BAF cultures grown continuously in the presence of IL2 show a higher
basal p70S6K activity. In fact, this observation is true for both cell types.
Thus, in fig u re 7.8C, in Kit225 cells, cells grow n continuously in the
presence of IL2 show an average 5-fold increase in basal p70S6K activity
than IL2-deprived cultures. Similarly, BAF cells also show an increased
basal activity when grown with IL2.

7.6; The effect o f expression o f an activated protein tyrosine kinase on
p70S6K in BAF p75IBcl2.
We also attem pted to investigate Src kinase regulation of p70S6K in BAF
cells. At this time, we w ere fortunate to obtain an activated m utant of
p56Lck. Lck is a good candidate for the tyrosine kinase repsonsible for
coupling the IL2R to intracellular signaling events(118, 120, 122, 323). In
figure 7.9, BAF p75/Bcl2 cells were treated and transfected as previously,
except that EFempty, EFSrc, or EFLck was used in co-transfection. Kinase
activity is show n in panel A. Thus, v-Src greatly increases S6 K activity,
w hile Lck seems to have no effect. W hen expression of S6 K is exam ined,
panel B, both Src and Lck seem to be affect S6 K expression in a positive
m anner. Interestingly, in this experim ent, the effect of v-Src on

kinase

activity is far greater than that of IL2 treatm ent. This is supported by the
expression data, which shows that v-Src increases p70S6K expression more
than IL2 treatm ent in total lysates. However, W estern blotting of IPs was
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cells w ere stim ulated (5 0 n g /m l PdBu, ISm ins.) and used for p ep tid e kinase assay as described in figure
5.4B, using SOpM S6 KP as substrate. Show n are three in d ep en d en t experim ents. B ackground has not been
subtracted from these data.
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F ig u re 7.9 p70 S 6 k in a s e a c tiv ity in BAF p75/B cl2 cells e x p re ss in g v -S rc a n d a c tiv a te d Lck.
BAF p 7 5 /B cl2 cells w e re e ith e r fed c o n tin u o u slu w ith 2 0 n g /m l IL2(BAF+) o r d e p riv e d of IL2 one
d a y before transfection(B A F -). C ells w e re c o -tran sfected w ith 30|lgs of e ith e r C M V e m p ty o r CM V
m yc S 6 k in ase p lu s 5 0 |ig s of e ith e r EF e m p ty (control), EF v-Src(Src), o r EF Lck(Lck). T w en ty fo u r
h o u rs a fte r tran sfe ctio n , cells w e re h a rv e ste d a n d e ith e r S6 k in ase activ ity e x a m in e d as in fig u re
7.12A (p an el a), o r to ta l ly sa te s u se d for W este rn b lo ttin g a n d d e te ctio n of m y c -ta g g e d p ro te in s
(panel b). B a ck g ro u n d w a s a sse ssed a n d su b tra c te d in p a n e l a as d e sc rib e d p re v io u sly . N D -n o t
d e te rm in e d .

not investigated in this experim ent. A lthough co-expression of activated
Lck does seems to increase p70S6k expression, no corresponding increase in
kinase activity is detected.

As a m ethod for dem onstrating function of these co-expressed Src kinases,
BAF cells deprived of IL2 were co-transfected w ith AP-1 CAT, w hich is
know n to repond to the action of Src kinases(324), along w ith either
EFem pty, EFLck, or EFSrc. Figure 7.10A show s CAT activity either in
control cells, or those treated w ith PdBu for 20hrs. In control transfected
cells, PdBu increases CAT activity nearly 2.5 fold. If either activated Lck or
v-Src is included in transfection, basal activity is increased nearly three-fold
as com pared to control. Panel B shows a phosphotyrosine probed W estern
blot of extracts from panel A. Thus, in cells expressing only the control
construct, a sm all num ber of p hosphotyrosine containing b an d s are
observed. H ow ever, if either the activated Lck or v-Src is included in
transfection, then a large num ber of phosphotyrosine containing bands are
detected.

7.7: The effect o f expression o f an activated protein tyrosine kinase on
p70S6K in Kit225 .
As it is believed that the IL2R is linked to intracellular signalling via PTKS,
we wished to examine w hether expression of an activated protein tyrosine
kinase, v-Src could replace the IL2R in the activation of p70S6K. In fig u re
7.11A, kit cells were transfected with CMVmycS 6 K and either control DMA
or DNA expressing constitutively activated v-Src, EFSrc. Panel a shows the
p70 S6 K activity obtained in 9E10 IPs. In cells expressing v-Src, the basal
activity is increased almost six fold in cells deprived of IL2 as com pared to
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Figure 7.11 A p70 S6 kinase activity in Kit225 cells expressing v-Src.
Kit225 cells were either fed continuously with 20ng/m l IL2 (Kit+) or deprived of IL2 one day before
transfection(Kit-). Cells were co-transfected with 30|igs of either CMV empty or CMV myc S6 kinase
plus SOpgs of either EF empty (control) or EF v-Src( v-Src). Twenty four hours after transfection, cells
were harvested and either S6 kinase activity was examined as described for figure 7.8A (panel a), or
total lysates used for Western blotting and detection of myc-tagged proteins(panel b). Background
was assessed and substracted in panel a as described previously.

cells transfected w ith control vector. Interestingly, Src also increases the
activity seen in cells grown continuously w ith IL2. However, expression of
Src alone does not produce as great an increase in p70S6K activity as does
IL2 treatm ent of cells. Panel b shows the W estern blotting data of total
lysates from this transfection. In Kit cells deprived of IL2, the level of mycS6 K expression is very low. W hen S6 K is co-transfected w ith EFSrc,
however, a huge overexpression of S6 K can be detected. v-Src co-expression
increased p70S6K expression in IL2-fed cells; however, IL2 alone was able to
increase p70S6K expression.

D espite this correlative effect betw een apparent p70 S6 K activity and
increased p70S6K expression, the data obtained w ith co-expression of v-Src
w ere not consistent. Figure 7.11B, shows three independent experim ents in
w hich the stim ulatory effect of Src upon S6 K activity was quite variable.
Thus, although the experim ent depeicted in panel a suggests v-Src co
expression has a positive effect upon p70S6K activity, panels b+c suggest
that v-Src co-expression may actually be inhibitory for p70 S6 K activity. One
explanation for these variable data could be that the level of Src expressed
in transfection varied. A nother possibility is that the am ount of S6 K
brought dow n in IP was not consistent. In this regard we had noted that the
efficiency of IP with 9E10 was not good(figure 3). This can indicate that the
affinity of antibody/antigen interaction is low, and could cause problem s
for quantitation. To address this question, an experim ent was perform ed in
Kit225 cells. In figure 7.12A, cells were treated and transfected as previously.
H ow ever, tw ice the num ber of cells w ere used in IP to allow for
exam ination of S6 K activity and protein content from the same IP. p70 S6
kinase activity, norm alized for protein content in IP is show n in A. The
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altered as indicated. K inase activity w as determ ined as per figure 7.11 A. Background incorporation
into p e p tid e w as assessed and subtracted as per figure 7.11 A.
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F ig u re 7.12A: p70 S 6 k in a s e a c tiv ity in v-S rc e x p re s s in g cells.
K it225 cells w e re e ith e r k e p t g ro w in g c o n tin u o u sly in IL2 (Kit+) or
d e p riv e d of IL2 one d a y p rio r to tra n sfe c tio n (Kit-). C ells w e re
tra n s fe c te d w ith 20jigs of C M V m ycS 6 K p lu s 4 0 p g s of e ith e r E F e m p ty
o r EF Src. T w e n ty fo u rs h o u rs after tran sfectio n , 2x10^ cells w e re
u s e d fo r 9E10 IP. Ju st b efo re th e p e p tid e k in ase a ssa y , IPs w e re
d iv id e d in tw o - o n e h a lf w a s u s e d in a n S 6 p e p tid e k in ase a ssay ,
w h ile th e o th e r h a lf w a s u se d for W este rn blotting(7.12B ). S 6 p e p tid e
k in a se a ssa y w a s p e rfo rm e d as in 7.8A; b a c k g ro u n d w a s d e te rm in e d
a n d s u b tra c te d as for 7.8A. T hese d a ta w e re n o rm a liz e d for p ro te in
c o n te n t in IP (see fig u re 7.12B).

m ost obvious effect is that of long term IL2 treatm ent increases p70 S6 K
activity about

6

fold. H ow ever, including v-Src in transfection does not

appear to significantly alter S6 K activity. If one examines the expression of
S6 K in W estern blots - figure 7.12B - an increase in S6 K expression can be
detected in the Kit- cells expressing v-Src, but is not detectable in Kit+ cells
co-expressing v-Src in total lysates. The im m unoprécipitation of S6 K from
cells is quite variable. For example, more p70 S6 K is brought dow n in IPs
from the Kit+ cells as compared to Kit- cells. In addition, m ore p70 S6 K is
IPd from Kit+ cells co-expressing v-Src as com pared to Kit+ control
transfected cells, even though the am ount of S6 K expressed in control
versus Src expressing cells is apparently the same in total lysates.
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F ig u re 7.12B: E x p re ss io n o f C M V m yc 70 S 6 k in a s e in K it225 c e lls.
Kit225 cells w e re as in fig u re 7.12A. D a ta sh o w n a re 9E10 W e s te rn
b lo ts of to ta l ly sa te s a n d 9E10 IPs of e ac h d a ta p o in t i n 7 .1 2 A. T h e to p
p a n e l sh o w s C M V m y c 70 S 6 k in a se e x p re ssio n in K it cells d e p riv e d
of IL2; th e b o tto m p a n e l sh o w s sim ila r d a ta from K it cells g r o w n
c o n tin u o u s ly in the p re s e n c e of 2 0 n g /m l IL2. P dB u + /- ' re fe rs to
tre a tm e n t of cells w ith 5 0 n g /m l P d B u for 15m ins.; '9E10 + / - ' re fe rs
to th e p re se n c e or ab sen c e of 9E10 in IP. T he o p e n a rro w in d ic a te s
th e p o sitio n of p70 S 6 k in ase.

Chapter 7: Discussion

The experim ents in this chapter were devoted to establishing a system in T
cells for examining IL2 regulation of p70S6K. Experiments were initiated in
Jurkat cells, and dem onstrated that a m yc-tagged p70S6K can readily be
expressed (figure 7.2) and IPd (figure 7.3) from cells. In addition, myc-tagged
S6 K IPd from Jurkat dem onstrates kinase activity tow ards tw o specific
substrates S6 protein in 40S ribosomes (figure 7.4A) and a peptide derived
from S6 (figure 7.4B). Western blotting of p70S6K was also used to assess the
effect of stimuli on electrophoretic mobility of p70 S6 K. Two IL2-responsive
cell lines, Kit225 and BAF p75/Bcl2, dem onstrated slow er m obility of
p70S6K in response to stim uli (figure7.5) w hereas Jurkat cells did not
(figure 7.5B). CMVmycS 6 K was expressed and IPd readily from Kit and BAF
cells (fig u re s

7.6+7.7). 9E10 IPs from CMVmcyS 6 K transfected Kit

phosphorylated S6 KP (figure 7.8): PdBu had a variable effect upon activity,
b u t long-term IL2 treatm ent increased p70 S6 K activity ~ four fold (figure
7.8A+C). Similar data were obtained in BAF cells(figure 7.8B+C): i.e. the
effect of PdBu was variable , but long-term culture in IL2 increased S6 K
activity. Overexpression of v-Src had a variableeffect on p70 S6 K IPD from
Kit cells (figure 7.11). Kinase activity norm alized for pro tein content
show ed increased activity in response to IL2, but not to v-Src (figure7.12). vSrc increased p70 S6 K activity IPd from BAF (figure 7.9); how ever, this
activity was not norm alized to p70S6K protein in IPs. Both kinases increase
p70 S 6 K expression in total lysates (fig u re

7.9). In ad d itio n , both

transactivated an AP-1 reporter construct (figure 7.10).

no

The aim of this chapter w as to establish a cell system in w hich the
regulation of p70 S6 K could be dissected. This has clearly been achieved.
How ever, the data show that experiments need to be carefully controlled in
o rder to render m eaningful results. Thus, the level of p70 S6 K in IPs is
quite variable, and m ust therefore be quantitated for each data point. In
addition, the data also suggest that although the Kit225 and BAF p75/Bcl2
cells can clearly respond to IL2 in culture, regulating basal p70 S6 K activity
for individual experiments may not be a straightforw ard exercise.

A lthough tim e prevented an investigation of its involvem ent, recent
studies in yeast have implicated a hom ologue of the phosphatidylinositol
3-kinase (PI3 K) - TOR2 - as a target for rapamycin. Thus, in addition to the
serine a n d /o r threonine kinases im plicated in p70 S6 K regulation, a
TOR 2 / P I 3 K homolog may play a role upstream of p70S6K. Experiments in
which the catalytic, or both the catalytic and regulatory subunits of PI3 K are
overexpressed in Kit or BAF cells m ay provide invaluable inform ation
about the regulation of p70S6K. The p ro d u cts of PI 3 K have been
dem onstrated to regulate the activity of a novel PKC - PKCÇ - and thus
PKCÇ may also play a part in the regulation of p70S6K. Thus, one could also
envision sim ilar experim ents in w hich PKCÇ, or m u tan ts, could be
overexpressed and its effects upon p70S6K activation examined. How ever,
although TOR2 has homology to PI3 K, it has not yet been dem onstrated to
have PI 3 K activity. Thus, m uch w ork has yet to be perform ed before
satisfactory answers regarding p70S6K activity can be determined.
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Chapter 8: Discussion, Perspectives, and Conclusions

This thesis has attem pted to provide an understanding into the role of
p21ras p roteins in T cell activation and grow th. The data involving
oncogenic and dom inant inhibitory p21ras has show n that Ras function is
essential to TCR and PKC regulation of the IL2 gene and a T cell specific
tran scrip tio n factor, NFAT. F urtherm ore, these data show th at TCRinduced IL2 gene activation does not simply require activation of PKC and
increases in intracellular calcium concentration; rather, p 2 1 ras constitutes a
third pathw ay which is independent of calcium and PKC, and is also
essential to IL2 gene activation.

One im portant observation from our data is the fact that N17ras has such a
pow erful inhibitory effect upon NFAT and IL2 gene activation. N17ras acts
as a d om inant inhibitory m utant for p 2 1 ras, that is it in te rru p ts the
interaction betw een endogenous p 2 1 ras and guanine nucleotide exchange
proteins(186, 254). Thus, the data w ith N17ras clearly indicates that
nucleotide exchange is an im portant part of p21ras activiation in T cells.
Studies show ing the association of the nucleotide exchange factor Sos in a
complex w ith the adaptor protein Grb2 and a p36 protein that is a substrate
for TCR activated PTKs(216) indicate that Sos could contribute to p21ras
activation following TCR ligation. It rem ains to be determ ined w hether
N17ras really does perturb this interaction. Similarly, the IL2R induces
tyrosine phosphorylation of She, which binds to the SFI2 dom ains of Grb2
form ing a Shc/G rb2/Sos complex(168, 217). N17ras therefore m ight also be
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predicted to block IL2R signal transduction by competing w ith endogenous
p 2 1 ras for this complex.

NFAT is one im portant target for p21ras signals in the IL2 enhancer;
indeed, our data are suggestive that NFAT may constitute the major target
for Ras w ithin the IL2 enhancer. Having thus identified that Ras function is
im portant to IL2 gene activation and that NFAT is a prom inent Ras target
w ithin the IL2 enhancer, it remains to 'fill in the gaps' betw een p21ras and
NFAT. Some clues as to w hat lies betw een Ras and NFAT comes from
NFAT itself. The NFAT complex consists of AP-1 proteins and a recently
cloned protein, NFATp, which is distantly related to rel proteins(77). As has
been suggested, the obvious pathw ay from Ras to NFAT would be via AP-1,
as Ras is know n to head a kinase cascade including Raf, Mek, and Erk
proteins(2), and Erks have been show n to phosphorylate N -term inal sites
in c-Jun, resulting in c-Jun activation(222, 223). H ow ever, another Jun
kinase has recently been cloned and characterized. JNK-1, for c-Jun Nterm inal kinase, is distinct from Erks, and p u rp o rts to be the c-Jun
activating kinase. JNK-1, like Erks, is activated by threonine and tyrosine
phosphorylation and also oncogenic Ras(325). Thus, the Ras pathw ay may
bifurcate at the level of activators of transcription factors. It rem ains to be
seen w hether Erks or JNK-1 plays a role in NFAT and IL2 gene activation.

C alcineurin has been identified as a com ponent of calcium pathw ays
contributing to NFAT and NFIL2A, and therefore IL2 gene activation(52,
53). Co-expression of calcineurin with Ras is able to transactivate an NFAT
rep o rter gene to a level which is 100% of the activity seen w ith TCR
stim ulation, and about 70% of the activity seen w hen calcium ionophores
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and PdBu are used to stim ulate NFAT reporter gene activity. H ow ever,
calcin eu rin +PdBu only am o u n t to -15% of iono+PdB u IL2 gene
activity(52). Thus, p21ras and calcineurin can fully substitute for NFAT
regulation, but can only partially activate the IL2 gene. These data support
the hypothesis that the IL2 gene requires the coordination of at least three
signalling pathw ays for efficient activation. Furtherm ore, calcineurin and
Ras are identified as cooperating partners in T cell activation. Given that
Ras can cooperate with other oncogenes to transform cells, this data raises
the possibility that calcineurin may also be able to function as an oncogene.

In addition to being under the control of the TCR, p21ras is also regulated
by the IL2R(5,

6 ).

Given that Ras plays such a prom inent role in TCR

signalling, and also as Ras has been im plicated in proliferation in other
systems, we sought to examine the role of Ras in IL2-driven proliferation.
U nfortunately, technical difficulties prevented a conclusive exam ination of
this idea; the conclusion from these experim ents was that transfection of
CTLL is detrim ental to proliferation. Thus, w hether p21ras is absolutely
required for IL2-dependent proliferation rem ains an open question. Since
other IL2-dependent cell lines(i.e. Kit225 cells) are available, it m ay be
p ossible to answ er such questions about p21ras in IL 2-dependent
proliferation in these cells.

O ur w ork on the p70 S6 K suggested that IL2-dependent pathw ays can be
successfully exam ined using Kit225 cells. One surprising result is that
although IL2 could activate p70S6K in our transient expression system, two
activated Src PTKs - v-Src and p56Lck - could not. This data is surprising as
m ost m odels of IL2R signal transduction identify Src kinases as im m ediate
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receptor proxim al PTKs for IL2R function(118, 121, 123, 160). O ur data
indicate that p70S6K m ay lie on a pathw ay distinct from v-Src and p561ck.
A n o th er IL 2-stim ulated p ath w ay th at could be involved in p70S6K
activation is PI3 K. Indeed, a putative PI3 K homolog has been identified as a
target for rapam ycin in yeast(43). As the p85kD regulatory and pllO kD
catalytic com ponents of m am m alian PI 3 K have been cloned, the potential
exists for studies of p70S6K involving these proteins.

A lth o u g h PI 3 K could play be involved in the activation of p70S6K, a
serine/ threonine kinase is clearly implicated upstream of p70S6K(302). As
rapam ycin prevents the phosphorylation and activation of p70S6K, it
should prove useful for identifying regulatory pro tein s for p70S6K.
H ow ever, one group has recently reported that although m itogenesis
in c re a s e s

p h o s p h o ry la tio n

of

p70S6K,

th e se

m ito g e n -in d u c e d

phosphorylations are not those that are affected by treatm ent of cells w ith
rapamycin(326). In fact, a p70S6K m olecule bearing m utations at those
residues phosphorylated upon mitogenic stim ulation is as active as w ild
type p70S6K(326). Thus, p70S6K activity may be controlled by basal as well
as mitogenic phosphorylations.

Thus, m any avenues are open to studying the regulation of p70S6K. More
difficult to answer is the downstream effect of p70S6K. Although it has been
proposed to play a role in cell cycle progression, w hat param eters does it
effect? For example, does it specifically affect the expression of cell cycle
proteins such as cyclins or cylin-dependent kinases, or does it have a more
general effect on protein expression? C ould constitutive activation of
p70S6K d riv e co ntinous, g ro w th fac to r-in d e p en d e n t p ro life ratio n ?
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C onstitutively activated and kinase dead m utants of p70S6K exist, so
experiments could be perform ed to address these questions.
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It has been shown previously in T cells that stimulation
of protein kinase C or the J cell antigen receptor leads
to a rapid and persistent activation of p21™^ as
measured by a dramatic increase in the amount of bound
GTP. These stimuli are also known to induce the
expression of the T lymphocyte growth factor,
interleukin-2 (IL-2), an essential growth factor for the
immune system. Receptor induced activation of p21"^
has been demonstrated in several cell types but
involvement of protein kinase C as an upstream activator
of p21*^ appears to be unique to T cells. In this study
we show that p21™^ acts as a component of the protein
kinase C and T cell antigen receptor downstream
sig n a llin g pathway controlling I L - 2 gene expression. In
the murine T cell line EL4, constitutively active p21™
greatly potentiates the phorbol ester and T cell receptor
agonist induced production of IL-2 as measured both by
biological assay for the cytokine and by the use of a
reporter construct. Active p21'^ also partially replaces
the requirement for protein kinase C activation in
synergizing with a calcium ionophore to induce
production of IL-2. Furthermore, using a dominant
n^ative mutant of nzs, Ha-rasN17, we show that
endogenous ras function is essential for induction of IL-2
expression in response to protein kinase C or T cell
receptor stimulation. Activation of ras proteins is thus
a necessary but not sufficient event in the induction of
IL-2 synthesis. Ras proteins are therefore pivotal
.sign allin g molecules in T ccH activation.
K ey
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Introduction
The three members o f the r a s gene famüy (Ha-, Ki- and
N-ros) are frequently activated in a wide variety o f human
tumours (Bos, 1989). Mutationally activated r a s oncogenes
are c^iable o f transforming cells in culture while the normal
proto-oncogene products seem to play critical roles in
regulating proliferation and differentiation (Haubruck and
McCormick, 1991; Downward, 1992b). The r a s genes
encode proteins of 21 000 molecular weight (p21'**) which
bind guanine nucleotides, possess an intrinsic weak GTPase
activity and require membrane localization for biological
activity. Ras proteins are active in their GTP bound state
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but inactive when bound to GDP: within whole cells,
transforming r a s mutations all give rise to proteins that are
more highly GTP bound than the wild type.
The activation state o f normal p21™* appears to be
controlled by two distinct families o f proteins, those that
regulate the rate o f nucleotide exchange and those that regulate
the rate o f GTP hydrolysis. Several guanine nucleotide
exchange stimulating factors for ras proteins have been
identified and partially characterized in a number of
organisms but their r e la t io n is as yet poorly understood
(Downward, 1992a). At least two mammalian proteins are
known that stimulate the rate o f hydrolysis o f GTP on
p21”*: p l2 0 ^ ^ , the first GTPase activating protein (GAP)
to be discovered for ras superfamily proteins, and
neurofibromin, the product o f the N F l gene which is
damaged in the hereditary disease type 1 neurofibromatosis
(Downward, 1992b). Transforming point mutations cause
the ras proteins to be either insensitive to GAP activity or
enhanced in their rate of nucleotide exchange.
Several observations indicate that ras proteins are involved
in mediating the delivery o f extracellular signals to
intracellular targets. Introduction o f constitutively activated
ras proteins into cells cause many o f the same responses as
treatment with growth factors, while blocking ras function
within the cell prevents normal responses to these stimuli.
Recently it has been directly demonstrated that a number
o f cellular growth stimuli causes activation o f ras proteins
as measured by the level o f GTP bound to them within the
whole cell (reviewed in Downward e t a l . , 1992). In
perqWieral blocxl T lymjAoblasts (PBLs), ras rapidly becomes
strongly activated in response to agents that stimulate the
T cell antigen receptor (T(TR) (Downward e t a l . , 1990).
Activation o f T cells through the T cell receptor switches
on several signalling molecules, including protein-tyrosine
kinases and the phosphatidylinositol specific phospholipase
C y (PLCy), which catalyses the hydrolysis o f phosphatidyl
inositol bisphosi*ale to generate the two signalling molecules
diacylglycerol (DAG) and inositol trisphosphate (Klausner
and Samelson, 1991). Direct activation o f protein kinase C
with phorbol ester causes a dramatic increase (up to 80%)
in GTP bound ras in T cells (Downward e t a l . , 1990). The
mechanism by which ras activation appears to be achieved
by T cell receptor and protein kinase C activation in T cells
is by inhibition o f GAP-like activity as measured in cellular
lysates. No effect on the rate o f guanine nucleotide exchange
could be detected. In the T lynqAocyte system protein kinase
C therefore appears to act as an upstream regulator o f ras
activity: in (Âher cell types it has not been possible to
demonstrate a direct activation o f p21"® in response to
protein kinase C stimulation: Instead, activation o f ras has
been found to occur in rcqxmse to several growth factors
thought to be linked to tyrosine kinases in both hematqx)ietic
cells [interleukin 2 (lL-2), interleukin 3 (lL-3), granulocyte
macrophage colony stimulating factor (GM-CSF), steel
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factor (SLF)], fibroblasts (insulin, EGF, PDGF) and PC12
cells (NG F, EGF) (Downward e l a i , 1992). The reasons
for these differences in ras signalling in different cell types
are not yet understood.
Activation o f T lymphocytes through the T cell receptor
results in progression o f cells into the cell cycle (G g -G ,)
and the production o f the growth factor interleukin 2 (IL-2)
and its receptor (Crabtree, 1989). The interaction o f IL-2
with its receptor is essential for cell cycle progression from
Gj to S phase, and is the commitment event in triggering
T cell proliferation. The regulation o f transcription o f the
I L - 2 gene is thus a key regulatory point in T cell activation.
A recent study has shown that expression o f activated ras
protein leads to transcription o f an I L - 2 reporter construct
in a T cell line, particularly in conjunction with a calcium
ionophore (Baldari e t a i , 1992): this raised the question o f
whedier ras proteins were involved in pdiysiological signalling
pathways resulting in control o f gene transcription. The aim
o f this study was therefore to investigate the role of ras
proteins in signalling pathways from the T cell receptor and
protein kinase C which converge on EL-2 enhancer function.
The murine T cell line EL4 produces IL-2 in the presence
o f appropriate signals and provides a model system in which
to study pathways involved in mediating induction o f IL-2
in T lymphocytes. In this study we show that activated ras
provides a signal that dramatically stimulates the T cell
receptor and protein kinase C induction o f IL-2 expression
in these cells. Ras cannot fully substitute for the protein
kinase C signal but can partiaEy replace a requirement for
protein kinase C in synergizing with a calcium signal in IL-2
induction. However, using a dominant negative r a s mutant
(Ser—A snl7) which blocks the activation o f normal ras
proteins, we have shown that endogenous ras function is an
absolutely required component o f both the T cell receptor
and protein kinase C signalling pathways involved in the
induction o f EL-2 expression.

Results
Protein kinase C can activate p21'^ in the EL4
T cell line
W e have previously reported that stimulation o f protein
kinase C results in activation o f p21"® in normal human
peripheral blood lymphoblasts (PBLs); the level o f GTP
bound to ras as a proportion o f total bound guanine
nucleotide increases from ~ 5 % in untreated cells to
50 - 80% after phorbol ester treatment and is also greatly
increased upon stimulation o f the antigen receptor
(Downward e t a l . , 1990). In order to study the role o f ras
proteins in the regulation o f 7L-2 gene expression during T
cell activation we chose to use the murine thymoma derived
T cell line EL4 since peripheral blood T lymphoblasts were
not readily transfectable. To confirm that protein kinase C
is indeed able to activate endogenous p21”^ in EL4 cells,
these cells were labelled with p^Pjorthophosphate for 4 h
before stimulation o f protein kinase C by addition o f phorbol
ester. The cells w ere then lysed and p 2 P “ was
immunoprecipitated with the monoclonal antibody Y 13-259
(Furth e t a l . , 1982). The nucleotides bound to p21™* were
separated by thin layer chromatography (TLC). Similarly
to our previous findings in PBLs and T cell lines (Downward
e t a l . , 1990), phorbol ester increased the amount o f GTP
bound to p21™* from 5% o f total nucleotide in unstimulated
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Fig. 1. Effect of phorbol ester treatment on the activation state of
p21™* in EL4 cells. Cells were labelled with [^^P]orthophosphatc for
4 h, 100 ng/ml PDBu was added for either 5 or 30 min, and p21™*
was immunoprecipitated from cell lysates using monoclonal antibody
Y13-259. Tbs nucleotides bound to p21™* were seperated by TLC and
quantitated by direct scanning for jS radiation.

cells to 36% (Figure 1), a > 7-fold increase in the amount
o f active ras. As previously observed, the calcium ionophore
ionomycin has no effect on p 2 1 ^ activation (data not
shown).

EL4 ceils produce IL-2 and express IL-2CAT in
response to protein kinase C activation
EL4 cells can be used as a model system for studying
signalling pathways in normal T lymphocytes since in both
these T cell systems stimulation o f protein kinase C activates
p21™* and regulates interleukin 2 (IL-2) production.
Figure 2a iUustrates the production of IL-2 by EL4 cells in
response to phorbol ester and the synergistic effect of
ionomycin on this induction. Ionomycin by itself is unable
to stimulate EL-2 production, but increases the response to
phorbol ester by up to 5-fold. In this experiment EL-2 levels
were measured using a biological assay that utilizes the IL-2
sensitive T cell line CTLL. An experimratally more tractable
way o f studying the control o f I L - 2 gene expression is
provided by the use o f a construct containing a chloram
phenicol acetyltransferase (CAT) reporter gene under the
control o f the I L - 2 gene enhancer and promoter (Durand
e t a l . , 1988). Transfection o f this construct (IL-2CAT) into
EL4 cells, followed by applying various stimuli 24 h later
gave the same induction profile o f the IL-2CAT construct
as was seen for the endogenous I L - 2 gene (Figure 2b). CAT
activity was measured 18 h after a^^lying various stimuli
to the transfected EL4 cells; Figure 2b iEustrates the fold
induction o f C AT activity. In the absence o f stimuli,
expression o f IL-2CAT is extremely low. Phorbol ester
treatment gave an induction o f IL-2CAT expression o f
— 140-fold which was increased to —340-fold in the
presence o f ionomycin. The reporter construct thus mimics
the behaviour of the endogenous gene. Stimulation could also
be achieved using a monoclonal antibody (2C11) raised
against the CD3 component o f the murine T cell receptor;
this resulted in a —40-fold induction in the expression o f
IL-2CAT. A s for the endogenous I L - 2 gene, ionomycin by
itself has absolutely no effect on CAT expression.
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Fig. 2. Activation of TCR and protein kinase C induces expression of
IL-2 and IL-2CAT. (a) EL4 cells were stimulated with 100 ng/ml
PDBu and 0.5 /ig/ml ionomycin, as indicated, for 18 h. Cell culture
supernatants were harvested and assayed for IL-2 production by
measuring [^HJthymidine incorporation into CTLL cells, as described
in Materials and methods, (b) EL4 cells (2.5 x 10^ per point) were
transfected with 10 ng IL-2CAT DNA. 24 h post-transf^ection the cells
were stimulated for 18 h with either 100 ng/iril PDBu, 0.5 ^ig/ml
ionomycin or 0.1 mg/ml 2C11 monoclonal antibody coated on to
plates, as indicated. Cells were harvested and CAT activity in cell
lysates was measured in an 18 h assay, as described in Materials and
methods. Results are shown as fold induction of CAT activity
compared with unstimulatcd cells.

p 2 1 ^ potentiates protein kinase C stimulation of
IL-2CAT expression and synergizes with a calcium
signal
To determine whether p21™* is involved in signalling
pathways linking activation of the T cell receptor to
regulation of 11^2 gene expression, we constructed an
expression vector containing a gene encoding a mutationally
activated ras protein under the control of the constitutively
expressed cytomegalovirus (CMV) promoter. This
expression system was used because the CMV promoter
allows high level expression in a variety of cell types
including T lymphocytes. The v-Ha-ros gene was used: this
contains mutations at codons 12 (G—R) and 59 (A —T). The
encoded protein is insensitive to GTPase activating proteins
and has a dominant positive effect on cell proliferation in
fibroblast cell lines (Haubruck and McCormick, 1991). The
active r a s sequence was inserted into the B a m H l site in the

CMV plasmid and clones containing r a s both in the positive
(CMVras-t-) and negative (C M V ras-) orientation were
obtained. The expression of activated ras proteins was
confirmed by showing that calcium phosphate mediated
transfection of Rat-1 fibroblasts by the positive, but not the
negative, orientation clone resulted in the appearance of large
transformed foci 2 weeks following transfection (data not
shown).
EL4 cells were cotransfected with IL-2CAT and either
CMVras4-, C M V ras- or the empty CMV vector, using a
2.5-fold excess of the CMV plasmid. This DNA ratio was
found to give optimal stimulation of IL-2CAT expression
(data not shown). In Figure 3a a TLC of the CAT assay is
shown: the acetylated chloramphenicol products migrate as
two species ahead of the non-acetylated chloramphenicol.
Cotransfection of CMVras-f increases the phorbol ester and
phorbol ester plus ionomycin induction of IL-2CAT
expression when compared with cotransfection with
C M V ras-. Neither activated ras alone nor calcium
ionophore alone are able to stimulate IL-2CAT expression
in these cells, but together they synergize to give a clear
induction of reporter enzyme activity. The empty CMV
vector gave similar results to C M V ras- (data not shown).
Quantitation of this assay, together with a second identical
experiment, gave the average values shown in Figure 3b.
The presence of activated ras enhances the phorbol ester
induction of IL-2CAT by 2.6-fold and the phorbol ester plus
ionomycin induction by nearly 2-fold. Ionomycin plus
activated ras give an 8-fold induction in expression of
IL-2CAT while each alone cause no induction.
In addition to the above pharmacological stimuli, we also
determined the effect of activated ras on the more
physiological stimulation of EL4 cells through the T cell
antigen receptor. The receptor was activated by the specific
monoclonal antibody 2C11, which also synergizes with
ionomycin. Figure 3c shows that activated ras causes a 4-fold
stimulation in IL-2CAT induction by 2C11 and at least a
2-fold increase in the induction of IL-2CAT by the T cell
receptor antibodies plus ionomycin.
The stimulatory effect of CMVras-t- on the phorbol ester
induction of IL-2CAT responded in a dose dependent manner
to the amount of r a s DNA used in the cotransfection
experiments (Figure 3d). In these experiments the amount
of IL-2CAT used was constant at 10 fig . The dose response
to phorbol ester for induction o f IL-2CAT shows that
concentrations as low as 5 ng/ml begin to induce gene
expression (Figure 3e). This is similar to the lowest
concentrations of PDBu needed to activate protein kinase
C. At all phorbol ester concentrations used, up to 100 ng/ml,
the presence of CMVras-t- stimulated expression of
IL-2CAT by at least 2-fold.
p27'** selectively stimulates AP-1CAT activity in EL4

cells
To show that the inability of CMVras 4- to induce IL-2CAT
in EL4 cells was not due to insufficient expression of p21'®*
protein we used a phorbol ester responsive element (TRE)
reporter construct, which binds an AP I complex and is
known to be activated by ras in other cell types. The
AP-ICAT construct consists of sequences from —73 to - 4 2
of the 5' region of the human fibroblast collagenase gene,
which contains a single copy o f a TRE element, linked to
the heterologous herpes simplex virus thymidine kinase
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Fig. 3. p21™* potentiates protein kinase C induction of IL-2CAT and synergizes with a calcium signal. EL4 cells were transfected with 10 ng
IL-2CAT and 25 )ig of the appropriate CMV DNA as indicated. 24 h post-transfection the cells were stimulated for 18 h with either 100 ng/ml
PDBu, 0.5 itg/ml ionomycin or 0.1 mg/ml 2C11 monoclonal antibody coated on to plates, as indicated. Cells were harvested and CAT activity in
cell lysates was measured in an 18 h assay. Results are shown as (a) thin layer chromatogram and (b and c) quantitated as fold induction of CAT
activity compared with unstimulated cells, (d) Cells were transfected with 10 ng IL-2CAT DNA and varying amounts of CMVras DNA with CMV
empty vector to make up a total of 25 fig cotransfected DNA. 24 h post-transfection the cells were stimulated for 18 h with 100 ng/ml PDBu. (e)
Cells were transfected with 10 fig IL-2CAT and 25 fig CMVras DNA. 24 h post-transfection the cells were stimulated for 18 h with varying
amounts of PDBu as indicated. Results shown arc the average of four experiments.

promoter driving the CAT gene (Angel e t a l . , 1987a).
Figure 4a shows that transient expression of CMVras + in
EL4 cells is sufficient to stimulate API activity and increase
expression from the TRE. Cotransfection of AP-ICAT with
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CMVras + results in a maximum 5-fold increase in CAT
activity compared with cotransfection with CMVras —. This
stimulation responds in a dose dependent manner to the
amount of r a s DNA used in the cotransfection experiments
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Fig. 4. p2I™* can replace phorboi ester in stimulation of AP-ICAT. (a) EL4 cells were transfected with 20 /tg AP-ICAT and 40 fig CMVros DNA.
24 h post-transfection the cells were stimulated for 18 h with 0.5 fig/ml ionomycin or 100 ng/ml PDBu, as indicated. Cells were harvested and CAT
activity in cell lysates was measured in an 18 h assay. Results are shown as fold induction of CAT activity compared with unstimulated cells
containing CMVras-. (b) EL4 cells were transfected with 20 fig AP-ICAT and varying amounts of CMVror DNA with CMV empty vector to
make up a total of 40 fig cotransfected DNA. Cells were harvested 42 h post-transfection and CAT activity in cell lysates was measured in an 18 h
assay. Results are shown as fold activity of cells containing CMVras + compared with CMVras —.
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Fig. 5. p21™‘ potentiates stimulation of IL-2 production. EL4 cells were transfected with 10 fig IL-2CAT and 25 fig CMVrar DNA. 24 h post
transfection the cells were stimulated for 18 h with (a) 100 ng/ml PDBu or 100 ng/ml PDBu plus 0.5 fig/ml ionomycin, or (b) 0.5 fig/ml
ionomycin. Cells were harvested and the supernatants assayed for IL-2 production by stimulation of [^H]thymidine incorporation in CTLL cells as
described in Materials and methods. Results arc shown as the total amount of IL-2 produced in pg from 2.5 X lO’ cells.

(Figure 4b). As expected, treatment with phorboi ester also
results in the same 5-fold stimulation as seen with ras alone
(Figure 4a). The magnitude of the response of the AP-ICAT
in EL4 cells is in reasonable agreement with that seen for
fAorbol ester stimulation of this construct in HeLa tk~ cells
(7.2-fold) (Angel e t a i , 1987b).
To show that there was selectivity in which regulatory
elements could be effected by expression of an activated ras
protein, we used the constitutively expressed CMVCAT and
MoMLV-LTRCAT constructs in cotransfection experiments
with CMVras-h and C M V ras- DNA. The effects of
phorboi ester or ionomycin treatment on the level of CAT
activity were measured; expression of activated ras had no
effect on these promoters (data not shown).
potentiates stimulation o f IL-2 production
In order to confirm that the increases in CAT activity that
were observed in response to activated ras were indeed a

consequence o f enhancement of signals converging on the
H ^ 2 gene enhancer, we measured the amount of IL-2 protein
produced by r a s transfected cells. Culture supernatants from
the total population o f transiently transfected cells were
assayed for IL-2 levels. Even against a background of
untransfected cells, the presence of CMVras 4- in a
proportion of these cells was sufficient to enhance the phorboi
ester induction of biologically assayable IL-2 by —2-fold
(Figure 5a). A smaller enhancement of the frfiorbol ester plus
ionomycin effect on IL-2 production was seen in response
to CMVras-I- ( —40%). Activated ras was also able to
synergize with ionomycin to produce IL-2, which otherwise
is undetectable after either ionomycin treatment or
transfection o f CMVras 4- alohe (Figure 5b): the absolute
levels of IL-2 produced are, however, low compared with
induction by phorboi ester. These data confirm the behaviour
of the IL-2CAT as an accurate reporter for the expression
of the endogenous I L - 2 gene.
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Fig. 6. Dominant negative RSVroîN17 mutant blocks TCR and protein kinase C induction of IL-2CAT. (a) EL4 cells were transfected with 10 ng
IL-2CAT and 20 ^Lg RSVrorNl? or 20 fig RSV empty vector. 24 h post-transfection cells were stimulated for 18 h with 0.1 mg/ml 2C11
monoclonal antibody coated on to plates, 100 ng/ml PDBu or 100 ng/ml PDBu plus 0.5 fig/ml ionomycin, as indicated. Cells were harvested and
CAT activity in cell lysates was measured in an 18 h assay. Results are shown as fold induction of CAT activity compared with unstimulated cells,
(b) EL4 cells were transfected with 10 fig IL-2CAT and varying amounts of RSVrorNl? and RSV empty vector to give a total of 20 fig
cotransfected DNA. 24 h post-transfection cells were stimulated for 18 h with 100 ng/ml PDBu or 0.1 mg/ml 2C11 monoclonal antibody coated on
to plates. Cells were harvested and CAT activity in cell lysates was measured in an 18 h assay. Results arc shown as % inhibition of CAT activity
of cells transfected with RSVrorNl? compared with the RSV empty vector, (c) EL4 cells were transfected with 2 fig RSVCAT or 2 fig CMVCAT
and 20 ^g RSV rajN 17 or 20 ^xg RSV empty vector. 48 h post-transfection cells were harvested and CAT activity in cell lysates was measured in a
1 h assay, using varying amounts of the lysates as indicated in order to be within the linear range of enzyme activity. Results arc shown as percentage
conversion of chloramphenicol into the acetylated product.

p 2 i s essential for protein kinase C and T ceil
receptor m ediated induction o f IL-2 expression
The above data show that protein kinase C activates
endogenous p21"* in EL4 lymphocytes and that active,
GTP bound ras can stimulate a signalling pathway which
both potentiates a protein kinase C mediated pathway and
synergizes with a calcium activated pathway in the induction
of I L -2 expression. To determine whether the activation of
p21
is indispensable for induction of I L - 2 gene
expression, we used a dominant negative r a s mutant which
appears to block the activation of the endogenous p21'^
protein (Feig and Cooper, 1988). In Ha-rasN17, serine is
replaced by asparagine at codon 17, probably blocking the
function of normal p21^ by competing with the proteins
that mediate guanine nucleotide exchange. Figure 6a shows
that cotransfection of RSVrosNl? with IL-2CAT, using a
DNA ratio of 2 to 1, blocks the T cell receptor antibody
(72% inhibition, n = 3, a = 6%), phorboi ester (78%
inhibition, n = 6, a = 9%) and phorboi ester plus ionomycin
(95% inhibition) mediated induction of IL-2CAT activity.
The inhibition of the T cell receptor and protein kinase C
mediated induction of IL-2CAT by the dominant negative
RSVrosNH mutant occurs in a dose dependent manner
(Figure 6b). The T cell receptor driven signal is slightly
more easily inhibited than the phorboi ester response,
possibly reflecting the more potent activation of endogenous
p2 1ras by phorboi ester than by T cell receptor antibodies
(Downward er a t . , 1990). p21™^ therefore appears to be an
essential component necessary for induction of both the T
cell receptor and protein kinase C mediated induction of I L -2
gene expression in T lymphocytes. However, the dominant
negative r a s mutant was unable to block the IL-2 induction
completely; the reason for this incomplete inhibition may
be that some cells received IL-2CAT DNA but not
RSVrasN17 DNA. It is also possible that some very minor
signalling pathway from the T cell receptor and protein
kinase C does not involve ras and is capable of inducing
residual expression of I L -2 . These effects were not due to
a non-specific action of the RSVrasN17 since this plasmid
does not influence the constitutive expression of RSVCAT
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or CMVCAT even when cotransfected with DNA ratios of
10-fold that o f the CAT reporter plasmid (Figure 6c). The
specificity of this dominant negative r a s mutant was also
evident from its inability to inhibit calcium ionophore
induction of expression of an NF-AT CAT construct.

Discussion
Our previous studies have demonstrated that the activation
state of p21"K in T cells is under the control of protein
kinase C and the T cell receptor (Downward e t a l . , 1990).
Stimulation o f either of these molecules leads to rapid
activation of p21'^, apparently through suppression of GAP
and/or neurofibromin activity against the background of a
constitutively highly active guanine nucleotide exchange
factor. Recently we have found evidence that the T cell
receptor may use two different signalling pathways to
regulate p 21^ , one involving protein kinase C and the
other protein tyrosine kinases (Izquierdo e t a i , 1992).
The downstream consequences of activation of p21"*
have not previously been determined in T cells: this is in
contrast to other cell types where r a s oncogenes have been
shown to cause transformation, differentiation or growth
arrest (Haubruck and McCormick, 1991). The effects of the
known activators of ras in T cells are, however, well
characterized; as shown in Figure 2 and reported previously
(Crabtree, 1989), both protein kinase C stimulatory phorboi
esters and activating antibodies directed against die T cell
receptor cause synthesis of the T cell growth factor IL-2.
Production of IL-2 is a critical event in T cell activation and
clearly makes a good candidate for control by ras proteins.
This response can be mimicked by use of the synthetic
IL-2CAT construct in which the chloramphenicol transferase
gene is placed under the control of the I L -2 gene promoter
and enhancer (Durand e t a l . , 1988); the enhancer region of
the I L - 2 gene binds several transcription complexes which
have previously been shown to be activated, at least
indirecdy, by active p21™* in other cell types, such as the
phorboi ester inducible AP I complex (Angel e t a l . , 1987b;
Wasylyk e t a l . , 1987) (consisting of jun and fos family
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members) and the phorboi ester activated N F-xB activity,
composed o f several members of the rel-related family
(Gutman and Wasylyk, 1991). In addition, in T cells phorboi
esters are known to synergize with ionomycin in increasing
the activity o f the NF-AT complex which binds to the I L - 2
enhancer (Mattila e t a l . , 1990; Hivroz-Burgaud e t a l . ,
1991).
The data presented here show that expression o f a
mutationally activated ras protein in the murine T cell line
EL4 leads to an enhanced production o f biologically
assayable IL-2 protein in response to phorboi esters and to
T cell receptor agonists. Activated ras also synergizes with
the calcium ionophore ionomycin to cause IL-2 production,
whereas neither activated ras nor ionomycin alone give any
response. Similar effects can be seen when the expression
o f the cotransfected IL-2CAT construct is measured.
Activated ras alone can, however, induce expression o f
AP-ICAT as strongly as can phorboi ester. This implies that
the failure o f ras by itself to cause 1L-2CAT induction is
not due to inadequate levels o f ras protein expression. A
recent report has shown that control o f such an 1L-2CAT
reporter construct is also boosted by cotransfected r a s in the
EL4 T cell line (Baldari e t a l . , 1992); in this case ras alone
was capable o f causing a very small stimulation o f 1L-2CAT
expression without the need for a synergizing signal. It is
not clear why ras absolutely requires a synergizing signal
such as ionomycin in our system: the most likely explanation
is clonal variation within the EL4 cell line such that in the
work o f Baldari e t a l . the cells used might be constitutively
receiving a weak activating calcium signal.
The positive effects o f activated ras on IL-2 expression
indicate that a signalling pathway connects ras proteins to
regulation o f transcription factors controlling the ZL-2 gene.
Since ras alone cannot activate lL-2 expression it would
appear that this pathway by itself is not sufficient to transmit
to the lL-2 enhancer the stimuli originating from the T cell
receptor or from protein kinase C. The ras pathway must
synergize with at least a calcium signal in order to stimulate
IL-2 expression. This is compatible with the notion that ras
activation is one o f a number o f downstream signalling events
stimulated by protein kinase C and by the T cell receptor.
However, is the ras signalling pathway essential for the
activation o f lL-2 expression in response to T cell receptor
or protein kinase C stimulation in T cells? Our data using
the dominant negative mutant o f r a s , H - r a s N l l , would
indicate that this is the case. Removal o f endogenous ras
function from these cells renders them almost completely
incapable o f giving IL-2CAT expression in response to
protein kinase C or T cell receptor stimulation.
Several examples for p21™ being essential for either
receptor tyrosine kinase or phorboi ester induced .signalling
have recently been rqx)rted. For example, signalling through
the nerve growth factor (NGF) receptor tyrosine kinase,
p i 45*^ , was completely blocked and that through protein
kinase C was partially blocked by dexamethasone induced
expression o f c-Ha-rarN17 (under the control of the MMTV
LTR) in PC12 cells (Szeberenyi e t a l . , 1990) (Thomas e t a l . ,
1992; Wood e t a l . , 1992). In an N1H3T3 cell line
overexpressing the insulin receptor, transfection o f c-HarajN 17 abolished the insulin induced expression o f both
collagenase promoter and f o s promoter-reporter constructs
(Medema e t a l . , 1991). For N1H3T3 cells containing
M M TV c-H a-ra5N 17, treatment with dexamethasone

completely blocked epidermal growth factor (EGF) and
phorboi ester stimulated DNA synthesis, and partially
inhibited the stimulation by serum, fibroblast growth factor
(FGF) and platelet-derived growth factor (PDGF) (Cai e t a l . ,
1990). While it appears likely from work presented here and
previously that protein kinase C lies upstream o f r a s in T
cells, in other cell types studied most data point to protein
kinase C functioning principally downstream of r a s
(Marshall, 1991). W e are currently addressing whether in
T lymphocytes protein kinase C acts as a downstream
mediator o f p21™*, as well as an upstream activator.
The data presented suggest that either a calcium signalling
pathway or a ras independent protein kinase C mediated
pathway must also be activated in addition to the ras mediated
pathway in order to stimulate IL-2 expression. As yet the
identities o f proteins acting as effectors o f ras and of the
other signalling molecules in this system are unknown,
although several candidates exist. From work in other cell
types it is possible that NF-xB and AP I act as the end points
for the ras independent protein kinase C pathway (Gutman
and Wasylyk, 1991). It has been shown that the transcription
factor complex NF-AT mediates the effects of calcium
signals on IL-2 expression (Mattila e t a l . , 1990; HivrozBurgaud e t a l . , 1991). Our own recent work implicates NFAT as one, but probably not the only, target for the ras
dependent pathway (M.Woodrow, S.Rayter, J.Downward
and D.Cantrell, submitted).

Materials and methods
Reagents
Ionomycin, acetyl Co A and T6520 silica gel on polyester TLC plates were
from Sigma. Phorboi-12,13-di-butyrate was from Calbiochem (UK).
['^CJchloramphenicol (50 - 6 0 mCi/mmol), [^^P]orthophosphate (10
mCi/ml) and [^H]thymidine (20 - 30 mCi/mmol) were from Amersham
(UK). MAb 2C11 (reactive against the murine CD3 conponent of the TCR)
was coated on to tissue culture plates overnight before the addition of cells.
2C11 and OKTll (Becton Dickinson) reactive against human CD2
monoclonal antibodies were protein A-Sepharose puriried from cell culture
supernatant. Y 13-259 rat monoclonal antibodies were purified from cell
culture supernatant using rabbit anti-rat protein A —agarose. Rabbit antirat polyclonal antibody was fiom Serotec, fluorescein isothiocyanate
conjugated goat anti-mouse polyclonal antibody was from Sera-lab, and
protein A-agarose was from Bio-Rad. Recombinant IL-2 was from
Eurocetus.

Cells
The murine thymoma EL4 was maintained in RPMl 1640 supplemented
with 10% heat inactivated fetal calf serum and 10 /tM /3-mercaptoethanol
(Farrar et al., 1980). The IL-2 dqrendent cell line, CTLL, was maintained
in RPMl 1640 supplemented with 10% heat inactivated fetal calf serum,
15 ftM |3-mercaptoethanol and 20 ng/ml recombinant IL-2. Growth was
at 37“C and humidified in 5% £0^195% air.

Labelling cells and bnmunopredpitations
Activation of p21™* in reqxmse to phorboi ester was determined from ^Plabelled cells. For each treatment, 5 x lO^cells were labelled with 1 mCi
[^^P]orthophosphate in 10 ml of phosphate-free DMEM medium, 20 mM
HEPES buffer pH 7.5 and 1 mg/ml BSA. (Zells were then treated with 100
ng/ml PDBu for the desired period and the endogenous p21™* was
immunoprecipitated with the nxmoclonal antibody Y 13-259 as previously
described (Basu e t a l . , 1992). The nucleotides bound to the
immunoprecipitated p21™* were resolved by TLC.

IL-2 assays
CTLL cells which had been fed with IL-2 36 h previously were used for
the IL-2 assay. The cells were washed in RPMl medium then incubated
in complete medium without IL-2 for at least 1 h. % well plates were
prepaid with 100/il of serial doubling dilutions of assay supernatants and
100 /il of 5 X l( f CTLL cells were added. IL-2 standards were incorporated
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in the assay, starting at a concentration of 20 ng/ml. Cells were incubated
for 48 h, 1 /(Ci [^Hjthymidine was added to each well and cells were
incubated for a further 4 h. Cells were harvested on to glass filter paper
and counted in scintillation fluid.
Plasmids and DNA preparations

1L-2CAT was a gift from G.Crabtree (Stanford, USA) and has been
previously described (Durand et al., 1987). Briefly, the IL-2CATconstruct
contains 275 Iq) of S' sequence from the human IL-2 gene, which contains
the IL-2 mininial promoter and enhancer, driving the reporter gene CAT.
The construct used for the eiqiression of activated ras was created by inserting
the 0.7 kb cDNA fragment of v-Ha-roj into the BamHl site of pcDNA-1
(Invitrogen, San Diego, CA, USA) under the control of the CMV promoter.
Orientation was determined by restriction analysis, and activity assessed
ly focus formation in Rat-1 fibroblasts. The dominant negative nos construct
has been previously described, and contains a 4.8 kb genomic ftagment
of c-Ha-ros which contains a mutation at codon 17, replacing serine with
asparagine, expressed under the control of the RSV promoter. CMVCAT
was a gift from P.Parkcr (ICRF), RSVCAT and LTRCAT were gifts from
R.Treisman (ICRF), and AP-ICAT was a gift from N.Jones (ICRF).
Plasmids were prepared by alkali lysis, as described in Sambrook et al.
(1989), and purified two rounds of caesium chloride-ethidium bromide
equilibrium centrifugation.
Transfections

Cells were transfected by electroporatitHi (Gene Puiser, Bio-Rad) as follows;
2.5 X 10^ cells in 0.25 ml RPMl medium were mixed with DNA in pre
chilled 0.4 cm cuvettes (Bio-Rad), pulsed at 250 V (960 /(F), then lefi on
ice for 10 min prior to addition of complete medium and transferring the
mixture to plates. Time constants were typically 75 ± 8. 24 h after
transfection various stimuli were added and CAT assays were performed
after a further 18 h incubation. The efficiency and reproducibility of the
transfection procedure was characterized in preliminary experiments using
a vector encoding the human CD2 cell surface expressed protein under the
control of a CMV promoter. Eight separate transfections with die CMVCD2
construct were analysed for eiqrression of the CD2 protein on die cell surface,
with and without phorboi ester treatment. 48 h post-transfection cells were
coated with a mouse monoclonal antibody (OKTll) specific for the
extracellular component of the CD2 protein and visualized using a goat anti
mouse polyclonal antibody conjugtUed to fluorescein isothiocyanate. Live
cells positive for CD2 expression were visualized with a FACS scanner
at 488 nm wavelength. A mean of 26% (a = 6) of live cells were found
to be positive for expression of CD2 48 h after transfection, whether treated
with phorboi ester or not.
CAT assays

Assays were performed according to the mediod of Gorman et al. (1982).
Briefly, aliquots of 2.5x10^ cells were lysed by three cycles of
freeze-thaw in 100 /d of 0.25 M Tris-HCl buffer, pH 8, followed by
a 10 min incubation at 65°C to heat-kill the lysate. Cellular debris was
pelleted and the supernatants were assayed for CAT activity by addition
of 0.4 mM acetyl CoA and 0.3 /(M ['^C]chloramphenicoI, then incubated
at 37"C for 18 h (IL-2CAT and AP-ICAT) or I h (CMVCAT, RSVCAT
and LTRCAT). Chlorançhenicols were extracted in ethyl acetate and
acetylated products separated from non-acctylated chloramphenicd by TLC
in 95%/5% chloroform/medtanol running buffer. TLC plates were
quanthaied by an AMBIS scanner and percentage conversions of acetylated
dtloramphenicol were calculated. CAT assays were internally controlled
for transfection efficiency
expressing activity as fold conversion relative
to unstimulated cells.
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T c e ils, sign als initiated at the TCR, and in particular a ctivation o f p ro tein kinase C (PKC), ca n a ctiv a te

A b stra c t,

in

the p21

proteins. Triggering o f th e TCR and PKC is required for th e efficien t prod u ction o f the T ce ll grow th factor,

IL-2. IL-2 g e n e transcription is co n tro lled by a 2 7 5 -b p en h a n c er that is k n ow n to con tain b in d in g sites for m an y
transcription factors in clu d in g th e o cta m er fam ily o f proteins, NFkB, AP-1 , and a T c e ll-sp e c ific factor, NFAT (nuclear
factor o f activated T c ells). NFAT b inds to a region o f the IL-2 en h a n cer that has b een d efin ed as a TCR resp o n se
e le m e n t (ARRE-2), and is in d u ced in resp o n se to in crea ses in intracellular c a lc iu m , stim ulation o f PKC, or triggering
of the TCR. To d eterm in e w h eth er p 21

is in v o lv e d in th e sign als that regu late NFAT, w e e x a m in e d th e e ffec t o f

exp ression o f a con stitu tiv ely a ctiv e p2T^* m utant, v-H a-ras, and a d om in an t inhibitory m utant o f p2V^^
c-Ha-ras^^"'^, on th e in d u ction o f a NFAT-driven reporter g e n e (NFAT CAT) during T ce ll a ctivation . T he c o n sti
tutively a ctiv e Ras m utant co u ld sy n erg ize w ith the ca lc iu m io n o p h o r e io n o m y cin to in d u ce NFAT. In ad d itio n ,
ex p ressio n o f p 2 l c o u l d

e n h a n c e NFAT CAT in d u ction in resp o n se to TCR and PKC agon ists. T he d o m in a n t

inhibitory m utant o f p2T^^ c o u ld prevent NFAT CAT ex p ressio n in resp o n se to PKC or TCR triggering. T h ese data
sh o w that Ras regulates NFAT, and that p2T'^^ fu n ction is im portant for th e TCR- and PKC-regulated p a th w a y s that
regulate NFAT.

Journal o f Im m unology, 1 9 9 3 , 1 50: 3 8 5 3 .

he r a s proto-oncogenes encode 21-kDa guanine
nucleotide binding proteins that are essential for
cell growth and activation in most mammalian
cells. When constitutively activated by point mutation, they
can cause cellular transformation (1). The p2T®'‘ proteins
are regulated by a cycle of binding GTP to give the bio
logically active form of the protein. Ras has intrinsic GTPase activity, and hydrolysis o f bound GTP reverts the pro
tein to the inactive GDP bound form. Reactivation is
achieved by exchange of bound GDP for free cytosolic GTP

T

In T lymphocytes, activation o f the TCR results in a rapid
and prolonged stimulation of p2T^^ as measured by its con
version from the GDP to the GTP bound state in activated
cells (2). These increases in the levels of p 2 r “ -GTP com 
plexes do not result from changes in the rate of nucleotide
exchange on p2P^\ Rather, TCR triggering induces a de
crease in p2r®^ GTPase activity as a consequence o f in
activation of Ras GAP‘ (3). Two intracellular mechanisms
for Ras activation coexist in T cells: one is mediated by

( 2 ).

PKC and the other by an as yet unidentified tyrosine kinase
(PTK) (4). The PKC-mediated route for p 2 1 activation is
not ubiquitous, and may be restricted to lymphocytes. Its

R e c e iv e d for p u b lic a tio n A u g u st 3, 1 9 9 2 . A c c e p te d for p u b l ic a ll o n .W x i w r y 4 ,

existence in T cells is demonstrated by the ability o f PKC
activators such as phorboi esters and diacylglycerols to

1993.
T h e c o s ts o f p u b lic a tio n o f th is a rtic le w e r e d e fra y e d in p a rt b y th e p a y m e n t of
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a c c o r d a n c e w ith 18 U .S .C . S e c tio n 1 7 3 4 s o le ly to i n d ic a te th is fact.
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stimulate p 21 via regulation of p 2 1'^^'‘-GAP (2). However,
by identical criteria, PKC regulation o f Ras does not occur
in fibroblasts or myeloid cells (5, 6): in these cells, PTKcontrolled pathways couple growth factor receptors such as
the insulin and platelet-derived growth factor receptors to
Ras (5, 7-10). In T cells, the TCR can stimulate PKC and
thus has the potential to regulate Ras via this kinase, but
there is also evidence that the TCR can use the alternative
non-PKC route to couple to p2P"\ Accordingly, it is pro
posed that two signaling pathways, one involving PKC and
one a PTK, originate from the TCR and converge in the
plasma membrane at the level of p 2 1 (4).
One important function of the TCR and PKC during T
cell activation is to control the expression o f the gene en
coding the T cell growth factor IL-2, which is essential for
T cell clonal expansion and the development o f an immune
response (11). p21"'" proteins have been implicated in IL-2
gene regulation, since in transient transfection studies ex
pression of a constitutively active r a s oncogene can sub
stitute in part for PKC- and TCR-derived signals and induce
an IL-2 enhancer reporter construct (12, 13). Moreover,
expression of a dominant inhibitory mutant of p 2 r “'’ pre
vents both TCR and PKC induction of IL-2, thus demon
strating that p 2 1 plays a central role in coupling the TCR
and PKC to IL-2 gene expression (12).
IL-2 gene transcription is controlled by the cooperative
activity of at least eight proteins that interact with se
quences within the 275-bp IL-2 enhancer. Several o f these
proteins, i.e., AP-1. N F k B, and Oct-1, are ubiquitous, and
respond to a large number of stimuli in many different cells
(11). However, a protein complex called NFAT, which ap
pears to determine the T cell selectivity of the IL-2 gene,
has been identified to bind to a TCR response element
within the IL-2 enhancer ( 14). Multimers of the NFAT bind
ing site restrict expression of a reporter gene to activated
T cells in transgenic animals ( 15). Moreover, the expression
of NFAT correlates absolutely with activation of the IL-2
gene (16, 17). NFAT is also the major regulatory target for
the immunosuppressants cyclosporin A and FK506, which
indicate its importance in the T cell inducibility and spec
ificity of IL-2 gene regulation (18, 19). NFAT has not yet
been purified or cloned, but is thought to be a complex of
at least two proteins: one is T cell specific, cytoplasmic, and
translocates to the nucleus upon T cell activation; the other
is ubiquitous, predominantly nuclear, and only present in
activated cells (20).
The expression of a functional NFAT complex in cells is
controlled by synergistic signaling pathways initiated by
the TCR and involving increases in intracellular calcium
and activation of PKC (17, 19). TCR regulation of NFAT
is thus explained since an immediate consequence o f TCR
triggering is an elevation of intracellular calcium and stim
ulation of PKC (21). Recently, transfection studies have
identified the calcium/calmodulin-dependent phosphatase

calcineurin as a component o f the calcium-regulated signal s
that control NFAT expression (18, 22, 23). However, the
downstream mediators of PKC regulating NFAT are un
known. Ras proteins play an important role in regulating the
activity o f transactivating factors such as AP-1 and NFkB
in many cells (13, 24, 25). It remains to be determined,
however, whether NFAT is at the distal end o f a Rasregulated signaling pathway in T cells. Certainly NFAT is
important for cellular regulation o f the IL-2 gene. Hence,
our previous observations that Ras function is essential for
IL-2 expression could be explained if Ras function were
crucial for NFAT induction. However, NFAT is not the only
transacting factor critical for IL-2 expression, as demon
strated in a recent report that, in anergic T cells, a defect in
IL-2 gene regulation was explained by a defect in AP-1 but
not NFAT transactivation (26). The object o f the present
study, therefore, was to examine the effect o f p2T‘'" on
NFAT. In this report, we describe that expression of an
activated r a s oncogene can synergize with TCR, calcium,
and PKC signals to induce functional activity of NFAT.
Moreover, expression of a dominant inhibitory mutant of
Ras inhibits TCR and PKC stimulation of NFAT, indicating
that p2r'''’ is an important intracellular component of TCR
and PKC regulation of NFAT.

M aterials and M ethods
R eagents

Ionomycin (calcium salt) and phorboi-12,13-di-butyrate
were from Calbiochem (United Kingdom). mAb 2C 11 (re
active for murine CD3e) was coated onto tissue culture
dishes for use. '"‘C-labeled chloramphenicol, '“^C-labeled
acetyl coenzyme A (both at 50 to 60 mCi/mmol), and deoxycytidine 5'-[a-^‘ P]triphosphate (triethylammonium
salt, ~ 3 0 0 0 Ci/mmol) were from Amersham (United King
dom).
C ells and transfections

The murine thymoma EL4 (27) was maintained in RPMl
1640 supplemented with 10% heat-inactivated FCS and 10
pM /3-ME. Growth was at 37°C and humidified in 5% C O i /
95%air. Cells were transfected via electroporation (Gene
Puiser; Bio-Rad, United Kingdom), according to the man
ufacturer’s instructions. Briefly, cells were pulsed (10^/ml)
in media alone, at 960 pF and 250 V. Transfected cultures
were incubated for 24 h, and then stimuli were applied as
indicated for an additional 18 h.
Plasm ids

IL-2 CAT (16), NFAT CAT (15), and NFATA (28) have
been described previously. IL-2 CAT contains regulatory
sequences upstream of the IL-2 gene (from -3 2 6 to 4-47).
which include the IL-2 minimal promoter and enhancer.
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FIGURE 1. R egulation o f NFAT CAT in EL4 cells. A liquots o f 2.5 X 10^ EL4 cells w e re tran sfected w ith 10 pg o f the re p o rte r
co n stru c t NFAT CAT, p o o le d a n d re a liq u o te d , a llo w e d to re c o v e r for 24 h, a n d stim u lated , as in d ic a te d , for an a d d itio n al 18
h. C ytosolic e x tracts w e re p re p a re d a n d CAT activity asse ssed in an 18-h assay. D ata are e x p ressed as p e rc e n t of su b strate
c o n v e rte d to p ro d u c ts. Stim uli a p p lie d w e re; A, Io n o m y cin at 0.5 pg/m l, PdBu at 50 ng/m l, a n d 2C11 (0.1 m g/m l, w h ic h w a s
c o a te d o n to tissue c u ltu re p late s for use). D ata a re re p re se n ta tiv e o f m o re th an six ex p erim e n ts; B, io n o m y c in as in d ic a te d .

directing transcription o f the reporter gene. NFAT CAT con
tains three copies of the sequence 5' GGAGGAAAAACTGTTTCATACAGAAGGCGT 3' (corresponding to the se
quence from positions -2 8 4 to -2 5 8 relative to the start of
transcription of the IL-2 gene) upstream of the IL-2 min
imal promoter driving the reporter gene CAT. This se
quence has been identified as the binding site for NFAT, the
ARRE-2 site of the human IL-2 enhancer (28). NFATA is
a deletion mutant of IL-2 CAT, in which the region from
-2 7 9 to -2 6 3 has been deleted. The construct used for the
expression of activated Ras was created by inserting the
0.7-kb fragment of v-Ha-ra^ into the B a m H l site of
pcDNA-1 (Invitrogen, U.K.). Orientation was determined
by restriction analysis, and activity assessed by focusforming assay in Rat-1 fibroblasts (29). The dominant in
hibitory Ras construct has been previously described (30),
and contains a 4.8-kb genomic fragment of c-Ha-m j that
bears a mutation at codon 17 (Ser->Asn) expressed under
the control of the RSV prornoter. CMV CAT was created
by removing the 1.6-kb CAT fragment from IL-2 CAT and
inserting into pcDNA 1. The RSV expression vector, p B J90
(A. Akoulichev and H. Land, unpublished observations)
(31 ) was used as an empty vector control in experiments.

CAT assays
Assays were performed according to the method o f Gorman
et al. (32). Briefly, cells were lysed by three cycles of
freeze-thaw in 0.25 M Tris, pH 8.0. Cellular debris was
pelleted, and the lysate heat treated at 68°C for 10 min
before use. Assay conditions were as follows: 140 mM Tris,
pH 8.0, 0.3 pCi "'^C-labeled chloramphenicol, 0.4 mM co
enzyme A. Chloramphenicols were extracted with ethyl ac
etate and resolved by TLC. The amount of radioactivity in
the acetylated products and nonacetylated substrate o f each
reaction was determined by direct scanning of j3-emissions
using an AMBIS /3-scanner. An alternative method for CAT
assays (33) was also used, in which labeled acetyl groups

were transferred onto unlabeled chloramphenicol. Assays
and conditions were similar, but radioactivity o f converted/
nonconverted products was assessed by liquid scintillation
counting. Data were normalized by comparing the relative
amount of plasmid DNA present per cell number, similar
to the method of Novak et al. (34). Briefly, plasmid DNA
was extracted from each pool of cells in a transfection and
blotted onto a nylon membrane using a slot-blot apparatus.
Membranes were probed with a Klenow-labeled fragment
o f the CAT gene. After washing, radioactivity was counted
for each slot, and data in CAT assays adjusted relative to
the weakest hybridization signal.

Results
R egulation o f NFAT CAT in EL4 c e lls

The regulation of NFAT CAT in T cells was monitored by
quantitating the expression o f a NFAT reporter gene com 
prising three copies of the ARRE-2 site o f the IL-2 enhancer
linked to the IL-2 gene minimal promoter and the indicator
gene CAT (15). The data in Figure \ A confirm previous
reports (16) that in transient transfection assays NFAT CAT
is regulated by increases in intracellular calcium, activation
o f PKC, or by triggering of the TCR. NFAT CAT was in
duced six- to tenfold in response to the PKC activator PdBu,
two- to fourfold in response to increases in intracellular
calcium induced by exposing the cells to the calcium ion
ophore ionomycin, and four- to eightfold subsequent to trig
gering the TCR/CD3 complex with the CD3 antibody
2C11. Maximal activity of NFAT CAT was induced by a
combination of ionomycin and PdBu, which gave a range
o f induction of 10- to 30-fold over basal activity. Expres
sion of NFAT CAT correlated with the induction o f the
endogenous IL-2 gene (data not shown). The major dif
ference between the signaling requirements for NFAT ex
pression and IL-2 gene expression is that exposure of T cells
to ionomycin alone is never sufficient for transcriptional
activation of the IL-2 gene. In contrast, NFAT CAT can be
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FIGURE 2. v -H a -ras sy n erg izes w ith c a lc iu m io n o p h o re a n d p h o rb o i e ster to in d u c e NFAT CAT. EL4 cells w e re transfected
w ith NFAT CAT as in Figure 1, e x c e p t th a t 4 0 pg o f CM V e x p ressio n plasm id w e re in c lu d e d in tran sfec tio n . To n o rm alize for
differen ces in tran sfected p o o ls, p lasm id D N A w a s iso lated from e a c h tran sfected pool a n d q u a n tita te d for th e a m o u n t of CAT
D N A p re sen t as d e sc rib e d in M a te r ia ls a n d M e t h o d s . D ata are e x p ressed as in Figure 1. A: Stim uli a re as in Figure 1 ; □ , NFAT
CAT + e m p ty CM V ex p ressio n v e cto r; ■ , NFAT CAT + CM V v - H a -r a s . B: A , N o stim ulus a p p lie d ; ▲, io n o m y c in used at
0.5 pg/m l.
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FIGURE 3. v -H a-ras e n h a n c e s th e p h o rb o i e ster a n d 2C11 d o se -re sp o n se of NFAT CAT. EL4 c ells w e re tran sfec te d as in Figure
2. Stim uli a p p lie d as in d ic a te d . D ata w e re n o rm a liz e d as in Figure 2, a n d e x p ressed as p e rce n t of CAT su b stra te c o n v e rte d to
p ro d u c ts as in Figure 1. A: R esponse to p h o rb o i e ster d o se ; A , NFAT CAT + e m p ty CMV e x p ressio n vecto r; ▲, NFAT CAT +
CM V v-H a-ras. S'. R esponse to 2C11 d o s e as a m o u n t of a n tib o d y a p p lie d to tissue c u ltu re dish es; s y m b o l s as in A.

induced, albeit weakly, by the calcium ionophore ionomy
cin in a dose-dependent manner, as shown in Figure \ B .
p2V^* regulation o f NFAT CAT

To examine whether Ras proteins are involved in the in
tracellular pathways that regulate NFAT, the effect of ex
pressing a constitutively activated mutant Ras on the in
duction of NFAT CAT was monitored.
EL4 cells were transfected with NFAT CAT and an ex
cess of v-Ha-raj under the control of the CMV promoter.
v-Ha-raj- contains two mutations: a glycine—^arginine at
codon 12, and an alanine-^threonine at codon 59 (35). The
resulting protein is resistant to negative regulation by GAP
and accumulates in an active, OTP-bound state (2).
NFAT CAT co-transfected with a control CMV plasmid
shows similar signaling requirements for induction as seen
with no added plasmid (Figs. 1 and 2A ). However, NFAT
CAT cotransfected with CMV v-Ha-raj had markedly dif
ferent induction responses. Expression of the active Ras
mutant in the absence o f stimuli induced a weak two- to
threefold increase in CAT expression. There was also a

If"

marked synergy between ionomycin and v-Ha-raj, as dem
onstrated in Figure 2 8 , which shows that -v-Ha-ras can en
hance ionomycin-stimulated NFAT CAT in a dosedependent fashion. The level o f Ras used for all subsequent
experiments, 40 pg, induced on average (more than eight
experiments) a 10-fold increase (range, 4- to 20-fold) in
NFAT CAT activity in the presence of ionomycin as op
posed to the signal seen with the control plasmid. The con
trol plasmid used in these experiments was the empty CMV
expression vector; experiments were also performed with
ras

cloned in the reverse orientation, and this also failed to

synergize with ionomycin to induce NFAT CAT (data not
shown). Upon stimulation with phorboi ester or with TCR
stimulation, v-Ha-ra^ increased NFAT CAT activity by al
most threefold. In addition, Ras was able to further stim
ulate an ionomycin plus phorboi ester response by approx
imately 50% (Fig. 2A ).
These data demonstrate'that a constitutively active Ras
can regulate NFAT. It is apparent that Ras produces the most
striking synergy in the presence o f ionomycin, suggesting
that it may be a component o f a signaling pathway distinct
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FIGURE 4 . D eletio n of th e NFAT b in d in g site im pairs th e ability of th e IL-2 e n h a n c e r to re sp o n d to stim uli. EL4 c ells w ere
tran sfec te d as in Figure 2, using e ith e r 10 pg of ( □ ) IL-2 CAT o r (□ ) NFATA. A , Stim uli as in Figure 1. B, C ells w ere
c o -tra n sfe cted w ith 40 pg o f CM V ex p ressio n p lasm id : m in u s e m p ty CM V e xpression vecto r ("n o n e " a n d "io n o m y c in + PdBu");
CM V v -H a-ras ("ras" a n d "io n o m y cin + ras"). S y m b o l s a n d stim uli as in A .

from the calcium-induced pathway. However, expression of
v-Ha-ra5 also enhances NFAT CAT activity induced by
stimulation o f T cells with phorboi esters or the TCR ag
onist 2C11 (Fig. 2A). To further examine the regulatory
effects of v-Ha-ra5, PdBu and 2C11 dose responses for
NFAT induction in the presence or absence o f activated Ras
were performed. As shown in Figure 3, A and 8 , the ad
dition of v-Ha-rgj to the transfection augmented the PdBu
induced NFAT response about 20-fold. Similarly, the NFAT
TCR response was also dramatically affected in the pres
ence of v-Ha-r<35. As illustrated in Figure 3 8 , the overall
magnitude o f the response seen with Ras is stimulated about
sixfold.
Our previous studies have shown that v-Ha-m j can syn
ergize with ionomycin to regulate the IL-2 gene. In Figure
4, the effect of v-Ha-ra^ and ionomycin on the induction of
either the intact IL-2 enhancer or an enhancer deleted in the
NFAT binding site (NFATA) driving expression of the CAT
reporter gene was compared. As demonstrated in Figure 4A,
the IL-2 enhancer is induced in response to the combined
stimulus of ionomycin plus PdBu. Deletion o f the NFAT
binding site inhibits this response. As described previously
(12, 13), v-Ha-ro5 can generate signals that regulate the
IL-2 enhancer. Hence, the data in Figure 4 8 show that ion
omycin can induce IL-2 CAT in cells transfected with v-Har a s but not in control cells transfected with an expression
vector control. Ionomycin plus v-Ha-raj induction of the
NFAT-deleted IL-2 CAT (NFATA) was impaired (Fig. 4 8 ) .
A dom inant inhibitory mutant of Ras blocks PKC and
2C11 regulation of NFAT
Data presented thus far provide strong evidence for p2r®*
regulating the activity o f NFAT. However, the fact that
p2r®* can replace TCR or PKC signals in NFAT induction
does not necessarily mean that Ras is involved in TCR or
PKC signaling. Although our original observations sug
gested that PKC is an upstream activator of Ras (2), it is
equally possible that Ras could be upstream of PKC, as is
thought to be the case in fibroblasts. We decided to examine

this issue by using a dominant inhibitory mutant Ras in
co-transfection, and to assess the effect on the response of
NFAT CAT to stimuli.
The mutant used, NI7ras, has been used extensively to
block the activity of endogenous p2T^* in fibroblasts and
PC 12 cells (3 0 ,3 6 ,3 7 ). The mechanism o f inhibition is not
completely understood. N17ras contains a Ser—>Asn mu
tation at codon 17 that increases the protein’s affinity for
GDP vs GTP. The mutant itself is not thought to interact
productively with downstream effectors, and probably in
hibits endogenous c - r a s by competing for guanine nucle
otide exchange factors, thereby preventing accumulation of
c - r a s in the active GTP-bound state (38). Cotransfections
were performed as described previously, except that either
a control empty RSV expression vector or RSV N I7ras was
used. As demonstrated in Figure 5A, the presence o f N 17ras
inhibits the PdBu induction of NFAT CAT by 70% (a mean
o f six experiments). The expression o f N17ras also reduces
the ability of NFAT CAT to respond to TCR triggering by
80%. The inhibitory effects of N 17ras were dose dependent
(Fig. 5C) and appeared to be selective, inasmuch as the
maximal dose of N17ras did not appear to significantly
reduce the ability of the NFAT reporter construct to respond
to induction by ionomycin, and did not affect the consti
tutive expression of a heterologous promoter (CMV CAT)
(Fig. 5 8 ) . The effect of NI7ras on NFAT CAT induction
was dose dependent, as shown in Figure 5C. However,
PdBu- and 2C 11-stimulated expression o f NFAT CAT was
not completely blocked by the presence o f N17ras. This
could reflect that the level o f expression o f N17ras in these
experiments was insufficient to completely prevent the ac
tivation of endogenous Ras in response to PKC stimulation,
or that some cells that received NFAT CAT did not receive
N17ras. Alternatively, a Ras-independent pathway could
couple the TCR and PKC to NFAT.

Discussion
The present data show that a constitutively active Ras,
p 2 ]v Ha " can synergize with the calcium ionophore ion-
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RSV N lZ ra s. D ata are e x p re sse d as p e rc e n t o f c o n v e rte d su b stra te. C: NFAT CAT activity in re sp o n se to PdBU (À
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(RSV em pty). Stim uli are as in A.

omycin to induce expression o f an NFAT reporter gene
construct. Expression o f p 2 r '” ®'"' also augments the cel
lular response of the PKC activator PdBu or the TCR ag
onist 2C11 for NFAT induction. These data demonstrate
that Ras proteins can induce intracellular signals that reg
ulate NFAT. The present data show also that expression of
a dominant inhibitory p 2 r “ mutant, N17ras, can prevent
both TCR and PKC induction o f NFAT in a dose-dependent
fashion. The inhibitory effects o f N17ras, which appear to
be selective since the expression o f N17ras fails to block
the expression of a constitutively active heterologous pro
moter, indicate that Ras function is essential for TCR and
PKC control o f NFAT. Furthermore, the Ras dependence o f
phorboi ester and TCR induction o f NFAT, together with
previous studies showing that PKC and TCR can activate
p21’’®* (as judged by the accumulation of p 2 r “*-GTP com
plexes) (2), are consistent with the hypothesis that Ras pro
teins function to transmit signals from the TCR and PKC
to NFAT.
The observation that Ras is important to the induction of
NFAT confirms Ras as a key regulatory molecule in T cell
signal transduction. NFAT is a major target for TCR-, PKC-,
and calcium-regulated signals that contribute to IL-2 gene
regulation (18). We have shown previously that Ras is im

portant for IL-2 gene expression, and it is probable that Ra
regulation of NFAT may contribute to IL-2 gene inductioi
However, the IL-2 gene is subject to complex regulation b
a number of transcriptional factors, and there are sites othi
than NFAT in the IL-2 enhancer that are PKC and TCI
regulated: notably, an additional A P -1 site and an NF kB sit
(11). p 2 r “ can regulate transcription from AP-1 (24, 2'
and NF kB (13) sites, and the contribution o f Ras regulatic
o f these transcription factors to IL-2 gene induction coul
be important but remains to be examined.
The most comprehensive definition o f NFAT was r<
cently proposed by Flanagan et al. (20). At present, NFA
is believed to be a complex o f at least two proteins; one
a constuitive but T cell-specific cytoplasmic componei
that requires increases in cytosolic calcium for transloc;
tion to the nucleus, and the other is a ubiquitously expresse
nuclear component that is only present in activated, notabl
PKC-stimulated, cells. The identity o f the T cell-specif
NFAT subunit is unknown, but there is a core binding si’
for the ets family o f proteins, and it is thought, therefor
that it may be a member of the ets family o f transcription
factors (39, 40). p21 v-Ha-ra^ and ionomycin synergize
NFAT induction, and since ionomycin has been shown •
regulate translocation o f the NFAT cytosolic subunit, it
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likely that Ras is involved in TCR and PKC regulation of
the inducible nuclear component o f NFAT. This nuclear
component has recently been proposed to consist of newly
synthesized jun and fos/Jun proteins (40). In this regard, in
fibroblasts Ras proteins have been shown to induce a pro
tein kinase cascade that results in the hyperphosphorylation
o f c-jun protein, thereby enhancing c-y«/j-mediated tran
scription (24, 25). Also, inhibitory mutants o f c - j u n can
block stimulation of transcription induced by activated r a s
oncogenes (41). Accordingly, the proposed participation of
jun proteins in the formation o f functional NFAT complexes
could explain the regulatory effect of Ras on TCR and PKC
stimulation o f NFAT.
Although NFAT may be at the distal end o f Rascontrolled signaling pathways, the identity of the imme
diate proximal Ras effector in T cells is unknown. Recently,
Ras proteins have been shown to couple the nerve growth
factor receptor in PC 12 cells to mitogen activated protein
kinases and c - r a f . Triggering of the TCR or activation of
PKC has been shown to regulate these kinases in T cells (42,
43). It is possible that p21'’“* couples the TCR and PKC to
MAP2 kinase and c-ra/and that these kinases then regulate
the transcriptional factors such as NFAT that induce ex
pression o f the IL-2 gene (36, 37, 44).
The inhibitory effects o f NlTras indicate that Ras func
tion is crucial for TCR and PKC control o f NFAT. However,
this does not mean that all the intracellular signals gener
ated by the TCR and PKC are chanelled via p 2 r “*. There
is evidence from the present study that the TCR and PKC
-control signaling pathways do not involve p21ras. 1)TCR
triggering or PKC activation is sufficient for NFAT induc
tion in EL4 cells, whereas the expression o f a constitutively
active p2r®* is not. 2) The constitutively active p 2 r '” ^'^“*
synergizes with TCR and PKC agonists, w h ic h could reflect
that either levels of endogenous p2r^® are normally lim
iting in T cell activation, or that the TCR and PKC control
alternative signaling pathways that do not involve p 21 3)
The dominant negative N 17ras failed to completely supress
TCR and PKC induction o f NFAT. This could indicate that
it is impossible to achieve optimal levels of N17ras in tran
sient transfections. Alternatively, Ras may be only one
component, albeit an important one, of TCR and PKC
action.
Our previous studies have suggested that calciumregulated signaling pathways do not involve p 21" \ This
conclusion is based on observations that whereas PKC and
TCR stimulation induces the accumulation of p2T “^-GTP
complexes, increasing intracellular calcium does not. In the
present series o f experiments, expression of N17ras failed
to supress ionomycin induction of NFAT CAT. These data
indicate that at least one ionomycin-regulated signal in T
cells does not require Ras function. The TCR is known to
control NFAT in part via calcium-controlled signals, and
these could contribute to a Ras-independent component of
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TCR signal transduction. TCR regulation o f intracellular
calcium could also explain the synergy between the TCR
agonist 2C11 and p 2 1''-Ha-ras^ since the experiments with
ionomycin and p 2 1
indicate the potential for synergy
between Ras and calcium in T cell activation.
The hypothesis that Ras transmits signals from PKC is
similar to recent observations regarding a downstream role
for Ras in PKC signaling in P C I2 cells (36, 37), and in
fibroblasts. In fibroblasts, some evidence suggests that ras
may be downstream o f PKC, as demonstrated by either
overexpression o f GAP (45) or microinjection of ras an
tibody (46). However, some data also suggest that Ras pro
teins function upstream of PKC in fibroblasts, based on the
fact that PKC stimulation does not result in the accumu
lation of active p21™*-GTP complexes. In addition, Ras can
regulate diacylglycerol production (47) and PKC stimula
tion (48). The apparent discrepancy between different cell
types regarding the positioning of Ras in relationship to
PKC may reflect differences in signal transduction mech
anisms that have evolved in different cell lineages. It is
possible that PKC could function both upstream and down
stream of Ras, particularly since multiple isotypes of PKC
exist (49), and may function at different points in Ras
signaling pathways.
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p21^ and Calcineurin Synergize to Regulate the
Nuclear Factor of Activated T Cells
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Summary
In T lymphocytes, triggering of the T cell receptor (TCR) induces several signaling cascades
which ultimately synergize to induce the activity o f the nuclear factor of activated T cells (NFAT),
a D N A binding complex critical to the inducibility and T cell specificity o f the T cell growth
factor interleukin 2. One immediate consequence o f T cell activation via the TC R is an increase
in cytosolic calcium. Calcium signals are important for NFAT induction, and recent studies have
identified calcineurin, a calcium-calmodulin dependent serine-threonine phosphatase, as a prominent
component o f the calcium signaling pathway in T cells. A second important molecule in TCR
signal transduction is the guanine nucleotide binding protein, p21"\ which is coupled to the
TC R by a protein tyrosine kinase dependent mechanism. The experiments presented here show
that expression by transfection of mutationally activated calcineurin or activated p21“^ alone is
insufficient for NFAT transactivation. However, coexpression of the activated calcineurin w ith
activated p21"^ could mimic TCR signals in NFAT induction. These data identify calcineurin
and p2T®* as cooperative partners in T cell activation.

lymphocyte growth is controlled by the cytokine inter
leukin 2 (IL-2). Quiescent T cells do not express the
IL-2 gene (1). After T cell activation via the T cell receptor
for antigen (TCR), there is transcriptional induction of IL-2
gene expression (2). The target for TCR-derived signals in
the IL-2 gene is a T cell-specific transcriptional enhancer lo
cated in a region 275 bp 5' o f the gene (3). The cooperative
activity of at least eight proteins that interact w ith this en
hancer appears to control IL-2 gene transcription (4). Several
o f these proteins, such as AP-1, NF/cB, and Oct-1 are ubiqui
tous and regulate gene transcription in many cells. However,
a protein complex termed the nuclear factor of activated T
cells (NFAT)^ has been identified that seems to determine
both the T cell specificity and inducibility of IL-2 gene regu
lation (5). In particular, NFAT is a specific target for the TCRderived signals that control IL-2 gene expression. NFAT is
thought to be composed o f two proteins: one is T cell-specific,
cytoplasmic, and translocates to the nucleus upon T cell acti
vation; the other is apparently a member of the API family
o f transcriptional factors (i.e., Fos/Jun), predominantly nu
clear, and present only in activated cells (6-10).
The expression o f a functional NFAT complex in T cells

T

1 A bbreviations used in this paper: CAT, chloramphenicol acetyl transferase;
CNA, wild type calcineurin A subunit; CNB, wild type calcineurin B
subunit; CNM, calcineurin A mutant; NFAT, nuclear factor of activated
T cells; PKC, protein kinase C; PTK, protein tyrosine kinase.
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is controlled by synergistic signaling pathways initiated by
the TCR (11). The immediate signaling consequences of TCR
triggering include activation o f protein tyrosines kinases
(PTKs), which facilitates the rapid elevation of intracellular
calcium concentration and activation of protein kinase C (PKC)
(12). Calcium and PKC are important signals in T cell acti
vation since pharmacological agents such as calcium ionophores and phorboi esters, that elevate intracellular calcium
and activate PKC, respectively, can bypass the requirements
for TCR triggering and synergize to induce a functional NFAT
complex (13, 14).
A third signaling pathway that involves the guanine nucleo
tide binding proteins p2T** also originates from the TCR
(15-18). The Ras proteins rapidly accumulate in an activated
GTP-bound state upon TC R triggering and also in response
to stimulation of PKC. However, although the T C R induces
PKC activation, PKC does not appear to mediate TC R regu
lation of p21“* (19). Instead, the TCR couples to p21'^®^ via
a PKC-independent mechanism requiring the integrity of
TCR-regulated PTKs.
In recent studies, it has been shown that Ras function is
essential for TCR signal transduction as judged by the demon
stration that expression o f a dominant inhibitory mutant of
p21™, N17 ras, prevents TC R induction o f NFAT and the
IL-2 gene (20, 21). Moreover, expression o f a constitutively
activated Ras protein, p21''‘^®”S has a dominant positive
effect on NFAT induction and is able to generate a signal
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that synergizes with a calcium signal to induce a level of NFAT
that mimics the TCR response. The calcium-regulated signals
that cooperate with p21'** to induce NFAT have not yet been
identified. However, a component of the calcium signal that
is essential for TCR induction of NFAT has recently been
identified. The calcium-calmodulin dependent phosphatase
calcineurin (22-25), which is the major cellular target for
the immunosuppressive drugs cyclosporin A and FK506 in
vivo, is activated in response to TC R triggering or stimula
tion of cells w ith calcium ionophore (26). The expression
o f a truncated constitutively active Ca^^-independent cata
lytic subunit of calcineurin generates a signal that can substi
tute for calcium signals and synergize with phorboi esters
to induce the IL-2 gene (22). Overexpression o f wild type
calcineurin can also augment TCR-induced NFAT-dependent
transcription (23).
The potential for p21”®to cooperate w ith calcineurin has
not yet been explored, but activation of ras is a good candi
date for the physiological partner for calcineurin in NFAT
induction for at least two reasons. First, p2R®S like cal
cineurin, has an essential function in TCR regulation of NFAT
(21). Second, p21”® can replace some requirements for
phorboi ester activation o f PKC in NFAT induction. Accord
ingly, the object of the present study was to examine the
potential for p21'’®* and calcineurin to synergize during T cell
activation and substitute for the TC R in the induction of
NFAT. The present data show that in two T cell lines, the
human leukemia Jurkat and the murine thymoma EL4, ex
pression of either constitutively active p21”* or a constitu
tively active calcineurin is not alone sufficient for NFAT tran
scription. However, in combination, activated p2L" and
calcineurin can synergize to give induction of NFAT that
mimics the response induced by TCR. These data further
define TCR signal transduction as involving cooperative in
teractions between signals by calcineurin and p21”* con
trolled signaling pathways.

Materials and Methods
Reagents. Ionomycin (calcium salt) and phorbol-12, 13-dibutyrate were from Calbiochem Corp. (UK). UCHTl (reactive
for human CD3) was used at 10 jUg/ml in culture (27). [’‘‘CjAcetyl coenzyme A (at 50-60 mCi/mmol) was from Amersham
International (Buckinghamshire, UK).
C ells and Transfections. The human T leukemia, Jurkat, and the
murine cells EL4 were maintained in RPMl 1640 supplemented
with 10% heat-inactivated FCS. Growth was at 37®C and hu
midified in 5% 0 0 2 / 9 5 % air. Cells were transfected via elec
troporation (Gene Puiser; Bio-Rad Laboratories, UK), according
to the manufacturer’s instructions. Briefly, Jurkat cells were pulsed
(2 X lOVml) in media + serum, at 960 /xF and 310 V. EL4 cells
(supplemented with 10 /xM jS-me for growth), at 10®/ml, were
pulsed at 250 V and 960 /xF. Cultures were transfected and im
mediately stimulated, as necessary, for 24 h.
Plasm ids. IL-2 chloramphenicol acetyl transferase (CAT) (11),
and NFAT CAT (5) have been previously described. IL-2 CAT con
tains regulatory sequences upstream of the IL2 gene (from -326
to +47), that include the IL-2 minimal promoter and enhancer,
directing transcription of the reporter gene. NFAT CAT contains
three copies of the sequence 5' GGAGGAAAAACTGTTT-
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CATACAGAAGGCGT 3' (corresponding to the sequence from po
sition -284 to -258 relative to the start of transcription of the
IL-2 gene) upstream of the IL-2 minimal promoter driving the
reporter gene CAT. This sequence has been identified as the binding
site for NFAT, the ARRE-2 site of the human IL-2 enhancer (3).
IL-2 mpCAT is a deletion mutant of NFAT CAT in which the
binding sites for NFAT have been deleted, leaving the IL-2 minimal
promoter to drive CAT activity. The sequence of the IL-2 minimal
promoter was confirmed by ds sequencing (Sequenase, version 2.0;
United States Biochem. Corp., Cleveland, OH). The construct used
for the expression of activated Ras was created by inserting the
0.7-kb BamHl fragment of CMVras (21) into the BamHl site of
pEF BOS (28). Orientation was determined by restriction analysis
and activity was assessed in a focus forming assay. CNA and CNB
have been described (22), and are expressed under the control of
the SRct promoter of HTLV-1 (23). CNM is a truncation of
CNAo(4, in which a stop codon has been introduced at aa397,
resulting in a constitutively active, Ca^*-independent phospha
tase (29).
C A T A ssays.
Assays were performed according to the method
of Sleigh et al. (30), with modifications. Briefly, cells were lysed
in 100 /xl of 0.65% NP-40, 10 mM Tris, pH 8.0, 1 mM EDTA,
150 mM NaCl, for 10 min on ice. Cellular debris was pelleted,
and the lysate heat was treated at 68°C for 10 min before use. Assay
conditions were 150 mMTris, pH 8.0, 0.05 /xCi [’^Cjacetyl coen
zyme A, and 2 mM chloramphenicol. Chloramphenicols were ex
tracted with ethyl acetate, and the amount of radioactivity in the
acetylated products and nonacetylated substrate of each reaction
was determined by liquid scintillation counting of organic and
aqueous phases, respectively.

Results
A C o n s titu tiv e ly A c t iv e M u ta n t o f C a lc in e u r in S y n e r g iz e s w ith

To monitor NFAT activity,
we employed transient transfection and quantitation of the
expression o f a CAT reporter gene whose activity is regu
lated by a trimer o f the NFAT binding site, located upstream
o f the IL-2 minimal promoter. The signaling requirements
for expression o f this transfected NFAT reporter gene in Jurkat
cells have been described (3, 6, 13). Ionomycin, which ele
vates intracellular calcium, and Pdbu, which activates PKC,
synergize for maximal NFAT induction (Fig. 1 a ).
To examine the effect of calcineurin on NFAT, Jurkat cells
were cotransfected w ith NFAT CAT plus one or a combina
tion o f calcineurin expression constructs: C N A a 4, the wild
type catalytic subunit o f calcineurin (CNA); a w ild type cal
cineurin B subunit (CNB), or the constitutively active cal
cineurin A mutant (CNM ). The latter is a deletion mutant
o f the calcineurin catalytic subunit, calcineurin Act4, that
lacks functional calmodulin binding and autoinhibitory do
mains, and has Ca^+-independent constitutive phosphatase
activity in vitro (29). The data show that expression of wild
type C N A and CNB either alone or in combination does
not induce a marked activation of NFAT CAT. As described
previously, ionomycin alone has a slight stimulatory effect
that is enhanced in cells transfected w ith the combination
o f C N A and C NB (23).
PdBu alone has no apparent stimulatory effect, but the most
striking observation was the strong synergy between the CNM
and Pdbu that resulted in a level o f NFAT induction comP h o rh o l E ste rs to R e g u la te N F A T .
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is mutated at codon 12 and
59 (31). These mutations render the Ras proteins insensitive
to the Ras-GTPase activating proteins such that the Ras ac
cumulates in cells in an “active” GTP-bound state (32). When
expressed in the murine thymoma EL4, signals generated by
p2 jv-Ha-ras synergized with either the calcium ionophore
ionomycin or the PKC activator Pdbu to induce NFAT (21).
The Jurkat cells used in the present study differ from EL4
cells in their activation response to Pdbu (33). Hence in EL4
cells, PKC activation alone is sufficient for NFAT activity,
whereas in Jurkat cells there is an apparent obligatory require
ment for calcium signals for NFAT induction (11). The data
in Fig. 2 a show the characteristics of NFAT regulation in
Jurkat cells cotransfected with NFAT CAT and p2R
The mutationally activated Ras alone had a stimulatory effect
on NFAT that was not further enhanced by PdBu treatment
of the cells. However,
generated a strong synergy
with ionomycin to induce levels of NFAT comparable to that
seen in ionomycin and PdBu-treated cells. The fact that
p21"" alone only elicits a weak stimulation of NFAT CAT
C A T in J u r k a t C ells.
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F ig u re 1.

C onstitutively activated calcineurin synergizes w ith phorboi

ester to regulate NFAT transcriptional activity, (a) Jurkat cells were trans
fected w ith NFAT CAT and calcineurin expression vectors either alone,
or in com bination was described in M aterials and M ethods. Ionomycin
was used at 0.5 /ig /m l and PdBu at 50 n g /m l, as indicated. Here, 10 /ig
o f reporter construct was used in concert w ith 10 /xg o f each calcineurin
construct. Cells were electroporated and stim ulated im mediately after trans
fection for 24 h before cytosolic extracts w ere made and reporter gene
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o n tro l

v -H a-ras

activity was assessed. Percent conversion represents the ratio o f radioac
tivity extracted in the organic phase vs. total radioactivity in organic plus
aqueous phases. ( □ ) control - NFAT CAT alone; ( ^ ) C N A - NFAT
CAT + 10 n g w t C N A ; ( 1 ) C N B - N FAT CAT + 10 /xg w t C N B ;
(% ) C N A + C N B - NFAT CAT + 10 /x g w t C N A + 1 0 /x g w tC N B ;
( ■ ) C N M - NFAT CAT + 10 /xg C N M . T h e data show n are represen
tative of more than five experim ents. Percent conversion in control u n 
stim ulated samples ranged from 2.4 to 7.7 % . (b) Ju rk at cells were trans
fected w ith 2 /xg o f AP-1 CAT and 20 /xg o f C N M or no t (control). (El)
= control u n stim ulated cells; ( ■ ) = Pdbu 50 n g /m l. Fold induction is
the ratio of activity (% conversion) in stim ulated cells vs. control un stim u
lated cell (no added C N M ). T h e data show n are representative o f three
experiments. Percent conversion in control unstim ulated cells ranged from
1.0 to 5.9% .

parable to that observed in response to ionomycin plus Pdbu
(Fig. 1 a ). These data indicate that the CNM but not wild
type CNA or CNB can substitute for ionomycin-induced cal
cium signals in the regulation of NFAT. The effect of the
CNM on NFAT activity was selective as judged by two in
dependent observations. First, the CNM did not enhance ex
pression of a CAT reporter gene driven by the IL-2 minimal
promoter alone (data not shown). Second, the CNM had no
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F ig u r e 2. v-Ha-ras regulates NFAT CAT and AP-1 CAT in Jurkat cells.
(a) Ju rk a t cells w ere transfected w ith 10 /xg NFAT CAT, and 40 /xg of
EF em pty vector (control) or EF v-Ha-ras (v-Ha-ras). Stim ulation was as
in Fig. 1; ( □ ) unstim ulated, ( ^ ) iono, (gg) Pdbu, (Ü ) iono -f- Pdbu.
A ctivity was as in Fig. 1. T h e data show n are representative o f three ex
perim ents. Percent conversion in control unstim ulated samples as per Fig.
1 a. (6) J u rk a t cells w ere transfected w ith 2 /xg o f AP I CA T and 20 /xg
of EF em pty (control) or 20 /xg EF v-H a-ras (v-Ha-ras). Stim ulation, ( d )
control, u n stim ulated or ( ■ ) PdBu treated, and activity are as described
in Fig. 1. T he data show n are representative o f four experim ents. Percent
conversion in control unstim ulated samples ranged from 1.2 to 5.9% .

and also that Ras does not synergize w ith PdBu was not
due to insufhcient expression of Ras. Thus, the level of
p 2 iv-Ha-ras expressed in these experiments was alone sufhcient

30-
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to stimulate maximal levels of AP-1 activity, i.e., comparable
to the level o f AP-1 activity induced in response to PKC stim
ulation w ith phorboi ester (Fig. 2 h ).
C a lc in e u rin a n d
S y n e r g iz e to R e g u la te N F A T . p21''’^®”*
and CN M can both generate signals that regulate NFAT, but
these signals appear to differ. C N M synergizes w ith PKC,
but not calcium controlled signals to regulate NFAT, whereas
p 2 iv-Ha-ras
the couverse ability to synergize w ith calcium,
but not PKC-controlled pathways. To examine the poten
tial for p21“* and calcineurin to synergize in NFAT induc
tion, Jurkat cells were cotransfected w ith NFAT CAT and
p 2 1 v Ha-ras ^nd C N M , either alone or in combination. Data
averaged from four experiments (Fig. 3) show that p21'"‘*^^‘^“
in combination w ith C N M induced a strong expression of
NEAT comparable to that seen in response to either p21''’“*”*
plus ionomycin or C N M plus Pdbu. Both p2R“ and cal
cineurin are activated in response to triggering of the TCR
(15, 24, 25). The data show that p21'''”^”* plus C N M also
induced NFAT CAT to a level greater than that induced in
response to TCR triggering with the C D3 antibody U C H T l

(Fig- 3).
The regulatory effect of p21'''”®”* on NFAT is not
confined to Jurkat cells but also occurs in a murine T cell
EL4. The effect of calcineurin mutants on NFAT expression
in cells other than Jurkat has not been explored in previous
studies. The data in Fig. 4 show that in EL4 cells expression
o f CN M but not wild type C N A or C NB can synergize with
Pdbu or p21^-H:-:M to induce NFAT. Expression of CNM
alone induced only a weak NFAT response, but in combina
tion w ith Pdbu or w ith the constitutively active Ras, the
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Figure 3. Calcineurin synergizes with v-Ha-ras to regulate NFAT CAT
in Jurkat cells. Jurkat cells were transfected with 10 /ig NFAT CAT plus
10 n g of v-Ha-ras or CNM or both, as indicated. Stimuli are as indicated
in Fig. 1; in addition, U C H Tl (10 /tg/ml in culture) was added as indi
cated. Percent maximum response represents the ratio of activity seen in
samples vs. that in iono + Pdbu-treated cultures without added v-Ha-ras
or CNM (mean iono + pdbu = 84.5 ± 0.6%). Data are the mean from
four experiments, error bars represent SEM. Percent conversion in control
unstimulated samples as per Fig. 1 a.
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Figure 4. Calcineurin synergizes with v-Ha-ras to regulate NFAT CAP
in EL4 cells. EL4 cells were transfected with 20 n g of NFAT CAT and
50 n g of either (□ ) EF empty, (^ ) CNA, ( ^ ) CNB, or (■ ) CNM,
as indicated. Stimuli were applied and data are represented as in Fig. 1.
The figure is representative of two experiments.

active calcineurin mutant synergized to induce a level of NFAF
activity similar to that induced in response to cell activation
by ionomycin in combination w ith Pdbu (Fig. 4).

Discussion
In T lymphocytes, p21”* is stimulated via the TCR in a
mechanism involving TCR inhibition of ras GTPase-activating
proteins (ras-GAPs) (15,18). One important role for the TCR
is to control the expression and function of transcription factors
such as NFAT, that contribute to the control o f IL-2 gene
transcription (6). Expression of a mutated constitutively ac
tivated p2T®* induces a response in T cells that can syner
gize w ith a calcium signal to modulate T cell activation as
judged by NFAT induction (21, 34). Similarly, overexpres
sion of two src-family kinases, p56'‘^'' and p59^y", appear to
be able to partially replace the calcium requirement for in
duction of NFAT-directed transcription (35, 36). The com
ponents of the calcium signaling pathway able to cooperate
w ith p21“* in T cells to regulate NFAT have not heen pre
viously determined. However, recent studies have established
that calcineurin, which is regulated by increases in cytosolic
calcium, is essential for TCR signaling function (22, 23, 37).
The data presented here show that expression of a truncated,
constitutively active calcineurin in both a human leukemic
T cell line, Jurkat, and in the murine thymoma, EL4, can
substitute for calcium signals and, in synergy w ith an acti
vated p21"% stimulate T cells to induce NFAT-mediated
transcription. Previous studies have indicated that calcineurin
can synergize w ith phorboi esters to induce NFAT and hence
the IL-2 gene (22, 23). The current study identifies p21"^
as an alternative partner for calcineurin in T cell activation.
NFAT is known to have a critical function in the regula
tion of the IL-2 gene (11, 21). However, the exact composi
tion o f this transcriptional factor is as yet unresolved. It is
proposed that NFAT is a complex of at least two compo
nents: a T cell-specific cytosolic component that translocates
to the nucleus in response to increases in cytosolic calcium,
and a nuclear component, expressed only in activated cells.

Ras and Calcineurin Regulate NFAT

that appears to be a member of the AP-1 family o f transcrip
tional factors (6, 7, 9, 10). p21'‘“ is well established as an in
ducer and regulator o f AP-1 in fibroblasts (38). The present
data confirm that p21"^ is also able to induce A P-l-m ediated transcription in T cells, whereas calcineurin has no ap
parent regulatory effect. It is most probable, therefore, that
in the cooperation between p21"^ and calcineurin, Ras
would contribute to NFAT induction via control of AP-1
proteins, while calcineurin would regulate NFAT by control
o f the subcellular localization of the calcium-responsive NFAT
subunit. This model for the cooperative interaction between
calcineurin and Ras in NFAT induction warrants further ex
ploration. One complication lies in the fact that the AP-1
proteins are a large heterogeneous family of transcriptional
factors, which come together in various combinations of Fos
and Jun homo- and heterodimers to form functional com 
plexes (39). W hen T cells are activated, they express mul
tiple Fos and Jun proteins (40), and the identity of the par
ticular partners present in the AP-1 complex that contribute
to NFAT induction is not yet clear (7, 9, 10).
The downstream effectors of both p21™ and calcineurin
are not known. One potential Ras regulated pathway that
could contribute to NFAT regulation is the MAP kinase sig
naling cascade (41). p21’’®^ can regulate the activity o f the
MAP kinase Erk2 in Jurkat cells (42). Substrates for Erk2
include transcriptional factors such as the API member c -ju n ,
and Elk-1, protein that complexes with serum response factor
to transactivate the c -fo s promoter, whose function is con
trolled by phosphorylation at target sites for the MAP kinase
family (43-45). Thus, the MAP kinases could be integral to
the signaling pathways that couple the TCR and p21™ to
the cell nucleus.

cineurin has not been observed in previous studies of Ras
function in other cell types. However, the idea that Ras con
trolled signaling pathways are not alone sufficient for cell ac
tivation is not novel. For example, oncogenic transformation
in fibroblasts requires a cooperative interaction between Ras
and other oncogenes (46). The demonstration herein that
Ras and calcineurin can cooperate to activate T cells raises
the possibility that calcineurin could be a protooncogene. Thus,
mutations in calcineurin or mutations that perturbed the regu
lation of calcineurin could be oncogenic if they occurred in
cells expressing oncogenic Ras.
Defects in NFAT regulation have profound functional con
sequences for T cells, as judged by the immunosuppressive
effects of the drugs cyclosporin A and FK506 that inhibit
the action o f calcineurin on NFAT induction (33). The real
ization that p21”* is an important partner with calcineurin
in NFAT regulation suggests that Ras could also be an im
portant target for immunosuppression. Alternatively, any
defects in Ras regulation would have severe immune conse
quences. This is supported by a recent study in nonobese dia
betic mice, in which mature (CD4'^8~, CD4"8'*’) T cells
were not only unable to proliferate in response to TC R crosslinking, but could not demonstrate activation of p21‘’®* or
p42"'^p'' after ligation o f the TC R (47). Direct stimulation
of PKC was able to activate p21"\ and also to restore the
cells’ ability to grow in response to TC R signaling. This sug
gests that a defect must exist between the TC R and the
p2T“*proteins in these anergic cells, supporting the hypoth
esis that p21™ may play an important role in the generation
of an immune response. However, it remains to be seen if
Ras defects exist in other anergic T cell models or autoim
mune diseases.

The potential for cooperation between p2R" and cal
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