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Abstract

Interleukin 2 (IL2) is the primafy growth hormone used by mature T cells
and this lymphokine plays an important role in the magnification of cell-mediated
itﬁmune responses. Under normal circumstances its expression is limited to
antigen-activated type 1 helper T cells (T;1) and the ability to transcribe this.
gene is often regarded as evidence for commitment to this developmental
lineage. There is, however, abundant evidence than many non-Tyyl T cells, under
appropriate conditions, possess the ability to express this gene. Of paramount
interest in the study of T-cell development is the mechanisms by which
differentiating thymocytes are endcwcod with particular combinations of cell
surface proteins and response repertoires. For example, why do most helper T
cells express the CD#4 differentiation antigen?

As a first step in understanding these developmental processes the gene
encoding IL2 was isolated from a mouse genomic library by probing with a
conspecific IL2 cDNA. The seguence of the 5' flanking region from +! to -2800
was determined and compared to the previously reported human sequence.
Extensive identity exists between +1 and -580 (86%) and sites previously shown to
be crucial for the proper expression of the human gene are well conserved in both
sequence location in the mouse counterpart.

Transient expression assays were used to evaluate the contribution of
various genomic sequences to high-level gene expression mediated by a cloned IL2
promoter fragment. Differing lengths of 5' flanking DNA, all terminating in the 5'
untranslated region, were linked to a reporter gene, bacterial chloramphenicol
acetyltransferase (CAT) and enzyme activity was measured after introduction into
IL2-producing cell lines. No CAT was ever detected without stimulation of the
recipient cells. A cloned promoter fragment containing only 321 bp of upstream

DNA was expressed well in both Jurkat and EL4.El cells. Addition of intragenic



or dbwnstream DNA to these 5' IL2-CAT constructs showed that no obvious
7regulatory regiéns resided there. However, increasing the extent of 5' DNA from
-321 to -2800 revealed several positive and negative regulatory elements. One
negative region that was well characterized resided between -750 and -100C and
consisted almost exclusively of alternating purine and pyrimidines. - There is no
sequence resembling this in the human gene now, but there is evidence that there
may have once been.

No region, when deleted, could relax either the stringent induction-
dependence o1 cell-type specificity displayed by this promoter. Reagents that
modulated ernlugenous IL2 expression, such as cAMP, cyclosporin A, and ILI,
affected expression of the 5' IL2-CAT constructs also. For a given reagent,
expression from all expressible constructs was suppressed or enhanced to the same
extent. This suggests that these modulators affect IL2 expression through
perturbation of a central inductive signal rather than by summation of the effects

of discrete, independently regulated, negative and positive transcription factors.
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Introduction



The antigen-specific cellular and humoral effector functions of the
mammalian immune system are carried out by cytotoxic T cells (CTL) and
immunoglobulin (Ig)-secreting B cells, respectively. As a general rule, however,
such cells do not reveal their ultimate effector phenotype in response to antigen
alone. Thus it was appreciated as early as 1966 that the restoration of an
antibody response against sheep red blood cells in lethally irradiated mice required
reconstituting these animals with either spleen cells or a combination of bone
marrow cells and thymocytes (Claman et al., 1966). Reconstitution of these
immunocompromised, irradiated animals with either bone marrow or thymus cells
alone was ineffective. The subsequent use of major histocompatibility complex
(MHC-disparate thymus and bone marrow cells in similar reconstitution
experiments identified marrow-derived B cells as the source of Ig secretion,
thereby implicating T cells in the provision of the necessary helper activity (Miller
and Mitchell, 1968; Mitchell and Miller, 1968).

Later studies on the in vitro generation of CTL revealed the presence of
two phenotypically distinct classes of T cells defined by reactivity to antisera
specific for Lytl or Lyt2/3. Cytotoxic T cells were shown to reside mostly in the
Lyt2/3%, Lyt(low)-class, but the efficient expansion of these cells in response to
alloantigen also required the presence of a Lytl(high), Lyt2/3™ helper T cell (Tyy)
(reviewed in Nabholz and MacDonald, 1983). (The changes in immunological
nomenclature have more than kept pace with the increase in knowledge. Suffice
it to say that CTL are mostly in the CD8" subset and Ty cells in the CD4"
subclass. While CD8 is identical to Lyt2/3, CD4 defines a protein distinct from
that detected by anti-Lytl antisera.)

The discovery of soluble T-cell growth factor activity in the conditioned
medium of phytohemagglutinin (PHA)-stimulated bone marrow cells (Morgan et

al., 1976) was followed by the demonstration that this activity [subsequently



shown to reside in a single protein and renamed interleukin 2 (IL2)] could be used
to maintain cultures of antigen—specificiCTL for months, evén in the absence of
repeated antigenic challenge (Gillis and Smith, 1977). In addition to proving that
soluble helper-derived factors provided more thar just immunologically
uninteresting nutritive support, the availability of IL2-dependent cell lines
provided a convenient and sensitive means by which to assay for its activity
(Cantrell and Smith, 1984). Utilizing such lines also faciiitated the cloning of the
IL2 gene. Taniguchi et al. (1983) size-fractionated poly(A)* RNA from lectin-
stimulated Jurkat cells (an IL2-producing human leukemia ~ell line), translated
aliquots from each fraction in X. Laevis oocytes, and scre<red supernatants for
IL2 activity by assaying on CTLL-2, one of Kendall Smith's original IL2-dependent
cell lines. They then made a selected cDNA library from the RNA fraction that
contained the IL2 message and screened it by hybrid selection of Jurkat poly(A)+
RNA and oocyte translation. By such a labor-intensive method they were able to
isolate a full-length human IL2 cDNA and, subsequently, by using it as a probe in a
genomic library screen, they isolated the IL2 gene (Fujitz et al., 1983). This group
also isolated the mouse IL2 gene in the same manner, starting instead with RNA
from a mouse IL2-producing cell line (Fuse et al., 1984).

The murine interleukin 2 gene Is single-copy and encodes a protein of 169
amino acids, including a 20 amino acid leader peptide, and the mature protein has
a predicted molecular weight of 16 Kd. There are no N-iinked glycosylation sites
present but by analogy to the human protein, mouse IL2 is probably variably
sialylated and O-glycosylated on threonine residue 3. The coding regions of the
mouse and human IL2 genes are ~62% identical at the amino acid level if one
excludes a stretch of (Gln);, not found in the human protein. There is greater
homology between the two genes in the 5' upstream region than in the coding

region, as discussed in Chapter 2.



The molecular cloning of the [L2 cDNA and gene meant that not only were
hybridization probes available to detect expression of this gene, but also that one
could begin to study the stringent regulatory mechanisms by which [L2 expression

is controlled.

Functional Characteristics of Mature T Cells

Mature, peripheral T cells of the mouse can be subdivided into two main
populations based on reciprocal expression of the differentiation antigens CD4 and
CD8. As mentioned previously, Ty. ~ells are predominantly CD4" whereas CTL
are found largely in the CD8" subse.. All T cells, regardless of class, express on
their surface a highly polymorphic, clonally-restricted receptor for antigen.
There are four T-cell receptor (TcR) chains: a, 8, v, and 8, which are assembled
from multiple germline-encoded segments in a manner analogous to Ig
rearrangement (for reviews see Davis and Bjorkman, 1988; Marrack and Kappler,
1987). Functional proteins are expressed on the cell surface as aB or ys
heterodimers, In association with the non-polymorphic five-chain CD3 complex.
The antigen receptors of Ty; and CTL are of the ag type and, excepting the
clonally unique antigen combining site, are essentially identical.

In the absence of any stimulation, circulating T lymphocytes are small,
quiescent cells. Encounter with antigen is required to cause a transition from Gy
to G|, but antigen alone cannot drive cells into S-phase. The antigen-induced Gy
to G, transition is accompanied by the synthesis and secretion of IL2 by Ty cells
and by the expression of high-affinity surface receptors for IL2 (IL2R) by both Ty
and CTL. Binding and internalization of this secreted IL2 is the G| "progression
factor™ that ultimately induces DNA replication and mitosis. Although an efficient
immune response requires the amplification of reactive cells, cell division is not

required for the induction of cytolytic activity or lymphokine secretion



(MacDonald and Lees, 1980; Nau et al., 1983).

In addifion to differences in effector fhnction, cels of the CD4™ and CD8"
classes also differ in the context in which they recrgnize antigen. Unlike
immunoglobulin molecules, TcR heterodimers do not binz intact, soluble antigen.
Rather, the immunogenic entit'y recognfzed by T celiz consists of processed,
nominal antigen complexed with self-MHC molecules on the surface of an
auxiallary antigen presenting cell (APC). This limitazon in their recognition
capabilities ensures that they will not be distracted engzzing free antigen, say a
virus, to the « vclusion of, in this example, virally-infectez cells.

CD4" T cells are restricted to recognizing antiger in a complex with class
11 MHC molecules while CD8" cells are restricted by class [ molecules. At present
we do not know the molecular mechanisms by which e combination of MHC
restriction specificity, CD4/8 expression, and effector Tinction is endowed to a
particular T cell. This will be considered further in thz section on intrathymic
T-cell development.

This problem of coordinated gene regulation of T—ell development is made
more complex by two additional considerations. The generalization cited above
that Ty cells are CD4" is merely a reflection of the proportionally greater
representation in this class than in the CD8" pool. However, neither CD8", class
I-restricted helpers, nor CD4+, class ll-restricted killers are so rare that they
cannot be detected and cloned with relative ease (Singer et al., 1987; Morrison et
al., 1986). Thus, the problem posed above can be narrowsd to consider the more
mechanistically-complicated question of how cells that utilize the same
restricting elements and express the same differentiztion antigens come to
express different batteries of response genes.

Another compiication regarding the division of zbor among T cells arose

from the observation of Mosmann et al. (1986) that the Ty pool is heterogeneous.



Cloned type | helper T cells (THI) assist T cell-mediated responses such as
cytotoxicity and deiéyed—type hypersensitivity. These cells secrete IL2,
interleukin 3 (IL3), immune interferon (IFN-y) and lymphotoxin. In contrast, type
2 helper T cells (Ty2) are involved in the regulation of humoral immunity by
virtue of their Apfoduction of the necessary B-cell growth and differentiation
factors, IL4 and IL5. These THZ cells also make IL3 but not IL2 or IFN-vy
(Cherwinski et al., 1987). Obviously, the same questions that exist regarding the

divergent development of Ty; and CTL can also be asked about Tyl and T2 cells.

Signaling Pathways for IL2 Expression

In their natural environment Tyl cells are triggered to express IL2 by the
combination of antigen plus self-MHC, but this is not usually the most convenient
way to study such an event. Aside from problems of accessibility, the study of
cell activation in vivo is complicated by the low frequency of clones reactive
toward a given antigen, the complex composition of cell types of the peripheral
lymphoid tissue and the impossibility of knowing with certainty which cells are
responsible for an observed effect. It is also difficult to distinguish direct effects
from indirect effects. For these reasons the availability of cloned cell lines has
been a boon to investigators. In general these lines fall into one of three
categories: 1) malignantly transformed cells that can proliferate without any
stimulation, 2) "normal™ antigen-dependent cell lines that require periodic
restimulation with antigen and APC, and 3) factor-dependent lines that
constitutively express receptors for some growth-promoting hormone such as [L2
or [L4, It is also possible, and in practice, useful to compare results obtained from
the study of cell lines to those gotten from primary T-cell populations such as
thymus, spleen or lymph node. The use of primary T cells has the effect of

averaging out over the entire population any response being studied and it avoids



the uncertainty inherent in the use of cells artificially frozen in some particular
developmental state.

The results of numerous studies on the control of IL2 gene expression have
shown that IL2 is transcribed only by T cells that have been activated by antigen
or an appropriate surrogate (see below). Unstimulated cells do not transcribe the
gene at a detectable rate, nor do they contain detectable transcripts. This result
holds not only for primary T cells, but for cell lines as well. However, once
triggered, primary Tyl cells begin to transcribe the ILZ gene within four to six
hours and continue for several days (Kronke et al., 1985). It should be noted that
these data were obtained from nuclear run-on experiments utilizing human
peripheral blood lymphocytes. Somewhat faster kinetics have been reported for
mitogen activated mouse spleen T cells (Swoboda et al., 1987). Individual cells
may show a more transient expression profile than is seen with an asynchronous
population. Results with established cell lines generally show faster and sharper
kinetics of response. For example, it is possible to detect IL2 mRNA in Jurkat
cells within 45 min of stimulation and maximum steady-levels are achieved by 5 h
(Shaw et al., 1988). These results probably reflect the use of a homogeneous
population of cells which, being malignantly transformed, are also likely to display
more relaxed control of IL2 gene expression.

T-cell triggering by antigen + MHC can be mimicked by ligating the TcR
with mitogenic lectins such as concanavalin A (Con A) and PHA or with
immobilized anti-TcR antibodies. Perturbation of the TcR with any of these
reagents Iinitiates a cascade of events beginning with the hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIPZ) by phospholipase C, liberating the
second messengers diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3)
(Weiss et al., 1986). This pathway is common to receptor-mediated signal

transduction systems in a variety of cell types (reviewed in Berridge, 1987), and



results in activation of protein kinase C (PKC) and an increase in intfaceilular
calcium.  Agonists of this PIP, pathway are also capabie of inducing IL2
expression (Truneh et al., 1985). Exposure of T cells to the tumor-promoting
phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA) and the calcium
ionophore A23187 can activate cells that have lost their TcR and, thus, are
incapable of being triggered by more conventional means (Schmitt-Verhulst et al.,
1987). This combination of TPA + A23187 also allows one to assay for activation-
specific gene expression in immature cells that have not yet expressed a TcR.

Although TcR ligation and phorbol ester/calcium ionophore are thought to
work in similar ways, there are likely to be differences in the ultimate signal that
each delivers to the cell. We have demonstrated that -56% of CD8 splenic T
cells can be induced to express IL2 with TPA + A23187 and that this combination
is much more effective than TPA + Con A or TPA + anti-CD3 antibody (McGuire
et al., 1988). These results are important because they imply that there exist as
yet unknown differences between the TcR-mediated signal transduction pathways
of CD4" and CD8" cells. Thus, the failure of most CD8" T cells to express IL2
may result not from an intrinsic inability to transcribe the gene but, rather, from
a PIP, breakdown signal that is subthreshold for IL2Z expression.

There is evidence supporting this view from the work of Singer et al. (1987)
on the activation requirements of CD8" T cells. By using purified populations of
primary T cells from appropriate combinations of inbred congenic and mutant
mice these investigators were able to compare the response profile (measured by
IL2 production) of CD8* and CD4* Tyl cells to defined antigens (for experimental
details see Singer et al., 1987). Their results were intriguing. cps’ Tyl cells were
found to respond to a plethora of antigens, including foreign class [ and class II
MHC molecules, foreign minor histocompatibility antigens, foreign Mls antigens,

viruses and chemically-modified foreign and self MHC molecules. In striking



contrast, CD8" Tyl cells responded only to fofeign class I MHC. Since it is
difficult to envision the evolutionar;' pressure that woﬁld maintain such an
exclusive population oﬁf alloreactive cells, these authors conclude that the narrow
response profile displayed by these cells is more apparent than real. To explain
why these cells are unresponsive to most of the tested antigens it was proposed
that CD8" cells have a higher threshold of activation than CD4" cells and;
therefore, require seeing a higher concentration of antigen on the surface of an
APC in order to betriggered. APC are continually processing and presenting
antigenic fragments (Germain, 1986), including those frc¢m as many as 10,000
different endogenous proteins that preferentially associate with class I MHC
molecules. Thus, it is likely that the concentration of any given antigen is going
to be extremely low. In such a situation too few TcR on a CD8" cell would be
engaged. However, in the case of allorecognition, the foreign class I molecule
serves as both the restricting element and the antigen and is present in sufficient
quantity to ensure triggering. This interpretation would explain why CD8" splenic
T cells are efficiently activated by reagents, such as phorbol ester and ionophore,
which bypass the TcR altogether. It is important to point out that this model, if
true, implies that under normal circumstances cps? Tyl cells play little if any
role in mediating cellular immunity, since allogeneic challenge is limited to cases
of experimental manipulation in the lab and organ transplants. A possible
naturally-occurring exception would be a viral infection in which large amounts of
viral glycoproteins associated with class [ moleules on the surface of the infected

cell.

T-Cell Development and IL2 Expression in the Thymus
T cells arise from a bone marrow-derived precursor, the prothymocyte,

which undergoes a program of expansion and selection within the thymus
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(reviewed in Rothenberg énd Lugo, 1985). Phenotypic chzracterization of post-
natal th}fmocytés with antibodies agé'mst CD4 and CDg, czmbined with two-color
flow cytometry, reveal four major populations: 1) CD4 8 or double negative (DN)
thymocytes; 2) CD4"8" double positives; 3) and 4) CDt™8” and CD478" single
positives. In general, single positives are precursors to mzture peripheral T cells
but have limited ability to reconstitute a depleted thymus. DN cells, on the other
hand, have been shown by their ability to reconstitute an irradiated thymus, to
contain the cells with the highest capacity for differenziation (Fowlkes et al.,
1985). DP thymocytes comprise 857~ of all thymocytes ard this pool has recently
come under intense scrutiny as Uiy are apparently the population on which
selection, both positive and negative, works (Rothenberz. 1990)., This pool also
contains a poulation of large cycling blast cells and the majority of post-mitotic
cells that are presumed destined to die.

The CD4" single positive cells contain a large fraction of the IL2 producers
found within the thymus (Caplan and Rothenberg, 1984), which is not unexpected
for cells on the verge of being exported to the perighery. These cells are
competent to be triggered by the combination of TPA + Con A, indicative of
functional TcR expression. However, these are not the sole IL2 producers found in
the thymus.

As early as fetal dl3, ~17% of resident thymocstes express IL2 mRNA
constitutively as determined by in situ hybridization (Carding et al., 1989). By dl5
fetal, almost 90% of thymocytes are positive and 45% are positive for [L4. From
dl6 of gestation until birth, no IL2 mRNA is found. Since almost all d14 and dl5
fetal thymocytes express mRNA for [L2R it is tempting to speculate that this
combination of growth factor and receptor is driving proliferation. The probe
used to detect IL2R in these experiments is specific for the low affinity form of

the receptor thus the presence of the high affinity receptors cannot be implied.



11

These results are still important because they demonstrate that the IL2 locus is
not represseci in these cells.

Post-natal DN thymocytes comprise ~5% of the total thymus anc contain
all of the IL2R" cells. However, most of these cells are not in cycle. The cycling
DP blast population is mostly IL2R™ suggesting that at this stage in an animal's
life IL2 does not drive proliferation within the thymus (Lugo et al., 1985).

The DN population represents a cell population that has not yet undergone
selection. These cells initially rearrange their y and § TcR genes and may
emigrate ir mediately, without acquiring CD4 and CD8. However, in general
these cells uridergo further rearrangement of their a and 8 loci and begin to
express CD4 and CD8. What is important to note about the DN pool, however, is
that it contains many cells capable of being triggered with TPA + A23187 to
produce IL2 (Lugo et al., 1988; McGuire and Rothenberg, 1987) and recent work in
our lab has shown that these DN IL2 producers are composed of two distinct
subsets (Rothenberg et al., 1990). One subset is TcR™ and expresses IL2 in
response to TPA + A23187. It is also unresponsive to the macrophage-derived
cytokine interleukin 1. Thus, these TcR* DN cells display a response profile
identical to mature peripheral T cells.

The second DN subset is TcR™ and differs from mature T cells in that it
does not respond to TPA + A23187 at all unless IL! is present. Thus cells progress
from a TcR™ stage, at which they display more stringent requirements for IL2
expression, to a TcR" stage at which time they now become unresponsive to this
cytokine. In Chapter 3, [ examine this question of IL1 responsiveness and consider

some possible mechanisms through which it may operate.

Experimental Considerations

A T-cell's ability to express IL2 changes both during the ontogeny of the
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animal and, in adults, during the ontogeny of individual T cells - from constitutive
fetal expression at dli3-15 gestation, to ILl-coinducible, and finally, ILL-
independent. Paralleling this change in IL2 gene inducibility is the increase in
regulatory restrictions being placed on a given T cell. DP cells whose TcR display
an inherent affinity for class | MHC antigens lose expression of CD4 and, in
general, become CTL. However, not all of these celis lose the ability to
transcribe the IL2 gene (McGuire et al., 1988). On the other hand, cells with TcR
displaying affinity for class Il tend to become cDs” Ty cells. What we would like
to understand is how this decision to express one differentiation antigen or the
other is coupled to adoption of a particular functional phenotype? At what level
is this decision imposed, i.e., 1) is the IL2 gene rendered inaccessible in non-
producers, or 2) do non-producers lack necessary transcription factors required to
express the gene or finally, 3) does expression of CD4 vs. CD8 impose on the cell a
signaling capability that ultimately predisposes it to one type of effector function
or another? Much data from this lab and others suggest that the third mechanism
is most likely. Thus, it suggests that any T cell is likely to be able to express IL2
upon stimulation with TPA + A23187. Data from numerous cell lines, however,
suggest that this is not so. In general, cloned CTL do not express IL2 and cloned
Tyl cells do not express killer-specific genes. The data of McGuire et al. (1988)
demonstrated that only about 50% of CD8" cells were capable of transcribing IL2
in response to phorbol ester and ionophore. Whether CTL cell lines originated
from cells that had lost the ability to transcribe this gene, or from cells that
never could, is unknown. I[f they arose from the former, it should be possible to
determine if this acquired inability to express IL2 is the result of a repressed
chromatin configuration near the transcription start site or rather, whether it Is
due to a loss of necessary transcription factors (models | and 2 from above).

Introduction of hybrid gene constructs containing the mouse IL2 promoter linked



13

to a reporter gene function can resolve this issue. Results presented in Chapter 2
‘ suggest that only Tyl cells possess the necessary transcriptional apparatus to
utilize the IL2 promoter even when present in the cell as a naked supercoiled
template. Utilizing such IL2-CAT constructs it has been possible to identify the
sequences responsible for high-level expression of this gene and, also, to study the
effects of competing signaling pathways, both positive and negative. Only after
we have determined at the molecular level what is required for expression can we
begin to study the developmental process that combines selection with an

assignment of function.
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ABSTRACT

We have used a protoplast fusion protocol to introduce the genes encoding neomycis phosphotransferase
(neo) and chloramphenicol acetyltransferase (CAT) into murine and humarn T-lymphocyte lines. Plasmid
constructs containing the neo gene under the control of the promoters from the Rous sarcoma virus long ter-
minal repeat (RSV LTR), the SY40 early region, or the herpes simplex virus thymidine kimase gene (HSV TK)
cap stably transform each of three T—ell lines to G418 resistance. The characteristic frequencies for dif-
ferent cell lines can differ by at least two orders of magnitude, although initial DNA aptske and transient
expression are similar. In the two marine cell lines, lJow numbers of gene copies are retained in long-term
transformants. Prior to integration, transient expression assays for car or neo gene products reveal that the
differences in intrinsic promoter strength of different constructs are further influenced by the coding se-
quences being transcribed. Thus, while transient expression of the neo profein is similar from both the Rous
LTR and the SV40 early promoter, the Rous LTR directs synthesis of CAT protein at Jevels two orders of

magnitude higher than those from the SY40 early promoter.

INTRODUCTION

HE ABILITY TC INTRODUCE CLONED GENES into tissue cul-

ture cells has provided both a means for manipulating
cell behavior and a method for studying the sequence ele-
ments involved in the control of expression. Mammalian T
lymphocytes should be particularly interesting subjects for
gene transfer studies. They express a set of tissue-specific
genes that are increasingly well defined, including several
that are inducible at the RNA level when the cell is trig-
gered by antigen recognition (Kronke ef al., 1985). Both the
regulation of these genes and the participation of their
products in the tightly regulated T-cell behavioral responses
could be explored by gene transfer. In general, however, T
cells are inefficiently transformed by exogenous DNA.
Most results in the literature have been obrained with a
single malignant T-lymphoma line, BW5147, which itself is
not competent in any T-cell functional assay (Berman ef
al., 1984). In this work, we report the factors controlling
the efficient introduction and expression of exogenous

genes in a variety of T-lvmphocyie kines. We have quanti-
tated the ability of different viral promoters to drive ex-
pression of two “recorder genes” in recipient T cells: the
aminoglycoside 3'-phosphotransferase(ll) [APH(3")I1 or
neo’] gene of TnS (Colbére-Garapin er al., 1981) and the
chloramphenicol acetyliransferase (CAT) gene of Tn9
(Gorman er al., 1982a). In this sytem. the DNA copies that
are taken up are expressed as well in T cells as in fibroblas-
tic L cells. While the optimum transient expression levels
per gene are similar, however, our results show marked
variations among the Tcell lines in three other parameters
affecting long-term transformation: initial DNA uptake,
frequency of probable integration, and stability of inte-
grated DNA copies.

*Throughout this paper, abbreviations for proteins are in capital
letters (e.g., CAT) and abbreviations for the DNA sequences that
encode them are in Jower-case italics (e.g.. car).

Division of Biology, California Institute of Technology, Pasadena, CA 91125.
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MATERIALS AND METHODS

Cell lines and culture conditions

The mouse T-cell lines, EL4.El, a thymoma of helper
lineage (Farrar er al., 1980) and MTL2.8.2, an H-2 anti-H-
24 cytotoxic line (Bleackley er al., 1982), were grown in
RPMI 1640 medium supplemented with 10% heai-inacti-
vated fetal calf serum (HyClone Laboratories, Logan, UT),
50 pM 2-mercaptoethanol, 2 mAM L-glutamine, and aniibi-
otics. Mouse interleukin-2 (IL2) produced by phorbol
ester-stimulated EL4.E] cells was added to the MTL2.8.2
growth medium at a final concentration of 30 U/ml. The
human T-cell line MJ (Popovic er al., 1983) was grown in
the same medium but the 2-mercapioethanol was omitted
and 100 U m! of human IL2 from stimulated Jurkat cells
(Gillis and Waison, 1980) was substituted for the mouse
variety. Mouse Laprt™ tk™ (Lat") (Wigler et al., 1979) cells
were grown in Dulbecco’s modified Eagle’'s medium
(DMEM) supplemented with 10% calf serum, 50 pg/m)
2,6-diaminopurine, and antibiotics.

G-418 concentrations given in this paper refer 1o the con-
centration of Geneticin powder (Gibco) per milliliter of me-
dium. The actual antibiotic concentration of this crude
preparation varies between 450 and 480 ug/ml.

Plasmids

All of the plasmid constructs used in this study, except
pTK-Neo. were provided by Drs. B. Howard and C. Gor-
man (NIH: and have been described previously (Gorman er
al., 1982a.b 1983; Southern and Berg, 1982; and Figs. |
and 4). The plasmid pTK-Neo (pNeo3) was provided by
Dr. B. Wold (Caliech). It consists of the neomycin phos-
photransferase gene from transposon TnS flanked §"and 3’
by the herpes simplex virus thymidine kinase (TK) gene
promoter and downstream polyadenylation sequences, re-
spectively.

Protopiast fusion

T cells were maintained in exponential growth for several
days prior 1o transfection. Proloplasts were produced by
the method of Sandri-Goldin er a/. (1981) with some modi-
fications. Two differences involved the bacterial host strain
used (HB10! instead of DH-1) and the size of the amplified
plasmid cultures which were converted inte protoplasts
(100 ml instead of 25 ml). Briefly, 1 day prior to fusion, 2
mi of a saturated overnight culture were inoculated into
100 ml of M9 minimal medium supplemented with 0.4%
casamine acids and 1 mg/ml uridine. Bacteria were grown
at 37°C to an ODsy 0.6-0.7, at which time 170 pg/mi
chloramphenicol (for neo plasmids) or 300 ug/m! spectino-
mycin (for car plasmids) was added. Amplification of the
plasmid copy number was for 18 hr = 1 hr. The next day
each culture was chilled on ice and pelleted in two 50-ml
conical test tubes a1 2000 x g at 4°C. The two pellets of a
given sampile were each resuspended in 2.5 ml of 20% su-
crose, 50 mM Tris pH 8.0 and pooled. Lysozyme, EDTA,
and additional 50 mM Tris pH 8.0 were then added sequen-
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tially according to the protocol of Sandri-Goldin er ai.
(1981), with ali volumes increased to compensaie for the
larger initial culture volume. After incubating the suspen-
sions for 7.5 min in a 37°C water bath, the protoplas:s were
diluted slowly with 40 m! of 10% sucrose, 10 mM MgCl, in
serum-free DMEM without mixing. If the incubation at
37°C was allowed to proceed for even 15 min, an unaccept-
able amount of ivsis occurred during the final dilution step.
When using this timetable, we reproducibly converted
>090% of the bacteria 10 protoplasts as determined by
phase-contrast microscopy.

Cells 10 be transfected were resuspended at 1-2 x 10
cells/ml in growth medium in 17 x 100-mm polypropyl-
ene, round-botiomed tubes (Falcon 2059). Five milliliters
of clear protopiast suspensior ‘aken from the middle of
the tube, was added for each 10° cells. The tubes were
capped, inverted gently, anc ther spun at room tempera-
ture in a tabletop centrifuge fc- 3 min at 500 x g. The me-
dium was carefully aspirated a... . > m! of fusion reagen:
was added. The fusion reageni consisted of serum-free
RPMI 1640 conmiaining 45% fusion-grade polyethyleae gly-
col (PEG 1000, Sigma) and 10% dimethyl sulfoxide. Prep-
aration of fusion-grade PEG by the method of Yoakum
(1984) allowed us to increase its concentration from 33% in
initial experiments to 45%, while decreasing its toxicity 10
T cells. After the addition of fusion reagent, tubes were
swirled gently at room temperature for 30-60 s. The PEG
was then diluted with 10 mi of serum-free RPMI 1640 pre-
warmed to 37°C. Tubes were inverted to mix and then re-
spun for 3 min at 00 x g at room iemperature. Cells were
resuspended in growth medium, counied, and plated as de-
scribed below. Recovery of cells ranged from 25% 10 1009
and was usually greater than 75%. The recovered cells were
always greater than 9%0% viable by eosin dye exclusion.

For long-term selection of stable transformants, newly
transfecied T cells were plated into the inner 60 wells of
four 96-well, flat-botiomed tissue culture plates (Corning
25860), with tissue culture medium in the outer 36 wells. In
all fusion experiments cells were plated for the first week in
the presence of 200 xg/ml gentamicin (for neo selection) or
kanamycin (for other experiments) to kill any unconverted
bacteria. The adherent MTL2.8.2 cells were plated at ! x
10° cells in 0.2 m] medium/well. Two or three days after
transfection, and every 34 days thereafter, the medium
was removed and replaced with an equal volume of fresh
medium containing 1 mg/ml G-418. Control cells consisied
of MTL2.8.2 cells that had been transfecied with pBR322.
Nonadherent E1 4.E]1 and MJ cells were initially plated in
0.15 ml of growth medium per well, then supplemented 2
or 3 days post-transfection with 50 ul of fresh medium con-
taining 400 gg/ml G418 (final drug concentration was 100
pg/ml). Subsequent feedings were done after first spinning
the plates for 5 min at 500 x g in a Sorvall tabletop centri-
fuge (RT6000) equipped with microtiter plate carriers. Sta-
ble MJ transformants could be selected in the presence of
100 ug/ml G-418. EL4.EI cells, however, often required a
progressive increase in concentration over a period of sev-
eral weeks to final concentrations of 400 wg/ml or 750
pg/ml before the mock-transfected cells died. The fre-
quency of transformation of T cells was calculated from
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the null term of the Poisson distribution afier determining-

the percentage of wells which contained no transformed
cells.

Mouse L a” 1™ cells were transfected in suspension as de-
scribed for T cells and were plated at 2.5 x 10" cells/100-
mm tissue culture dish. Cells were fed every 4 davs with me-
dium containing 400 wg'm! G418. Transformed colonies
were enumerated by staining the plates with hematoxylin
and eosin.

Neomycin phosphotransferase assay

The method of Fregien and Davidson (1995} was used
with minor modifications. Lysates containi. - _e.iular pro-
teins were separated on a 10% native acrylam.d. 2¢l instead
of a 7.5%c gel. A 15 x 15 x 0.1-cm gel wa: .no.bated for
60 min in 100 mi of assay buffer which co- 26 uCi
[v-**PJATP per miliiliter of buffer. An aliquot rrom a hy-
sate of an overnight culture of bacteria harboring pRSV-
Neo was used as a positive control.

CAT assayv

CAT assavs were performed essentially as described by
Gorman et ai. (1982a) except thal reaction time was ex-
tended to 2 hr. The assay was calibrated with commercial
CAT enzyme (P-L Biochemicals) and all values given fell
within the linear range of the assay (McMahon er af.,
1984). Molecules of the CAT subunit were estimated by de-
termining the specific activity of a 75% pure preparation of
CAT, as previously described (McMahon er al., 1984).

DNA exiractions

Stable transformants were grown in bulk culture, washed
once in phosphate-buffered saline, and resuspended at 10°-
10* cells/ml in 10 mM Tris pH 7.5, 0.4 M NaCl, 2 mM
EDTA. NaDodSO. was added 10 0.2% and proteinase K 1o
100 pg/ml, and the mixture was put at 56°C for 4-5 hr. The
DNA was extracted three times with phenol, twice with
phenol/chloroform iscamyl alcohol (50:48:2), and three
times with chloroform/isoamyl alcohol (96:4). High-molec-
ular-weight DNA was removed by spooling after addition
of 2.5 ml of EtOH, dried under vacuum, and resuspended
in 1710 its original volume in 10 mM Tris pH 7.5, | mM
EDTA (TE). RNase A was added to 100 ug/ml and the
sample was digested for 3 hr at 37°C. The DNA was phe-
nol/chloroform-extracted as above, then ethanol-precipi-
tated three times, and stored in a small volume of TE pH
8.0. Approximately 12 pg of DNA (2 x 10® cell equiva-
lents) was digested to completion with a fivefold excess of
Bam HI or Kpn 1. The digested DNA was separated on a
0.8% agarose gel, blotied to a nitrocellulose filter, and
probed with nick-translated pSV2-Neo plasmid DNA.
Known amounts of Bam Hi-linearized pSV2-Neo served as
copy number standards. Hybridizations were carried out
for 16-24 hr at 68°C in 5x SSC, $x Denhardt’s, 0.1%
NaDodSO., 10% dexiran sulfate, and 100 ug/ml sheared,
denatured salmon sperm DNA (1x SSC = 0.15 M NaQ,
0.015 M Na citrate pH 7.0). Filters were washed three times
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for | min each at room temperature in 2x SSC, 0.2%
NaDodSO.. 0.05% NaPPi, twice for 30 min each a1t 68<C
in 0.2% SSC, 0.1% NaDodSO., 0.05% NaPPi, and then
were exposed to Kodak XAR-S film with a Cronex intensi-
fving screen at — 70°C. Gene copy number was determined
by densitometric scanning of the resuliing autoradiograms
and comparison of the band intensity to tha: of known
amounts of neo DNA.

For the determination of gene copy number in transien:
assays, the pelieted nuclei and cellular debris were resus-
pended in 0.5 ml of lysis buffer {140 mM NaCl, 1.5 mM
MeCl;, 10 mM Tris pH 8.6, and 0.5% NP-40] and lavered
over an equal volume of lysis bufier containing 247 su-
crose and §.5% NP-40 in a 1.5-m! Eppendorf iube. Nucle:
were pelieted in a microfuge for 2 min at 4°C. They were
resuspended in 0.1 mi of 10 mAM Trns pH 7.8, SmM EDTA.,
19 NaDodSO.. Proteinase K was added 10 200 xg/ml and
samples were digested at 56°C for 3 hr afiter which the
DXNA was extracted as described above. RNase A was then
added 10 100 pg/ml and samples were put at 37°C for 2 hr.
The DNA was then reextracted as before and ethanol-pre-
cipitated. The precipitated DNA was pelleted by spinning
for 30 min in a microfuge in the cold ang resuspended in
TE pH 8.0. Amounts of DNA representing 1.5 x 10, 5 x
10%, and 1.5 x 10° cell equivalenis were spotted onlo a ni-
trocellulose filter using a dot blot manifold (Schieicher &
Schuell). reo or car DNA represenuing 107, 10%, 10°, and
10* copies were mixed with noniransformed EL4.El DNA
and spotted as standards. The filters were probed with a
nick-transiated 2.2-kb Hind 111-Barm: HI fragment contain-
ing the neo sequences or the corresponding 1.6-kb frag-
ment from pSV2-CAT, and gene copy number per cell was
determined densitometrically.

Datia selection for transien! expression assays

The datz shown in the tables were 1aken from experi-
ments in which multiple plasmids and/or cell lines were
compared in parallel, and in which both DNA and enzyme
activily measurements were availabie for each sample.
These results were only cited if representative of those from
three or more independent experiments. While absolute
levels of expression varied among experiments, relative lev-
els of expression within experiments fell into the ranges
cited in the text in every case.

RESULTS

Stable transformation of T cells

These experiments were underiaken to develop a proce-
dure by which specific genes could be introduced, stably in-
tegrated, and expressed in funcuonally differentiated T
cells. To optimize conditions for transformation, the bacte-
rial gene for neomycin/kanamycin resistance was intro-
duced into various murine T-cell Bnes. MTL2.8.2 is a
cyiotoxic T-cell line that depends for its growth on the
T-cell growth facror 1L2. A second Bne, E1 4.E1, is a sub-
line of a thymoma which can be specifically induced to se-
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crete [L2 by activation with phorbol esters. The neo gene,
derived from the TnS transposon, encodes an aminoglyco-
side phosphotransferase which confers on eukaryotic cells
the ability to grow in the presence of the antibiotic G418
(Colbere-Garapin, 1981; Southern and Berg, 1982). Several
constructs incorporating neo were compared for activity in
T cells. These are diagrammed in Fig. 1 and described in
the legend. The plasmids pRSV-Neo and pSV2-Neo are
identical except for the promoter-enhancer region. Plasmid
pTK-Neo, however, utilizes both the herpes simplex virus
TK gene promoter and downstream flanking sequences
which contain the polyadenylation site. It further differs in
that its ori~rtation with respect to the pBR322 vector se-
quences i - _posite that of the other constructs and it lacks
a downst:ca. intron. Each of these constructs was previ-
ously sho- n .o be active in mammalian cells (Fregien and
Davidson, '~ Gorman et al., 1983; Southern and Berg,
1982).

We were reproducibly successful in transforming T cells
using protoplast fusion. Proioplasts were prepared from
Escherichia coli (strain HB101) harboring the recombinant
plasmids, or pBR322 as a negative control, after amplifica-
tion of the plasmids overnight. Selection was initiated 2 or
3 days after fusion, using concentrations of G-418 that had
been determined previously for each cell line (see Materials
and Methods). After 2-2 weeks of selection, wells of trans-
formed G-418-resistant cells could be detected at a fre-
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FIG. 1. Diagrammatic representation of the Neo plas-
mids used. A. These plasmids have been described previ-
ously (Fregien and Davidson, 1984; Gorman er af., 1983;
Southern and Berg, 1982). Thin lines, pBR322 vector se-
quences; open box, neomycin phosphotransferase gene
(neo) from TnS; filled box, the promoter-containing region
of the LTR from RSV; hatched boxes, HSV TK gene pro-
moter and polyadenylation sequences; stippled boxes,
SV40 early region promoter and small t intron and poly-
adenylation site. Filled circles represent the mRNA cap
site. Indicated restriction sites are: R, Eco RI; B, Bam HI;
G, Bgl Il; H, Hind I11; P, Pvu 11; A, Acc 1. Only relevant
sites are shown. B. The 2.2-kb Hind 11I-Bam HI frag-
ment from pSV2-Neo used as a hybridization probe in
some experiments.
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quency of ~ 1 per 10* cells for MTL 2.8.2 cells and ~ 1 per
10 cells for EL4.E1 (Tabis ). In no case did spontaneous

“G-418-resistant clones gros out from cultures transfected

with pBR322. Once isolai=Z. T-cell transformants grew
progressively in G-418 throzgh more than 30 generations,
in clear contrast 10 the ar=sted growth and lysis of the
parent lines. As shown in Tadie |, the three neo constructs
showed similar efficiencies = transforming T cells to G418
resistance.

The presence of neo DNA sequences in eleven G-418-re-
sistant T-cell clones was ver—ied by Southern blotting (Fig.
2 and data not shown). These transformants were ex-
panded for 2-6 months in G418 prior to DNA extraction.
High-molecular-weight genomic DNA from these cells was
digested with the endonuci=ase Bam HI (Fig. 2, lanes 1-8
and 14-17), which has one Zeavage site in each piasmid, or
Kpn | (Fig. 2, lanes 9-13). which does not cleave any of the
original plasmids. After elerophoretic separation, the re-
sulting DNA fragments w== blotted to nitrocellulose and
probed with pSV2-Neo DNA. The bands observed in Kpn 1
digests were uniformly larger than unit plasmid length, in-
dicating that the neo seguznces were incorporated into a
high-molecular-weight dupiex. Densitometric scanning of
the autoradiograms and comparison to known amounts of
neo DNA (e.g., Fig. 2, lan= 6-8) showed that most of the
transformants had integrai=Z one or fewer copies per dip-
loid cell of the neo gene. This result is in agreement with
the single hybridizing frag—ent observed in each iane when
the neo-specific probe showz in Fig. 1B was used instead of
the entire pSV2-Neo plasmx (Fig. 2, lanes 9-13 and data
not shown). The mobilines of these fragments after Bam
HI digestion in most cases distinguished them from input
plasmid DNA. The presenc= of two bands which hybridize
1o the labeled pSV2-Neo probe is consistent with a single
integration event yielding two unique junction fragments
upon cleavage with Bam HI (Fig. 2, lanes 2-4, 16). One
transformant, EL4. E1-SV21 (“S.1,” Fig. 2, lanes 4 and
12), presumably contains several copies in a tandem array,
linked head to tail, as evidenced by the generation of unit
plasmid-length 5-kb bands after Bam HI digestion.
Whereas the EL4 E1 ransformants examined here had one
to three copies, MTL2.8.2<ransformed cultures contained
neo sequences at only 0.1-0_3 copies per diploid cell (Fig. 2,
lanes 14-17). G418 resistance was generally correlated with
expression of the phosphoiransferase encoded by the neo
gene, APH(3')I1, as shows m Fig. 3. Of six T-cell trans-
formants, all containing approximately one copy of the neo
gene per cell (Fig. 2, lanes 16 and 17 and data not shown),
five showed virtually equivzient levels of phosphotransfer-
ase activity. Our selection procedure did allow the survival
of one clone, MR5-A1 (Fiz. 3, lane 8), which appears 1o
contain a nep gene at a trascriptionally inactive site. Tran-
sient expression of the neo gene prior (o its integration may
have allowed the outgrowth of this variant with spontane-
ously elevated G-418 resistznce.

The low copy number per transformant is noteworthy
for several reasons. While the nominal ratio of protoplasts
to cells is high (~2.5-5 x [0°:1), the number of plasmids
actually transferred may be much lower, depending on the
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TABLE 1. FREQUENCY OF STABLE TRANSFORMATION OF T CELLS BY ProTOPLAST FUSION
) Number positive wells/ Number of
total numbers welis plateda tremsformants/
tocz! Transformation
Cell line Piasmid Exp 4] #2 #3 #4 rumber cells frequency®
ELA4.E] pBR322 0/240 0/240 024 x 10¢ 0
pRSV-Neo 2/240 1/240 324 x 100 1.2 x 10
pSV2-Neo 3/106 0/240 1.~ x 1o* 1.7 x 10
pTK-Neo 17195 0/240 122 x 10* 4.6 x 10
MTL 2.8.2 pBR322 0/240 0/240 0/240 0/240 086 x 10° 0
pRSV-Neo 30/240 39/240 337240 24/240 269.6 x 10* 1.4 x 10
pSV2-Neo 22/240 50/240 13/240 23/240 108 9€ x 10 1.2 x 107
pTK-Neo 23/240 54/240 24/240 14/240 115796 x 10° 1.3 x 107*
M] pBR322 0/240 024 x 10° 0
pRSV-Neo 240/240 >240 24 x 10¢ >1 x 10
pSV2-Neo 240/240 224074 x |0* >] x 10
pTK-Neo 240/240 224024 x 10° >1 x 107
Lat pBR322 3 0 0 075 x 10* 0
pRSV-Neo 132 325 74 3175 x 100 7 x 10~
pSV2-Neo 108 605 130 HM3TE x 100 1 x 107
pTK-Neo 25 23 10 875 x 100 8 x 10

*EL4.E] cellc were plated a1 § x 10° cells/well; MTL 2.8.2 cells were plated at 1 x 10° o=ls wel MJ cells were plated at | x 10*

cells/well.

bCalculated from the Poisson distribution assuming single-hit kinetics.

cValues for La7~ cells are number of colonies/2.5 x 10° cells.

distribution of protoplasts among the phases of the initial
suspension. Evidence for a low actual ratio is presented in
Table 2, suggesting that donor DNA is stabilized rather ef-
ficiently in T cells. Under these conditions, DNA concate-
nates appear to be generated infrequently as an intermedi-
ate in the integration process. These observations allow
precise identification of the neo gene copy being expressed
but could rule out the use of protoplast fusion to cotrans-
fect unlinked genes. The presence of fewer than one copy
of neo per cell in clonal lines of MTL2.8.2 cells suggests
that exogenous sequences are unstable in some T-cell trans-
formants. This interpretation is supported by the growth
characteristics of several lines. While most MTL2.8.2 lines
remain G-418-resistant throughout several months of cul-
ture in selective medium, one pSV2-Neo-transformed line
(Fig. 2, lane 15) lost the ability to grow when split to low
density (4 x 10° cells/mi), and eventually died. EL4.E!
transformants, on the other hand, appear to be stable.
Using these procedures, the human T-cell line MJ could
be transformed to G-418 resistance at high frequency
(Table 1). This line is T4*, HTLV-1", and 1L2 dependent
(Popovic er al., 1983). After 14 days of growth in the pres-
ence of 100 zg/ml G418, all cells transfected with pBR322
were dead, while every cell containing cells transfected with
pSV2-Neo, pRSV-Neo, or pTK-Neo showed vigorously
growing foci of cells (Table 1). These cultures as a rule con-

tained multiple copies of the mep DNA sequence per ceil,
with some culiures razsformad by pRSV-Neo and pSV2-
Neo yielding estimaies of 30-50 copies of neo sequences per
cell. The transformation freguency could not be deter-
mined more accuraisiy beczuse this line grows poorly
below 5§ x 10° cells per ml {J. Lugo, unpublished observa-
tions). Nevertheless, riese humnan cells appear to be consid-
erably more efficient tkan the two murine lines at 1aking up
DNA, or stabilizing #. or both.

In marked contras: @ the results with protoplast fusion,
several other transfecton techmigues consistently failed 1o
transform our T-cell Imes. Wz have never detected func-
tional DNA uptake ir these T cells, either by transient ex-
pression assays (see beiow) or by selection of stable trans-
formants, using thres &ffeses calcium phosphate copre-
cipitation protocols (Wigler er al., 1978; Graham and Van
Der Eb, 1973; Chu =d Skarp, 1981). The results were
equally poor whether or mot the cells were pulsed after
transfection with dimethylsedfoxide or glycerol (data not
shown). Transfection by pofwcation facilitation was also
unsatisfactory (data noe shown). Concentrations of DEAE-
dextran and poly-1-ornithine which promote maximal
transformation of fitvoblasts (10-100 xg/ml) were acutely
toxic to our T-cell fin= and lower doses were found 10 be
ineffectual in promormg DNA uptake.
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FIG. 2. Southern blot analysis of G-418-resisiant murine T-cell lines. Twelve micrograms of genomic DNA was digested
with Bam HI (lanes 1-8 and 14-17) or Kpn 1 (lanes 9-13), electrophoresed on a 0.8% agarose gel, and blotred onto nitro-
cellulose. Hybridization probes consisted of a nick-translated pSV2-Neo plasmid for the Bam Hl-digested sampies and the
2.2-kb Hind 111-Bam HI fragment shown in Fig. 1B for the Kpn I-digested samples. Lines R.1, R.2, R.3, and MRS were
transformed with pRSV-Neo; lines S.1 and MS with pSV2-Neo and line MTK with pTK-Neo. Lanes 6-8 contain 12 xg of
Bam Hl-digested genomic DNA from noniransformed EL4.E1 cells mixad with Bam Hl-linearized pSV2-Neo DNA
equivalent to 10, 1.0, or 0.1 copies of neo per cell, respectively. Densitometry was carried out on exposures that were de-
termined to fall in the linear range. MTL cells (lanes 14-17) carried approximately 0.1-0.3 copies per cell by visual inspec-

tion with standards. These lanes are from a longer exposure than lanes 1-8.

The promoler influence on gene expression
may not be reflected in transformation frequency

The frequency of stable transformation has often been
taken as a relative measure of promoier strength. While
this has been verified in some cases (Gorman er al., 1983;
Spandidos and Wilkie, 1983; Sodroski er al., 1984), it may
not be generally irue. For example, the effects of intrinsic
promoter strength or site of integration in the host genome
can be overlooked any time that the minimum amount of
gene product expressed exceeds the amount required for
survival under particular selective conditions. We have
therefore used the assay for measuring APH(3")I1 activity
{Fregien and Davidson, 1985) to monitor quantitative ef-
fects on neo expression independently of the ability to sur-
vive long-term challenge with G418.

Mass cuitures transfected by protoplast fusion were used
to correlate enzyme production with gene copy number.
Forny-eight hours after fusion, cytoplasmic extracts were
assayed for phosphotransferase activity. DNA isolated
from the same cells was assayed in parallel by dot blot hy-
bridization to determine the number of meo DNA copies
present per cefi. To minimize error due 1o carryover of pro-
toplasts, the DNA was extracted from nuclei that had been
isolated by pefieting through sucrose. Results of two repre-
sentative experimenis are presented in Table 2. By this
method, the majority of transfected cultures (29/35 in four
experiments) were found to contain less than 20 copies of
the neo gene per cell, on average, at 2 days post-iransfec-
tion. In the occasional cases where large numbers of copies
were found (— 100/cell), APH(3")1] activiry was not corre-
spondingly increased, suggesting that the additional DNA
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FI1G. 3. Detection of APH(3'}11 (neo product: activity in
stable transformants. Lysates of total celiular proteins
from 1.5 x 10 EL4.El or 2.5 x 10* MTL2.8.2 ransform-
ants were electrophoresed on a 10% native poivacviamide
gel to separate endogenous ATPase activity from the phos-
photransferase. The gel was then incubated with [5-
¥PJATP and kanamycin as described in Materzals and
Methods. After 60 min incubation at 37°C, the labeled
kanamycin was blotted onto phosphocellulose paner and
visualized by autoradiography. The positive conzos (line 1)
is an aliquot of a lysate from a saturated culturz of HB101
harboring pRSV-Neo. All cell lines contained one copy of
neo per cell (Fig. 1, lanes 16 and 17, and data not shown).
Exposure time was for 2 hr with an intensifer scr=en.

was not functionally active (data not shown). Thas. the low
copy number found in long-term transformams (Fig. 2)
may represeni only a 5- to 10-fold further loss of plasmid
sequences after initial DNA upiake.

The results of these experiments show that the cell lines
differ less in their transient expression of a given construct
than in their frequencies of long-term transformation.
Thus, transfected MTL 2.8.2 cells transiently express all
three Neo plasmids to about the same level as E1L4 E1 cells
(Table 2 and data not shown), in contrast to the 100-fold
difference between these cell lines in transformasion effi-
ciency (Table 1). The second experiment shown i Table 2
strongly suggests that the levels of APH(3")II acgvity de-
tected 48 hr after fusion are in fact dependent oz manscrip-
tion of the plasmid templates in the recipient cells and not a
reflection of carryover from the protoplasts themselves. In
this experiment, aliquots of the same protoplasis used for
fusion were harvested on the day of fusion and assayed in
parallel with exiracts made from the recipient celis 2 days
later. The transfected cells in most cases showed an in-
crease over the protoplasts in phosphotransferase activity
relative to their content of plasmid DNA. Furthermore, the
hierarchy of expression from the different constucts was
slightty different in the cells than in the protoplasts.
Whereas protoplasts carrying pSV2-Neo comtained the
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highest levels of APH(3 I, the T cells preferentially accu-
mulated phosphotransferase actvity after fusion with
pRSV-Neo or pTK-Neo. The same general result was also
obtained when DNA zione was maroduced into the cells by
fusion to plasmid-beaning erytkrocyte ghosts (data not
shown). Iz two such experiments. the two T-cell lines each
expressed similar levels of APH(Z il activity per gene, with
the leveis per gene expressed from the pRSV-Neo and pTK-
Neo consiructs about 4 to 10-fois higher than from pSV2-
Neo. Thus, the transient assays mdscate that the MTL 2.8.2
and EL4 E1 cell lines do not di appreciably in their abil-
ity 10 express the nec gene from each of the three con-
structs. The cause of the differ=mze in long-term transfor-
mation efficiency must lie elsewDere.

Promater strength s influemced by
iniragenic sequences

The resulis from mansient asseve of APH(G)I activity
suggest tha: the RSV LTR, the herpes TK promoter, and
the SV4C early promoter are 2T about equally effective,
with the SV40 construs possibis the weakest of the three in
these murine cell Ezes. Beczzse no pure standard of
APH(3)lI 15 availabie. these r=sults are not easily inter-
rerms of amounts of emzyme synthesized per gene.
. we calibraz2d the aszz: for a different transient

ity levels into steady-state concenirations of CAT subunit
per cell (McMahon e al, 1982 Parallel experiments with
cal in piace of nec could themsfore provide an absolute
measurement of the efficiencies of expression from the TK,
RSV, and SV40 earix promoters in T cells. Protoplast fu-
sion was used 10 transfect mouse T cells and Lat~ cells with
each of the cor plasmids showr m Fig. 4A. Two days later
the cells were lysed and both CAT enzyme activity and gene
copy number were measured (Table 3 and Fig. 4C). The
levels of expression, presented m Table 3, were similar for
each construct whether assayed n the two T-cell lines or in
Lat- celis. Depending on the experiment, maximum levels
of expression were from 10 to 300 molecules of CAT sub-
unit per car gene.

The hierarchy of expression from the different car con-
structs was striking. While pRSV-CAT was highly efficient,
pTK-CAT gave no detectable activity at any DNA dosage
(data not shown). This result 3 not directly comparable
with neo results becaunse the pTK-Neo and pTK-CAT plas-
mids are not structurally homologous. However, in con-
trast to the results with transiem expression of neo (Table
2), the RSY LTR is also at lezss two orders of magnitude
better on a per gene basis than the SV40 early promoter in
driving cor expression (Table 3, Zast column). In most cases
po activity could be detected afier transfection of pSV2-
CAT. This is not likely 10 be d@ue 10 organizational differ-
ences in the plasmids since the car and neo derivatives of
the SV40 and RSV promoter comstruct are identical except
for the recorder genes. As shost in Fig. 5, the pSV2-CAT
construct is not defective, simce it is amplified and ex-
pressed efficiently when inirodnced into COS-7 monkey
cells by either calcium phospisate precipitation or proto-
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TaBLE 2. TRANSIENT EXPRESSION OF THE neo GENE Probuct v Murnss T-CeLL LiNes anp L Ceus

Relarive Relative
APH3')II APH(3' 11
Cell line Plasmid activizy ‘celi? Neo copees/cell activity./ gene®
Experiment 1
EL4.El pBR322 1.7¢ 0 s
pRSV-Neo [100)¢ 33 7.4
MTL 2.8.2 pBR322 3.6 Kyl -
pRSV-Neo 88 :8 2
Lat- pBR322 0.2¢ i =
PRSV-Neo 36 3. 12
Experiment 2
EL4.El pRSV-Neo 7.2 0.12 60
pSV2-Neo 11 0.18 61
pTK-Neo 4.9 0.025 196
MTL 2.8.2 pRSV-Neo 97.% I.1 89
pSY2-Neo 37 148 25
pTK-Neo 86 0.7 123
Protoplasts (HB101)d pRSV-Neo f100)e.f 7.3 13.7
pSV2-Neo 280 73 38
pTK-Neo 12 4.7 2:5

2Based on densitometric tracing of *P-labeled-neomycin amoradiograms; a-Turary units.
bl(Activity/cell) -~ (pBR322 activity/cell)]<(neo copies cell)

<Background.

ST cells assayed 48 hr after fusion; protoplasts assayed on day of fusion.

¢Normalization standard for the experiment.

TThe amount of protoplast suspension assayed was the amoun: used for fusizn with 3 x 10 c2ll equivaients.

plast fusion. Thus, the levels of expression from the SV40
early promoter relative to the RSV LTR are determined, in
part, by sequences within the neo and car genes.

As discussed with respect to Table 2, several considera-
tions make it most probable that these differences in ex-
pression reflect the utilization of plasmid DNA templates
by the recipient cell transcription machinery, or differential
RNA utilization, and not carryover of protein in the proto-
plasts, When samples of the HB101 protoplasts used for
fusion were assayed for CAT activity directly, pRSV-CAT,
pTK-CAT, and pSV2-CAT protoplasts all contained simi-
lar amounts of CAT protein (Table 3). This was in sharp
contrast to the differences between CAT expression levels
found in mammalian cells 2 days after fusion with pRSV-
CAT and pSV2-CAT, and the complete absence of CAT
activity in every case where cells were fused with proto-
plasts carrying pTK-CAT (data not shown). There was no
detectable bias in the efficiencies with which different pro-
toplasts were taken up by recipient cells, because the num-
bers of plasmid DNA copies per recipient cell nucleus fell in
the same range for all protoplasts. In most cases (Table 3),
less than 10 copies of DNA were retained. Thus, the poor
expression observed in cells fused with pSV2-CAT or pTK-
CAT can be regarded as an upper limit for carryover of
CAT protein in the fusion, further reinforcing the superior
expression of pRSV-CAT. Finally, at least for the adherent

MTL2.8.2 and La7 cells, the presence of CAT activity was
dependent on PEG-mediated fusion with the protoplasts.
In the absence of PEG treatment, the number of copies of
car sequences and the amount of CAT activity were both
sharply reduced (Table 4). PEG treatment was not required
for optimal expression of CAT in EL4.E1 cells, but in these
nonadherent cells the uptake of plasmid sequences inio nu-
clear DNA was also PEG independent (Table 4). The
EL4.E! cells thos appear 10 be capable of spontaneous fu-
sion with the protoplasts under the condition used for their
culture. In every case, expression of cytoplasmic CAT ac-
dvity was correlEed with incorporation of plasmid se-
quences into cell maclei. The poor expression of pSV2-CAT
relative to pRSVCAT, and the more similar expression of
pSV2-Neo relative to pRSV-Neo, most likely indicate dif-
ferential influencss on the eukaryotic transcription ma-
chinery by the bacterial neo and car sequences.

DISCUSSION

We report here conditions under which model genes are
consistently intreduced into T cells, integrated into the
T-cell genome, aad expressed at levels comparable to their
expression in L eells. As discussed below, the system has
certain limitaticas, but nevertheless provides a reliable
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means for manipulating the long-term characteristics of a
variety of functional T-cell lines.

The most successful method we have used for transform-
ing T cells is PEG-mediated fusion with protoplasts carry-
ing the desired plasmid. This works reproducibty to import
plasmid sequences into the lymphocytes in an expressible
form, in distinct contrast to the rare expression and fre-
quency toxicity observed when lymphocytes are treaied
with naked DNA in the presence of Ca{PO.), or polycai-
ions. In our hands thus far, IL2-dependent T cells have ako
been refractory to electroporation (T.J.N., Christine
Kinnon, and John Ngai, unpublished). In accord with our

7

FIG. 4. Diagrammatic representation of CAT plasmids. -
A. The varicus plasmid segments and restriction sites are
the same as in Fig. ] except that the open boxes represent
the car gene of Tn9. B. The 1.6-kb Hind 111-Bam HI1
CAT-specific probe from pSV2-CAT used for the determi-
nation of gene copy number by doi blot hybridizations.
C. Assay of CAT activity in T celis and L cells transfected
by protoplast fusicn. The assay was performed as described
by Gorman er af. with the modifications given in Materials
and Methods. Each sample contained the lysate from 4 x
10*EL4.El and Lat" cells or 6 x 10* MTL2.8.2 cells trans-
fected with pBR322 {lanes 1, 4, 7), pRSV-CAT (lanes 2. 5,
8), or pSV2-CAT (lanes 3, 6, 9). The raw data is presented
in Table 3, Exp. 1 for EL4 and L cells and Exp. 2 for MTL
cells. The positive control (lane 10) contained 0.48 units of
purified CAT enzvme (P-L Biochemicals); the negative
control lacked any cellular hysate or CAT enzyme. CM,
unreacted ["““Cjchioramphenicol; B, l-acetate chloram-
phenicol, the primary reaction product; A, 3-acetate chlor-
amphenicol which results from the l-acetate form by
nonenzymatic acyl migration; C, 1,3-diacetate chloram-
phenicol.

Lo-t- CONTROLS
L €
B
>
.

rmy

6 ] 8 S 10 n

results, Hatakeyama er al. (1985) and Steinmetz and co-
workers (Dembic ef ol., 1986) have also used protoplast fu-
sion in their recent isolation of T-cell transformants. The
difficulty of introducing naked DNA may be related to the
presence of a Ca*-activated endonuclease in many T lym-
phocytes (Cohen and Duke, 1984). DNA in the protoplasts
is likely to be doubly protected: first, by the bacterial mem-
brane, and second, by bacteria! proteins forming a nuncleo-
protein complex with the plasmid DNA. The first of these
alone may be adequate, since our preliminary artempts to
introduce DNA encapsulated in erythrocyte ghosts have
also resulted in fairly high levels of expression (T.J.N., un-
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i

FI1G. 5. Expression of pSV2-CAT in COS-7 cells.
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Left: MTL2.8.2 (lanes 1 anc 2). La™1" (lanes 3 and 4), and COS-7

cells (Janes 5 and 6) were transfected by protoplast fusion with pBR322 (lanes 1, 3. 2= 5j or pSV2-CAT (lanes 2. 4, and 6)
and assaved for CAT activity 48 hr later as described in Materials and Methods. The percent acetylation was <0.] for
MTL: 0.2 for Lat” and (.7 for COS-7. Lanes 7 and & are 2 positive and negative control, respectively, and the producis

labeled CM. A, B, and C are the same as in Fig. 4.

published results). Protoplast fusion has substantial draw-
backs, particularly the introduction of extraneous or dele-
terious bacterial macromolecules along with the plasmd
DNA. These molecules may even restrict the amount of
protoplast DNA that mammalian cells can retain, since L
cells transfected by Cay(PO.). coprecipitation routinely ex-
pressed 10-fold higher levels of CAT activity than L cells
wransfecied by protoplast fusion (data not shown). How-
ever, the protoplasts are presently the most accessible
source of plasmid DNA in the membrane-bounded form,
which seems to be optimal for successful introduction into
T cells.

In transient expression assays, T cells can express as
much CAT or APH(3")1] activity per car or neo gene as do
L cells. The viral promoters in the RSV LTR and the SV40
early region appear to be utilized just as well by the lym-
phocytes as by fibroblasts. This suggests that the frequency
with which long-term G-418-resistant transformants of T
cells can be isolaied may be limited primarily by the effi-
ciency of incorporation and stabilization of the exogenous
DNA sequences rather than by a lack of T-cell-specific en-
hancer sequences. Of course, RNA levels may be further
increased in constructs with such regulatory sequences. We
are currently examining the relative efficiencies of transient

Right: Estimation of the cz- z2ne copy number from the samples
assaved at ieft. Lanes 9-14 are identical 1o lanes 1-6. Unintegrated piasmid DNA
from isolated nuclei was linearized with Bam HI and eiectrophoresed on a 1% agar:
DNA corresponding 1o 10°, 10®, and 10" copies (lanes 15-17, respectively) was run
dards. The DNA was blotted onto nitrocellulose and probed with a nick-transla:
car gene copies per cell as determined by densitometry was 0.4 for MTL; 0.28 for

=oiat2d by the method of Hirt (1967)
gel. Bam Hi-linearized pSV2-CAT
aliel 10 provids copy number sian-

2-CAT plasmid. The number of
7" and 4.7 for COS-7.

expression from the RSV LTR, for which there is no evi-
dence of preferentia’ activity in T cells, and from the LTRs
of viruses known ¢ cause T-cell leukemias, as potential
sources of T-cell-specific promoter/enhancers (F. Yoshi-
mura, T.J. Novak. and E. Rothenberg, unpublished re-
sults).

Different T cell Epzs do in fact show striking differences
in the efficiencies wzt which thev are transformed and the
numbers of exogencms DNA copies that they retain. The
same preparations of protoplasts vield EL4.E] wransform-
ants at frequencies of <107, MTL2.8.2 iransformants at
107, and MJ transformants at frequencies possibly iwo or-
ders of magnitude mgher. In the cases we have analyzed
most closely, the kow mansformation efficiency of EL4.E]
seems to be correlaied with high stability of the iniegrated
DNA. Cioned transformant lines appear to carry one inte-
grated neo gene per cell genome (Fig. 2), whether analyzed
after 2 or 6 months (data not shown). By contrast, the
more easily transformed MTL2.8.2 cells rapidly lose neo
DNA. During expazsion of these clones, the APH(3')lI
produced by a shri=king percentage of the transformed
cells appears to be sziTicient to preserve the viability of seg-
regants that have lost neo sequences, presumably due to
leakage or cross-feaEng. Both of these murine lines take up
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TanLe 4. ErFecT ofF PoLYETHYLENE GLYCOL-MEDIATED Fusiox os DNA UpTake
AND CAT SYNTHESIS =

Number of molecules

Nwmiber of molecules

Cell Piasmid PEG CAT subunit per cella <at gene per cellt
MTL2.8.2 PRSV-CAT = 35 1.7

+< 165 24.0
EL4.E! pRSV-CAT = 392 9:3

46 424 8.0
Lat- pRSV-CAT = 21 2.0

+c 144 10.0

2Determined 2s described in Table 3.
tDetermined as descsit - in Table 3.
Raw data shown in | _2.2 3, experimeni 2.

relatively low numbers of DNA copte casured after 2
days (Tables 2 and 3). Their differen: behavior might be ex-
plained by a higher level of illegitimate recombination ac-
uvity in the MTL2.8.2 cells. Experiments using other se-
lectable genes are under way 1o test the generality of this
phenomenon. Note that the MJ Line of human T cells ap-
pears significantly more permissive for initial DNA upiake,
resulting in high transformarion frequencies with retention
of high copy numbers of the exogznous sequences.

Finally, the quantitative analysis of transient gene ex-
pression in T cells has revealed a new example of a more
general phenomenon, nameiy the ability of relative pro-
moter strengths to be influenced by sequences in the genes
transcribed from those promoters. Thus, while the RSY
LTR and the SV40 eariy region are equally efficient at driv-
Ing neo expression in murine cells, they differ markediy in
their efficiencies for car sequences. Our resufis do not dis-
unguish between influences on transcription per se and on
RNA stability or translation efficiency. The CAT mRNAs
expressed from the two viral promozers differ in their first
60-70 nucleotides, so that it is conceivable that the SV40 se-
quences might selectively interfere with the utilization of
car sequences in murine cells. Also, because RNA levels are
too Jow Yo be measured by nuclease protection assays, we
cannot distinguish between an effect of neo sequences to
enhance measured expression from the SV40 promoter and
an effect to decrease expression from the RSY promoter.
Nevertheless, it is clear that the regulaiory sequences can
interact with the “recorder™ sequencss in determining the
ultimate level of gene product.

Such a phenomenon has been noied in several other sys-
tems, particularly those in which the recorder gene is one
which undergoes developmenial reguiation of its expression
in vivo (Charnay e af., 1984; Wnght er al., 1984; Gros-
sched] and Baliimore, 1985). In these cases the intragenic
seguences that interact with upstream sequences are inter-
preted 1o be products of rigorous evolutionary selection for
accuracy in gene regulation. The resulis presented here, by
contrast, suggest that such interactions can also take place
among sequences in completely ectopic evolutionary con-
texts, including sequences derived from prokaryotes. This
has the practical consequence that particular model genes

may behave anomalowsiy when driven by certain promo-
ters. In addition, the a=iity of bacterial sequences to mod-
ulate their own expr=sion from eukaryoric promoter:
could be a clue that the sequence elements involved in these
interactions occur fregzently in the absence of selective
pressure.
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INTRODUCTION

Perturbation of the antigen receptor/CD3 comple:g on -rest'mg 3 ceilg
initiates a variety of biochemical responses whose proximal results include
phospholipid  hydrolysis, production of intracellular second ‘messengers,
transmembrane calcium fluxes and activation of protein kinase C (reviewed in
Weiss et al., 1986). These common, activation-specific events result in the
expression of a preprogrammed set of genes by the responding cells, leading
ultimately to proliferation and/or the elaboration of effector function (Crabtree,
1989). Subsets of T cells may be defined by the way they utilize similar stimuli -
effect distinct outcomes at the transcriptional level. For example, activated type
| helper T-cell lines (THI) synthesize interleukin 2 (IL2), interferon-y (IFN-y) and
lymphotoxin (LT) in preference to IL4 and IL5, which are the products of type 2
helper T cells (THZ) (Mosmann and Coffman, 1989). Both types of helper lines can
secrete IL3. Although they evince distinct response profiles, Tyyl and T2 cells
usually both express the CD#4 differentiation antigen and are restricted to
recognizing antigen in association with class Il major histocompatibility complex
(MHC) molecules. Cytotoxic T-lymphocytes (CTL), on the other hand, are usually
CD8", class I-MHC restricted, and when activated synthesize a battery of lytic
proteins consistent with their role in cell-mediated immunity. It is generally
agreed that the particular combination of cell-surface proteins, MHC restriction,
and response potential possessed by any T cell is imposed on it during its passage
through the thymus (Chen et al., 1983; von Boehmer et al., 1989), although there is
evidence that this is true more for helper T cells than for CTLs (Mizuochi and
Singer, 1988).

The molecular mechanisms by which a differentiating thymocyte limits its
response repertoire to that of a particular T-cell subset are not entirely

understood but presumably involve some combination of transcriptional and
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posttranscriptional controls. Transcriptional control can take two forms: 1)
selective expression of trans-actin;g transcriptional préteins required for the
expression of a particular gene (reviewed in Maniatis et al., 1987) or 2) chromatin-
mediated gene shutoff whereby some gene promoters are rendered inaccessible to
the cell's transcriptional machinery (reviewed in Brown, 1984).7 In addition, we -
have shown in both mature and immature populations of T cells that the frequency
of IL2 producers and the level of IL2 mRNA that they accumulate are a function
of the activating stimulus used (McGuire and Rothenberg, 1987; McGuire et al.,
1988; Rothenberg et al., 1990). This suggests that a 1 <ell's ultimate response
phenotype may not be heritably fixed, but may be irilienced by the type of
external stimulus It receives.

The mechanisms by which cell-type-specific patterns of gene expression
are allocated to discrete subsets of cells are obviously a fundamental aspect of T-
cell development. To investigate the nature of these mechanisms, we have
focused on the regulation of the murine IL2 gene. IL2 is subject to particulariy
stringent control, both in cell-type specificity and in its requirements for
particular activating stimuli. The extreme transience of the kinetics of L2
expression, and the refractoriness of proliferating normal T cells to [L2 induction,
suggest that this gene is negatively as well as positively regulated. I[n addition,
various T-cell subsets differ in the precise activation signals they require for IL2
induction (McGuire et al., 1988; Rothenberg et al., 1990). These considerations
indicate that the minimal mechanisms involved in activating IL2 transcription in
tumor cells may not fully account for the sophisticated physiological contrel of
this gene. |

In this work, we have therefore characterized the sequences and potential
regulatory elements in the mouse IL2 gene in regions extending considerably

beyond the minimal sequences previously shown to be required for expression.
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Some of these sequences appear to have a partial silencer effect, even in tumor
cell lines tha% exhibit minimal négative regulation of IL2. We have used these
constructs to explore whether the tissue-specificity and sensiltivity to
physiological inhibition of [L2 expression are conferred by specific sites in the IL2
regulatory region, or alternatively by the susceptibility to shutoff of the signal

transduction pathway necessary for IL2 induction.
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MATERIALS AND METHODS

Cloning the Mouse IL2 Gene

A BALB/c genomic library in the vector A Charon 4A was kindly provided
by Dr. L. Hood. The insert DNA consiéted of equal masses of sperm DNA that had
been partially digested with EcoRI or partially digested with a combination of
Haelll and Alul followed by EcoRI linker addition (Davis et al., 1980). The library
was probed with a nick-translated 470 bp Bglll-Accl mouse IL2 cDNA fragment
from pCI. 1.2 (Yokota et al., 1985) {generously provided by Dr. K.-I. Arai, DNAX
Corporatiur),  Positive plaques were isolated and the resulting phage purified
through two additional rounds of infection. Phage DNA was prepared by standard
plate lysate procedures (Maniatis et al., 1982) and the EcoRI restriction fragment
pattern was compared to the previously published mouse IL2 map by DNA gel blot
analysis using the entire IL2 cDNA insert from pCD-IL2 as a probe. Two clones,
A[L2-9.1 and AIL2-2.1, which contain the entire coding region and flanking DNA

were selected for further analysis.

Sequencing the IL2 5' Flanking Region

A 618 bp Rsal-Pstl fragment extending from -578 to +40 relative to the
start site of transcription was subcloned into the Smal-Pstl sites of pSP65
(Promega Biotec) and the sequence determined according to Maxam and Gilbert
(1980). A 2700 bp EcoRI-Accl fragment from aIL2-9.1 extending from -2800 to
-100 was subcloned into the EcoRI-Smal sites of pGem7Zf(+) (Promega) and the
sequence determined by the dideoxy chain termination method using the

SequenaseTM kit as directed by the manufacturer (U.S. Biochemical).
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Plasmid Construction

A series of IL2-CAT hybrid genes was constructed in which expression of
the bacterial gene for -chloramphenicol acetyltransferase (CAT) is under the
~control of increasing amounts of IL2 5' flanking DNA. These plasmids are
designated as piLz (-X) where X indicates the 5' terminal nucleotide, relative to
the transcriptional start site, that is included in the construct. pIL2 (-2800) was
constructed by first subcloning a 2.8 kb EcoRI-Pstl (-2800 to +40) fragment from
AIL2-9.1 into the identical sites of pSP6), followed by insertion of a 2.25 kb Pstl
fragment from pTK-CAT (gift of C. Gorman and B. Howard, NIH; Novak and
Rothenberg, 1986). This Pstl fragment contains 76 bp of HSV TK gene 5'
untranslated DNA, the bacterial gene for CAT, and SV40 downstream processing
signals. pIL2 (-1890) was constructed in a similar manner but starting with the 1.9
kb EcoRI-Pstl fragment from aIL2-2.1 instead of the 2.8 kb fragment. pIL2 (-321)
was made from plL2 (-1890) by first digesting with Bgll followed by partial Xmnl
digestion and isolation of the largest fragment on a low-melt agarose gel. This
fragment was recircularized by ligation to an Smal-Bgll fragment from pSPé&4.
Plasmid pIL2 (-103) was geneiiated from pIL2 (-321) by digesting completely with
Accl, filling in with Klenow polymerase and religating. pIL2 (-578) was made by
cloning a 618 bp Rsal-Pstl fragment, extending from -578 to +40, into the Smal-
Pstl site of pSP65, followed by digestion with Pstl and insertion of the 2.25 kb PstI
CAT cassette described above. pIL2 (-232) and pIL2 (-753) were made in the
identical manner beginning with, respectively, a 272 bp Ddel-Pstl fragment (-232
to +40) and a 793 bp Sspl-Pstl fragment (-753 to +40). Plasmids pIL2 (-1449), pIL2
(-1332), pIL2 (-1219), and pIL2 (-351) are deletions made by digesting pIL2 (-2800)
with Stul (-2205) followed by addition of Bal3!l nuclease. Aliquots were removed
at 5, 10, and 15 min, treated briefly with Klenow to generate flush ends, and

digested to completion with Bgll. DNA in the desired size range was isolated on a
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low-melt agarose gel and recircularized by ligation to a Bgll-Smal fragment from
pSP65. The exact extent of the deletions was determined by sequencing.

Plasmids containing intragenic or 3' flanking DNA were constructed as
follows. Genomic fragments (see Fig. |A) designated A (350 bp Pvull-EcoRI), B
(2.2 kb. EcoRI-HindIll), C (1.8 kb HindIll), D(0.9 kb Hindlll), E(l.l kb EcoRI-
Asp718), F(1.8 kb Asp718-EcoRV), and G(2.0 kb EcoRV-EcoRI) were cloned in both
orientations into the unique HindlIIl site in pIL2 (-1890), either by blunt-end
ligation (fragments A, B, E, F, and G) or cohesive-end ligation (fragments C and
D). These were designated pIL2(-1890) Y (+) or pIL2(-1890) Y (-), where Y
denotes the inserted fragment (A-G) and +/- indicates, respectively, the sense and
anti-sense orientation of the inserted fragment with respect to the IL2-CAT
gene.

All plasmids were purified on CsCl-ethidium bromide density gradients

before use.

Drugs and Reagents

The phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA) (Sigma) was
dissolved in DMSO at a concentration of 10 ug per ml and the calcium ionophore
A23187 (Calbiochem) was made up in DMSO to a final concentration of 0.37 mg
per ml; both were stored in small aliquots at -20°C. Forskolin, dibutyryl cvclic
AMP (dBcAMP), and prostaglandin E| (PGE;) were purchased from Sigmz and
Calbiochem. PGE, was made up in 95% EtOH to a final concentration of 10 mM
and was stored desiccated at -20°C. Forskolin was made up as a 10 mM stock in
95% EtOH and was stored desiccated at 4°C. dBcAMP was dissolved in water,
neutralized with 0.5 M Tris base, diluted to a final concentration of 0.1 M and
stored at -20°C. Cyclosporin A (50 mg per ml; Sandimmune 1.V.) was purchased

from Sandoz and stored in the dark at room temperature. Immediately before use
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it was diluted in cell-growth medium to the desired concentration. In all cases the

final organic solvent concentration was 0.1%.

Cell Lines and DNA Transfections

The human T-cell leukemia line Jurkat (kindly provided by Dr. G. Crabtree,
Stanford University) and the murine lines EL4.El, NS-1, P388Dl1, S49.1, and
BW5147 were grown in RPMI 1640 medium supplemented with 10% FBS, 50 uM 2-
ME, 2 mM L-glutamine (L-Q), and antibiotics. The IL2-dependent lines HT-2,
MTL2.8.2, and CTLL-2 were grown in the same medium supplemented with 5
TPA-stimulated EL4.El cell supernatant as a source of growth factor. The 32D c!
5 line was grown in DMEM, which contained 10% FBS, 2 mM L-Q, and 20% WEHI-
3B conditioned medium as a source of IL3. Ltk cells were grown in DMEM
without IL3. DI10.G4.1 were passaged every 10 days with antigen and antigen
presenting cells as described (Kaye et al., 1983), except that we used 5% EL4.E1
conditioned medium instead of rat Con A supernatant as a source of growth
factors. Cells were maintained in logarithmic growth prior to being transfected.

Transfection of hematopoietic cells with plasmid DNA was by DEAE-
dextran facilitation. Cells to be transfected were washed in growth medium and
counted. They were then rewashed in serum-free DMEM containing 10 mM Hepes,
pH 7 (hereafter DMEM). Finally, the washed cells were resuspended to a density
of | x 107 per ml in a transfection cocktail consisting of DMEM, 0.1 mM
chloroquine, 250 pug per ml DEAE-dextran (2x106 M.W.), and 10 ug per ml
supercoiled plasmid DNA. The cells were put into loosely capped 17 x 100 mm
round-bottom polypropylene tubes (Falcon 2059) and placed in a 37°C/7% CO,
incubator for 30 min (EL4.El) or 60 min (Jurkat). The tubes were swirled gently
every 10 min to prevent extensive cell clumping. Generally, 1-2 x 107 cells were

transfected with each plasmid in an experiment. After incubation in the
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transfection cocktail, 6 ml of DMEM were added to each tube and the cells were
pelleted at 500 x g in a room tem;;erature centrifuge. | Jurkat cells were then
plated into two 60 mm tissue culture plates. EL4.E. cells were washed an
additional time in 3 ml DMEM containing [50 units per m! heparin (sodium salt;
Sigma) to reduce clumping (Deans et al.,, 1984) before being plated. -
Approximately 24 hr post-transfection, one plate of each pair received TPA and
A23187 to final concentrations of 10 ng per ml and 37 ng per ml, respectively.
After an additional 18 hr of incubation, cells were harvested for assay of CAT
activity as described previously (Novak and Rother.--z, 1986) except that
extracts were incubated for 5 hr. In some experimeni: --~th plates of each pair
received TPA and A23187, but one of them also receivec cyclosporin A, forskolin,
dBcAMP or PGE;. All comparisons were based on transfections using at least two
independent DNA preparations of each plasmid.

Transfections included .pBR322 as a negative control. Relative CAT
activity was calculated by setting pBR322 to 0% acetylation and subtracting its
cpm from the other samples. The percent acetylation per 10® cell equivalents was
then calculated for each plasmid and normalized with respect to pIL2(-321), which
was arbitrarily set to 1.0. Results are presented as mean * S.E.M.

Ltk™ cells were transfected by calcium phosphate precipitation as described
(Wigler et al., 1978). Cells (8 x 10°) were seeded in 100 mm tissue culture plates

one day prior to transfection. Each plate received 25 ug of plasmid without added

carrier DNA.

RNA Extraction and Gel Blot Analysis
Cytoplasmic RNA was extracted after 5 hr of stimulation with TPA and
A23187 as described, in the presence of 10 mM vanadyl ribonucleoside compiexes

(Favaloro et al., 1980). Approximately equalized masses of RNA, usually 5-10 yng,
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were electrophoresed oﬁ denaturing 1% agarose/formaldehyde gels and stained
with acridineyoranrge to visualizeAthe rRNA. The presence of residual vanady!
ribonucleoside complexes led to some variation in the actual amounté of RNA
loaded. The RNA was then blotted onto nylon membranes (Nytran, Schleicher and
Schuell) according to the manufacturer's instructions. After ba—king at 80°C for 60
min to fix the RNA, the filters were probed with random primed cDNAs specific
for human IL2 (Holbrook et al., 1984a) and mouse IL2 (Yokota et al., 1985) and IL4
(Lee et al., 1986). All filters were also probed with a mouse a skeletal actin
cDNA (N. Davidson, Caltech, unp nlished) to verify the integrity of the RNA and
to allow the signal to be normalizea to the amounts of RNA present in each lane.
Hybridizations were for 20 hr at 42°C in 5 x SSPE, 50% formamide, 0.2% SDS,
5 x Denhardt's and 10% dextran sulfate. Filters were washed three times for 1
min each at room temperature in 2 x SSC, 0.2% SDS and 0.05% NaPPi, followed by
two 30 min washes at 68°C in 0.2 x SSC, 0.1% SDS, 0.05% NaPPi. They were then

exposed to film at -70°C with an intensifying screen.
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RESULTS

Isolation of the Mouse IL2 Gene

We isolated phage containing the murine IL2 gene from a BALB/c genomic
library in A Charon 4A, using a 470 b}‘> Bglll-Accl nick-translated cDNA probe to
identify six positive clones representing four different genomic inserts (Fig. LA).
The identities of the resulting clones were verified by comparison with predictions
from the genome organization and partial sequence previously reported by Fuse
et al. (19¢%). These authors had shown that, in the mouse, the IL2 gene resides on
four cont:zu:ous EcoRI fragments spanning 8.3 kb of DNA, as shown in Fig. lA. We
identified three genomic clones that contain at least 2 kb of 5' flanking DNA in
addition to the entire coding region. One of the clones, AIL2-9.l, contains the
intact 3.3 kb genomic EcoRI fragment upon which exons | and 2 reside, with at
least 2.8 kb of upstream sequence. Clones A[L2-2.1 and AIL2-11.1 appear identical
and possess a 2.4 kb EcoRI fragment that hybridizes to a 5' [L2 cDNA probe (not
shown). Their 5' termini are at a Haelll site, modified with EcoRI linkers, 1.9 kb
upstream of the transcriptional start site. All of the clones isolated except AIL2-
9.1 also contain >7 kb of 3' flanking DNA.

We determined the sequence of the 2.8 kb of 5' flanking sequence present
on the 3.3 kb genomic EcoRI fragment, as described in Materials and Methods.
Figure 1B shows the sequencing strategy used. The major features of our murine
sequence (Fig. 2), in comparison to the human IL2 sequence, are discussed in the

following.

Comparison Between Murine and Human Sequences
A dot matrix comparison between the human (Holbrook et al., 1984b) and

mouse [L2 5' flanking sequences is shown in Fig. 3. There is extensive sequence
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identity extending from -1 to -600 and only scattered islands of similarity further
upstream. A direct sequence comparison of the mouse and human 5' flanking
regions up to -580 (~5857in the human) is shown in Fig. 4. The identity throughout
this region is 86%, which is similar to the conservation between the upstream
regions of other mouse and human lymphokine genes. However, the length of the
conserved upstream region 1s longer in the [L2 gene than inIL3, IL6, and GM-CSF
(Tanabe et al., 1988; Miyatake et al., 1985; Yang and Clark, 1987). As for other
lymphokine genes, this degree of flanking sequence conservation is considerably
greater than that of the coding regions of the two genes. Such strong evidence of
evolutionary pressure against sequence divergence suggests that sequences
throughout this region play a role in DNA-protein interactions required for IL2
gene regulation.

The sequence similarity terminates abruptly within 100 bp of the border of
a striking feature of the murine sequence, namely the block of alternating purines
and pyrimidines between -759 and -960. There is nothing in the human gene that
resembles this murine sequence. On the coding strand, poly(dC-dA) predominates
with interspersed islands of poly(dG-dT). There are 20 alternating purine-
pyrimidine residues between -944 and -925, 48 between -905 and -858, and 35
between -830 and -796 with several shorter stretches also present (Fig. 2).
Poly(dG-dT)*poly(dC-dA) is able to assume a Z-DNA configuration (Haniford and
Pulleyblank, 1983) and in some assays shows transcriptional enhancing activity
(Hamada et al., 1984). However, it is interesting that while similar sequences are
present in the control regions of murine IL6 [(GT),¢ from -446 to -391 as well as
(CA)15 in intron 2] (Tanabe et al., 1988) and murine GM-CSF {(GT)M from -1024
to -997)] (Miyatake et al., 1985), in addition to IL2, there is no evidence for
corresponding sequences in any of their three human counterparts. It should be

noted that the (GT) element in the mouse GM-CSF gene resides in a region that
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has not been sequenced in the human version. The alternating Pu-Py tracts may

have been introduced into the murine gene, or deletec irom the human gene, eni
bloc, because where mouse-human sequence similarities resume further upstream,

they are out of register. The murine sequence is usually present at a position

about 250 bp further from the RNA cap site than its human counterpart (see Figs.

3.and 5). Of interest is the presence of two contiguous 7 bp direct repeats of the

sequence 5-ACACATA-3' between -746 and -733 of the human IL2Z gene,

suggesting the possible loss of a larger alternating Pu-Py stretch by

recombinational excision.

Figure 5 lists the additional promoter-distal regions of sequence similarity
identified by the dot-matrix comparison of the murine and human genes. Some of
these matches are impressive; 28/30 identical base pairs with one gap (between
-1645 and 1674 in the murine gene); 15/16 identical (-1695 to -1710); 24/27
identical (between -1466 and -1492); and 19 identical in a contiguous run of 21
(between -1400 and -1420). These do not represent obvious repetitions of motifs
found in the more proximal regions, nor do the conserved sequences include
recognizable binding sites for the DNA-binding proteins considered in the next

section. Their functional significance will be discussed in a later section.

Candidate Binding Sites for Transcription Factors

Several DNA binding proteins have been shown to footprint over the region
from -1 to -279 in the human IL2 gene (Durand et al., 1988; Brunvand et al., 1988)
and these protected regions have been shown by genetic analysis to play a role in
its inducible expression (Fujita et al., 1986; Durand et al., 1988; Williams et al.,
1988; Shaw et al., 1988). The regions protected by two of these proteins, NF-IL2A
and NFAT-I, are indicated in Fig. 4. The proximal NF-IL2A site is perfectly

conserved between the two genes, while the distal sites differ at 7 out of 39
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nucleotides. The binding site for NFAT-1, a protein restricted to activéted T cells
(Shaw et al., 1988) and whose appearance precedes IL2 gene: transcription, is also
well conserved between mouse and human._ This is not surprising in view of the
fact that nuclear extracts from activated EL4.E1 cells contain a protein that has
similar properties to NFAT-1 in a gel retardation assay (Shaw et al., 1988).
Binding sites for NF-<B and AP-1 in the human gene (Serfling et al., 1989; Hoyos
et al., 1989; Muegge et al., 1989) are conserved in both sequence and position in
the mouse 5' flanking region.

A computer-assisted search of the IL2 5" region identified several potenti_’
binding sites for known regulatory proteins in the promoter-distal flanking regio: s
of the murine [L-2 gene. These identifications are provisional because they are
based solely upon homology to published consensus sequences. We could not locate
consensus motifs for Ig octamer (100%), T-cell receptor decamer (>80%), Spl
(>85%) or the cAMP response element CREB (at a level of >75% matching). The
last is somewhat surprising, for cAMP has clear effects on IL2 expression, albeit
negative ones (see below). The failure 1o identify consensus motifs of course does
not exclude other binding sites for any of these factors. However, we did locate
four glucocorticoid response element (GRE) core motifs (5-TGTTCT-3"
(Scheidereit et al., 1983) at -1913, -1704, -1194, and -327. The GRE at -1704 falls
within an extended region of homology between the mouse and human IL2 genes
(Figs. 3 and 4B). Normally, the signals inducing IL2 transcription can be mimicked
by the combination of calcium ionophore and TPA (Truneh et al., 1985). The
proteins AP-1 and AP-3 are involved in TPA-inducible gene responses, and
consensus binding sites have been proposed for both. In addition to the probable
AP-1 binding sites at -153 and at -185 (Serfling et al., 1989; Muegge et al., 1989),
there are two more potential sites further upstream at -1515 and -1015. Three

possible AP-3 sites are present at -2708, -2492, and -2264.
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Far Upstream Elements Modulate IL-Z Expression 1n THI-Type Lymphomas

Extensive analysis of the human [L2 gene promoter has revealed numerous
regions between -60 and -361 which, when deleted, reduce the level of inducible
expression of a linked reporter gene following transfection into the Jurkat and.
EL4 T-cell lines (Fujita et al., 1986; Durand et al., 1988; Williams et al., 1988;
Hoyos et al., 1989). At least five regions have been implicated thus in
activation. There is no evidence, however, that this catalogue of positive
elements is complete. Furthermore, there has been no st of the functional roles
of negative regulatory sequences in the maintenance ¢! strict activation and/or
tissue specificity of this gene. Because the upstream conservation between mouse
and human IL2 genes suggests a functional role for sequences lying 5' to -300, we
constructed a series of IL2-CAT plasmids in which the bacterial gene for
chloramphenicol acetyltransferase is under the control of the mouse IL2 gene
promoter. To minimize non-IL2 regulatory sequences that might elevate basal
levels of expression nonspecifically, no heterologous promoter or enhancer
sequences were included. The structures of these chimeric molecules, containing
between 103 bp and 2800 bp of 5' flanking IL2 DNA, are diagrammed in Fig. 6.

The smallest construct, pIL2 (-103) CAT, contains only the promoter-
proximal "NF-IL-2A"™ enhancer element. The pIL2 (-232) construct includes, in
addition, three putative sites for inducible activation factors: NF-«B (at -206) and
two proposed AP-1 sites (at -185 and -153). All sites known to be "essential" are
included in the pIL2 (-321) construct (Crabtree, 1989).

To test for a role of promoter-distal elements in controlling the magnitude
of inducible IL2 expression, this series of plasmids was introduced into Jurkat and
EL4.El cells, and the resulting CAT activity determined after 18 hr of stimulation

with A23187 and TPA (Fig. 6). In all cases, the plasmids were transfected into the
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same cell population in parallel, with our shortest expressible construct [pIL2(-
321)] servir{g as a normalizati.on standard for the resuitihg levels of CAT
activity. The results are presented schematically in Fig. 7. 7

With the exception of pIL2 (-103) and pIL2 (-232), all the IL2-CAT plasmids
yielded easily detectable amounts of CAT activity in extracts from transfected
cells following stimulation (Fig. 7). There was no detectable CAT activity in any
case unless the cells were stimulated, in accordance with the fact that
transcription of the IL2 gene is linked tightly to cell activation (Krdnke et al.,
1985). The failure of pIL2 (-1C?) to be expressed under any condition indicates
that this fragment lacks intrinsic promoter function in the absence of enhancing
elements between -103 and -321. Some expression was observed from pIL2 (-232),
but this was at least an order of magnitude less than from pIL2 (-321). Thus, the
NF-«B and AP-1 candidate sites are not sufficient for efficient induction in these
cells.

There were several effects from increasing the amount of IL2 flanking
DNA beyond -321. First, the increase in 5' flanking DNA from -321 to -578 was
correlated with a substantial increase in CAT activity, in both cell lines. This
suggests that additional positive regulatory elements are located between -321
and -578 in the murine gene. It should be noted that a similar increase of human
5' flanking DNA reportedly results in slightly lower expression of a linked
indicator gene (Fujita et al., 1986).

The second point is the apparent presence of a negative regulatory region
lying somewhere between -578 and -1219. In both cell lines examined, CAT
activity was reproducibly about twofold lower with pIL2 (-1219) than with pIL2 (-
578).  This negative effect was seen with two separate sets of plasmid
preparations. It does not represent a nonspecific length effect because constructs

with longer extents of 5' flanking sequence yield higher expression (see below).
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The pIL2 (-1219) plasmid contains sequences that lie upstream of the longest
tested hﬁman IL2-CAT construct and it encompasses the block of alternating
purine-pyrimidine residues that is not found in fhe human 5' flanking region. Thus,
either the poly d(CA) tract or other sequences in this region appear to act as
negative regulators.

To test these possibilities, we cloned a 260bp HinFI-Sspl fragment
containing the poly d(CA) region upstream of the IL2 promoter sequences in pIL2
(-103) and pIL2 (-321). These constructs were then transfected into EL4.E1 cells
in paral! * with the unmodified parental plasmids. That this region lacks intrinsic
enhancirz activity in EL4.El is shown in Table [. The presence of one or two
copies of the d(CA) tract was unable to impart transcriptional activity to pIL2
(-103). Furthermore, when one to three copies of this element are inserted
upstream of the expressible (-321) construct, the resulting plasmids showed a
lower level of CAT activity than did the unmodified parental plasmids. Thus,
rather than possessing positive enhancing activity, the poly d(CA) region could
account for the lower level of expression seen with pIL2 (-1219). To test
alternative sites for the negative element(s) in this region, we examined two
additional constructs, pIL2 (-753) and pIL2 (-1219; A-1002 to -579). Results (not
shown) revealed that both pIL2 (-753) and pIL2 (-1219; 4-1002 to -579) were
expressed as well as pIL2 (-578), thus implicating the poly d(CA) tract as most
likely to account for the negative effect on [L2 promoter function.

Third, two novel positive regulatory elements appear further upstream,
with their effects detected more clearly in the conspecific EL4.E! line than in the
human Jurkat cells. The negative effect of sequences between -1219 and -578
could be reversed by extending the 5' boundary of IL2 sequences as little as 113 bp
upstream, suggesting the presence of a positive element in this interval. Both

pIL2 (-1332) and pIL2 (-1449) showed higher levels of expression than pIL2 (-1219)
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(Fig. 7). At least one other possible positive regulator of L2 gene expression lies
further upstrearh. Inclusion of the sequences betwzen -1449 and -1890
reproducibly resulted in the highest level of IL2-promotec CAT activity achieved
in EL4.El cells. Note that this region includes the higrly conserved sequences
between -1466 and -1492, between -1645 and -1673, and between -169% and -1710,
as described above. An additional increase to -2800 had z modest negative effect
in EL4.E1, which is more substantial in human Jurkat cells.

In general, the positive or negative effects on expression of each increment
of 5' flanking sequence were observed both in murine EL:.El cells and in human
Jurkat cells. However, as shown in Fig. 7, the two lines differ in their relative
strengths of recorder gene expression from the IL2(-578)-CAT and IL2(-1890)-CAT
constructs, with EL4.El showing considerably higher exgression from the longer
constructs.  Whether this reflects a cell-type-specific (or species-specific)
positive regulatory element, or alternatively a systematic difference in the
utilization of longer fragments of exogenous DNA, is not presently resolved.

Transcriptional enhancers have been discovered 3' to the mouse T-cell
receptor CSZ locus (Krimpenfort et al., 1988) and CD3¢ gene (Georgopoulos et al.,
1988) and the human CD2 gene (Greaves et al., 1989). %e therefore tested the
possibility that additional transcriptional regulatory sequences reside within or 3'
to the IL2 gene by subcloning different fragments of genomic DNA (Fig. 1A) into
pIL2 (-1830) as described in Methods. In these constructs, the genomic fragments
were inserted 0.6 kb downstream of the two SV40 derived polyadenylation sites,
and therefore were not included in the IL2/CAT transcription unit. In this way,
5.0 kb of 3' flanking DNA and all but 100 bp of intragenic DNA were tested. All
of these constructs were expressed at a lower level than the parent plasmid from
which they were derived (Table II). Clearly there are no positive regulatory

elements In these regions that can act in a position-independent way. These
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results do not, however, identify sequence-specific negative regulatory regions,
because the degree of inhibition seemed primarily related to the length of the
‘inserted DNA. While the relative reductions seen in CAT activity greatly exceed
the decreases in the molar concentration of plasmid DNA in the transfection
protocol, it remains possible that nonspecific mechanisms were responsible for
limiting expression. The more dramatic negative effect of B {second intron) may,
however, indicate that some sequences limiting IL2 expression are located outside

of the 5' flanking region.

Control of Tissue-Specific IL2 Expression is Mediated Through the 5' Flanking
DNA by a Tyyl-Specific Signalling Pathway

Normally, IL2 gene transcription appears to be restricted to activated THl
cells, even though these cells share a common precursor with all hematopoietic
cells. To test the roles of ILZ regulatory sequences in maintaining cell-type
specificity, the series of pIL2-CAT plasmids was transfected into a variety of
hematopoietic and non-hematopoietic cell lines by DEAE-dextran facilitation, as
shown in Table Ill. The panel included other T-cell types, such as Ty 2 cells and
CTLs, in addition to non-T cells. To ensure delivery of an activation signal we
used agonists of the universal phosphoinositide pathway, namely the calcium
ionophore A23187 and the phorbol ester TPA. After an 18 hr stimulation with
TPA + A23187, the cells were harvested and assayed for the presence of CAT.

None of the plasmids was expressed in any cell line tested except EL4.EL
and Jurkat, although only the results for pIL2 (-1890) are shown here. This lack of
expression by other cell lines is not due to their refractivity to transfection or to
an inability to respond to TPA + A23187. All the cells listed express easily
detectable amounts of CAT protein when transfected with a control plasmid,

pRSV-CAT, and several of them (32D cl 5, S49.1, our subline of BW5147, and



23

others) possess an activation pathway capable of elevating expression from the
RSV LTR upon stimulation. The successful stimulation of_ the HT-2, 32D cl 5, énd
D10.G4.1 lines was demonstrated by thelr synthesis of endogenous IL4 RNA under
these conditions (Fig. 8 and data not shown). Table Il shows that even the
combination of transfectability and inducibility in these cell lines is not sufficient
to permit expression from any IL2 promoter fragment, even when introduced as
naked DNA. Thus, cell-type specific expression of IL2 appears to depend upon a

signalling response specific to Ty l-type lymphomas.

Modulation of IL2 Gene Expression by Competing Signal Transduction Pathways

The positive and negative effects of the distal sequences we have described
may result from two general mechanisms. They may be sites for generalized
amplification or silencing of the induced response, or they may be sites for
mediators of distinct, auxiliary signaling pathways. In the latter case, constructs
containing different extents of flanking sequence may behave differentially when
cells are treated with A23187 and TPA under conditions that antagonize
endogenous IL2 induction.

In general, the different extents of 5' flanking sequence affected the
magnitude but not the kinetics of CAT expression from the IL2-CAT constructs
after induction. Comparison of the relative levels of CAT activity expressed at 6
hr, 9 hr, and 24 hr of induction showed indistinguishable kinetics with any of the
plasmids (data not shown). Thus the positive and negative effects on expression
appear to be kinetically subordinate to a common time course of stimulation. We
attempt to dissect this stimulatory pathway in the following.

IL2 gene expression is known to be influenced by several physiological and
pharmacological agents. Among these, glucocorticosteroids, cyclosporin A (CsA)

and elevators of intracellular cAMP have a suppressive effect on IL2 expression
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(Gillis et al., 1979; Krénke et al., 1984;7 Novogrodsky et al., 1983), while
interleukin | (IL1) and anti-CD28 mAb act to enhanc-e IL2 production (Truneh
et al., 1986; Martin et al., 1986). We tested whether such effects were mediated
by binding of proteins to discrete regions of upstream DNA by transfecting pIL2-
CAT plasmids into EL4.El and Jurkat cells, and then stimulating the cells in the ,/
presence or absence of these agents.

We were unable to evaluate the potential role of the four upstream GREs.
Dexamethasone concentrations up to 10 yM had very little effect on the
accumulation of steady-state IL2 mRNA in either J.rkat or EL4.El cells (see
below, Fig. 10 and data not shown). This may be due .0 the fz=ct that these lines
have been passaged for many years in medium supplemented with steroid-
containing serum. The comparison of pIL2 (-321), which has no upstream GREs, to
pIL2 (-2800), which has all four, would have been informative. This experiment
awaits identification of a Dex-sensitive T-cell line that can express detectable
amounts of CAT from the IL2 promoter after transfection.

CsA is a fungal metabolite with potent immunosuppressive activity. It has
been shown to block IL2 gene trancription in cells induced through a variety of
stimulation pathways (i.e., Con A, anti-TcR/CD3 MADb, and TPA + A23187;
Shevach, 1985). At | ug/ml CsA prevents accumulation of steady-state IL2 and
IL4 RNA in EL4.E1 cells and IL2 RNA in Jurkat (Kronke et al., 1984; Elliott et al.,
1984; data not shown). At this same dose CsA completely blocked expression of
all pIL2-CAT plasmids in transfected cells, assayed after 18 hr of stimulation with
TPA + A23187 (Fig. 9). This block could not be removed by decreasing the amount
of IL2 5'-flanking DNA down to -321. This is consistent with studies on the human
IL2 promoter in which no discrete CsA-sensitive site could be found between -548
and -42 when a number of internal deletion mutants were tested (Williams et al.,

1988). The same concentration of CsA that completely ablated pIL2-CAT
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activity, however, further enhanced expression of pRSV-CAT by a factor of two
(Fig. 9). ‘Thus, the suppressi-ve effects on the pILE—CAT blasmlds are not
attributable to a generalized down-regulation of activation, transcription, or
translation. This emphasizes the point that the same inracellular signal in the
same cell population can give different results on 'mduc‘-.;bn, depending on the
inducible gene being studied.

Cyclic AMP is a more selective antagonist of IL2 gene expression that
works, presumably, through protein kinase A phosphoryiation of an unknown
substrate protein. The cAMP -=gonists forskolin (10 M}, dBcAMP (1 mM), and
PGE, (I .M) all prevent accumulation of detectable steady-state IL2Z RNA in
EL4.El and Jurkat cells examined 5 hr after stimulation with TPA + A23187 (Fig.
10). Unlike CSA, these agents have very little effect on the induction of IL4 RNA
in EL4.E1 cells (Fig. 10). Thus, the sensitivity of IL2 to cAMP appears 1o reflect a
highly specific activation pathway. Figure 9 shows the results of elevating cAMP
levels in three experiments in which pIL2-CAT plasmids were transfected into
both cell lines along with pRSV-CAT as a control. Note, again, that in EL4.EI
cells pRSV-CAT expression was increased fourfold in the presence of cAMP
agonists. By contrast, expression of all the pIL2-CAT plasmids was suppressed by
50-80%, relative to their drug-free controls.

The greater inhibitory effect seen at 18 hr in the experiment shown with
Jurkat (>75% inhibition) as compared to EL4.EL (~50%) was not due to the relative
efficacy of dBcAMP vs. forskolin, but rather reflected the slower kinetics of IL2-
CAT induction in Jurkat cells (TJN and EVR, unpublished observations). CAT
activity can be detected in EL4.El cells as early as 5 hr post-stimulation and
reaches a maximum between 15 hr and 18 hr. In Jurkat, however, no CAT can be
detected until ~9 hr post-stimulation and maximum activity is not reached until

~20 hr. When extracts of stimulated EL4.El celils were assayed at 5 hr rather than
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18 hr, 10 uM forskolin also caused more severe inhibition (270%; data not shown).
Results élmilar to those in Fig. 9 were also achieved with 1 uM PGE, (data not
shown).

In spite of the varying degrees of inhibition observed under different
conditions, all constructs were a_ffe—c'ted, within error, to the same extent (Fig.
9). The degree of suppression was neither reduced nor intensified by altering the
amount of IL2 5' DNA contained in the constructs. These results indicate that the
negative regulatory sites we have identified upstream of -321 are not specific
targets ~f the cAMP pathway blocking [IL2 induction. This conclusion is in
agreemen. with the absence of identifiable CREB sites in the entire 2800 bp of 5'
flanking region. Conversely, none of the positive regulatory elements upstream of
-321 appear to mediate signals that are either unusually cAMP-sensitive or cAMP-
resistant. Thus, the effect of cAMP on IL2 transcription per se is likely to be
mediated by interference with the generation of a central inductive signal, rather
than by summation of the effects of discrete, independently regulated negative

and positive transcription factors.
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DISCUSSION

Structure of the Murine IL2 5' Flanking Region

In order to understand the molecular basis for the restricted expression of
the murine [LZ gene we have cloned the gene and determined the nucleotide
sequence of the 5' flanking region. Our upstream sequence extends to -2800
relative to the start site of transcription (Fig. 2); this is 2300 bp further upstream
than sequences previously reported (Fuse et al., 1984). This region showed no
extended homology to any other murine lymphokine gene. Comparison of this
sequence to that previously determined for the human IL2 gene (Holbrook et al.,
1984b) revealed extensive similarity from -1 to -650 (Fig. 3). The regions between
-1 and -580 are 86% identical throughout their length, comparible to the degree of
upstream similarity between other mouse and human lymphokine genes. In
general, however, the highly similar flanking regions of other pairs of lymphokine
genes are less than 350 bp long. Thus, the evolutionarily conserved sequence in
the IL2 5' flanking region extends ~350 bp beyond the sequences previously
reported to be required for maximal induction of the human IL2 promoter (Fujita
et al., 1986; Durand et al., 1988; Williams et al., 1988), with patches of similarity
resuming further upstream. The extensive conservation suggests a role for
multiple regulatory sequence elements in the relatively complex control of IL2
gene expression.

Deletion analysis of the mouse IL2 upstream region suggests a net positive
role for the conserved sequences between of -351 and -578. Transfection
experiments utilizing [L2 promoter-CAT constructs demonstrated that an increase
in 5' DNA from -351 to -578 was correlated with an increase in inducible CAT
activity (Fig. 7). This is in accord with the results of Williams et al. (198%)

showing that this region could successfully compensate for deletions between -162
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and -289. Studies of the human gene, however, have not previously shown this
positive effect to be additive with that of sequences up to -321. That sequences_
upstream of -351 play a role in regulating IL2 gene expression is further supported
by experiments of Nabel et al. (1988) using various upstream regions of the human
IL2 gene as probes in gel mobility shift assays.

Further upstream, the murine and human sequences diverge, but regulatory
effects of specific sequences are still seen. A significant positive element or
elements can be correlated with a region where several islands of excellent
mouse-human similarity reappear (between -1440 and -1890). Another likely
positive element ocurs in the region between -1219 and -1332. On the other hand,
a striking aspect of the mouse IL2 upstream region is the 250 bp poly d(CA) motif
from -1000 to -750, apparently associated with a negative regulatory element.
Stretches of alternating purines and pyrimidines are found upstream of a number
of murine lymphokine genes (e.g., IL6, GM-CSF) (Tanabe et al., 1988; Mivatake
et al., 1985) and in their large introns (e.g., IL4, IL&; the large IL2 intron remains
unsequenced to date) (Otsuka et al., 1987). Their absence from the human
counterparts to these genes is intriguing, given that poly d(GT)<poly d(CA)
stretches are present at -10° copies per human genome. As yet, no function has
been ascribed to these motifs in lymphokine genes. However, synthetic
oligodeoxynucleotides and cloned human genomic fragments of the type
d(GT)*d(AC)4_j 39 have been shown to possess weak transcriptional enhancing
activity in fibroblasts when cloned either upstream or downstream of a truncated
SV40 early promoter (Hamada et al., 1984). Because the presence of the poly
d(CA) motif is correlated with lower levels of expression from the IL2 promoter
[Table I, and compare pIL2 (-578) and pIL2 (-1219), Fig. 7] it is possible that it acts
either as an enhancer or as a silencer, in a cell-type specific way. In any event,

the absence of such motifs from the upstream regions of all human lymphokine
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genes sequenced to date suggests that they may not be indispensible for
expression, although the possibility that they can modulate transcription remains

open (Santoro et al., 1984).

Role of Regulatory Sequences in Control of IL2 Gene Expression

What is the significance of these multiple sites? One possible answer is
that particular sequences in the [L2 regulatory region confer cell-type specificity
by interaction with trans-acting repressors or cell-type specific activators, while
other required sequence elements mediate responses to general cell activaf ~n,
Physical segregation of the two types of elements might then resuit in relaxa.ion
of induction-dependence or of cell-type specificity. Alternatively, it is possible
that mature T cells, regardless of their type, utilize the same trans-acting
transcriptional factors, and that lineage-specific gene expression results from
inactivation of inappropriate genes at the chromatin level. If this were true, it
might be expected that the introduction of an IL2-CAT gene as a supercoiled,
naked DNA template into an [L2 non-producing T-cell line would result in
inappropriate expression from the exogenous IL2 promoter. Finally, if all
mandatory activation pathways for IL2 were themselves tissue-specific, then all
expressible IL2-CAT constructs should be equally dependent for expression on
stimulation and cell type.

The data we present here fail to confirm the first model; refute the second
model; and generally support the third. The results in Table Il are clearly
inconsistent with a common set of T-cell transcription factors, since many T-cell
lines could not express any IL2 promoter construct, even though introduced as
naked DNA. Even helper T-cell responses to phorbol ester/calcium ionophore
stimulation cannot be mediated by a single set of trans-acting factors, because

the nonexpressors included cell lines capable of expressing other lymphokine
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RNAs, e.g. IL4, in response to stimulation. fhe implication is that IL2 and IL4,
which have a broader cell-type ;jistribution than ILVZ, are induced through
distinguishable sets of transcriptional regulators. This conclusion is further
supported by the pharmacological data, in Fig. 10, that even within the same
clonal cell population the two lymphokine RNAs show differential sensitivity to
inhibition by cAMP. Altogether the ability to express any of our IL2-CAT
constructs appears to be dependent on the presence of a very specific response
pathway.

An important result of our investigations was the ‘nability to segregate any
of the determinants of induction-dependence or pharmccological sensitivity from
expression per se. By contrast, Serfling et al. (1989) have suggested that when IL2
upstream sequences are combined with a heterologous promoter, the resulting
expression is somewhat less induction-dependent when shorter (~300 bp) IL2
sequences are used than with longer (~2000 bp) ones. This relaxed expression with
shorter fragments may be due to read-through transcription by RNA Pol II. For
example, aberrant transcripts initiating from upstream plasmid sites have been
detected with constructs containing smaller but not larger fragments of a mouse
rRNA promoter (Lopata et al., 1986). Yet, in our experiments using the natural
IL2 promoter with its regulatory sequences, it is striking that all constructs from
pIL2 (-321) to pIL2 (-2800) were induced or inhibited, with indistinguishable
kinetics, although to different maximal levels, in parallel. These results strongly
suggest that the overall progress of IL2 promoter induction is governed by a single
rate-limiting mechanism, to which all the specific positive and negative binding
these upstream sites are subordinate. With respect to the logic of the triggering
signal, these sites appear to be largely redundant.

The notion of distinct regulatory elements for induction and tissue

specificity cannot be rejected decisively because of our limited data on more
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proximal sites. Our pVILZ (-232) construct was expressed so poorly that the fine
points of its_regulation could notrbe assessed. This resuit shows, at least, that the
presence of sites for the activation factors NF-«B and AP-1 (Hoyos et al., 1989;
Muegge et al., 1989; Serfling et al., 1989) is not sufficient to drive significant
levels of IL2 promoter expression. The lack of data means_ihat unique roles for
these sites, for the NFAT-I site excluded from this construct {(around -270), and
for the upstream NF-IL2A sites (around -240) cannot be ruled out. All of these
"downstream" regulatory sequences have been studied extensively by other
laboratories, however. While our 5'deletion analysis might imply that the NFAT-1
site is uniquely potent in conferi iing inducibility, Williams et al. (1988) have shown
that this site, too, can be deleted entirely from the human gene with no loss of
expression, provided that additional upstream sequences are present (Williams et
al., 1988). Thus, NFAT-1 also may be functionally redundant with some of the
upstream sequences that seem to lack individually distinct roles.

In conclusion, our analysis shows that the flanking sequences of the IL2
gene contain many sites of potential regulatory significance, extending over 1890
bp upstream of the transcriptional start site. In the two cell types in which we
have studied their regulatory significance, these sites appear to be weak silencers
and weak, induction-dependent enhancers, fully subordinate to a powerful, IL2-
specific induction mechanism. The cell-type specificity of this activation
mechanism could plausibly be the major determinant of competence to express the

IL2 gene in hematopoietic cells.
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VSUMMARY

‘We-have cloned the mouse IL2 gene and sequenced 2000 bp of 5' flanking
DNA. Comparison to the previously reported human sequence revealed extensive
~ identity (~86%) between the two gene from +l to -530 with only small islands of
homology further upstream. Sites ri'hat have been shown to- be important in
regulation of the human IL2 gene are well conserved in sequence and location.
Transfection experiments using hybrid gene constructs containing varying lengths
of the mouse 5' flanking DNA linked to a CAT reporter gene have demonstrated
the prese 'ce of several positive and negative regulatory elements. One negative
region ly.n- between -750 and -1000 consists primarily of alternative purines and
pyrimidines and is absent from the human gene. All the elements identified affect
only the magnitude of the inducible response. No region when deleted had the
effect of relaxing any of the following: 1) the need for induction, 2) cell-type
specificity of expression, or 3) the suppression due to cAMP or CsA. Therefore we
conclude that IL2 gene expression is controlled primarily through a Ty l-specific
signaling pathway upon which secondary cis-elements exert their effect. Finally
we found no evidence for intragenic or downstream regulatory elements in this

gene.
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Table I.  The poly(dCA)+poly(dGT) tract lacks transcriptional enhancing activity in

EL4.EL cells

Relative
plasmid . Insert® CAT activityb
pIL2 (-103) . 0

" 1 x CA (+) 0

" 1 x CA (-) 0

" 2x CA 0

pIL2 (-321) - 1.0

" 1 x CA (+) 1.00.3
" 1 x CA () 0.78+0.01
n 2x CA 0.48+0.08
" 3x CA 0.42+0.0!

4The number of copies of the 260 bp HinFI-Sspl poly(dCA) fragment is indicated. (+) or
(-) indicates the orientation of this fragment relative to its normal location in the IL2
upstream region. The orientation was not determined for plasmids containing multiple
copies.

bF’Iasmids were transfected into EL4.El cells along with pBR322 as a negative control.
Relative CAT activity was determined as indicated in Table Il after 18 h stimulation
with 10 ng/ml TPA + 37 ng/ml A23187. Results are the mean % range of two

experiments.
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Table II. Absence of intragenic or 3' enhancer elements in the mouse [L2 gene

Insert Relative
Plasmid size (kb) : CAT activity®
pIL2 (-1890) 1.0
" A(+) 0.35 0.54+0.12
" B(+) 2.3 0.23%0.08
n C(+) 1.8 0.40%0.17
. D(+) 0.9 0.55:0.11
e E(+) 1.1 0.43:0.08
= E(-) L3 0.53+0.12
o F(+) 1.8 0.71%0.27
" F(-) 1.8 0.49+0.16
" G(+) 2.0 0.48+0.18
" G(-) 2.0 0.53+0.20

ACAT activity in extracts of cells stimulated for 18 h with TPA + A23187 was
determined as in Table IIl except that values were normalized with respect to
pIL2 (-1890). Results are given as mean t range of two experiments for fragments A-D

and three experiments for fragments E-G.



Table IlI. pIL2-CAT expression is cell-type specific and dependent on both cell-type and gene-specific

inductive signals

pRSV-CAT ’ pIL2(-1890)

Cell Endogenous mRNA®  activity? Fold CAT activity®

line Cell type IL2 1LY - + induction - +

NS-1 B—cell - - 0.33 0.33 1.0 0 0

32Dcl 5 pre-mast cell - + 3.8 143 3.2 0 G

p388D, macrophage - - 0 0.1 = 0 0

HT-2 T2 - + 0.55 3.3 6.0 0 0

DIO.G4.l  Ty2 - + N.D.¢ 0.28 - o 0

S49.1 Thymoma N.D. N.D. 0.012 0.0490 3.3 0 0

BW5147 Thymoma - - 0.7 4.2 6.0 0 0

MTL2.8.2 CTL - - 99 393 0.9 0 0

CTLL-2 CTL - - 9.7 19.3 2.0 0 0

Ltk™ Fibroblast - - 17 22 1.3 0 0

EL4.EL Thymoma + + 0.35 3.4 10 0 0.42

Jurkat Tyl + N.D. 8.7 128 1.5 0 4.1

&  Cytoplasmic RNA was extracted after 5 h stimulation with 10 ng/ml TPA + 37 ng/mi A23187 and
analyzed as described in Materials and Methods.

b CAT activity is presented as % acetylation per lxlO6 cell equivalents in a 5 h assay, except for
Ltk™ extracts which were assayed for 30 min. - = unstimulated; + = 18 h stimulation with 10 ng/ml
TPA + 37 ng/ml A23187, except for D10.Gk.1 cells which were cultured at 2x10° per ml for 45 h
with 6.7x10° mitomycin C-treated spleen cells and 100 ug conalbumin per ml. 0 = < 0.05

c

Not done
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Fig. 1. Cloning the mouse IL2 gene and sequencing of its 5' flanking region. (A) (i)
Top lines (A-G) show the intragenic and 3' fragments that were tested for the
presence of transcriptional regulators. (ii) The organization of the mouse IL2 gene
is shown. Thin line denotes chromosome; thick boxes represent exons. Arrow
marks start site and direction of transcription. Letters under chromosome
represent restriction enzyme sites relevant to the constructions. R = EcoRI, P =
Pvull, H = HindIll, As = Asp718 and RV = EcoRV. (iii) Thick lines below exons 3
and 4 indicate the sequences included in the 3' cDNA probe used in library
screen. (iv) Regions represented in genomic clones are diagrammed. (B) Expanded
view of exons | and 2 and 5' flanking DNA showing the sequencing strategy
employed. Letters designate restriction enzyme sites. R = EcoRIl, Rs = Rsal, A =

Accl and Ps = Pstl.
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Fig. 2. Sequence of the mouse [L2 gene 5' flanking region from -2800 to +45.
Sequence was determined by both chemical degradation and dideoxy chain
termination methods. Regions upstream of -580 that show homology to the human
IL2 gene are boxed (see Fig. #). Underlined and overlined regions show stretches
of poly d(CA) and poly d(GT), respectively. Also indicated are the 5' termini of

the IL2 sequences in the constructs diagrammed in Fig. 6.



-2800

-2760

76

*-2800
GAATTCACAC TGGCCTCACA CCAGACTAAA CTGTAGCTTT

AATCCCATGA AAGATCAGGC AARAGAAACT CTTGTGGGAG GTGGAGTTCT CAGTAGTITTG

-2700 CATGAGTGGA CCATGTAAGC AACAGGTGAC AGGTTCCCCG GGCAGCATCT CTAGGGTCTG

-2640 GGCCTGCCTT CACTTCTAGG AGCAGCTGGA ACAGCTAATA CTGAGCAGTA GAGCTCTGTG

-2580 GCTTATGACA CATGTGGTAG TCAGGCAGCG ACTGATTACA TCACCTCTCC AGCCAGAAAC

-2520 CCCAGCTGCT GTGTCAAGGA TGTTARAAAT GGAAAGTGCA CCACAGCTGT TGGTAGCTTT

-2460 CTCCCCAAGC ATCTTAAGAA ACTGGGAGGC CAACCTTTGT AATGCTGCCA ATTATGCAAT

-2400 GCTCTGTAGG GGTGARACCTT GGCCCCAGGA ACTCATTCTA CAGGCTITTTA GAAACGCGGC

-2340 CATGTAAARTT TCTCTAATGG AAACAGCTGG AGAAATAGAG ATGTTGAGCC CATGAGGACA

-2280 TCAAARGGCCC CACTGTGTIGG AAAAGCCCCC ACACAGGAAR ATGTGTGGGC CTGACTCCTT

-2220 CCATTCTGGA AGGGGAGGCC TGAGTTGCTT GGGCTGGGAT GAGATGCTGA AGATCTGAGA

-2160 AGAGAGACAA GAGCATTGAG GCTGAGAGTT ATTAGGTAGA TGCCCCTCAC GATGGCATGC

-2100 TTAATCTGAR GGCACAGAAG GTGATGATGA CTAGGAGATT TGTCCCCATC CTGCTTTCCT

-2040 TCAGACATGC CAACAGGGCC ACTATGATAC CAGAAGTTGT CAAGCTTACT GCAAGATACA

-1980 TGCAGAGTTIT TTTGTTGTTT TCTAGAATAC TGTCCAATGA TTGGAGAACT ATCCCAGAAC

*-1890

-1920 CATTICTCTGT TCTTTGTGAG AGACTTTAGG CCAACATTCC TTACATTGCT TAGTCTTCCT

-1B60 GCTTTCACTA TTCCCCAGCA TCAAAATTAC ACTTAAAGTA ACTATCTCAR AACTCTTTAC

-1800 ATTGCCCAAC ATCCAACATT TCTAGGATGT TATCTGTCTC CATCCAAGGA TCAGGTCAAT

-1740 AGGAAGACAG ATGGTGTGAG AGTAGATTCT GGAGTCAGAZ CATTCTAGTT TCGAATCTIC

-1680

-1620

-1560

-1500

-1440

-1380

~=1710

ACCCTACCCT TTACTGGCAR TAAGGCTGAG TAACCTCAAT GATTTATCTA ATCTACCCAC
-1645-

AGTGTGCATG TAGCAGTCAA AGACAACTTG TGGAGTCAGT GAGAACTGAC TTCCACCTTT

ATGTAAGTTC AGGGATCAGA GAGCAAGGTT TGTATAGCAA GCCCCTTAGT CATCTCATCA

CCCTACATCC TCAGTTTITCA AATCTACABRA ATGGGGTAGG TGTGTGGT TGTT
~-1492 ~1466~ ~-1451 -1440-

AATCTGTGTA TTTGCACATA hlmkﬁICCCI TTCTATGTAC IJCCAGGATGT TTTAGATGGT

~-1420 -1400--1400

*-1332

AGATAARTIGT CTGCATAAAG ACTAGAGJCAG TACAAGTTAT TAGARATGGG GACACCACAG

-1377- <1313 ~1354-




1320

-1260

-1200

-1140

-1080

-1020

-960

GCAAGCTCCC TAAGAAAGAC

ATCACGCAGC CAGTGTACTA

CCACTGAGAAR CACGTGGGAT

GGATAAHCCC

-1134~

AAATCTACTG
AGGCTAGGTA GAGGCTAGTA
ATTTCTGAGT CACACAAGGT

CCACAGGTGT

76A

CCCGTCTCTA CCAGTTGATT

CACGGAGGAT AAGGAATCCA

TGGAACTATG TTCCTACTCC

=-1219
ATGTATCCTA TTCAGGTGAC

AGTCCCTAGC

TATTACTOIC AGAGTGCCCA GGTACTTTTA

~-1162

AATTAGGGGG AAGAAGGTTG

GCAGAGGTAG GCACACAGAC

GACAGGAGAG AAGTTACTAG

GCAAGATGCC TCAGTGGTAA
TGGATGACTT TTGTGTTTAG

CAAGAGTTGG TCTCTGACCT

ACTGTGGCAC ACACACACAC ACACACTCAT AATACATGTG CACAAATGLA

-900 TGTACACATA CATACACACA TGCATACATG CACACACACA CACTCATATA CACACGCACA

-840

-780

~720

-660

-600

=540

-480

-420

-360

-300

-240

-180

=120

-60

+1

TARACATGCT CACACACACA TACATGTGCA CGCACATGCA CATACTCATA CACACATGAA

*-753

CACATGTGTG TGTACACACG TGAAAATATT TTTTAAAAAT GAAAGTGCAA CTAGAGACAT

ATAAARTAAC ACCAACATCC

TTAGATGCAA CCCTTCCTGA

TCTTRITAAA AAGCATAARTA AARCATCAAGA CACTTACACA

~-€56

AAAACAACAR CGACAARAATA

ACTATTTCTC TGGCTARCTG

TGTAGATAAG AAGGTAAAAC

ACAAARTCTAA AAGATTTATT

*=351

GCTGCTTACA GGTTCAGGAT

TCTCCACCCC AAAGAGGARA

*-232

CTGCCACCTA AGTGTGGGCT

GTGTATGGGG GTTTAARAGRA

-629-
*-578
GTACCTCAAG CTCAACAAGC

TATGAAGCCA TCTATCACCC
CATCTTGAAA CAGGAAACCA

CTTTTCATCT ATCTCCTCTT

GAATTTGTTG GACATCATAC

AAATATGTTA AATTAAATTT

~-616 -604~

ATTTTAGGTG TCCTTAGCTT

TGTGTGCAART TAGCTCATIG

ATATCCTTCC TGTCTAATCA

GCGTTTGTCC ACCACAACAG

*-321

GGTTTTGACA AAGAGAACAT

ATTTGTTTCA TACAGAAGGC

ARCCCGACCA AGAGGGATTT

ATTCCAGAGA GTCATCAGAA

*-103

CTTTCTGCCA CACAGGTAGA
CCCCATATTA TTTTTCCAGC

ATCACCCTTG CTAATCACTC

CTCTTTGARA ATATGTGTAA

ATTAACAGTA TAAATTGCCT

CTCACAGTGA CCTCAAGTCC

TTTCATGAGT TACTTTTGTG

GTTCATTGTA TGAATTAAAA
CACCTARRTC CARTTCAGTCA
GAGGAAARAC RAAGGTAATG
TATGTAAAAC ATCGTGACAC
CCCATGCTGA AGAGCTGCCT

TGCAG
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Fig. 3. Dot matrix comparison of mouse IL2 upstream region from -2800 to +45
and human sequence from -1370 to +45. The window size was 10 and the number
needed to match was 8. Human sequence was from (Holbrook et al., 1984b), with
the start site of transcription moved 8 bp to the 3' direction in accord with

Taniguchi et al. (1983) and Devos et al. (1983).
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Fig. 4. Comparison of mouse and human IL2 immediate upstream regions from
-580 to +45. Dashes indicate identity, and gaps were added by visual inspection to
maximize matches. Indicated on the figure are binding sizes for NFAT-1, NF-«B,
NF-IL2A and AP-1 (see text). Other proteins footprint over this region but have
not been identified (Serfling et al., 1989). Overlines indicate binding sites for
proteins demonstrated to interact with the mouse or human IL2 promoter. The
extent of each binding site shown is from published consensus sites for AP-1 and
NF-«<B (Angel et al., 1987; Hoyos et al., 1989), from deletion analysis for NFAT-1
and the proximal NF-IL2A site (Durand et al., 1988) and from footprint analysis
for the distal NF-IL2A site (Durand et al., 1988). For sites that were determined

by several methods, the minimum size of the site is shown.
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Fig. 5. Comparison of nine mouse and human similarity regions located upstream
of -580. Top line is mouse sequence. Gaps have been introduced by inspection to
maximize similarity. Numbers above and below the sequences indicate their

position relative to the transcriptional start sites of the respective genes.
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Fig. 6. (Left) pIL2-CAT constructs. The number in parentheses refers to the 5'
terminal nucleotide located in the plasmid. All [L2 sequences terminate
downstream at +45 in the 5' untranslated region. Thick line, IL2 5' sequence; black
box, poly(dC-dA) tract; open box, CAT gene; stippled box, SV40 sequences
containing small t intron and polyadenylation sites. Vector is pSP65 (not shown).
Arrow indicates start site of transcription. H indicates location of unique HindlIIl
site in pIL2 (-1890) used in construction of plasmids with intragenic and 3' genomic
sequences. (Right) Representative CAT assay of extracts from Jurkat cells
transfected with each of the indicated constructs. Unacetylated chloramphenicol
and its monoacetylated derivatives are indicated with (C) and (CA), respectively.

- = uninduced; + = 18 hr stimulation with TPA + A23187.
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Fig. 7. CAT assay data from transfected Jurkat (A) and EL4.El (B) cells.
Relative CAT activity calculated as in Materials and Methods. Numbers in bars
are the number of times that a given plasmid was tested in parallel with pIL2 (-
321) CAT as a reference standard. Only results from 18 hr stimulated cells are

shown. Results are presented as mean + S.E.M.
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Fig. 8. Gel blot analysis of cytoplasmic RNA extracted from induced and
noninduced hematopoietic cell lines. Total cytoplasmic RNA was fractionated on
denaturing agarose/formaldehyde gels, blotted, and hybridized with the indicated
probes as described in Methods. Data presented are from sequential
hybridizations of the different probes with the same filter. - = uninduced; + =
induction with TPA + A23187. Cell lines are (1) EL4.E1, (2) BW51&7, (3) HT-2, (4)
P388Dl, (5) WEHI1-3B, (6) 32 D cl 5, (7) NS-1. Note that our sublire of BW5147 is
not inducible for IL2, in contrast to others in the literature (Hagiwara et al.,

1988).
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Fig. 9. Both cyclosporin A (CsA) and increased intracellular cAMP depress
expression of CAT from the IL2 promoter while increasing expression from the
RSV LTR. (Left) EL4.El cells transfected with the indicated plasmids were
stimulated with TPA + A23187 for 18 hr in the presence and absence of 1070 M
forskolin or | ug/ml CSA. For each plasmid results sere calculated as [(CAT
activity with drug)/(CAT activity without drug)] x 100%. Forskolin results are
given as mean t S.E.M. of 2-3 experiments. CSA results are from a single
experiment. (Right) Effect of 107%™ PGE | on IL2-CAT expression in Jurkat cells

relative to drug-free controls. Results shown are from a single experiment.
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Fig. 10. Effects of drugs on ILZ mRNA induction: Increased intracellular cAMP
depresses IL2 expression but not IL4 expression. Gel biot showing the effects of
increased intracellular cAMP on lymphokine mRNA levels. (A) EL4.E1 stimulated
in the presence of various cAMP agonists. Lane I, unstimulated cells; Lanes 2-8§,
cell stimulated 5 hr with TPA + A23187 in the presence of: Lane 2, no additives;
Lane 3, 10> M PGE; Lane 4, 10°® M PGE; Lane 5, 10> dBcAmP; Lane 6, 1074
dBcAmP; Lane 7, 107 M forskolin; and Lane 8, 107 M forskolin. (B) Jurkat

6

cells. Lanes 1-8 are as in (A). Lane 9, 1072 M Dex; Lane 10, 107> M Dex.
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Abstract

- The macrophage-derived cytokine interleukin L (IL1) is known to have
numerous effects on cells of the immune system, including a lbng—hekd belief that
it functions as a necessary V"second signal” with antigen 10 evoke production of
interleukin 2 (IL2) by helper T cells. However, we have recently shown that ILI
has no effect on mature T cells stimulated to produce IL2 by the combination of
phorbol ester and calcium ionophore. In contrast, immature, T cell-receptor-
negative thymocytes do not secrete IL2 in response to phorbol ester + ionophore
unless IL1 is present, s. zgesting that the effect of this cytokine is limited to a
particular state in T-ce!! development. Here we show that EL4.El, a murine
thymoma that can be stimulated by high-level IL2 production by phorbol ester +
ionophore alone, nevertheless responds to IL1 costimulation by increasing the
steady-state level of IL2 mRNA. Thus, this cell line may represent a
developmental intermediate between immature and mature T cells. Expression of
a transfected reporter gene linked to a cloned fragment of the murine IL2 gene
promoter is also increased by IL1 costimulation, thus suggesting that the observed
increase in steady-state IL2 mRNA results from an ILI1-induced increase in IL2
transcription rate and not just increased transcript stability. The disparate
effects of IL1 and forskolin on IL2 gene expression suggest that, in these cells, IL1
does not mediate its effects via a cAMP intracellular second messenger as has
been derﬁonstrated in other cell types. Qur data do not rule out a role for NF-«xB

in mediating the IL1 effects we describe.

Introduction
Interleukin 1 (IL1) is a potent mediator of cellular function that is produced
primarily by activated macrophages (Koide and Steinman, 1987) and a role for IL-1

in T—cell activation has been demonstrated in a number of experimental systems
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(reviewed in Dinarello, 1989; Durum et al., 1985; Mize!, 1982). In vitro, IL1
synergizes with mitogenic lectins or anti-T-cell receptor (TcR) antibodies to
induce expression of interleukin 2 (IL2) and IL2 receptor a chain (IL2Ra) genes
(Gillis and Mizel, 1981; Smith et al., 1980; Kaye et al., 1984). In these roles [L-1
can be substituted for b‘y tumor-promoting phorbol esters (e.g., 12-O-
tetradecanoylphorbol 13-acetate; TPA) (Farrar et al., 1980). As [Ll was known to
provide a necessary, antigen-nonspecific signal for T-cell activation, this apparent
equivalence with TPA suggested that its action might result from activation of
~votein kinase C (PKC). However, ILl does not promote phosphoinositide
nvdrolysis nor cause PKC translocation to an active membrane-bound form
(Abraham et al., 1987). It therefore seems unlikely that its role is to augment the
low levels of diacylglycerol (DAG) produced by TcR-mediated phosphoinositide
breakdown. More recently, it has been demonstrated that IL1l treatment of the
human T-leukemia line, Jurkat, causes increased production of two PKC co-
factors—phosphatidylserine and DAG, the latter from hydrolysis of membrane
phosphatidylcholine (Mary et al., 1988; Rosoff et al., 1988). However, because
Jurkat lacks conventional IL1 receptors (Rosoff et al., 1988) the significance of
these results is unknown.

Recent work by Mizel and colleagues has shown that IL1 can utilize cAMP
as an intracellular second messenger for the induction of « immunoglobulin light
chain synthesis in the mouse pre-B-cell line, 70Z/3 (Shirakawa et al., 1988). In
70Z/3 cells, IL1-mediated induction coincides with the activation of a protein that
can bind to the NF-«xB consensus site in 5' flanking region of the « chain genes
(Shirakawa et al., 1989a). IL!l can also induce NF-«B binding activity in a variety
of T-cell lines (Osborn et al., 1989). Hoyos et al. (1989) have utilized a transient
transfection system to demonstrate a role for NF-x<B in mitogen and HTLV-1 Tax-

mediated expression from the human [L2 gene promoter. Mutations that
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prevented binding of this factor depressed promoter function, relative to wild-
type, in obtimaily stimulated cells.

NF-<B is not the only transcription factor imp.cated in ILl effects,
however. ILl can also induce transcription of the c -jur protooncogene, which
encod_éé a component of AP-1, in the mouse ILl-depeno'ént T-cell line LBRM-
331A5 (Muegge et al., 1989). In this cell line,expression of a linked reporter gene
from the human IL2 promoter required an intact AP-1 site at -185, relative to the
transcriptional start site. However, their deletions, which removed this site, also
removed the NF-«<B site centered at -200. Therefore. the resulting loss of
promoter function can not be attributed unequivocally to loss of this AP-1 site. In
fact, deletion analysis of the human IL2 promoter has not demonstrated an
important role for this AP-1 consensus site, in vivo (Durand et al., 1988).
Footprint analysis of the mouse IL2 promoter has led 1o the same conclusion
(Serfling et al., 1589).

The studies that have reported a costimulatory rcle for IL1 have usually
demonstrated this effect on cells suboptimally stimulated with mitogenic lectins
(refs. cited above; Hackett et al., 1988). Recently, however, we and others have
obtained results that call into doubt the notion that IL1 is a necessary cofactor for
the high-level production of IL2 (Lichtman et al., 1988; Rothenberg et al., 1990).
We have shown that purified splenic T cells produced IL2 in response to TPA and
the calcium ionophore A23187 and that this response was both independent of and
insensitive to added IL1 (Rothenberg et al., 1990). Lichtman et al. (1988) have
obtained similar results with a panel of cloned antigen-dependent Ty 1 cell lines
stimulated with an anti-CD3 monoclonal antibody.

In addition to indicating a suboptimal stimulus a requirement for IL1 may
also be reflective of a T cell's developmental status. Mature TcR* thymocytes

resemble peripheral T cells in their insensitivity to ILl1 when stimulated to
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produce IL2 in response to TPA + A23187. In contrast, immature TcR™ double
negative (DN) thymocytes did not respond to TPA and A23187 at all unless iLl wés
present. Although these immature thymocytes secreted relatively high titers of
IL2 over a 20 h period, in situ hybridization analysis showed that IL2Z mRNA
- reached peak levels at 5 h and was largely gone by 20 h. The extreme transience
of IL2 mRNA accumulation seen in these cells stood in conirast to the more
prolonged appearance of IL2 transcripts in stimulated mature T cells (McGuire et
al., 1988). Thus, these immature thymocytes differ from their more mature
predecessors in two important aspects of gene expression- inductive signal and
kinetics.

Here we report a third response profile that is distinct from the two
reported previously. Using the murine thymoma EL4.El =2s a homogeneous
population of I[L2 producers we demonstrate that it possesses characteristics of
both immature and mature T cells. Like mature cells, it can respond to phorbol
ester and ionophore alone. In addition, it possesses two traits normally associated
with immature thymocytes, namely IL| responsiveness when stimulated with TPA
+ A23187 and a peak of IL2 mRNA accumulation at 5 h. We have used these cells
to explore the mechanism by which this unique synergy between IL1 and TPA +

A23187 occurs.

Materials and Methods

Reagents—TPA and A23187 were from Sigma or Calbiochem. They were
dissolved in DMSO to final concentrations of 10 wg/ml and 0.37 mg/ml,
respectively, and stored in small aliquots at -20°C. Recombinant human and
mouse [Lla (IL1) was purchased from Genzyme. The specific activity, as reported
by the supplier, was 102 units per mg.

Cells—EL4.E1, a mouse [L2-producing thymoma cell line, and the human T-
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cell leukemic line Jurkat (generously provided by C. Crabtree, Stanford
University) were grown in RPMI 1640 supplemen_ted ur'i’:[ 10% FBS, 72 mM L-
glutamine, 50 uM 2-ME, and antibiqtics.

Plasmids—The series of pIL2-CAT plasmids containing varying lengths of -
the mouse IL2 gene 5' DNA linked to the bacterial gene for chiorampheniéol
acetyltransferase (CAT) has been described in detail (Novek et al., 1990). Briefly,
cloned fragments of the IL2 gene 5' flanking region, all :zarminating 3" at +45 in
the 5' untranslated region, were ligated to the CAT genz from pTK-CAT in the
vector pSP65 (Promega). They are designated pIL2 (-X) where X is the .’ tarminal
nucleotide, relative to the transcriptional start site, that is present in the
construct. All plasmids were purified in CsCI/EtBr densit; gradients before use.

Transfections and CAT Assays—Transfection of iogarithmically growing
cells was by DEAE-Dextran facilitation as described (Novak et al., 1990). In
short, cells were washed in serum-free DMEM and then resuspended at 107 per ml
in a transfection cocktail containing 250 ug/ml DEAE-Dextran (2 x 106 M.W.), 0.1
mM chloroquine and 10 ug/ml supercoiled plasmid DNA all in DMEM. After
incubation for 30-60 min at 37°C/7% CO, cells were pelieted, washed, and plated
into four to twelve identical cultures. Approximately Z0 h after plating, cells
were stimulated with TPA and A23187 at final concentrations of 10 ng/ml and 37
ng/ml, respectively. Some of the cells also received ILl to the indicated
concentrations. Human riLla was found to be as effective as the mouse version
on EL4.E1 cells and was used in most experiments.

Cells were harvested after various times of stimulation and extracts from
equivalent numbers of cells were assayed for CAT aciivity in a 5 h assay as
described (Novak and Rothenberg, 1986).

RNA Analysis—Cytoplasmic RNA was extracted by the method of Favaloro

et al. (1980). The RNA from equivalent cell numbers was electrophoresed in
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denaturing 1% agarose-formaldehyde gels, stained with acridine orange to
visualize the rRNA, and tk;en blbtted onto nylén membranes (Nytran, Schlei-chrer
and Schuel_l). The RNA was fixed to the membrane by baking at 80°C for 60 min.
Hybridization probes were generated by random priming and consisted of cDNAs
for mouse and human IL2 (Yokota et al., 1985; Holbrook et al., 1984), mouée IL4
(Lee et al., 1986), and mouse a skeletal actin (S. Sharp and N. Davidson, Caltech,
unpublished). Hybridizations were carried out for 20 h at 42°C in 5 x SSPE, 50%
formamide, 0.2% SDS, 5 x Denhardt's, and 10% dextran sulfate. Filters were
washed three times at room temperature for | ™in each in 2 x SSC, 0.2% SDS and
0.05% NaPPi, followed by two 30 min washes at 68°C in 0.2 x SSC, 0.1% SDS,
0.05% NaPP;. Filters were exposed to film at -70°C with an intensifying screen
and autoradiograms in the linear response range were densitometrically scanned.

The amount of IL2 or IL4 mRNA was normalized with respect to the actin signal.

Results

Previous work in this lab has demonstrated a correlation between the
developmental state of a T cell, as measured by surface TcR expression, and the
inductive signals it requires to express the gene for IL2 (Rothenberg et al., 1990).
Cells that were able to transcribe IL2 in response to the combination of TPA and
A23187 did not exhibit a need for ILl. These agonists of the universal
phosphatidylinositol bisphosphate (PIP,) hydrolysis pathway were also effective in
eliciting transient high-level IL2 expression in purified, peripheral CD8" cells
(McGuire et al., 1988). These cells generally do not transcribe this gene in
response to either antigen or mitogenic lectins. This result suggests thata T cell’s
functional lineage may, in part, be a reflection of the efficiency with which TcR
perturbation is coupled to PIP, breakdown. TcR-negative T cells that do not

respond to TPA + A23187 presumably have some other defect that can be
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complemented by IL1.

IL1 is a Costimulus for IL2 Expression by Phorbol Ester Iand [onophore-Treated
EL4.El Cells -

The EL4.E1 thymoma has been used as a modél for ':.'Hl cells in studies of
[L2 gene expression even though it is responsive to TPA alme. We have begun to
study the response profile of this cell line because it is a wseful recipient in DNA
transfection experiments (Novak et al., 1990). As showr below, unlike normal
mature T cells, it shows © nergy between IL1 and TPA/A23137.

An RNA gel blet of EL4.El cells stimulated Zor 5 h with wvarious
combinations of TPA, A23187, and ILl is shown in Fig. . EL4.E!l cells can
transcribe IL2 in response to TPA alone, but addition of caicium ionophore greatly
increased the steady-state level of this message (Fig. 1. lanes 2 and 3). The
addition of 20 units per m! of mouse riLla resulted in a Zurther increase in IL2
mRNA (Fig. 1, lanes 3 and 4; see also Fig. 2). In three expsriments the addition of
IL1 increased the steady-state level of IL2Z mRNA at 5 h almost fivefold over TPA
+ A23187 alone.

No IL2 mRNA was detected when EL4.E1l cells were stimulated 5 h with 20
u/ml IL1, alone or in combination with 37 ng/ml A23187 (not shown). This
inability to respond to IL1 + ionophore is in contrast to results reported by others
for several IL!-independent cell lines (Zlotnik and Daine, 1986; Simon, 1984). This
difference may be attributable to the lower concentration of ionophore used here
(37 ng/ml = 70 nM, compared to 250-500 nM).

On the other hand, the concentration of TPA used (10 ng/ml; ~17 nM) is
sufficient to activate PKC in a number of cell lines (Nishizuka, 1984) and thereby
to induce AP-1 and NF-«<B (Angel et al., 1987; Shirakawa et al., 1989b). Therefore

it is unlikely that the ILI-mediated enhancement of steady-state [L2 mRNA is due
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solely to its ability to induce appearance of these DNA-binding activities (see also
Osborn et al., 1989). |

The synergistic increases in IL2 mRNA induced by the addition of A23187
and IL| to TPA-stimulated EL4.E1 cells appear to be specific for the IL2 gene, as
IL4 mRNA showed almost no increase over TPA stimulation alone (Fig. 1). We
have previously reported that increased intracellular cAMP suppressed IL2 but not
IL4 expression in these cells (Novak et al., 1990). The results in Fig. | extend this

difference in regulation to positive mediators of IL2 as well.

Costimulatory Effects of IL1 are Mediated Through the IL2 Gene Promoter

In order to determine whether the IL2 promoter was responsible for
mediating this positive effect we utilized a series of pIL2-CAT plasmids that
contains varying lengths of IL2 5' flanking DNA, including the transcriptional start
site, driving expression of CAT (Novak and Rothenberg, 1990). In this way we can
assay transcriptional initiation without concern for mRNA stability because unlike
authentic IL2 mRNA, the CAT message does not contain the AUUUA motifs that
target lymphokine transcripts for rapid degradation (Shaw and Kamen, 1986;
Reeves et al., 1987). If IL1 mediates its effects through upstream sequences of
the IL2 gene, it may be possible to dissect the IL1 regulating element away from
more proximal general induction elements.

Several pIL2-CAT plasmids were transfected into EL4.E] cells along with
pRSV-CAT as a positive control. CAT activity was measured after 5 h, 12 h and
18 h of stimulation with TPA and A23187 in the presence and absence of ILI (Figs.
2B and 3). In addition, cytoplasmic RNA was extracted from untransfected
EL4.El cells that had been stimulated in parallel to monitor induction of
endogenous IL2 mRNA. The relative steady-state levels of IL2 mRNA were

determined by RNA gel blot analysis using message-specific probes for [L2 and
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actin followed by densitometric scanning of the resultant autoradiograms. Note
that the CAT assay measures the translation product of the induced RNA, not the
RNA directly.

The accumulation of [L2 transcripts in EL4.El celis stimulated with TPA +
A2318’7 alone occurred rapidly and was transient (Fig. 24, lanes 2, 6, and 10). L2
mRNA levels peaked around 5 h and declined during the next 13 h. This was in
contrast to the kinetics of appearance of IL4 and IL2ZRa mRNAs, which increased
between 5 h and 18 h (not shown). Costimulation of EL4.El cells with either 2.5
or 20 units per ml IL| resuited in a two- to sixfold increase in IL2 mRNA at 5 h
(Fig. 2A, lanes 1-4). This effect was transient, however. At 12 h the
enhancement due to IL1 was only 1.5-fold (Fig. 2A, lanes 6-9) and by 18 h ILI
ceased to augment the level of steady-state IL2 mRNA at all (Fig. 2A, lanes 9-12).

Transfection experiments using IL2-CAT plasmids suggest that in part, IL1
increases the rate of transcription from the IL2 promoter, even in cells optimally
stimulated with TPA and ionophore. A CAT assay of EL4.El transfected with
pIL2 (-2800) is shown in Fig. 2B. Expression of the transfected IL2-CAT gene
requires an appropriate inductive signal because unstimulated cells contain no
enzyme activity (Fig. 2B, lanes 1, 5, and 9). Thus, even when introduced as a
naked DNA template, promiscuous transcription from the IL2 promoter does not
occur in these cells. EL4.El transfectants stimulated with TPA + A23187
contained easily detectable CAT activity at 5 h (Fig. 2B, lane 2), which would be
expected if the peak in endogenous IL2 mRNA seen at this time resulted from
transcriptional activation of the IL2 promoter. CAT activity in these cells
continued to rise over the next 13 h, reaching a maximum at 18 h, the latest time
examined. This increase in CAT activity occurred even as the steady-state level
of endogenous I[L2 mRNA dropped (Fig. 2A).

The addition of IL1 to the stimulation regimen had two dramatic effects.
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First, cells stimulated in the presence of IL1 contain up to 2.5x as much CAT
activity per cell at 5 h as those stimulated with TPA and A23187 alone (l;ig. ZB,
left panel and Fig. 3A). This effect is ILl-dose-dependent because the
enhancement is greater with 20 units per ml than with 2.5 units per ml.

The second point to be made concerns the 18 h time point. Although the
steady-state level of IL2 mRNA at this time was equivalent for all stimulation
conditions (Fig. 2A, lanes 10-12), the amount of CAT activity per cell in the
presence of ILl was now at least 60-70% lower than in cells stimulated without
ILL. This disparity was due in part to a sustained increase in absolute CAT
activity in the control stimulated cells (unlike the behavior of endogenous [L2
mRNA) and, in part, to a decrease in absolute CAT activity in IL1-costimulated

cells (Fig. 3 and data not shown).

IL2 Promoter Sequences Upstream of -321 are not Required for ILIL
Responsiveness

Our previous work on the upstream region of the mouse IL2 gene indicated
the presence of several positive and negative regulatory elements between -321
and -2800, any of which might be involved in ILl-mediated effects. However, the
data presented in Fig. 3A make it unlikely that far upstream sequence required.

The normalized curves for pIL2 (-321), pIL2 (-1890), and pIL2 (-2800) are
virtually superimposable (Fig. 3A). Thus, the degree of both the 5 h enhancement
and the 18 h suppression is unaffected by IL2 5' flanking sequences extending
upstream of -321. [t should be noted, however, that the absolute amount of CAT
activity per cell at each time point was higher with pIL2 (-1890) and pIL2 (-2800)
than with pIL2 (-321), in accord with our previously reported results (Novak et al.,
1990).

Expression of pRSV-CAT in stimulated EL4.El cells was not affected by
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the presence of IL1 when examined after 3 h or 5 h of stimulation, but it was 31%
lower at 18 h in cells costimulated with IL1 com_pared 10 cells stimulated with
phorbol ester and ionophore alone (Table 1). This suggesis that at later times IL1
causes a general decrease in CAT expression, possibly via reduced translational

efficiency, which is distinct from its promoter-specific wanscriptional enhancing

effects seen at 5 h.

Possible Factors Contributing to the Effects of IL1 on EL4.El Cells

l. cAMP. It has been shown that IL1 can utilize cAMP as an " racellular
second messenger in a number of non-T-cell lines (Shirzkawa et al., (2%8). The
results with pRSV-CAT argue against such a role for cAMP in EL4.El cells. We
have previously demonstrated that after 18 h of stimulation, pRSV-CAT
expression is increased fourfold in the presence of 10 :M forskolin—a diterpene
activator of adenylate cyclase (Novak and Rothenberg, submitted), unlike its
decreased expression in the presence of IL-1. Forskolin treatment had a strong
suppressive effect on pIL2-CAT expression when examined at 5 h, in contrast to
the transient stimulation by IL-1. These results, which are summarized in Table 1,
do not support a role for cAMP in the IL1-mediated effects we have described.

2. IL1 Receptor. These effects require the expression of ILIR, as
demonstrated by the results from identical transfection experiments using ILIR"™
Jurkat cells instead of EL4.E1l. A similar time course experiment is shown in Fig.
3B. These cells showed much slower kinetics of expression of pIL2-CAT plasmids
than EL4.El. No activity was detected at 5 h even in the presence of 20 units per
ml [L1. Cells had begun to express by 12 h and CAT activity was still rising by 18
h. However, no significant effect could be attributed to ILl. These results
provide compelling evidence that surface IL1R expression is a prerequisite for the

IL1 effects we have described. It is also unlikely that the effects seen in EL4.EI
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cells are due to the type of phosphatidylcholine _hydrolysis described by Rosoff et
al. (1988) as this occurs within seconds of exposure to IL1. -
3. DNA-Binding Proteins. The results presented in Fig. 3A are consistent
with IL1 working through increased expression of NF-«<B, NFAT-1, and/or AP-1,
since binding sites for all three proteins are present in piL2 (-321). Osborn ‘et al.
(1989) have shown that activation of NF-«B by tumor necrosis factor a(TNFa) is
not sufficient to induce expression of IL2 in EL4 cells. Both TPA and TNFa can
each activate this factor, as determined by a gel mobility shift assay. However,
only TPA induces IL2 production and the cor-_iiation of TPA and TNFa is not
additive over TPA alone. A similar discrepancv ~etween in vitro binding activity
and in vivo transcriptional activation has been reported by Cross et al. (1989) in a
comparison of the NF-«B sites upstream of the x immunoglobulin gene and IL2Ra
gene. Therefore, we evaluated a role for this protein directly by using an IL2-
CAT construct, pIL2 (-232), that retains the NF-«xB site at -200 but lacks the
NFAT-1 site at -270 (Shaw et al., 1988). In two experiments we have failed to
detect significant expression of this construct in TPA + A23187 treated EL4.EI
cells even when IL1 was used as a costimulus (data not shown). Thus, it seems
unlikely that NF-«B and AP-1 are sufficient to induce expression from the [L2
promoter in the absence of NFAT-1 or other upstream sequences. Muegge et al.
(1989) reported expression of a construct containing 218 bp of the human IL2
promoter in a mouse IL1-dependent lymphoma, LBRM-331A5 stimulated with PHA
or PHA + IL1. However, this construct differed significantly from ours in that it
contained SV40 enhancer sequences to boost expression. Removal of these
heterologous sequences resulted in a significant drop in expression consistent with

our observations.

4, Prostaglandin Synthesis. IL1 induces expression of cyclooxygenase
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(COX) in fibroblasts (Raz et al., 1988). This enzyme is responsible for converting
arachidonic acid to prosiaglandin H, the first step in the synthesis of a variety of
eicosanoids including prostaglandins El and E,. E-series prostaglandins can
activate adenylate cyclase, thereby impairing expression of [L2. Because
arachidonic acid—c,on"caining polyphosphoinositides are preferentially hydrolyzed in
mitogen-stimulated lymphocytes (Sugiura and Waku, 1984), it remained a formal
possibility that ILl-induced suppression of pIL2-CAT plasmids was a result of
increased cAMP arising late in the stimulation. To address this we performed a
time course experiment like those shown in Fig. 3 and included 5 uM indomethacin
in all samples. Indomethacin inhibits the action of COX but its inclusion during
the stimulation period failed to prevent the ILl-mediated decreased expression of
pIL2 (-2800) at 18 h (data not shown).

5. Cell Cycle. It has been well demonstrated that proliferation and
lymphokine secretion represent distinct responses to antigenic stimulation. For a
given T cell the choice to do one precludes, for some time, the ability to do the
other (Heckford et al., 1986; Harris et al., 1987; Nau et al., 1938). Although
EL4.El is a malignant line that grows without antigenic restimulation, it was
possibie that [L1 overcame the TPA-induced proliferation block seen with these
cells. As a final control we stimulated EL4.E1 cells with TPA and A23187 in the
presence and absence of 20 units per ml IL1. Celis harvested at 5 h and 18 h were
stained with acridine orange, and cell cycle profile was determined by flow
cytometry. As seen in Table II, IL1 caused no obvious perturbation in the cell
cycle distribution at either time point. Therefore, it is likely that the early
promoter-specific role we have described for IL1 does not result from decreased
cell cycle progression. This enhancement is evident even in cells that have been
stimulated with optimal concentrations of TPA and A23187 and it does not

represent a "second signal™ for T-cell activation as it is presently defined.
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Discussion

Antigen- and mitogen-induced [L2 production by T-helper cells, in vitro,
requires the presence of non-T accessory cells (Haber and Roff, 1977; Hunig et al.,
1983). This accessory cell requirement can be met with the macrophage-derived
cytokine IL1 (Gillis and Mizel, 1981; Smith et al., 1980). However, the increased
understanding of T-cell physiology has been accompanied by contradictory reports
of the role of IL1 in modulating T-cell function. Not all assays of T-cell response
have demonstrated a need for ILl1. Some of this discrepancy is due to the
different types of T cells used to detect effects of IL1- primary peripheral T cells,
lymphomas, and/or mature-type cloned T-cell lines (Lichtman et al., 1988; Holsti
and Raulet, 1989; Ho et al., 1987; Greenbaum et al., 1988; Gillis and Mizei,
1981). These cells represent distinct lineages or stages of T-cell development that
differ in their physiological response to similar stimuli (Rothenberg et al., 1990).
In many cases a role for [L1 was demonstrated in conjunction with a deliberately
suboptimal stimulus that gave rise to the original view of ILl as an obligatory
second signal in T-cell activation.

The EL4.El cell line is an IL2-producing, ILIR" thymoma of "mature"
phenotype. It produces high levels of IL2 upon stimulation with TPA + A23187, in
contrast to typical immature thymocytes (Rothenberg et al., 1990). The
requirement for ILIR in the effects we obtained was demonstrated by the failure
of Jurkat cells, another mature, T lymphoma to respond to ILl in an 18 h
stimulation period and its slower kinetics of CAT expression (Fig. 3B). It should
be noted that the peak of endogenous steady-state IL2 mRNA in these cells is also
seen at 5 h (data not shown),

In this report we have examined the role of IL1 in mediating transcriptional

enhancement from the IL2 promoter in the presence of both the phorbol ester,
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TPA, and calcium ionophore, A23187. Thus, we have been able to assess the
effercts of IL1 in cells maximaily stimulated by conventional crit;eria. By utilizing
recombinant constructs containing only the IL2 gene promoter, it was possitle to
distinguish between effects on IL2 gene transcription and mRNA stability. In
EL4.El cells, addition of as little as 2.5 units of IL1 per ml led to a significant rise
in CAT activity expressed from the IL2 promoter early after stimulation. This
effect was also manifest as an increase in the level of endogenous IL2 mRNA
detected at 5 h. IL! did not aiter the transient nature of IL2 gene induction but
rather it enhanced expression only when the cells were maximally activated; even
in the absence of IL1, [L2 mRNA accumulation peaked at 5 h. This enhancement
was promoter-specific as neither IL4 nor pRSV-CAT expression was increased at 5
h. By contrast the suppression of CAT activity seen at 18 h can be attributed to a
more general pancellular decrease in translational efficiency because even
constitutively expressed pRSV-CAT was affected (Tabie ).

The effect of IL1 seen in EL4.El cells is not likely due 1o increased
intracellular cAMP as has been proposed for NK cells and pre-B-cells (Shirakawa
et al., 1988). As shown in Table 1, the effects of 20 units per ml IL1 and 10 uM
forskolin are clearly different. pRSV-CAT expression i1s enhanced at 18 h with
forskolin but is inhibited with the concentration of IL1 used here. While
expression of pIL2 (-321) is depressed at 18 h by both IL1 and forskolin, the 5 h
results clearly demonstrate the dissimilarity of these two stimuli. Forskolin is
even more suppressive at 5 h than at 18 h while IL1 is stimulatory at this time
point (Table 1; see also Fig. 2B, left panel, and Fig. 3A). However, we can not
rule out completely the possibility that the early stimulatory effects of [L] are
due to small rises in intracellular cAMP because in some experiments stimulation

8

with 107-10 M forskolin in conjunction with TPA and A23187 resulted in

increased (less than twofold) expression from pIL2 (-2800) (data not shown).
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Clearly, though, increases in cAMP of the magnitude seen by Shirakawa et al.
(1988), are not responsible for mediating tAhe [L1 enhancement £hat we have noted.

The possibility that IL1 mediates its effects through NF-«<B is not ruled out
by our data. In a number of cell lines, IL1 has been shown to induce expression of
a protein whose DNA-binding specificity is similar to NF-<B (Osborn et al., 1989;
Shirakawa et al., 198%a). We have confirmed the observation of Osborn et al.
(1989) that TPA induce the appearance of this factor in EL4.El cells and have
extended this to show that costimulation with IL1 increases NF-«<B binding
activity over TPA alone (D. Chen and E. V. Rothenberg, unp':-!ished). The failure
of IL1 to have an effect on Jurkat cells (Fig. 3B) is consistent with its working
through NF-«<B because in these cells [L] does not induce appearance of this DNA-
binding protein (Osborn et al.,, 1589). Our results also suggest that NF-«B, if
implicated, may be activated by a pathway distinct from cAMP or phorbol
ester/PKC. In addition, the resuits with pIL2 (-232) indicate that in the absence
of detectable IL2 promoter activity the activation of NF-<B has no effect, thus
implying that this factor, by itself, is not sufficient to ensure IL2 gene expression.

Lastly, an extensive examination of the ILZ 5' flanking region has revealed
numerous positive and negative regulatory elements, all of which are subordinate
to a more powerful activation signal (Novak et al., submitted). Thus, in
stimulated EL4.El cells transfected with pIL2-CAT plasmids a hierarchy of
expression is seen that is dependent on the length of the upstream sequence
included in a particular construct. Negative modulators of IL2 expression (e.g.,
cyclosporin A, cAMP) affect all expressible constructs to the same extent. Here
we have shown that positive modulation of IL2 transcription by [L1 is mediated by
sequences proximal to -321 of the IL2 gene promoter. Addition of upstream DNA
to -2800 revealed no additional [L1-specific effects. This result, combined with

our previous observations (Novak and Rothenberg, submitted) suggests that
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modulation of [LZ expression is secondary to and subordinate to the ability to
transcribe this gen_e in the first piace.r In this light, the results of Hoyos et al.
(17989) are instructive. Using a human I[L2 promoter-CAT construct they
demonstrated that directed mutations that abrogate NF-<B binding also cause a
decrease in CAT expression. However, none of their mutations had the result of -
completely abolishing expression. The ability of upstream sequences to
compensate for the deletion of the NF-«B binding site has been noted previously

(Durand et al., 1988; Williams et al., 1988). These results suggest that it is

unlikely that this factor is necessary, '. - alone sufficient, for [L2 expression.
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Table I. IL1 and forskolin have distinct effects on expression of pRSV-CAT and plIL2(-

321) in EL4.E| cells.

Stimulation : CAT Activity (% of controi)®
Construct Time +IL1 (20 u/ml) +10 uM forskolin?
pRSV-CAT 18h 68 £ 0.5 427 + 99
pIL2(-321) Sh 169 & 22 284
18h 13+6 3 = %7

&  Cells were stimulated for the indicated lengths of time with 10 ng/ml TPA + 37
ng/ml A23187 in the presence or absence of IL1 or forskolin. CAT activity per | x
10 cell equivalents was determined and the value for the drug-treated samples was
normalized with respect to the drug-free control. Results are presented as mean %
S.E.M. of 2-4 experiments each.

b

These results have been presented in more detail previously (Novak and Rothenberg,

submitted).



Table II. IL1 treatment does not affect the cell cycle distribuzion of phorbol ester and

lonophore-treated EL4.E1 cells®

% of Total Cells In

5h 18h
Unstim. Stim. Stim. + IL! Unstim.  Stim. Stim. + IL1
Gy 5.2 1.9 2d 4.3 0.9 0.5
Gy 49.4 22.0 23.3 49.4 27.6 313
S 26.3 37l 3&.4 27.0 24.9 30.0
G,+M 18.4 37.5 38.9 18.9 45.3 36.4

Cells were stimulated with 10 vg/ml TPA + 37 ng/ml A23187 with or without 20 v/ml
rlLa or they were left unstimulated. At the indicated times celis were harvested,
fixed in 50% EtOH and stored at 4°C. Acridine orangs anziysis of cell cycie

distribution was as describec (Boyer et al., 1989) using an Ortho cviofluorograf 5GH.
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Gel blot analysis of cytoplasmic RNA extracted from unstimulated
EL4.ELl cells (lane 1) or from cells stimulated fcr 5h with 10 ng/ml TPA
(lane 2), TPA + 37 ng/ml A23187 (lane 3), and TPA + A23187 + 20 u/ml
hriLla (lane 4). RNA from -3 x 10° cells wzs electrophoresed cn a
denaturing 1% agarose-formaldehyde gel, transierred to a nylon filter,

(Nytran, S & S), and hybridized sequentially witn cDNA probes specific

for IL4, IL2 and « skeletal actin.
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Fig. 2

121

(A) Gel blot of cytoplasmic RNA extracted from unstimulated or
stimulated EL4.E1 cells. Cells were stimulatec as indicated in the figure

and RNA from | x 106

cells was extracted, electrophoresed on a
denaturing 1% agarose-formaldehyde gel, rtransferred to a nylon
membrane (Nytran, S & S), and hybridized to cDNA probes for IL2 and «
skeletal actin.

(B) CAT assay of extracts from EL4.El cells tranfected with pIL2(-
2800). Cells were stimulated as in (A). Each lane represents the
identical stimulation conditions of the RNA gel blot shown above it.
Extracts were assayed at 37°C for 5h. Rightmost two lanes represent
negative and positive assay controls, respectively. Positive control

contains commercial CAT enzyme. [C] = unacetylated chloramphenicol;

[CA] = monoacetylated chloramphenicoi.
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Fig. 3

(A) Normalized CAT assay curves for pIL2(-321), p[L2(-1890), and pIL2(-
2800). Caiculations for each plasmid were done separately. Each
experiment consisted of 4 data points: 5h stimulated * 20 u/ml hriL la
and 18h stimulated * 20 u/ml hriLla. Cat activity per 10° cells was
normalized with respect to the highest value in that experiment (in all
but one case this was the 18h, no IL1 sample). Results are the mean #
S.E.M. of 2-5 separate experiments, except for the pIL2 (-1890) 5h
values, which were determined once.

(B) Normalized CAT assay curve for transfected Jurkat cells.
Experimental conditions and calculations were performed exactly as in
(A). Open symbols are pIL2 (-321); closed symbols are pIL2 (-2800). Data

is from one experiment.
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CONCLUSION
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Understanding the mechanisms controiling IL2 gene transcription is
important for rﬁore than just the insight it provices into regulatory mechanisms of
inducible gene expression. Because IL2 is a potenf growth and differentiation
factor for both T and B cells, the expression of this lymphokine is central to the
control of immune résponsiveness. Thus>lt could be argued that the ultimate
stimulators of the immune response are those factors which directly result in
transcription of this gene. The proximate stimulators of IL2 expression: antigen,
accessory cells, other cytokines, signaling pathways, etc., may shed light on the
related questi.n of lineage commitment during T-cell development. One or more
of these prox.rnate factors may selectively trigger precommitted IL2 producers,
or may cause a cell to select IL2 production from among a number of possible
responses (Rothenberg et al., 1990). The lineage relationship between [L2
producing Th; cells and IL4 producing Th, cells have been the focus of much
current research. A simple model which affixes these different effector functions
upon separate paraliel lineages of T cells is almost certainly incorrect. Instead,
what has emerged is a sense that Th and Th, dominated responses reflect distinct
types of immune responses. For example resting T cells produce abundant IL2, but
little IL4 and IL5, upon stimulation with antigen or mitogenic lectin. However, if
purified CD4" T cells are cultured for several days in vitro (priming) before being
stimulated they tend to produce primarily IL4 and very little IL2 (Salmon et al.,
1989; Swain et al., 1990). These same observations have been made for antigenic
challenge, in vivo. The response to primary immunization is characterized by IL2
production, whereas the recall response to antigen is dominated by IL4 secretion
(Bottomly, 1988). This progression from IL2 dominated responses to IL#4
dominated responses could, in theory result from two different mechanisms. One
possibility is that Th, cells require a longer priming period than Th, cells before

responding and thus are only seen at later times in the response. Of course, it is
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necessary for Th| cells to be short lived or in some way inactivated, otherwise one
would stiil detect abundant IL2. This corollary suggests another possible
explanation for the temporal separation of Thl and Th2 responses, namely that
Th, cells arise from activated Th, cells. The latter hypothesis is consistent with
data demonstratiné that memory- T cells are usually of the Th, type. This
developmental progression is also corollated with changes in the cell surface
expression of several T-cell antigens. Primary responders are CD44 , CD45R hi
and CD29” while memory T cells are CD44", CD%5 lo and CD29" (Sanders et al.,
1988). Such corollated changes in surface antigen expression and lymphokine
production can be seen easily, in vitro, with lectin-stimulated human peripheral
blood lymphocytes (Akbar et al., 1988). The expression of CD29 by IL4-producing
Th, cells is provocative in that it provides a mechanism by which this lymhokine is
selectively secreted. An anti-CD29 antibody has been reported to increase cAMP
in CD29%" T cells (Groux et al., 1989). As shown in Chapter 2, increased
concentrations of this second messenger inhibit expression of IL2 but not of IL4,
even in a cell line which can express both lymphokine genes. If T cells do in fact
progress from IL2 producers to IL4 producers it is likely that this change is
accompanied by changes in transcription factors, signaling pathways and/or other
aspects of cellular physiology. By elucidating the factors which are responsible
for the stringent cell-type and inducible control of [L2 gene expression it should
become possible to identify candidate trans-acting factors which may identify a T
cell as type 1 or type 2.

The factors responsible for high level production of IL2 in Th cells are a
combination of ubiquitous proteins (AP-1, NF-«B, Oct-2) and NFAT-1, an inducible
transcription factor which has been reported to be restricted to [L2 producers.
The data presented in Chapter 2, and results obtained by this lab more recently,

are consistent with the notion that NFAT-1 is necessary but not sufficient for [L2
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gene transcription. The evidence that NFAT-I is required for expression comes
from transient expression assays using mutant IL2 promoter constructs. The
expression of a 5' deletion mutant, pIL2(-232), that lacks sequences upstream of
-232, including the NFAT-I binding site, is several orders of magnitude lower than
a similar construct, pIL2(-321), that contains this binding site. In addition, we
have since made an internal deletion in pIL2(-1890) by removing sequences
between two Xmnl restriction enzyme sites located at -326 and -266. This
plasmid is not expressed in either EL4.E or Jurkat cells (T. J. Novak, P. M. White
and E. V. Rothenberg, submitted). Thus, the NFAT-1 site, or sequences directly
upstream that are also removed in this construct, or both, are required for high
level expression from the [L2 promoter.

While these results are consistent with a requirement for NFAT-1, other
data suggest that the presence of this factor is not sufficient for transcription of
the [L2 gene. An analysis of nuclear protein extracts by gel retardation assays
indicated that NFAT-1 is constitutively expressed in EL4.El cells (D. Chen and E.
V. Rothenberg, unpublished observations). These cells, however, do not transcribe
either their endogenous IL2 gene or transfected IL2-CAT constructs unless
stimulated by TPA. Constitutive expression of NFAT-1 was also detected in a
number of long-term murine T-cell lines, including CTL and Th, lines which do not
express [L2 under any of the stimulation conditions examined.

Deletion analysis of the human IL2 promoter has indicated a role for AP-1,
Oct 2, and NF«B in modulating expression of this gene. However, deletion of the
binding sites for these factors did not prevent expression, suggesting they are not
required for transcription. A construct, pIL2(-232), that contains binding sites for
all three factors was expressed only slightly above background when transfected
into EL4.E1 cells, Since gel shift experiments have demonstrated the presence of

these factors in stimulated EL4.El, (D. Chen and E. V. Rothenberg, unpublished),
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their presence is insufficient to cause transcription of the L2 gene.

The inhibition and enhancement of IL2 expres:.on bv c.i\;’;\P and 1ILI,
respectively, may result from changes in NF«B bind-z activity. Gel shift
experiments indicate that co-stimulation with TPA/A22.37 and IL! results in an
increase in NF«B activity, while increased cAMP causez the opposite result (D.
Chen and E. V. Rothenberg, unpublished). These resu.zs support the prediction
reached from transient transfection experiments (C-apter 3), that if ILI
upregulated NF«B activity in T cells, it did so via a mecmanism that was distinct
from the cAMP-dependent pathway operating in pre-B arz NK cells.

The results presented here do not suggest thz: a single factor (e.g.,
NFAT-1) plays the role of a "master switch" in 1= control of IL2 gene
expression. There is strong evidence, however, that the resence of this factor is
necessary for high level expression, and that other ident:.ed factors which bind to
the [L2 promoter can modulate transcription. Far upstrzam DNA sequences also
play a role in transcription regulation, but these regiors, and the factors which

interact with them, have not been characterized in detai..
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ABSTRACT A fusion gepe construct, in which the coding
sequence - Cacterial chloramphenicol acetyliransferase
(CAT: ace. ' “oA: chloramphenicol 3-O-acetyltransferase,
EC 2.3.1.2+ =us placed under the control of the regulatory
region of th. [“-osophilo gene encoding the 70-kilodalton heat
shock proteis. ... Nocera, P. P. & Dawid, 1. B. (1983) Proc.
Natl. Acad. Sci. USA 80, 7095-7098], was microinjected into
the cytoplasm of unfertilized sea urchin eggs. Pluteus-stage
embryos devedoping from the injected eggs were exposed to
high temperature conditions that we found would elicit an en-
dogenous sea archin heat shock response. These embryos ex-
press the gene for CAT and. after heat treatment, displa) 8-10
times more CAT enzyme activity than do extracts from control
embryos cuirured at normal temperatures. The injected DNA
is present in 3zgh molecular weight concatenates and. during
developmen:. i amplified about 100-fold. Amplified se-
quences are responsible for all or most of the induced CAT
enzyme activiny.

We recent!s Seveloped procedures for the microinjection of
cloned DN A =10 sea urchin eges and determined the fate of
the exogenocs DNA during deveiopment (1. 2). In the pre-
sent paper. we provide Initial evidence that DNA sequences
introduced 1mio these eggs can be transcribed and produc-
tively expressed. in response 10 internal physiological sig-
nals. The DN A 15 injected into the cytoplasm before fertiliza-
tion. sperm 15 then added. and development is allowed 10
proceed. We found earlier that when linear DNA molecules
are injected. they are rapidly ligated into high molecular
weight end-tc—end concatenates. and that these undergo ex-
tensive repliczuon during the first 24 hr of embryogenesis.
The average ==t amplification of exogenous DN A mass dur-
ing this perioc s 25-fold (1): in experiments reported below ,
an amplificatson of about 100-fold was observed.

The presen: experiments were conducted with a fusion
gene assembi=Z by Di Nocerz and Dawid (3). in which the
bacterial structural gene for chloramphenicol acetyltrans-
ferase (CAT. acetyl-CoA:chloramphenicol 3-O-acetyltrans-
ferase. EC 2.3.1.28) is placed under the control of the §' reg-
ulatory regioc of the gene coding for the Drosophila 70-kDa"
heat shock protein (hsp70;. Di Nocera and Dawid showed
that when this consiruct is transfected into Drosophila tissue
culture cells. syvnthesis of the CAT enzyme is induced by
heat treatmen:. Nucleotide sequences that are shared be-
tween the several different Drosophila heat shock genes
have been demonstrated to be required for transcriptional
induction under high temperature conditions (4-7). Most im-
portant for our present considerations is the finding that the
Drosophila hsp70 regulatory region functions inductively in
heterospecific svstems. including the Xenopus oocvte nucle-
us (7, B). where it is inactive at 20~27°C and induced at 34—
37°C; in monke=y cells (5. 6) and mouse cells (9), where it is
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inactive a1t 37°C and induced at 43°C and 45°C. respectively:
and in yeast celis (10:. where it 18 mzctive at 24°C and in-
duced at 40°C. In Drosophiia and Drosophila tissue culture
celis. the gene 13 inactive at 25°C anc mduced at 37°C (3. 11—
13). Thus. in transfection experimen:s the gene seems 10 re-
spond 10 whatever temperature is siressful for the cell in
which it is placed.
MATERIALS AND METHODS

Microinjection of Plasmid hsp-catl mto Unfertilized Eggs.
Collection of gametes and microiniecuon of sea urchin eggs
were as developed by McMahon e ¢ (1). About 2 pl of &
solution {24 pg ml) of the piasmid hsz—catl (3) dissolved in
40% plycerol was injected into the gz cytoplasm. The plas-
mid. which s about £.7 kilobases k= in length. was first
hnearized by digestion art its unique Bz '] site. which is locat-
ed in the pBR322 component of the zonstruct. The amount
nominally injected per egg represen out 7500 molecules.
As described by Di Nocera and Dawiz 3. hsp-catl contains
a 1.2-kb 5" regulaiory sequence from e Drosophiia pene for
hsp70. cloned by them into pSVO-cz:. a vector that contains
the Tn9 structural gene for CAT anz uimian virus 40 (SV40:
early region intron splice and polyvi A+ addition sequences.
but which lacks the eariv region prozoter.

Protein Labeling of Pluteus-Stage Embryvos. At 72 hr post-
fertilization, embryos were suspendsZ at a concentration of
20,000 per ml in 1 mi of Millipore-fitered sea water (FSW).
Heat-shocked embrvos were incubaizé for 1, 2. and 4 hr at
25°C, and contro! embryos were incu=zzed for 4 hr at 15°C in
FSW. For protein labeling. the embr.os were further incu-
bated for 1 hr at 25°C theat shocked: or 15°C (control} in the
presence of 180 wCi of [**S]methiorzne {Amersham. >600
Ci/mmol: 1 Ci = 37 GBq). The embrios were pelleted in a
Microfuge, washed once in FSW. peleted again. and sus-
pended in 200 ul of electrophoresis se=ple buffer containing
0.1 M Cleland’s reagent. 2.0% NaDod50,. 80 mM Tns (pH
6.8). 10% glyvcerol. and 0.025% bromcooheno! biue.

Protein Gel Electrophoresis. Aliquers of 20 ul of labeled
embryo sampies were heated 10 80°C for 1 mun. spun briefly
in a Microfuge to remove debris. anc :0aded onto a 107% po-
lyacrylamide 'NaDodSO, slab gel. E=xctrophoresis was as
described by Hubbard and Lazarides 14} Gels were soaked
in EN*HANCE (New England Nuclezr1. dried under vacu-
um. and exposed to Kodak XARS fii= at -=70°C for 90 min.

CAT Assay. Heat-shocked or conmro plutei were pelleted
in a Microfuge and suspended in 0.2 M Tns-HCI (pH 7.8).
CAT assays were essentially as descrided by Gorman er al.
(15) with the following minor alterztions. Embryos were
lysed by two freeze-thaw cycles in z 95% ethanol ‘dry ice
bath and spun bnriefly to remove celiz.ar debris. Final reac-

Abbreviations: hsp. hear shock protein: es270. 70-kDa hsp: SV40.
simian virus 40: CAT. bactenal chlorampeenicol acetyliransferase:
car, gene for CAT: FSW. Millipore-fineed sez water: kb. kilo-
base(s).

*Present address: National Institute for Medical Research. The
Ridgeway. Mill Hill. London. NW7 1A4_ England
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Eastman Kodak siiica zei TLC plate. TLCs were exposed to
Kodak XARS film a1 -70°C.

RESULTS

Heat Shock Response in Srongyiocentrotus purpuratus. Our
initial problem was to determine the opumal heat shock con-
ditions for §. purpurcius. which in the iaboratory are raised
routinely at L5°C. We chose 25°C as an appropriate tempera-
ture for studies of protein synthesis after heat shock. on the
basis of preliminary sunvival expenments and unpublished
protein sy nthesis data obtained by B. Brandhorst (personal
communication) on the same species. Fig 1 displays protein
synthests patterns in embryos exposed to 25°C for 2. 3, and 5
hr and in control embrvos held at 15°C. Newly synthesized
‘proteins were labeied in each sample by addition of
[**Simethionine for the finz! 1 hr of incubauon. As observed
in many previous studies. the autoradiograph of newiy syn-
thesized proteins of control embrvos (15°C: Fig. 1. lane 1)
reveals a nearly conunuous size distnbuuon. Exposure to
25°C resulis in a general reduction in protein svnthesis and
the appearance of several sbundant new proteins (lanes 2-4).
As in many other organisms (101, the major heat-induced
species was about 70 kDz. In addituon. a pepuide of about 90
kDa and about five lower molecular weight bands that can-
not be distunguished 1n the control sampie also were labeled
in heat-shocked §. purpuratus embryos. Several other fairly
abundant proteins appeared to be synthesized in both con-
trol and heat-shocked §. purpurarus embros. Fig. 1 shows
that the accumulauon of the heat shock proieins was already
maxima! within 2 hr <lane 2i and further incubation flanes 3
and 4 had little effect. Ar incubation of 2 hr at 25°C was
utihized for the subsequen: expeniments

Ligation and Replication During Development of Injected
hsp-catl DNA. Unfertilized eggs were injected from a contin-
uously flowing microneedie with =7300 molecules of hsp-
catl DNA as described in Marerials and Methods. The in-
jected hsp-catl DN A underwent the expected ligation and
replication process (1. 2). This is demonstrated in the autora-

FiG. 1. Heat shock proteins in . purpuratus. Proteins synthe-
sized in pluteus-stage embrvos were disnlzayed by gel electrophore-
sis and autoradiographed. Embn 0s weme maintained a1 a concentra-
tion of 2 x 10* per ml at the normai 1emperature of 15°C for 4
br tlane 1) or at 25°C for 1 hr tlane 2i. 2 hr (lane 3). and 4 hr tlane 4).
followed in each case by a further 1 hr of incubation at 15°C or 25°C.
respectively. in the presence of {**Simethionine. Size markers are
shown in kDa

tion volumes were 150 pi. This contained 0.5 uCi of

{**C}chioramphenicol (45 mCi/mmol. Amersham) and 0.53
mM acetyl CoA iSigma). Bacterial CAT (Pharmacia P-L
Biochemicals) was used as a positzve control in CAT assays
and in calibrating the reaction. Assays were run for 2 hr at
37°C. and the acetylated products were separated on an

diographs shown in Fig. 2. DN A was extracted from pluteus-
stage (72 hr) embryos raised from injected eggs as described
by McMahon er al. (1!, run on a 0.8% agarose gel. and after
transfer to nitrocelluiose, hybridized to the *“P-labeied hsp-
catl probe. Lanes 14 of Fig. 2a contain senal dilutions of
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Fic. 2.
and DN A extracted from pluteus-stags embryos. Lanes: 1-4, DNA standards containing 1.80 x 10" tlane 11, 0.90 x 10 (lane 2. 0.45 x 10" (lane
3). and 0.22 x 10" (lane 4) molecuies of hsp-catl: 5-8. DNA samples from pluteus-stage embryos: DNA from embryos grown from uninjected
eggs (lanes § and 7). DNA from embryos derived from eggs injected with hspcatl (lanes 6 and B). undigested DN A ilanes S and 6). and Nru I-
digested DNA (lanes 7 and 8;. DN A size markers (kb) are indicated. Exposure was for 3 hr with an intensifying screen. (5) Restriction maps of
hsp<atl dimers that would be formed by ligation of linearized plasmid at Bg! I site. Solid bar. 8" regulatory region from a Drosophila 87C hsp70
gene: open bar, gene for CAT: stippiec Bar. SV40 “1” intron and early region poly{ A} addition sequences: hatched bar. pBR322 [from Di Nocera

Concatenanon and ampiifzcation of injected hsp-catl DNA. {a} Autorachograph of gei biot-hybndization between hsp-catl probe

and Dawid (3)]. Only relevant restncuoe sites are shown: B, Bgl/1: X, Xho I: N, Nru 1. Maps: 1. “head 1o head™ concatenate. 2. “head-to-tail”
or ~tail-to-head™ concalenate: 3. ~ta2-10-tail” concatenate. Sizes of fragments that would be released on Nrw | digesuon are indicated by
brackets.
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Table 1. Amplification of hsp-cail and CAT enzyme actvily in
pluteus-stage embryos
Data Exp: 1 Exp. 2
Amplification of hsp-catl® x107 x99
CAT enzyme actuivity
Control embryos (15°C}
Acetylation of [**CICA" 0.9% 8%
Units of CAT activity per sample™ 7.2 x 107* 69 x 107"
Heat-shocked embryos (25°C)
Acetylation of [**CICA* 1.5% 8.0%

Units of CAT activity per sample™ 29.5 x 107 31.2 x 107*
Estimated moiecules of

CAT subunit per embryo? 0.91 x 10°  0.90 x 10°
Molec. CAT subunit}

moiec. hspcall 0.86 0.8%

*Amplification of injecied sequences was eshmated from densitom-
etry or scintillauon counting of pooled embryo DN A sampies with
reference to known standards as in Fig 2. Each egg was assumed
to have received 2 pl of a solution (24 .G ug/mii of hsp-cati.or 7.5
1¢% molecules.

*Percentage acelviation of chloramphenicol (CA) was determined
by scintillation counting of substrate and product spots after TLC.
Corresponding CAT enzyme activity was then determined by refer-
ence to the standard curve. using the equations given in the legend
to Fig. 4.

3Estimates of the number of CAT enzyme molecules were made by
utilizing a nearly pure CAT enzyme preparation as a specific activi-
ty standard. The CAT enzyme preparztion was produced in ussue
culture using a baculovirus expression vector as described by
Smith er al. (24). In NaDodSO, gels. the only protein visibie in this
preparation is the 25 6-kDa CAT subunit (15). The specific actvity.
S, measured as in Fig. 4, was about 90 units ug of protein rthis. of
course, could be an underestimate because some of the enzyme
molecules in the standard preparatios could hzve been mnacuve}
The number of enzyme subunit molecules per embryo is 2.35 x
10°* A/SN. where 2.35 x 10" is the number of 25.6-kDz subunits
per ug. A is the 'maaurad number of umits of activity per sample.
and N is the number of:mbqos in the sampie. about 840. for Exp
1 and 900 for Exp. 2. The estimates gven here and in the botiom
row assume that ail embryos contair m_yec':d amplified hsp-cat
sequences. However, Flyizanis er af {2; have shown that an aver-
age of only 60% of larvae actually contain amplified exogenous
DNA after injection. Thus positive larvae could easily have ex-
pressed as much as 2-fold more molecuies of CAT enzyme than
shown.

§(3 row) /(> row) (7.5 x 10%, where 7.5 x 10° is the number of hsp-
cat] molecules imjected per egg.

hsp-catl as reference standards. No hybridization of the
probe was detected with DNA from uninjected embryos
(lanes 5 and 7). whereas in the undigested DN A sample from
injected eggs (lane 6), the probe hybridized to a high molecu-
lar weight band that occupied the same position as the 1otal
high molecular weight genomic DNA of the embryos. On di-

Jic

gestion with Nru I, three reactive fragments of approximate- ,

ly 6.8, 5.7, and 4.6 kb were observed. These are exactly the
fragments predicted if the injected plasmid forms a random
concatenate by end-10-end ligation (1), as illustrated in Fig.
2b. Thus, with arbitrary reference to the Bg/ 1 end closest to
the SV40 sequences in linearized hsp-catl as the “head™ and
the other end as the “tail,” digestion of a random end-to-end
concatenate with Nru I would generate the reactive head-1o-
head (Fig. 2b, map 1), head-to-tail (Fig. 25, map 2). and 1ail-
to-tail (Fig. 2b. map 3) fragments of the lengths shown.
Reference to the DNA standards included in Fig. 2z indi-
cates that the mass of the exogenous DNA was amplified
greatly during development. Had no amplification occurred.
with total recovery assumed, cnly about 3.4 x 10° molecules
of hsp-catl, or 2.2 pg, would have been present in the 45
embryos included in the experiment. This is less by a factor
of 6.5 than the DNA content of the lowest standard, in lane 4
of Fig. 2a. The extent of amplification was estimated by den-

Proc. Nail Acad. Sci. USA 81 (1984,

sitometry or scintillation counting after hybndization to the
hsp-catl probe. Data for the two experiments included in Ta-
ble 1 indicate a net amplification in the sample as a whole of
99-fold and 107-foid. respectively. Thus. the average plute-
us-stage embryo should include about 7 x 10° molecules of
hsp-catl and. were this distributed equally to all cells. abou!
500 moiecules per cell.

Heat-lnduced Expression of CAT Enzyme in Pluteus-Stage
Embryos. After exposure 1o 15°C or 25°C for 2 hr. pluteus-
stage embryos bearing the amplified hsp-catl DNA were ac-
sayed for CAT activity as described. The results of a repre-
sentative expeniment are shown in Fig. 3. No background of
CAT acuvity was detected in uninjected control piutei (lanes
2 and 4). Some CAT enzyme activity was present in 15°C
embryos grown from injected eggs (lane 11 and the amount of
active CAT enzyme was greatly augmented in the hear-irea:-
ed embryos {(lane 3). Lane $ contains the reaction products
of a bacterial CAT enzyme preparation to provide markers
for the positions of the major acetylated forms of chloram-
phenicoi.

It is almost certain that the amplified DNA is responsible
for the inducible CAT activity. As noted earlier. supercoiled
DNA molecules failed to amplify. and a relatively verv low
level of CAT enzyme activity was obtained from embrios
injected with supercoiled hsp-catl. Occasionally. we en-
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Fic. 3. CAT enzyme activity in injected embryos at 15°C and
25°C. Plutens-stage embryos grown from eggs injecled with hsp-catl
and controf plute: from uninjected eggs were incubated at the norma’
culture temperature of 15°C {lanes 1 and 2} or were exposed to 25°C
for 2 hr (ianes 3 and 4) immediately prior to assay. Extracts for CAT
assay were prepared from 837 and 836 injected plutei {lanes 1 and 3.
respectively) and 1000 control plute: (lanes 2 and 4). Bacterial CAT
enzyme {0.37 units) (lane 5} and the 2ssay reaction mixiure with ac
enzyme or extract added (lane 6! were assaved in parallel as de-
scribed. Acetylatied reaction products were separaled from unacers -
lated [**Cichioramphenicol substrate by ascending TLC. Reacuoz
products (A. B. and C} are indicated. The primary and predomunan:
product of the reaction is 3-acety! chloramphenicol {B). Other proc-
ucts are z diacetylated form (C) 2nd 2 product of an inefficient. non-
enzymatic acyl migration {(A) (16. 17). Autoradiography was for 24
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Fic. 4. Assay of CAT enzyme acuvity. Enzyme activity was

measured in 2-hr reactions. as described by Gorman er /. (16 and in
Marerials and Merhods. Commercia! bacterial CAT enzyme was uni-
hized in the presence of L cell extrazts. The specific activity 10.37
units ult of the starting preparation was calibrated by the manufac-
wrer A unit 1s defined as the amouat sufficient to acetvlate 1 wmol
of chioramphenicol per min 118). The abscissa 15 calibrated 1z 1074
umits. termed “U ™ in the following data. At U < 60, by linear least
squares. A = 0.297U — 1.25. where A 15 & acerylation. At U = 60.
the second acetylation product first becomes visible in autoradio-
graphs of CAT assay carmed out as m Fig. 3. At this point the slope
doubdies. Where U = 60-100. the solunon is A = 0.619U - 20.5. The
small abscissz intercept in the initial phase of the curve shown iA =
0at U = 4.2)indicates that there is a shight inhibition of CAT acuvity
caused by unknown substances in the cellular extracts. At the spe-
cific activity of the [**Clchloramphenicol utilized. the sensitivity of
the assay is about 5000 cpm per < acetvlated products formed.
though of course this value varies according 1o the length of ume the
reaction is ailowed to proceed. the radioactivity of precursor uu-
lized. and other such factors.

counter batches of eggs that fail to ligate and amplify iniected
linear DNA. although the DNA remauins intact (1). This oc-
curred in an experiment carmied out with hsp-cat] DNA idata
not shown). Exogenous DNA could just be detected in the
pluteus-stage embryos of this experiment. and the amount of
CAT activity was less than 1% of that measured in the ex-
periment shown in Fig. 3. Were the induced expression of
CAT the product of a small subfraction of the hsp-catl moie-
cules that do not undergo ampiification. the amount of en-
zyme acuivity recovered would be expected 1o be indepen-
dent of the net DNA ampiification. contrary to the result
obtained. &

Approximate Quantities of CAT Enzyme Synthesized in
Heat-Shocked Embryos. An easily detectable signal was ob-
tained from about 840 injected. heai-treated embryos (Fig.
3). The sample chromatographed in lane 3 contained about 4
x 10" cpm of [*'Clacetylated chloramphenicol. To prepare
the number of pluteus-stage embryos included in the heat-
treated and control samples together (i.e.. lanes 1 and 3} re-
quired 3 days of microinjection. Thus. the extremeiy high
sensitivity of the CAT assay (16} offers for these purposes an
imponant practical advantage. In control studies carmied out
with cultures of L cells transformed with a construct bearing
the same CAT gene, we compared directly the signal ob-
tained by S1 nuclease measurement of CAT mRNA and by
CAT enzyme assay. Using a high-specific-activity single-
stranded probe generated from an M13 primer, we recovered
a protected fragment of the appropriate size containing about
1 cpm from a number of L cells (10°) that yielded sufficient
CAT activity to produce about 10° cpm of [“Clacetylated
chloramphenicol products. This result indicated that, for
monitoning CAT gene expression in practical numbers of in-
_Lelcted embryos. the enzyme assay would be greatly prefera-

c.

The fraction of chloramphenicol acetylated in the assay
was linear with enzyme activity over the range of these ex-
periments (Fig. 4). The molecular size of the purified en-
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zyme is known ¢ 15}, and from its specific activity, the num-
ber of molecules svnthesized in the hear-induced sea urchin
embryos can be calculated. Data for two expenments are
gven in Tabie 1. It can be seen that the extracts from heat-
induced embryos produced 8- to 10~foid more acetylated
chloramphenicol than did the extracts from the 15°C embry-
os. which (because of the abscissa intercept of the standard
curve) transiates 1o 4-% umes more units of enzyme activity.
The calculated number of molecules of CAT enzyme subunit
after induction 1s about 1(" per embrye Table 1 also shows
that, were all of the ampiified hsp-catl DNA sequences ac-
tive. the averzge isteady state} yield in hezi-treated embryos
would be on the order of ! enzyme sudunit molecule per
gene copy. Since all may not be active and since all embryos
may not contain amplified hsp-catl DNA (see the legend to
Table 1), these are to be regarded as mrmimal estimates.

DISCUSSION

These results show that exogenous DN A sequences injected
into the cytoplasm of the unfentilized sez urchin egg can be
productively expressed dunng embryolomcal development.
The injected DN A also undergoes massi~¢ net amplification
durning development, as noted for a num>er of other plasmid
sequences (1). Though there is as vet a0 direct cytological
evidence. the observations that at Jeas: some of the exoge-
nous sequences participale in both transcnption and replica-
tion imply strengly that they have been sequestered into the
embryo nucle:. Furthermore. the ampiified hsp-catl se-
quences in the embryos are at jeast to some extent inducible.
Several conseguences follow from the observation that the
Drosophila hsp™0 contro! sequences can be actvated in
heat-stressed sez urchin embrnyos. Firsi. new evidence is
provided to the effect that the heat shock gene functions at
the distress temperature of the host c=lis. here only 25°C.
though in the species of origin 25°C is the standard environ-
mental cuiture condition at which the gene is silent. Second.
these results imply that at least some of the exogenous DNA
present in the pluteus-stage embryos exists in a physical con-
formation such that sequence-specific regulatory interac-
tions (4, S, 71 may take place. Third. incuction occurs in the
presence of a number of hsp-cat]l molecudes that 1s probably,
on the average. 50-100 umes the number of endogenous heat
shock gene seguences. This implies a sufficient excess of
diffusible reguiatory molecules so that a1 least some of the
hsp70 control sequences are engaged & least some of the
time. 1t would be interesung to determine whether the pres-
ence of the injected hsp™0 sequences affects the transcrip-
tion of the endogenous heat shock genes.

The great sensitivity of the CAT asszy (see the legend to
Fig. 4) means that the signal obtained even after heat induc-
tion could be the product of fairly rare mRNAs. This is in-
deed suggested by calculation of the number of mMRNA mole-
cules required to produce the estimated number of CAT en-
zyme subunits in 2 hr. On the assumpon that the rate of
CAT mRNA translation at 25°C is equa to the rate of trans-
lation of sea urchin histone mRNA at 15°C, which has been
measured at 0.7 codons per sec (19). to accumulate 10° CAT
subunit molecules in 2 hr would require about 5000 RNAs
per embryo. or four molecules per average cell. Of course,
were translation of this heterologous sequence several times
less efficient. as observed for the Drosophila hsp?0 gene in
Xenopus oocyies (7), proportionately more mRNAs would
be needed. Nonetheless. this result impies that the induced
CAT mRNAs are far less prevalent than those evidently re-
quired for the synthesis of the prominent endogenous heat
shock proteins in the same embryos se= Fig. 1). The proba-
ble low ratio of CAT mRNAs per tota! hsp-catl sequence
(Table 1) means either that only a smail fraction of the exoge-
nous genes participate at any one time in the induction or
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that the CAT mRNA nself is unstable, or perhaps both. It
may be relevant that only 0.1-0.2% of L celis receiving nu-
clear microinjections of pBR322 containing a thymidine ki-
nase gene stably express this gene afier a few rounds of
DNA replication (20)

There are many possible reasons why the observed ratio
of induced-to-uninduced CAT activities is not higher than 8~
10 (Table 1). In Drosophila ussue culture cells transformed
with hsp-catl. a rauo of about 30 in CAT activity was ob-
tained (3). A larger fraction of the amplified hsp-catl mole-
cules in sea urchin embryos may be competent to express
than to express inducuvely. or the concentration of positive
regulators may be insufficient. Furthermore. the Drosophila
mRNA hsp70 leader sequence in fact may not be recognized
in sea urchin cells in such a2 way as to permit efficient trans-
lation at high temperature (7). A major factor may be the
extent of expression in uninduced (15°C} embryos. Higher
uninduced levels of expression of the gene for hsp70 than
expected have been reporied in several other transfection
experiments (3, 21, 221. We could possibly have stimulated a
mild heat shock response in tHe control embryvos by mal-
treating them during the coliection and centrifugation pro-
cess. Finally. it is possible that the rate of expression at 15°C
is indeed very low, but that the enzvme is stable, and thus
that we are comparing the induced enzyme synthesized in 2
hr at 25°C to the uninduced enzyme accumuizated over the
preceding 3 davs. Whatever the explanation. it remains that
expression of some of the exogenous genes for CAT is clear-
Iy activated under the correct phystological conditions.

We do not yet know whether sea urchin genes that are
ontogenically regulated and that normally function only in
certain embryonic cel’ lineages will perform with fidelity
when introduced inte unfertilized eggs in the same manner.
We have so far demonsirated merely that environmentally
modulated expression can occur from some fraction of the
exogenous genes. However. it is important to explore the
possibility that ontogenic regulation can be studied by these
methods as well. The sea urchin embrvo offers a unique and
imponant advantage for the study of embryological develop-
ment—the availability of many cloned genes that operate in
specific early cell lineages (23). The nature of the cis acting
genomic information reguired for the embrvonic regulation
of these genes may be accessible by the simple and practical
experimental route described in this initial study.
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