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ABSTRACT

Title of Dissertation

Regulation of 2-5A dependent RNase at the level of its

phosphorylation

Niru Anita. Sukumar

Candidate, Doctor of philosophy, 1991

Dissertation directed by:
Robert H. Silverman

Professor, Department of Pathology

The 2-5A system is an interferon-regulated, antiviral
pathway which results in the degradation of viral RNA and
may also be involved in cell growth control. Interferon
treatment of cells induces 2-5A synthetases which, upon
activation by double stranded RNA, produce 2',65'~-linked
oligoadenylates (2-54). The only well-characterized,
biochemical effect of 2-5A is 1its activation of 2-5A
dependent RNase, an interferon-inducible 80 kDa protein that
cleaves single stranded RNA. Here I describe a novel level

of regulation in the 2-5A pathway.

Since 2-5A dependent RNase has been implicated in

iii



growth control, my objective was to determine, how
activators of protein kinase C, which in several cell lines
stimulate growth or inhibit differentiation would lead to
qualitative as well as quantitative changes in the pattern

of 2-5A dependent RNase.

Murine JLS-V9R cells were treated with interferon in
the presence or absence of activators or an inhibitor
of protein kinase C or a phosphatase inhibitor.
Interestingly, the protein kinase C activators and the
phosphatase inhibitor down-regulated the interferon-
induction of 2-5A dependent RNase, whereas, the protein
kinase inhibitor superinduced 2-5A dependent RNase as
measured by its ability to covalently bind
P(A2'p), (br®A2'p) ,a3'-(3?pjcp (subsequently the "2-5A
probe"). Assays for 2-5A in cell extracts indicated that
these results were not due to competition between endogenous
2-5A and the 2-5A probe for binding. Instead, the observed
regulation appeared to be due to modulation of its state of
phosphorylation. Accordingly, 2-5A dependent RNase was shown

to be a substrate for protein kinase C in vitro.

To extend these findings, subsequent studies were
performed with recombinant 2-5A dependent RNase.
Phosphorylation of the recombinant 2-5A dependent RNase with
unlabeled ATP and protein kinase C, inhibited its binding to

iv



the 2-5A probe. Similarly, binding of partially purified 2-
5A dependent RNase to unlabeled 2-5A, inhibited its
subsequent phosphorylation. These findings suggest that the

phosphorylation site in 2-5A dependent RNase may be included

in its 2-5A binding domain.

It will be of interest to determine if a
phosphorylation/dephosphorylation mechanism could regulate
the 2-5A dependent RNase in a cell cycle dependent manner
and whether its functions and regulatory properties overlap

with those of other growth suppressor genes.
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INTRODUCTION

Interferons (IFNs) are a family of proteins grouped
into three major classes based on their biological,
immunological and chemical properties. A wide range of
biological activities are observed in IFN-treated cells,
including an antiviral effect (Nilsen et al.,1981; 1982),
inhibition of cell growth (Knight, 1976; Taylor-
Papadimitriou, 1979), modulation of the immune response
(Zarling et al., 1979), cell membrane modifications (Knight
and Korant,1977), anti-tumor activity (Gresser and Tovey,
1978) and regulation of differentiation (Keay and Grossberg,
1980; Rossi et al., 1977; Maor et al., 1990). Furthermore,
IFN has been shown to be produced and secreted by cells in
an autocrine fashion during their differentiation process
(Maor et al., 1990). The presence of IFN in several organs
of normal individuals suggests that it is important in
normal physiology (Tovey et al., 1987), especially in

maintaining pregnancy (Roberts, 1989).

Three types of IFNs, alpha, beta, and gamma, and
the genes encoding them have been identified and extensively
characterized (Nagata et al., 1980; Derynck et al., 1980).
IFN actions are mediated through interactions with receptors

present at the cell surface (Aguet, 1980; Mongensen and



Bandu, 1983; Hannigan and Williams, 1986). Competitive
binding of human IFNs on human cells, seem to indicate that
all human IFNs-a and B have a common receptor, while IFN
gamma is recognized by a distinct receptor system (Aguet et
al., 1984; Merlin et al., 1985). Affinity labeling using
iodinated IFN-a and cross-linking agents or ligand blotting
showed that IFN-a could be cross-linked with a 95-100 kDa
component present in the plasma membrane (Vanden Broecke and
Pfeffer, 1988; Eid et al., 1988; Uze et al., 1988; Schwabe
et al., 1988). The abundance of IFN receptors on the cell
surface do not reflect the sensitivity of cells to IFN. In
fact, IFN receptors are present in all tissues and even on
the surface of most IFN-resistant cells (Aguet and Mogensen,
1983). While the genes for IFN-a and B are located on
chromosome 9 (Owerbach et al., 1981) and that for gamma on
chromosome 12 (Pestka et al., 1987); the genes for the IFN
receptor proteins which are not linked to the structural
genes for human interferons-a and -g, are located on
chromosome 21 (Gilles et al., 1990), or the gene for IFN
gamma receptor, which is on chromosome 6 (Aguet et al.,

1988; Rashidbaigi et al., 1986).

When an IFN molecule binds to its cell surface receptor
a series of poorly understood events is set in motion,
culminating in the induction, or inhibition of a number of

cellular proteins. In spite of much progress, basic



questions concerning the interferon system remain
unanswered. For instance, how IFN-IFN receptor complexes
function? What are the roles of the various IFN induced,
dsRNA-activatable enzymes (i.e. 2' 5' oligoadenylate
synthetases and the dsRNA-dependent protein kinase) during

cellular proliferation and cell growth arrest?

IFN that has been purified to homogeneity has been
shown to inhibit the proliferation of many cell types and to
slow the growth of certain tumors introduced experimentally
into animals (Gresser & Tovey, 1978). However, the
mechanisms by which IFNs inhibit cell proliferation are

largely unknown.

Other effects of IFNs on cells include, an alteration
in the methylation of viral (and perhaps cellular) mRNAs
(Sen et al., 1975; Kahana et al., 1981) and a decrease in
the proportion of unsaturated fatty acids in membrane
phospholipids, which results in an increase in the rigidity
of the cell membrane (Chandrabose et al., 1981; Apostolov et
al., 1981). While the biochemical basis for all of these
cellular responses is not well understood, certain enzymatic
pathways thought to play a role in the action of IFNs have

been investigated.



THE 2-5A SYSTEM

Since IFNs are pleiotyic mediators of such important
cellular responses as cell growth inhibition and
immunoregulation, it is tempting to speculate that the
P,(A2'p) A; x=2 or 3, n 2 2 (2-5A) system may be involved in ,

the control of these processes.

The 2-5A system involves three types of enzymes:

1. The 2-5A synthetase, which synthesizes 2-5A.
2. The 2-5A-dependent RNase (2-5A-depRNase).

3. A 2'S5'-phosphodiesterase which degrades 2-5A

Interferon treatment of most animal cells induces an
enzyme, the 2-5A synthetase, that on activation by double-
stranded (ds) RNA converts ATP to (2-5A) (Hovanessian et
al., 1977) [Fig. 1]. 2-5A at subnanomolar levels activates
an endoribonuclease, 2-5A-depRNase (Slattery et al., 1979)
resulting in the cleavage of single-stranded RNA on the 3'
side of UpNp sequences (Wreschner et al., 1981; Floyd-
Smith et al., 1981). The "2-5A system" is completed by a
third enzyme, a 2',5'-phosphodiesterase (2',5'-PDi) which
degrades ppp(A2'5') A to AMP and ATP (Minks et al., 1979)
[Fig. 2]. Thus in the absence of continuing synthesis of 2-

5A, the activation of the 2-5A-depRNase is transient. This



The Trimer Species of 2-5A
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The Enzymes of the 2 - 5A System
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pathway results in inhibition of protein synthesis in both
cell-free systems and intact cells (Williams and Kerr, 1979;
Williams et al., 1978; Baglioni et al., 1978). Activation of
the 2-5A-depRNase is the only function of 2-5A which has
been clearly established. However, there are indications
that 2-5A may function outside the context of the IFN
response and that these compounds may participate in control
of processes other than RNA degradation (Reid et al, 1983;

Krishnan et al, 1981).

2-5A Synthetase.

The intracellular activity of IFN is mediated by a
variety of IFN-induced proteins, of which the 2-5A
synthetase has been one of the best characterised (Chebath
et al., 1987). In the presence of Mg++ and dsRNA, 2-5A
synthetase polymerizes ATP into 2' 5' linked

oligoadenylates.

The reaction catalysed by 2-5A synthetase is

(n+1) ATP --—==-- > (2',5')ppPpPA(PA), + nPPi; (n=1 to 15)

The predominant products of the reaction are dimers, trimers

 ama  ama



and tetramers possessing a 5' triphosphate; these oligomers
are characterized by their sensitivity to digestion to snake
venom phosphodiesterase and resistance to RNase T,, P,, and
U,, micrococcal nuclease, spleen phosphodiesterase and

pancreatic RNase (Johnston, M.I. and Torrence, P. 1984).

Four forms of 2-5A synthetase have been identified in
humans using polyclonal antibodies to a peptide common to
all forms of the enzyme (Chebath et al., 1987a). Enzymes of
40 and 46 kDa forms of 2-5A synthetase are coded by 1.6-and
1.8-Kb mRNAs, derived from a single 14 Kb gene by
differential 3' splicing (Benech et al., 1985, Saunders et
al., 1985). They are identical in their first 346 amino acid
residues, but are different at their C-terminal ends (Benech
et al., 1985). Microsome associated, 100 kDa, and cell
membrane associated, 69 kDa, forms of 2-5A synthetase are
probably encoded by a different gene or genes, not yet
identified (Hovanessian et al., 1987 and 1988). Human and
murine 2-5A synthetase genes display significant homology in
the promoter region (Cohen et al., 1988) as well as in the
coding regions (Saunders et al., 1985; Ichii et al., 1986).
In the mouse system, a 4.0 Kb mRNA coding a 100 KDa
cytosolic 2-5A synthetase and a 1.6 Kb mRNA coding a 30 KDa
nuclear enzyme are thought to correspond to the 1.8 and 1.6
Kb human mRNAs (St. Laurent et al., 1983). An additional 71

KDa enzyme has been identified in immunoblots of mouse cell



proteins (Chitayat et al., 1987). Two non-allelic 2-5A
synthetase genes have been cloned in mice, and Southern
blots of genomic DNA suggests the existance of additional

genes (Cohen et al., 1988).

Human chromosomes 11 and 12 have been suggested to
encode 2-5A synthetases (Shulman et al., 1984; Williams et
al., 1986). The small size 2-5A synthetases (40-and 46-kDa)
have been assigned to chromosome 12 (Williams et al., 1986)
whereas the evidence for chromosome 11 has been obtained
using an enzyme activity assay (Shulman et al., 1984). It is
possible that chromosome 11 might encode either or both of
the 69- and 100- kDa enzymes. Cell-specific expression of
the various 2-5A synthetase forms has been shown, suggesting
differences in their regulation and their involvement in IFN
action (Chebath et al., 1987a). The purification of these
enzyme forms has revealed distinct structure and
concentration requirements of dsRNA for maximal activation

(Chebath et al., 1987a; Hovanessian et al., 1988).

2-5A-depRNase

One of the IFN-induced proteins whose level is higher
in differentiated embryonal carcinoma (EC) cells (Krause et

al., 1985), as opposed to undifferentiated EC cells, in

. - & Laeme. st
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Physiological States in which
2-5A-Dependent RNase is Induced

1. Cell Growth Arrest
- Confluency

2. Cellular Differentiation

g
1
E
'c

3. Interferon Treatment

4. Serum Starvation

Figure 3.
Physiological states in which

2-5A-depRNase is induced
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serum starved (Floyd-smith et al., 1988), and confluent JLS-
V9R cells (Jacobsen et al., 1983), is the 2-5A-depRNase
(Fig. 3). In various murine cell lines, substantial
fluctuations in levels of the 2-5A-depRNase were observed as
a function of interferon treatment, growth rate and cell
differentiation. Furthermore, the levels of 2-5A synthetase
activity also vary considerably in different cell lines and
tissues as a function of growth rate, differentiation, and
hormonal response (Etienne-Smekens et al., 1983; Friedman-
Einat et al., 1982; Krishnan, I.and Baglioni,C., 1981; Stark
et al., 1979). Interferon treatment of Daudi and Hela
(Silverman et al., 1982a and 1982b) or mouse L (Cayley et
al., 1982) cells resulted in an increase (about 2-fold) in
levels of the 2-5A-depRNase. Murine JLS-V9R cells which
contain low basal levels of 2-5A-depRNase develop a 10-to
20-fold increase after interferon treatment (Jacobsen et
al., 1983). Regulation of 2-5A-depRNase is not, however,
limited to interferon treatment. In JLS-V9R cells, a 6-8-
fold increase in 2-5A-depRNase was observed during the
transition from the subconfluent, actively growing state to
the confluent stationary phase (Jacobsen et al., 1983). The
increase in 2-5A-depRNase during confluency was not due to
the production of IFN by the cells. The induction of 2-5A-
depRNase during confluency preceded an inhibition of
[3H]thymidine incorporation into DNA by the cells (Jacobsen

et al., 1983). This suggested that the 2-5A pathway may be

—— B g ] e ey
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involved in growth control in these cells. Also,
intracellular levels of 2-5a synthetase, vary in inverse
relation to mitogenic activity, suggesting that the 2-5A
system may be involved in the control of cell growth (Kimchi
et al., 1981a and 1981b). As regulators of cell growth and
differentiation, the IFN inducible enzymes of the 2-5A
system could act by inhibiting cell growth and promoting
differentiation, reversing transformed phenotype, or

inhibiting the functions of oncogene products.

2-5A depRNase has been purified to homogeniety by
electroelution from a polyacrylamide gel (Silverman et al.,
1988) . Scatchard plot analysis, using mouse liver homogenate
showed a single noninteracting 2-5A binding site with a Ky

10 =1

of 2.5 x 10 M (Silverman et al., 1988).

2'5'-phosphodiesterase.

The third enzyme of the 2-5A pathway, referred to as
2'5' phosphodiesterase (2'5'PDi), produces 5'-AMP (from
internal and 2'-terminal adenosines) and ATP from the 5°'
terminus of 2-5A (Minks et al., 1979). It is ubiquitous in
mammalian cells and requires Mg2+ for activity (Torrence,
P.F., Imai, J. and Johnston, M.I.,1983). Its activity has

been shown to vary with changes in growth rate. Confluent

P el ' f o e B
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cells have been shown to have one-third the 2'5'PDi activity
and almost twice the synthetase activity as do growing,
mitogenically or serum stimulated cells, resulting in a 5-
fold increase in the synthesis to degradation ratio (Kimchi
et al., 1981). A dual action of 2'5'PDi and synthetase has
been implicated in providing the cell with a rapid response
mechanism to molecular modulators (Johnston, M.I. and

Torrence, P.F., 1984).

A regulated activation of the 2-5A-depRNase, thus
protecting the cell from indiscriminate RNA degradation, was
originally conceived as the role of 2'5'PDi. However,
purification of 2'5'PDi from bovine spleen, showed that the
Km of this enzyme for 2-5A was in the uM range, far above
the nM concentrations known to be biologically active
(Johnston and Hearl, 1987). This suggested that the 2'5'PDi
may be ineffective in directly limiting 2-5A-depRNase

activation.

Inactivation of the biological activity of 2-5A in vivo
could result from cleavage of the phosphodiester bonds. It
may also become inactive by removal of the 5' beta and gamma
phosphoryls by phosphatases, since these moieties are
required for nuclease activation and subsequent inhibition
of protein synthesis. The finding of core and monophosphate

2-5A in several tissues and cell types (Reid et al., 1985;

— NS O YRR
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Laurence et al., 1984) suggested that 2-5A is initially
inactivated by removal of one or more of the 5' phosphoryl
groups by nonspecific cellular phosphatases. The complete
breakdown of 2-5A is likely to be of biological significance
as high concentrations have been reported to be cytotoxic
(Johnston and Torrence, 1984); furthermore, this activity
may be important in the recovery of IFN treated cells from
viral infection (Johnston and Hearl, 1987). The enzyme
2'5'PDi may also be involved in the inhibition of protein
synthesis by cleaving the CCA terminus of tRNA resulting in
a reversible inactivation of the tRNA (Schmidt et al.,

1979) .

2-5A-depRNase and cell growth: Wider significance of the 2-

S5A system.

— % 2 Y CXISSEY

The enzymes of the 2-5A system are widely distributed
in a variety of reptilian, avian and mammalian cells and
tissues (Nilsen et al., 1981; Cayley et al., 1982) and
levels of 2-5A synthetase and 2-5A-depRNase can vary with
growth, differentiation and hormone status, suggesting a
broader role beside its antiviral functions, in normal cell

growth or function.

Antagonistic effects between IFN and various cell
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growth factors, suggested that cellular proliferation may be
regulated by opposing actions of growth-promoting

factors and IFNs (Inglot et al., 1983). The expression of
the oncogene product (pp60 src), which regulates growth of
transformed cells and is a substrate for PKC, is suppressed
by IFNs (Lin et al., 1983). Taken together, these findings
favored the possibility of an interaction between PKC and
the IFN induced enzymes during growth regulation. In growth
arrested cells, the role of 2-5A-depRNase may be to control
or modulate the expression of oncogenes governing abnormal

proliferation.

T =T

Requlation of 2-S5A-depRNase: A role for Protein Kinase C.
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A possible role for an interaction between PKC and the

- 4§

2-5A-depRNase in growth control was supported by two lines
of evidence; (1) Studies indicating that cell growth arrest
could be controlled or influenced by some specific negative
growth factor(s) enhanced during differentiation, such as
the enzymes 2-5A synthetase and 2-5A-depRNase (Clemens et
al., 1985; Krause et al., 1985) and (2) that retinoids which
induce cellular differentiation and subsequently enhance the
level of 2-5A-depRNase, may act as antagonists to PKC (Cope

et al., 1984).
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Protein Kinase C and Control of Cellular
Processes by Phosphorylation

EXTRACELLULAR SIGNAL (1st Messenger)

1. Cell Surface Antigens
2. Growth Factors

3. Hormones

4. Tumor Promoters

§

Stimulates Inositol Phospholipid Breakdown (2nd Messenger)

membrane

+ Diacylglycerol + Ca®* (from Ca2* mobilization within the cell)

v

MODULATORS

* Protein Kinase C
» Phosphatases

v

TARGETS

* Other Kinases
 Regulatory Enzymes
» Structural, Cytoskeletal Proteins

v

RESPONSE
* Physiological or Metabolic Functions

Figure 4.
Protein Kinase C and control of cellular

processes by phosphorylation
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B. Protein Kinase C

The process of cell differentiation is characterized by
a gradual limitation in the capacity of cells to
proliferate. A universal aspect of cellular growth control
mechanisms is that they must ultimately respond to

extracellular signals (Fig. 4).

The enzyme PKC, was first found in 1977 as a
proteolytically activated protein kinase in many tissues,
with brain having the highest activity (Kuo et al., 1980).

It was shown to be a Ca2+

activated, phospholipid-dependent
enzyme and was firmly linked to signal transduction by the
demonstration that diacylglycerol, one of the earliest
products of signal- induced inositol phospholipid breakdown,

greatly increased the affinity of PKC for Ca2+, thereby

2+ and

activating it (Takai et al., 1979). Although Ca
diacylglycerol signals are transient, the two pathways are
essential and often synergistic in evoking subsequent
cellular responses (Kikkawa and Nishizuka 1986). PKC has a
crucial role in signal transduction for a variety of

biologically active substances which activate cellular

functions and proliferation (Nishizuka, 1984).

LA S OSSR
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PATHWAYS OF SIGNAL TRANSDUCTION: Role of PKC in cell

surface signalling and tumor promotion.

PKC is thought to play a central role in the regulation
of a multitude of cellular functions through its activation
by growth factors and other agonists such a phorbol esters.
These functions include cell growth and proliferation
(Rosengurt et al., 1984; Kaibuchi et al., 1985; Person et
al., 1988), control of ion transport channels (Madison et
al., 1986; Farley and Auerbach, 1986), and release of
various hormones (Negro-Vilar and Lapetina, 1985). The
findings that PKC is the intracellular receptor for phorbol
esters, which are tumor promoters that mimic the activating
effect of DAG and induce the transcription of a wide array
of proto-oncogenes such as, c-myc, c-fos and c-sis, favored
the hypothesis that a perturbed activation of PKC may result
in tumor promotion (Kelly et al., 1983; Coughlin et al.,
1985; Greenberg and Ziff, 1984; Kruijer et al., 1984;

Colamonici et al., 1986).

PKC is widely distributed in tissues and organs of
mammals and other organisms (Kuo et al., 1980). PKC isotypes
consist of a single polypeptide chain (molecular weight
77,000-80,000 dalton) that appears to be composed of two
functionally different domains which can be separated with

Ca2+-dependent thiol proteases. One is a hydrophobic domain



that may bind to membranes; the other is a hydrophylic
domain that carries the catalytically active center. The
hydrophylic fragment is fully active without Ca2+,
phospholipid and diacylglycerol. A class of Ca2+-dependent

thiol proteases which are active at the 1-10 uM range of

2+

Ca preferentially cleave the activated form of PKC

irreversibly (Huberman et al., 1979). The response of
inositol phospholipids to the activation of cell surface
receptors was first recognized by Hokin and Hokin, (1953)
who showed using pancreatic slices and later with other cell
types that breakdown and resynthesis of inositol
phospholipids occur in response to a wide variety of
external signals, and this phospholipid breakdown may open a

ca?t gate (Hawthorne., 1982; Irvin et al., 1979). Inositol

OISt

phospholipids most frequently contain the l-stearoyl-2-

v

arachidonyl-glycerol backbone, and a small portion of

HEL g

PI (phophatidylinositol 4-phosphate) contains an additional

phosphate at position 4 (Phosphatidylinositol 4-phosphate,
PIP) or two phosphates at positions 4 and 5 (PIP2) of the
inositol moiety. These minor phospholipids, are produced
through sequential phosphorylation of PI. In various
tissues, signal-induced breakdown of PIP2 appears to precede
the previously known PI response, and PIP2 has recently been
regarded as a prime breakdown target (Fisher et al., 1984).
In many tissues PI and PIP also disappear when cell surface

receptors are stimulated, and it is not absolutely clear
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whether they are hydrolyzed directly or are phosphorylated
to form PIP2 before being hydrolyzed (Kikkawa and
Nishizuka., 1986). Plausible evidence at present suggests
that in many cell types, such as platelets, the three
inositol phospholipids are broken down, probably at
different rates, starting at different times, and resulting
in the formation of diacylglycerol and inositol mono-, bis,
and trisphosphate (Fisher et al., 1984). Diacylglycerol is
only transiently produced in membranes, presumably due both
to its conversion back to inositol phospholipids and to its
further degradation to arachadonic acid for thromboxane and
prostagladin synthesis. Thus, the information of external
signals may flow from the cell surface into the cell

2

interior through two pathways, cat? mobilization and PKC

activation.

PKC is a family of enzymes consisting of at least seven
isotypes (¢,8,,B,,,9amma, §,€,and zeta), which exhibit
distinct tissue-specific patterns of expression (Kikkawa et
al., 1989). These are amphitropic proteins, that have been
shown to undergo complex posttranslational regulation,
translocating between membrane and cytoplasm according to
the local concentrations of calcium, phospholipids, and
diacylglycerols, and it is thought that the enzymes are
physiologically active only in the membrane associated state

(Ashendel et al., 1985; Burn 1988; May et al., 1985). Acute



and transient translocation of PKC from cytoplasmic to the
membrane compartment can be induced with appropriate stimuli

in different experimental systems.

Growth-controlling factors.

A well known inhibitor of growth is IFN; others include
chalones (Iverson et al., 1981), and proteins isolated from
density-inhibited BSC-1 cells and 3T3 cells(Whittenberger et
al., 1978; Liberman, et al., 1981; Datta and Natraj., 1990).
A variety of agents capable of promoting growth have also
been described. Several chemically diverse agents such as
polypeptide growth factors, cyclic nucleotides,
corticosteroids, cholera toxin, tumor promoters, and
prostaglandins, acting singly or in combination, can inhibit
or initiate DNA synthesis in cell cultures. One class of
naturally occurring products, the phorbol ester tumor
promoters, are potent modulators of growth and cellular
differentiation, either inhibiting(Yamasaki et al., 1977;
Miao et al., 1978) or inducing (Huberman et al., 1979;
Kikkawa et al., 1986) differentiation, depending on the
target cell. In the present study I thus investigated the
effects of the tumor promoter TPA and related compounds on
the JLS-V9R cells, in an attempt to gain insight into the

role of the 2-5A system in cellular growth and

21
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differentiation.

Protein Kinase C activators and inhibitors.

Mechanism of action.

Tumor promoters constitute a family of compounds which,
although not carcinogenic by themselves, drastically
increase the incidence of tumors when applied repeatedly to
animals that have received a sub-threshold dose of a
carcinogen (Hecker, E. 1978). Their mechanism of action is
of considerable interest, with attention focusing on their

biological effects in various types of cultured cells.

Tumor promoting phorbol esters, such as TPA, have a
molecular structure that in part is very similar to that of
diacylglycerol (Fig. 5) and activate PKC directly both in
vitro and vivo (Castagna et al., 1982). There is ample
evidence to suggest that PKC is probably a prime target of
tumor promoters (Castagna et al., 1984; Yamanishi et al.,
1983). Agents such as Mezerein (Couturier et al., 1984) and
Indolactam (Fig. 5) that are structurally unrelated to
phorbol esters also activate PKC, suggesting that a
diacylglycerol-like structure is not always essential and
that many tumor promoters so far identified may induce a

membrane perturbation analogous to that caused by

> & oy
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diacylglycerol

Indolactam:

Indolactam, a derivative of indole, is a potent
activator of PKC, and binds to the same site on the enzyme
at which the phorbol esters act (Sugimura et al., 1982). It
consists of an indole nucleus carrying an additional nine-

membered lactam ring (Cardellina et al., 1979).

S AS OSSR
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1-(5-isoquinolinylsulfonyl)-2-methylpiperazine(H-7) is
a potent inhibitor of kinases; inhibiting PKC with greater
propensity than other kinases (Fig. 6). It competes with ATP
for free enzyme, but does not interact with the same enzyme
form as does the phosphate acceptor (i.e., enzyme-ATP
complex) {Hidaka et al 1984). This compound serves as a
useful pharmacological tool for elucidating the biological

significance of protein kinase mediated reactions.

Okadaic acid:

Okadaic acid is a tumor promoter and a potent and
specific inhibitor of protein phosphatases 1 and 2A. It is a
polyether fatty acid first isolated from the marine sponges
Halichondria okadadaii and Halichondoria melanodocia
(Tachibana et al., 1981) (Fig. 6]. The first clue to its
mechanism of action came with the discovery that okadaic
acid caused a long lasting contraction of isolated, vascular
smooth muscles from human umbilical arteries (0.1-100 uM)
and rabbit aorta (10 uM) (Shibata et al.,1982). Smooth
muscle contraction is triggered by the phosphorylation of
one of the small subunits of myosin, the P-light chain,
suggesting that okadaic acid might activate myosin P-light

chain kinase or inhibit a myosin P-light chain phosphatase.
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Takai and co-workers established that the latter idea was
correct and went on to show that okadaic acid is a very
potent inhibitor of protein phosphatase 1 (PP1) and protein
phosphatase 2A (PP2A). PP1 and PP2A are two of the four
major protein phosphatases in the cytosol of mammalian cells
that dephosphorylate serine and threonine residues (Cohen.,

1989).

Okadaic acid, being hydrophobic, can enter cells and

studies with 32

P-labelled hepatocytes, adipocytes and
chromofin cells (Haystead et al., 1989; Haavik et al., 1989)
showed that addition of okadaic acid to the incubation
medium increased the phosphorylation states of many proteins
within minutes, and stimulated overall levels of protein
phosphorylation by 2.5 to 3 fold. Okadaic acid had no
effect on ATP levels and no unexpected toxic effects in
short term incubations. Proteins whose phosphorylation was
increased in hepatocytes and adipocytes included the rate-
limiting enzymes of glycogen and lipid metabolism,
glycolysis and gluconeogenesis(Haystead et al., 1989). An
increasing number of studies using okadaic acid have
revealed novel processes that are controlled by
phosphorylation/dephosphorylation mechanisms. It mimics

the dramatic stimulation of glucose transport into

adipocytes by insulin, suggesting that this process is

mediated by phosphorylation of a protein on serine/threonine

- anry
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Chemical structure of H-7: A Kinase Inhibitor
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residues (Haystead et al, 1989).

Okadaic acid is a powerful tumor promoter, and in two-
stage carcinogenesis experiments on mouse skin, is of
comparable potency to agents like phorbol esters, which
exert their effects by activating PKC (Suganuma et al.,
1988). Since PPl and PP2A are likely to be the chief enzymes
that reverse the actions of PKC, okadaic acid and phorbol
esters probably accelerate tumor formation by increasing the
phosphorylation of the same protein(s) (Haystead et al.,

1989) .

Research Goals:

The aim of this work was to utilize a cellular system
in which the 2-5A-depRNase is regqulated by IFN and by growth
arrest. To study the interaction of PKC with the 2-5A
system, the JLS-V9R cell line was chosen, since it
prolifererates rapidly and the levels of 2-5A depRNase are
induced (10-20) fold with IFN treatment (Jacobsen et al.,
1983a) . JLS-V9R was derived by chronically infecting an
established murine bone marrow cell line (JLS-V9) with
Rausher leukemia virus (Allen et al., 1976), and then cloned
to obtain a uniform population of cells. The levels of 2-5A

depRNase in JLS-V9R cells are highly sensitive to IFNs,

e
|
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which are growth inhibitors, and PKC activators, which are
often growth stimulators. A significant enhancement in the
levels of 2-5A-depRNase is also achieved during confluency
in this cell line (Jacobsen et al., 1983b). The regulation
of 2-5A-depRNase must first be understood before its
function in IFN treated and growth arrested cells can be

addressed.

Specifically, studies will address:

: [N 2-5A-depRNase levels in IFN treated and PKC

activated cells.
2. Levels of 2-5A-depRNase in PKC inactivated cells;
either by blocking PKC activity with an inhibitor

or by chronic exposure to phorbol esters.

3. Determining the level at which regulation of 2-5A-

depRNase occurs.

4. Is the 2-5A-depRNase a substrate for PKC ?

5. Are other kinases involved in its regulation ?

6. How does phosphorylation of the 2-5A-depRNase

affect its ability to bind 2-5A ?
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Te Is 2-5A-depRNase subject to multiple levels of

regulation?

The data obtained indicates that 2-5A-depRNase is a
physiological substrate for PKC which is phosphorylated in
response to mitogens, serum and other growth factors.
Phosphorylation of 2-5A-depRNase by PKC, reduces its ability
to bind 2-5A, resulting in its transient inactivation, which
may allow for the expression of certain proto-oncogenes. 2-
5A-depRNase may therefore play a key role as a negative

regulatory element in cellular growth control.
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-MATERTALS AND METHODS

Materials:

Retinoic acid, TPA, H-7, diolein, cholera toxin,
forskolin and phosphatidylserine were obtained from Sigma
Chemical Co. (St. Louis, MO). Okadaic acid was obtained from
Moana Bioproducts, Inc (Honolulu, Hawaii). Murine IFN a + B
was purchased from Lee Biomolecular (San Diego, CA) and
purified PKC was from Lipidex, Inc (Westfield, NJ). PKA and
PKA inhibitor were both obtained from Sigma Co. Indolactam
was kindly provided by Dr J. Mond (U.S.U.H.S). Cholera toxin

was dissolved in H,0 (1 mg/ml); forskolin in methanol (10

mg/ml) .

Methods:

Cell Culture.

Murine JLS-V9R cells were cultured in EMEM supplemented
with 10% fetal bovine serum (FBS) in a humidified atmosphere
containing 5% Co,, 95% air in 150mm flasks. Cells were

seeded at 5x105 cells/flask and at sub-confluency were
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treated with 1000 u/ml of murine IFN (alpha + beta) for 16
hrs. The stock of TPA was dissolved in ethanol such that the
final concentration of ethanol in the culture medium was
0.05%, a concentration at which the solvent had no effect on
the morphology of cells or on 2-5A depRNase levels (data not
shown) . Indolactam and DAG were dissolved in DMSO with a
final concentration of DMSO in the culture medium of 0.05%.
H-7 was dissolved in H,0. Diolein and phosphatidylserine
were dissolved in chloroform. PKC activators or okadaic acid
were added after 16 hrs of IFN treatment while the inhibitor

H-7 was added prior to IFN treatment.

In experiments with okadaic acid; cells were seeded as
above and treated with IFN for 16 hrs to induce the 2-5A-
depRNase; okadaic acid at a concentration of 100 nM was

added after the IFN treatment.

Differentiation of Embryonal Carcinoma (EC) Cells

EC cells grown in F-10 media were supplemented with
10% FBS, 1% glutamine, 1% essential and non-essential
aminoacids, 1% essential vitamins and 1% pen-strep.
Retinoic acid (50 nM) dissolved in ethanol was added to the
media at the time of seeding. Media was changed every 48 hrs

and cells were allowed to differentiate for 5 to 8 days.
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Preparation of cell extracts.

The cells were harvested by scraping and were then
washed three times in ice-cold phosphate-buffered saline,
and stored as pellets at -70%. cells were lysed by thawing
into 0.5% Nonidet P-40; 90 mM potassium chloride; 1.0 mM
magnesium acetate; 10 mM Hepes, pH 7.6, and 100 ug/ml
leupeptin (added fresh). Protein concentrations were
determined on whole cell extracts using the Bio-Rad protein

assay.

Determination of protein concentration in cell extracts.

"Bio-Rad protein mixture" was prepared by mixing 1 part
bio-rad assay dye with four parts of distilled water, and
then filtered through Whatman type paper. Standards were
prepared by mixing 2, 5, 10, 20, and 30 ul of a 1 mg/ml
solution of bovine serum albumin (BSA) with 2.0 ml of
diluted dye. Cell extracts were diluted 1:10 by mixing 5 ul
of cell extract to 45 ul of distilled water and 5 ul of the
diluted cell extract was added to 2.0 ml of the diluted dye.
Protein concentrations using the standard curve were

determined at Agqgg, in a Beckman spectrophotometer.
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Synthesis and purification of p(Az'p)z(brsAZ'D)zAB'r3291QQL
Br-2-5A[32

The bromine-substituted 2-5A derivative,

p(A2'p)2(br8A2'p)2A was a kind gift from (P.F. Torrence,
Bethesda).

p(AZ'p)z(braAz'p)zA was covalently labeled at its 3'-OH
by linking [5'-32p]pCp (3 X 10°Ci/mole, NEN) with T4 RNA

ligase. The reaction catalysed by T4 RNA ligase is:

T4 RNA ligase, Mg2+

p(A2'p), (br®A2'p),a + [5'-32P]pcp + ATP ——
Te—

p(A2'p), (br®a2'p) ,A3'[*?p]cp + AMP + PPi

250uCi of [5'-32P]-pCp (> 2,000-4,000 Ci/mmole from NEN,
dissolved in 10mM Tricine, pH 7.6) was dried in vacuo using
a Speed Vac (Savant). Dried [5'-32p]-pCp was dissolved in
25ul of ligase buffer [100mM HEPES, pH 7.6; 15mM MgCl,; 6.6
mM dithiothreitol; and 20% v/v dimethyl sulfoxide
(Mallincrkrodt)]. The tube containing the pCp solution was

kept on ice and the following solutions were added:

------ sul of (1.0 mM dTTP; 0.1mM ATP, pH 7.0)
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------ 10ul of 0.5 mM Br-2-5A in H,0
------ 8ul H20
------ 2ul of T4 RNA ligase (BRL) (18.0 units)

After the reaction mixture was pipetted up-and-down a few
times, it was placed in a lead container with ice and
refrigerated (2-4°c) for 18hr. During this time the ice
melts leading to a gradual acceleration in the rate of the
reaction. The reaction mixture was then heated to 90°C for 5
min and centrifuged at 10,000 X g for 10 min in a microfuge.

The supernatant was transferred to a new tube.

32

HPIC purification of Br-2-5A[~“p]Cp from the ligase reaction

mixture

The unlabeled acceptor molecule, p(AZ'p)z(brsAZ'p)zA,
is present in the reaction mixture in a large molar excess
compared to the product, Br-2-5A[32p]Cp; it is therefore
necessary to perform an HPLC separation to purify the
latter. An HPLC system from Beckman Instruments which
includes a model 421 controller, two model 122 solvent

modules (pumps) and a model 160 254 nm spectrophotometer,
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with a column effluent connected to a model 201 Gilson
fraction collector was used for this purpose. The reaction
mixture was separated on a reverse phase C-18 column in a
linear gradient from 0 to 20% of 1:1 methonol:H,0 in 50mM
ammonium phosphate, pH 7.0 at a flow rate of 1.0 ml/min in
20 min. The column is first standardized to determine the
time of elution of different oligomers of 2-5A. Five ul of a
millimolar solution was injected into the column and eluted
(Brown et al.,1981). Once it was established that the system
was optimally separating 2-5A oligomers, the injector port
was thoroughly washed and two blank runs were performed to
remove any traces of 2-5A which could contaminate and
thereby reduce the specific activity of the Br-2-5A[32P]Cp.
The fraction collector was programmed to collect fractions
every 5 min. To locate the peak of Br-2-5A[32P]Cp, 2 ul of
each sample was collected into 5 ml of aqueous scintilation
fluid, and the radioactivity determined. This HPLC purified
Br-2—5A[32P]Cp was used in the photoaffinity labeling of 2-

5A-RNase using a UV lamp.

Assay for 2-5A depRNase.

A photoaffinity labeling method was used to detect 2-5-

depRNase (Nolan et al., 1989) (Fig. 7).
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Figure 7. A schematic of the photoaffinity

labeling method used to detect 2-5A-depRNase.

The bromine-substituted 2-5A derivative
p(AZ'p)z(brgAZ'p)zA was covalently labeled at its 3'-OH

by linking [5'-32P]pcp (3 X 10°

Ci/mole) with T4 RNA
ligase. The 1labeled Br-2-5A was then covalently
crosslinked to 2-5A-depRNase in extracts of cells with
UV light at 308 nm. Analysis of the 77-80 kDa 2-5A-
depRNase was by autoradiography after SDS/

polyacrylamide gel electrophoresis.
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BR-2-5A-[32P]pCp + 2-5A-Dependent RNase
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The Br-2-5A[32]Cp was covalently crosslinked to 2-5A-
depRNase in extracts of cells with UV light at 308nm.
Analysis of the labeled, 80 kDa RNase was by autoradiography
after SDS/Polyacrylamide gel electrophoresis. Crosslinking
was performed in a final volume of 60 ul in CB buffer [100mM
HEPES, pH 7.5; 50mM magnesium acetate; 70 mM beta-
mercaptoethanol; and 90 mM potassium chloride), containing
cell extract (100 ug of protein) and 50,000 counts/min of
the probe. Reaction mixtures were preincubated on ice for 30
min. Irradiation was performed at a distance of 5 cm from
the bulbs in 96 well microtiter plate placed on ice. After
irradiation, reaction mixtures were heated at 100°C for 5
min in Laemmli sample buffer (Laemlli., 1970) and samples

were analysed on 10% SDS-PAGE. P

Purification of 2-5A-depRNase from mouse liver.

Purification of 2-5A-depRNase was by using a
modification of the method of Silverman et al., 1988; (A.
Zhou and R.H. Silverman, unpublished). Frozen mouse livers
(Swiss~-Webster mouse strain purchased from Rockland Inc)
were homogenized for 1 min, using a motorized tissue-
homogenizer, in 100 ml of homogenization buffer (100 mM
HEPES, pH 7.5; 50 mM magnesium acetate; 70 mM beta-

mercaptoethanol; 90 mM potassium chloride; 10 mM ATP; 1:50
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10 mg/ml leupeptin + 0.5 % NP-40), supplemented with
pepstatin (25 ug/ml), trypsin inhibitor III-O (50 ug/ml),
trypsin inhibitor I-s (30 ug/ml), leupeptin (100 ug/ml)
(Fraction A). The crude lysate (Fraction A), was centrifuged
at 8000 rpm for 20 min at 2-4°Cc, and the supernatant
(Fraction B) was removed. Fraction B was centrifuged at
24,000 for 3hr at 2°C and the supernatant (Fraction C) was
removed. It is very important that the supernatant be kept
on ice. Core(2-5A) was synthesized and covalently attached
to hydrazide-sepharose. The core(2-5A)-sepharose suspension
was centrifuged at 1,500 rpm for 10 min at 2°C and the
supernatant was discarded. The core(2-5A) sepharose, about
1.0 ml of packed volume containing 32 umoles core(2-5A) in
AMP equivalents; was washed three-times in 10-volumes of
homogenization buffer, supplemented with 0.2 mg/ml
leupeptin, a proteinase inhibitor. The washed core(2-5A)-
sepharose was added to fraction C, and the suspension was
mixed by magnetic stirring overnight at 2°c. The Sepharose
was then pelleted by centrifuging at 3500 rpm for 10 min,
and was then washed three times in 100 ml of homogenization
buffer, supplemented with 0.2 mg/ml leupeptin. A column was
made by using poly-prep column (Bio-Rad), and washing was
continued with 0.5 X CB + 1 M KC1l. The column was washed
successively in the following order.

0.5 X CB + 2 M KCL for 10 min.

Buffer A [ Tris-HCl, 20 mM; KCl, 50 mM; Mg(OAc),,

13
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5 mM; EDTA, 1 mM; beta-mercaptoethanol, 8 mM;

Glycerol 5% ].
0.3 M Guandine-HCl for 10 min.
Elute 2-5A-depRNase with 3 M Guandine-HCl.

Collected fractions were dialysed overnight against buffer
A. A photochemical crosslinking assay was performed to

determine the optimal 2-5A-depRNase fraction.

Linkage of tetramer core to hydrazide-sepharose

Linkage of tetramer core to hydrazide "adipic acid"
sepharose was by a modification of the method of Silverman
and Krause, 1986 (A. Zhou and Silverman. R, unpublished).
1.7 ml of 1.0 mM tetramer core was oxidized by adding 130 ul
of 146 mM sodium metaperiodate (Sigma Co.). Excess periodate
was quenched by adding 1/9th volume (200 ul) of 0.6 M
ethylene glycol/50 % glycerol. 6 ml of hydrazide-sepharose
(Pharmacia Inc.) was washed three times and resuspended in
0.6 ml of 0.1 M sodium acetate (pH 5.5). The oxidized 2-5A
solution was added to the sepharose suspension, mixed
briefly and incubated at 25°C for 30 min. The mixture was

then agitated with magnetic stirring at 2-4°C for 36 hrs.
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The core-sepharose pellet was washed 5 times in 2 X SSC
after centrifuging and resuspended in 1 volume of 2 X SSC
and 2 volumes ethanol and stored at -20°C. Concentration of
the core bound to the sepharose was determined

spectrophotometrically after alkaline hydrolysis (Silverman

and Krause, 1986).

In vitro phosphorylation of 2-5A-depRNase by PKC and PKA.

PKC phosphorylation of partially purified 2-5A-depRNase
in 80 ul final volume of reaction mixture containing 2 ng of
purified PKC (2.8 mol/min/mg protein of phosphate
transfering activity containing < 1% lipid -independent
kinase activity), 20mM Tris (pH 7.5), 5mM MgOAc, 100 M
CaCl,, 0.25 ug phosphatidyl serine, 0.025 ug Diolein, 10 uCi
[gamma-32P]ATP and 1 uM unlabeled ATP. Reaction was heated
to 30°C for 5 min, and was stopped by adding Laemmli sample

buffer. Samples were analysed on 10% SDS-PAGE.

PKA phosphorylation of partially purified 2-5A-depRNase
in 100 ul final voulume of reaction mixture containing, 50
uM sodium acetate; 10 uM MgOAc; 5 nM cAMP; 2 uM (20 uCi)
{gamma-32P}ATP. Histone 40 ug was included as a positive
control. Reactions were heated to 30°c for 5 min and

analysed as above.
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Extraction of 2-5A from intact cells:

This technique is a modification of previously
described techniques and is designed for monolayer cultures
of cells (Silverman et al., 1981; Hersh et al., 1984;
Silverman and Krause., 1986). Culture medium was removed
from monolayers of cells, and the cells were washed twice in
ice-cold phosphate buffered saline. Two ml of 10% TCA was
added directly to the plates and the cells were scraped
using a rubber policeman. Cell extract was collected in a
4.0 ml centrifuge tube, vortexed vigorously and placed in an
ice bath for 10 min. After vortexing a second time, the

Oc. The

extract was centrifuged at 750 X g for 5 min at 2-4
supernatant was transfered to a polypropylene centrifuge
tube, and the volume adjusted to 2.0 ml with 10% TCA. The
pellet was saved for a protein determination. Freon (1,1,2,-
trichloro-1,2,2,-trifluoro-ethane, Mallinckrodt) and tri-n-
octylamine (Sigma Co.) mixed in a ratio of 39:11 was added
to the supernatant. This mixture was vortexed for 15 sec and
then centrifuged at 3,500 X g for 5 min at 2-4%C. The upper
aqueous phase wés transfered to a clean polypropylene tube,
and an equal volume of the Freon:tri-n-octylamine mix was
added, vortexed and centrifuged as above. The upper aqueous

phase was collected and the pH was adjusted to between 6.5 -

7.5 with HEPES, pH 7.0.

e - =5
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Radiobinding assay for detecting 2-5A.

A "Br-2-5A[32P]Cp containing mixture" was prepared by
mixing 5,000 cpm of HPLC purified Br-2—5A[32P]Cp in 10mM
Tris-HCl pH 7.6, 2mM magnesium acetate, 0.4 mM ATP pH 7.0,
and 2% v/v glycerol in a ratio of 1:10. Incubations were set

up in 0.5 ml conical tubes using the following in each

reaction mix.
------ 10 ul Br-2-5A[>2P]Cp
------ 5 ul competitor (Sample from cell extract)

----- 5 ul (100 ug) of postmitochondrial mouse L cell
extract to each tube (the source of 2-5A-
depRNase) .
A standard curve using authentic 2-5A was performed with
each assay using 5 ul of 1.25, 2.5, 5, 10, 20, 40, 80, and
250 nM of trimer 2-5A. The assay tubes were incubated on ice
over night at 2-4%c. 2.5 cm diameter nitrocellulose discs
(Millipore Co., HAWP 02500, 0.45 um pores) were cut in half
and numbered with a water insoluble ink. Each assay mixture
was spotted on the filters, placed on a sheet of aluminum
foil. It is critical that this step be done quickly to avoid
drying of the filters. Immediately after spotting, the

filters were placed in a beaker containing 10 ml tap
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distilled H,0 per filter. The filters were gently swirled
for 30 seconds and the water discarded. A second water rinse
for 30 seconds followed. The filters were removed, spread on
a new piece of aluminum foil, and dried using a heat lamp
for 15 min. The filters were placed in counting vials to
which was added 5 ml of scintilation fluid and radioactivity

was determined (Knight et al., 1980).

In vitro transcription of the cDNA coding for 2-5A-RNase and

translation in wheat germ extract.

A cDNA clone coding for 2-5A-depRNase was isolated (B.
Hassel, A. Zhou, and R.H. Silverman, unpublished), in vitro
transcribed and the corresponding mRNA was in vitro
translated 1in cell free extracts of wheat germ.

In vitro transcription.
Incubations were set up in 0.5 ml conical tubes using the
following in each reaction mix:

cDNA coding for 2-5A-depRNase (7 ul) was mixed with:

------- 10 ul 5 x sample buffer (Promega)

_______ 12 ul (3 ul x 4 ANTP 10 mM)

------- 2.0 ul 0.75 mM DTT
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------- 2.0 ul RNasin (40 u/ml)

------- 2.0 ul T3 RNA Polymerase (26 u/ml)

------- 10.0 ul Diethyl-pyrocarbonate treated H,0
This mixture was incubated at 37°C for 1 hr, then treated
with DNase I for 30 min at 37°C to digest template. RNA was
extracted with one volume of phenol/chloroform and
precipitated at -20°C with 2.5 volumes of EtOH.

In vitro translation.

In vitro transcribed RNA was translated in wheat germ

extract as follows:

------- 25 ul wheat germ extract

------- 10 ul H,0

------- 1 ul RNasin ribonuclease inhibitor (40 u/ml)

_______ 7 ul 1mM amino acid mixture

------- 1 ul 1M potassium acetate
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------- 2 ul RNA substrate in H,0

50 ul [ Final volume]
Template mRNA was heated at 67° for 10 min and immediately
cooled on ice. This increases the efficiency of translation,
especially of GC-rich mRNA, by destroying local regions of
secondary structure. Residual ethanol was removed from mRNA
preparations and labeled amino acids were added to the
translation reaction. The reaction components were assembled
and the lysate was gently vortexed upon addition of each
component The translation reaction was incubated at 25° for
60 min. Translation product was analysed using Br-2-

5A[32p]Cp in a covalent binding assay.
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RESULTS

Induction of 2-5A-depRNase during differentiation of

embryonal carcinoma cells with retinoic acid (Figure 8).

The highly sensitive photoaffinity method was used to
study regqulation of 2-5A-depRNase in EC and JLS-V9R cells.
Previous studies have demonstrated that treatment of EC
cells with retinoic acid, dbcAMP and IBMX differentiates
them from small indistinct cells to flat endodermal like
cells (Krause et al., 1985 ). This morhological change is
accompanied by growth inhibition and a subsequent
enhancement in the level of the 2-5A-depRNase, implicating a
possible role for this enzyme in differentiation. I analyzed
the effect of retinoic acid alone on the levels of 2-5A-

depRNase and the morphological changes in EC cells.

PC-13, an EC cell line which proliferates rapidly, has
very low basal levels of 2-5A-depRNase. Cells grown in F-10
media supplemented with 10 % fetal bovine serum were treated

OC. Cells were

with 50 nM retinoic acid for 5 days at 37
lysed in NP-40 lysis buffer and 2-5A-depRNase levels were
measured by using the highly sensitive photoaffinity method
(Fig. 8). Unlabeled 2-5A was used in lanes 2, 4, and 6 to

show the specificity of the probe for binding to the RNase.

I} I
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Very low basal levels of 2-5A-depRNase was observed in
undifferentiated PC-13 cells(lane 1); IFN failed to induce
2-5A-depRNase(lane 3); with 5 days of retinoic acid
treatment a 20 fold induction in the RNase was observed. An
induction in the RNase was followed by growth arrest within

7 to 8 days of retinoic acid treatment.
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Figure 8. Induction of 2-5A-depRNase during
differentiation of embryonal carcinoma cells with

retinoic acid.

2-5A-depRNase assays were performed as described
(Materials amd Methods) on PC-13 cell 1lysates from
untreated cells (lanes 1 and 2); cells treated with
1000 u/ml murine a + B IFN for 7 days (lanes 3 and 4);
or cells treated with retinoic acid, 50 nM for 7 days
(lanes 5 and 6). Unlabeled 2-5A was used as a
competitor in lanes 2, 4, and 6 to show the specificity

of the probe for binding to the 2-5A-depRNase.
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Induction of 2-5A-depRNase during differentiation

of embryonal carcinoma cells with retinoic acid.
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The effect of Retinoic acid on PC-13 morphology

(Figure 9). [Magnification: x 20)

A. Untreated 5 day control cultures.

EC cells were grown in monolayers as described in
materials and methods. These cells are multipotential stem
cells that grow in tight clusters as "epitheliod nests", and

proliferate rapidly (Martin, G., 1980).

B. After 5 days of treatment with retinoic acid.

PC-13 cells were treated with 50 nM retinoic acid and
photographed 5 days post treatment. The media containing 50
nM retinoic acid was changed every 48 hr. Treating PC-13
cells with 50 nM retinoic acid, a morphological alteration
from small, rounded cells in "epithelioid nests" to large,
flat cells was observed. Perinuclear and cytoplasmic
granules with nerve like processes was also striking.
Differentiation was followed by an enhancement in the levels
of 2-5A-depRNase, as described previously (Fig 8), and a

subsequent arrest in proliferation.
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Figure 9. The effect of retinoic acid on PC-13
morhology.

A. Untreated 5 day control cultures.

B. PC-13 cells were treated with 50 nM retinoic

acid and photographed 5 days post-treatment. Media was

changed every 48 hrs.



Figure 9.

The effect of Retinoic acid on PC-13 morphology
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Activators of PKC, down-regulate 2-5A-depRNase; as
determined by its ability to bind Br-2-5A[32P]Cp (Figure
11) .

Studies by (Jetten and Luca. 1982; Sporn and Roberts
1983) have shown that, in many cell systems, retinoids are
antagonistic toward the effects of PKC activators such as
phorbol ester tumor promoters. Since retinoids have been
used extensively to differentiate and inhibit growth of
cells (Martin, 1980; Krause et al., 1985), it was of
interest to establish if PKC activators altered levels of 2-
5A-depRNase, which has been shown to be enhanced during
growth arrest and differentiation. I therefore investigated
the effect of PKC activators and inhibitors on 2-5A-depRNase

levels.

JLS-V9R cells, a murine bone marrow derived cell line
was chosen for this study as significant fluctuations in the
level of 2-5A-depRNase is achieved during growth arrest and
interferon treatment. EC cells were not suitable because
PKC activators had no effect on morphology or 2-5A-depRNase
levels once differentiation and subsequent growth arrest was
achieved (data not shown). A possible explanation for this
may be that with terminal differentiation, PKC is
translocated to the cytosol and is no longer responsive to

the growth stimulatory effects of mitogens.
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JLS-V9R cells which contain very low basal levels of 2-
5A-depRNase were treated at sub-confluency with 1000 u/ml of
murine a + B IFN for 16 hrs. This resulted in a 10 fold
induction in the levels of 2-5A-depRNase (Fig. 10). PKC
activators TPA, Indolactam and DAG were then added for 10,
30, 60, 120, 180, and 240 min and cells were harvested (Fig.
11). A 3 to 4-fold decrease in 2-5A binding was observed
from 30 to 120 min. This data suggests that 2-5A-depRNase is
a substrate for PKC, and 2-5A may have recognized only the
non-phosphorylated form of 2-5A-depRNase. Alternatively, an
induction of endogenous 2-5A or analogs of 2-5A could have
competed with the Br-2-5A[32p]Cp for binding to 2-5A-

depRNase.
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Figure 10. Induction of 2-5A-depRNase in murine
JLS-V9R cells with IFN treatment. Untreated cells (lane
1). A 10 fold induction was achieved when cells were
treated with 1000 u/ml of murine alpha + beta IFN for
16 hrs at subconfluency (lane 2). In subsequent
experiments, similar induction in the levels of 2-5A-

depRNase was obtained with IFN treatment.
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Figure 10
Induction of 2-5A-depRNase in IFN treated

JLS-V9R cells
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Figure 11. Activators of PKC, down-regulate the 2-
5A-depRNase, as determined by its ability to bind Br-2-

5A[>2p]Cp.

JLS-V9R cells were treated at sub-confluency with 1000
u/ml @ + B IFN for 16 hrs to induce the RNase (lane 1).
PKC activators TPA (40 nM), Indolactam (1 uM), and DAG
(1 uM) were added following induction of the RNase for

the times indicated (lanes 2-7).
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Down-Regulation of 2-5A-Dependent RNase
by Activators of Protein Kinase C
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Figure 11.
Activators of PKC, down-regulate the 2-5A-depRNase,

as determined by its ability to bind Br—2—5A[32p]Cp
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Histogram showing the effect of PKC activators on IFN
induced 2-5A-depRNase levels as a function of time (Figure
12).

Quantitation from the autoradiogram shown in figure 11
was done using a betagen counter. Down-regulation of 2-5A-
depRNase was most significant at 30 min to 1hr with TPA the

most potent agent followed by Indolactam and DAG.

2-5A-depRNase levels in PKC depleted cells (Figure 13)

Since activators of PKC produced a down-regulation in
the levels of 2-5A-depRNase, as measured by its ability to
bind Br-2-5A[32P]Cp, I investigated the possibility that an
enhancement in the 2-5A-depRNase levels could be achieved by
depleting PKC with chronic exposure of cells to TPA (Helper
et al., 1988). To down-regulate PKC, cells were first
treated with TPA (40 nM) followed with IFN-treatment for 16
hrs. Quantitation of the autoradiogram showed a two fold
induction in the levels of 2-5A-depRNase after 32 hrs of TPA
treatment (lane 2). This result was consistent with the
findings of Helper and co-workers (1988) that chronic
exposure of cells to phorbol esters results in down-
regulation of protein kinase C and a concomitant loss of

phorbol ester responsiveness.
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Figure 12. Histogram showing the effect of PKC
activators on IFN-induced 2-5A-depRNase levels as a

function of time.

Quantitation from the autoradiogram shown in figure 11
was done using a betagen counter. A 10 fold induction
in the levels of 2-5A-depRNase is first achieved with
IFN treatment. With the addition of PKC activators
following RNase induction, a 5 fold decrease in 2-5A
binding was observed at 30 min with TPA treatment; a 3
and 2.5 fold decrease with IND and DAG at 120 and 60
min. TPA was the most potent downregulator followed by
IND and DAG. PKC activators in the absence of IFN had
no effect on the basal levels of the RNase (data not

shown) .
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Histogram showing the effect of PKC activators on IFN-

induced 2-5A-depRNase levels as a function of time.
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Figure 13. 2-5A-depRNase levels 1in PKC depleted

cells

JLS-V9R cells were treated with IFN for 16 hrs as
before to achieve a 10 fold induction in the level of
the RNase (lane 1). To down-regulate PKC activity at
the membrane, cells were first treated with TPA (40
nM), for 16 hrs, followed by IFN treatment for an
additional 16 hrs (lane 2). Betagen quantitation showed

a 2 fold induction in 2-5A-depRNase levels.
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Superinduction of 2-5A-depRNase with H-7, a partially

selective inhibitor of PKC (Figure 14).

The contribution of PKC to 2-5A-depRNase regulation,
can also be examined by the blockade of its activity.
Blocking PKC activity, 4hrs prior to the addition of IFN
with the isoquinolonesulfonamide derivative, H-7 (30 uM), a
partially selective inhibitor of PKC, resulted in a 4.5 fold
superinduction of 2-5A-depRNase. However, H-7 (30 uM for 16
hrs) in the absence of IFN failed to induce the RNase in the
JLS-VI9R cells. Quantitation of the results shown in figure
14 was used to produce a histogram (Figure 15). Bar 1 (Fig.
15) shows the low basal level of 2-5A-depRNase present in
the JLS-V9R cells. A 15 fold induction is achieved with 1000
u/ml of murine a + B IFN (bar 2) and a further 4.5 fold

superinduction with 4 hr of H-7 treatment (bar 7).

The data obtained here is in support of the hypothesis
that activation of PKC with short term treatment with TPA
and Indolactam results in the down-regulation of 2-5A-
depRNase, whereas, blocking PKC activity caused an

enhancement in its level.

Adding H-7, after IFN treatment, however, failed to
generate any further induction in 2-5A-depRNase (data not

shown). One explanation for this may be that, IFN may itself
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have blocked various growth signals through the PKC-
dependent pathway. Second, the concentration of IFN (1000
u/ml) used in these experiments may have blocked the
permeability of H-7 by occupying receptors that may have

caused a membrane alteration.

One interpretation of the data presented thus far is
that 2-5A-depRNase is a substrate for PKC. However, less
than a two fold superinduction in the 2-5A-depRNase level
was observed when PKC was down-regulated with chronic
exposure of cells to phorbol esters. In contrast, pre-
treatment with H-7 caused a larger 4 fold superinduction in
the levels of 2-5A-depRNase. Since H-7 may non-selectively
inhibit other kinases, there may be other kinases involved
in the down-regulation of the 2-5A-depRNase. Also, another
possibility that should be entertained is that, in the JLS-
VIR cells a 32 hr exposure to TPA may be inadequate to fully
down-regulate the RNase. A possible involvement of other
kinases 1is supported by earlier work of Bloom and co-workers
(1982), showing that in transformed macrophages, stimulation
of phagocytosis and inhibition of growth by IFN are mediated
through intracellular cAMP. Fuse and Kuwata (1978) found a
temporal relationship between the increase in intracellular
cAMP and growth inhibition in IFN-sensitive cells. Of
interest was their finding that IFN-resistant cells, which

showed no increase in intracellular cAMP, were not subject
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to growth inhibition by IFN, suggesting a correlation
between growth inhibition and intracellular cAMP levels. The
growth of IFN-resistant cells was inhibited by the addition
of exogenous cAMP. In JLS-V9R cells, exposure to IFN and
forskolin or cholera toxin, which are agents that increase
the intracellular cAMP levels resulted in a superinduction
of the 2-5A-depRNase (Figure 16). Since cAMP elevating
agents such as dbcAMP, forskolin and cholera toxin have been
shown to inhibit growth in several cell lines, and that
dbcAMP may act synergistically with retinoic acid in
enhancing levels of 2-5A-depRNase in EC cells, it may be
that the regulation of 2-5A-depRNase is dictated by both PKC
and PKA. Furthermore, since the level of 2-5A-depRNase
fluctuates with growth, a role for cdc2 kinase, which
regulates cell cycle (Riabowol et al., 1989) is also a

possibility.
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Figure 14. ‘Superinduction of 2-5A-depRNase with H-7

Murine JLS-V9R cells were pre-treated with 30 uM H-7, a
kinase inhibitor, for 1, 2, 3, or 4 hrs prior to the

addition 1000 u/ml a + B IFN for 16 hrs.
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Figure 15. Histogram showing the time course effect

of H-7 pre-treatment on the levels of 2-5A-depRNase.

Quantitation of the data from figure 14 showed a 4 fold
superinduction in 2-5A-depRNase levels when cells were
pre-treated with H-7 for 4 h prior to the addition of
IFN. H-7 in the absence of IFN however, had no effect

on the basal levels of the RNase (data not shown).
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Figure 16. Superinduction of 2-5A-depRNase in IFN-
treated, JLS-V9R cells, after exposure to CcAMP

elevating agents: Forskolin and Cholera toxin.

JLS-V9R cells were pre-treated with forskolin (20 uM)
and cholera toxin (20 nM) for 1 h prior to the addition
of IFN. IFN treatment was for 16 h as described in
experimental procedures. Densitometric analysis showed
a superinduction of 3 fold with cholera toxin and 5
fold with forskolin (lanes 6 & 10). Cholera toxin and
forskolin in the absence of IFN failed to induce the
RNase (lanes 4 & 8). Unlabeled 2-5A was used as a
competitor to show the specificity of the probe for
binding to the 2-5A-depRNase (lanes 1, 3, 5, 7 & 9).
Basal level of RNase was as shown in figure 10, with a

10 fold induction after IFN treatment (lane 2).
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Superinduction of 2-5A-depRNase in IFN-treated,
JLS-V9R cells, after exposure to cAMP elevating

agents: Forskolin and Cholera toxin
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Effects of Okadaic acid treatment on 2-5A-depRNase

levels in vivo. (figure 17)

To support the theory that 2-5A-depRNase may exist as a
pPhosphoprotein and that it may be subject to a post-
translational regulation in vivo, studies were performed
using okadaic acid, a phosphatase inhibitor. Treating cells
with okadaic acid, resulted in a significant down-regulation
of 2-5A-depRNase. RNase was induced as before by treating
cells at sub-confluency with 1000 u/ml of IFN for 16 hrs,
followed by okadaic acid (100 nM) treatment. As with PKC
activators, a 3.5 fold down-regulation in the levels of 2-

5A~depRNase was observed after 4 hrs (lane 5).

Okadaic acid produces marked increases in the
phosphorylaton states of many proteins in adipocytes and

32P-labelling, without

hepatocytes, as judged by increased
changing the specific radioactivity of intracellular ATP or
the ATP:ADP ratio (Haystead et al., 1989). It rapidly
stimulates protein phosphorylation in intact cells, and
behaves like a specific protein phosphatase inhibitor, with
phosphatases PPl and PP2A as its major targets, which are

the chief phosphatases that reverse the actions of PKC

(Cohen, 1989).



76

Figure 17. Down-regulation of 2-5A-depRNase by

Okadaic Acid: A phosphatase inhibitor

2-5A-depRNase was induced in the JLS-V9R cells as
described in material and methods, followed by okadaic

acid (100 nM) treatment for 1, 2, 3 & 4 hrs.
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The effects of okadaic acid on JLS-V9R cells strongly
supports the view that, 2-5A-depRNase is a phosphoprotein,
and its phosphorylation status may determine its ability to
bind 2-5A. This data further emphasizes a role for 2-5A-
depRNase as a growth regulator, as growth stimulation and
tumor promotion presumably stem from increased
phosphorylation of one or more proteins that are substrates

for PKC and dephosphorylated by PPI/PP2A.

Histogram showing the effect of okadaic acid in JLS-V9R

cells (figure 18).

Quantitation of 2-5A-depRNase levels from figure 17,
using a betagen scanner, showed a 2 fold down-regulation at
3 hrs and 3.5 fold at 4 hrs of post treatment with okadaic

acid.
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Figure 18. Histogram showing the effect of okadaic

acid in JLS-V9R cells.

Quantitation of 2-5A-depRNase levels from figure 17,
using a betagen scanner, showed a 2 fold down-
regulation at 3 hrs (lane 4), and 3.5 fold at 4 hrs
(lane 5). Cell viability (as determined by counting a
1:100 dilution of the cell suspension using a
hemacytometer) was unaffected and okadaic acid in the
absence of IFN had no effect on the basal level of 2-

5A-depRNase (data not shown).
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"Mixing Experiment" to determine if any inhibitory
factors were induced in vivo with TPA or DiC8 treatment,

(figure 19).

Extracts from IFN-treated and TPA-treated cells were
mixed to determine if endogenous 2-5A, analogs of 2-5A or
other inhibitory factors were induced to cause a down-
regulation in 2-5A-depRNase. The levels of 2-5A-depRNase
obtained were additive implying that TPA did not induce any
significant material which could compete with or inhibit Br-
2—5A[32P]Cp from binding to 2-5A-depRNase. Induction of a
protease was also unlikely, since no breakdown products of

2-5A-depRNase were seen.
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Figure 19. "Mixing Experiment" to determine if any
inhibitory factors were induced in vivo with TPA and

DiC8 treatment.

Extracts form IFN-treated and TPA or DiC8 (an analog of
DAG) treated JLS-V9R cells were mixed to determine if
endogenous 2-5A, analogs of 2-5A or other inhibitory
factors were induced to cause a down-regulation in the
levels of 2-5A-depRNase. IFN, TPA and DiC8 treatment of
cells was as described before. An additive effect was
observed when an increasing amount of TPA or DiCs
treated cell extract was mixed with IFN treated cell

extract (lanes 1, 2, 3).



PKC Activator

+

200—

116.3—

97.4—
RNase —»

60.7—

42.7—

TPA

0O 50 100 0 0 100
100 100 100 125 150 0

1 2 3 4 5 6

T e D e w— -

Figure 19.

83

DiC8
0 50 100 0 0 100(Extract
100 100 100 125 150 O |ug Protein

1 2 3 4 5 6

"Mixing Experiment" to determine if any inhibitory

factors were induced in vivo with TPA or DiC8 treatment



Radiobinding assay for detecting 2-5A (figure 20).

2-5A isolated from duplicate samples of JLS-V9R cells;
+ IFN; TPA alone; TPA + IFN (Table 1), were assayed by the
radiobinding method as described in materials and methods.
It was important to rule out any endogenous induction of 2-
5A or analogs of 2-5A that may compete with the probe for
binding to 2-5A-depRNase. The standard curve shown (figure
19), was generated using dilutions of 2-5A (1.2 nM to 250

nM) trimer triphosphate as competitor.

Data obtained (Table 1) showed a small induction of 2-
SA in IFN and IFN + TPA treated cells. However, since the
induction was about the same, and TPA alone failed to show
any significant induction, supports the data from the
"Mixing experiments" that down-regulation in the levels of
2-5A-depRNase was not due to induction of any endogenous

inhibitory factor.
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Figure 20. Radiobinding assay for detecting 2-5A in

intact cells.

2-5A isolated from duplicate samples of JLS-V9R cells;
+ IFN; TPA alone; TPA + IFN, were assayed by the
radiobinding method as described in Materials and
Methods. The standard curve shown was generated using
dilutions of 2-5A (1.2 nM to 250 nM) trimer

triphosphate as competitor.
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Table 1. Results of the Radiobinding assay to
determine 2-5A levels in JLS-V9R cells, after IFN

and TPA treatment.

Data was obtained using the standard curve shown
in figure 20. No significant induction in 2-5A was
seen with TPA. IFN treatment however did induce

some 2-5A.
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Table 1. Results of the Radiobinding assay to determine 2-

| 5A levels in JLS-V9R cells, after IFN and TPA treatment.

Treatment nM 2-5k Made
Control cells 0.5
IFN a7
PR | 0.73
TPR + IFN 3.3




In vitro phosphorylation of partially purified 2-5A-

depRNase and purified PKC (figure 21).

To demonstrate a post-translational regulation,
possibly at the level of phosphorylation, 2-5A-depRNase was
partially purified from mouse liver (as described in
materials and methods) and in vitro phosphorylated with
purified PKC from rat brain, in the presence of

phosphatidylserine, diolein and Ca2+, which are activators

of PKC. The reaction shown in lane 1 contained 2-5A-depRNase

purified on a 2-5A-sepharose column, PKC and activators.
Lane 2 was the same except without PKC. Lane 3 was a
control, in which mouse liver extract was cleared with only
sepharose (lacking 2-5A), and lane 4 was the same as lane 3,

except without PKC.

Phosphorylation of partially purified 2-5A-depRNase
could be observed by the addition of [gamma-32P]ATP,
purified PKC and activators of PKC, followed by incubation
at 30° for 10 min and then subjected to SDS/PAGE. Only lane
1, showed the phosphorylated 2-5A-depRNase band. A second
phosphorylated band at 40 KDa is probably a breakdown
product of the 77-80 KDa 2-5A-depRNase band. This 40 KDa
protein is seen occasionally in mouse liver extracts and
after purification of the RNase and can be eliminated or

reduced with the addition of a protease inhibitor such as
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leupeptin (Krause et al., 1985). Nevertheless, this data
shows that the 40 KDa 2-5A binding protein retains its
phosphorylation site even after it is subject to proteinase

digestion.

In vitro phosphorylation with PKA (figure 22).

Several studies have reported inhibition of cell
proliferation by cAMP (Boynton et al., 1983). In JLS-V9R
cells, agents that elevate intracellular cAMP levels such as
db-cAMP, forskolin and cholera toxin superinduced the 2-5A-
depRNase (Fig. 16). The notion that cAMP may be a negative
regulator of cell proliferation and findings by Itkes et
al. (1985), that elevation of 2-5A synthetase activity and
the decrease in 2'-5' phosphodiesterase activity occurs with
enhanced cAMP-dependent protein kinase activity in resting
NIH 3T3 cells, prompted me to reason that this second
messenger may play a role in the regulation of the 2-5A-

depRNase during differentiation and growth arrest.

In mammalian cells, cAMP is generated in response to
ligand-receptor interaction at the cell surface, transducing
that signal by binding to the regulatory subunits (R
subunits) of PKA. The PKA holoenzyme is an inactive tetramer
of two catalytic subunits (C subunits) and two R subunits,

and cAMP binding to the R subunits causes the release of
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active C subunits. Many of the biological effects of CAMP
are thought to be caused by the phosphorylation of specific

substrates by the C subunits (Krebs and Beavo; 1979).

2-5A-sepharose purified 2-5A-depRNase was incubated
with PKA and cAMP (1 nM) for 30 min at 30°C as described in
Materials and Methods. After incubation, samples were
electrophoresed on a 10% SDS-polyacrylamide gel and
subjected to autoradiography. PKA + 2-5A-depRNase in the
absence (lane 1) or presence of PKA inhibitor (lane 3); PKA
alone (lane 2); PKA + Histone (lane 4). Data shows that PKA

failed to phosphorylate the partially purified 2-5A-depRNase

in vitro.
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Figure 21. In vitro phosphorylation of

partially purified 2-5A-depRNase with purified PKC.

The phosphorylation assay was performed as described in
Materials and Methods. 2-5A-depRNase partially purified
on a 2-5A-sepharose column was phosphorylated with
purified PKC from rat brain in the presence of PKC
activators (lane 1). RNase in the absence of PKC (lane
2) . Mouse liver extract was cleared with only sepharose

and then phosphorylated with PKC (lane 3).
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Figure 21.
In vitro phosphorylation of partially purified

2-5A-depRNase and purified PKC
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Figure 22. In vitro phosphorylation of 2-5A-

depRNase with cAMP dependent protein kinase (PKA).

Partially purified 2-5A-depRNase was phosphorylated with
the catalytic and regulatory subunits of PKA. Assays were
performed in 100 ul of 50 uM sodium acetate; 10 uM MgOAc;
5 nM cAMP; 2 uM (20 uCi gamma-"2P)ATP, and 3 ug of PKA per
ml. RNase + PKA (lane 1); PKA alone (lane 2); RNase + PKA
+ kinase inhibitor which binds to the catalytic subunit
of PKA and possibly inactivates it by dissociating the
catalytic subunit from the regulatory subunit (Walsh et
al., 1971). The biochemical action, however, of this
inhibitor is still not fully undertood. Histone was used
as a positive control (lane 4). The two bands, a 45 kDa
and 40 kDa, are probably PKA and another contaminating
protein that is a substrate for PKA. The 30 kDa band in
lane 4 is the phosphorylated histone band. PKA had no

effect on the 2-5A-depRNase.
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Figure 22.
In vitro phosphorylation of partially purified

2-5A-depRNase and PKA
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Inhibition of 2-5A-depRNase phosphorylation with gamma-

32
P ATP and PKC, after binding with unlabeled 2-5A (figure
23).

Down-requlation of 2-5A-depRNase by activators of PKC
and direct demonstration in vitro that it is a
phosphoprotein, hinted that a phosphorylation/
dephosphorylation mechanism may in some way modulate its

ability to bind 2-5A.

To address this question, partially purified 2-5A-
depRNase was first incubated without and with 50, 10 and 5

nM of tetramer 2-5A for 30 min at 00

C, followed by
phosphorylation with PKC as described in Materials and
Methods. Quantitation of the results showed that, binding of
2-5A (50 nM) inhibited phosphorylation of the 77-80 kDa 2-
5A-depRNase by 2 to 3 fold in three seperate experiments.
Autophosphorylation of PKC remained unaltered. However, a
similar inhibition in phosphorylation was not observed with
the 40 kDa protein. One explanation for this is that
proteinase digestion of the 77-80 kDa 2-5A-depRNase may have
exposed additional phosphorylation sites which are
independent of 2-5A binding. Another possibility that should

be considered is that this 40 kDa protein which is a

substrate for PKC may not be a 2-5A binding protein.



97

Covalent binding of the recombinant 2-5A-depRNase with

- 32 . .
Br-2-5A (““p]Cp, after phosphorylation with PKC and
unlabeled ATP (figure 24).

To strengthen the hypothesis that phosphorylation of 2-
SA-depRNase inhibits its ability to bind 2-5A, a cDNA
encoding the 2-5A-depRNase was in vitro transcribed and then
translated in wheat germ extract. The translated product was
first phosphorylated with PKC and un-labeled ATP (1 mM), at
30° for 10 min, and then covalently linked to Br-2-5A
[32p]Cp. In this experiment, phosphorylating the 2-5A-
depRNase inhibited its subsequent ability to bind the 2-5A
probe. The data from this experiment is preliminary and

needs further study.

Taken together this data suggests that, a decrease in
2-5A binding in PKC activated JLS-V9R cells may not be due
to a decrease in 2-5A-depRNase synthesis, but rather a
posttranslational event. Phosphorylation of the 2-5A-

depRNase in some way regulates its ability to bind 2-5A.
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Figure 23. Phosphorylation of 2-5A-depRNase with
(gamma-”P)ATP and PKC, after binding with unlabeled 2-

BA.

Partially purified 2-5A-depRNase was first incubated
without (lane 2) or with 50, 10, and 5 nM of tetramer 2-
5A for 30 min at 0°C (lanes 3, 4 and 5), followed by
phosphorylation with PKC as described in Materials and

Methods. Autophosphorylation of PKC (lane 1).
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Figure 23:
Inhibition of 2-5A-depRNase phosphorylation with gamma-

32p ATP and PKC, after binding with unlabeled 2-5A
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Figure 24. Covalent binding of recombinant 2-5A-
depRNase with Br-2-5A [32p]Cp, after phosphorylation with

PKC and unlabeled ATP.

A cDNA encoding the 2-5A-depRNase was in vitro
transcribed and then translated in wheat germ extract as
described in Materials and Methods. The translated
product was first phosphorylated with PKC, activators of
PKC and unlabeled ATP (1mM), at 30°C for 10 min (lane
2), or with PKC activators alone (lane 3), and then
covalently linked to Br-2-5A [”p]Cp. Control (lane 1),
in which the RNase was covalently linked to Br-2—5[np]Cp

in the absence of PKC and PKC activators.
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Figure 24:
Covalent binding of the recombinant 2-5A-depRNase with
Br-2—5A[32P]Cp, after phosphorylation with PKC and

unlabeled ATP.
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Interaction of 2-5A-Dependent RNase and Protein Kinase C
PKC ACTIVATORS

J' Activate

PKC
Ca?*, Phospholipid
ATP ADP
Induce H7
IFN #2-5A-Dependent RNase —L'Z‘A}SA—Dependent RNase- (p)
\ 4
ACTIVE ﬁkadaic Acid INACTIVE
Pi
POSSIBLE EFFECTS
o, Virus Replication . ... 1+
| - Cell Growth | ... 2
\ (. Differentiation . ... . . 3

Figure 25:

A working model for the regulation of 2-5A-depRNase
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Regulation of 2-5A-depRNase: A working model

The binding of an extracellular stimulatory factor by
its cell surface receptor and the transduction of this
signal to the interior of the cell is a common mechanism of
cell activation in eukaryotic cells. This signal
transduction often occurs via the activation of a specific
cellular protein kinase which then phosphorylates the
receptor and/or regulatory molecules, thereby altering their
activity to complete the cellular response to the signal

(Kikkawa and Nishizuka 1981).

Exposure of IFN treated JLS-V9R cells to PKC
activators, results in the production of diacylglycerols
during PI turnover, causing an activation of PKC. Activation
of PKC results in a rapid and transient phosphorylation of
2-5A~-depRNase, which inhibits its subsequent binding to 2-
5A. This differential phosphorylation of 2-5A-depRNase may
directly or indirectly contribute to growth suppression,
viral infection and differentiation. Based on the present
results and the current understanding of the possible
growth-suppressive nature of 2-5A-depRNase its cyclic
phosphorylation is also suggested. Control of cell
proliferation may therefore be exerted at the level of 2-5A-

depRNase inactivation.
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In conclusion the data presented provide a very
Clearcut example of the participation of PKC in the
regulation of 2-5A-depRNase at the level of its
phosphorylation. Moreover, they illustrate the differential
binding of 2-5A-depRNase to 2-5A, by a phosphorylation/
dephosphorylation mechanism, which may alter the gqualitative
nature of the cellular response to extracellular signals

during viral infection, growth arrest or differentiation.



DISCUSSION

Cell growth and differentiation within tissues are
regulated by a network of paracrine signals transmitted by
growth factors and cytokines. Reversible phosphorylation of
intracellular proteins, controlled by distinct protein
kinases, is closely associated with the process of signal
transduction (Cohen, 1982). One major signal transduction
pathway depends on PKC, a ca?*-ana phospholipid-dependent

enzyme that is activated by diacylglycerol.

My objective was to determine, if activators of PKC,
which in several cell lines stimulate growth (Kikkawa, and
Nishizuka, 1986), would also lead to qualitative and/or
quantitative changes in the 2-5A-depRNase. The levels of 2-
5A-depRNase in JLS-V9R cells can vary substantially with
cell type and growth conditions. In extracts from IFN
treated and confluent cells, higher enzyme levels were
observed than from untreated and rapidly proliferating cells
(Jacobsen et al., 1983; Floyd-Smith et al., 1982; Krause et
al., 1985). Given the close association of both PKC and 2-
5A-depRNase with growth status, a possible interaction
between these two proteins was hypothesized and

investigated.
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In these studies, a recently described assay for 2-5A-
depRNase (Nolan et al., 1989) was used to evaluate its level
in JLS-V9R cells: (a) with IFN-treatment, (b) after short-
term exposure to a variety of mitogens known to activate
PKC, and (c) after phosphatase inhibition with okadaic acid.
2-5A-depRNase is detected in lysates from several cells by a
variety of assays (Knight et al., 1980; Floyd-Smith et al.,
1982; Wreschner et al., 1982). However, since 2-5A-depRNase
is a very low abundance protein comprising only 0.0002% of
the total protein in mouse liver; a concentration of 6 nM
(Silverman et al., 1988), its easy detection required the
modification of conventional assays to achieve greater

sensitivity.

Present findings lead to the following conclusions:

1. The fact that activators of PKC down-regulated
2-5A-depRNase, and inhibitors of PKC such as H-7,
superinduced it, as determined by its ability to bind the
2-5A probe, indicated a possible role for PKC in the

regulation of the 2-5A-depRNase.

2 = Since the down-regulation of the 2-5A-depRNase
occurred within 10 to 30 min of exposure to PKC activators,
a post-translational regulation, possibly at the level of

its phosphorylation was suggested. However, since induction



of the 2-5A-depRNase by IFNs in the JLS-V9R and other cell
lines required 8 - 12 hrs, other levels of regulation cannot
be ruled out. 2-5A-depRNase may therefore be subject to
multiple levels of regulation, depending on the cell type,

nutrient conditions and type and duration of the mitogenic

stimulus.

3. Treating cells with okadaic acid, a phosphatase
inhibitor, resulted in a significant down-regulation of
2-5A-depRNase as determined by its ability to bind Br-2-5A
[32p]Cp. Okadaic acid is a potent inhibitor of protein
phosphatase types 1(PPl1) and 2A(PP2A), which are
phosphoserine/threonine phosphatases that reverse the action
of many protein kinases including PKC. The net effect of
either type of tumor promoter, TPA or okadaic acid is to

increase protein phosphorylation of PKC targets.

4. Depleting PKC activity by treating cells with TPA
for 16 hrs (Helper et al., 1988), followed by IFN treatment
for an additional 16 hrs caused a two-fold superinduction of
2-5A-depRNase (Fig. 13). Because H-7 produced a larger
superinduction it may more effectively inhibit PKC than long

term TPA treatment.

5. Mixing experiments, using extracts from IFN

treated and TPA treated cells, failed to show any endogenous
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induction of 2-5A, that may have competed with the probe for
binding to 2-5A-depRNase. Assays for 2-5A levels also,
failed to show any endogenous induction of 2-5A by TPA.

There was however a small induction of 2-5A in IFN-treated

cells.

6 To obtain more direct evidence for the involvement
of PKC in phorbol-ester-mediated phosphorylation of 2-5A-
depRNase, we examined the ability of purified PKC to
phosphorylate the partially purified RNase in vitro.

Results indicate that 2-5A-depRNase is a substrate for PKC
in vitro, and are therefore consistent with the effects of
phorbol esters on whole cells being mediated by a direct

effect of PKC on 2-5A-depRNase.

Taking these results together, I conclude that it is
highly likely the 2-5A-depRNase is a substrate for PKC, and
its phosphorylation modulates its ability to bind 2-5A. 2-
5A-depRNase may therefore play a key role as a negative
regulatory element in cellular growth control. The studies
described here have focused on the post-translational
regulation of 2-5A-depRNase, and its inactivation/activation

by a phosphorylation/dephosphorylation mechanism.
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Inhibition of 2-5A binding could occur in two ways.

(i) Phosphorylation of the 2-5A-depRNase could cause
an allosteric change in the protein, thereby blocking 2-5A
binding.

(ii) The site of phosphorylation and the 2-5A binding
could be the same, with one event eliminating the other,

depending on which mechanism occurs first.

The mechanism(s) by which IFN and TPA modulate
differentiation are not known. The primary site of action
for both IFN (Lengyel., 1982) and TPA (Kikkawa, U. and
Nishizuka, Y., 1986) appears to be cell membranes. Opposing
effects of IFN and TPA on the cell membrane might generate
different transmembrane signals and thus either inhibit
(IFN) or stimulate (TPA) growth and differentiation. Further
investigations of the effects of IFN alone, and in
combination with other agents, on cellular growth and
differentiation may provide important insights into the
mechanisms by which IFN exerts its antitumor effect and also
lead to new strategies of combining IFN with other agents to
enhance its antigrowth and antitumor effects. Identification
of this post-translational regulation of 2-5A-depRNase is of
great interest as a potential mediator of the effects of
activated PKC in various tissues and cells. Although the

mechanisms which govern 2-5A-depRNase function are not
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known, we now know that one potential candidate is
regulation by phosphorylation. Moreover, phosphorylation of
this RNase which inhibits 2-5A from binding, may contribute
directly to its inactivation and subsequently to cellular
proliferation. Inactivating the functions of the 2-5A-
depRNase could allow for the expression of certain proto-

oncogenes by extending the half-life of their mRNAs required
for growth.

2-5A~-depRNase could either:

(i) process mRNA required for growth and

differentiation.

(ii) Degrade mRNA for cellular growth factors

(including perhaps oncogene products).

The results presented here are in line with the second
mechanism noted above. Stimulation of PKC activity which
allows for the enhanced expression of a number of oncogenes
(Snow et al., 1986; Monroe, J.G., 1988) and also induces the
rapid phosphorylation of 2-5A-depRNase. The reduced ability
of phosphorylated 2-5A-depRNase to bind 2-5A in vitro and
subsequently to be activated may allow for the enhanced

expression of these oncogenes.
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A major challenge is to provide more convincing
evidence that phosphorylation of 2-5A-depRNase actually
alters the function of the protein in vivo. The availability
of monoclonal antibodies, which unlike 2-5A, may recognize
both the phosphorylated and dephosphorylated forms of this
protein, should help in the eventual characterizaton of
these post-translational level in tissues and cell lines
where substantial fluctuations in the level of 2-5A-depRNase
(as assayed by binding to radiolabeled probe) is observed as
a function of growth. As our understanding increases of how
kinases and phosphatases determine phosphorylation states of
the 2-5A-depRNase, we may better appreciate how the 2-5A
pathway is integrated into the over all physiology of the

cell.

Expression of the 2-5A System during the cell cycle.

There are several observations, though some
controversial, to support the possibility that 2-5A may be
among the agents controlling the rate of cell division. The
treatment of lymphocytes with the mitogen Concanavalin A
causes a several fold increase in the level of (2',5') PDi
without affecting the level of 2-5A synthetase (Kimchi et
al., 1981b). The level of (2'-5') PDi is three fold higher

in dividing cells than in confluent cells of a monkey cell
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line (AGMK). Serum starvation decreases the level of the
enzyme, whereas the addition of serum increases it. Finally,
the ratio of 2-5A synthetase to (2'-5') PDi, which
determines the level of 2-5A, is ten fold lower in fast
growing (AGMK) cells than in confluent cells, (arrested in
the G° phase by serum starvation (Kimchi et al., 1979;
1981) . However, there is some evidence questioning the role
of the 2-5A pathway in growth control. Daudi cells, a human
lymphoblastoid cell line is very sensitive to IFNs
antigrowth effects (Adams et al., 1975), yet IFN does not
enhance the level of 2-5A in these cells (Silverman et al.,

1982).

It is now appreciated that the proliferation of cells
is governed by an elaborate circuitry that reaches from the
surface of the cell to the nucleus (Nishizuka, 1986). In the
absence of growth-promoting factors (mitogens), most cells
enter a resting étate in the G, phase of the life cycle and
so contain a dipioid amount of DNA. Once a cell has begun to
replicate its DNA, it continues through the G, phase and
into mitosis (Sreevalsan., 1984). Once into Gy, a new
mitogenic stimulus must be applied before the cell will
start another cell cycle. Otherwise, the cell enters a
quiescent state, which often leads to differentiation that

may create a highly specialized cell(e.g., nerve)unable to

initiate a new cycle of growth and cell division. Past



studies have indicated the following characteristics of IFN-
induced inhibition of cellular DNA synthesis and division in
normal cells:

1. The levels of 2-5A synthetase and 2-5A-depRNase have
been reported to vary with the growth condition of cells
(Kimchi et al., 1979; Krishnan and Baglioni., 1980; Jacobsen

et al., 1983; Floyd-Smith., 1988).

2. The IFN-induced growth inhibition is reflected in an
increase in the length of G, as well as a reduced rate of

cells entering into the S phase (Sreevalsan., 1980).

3. At present it seems logical to assume that the
antigrowth effects of IFN are based on its ability to
modulate the synthesis of cellular proteins. Conceivably
IFNs, acting positively or negatively, can modulate the
synthesis of some key proteins during the cells' traverse
into the S phase. Based on these and other studies, a
speculative model for the relationship between PKC and 2-5A-

depRNase during cell cycle in JLS-V9R cells can be proposed.

Orderly cell division depends on the coordination of
the events of the cell cycle. In eukaryotes this cordination
is produced by the regulation of three cell cycle
transitions: entry into mitosis, exit from mitosis, and

passage through a point in G1 named "start", that commits
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the cell to initiating DNA synthesis(the S phase). In
mammalian cells "start" is the point in the cell cycle where

cells monitor cell size and nutrient availability (Baserga,

R. 1985)

What role does the 2-5A-depRNase play in this cell-cycle

transition?

Present work suggests that phosphorylation of 2-5A-
depRNase by PKC inhibits its ability to bind 2-5A, which is
required for its RNase activity. Thus, translation of mRNA
from certain growth factor genes could be facilitated by
inhibition of 2-5A-depRNase. That is, inactivation of 2-5A-
depRNase by phosphorylation could ensure that certain
replication proteins are not present in the G, or resting
state would be expressed, thereby allowing transition from
G, to G, to S-phase. The mRNA for growth factors, including
proto-oncogenes like c-myc, c-fos and c-myb which have been
implicated in growth may fail to be expressed in the
presence of adequate levels of 2-5A-depRNase. Complex
formation between 2-5A and 2-5A-depRNase may be regulated in
part by the cell cycle-dependent phosphorylation and
dephosphorylation of 2-5A-depRNase, or the actions of a
specific kinase(s), may directly or indirectly, contribute
to the efficient dissolution of 2-5A:2-5A-depRNase complex,

while that of a specific protein phosphatase may have an
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opposite effect. The suggestion that 2-5A-depRNase has a

role in regulating the cell-cycle, raises several questions:

s B Are there additional phosphatases and kinases that
also regulate the activity of 2-5A-depRNase through

phosphorylation?

2. Is there both a cyclical phosphorylation/
dephosphorylation of 2-5A-depRNase as well as cyclical

binding and release of 2-5A from 2-5A-RNase?

s Is there a cyclic circuitry involving the inactivation

of 2-5A-depRNase and activation of growth related proteins?

4. Are there other levels of regulation of the 2-5A-

depRNase?

Future Studies

Quantitation of phosphorylation of 2-5A-depRNase in
vivo may provide insight into the mechanism by which this
protein may play a regulatory role in signal transduction,

mitosis, cell proliferation and gene regulation.
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In Vivo protein phosphorylation

To address this problem, an in vivo double-labeling
method (utilizing [3H]-,[14C]-or[355]-radiolabe1ed amino
acids and [32P]~orthophosphate that allows for quantitation
of the amount of specific phosphorylation of a given protein

can be used (Capps, G. and Zuniga, M. 1990).

JLS-VI9R cells grown in the appropriate media, can be
incubated in methionine-free, phosphate-free medium,
followed by incubation with [358]-methionine and [32P]-
orthophosphate. Before the cells are harvested, the [355]—
methionine and [32P]-orthophosphate labeled cell suspension
can be split, and the phorbol ester (TPA), can be added to
one sample. Following lysis, 2-5A-depRNase can be
immunoprecipitated from this lysate and be analysed by

355, the

SDS/PAGE. Two autoradiograms, one specific for
other for 32P, can be generated from the gel (Capps, G. and
Zunigam, M., 1990), allowing for measurement of induction of

phosphorylation while controlling for quantity of protein

being measured.

Cell Synchronization and Pulse-Chase Experiments.

The data presented here indicate that in the JLS-V9R

cells and possibly in other mammalian cells, 2-5A-depRNase
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phosphorylation may be tied to specific events in the cell-
cycle. In Go,/G,, also referred to as the resting state
(Baserga, 1985), most of the 2-5A-depRNase may exist in an
un= or under-phosphorylated state, as determined by its
ability to bind 2-5A. In contrast, in S and Gy, during which
time most of the DNA synthesis occurs (Baserga, 1985), it

may be largely phosphorylated.

To test for the relationship between cell cycle
position and the state of 2-5A-depRNase phosphorylation, IFN
treated JLS-V9R cells can be growth arrested at Gl1/S phase
with hydroxyurea. Cells can then be pulse-labelled with
[35

isolated as described by Shenoy et al.(1989), using

S]methionine. Mitotically arrested JLS-V9R cells can be

Nocodozole (methyl(5-{(2thienylcarbonyl)}-1H-benzimidizole-2-
yYl]-carbamate; Jansen). The nonadherent cells are collected
by pipetting and centrifugation. After replating,virtually
all of these cells selected for viability by virtue of their
adherence to the plastic surface in 3hr would be found to be
in M phase by light microscopy. This specific population can
be extracted and the lysate analysed for phosphorylated and
nonphosphorylated forms of 2-5A-depRNase by western
blotting. Covalent binding assays using br-2-5A[32p]Cp would
also be helpful, by using it with the above extract to
determine how the phosphorylation state of the RNase during

growth arrest and growth stimulation is regulated.
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Subcellular localization of phosphorylated and
nonphosphorylated 2-5A-depRNase in tissue culture cells at
different times after IFN treatment and growth stimulation
would by of particular interest. This can be determined
using immunohistologic techniques. In addition, the effects
of microinjecting antibodies directed against the 2-5A-
depRNase on the ability of cells to synthesize DNA and
undergo mitosis can be assessed. Monoclonal or polyclonal
antibodies can be used in immunoprecipitation experiments to
determine the phosphorylation/dephosphorylation state of the

2-5A-depRNase during cell cycle regulation.

2-5A-depRNase as_a suppressor of neoplastic growth.

IFNs are negative regulators of cell growth both in
culture and in animals (Taylor-Papadimitriou, 1980). To
study the involvement of the 2-5A system in inhibition of
tumor growth, the 2-5A-depRNase gene, in both sense or
antisense orientation can be introduced into a tumor cell
line. This application will permit specific studies to
determine the physiological mechanisms by which 2-5A-
depRNase impacts regulation of growth, and arrest of
tumorigenic cells. Alternatively, a mutant cell line for 2-
5A-depRNase and PKC can be used to introduce 2-5A-depRNase

gene to study regulation and cell growth.
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Does inhibition of cell growth result from the specific
cleavage of growth factor mRNA's by 2-5A-depRNase?

Degradation of several oncogene mRNAs is mediated by a
repeated hexanucleotide sequence, AUUUA found in their 3'-
untranslated regions. Since the dinucleotides UU and UA are
favored sites of cleavage by 2-5A-depRNase, the 2-5A system
could regulate cell growth by degrading mRNAs of growth
factors and oncogenes. Meijlink et al., (1985), have
reported that in some proto-oncogenes, including c-myc and
c-fos, deletion of the untranslated A-T rich sequence of
confers transforming activity when assayed in cultured rat
fibroblast cells. This observation led to the proposal that
the expression of c-fos gene is regulated post-
transcriptionally and that a novel regulation involves the
3' interacting noncoding region. Specific AUUUA rich
sequences promoting RNA decay has been identified at the 3!
noncoding region of the transiently expressed mRNA
protooncogenes c-fos, c-myc, c-myb, c-sis, and cytokines
(Brawerman, 1987, Cell, 48, 5-6). Such a sequence has not
been identified in the 3' noncoding region of stable mRNA
such as globin mRNA. Shaw and Kamen (1986) have shown that
insertion of AUUUA rich sequences into rabbit beta-globin
gene, destabilized the globin transcript, but the manner in
which the AUUUA region promotes RNA decay was not

demonstrated. It is possible this AUUUA sequence motif is



Cleaved by 2-5A-depRNase, as it has been shown to degrade
RNA predominantly at UA and UU sequences (Wreschner et al.,

1981; and Floyd-Smith et al., 1981).

A second line of evidence comes from the work of Shaw
and Kamen (1986), who have shown that activation of PKC
allows for the expression of certain proto-oncogenes. mRNA
for granulocyte-monocyte colony stimulating factor (GM-CSF)
was reported to be unstable (a half-life of < 30 min) after

induction of human T lymphoblast cells with

phytohemagglutinin, whereas the GM-CSF mRNA was stable after

treatment of the cells with PKC activator TPA. The increased

stability of GM-CSF mRNA induced by TPA as opposed to
phytahemagglutinin, may be due to the fact that TPA
activates PKC, which in turn phosphorylates the 2-5A-
depRNase. Phosphorylation of 2-5A-depRNase inhibits its
binding to 2-5A, possibly reducing degradation of GM-CSF

mRNA.

The potential role played by 2-5A-depRNase in this
selective degradation of transiently expressed messengers
with such AUUUA sequences is experimentally approachable
using the recombinant wild type 2-5A-RNase. Expression

vectors for c-fos, which has the AUUUA sequence in the 3'

UTR, can be constructed, with and without deletions in that

region. Co-transfection of the c-fos plasmid DNA and the 2-
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SA-depRNase cDNA can be attempted in the JLS-V9R cells, and
expression of the c-fos mRNA can be monitored by northern
analysis. Since short term treatment of JLS-V9R cells with
PKC activators caused a down regulation in the 2-5A-
depRNase, it will be interesting to examine if 2-5A-depRNase
phosphorylation can negatively modulate the pathway of mRNA
degradation involving the AU sequence element. Perhaps the
transient increase in expression of certain proto-oncogenes,
initiated by a signal received at the cell surface , may
result in part from a temporary block in the activation of
2-5A-depRNase pathway by a phosphorylation/dephosphorylation

mechanism.
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