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Abstract

The Friend virus complex causes a progressive murine erythroleukemia. The
early phase of the disease is considered premalignant because the infected
erythroblasts have a limited proliferative capacity and continue to differentiate. In
contrast, 3-8 weeks post-infection malignant Friend cells emerge that can be
maintained in culture, are transplantable, and appear to be blocked at the
proerythroblast stage of differentiation. Thus, the Friend cells have escaped the
commitment to differentiate and now have the capacity for unlimited self-renewal
and are considered immortal.

Expression of gp55 at the cell's surface provides the mitogenic signal for the
initial erythroblastosis. Previous work had demonstrated that the SFFV gpb5 was
inefficiently pfocessed to the surface and the majority remained within the rough
endoplasmic reticulum. We have shown that the majority of gpSS is still present
as an intracellular monomer, but a portion of the intracellular molecules are
dimerized by disulfide bonds and all of the cell surface molecules are dimerized.
We have demonstrated that the intracellular dimers are the precursors to the cell
surface dimers, however not all of the dimers formed reach the cell surface.
Instead, it appears that several different forms of the dimer can be detected
intracellularly, while only one dimer form is found at the cell surface. We have
proposed that the initial folding and dimerization of gp55 generates a structurally
héterogeneous population of molecules. Only those dimers that are "correctly
folded" can escape the rough endoplasmic reticulum and are transported to the
cell surface where they generate a mitogenic signal. This would imply that the
transported molecules would be conformationally unique from the intracellular
dimers. Those molecules that are incompetent for transport remain trapped in the

RER.
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We have shown that the erythroleukemic progression is associated with an
increase in the relative expression levels of the cellular oncogenes c-myc, c-
myb, and p53 in the erythroleukemia cell lines. In addition, our genomic
structural studies demonstrated amplifications of c-myc copy numbers and p53
rearrangements. Such results imply that changes in expression of these cellular
oncogenes were selected during progression and may contribute to the
proliferation and tumorigenicity of these cells. Progression is associated with a
decreased tendency in cellular differentiation and an increased capacity for self-
renewal. This has led to the hypothesis that leukemias represent a block in
differentiation. Friend cells can still be induced to differentiate with compounds
such as DMSQ. This induction results in a rapid decrease in c-myc, c-myb, and
p53 transcript levels. These results are consistent with the belief that increased
expression of cellular oncogenes may contribute to leukemic progression by
interfering with erythropoiesis.

Proviral integration studies using a "tagged" virus has demonstrated that a
single clonal population eventually emerges to form the advanced leukemia.
Moreover, common integration sites are suggested by the clustering of the
proviruses in only a few areas of the genome. This implies that the "stages" of
erythroleukemia may only involve a single critical proviral integration event. The
continued expression of gp55 may contribute to the progression by providing a
constitutive mitogenic stimulus, whereas the proviral integration may allow the
erythroblasts 1o escape from its commitment to erythroid differentiation and
become immortalized. Thus, the SFFV proviral integration may represent a
primary genetic alteration to the infected erythroblast that eventually culminates in
a transformed cell. Cloning and characterizing these proviral integration sites

should provide a significant new insight into Friend erythroleukemia.
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. Introduction
A. Discovery

The Friend virus complex causes a progressive erythroleukemia in
susceptible mice. The original isolate of Friend virus was obtained as a ceii-free
extract from a Swiss mouse that had developed erythroleukemia following
inoculation with Ehrlich mouse carcinoma cells ( 1, reviewed 2, 3). The disease
could be serially transmitted by injecting filtrates prepared from spleen extracts.
The pathology of this disease was characterized by rapid enlargement of the
spleen (splenomegaly) and anemia. In addition, the peripheral blood contained
elevated levels of hyperbasophilic cells that morphologically resembled
proerythroblast progenitor cells. These cells are referred to as Friend cells.
Because of the resulting anemia, the original isolate has been termed Friend
virus-anemia strain (FV-A).

Two groups independently obtained derivatives of the criginal Friend virus
preparation that induced a disease characterized by polycythemia (increased

levels of erythrocytes in the peripheral blood), rather than anemia (4, 5, 6). The

polycythemia inducing strain has been designated FV-P.

B. Rauscher Isolate

In 1962, Rauscher isolated a virus from a transplantable ascites tumor that
induced an erythroproliferative disease very similar to the disease induced by the
anemic strain of Friend virus (7). Recent molecular cloning and DNA sequence

studies have demonstrated that Rauscher and Friend virses are closely related to



each other and that they probably have a common ancestor (8, 9). A

polycythemia variant of Rauscher virus has not been isolated.

C. Hematopoiesis

The Friend virus has a rapid and dramatic effect on erythroid cells in the
infected mouse. Proliferation of proerythroblasts (Friend cells) in the spleens of
infected mice can be detected as early as 30 hours following virus inoculation (1,
10, 11). Distinct macroscopic splenic foci can be seen by 9 days post-infection (6,
12, 13). By three weeks post-infection, the spleen and liver become greatly
enlarged and many infected mice die due to splenic rupture between 2-6 weeks.
To fully understand the effect of the Friend virus on murine erythroid cells, a brief
review of normal hematopociesis is necessary.

The circulating red and white blood cells have finite life-spans and must
constantly be replenished. This process is termed hematopoiesis and has been
thoroughly reviewed (14-16). Hematopoiesis involves a hierarchy of stem cells
with different developmental and proliferative capacities (see Fig. 1). The most
primitive stem cells, residing mostly in the bone marrow, are pluripotent and have
a substantial capacity for self-renewal, although this capacity is not unlimited. The
rate of stem cell replication and differentiation is regulated by a complex set of
humoral and microenvironmental factors. The transition from a pluripotent stem
cell to a progenitor capable of only differentiation along a single developmental
pathway is termed determination or commitment. The committed progenitor cells
form a series of stem cell pools that have a limited self-renewal capability and that

are replenished from their precursors. Thus, cells in each stem cell pool can



Figure 1. Summary of the hematopoietic cell lineages. Abbreviations used in the
erythroid differentiation pathway include: CFU-S (coloney-forming unit,
spleen), BFU-E (burst-forming units, erythroid), and CFU-E (coloney-forming

units, erythroid).
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proliferate for a limited time before progressing along the developmental
pathway. As cells progress along the pathway, their ability to proliferate becomes
more restricted as they become more differentiated.

The erythroid lineage includes several distinct precursor cells that arev
derived from a pluripotent precursor stem cell called the CFU-S (coloney-forming
unit, spleen) (see Fig. 1). At least two distinct classes of erythroid precursor cells
have been identified by their ability to form hemoglobinized colonies in semisolid
medium. Primitive erythroid precursors, referred to as BFU-E (burst-forming units,
erythroid), form large clusters of colonies (called bursts) that become
hemoglobinized 4-6 days in culture with the addition of erythropoietin (Epo). The
cells in these bursts are mature erythroid cells that have no self-renewal capacity.
The relatively more mature erythroid precursor cells are termed CFU-E (coloney-
forming unit, erythroid) and can form small hemoglobinized colonies when
cultured for 48 hours in the presence of Epo. Thus, the BFU-E undergo a limited
number of divisions and then differentiate to form the CFU-E stem cell pool.
Similarly, the CFU-E divide briefly and then differentiate to form mature

erythrocytes.

D. Viral Host Range

The murine leukemia viruses (MulV) can be distinguished by their abilities
to penetrate into cells of different mammalian species, and they are classified
accordingly as ecotropic, xenotropic, amphotropic, and dualtropic (also called
polytropic). These ditferences in host range are determined by the abilities of the

MuLV envelope glycoproteins to bind to different receptors on the surfaces of the



appropriate target cells (reviewed 17). Consequently, the expression of a given
MuLV envelope glycoprotein on the surface of the infected cell will interfere with
subsequent infection by another member of the same virus group.

The efficient infection of ecotropic MulLVs, including the Friend and
Rauscher MuLVs that are helpers to their SFFVs, is restricted to mouse cells,
although some strains can also infect rat cells. Xenotropic MulLVs are
endogenous to mouse cells but can only infect non-murine cells such as rat, mink
and human. The amphotropic MuLVs are inherited in certain strains of wild mice
and it is believed they have a broad host range and can infect all mammalian
species. Finally, the dualtropic MuLVs are recombinants between ecotropic
MuLVs and endogenously inherited DNAs that are related, but not identical to
xenotropic MulLVs. These highly leukemogenic viruses can cause foci on mink
cells and are designated mink cell focus-inducing (MCF) viruses. They have a

dualtropic host range in that they can infect mouse and non-mouse cells.

E. Viral Life Cycle

The MuLV infection cycle is a multi-step process (reviewed 18, 19). Infection
begins with the binding of a virion envelope glycoprotein to a specific cell surface
receptor . As discussed above, this binding helps define the viral host range. After
binding, the virion core penetrates into the cytoplasm of the host cell and the viral
RNA genome is reverse transcribed by a RNA-directed DNA polymerase called
reverse transcriptase. The double stranded DNA intermediate is called a provirus
and this integrates into the host's genome. A transcriptional promoter located in

the long terminal repeat (LTR) of the provirus directs the transcription of full length
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viral RNA. This genomic RNA is spliced to form subgenomic mRNAs that encode
the viral proteins. The core proteins are synthesized as polyprotein precursors in
the cytoplasm while the envelope precursor is synthesized on endoplasmic
reticulum bound ribosomes. The envelope glycoproteins are processed from the
rough endoplasmic reticulum, through the Golgi apparatus and to the plasma
membranes. The viral nucleocapsids form and bud from the plasma membrane.

Consequently, the viral lipid bilayer is acquired from the host cell's membrane.

F. Friend Viral Complex

The Friend virus is a complex of two distinct viral components: a replication-
competent Friend murine leukemia virus (F-MuLV) and a replication-defective
spleen focus-forming virus (SFFV) (12, 20). As will be described in detail,
considerable evidence has shown that the SFFV is responsible for the rapidly
developing erythroleukemia, while the role of F-MuLV is to provide the replicative
functions that the defective SFFV lacks (13, 21). The difference between the
anemia and polycythemia-inducing virus isolates is also determined by their
SFFV components (13). Therefore, viral stocks which differ by their ability to
induce polycythemia or anemia are designated SFFVp or SFFVp, respectively.

1. MulLV Genome

The replication-competent F-MuLV contains a 385, positive sense
messenger RNA (22-24, reviewed 25). The MuLV genome encodes three genes
called gag, pol, and env which are arranged 5'-gag-pol-env-3'. The gag, pol,
and env genes encode the viral core proteins, reverse transcriptase, and the
viral envelope proteins, respectively (reviewed 25). The primary gag gene

translation products are synthesized from the 38S mRNA to produce three



polyproteins at 65,000, 80,000, and 180,000-daltons. These have been termed
Pr65999, gPrgo929, and Pr SOgag-pol, respectively. Translation of the larger
polyproteins is believed to be the result of a translational read-through at the 3'
end of the gag sequences (26). The Pr65949 is cleaved to generate the internal
structural gag proteins of the viral particles (27). The gPr809289 is the precursor
to the glycosylated gag polyprotein found at the cell surface (28) and the
Pr180989-P%! is incorporated into budding virions and is eventually
proteolytically cleaved to form the mature reverse transcriptase (29). This
cleavage is believed to activate the reverse transcriptase (29).

The env gene encodes a polyprotein that is translated from a spliced, 225
subgenomic mRNA on ribosome bound to the endoplasmic reticulum (19, 30).
The glycosylated form of this polyprotein, gPro0, is then proteolytically cleaved to
form the viral envelope glycoprotein, gp70, and its membrane anchor, p15E (19,
31, 32). The gp70 and p15E remain associated by disulfide bridges and/or
noncovalent bonds (33-35) and become incorporated into budding virus
particles. In addition, due to the fact that much of the gp70 is only noncovalently
associated to p15E, gp70 molecules are readily lost from infected cells and
budded virions (36).

2. The SFFV genome

Once the SFFV was‘iscjlated free of its helper MuLV by cloning at a limiting
dilution into fibroblasts (37, 38), it was possible to compare its genome with that of
its helper MuLV and with xenotropic and dualtropic MuLVs. Molecular cloning
and sequencing of several strains of Friend SFFV and Rauscher SFFV have

indicated that they all have similar structures and presumed origins (8, 9).



The SFFV appears to have arisen by recombination between its natural
helper virus and endogenous mouse, dualtropic-specific genetic sequences (39,
40). Using liquid hybridization techniques (39, 40), it was shown that the SFFV is
an env-gene recombinant virus that contains both F-MulV and MCF sequences.
The SFFV env gene is in fact highly related to the recombinant-type env genes
of MCF viruses. The MCFs have also arisen by recombination of ecotropic MuLVs
with endogenous dualtropic-specific env gene sequences (for review see 41).
Friend MCF virus has been implicated in an F-MulLV-induced erythroproliferative
disease that is quite similar, yet distinct, from that induced by SFFV (42)

Consistent with its replication defectiveness, SFFVp genome contains a 323
RNA (38, 43-45), in contrast to the 38S RNA for MuLV. This size difference is due
to partial deletions in the gag, pol/ and env genes. Thus, SFFVP does not
encode a functional reverse transcriptase and only encodes a 15,000- to 45,000-
dalton gag protein rather than the 65,000-dalton F-MulV gag precursor (38, 43,
45). A 215 subgenomic RNA has been shown to code for the SFFV env protein
(45-47). The envelope protein is a 52-55,000 dalton glycoprotein (gp55) (45, 48-
50) that is immunologically and structurally related to the larger gp70-p15E
glycoproteins of MCF viruses (48, 51). The gp55 is inefficiently processed from
the rough endoplasmic reticulum to the plasma membrane and is not
incorporated into budding virions (49, 50). However, recent work has shown that

gp55 is slowly shed into the medium (52).

G. Effect of the Friend Virus Complex on Hematopoiesis

1. EV-P effect on ervthroid cells




Infection of mice with the SFFVp viral complex causes a multi-staged
erythroleukemia (reviewed 2, 3). The early stage of the disease begins within 1-2
days of infection and is characterized by extensive erythroblast proliferation in the
spleen and marrow. This erythroid hyperplasia causes distinct splenic foci within
6-10 days post-infection (6, 12, 13, 53). By three weeks post-infection, the spleen
and liver become greatly enlarged and polycythemia develops due to continuing
preprogrammed differentiation of the infected proliferating erythroblasts (54-57).
In the later stages, between 4-6 weeks, transplantable tumorigenic cells can be
isolated from the host animal and death usually occurs due rupture of the spleen.

In vitro analysis has helped characterize some of the cellular changes that
occur during the disease. Whereas the Friend virus can infect a variety of
hematopoietic cells, the pathogenic targets appear to be the Epo-responsive
erythroid precursor cell (58, 59). Proliferation and preprogrammed differentiation
of CFU-E and BFU-E is normally dependent on the hormone Epo (see Fig. 1).
However, viral infection of the erythroid precursor cells dramatically reduces this
requirement for Epo and mice infected with SFFVp continue to produce red blood
cells under conditions where Epo levels would be insufficient to support normal
erythropoiesis (11, 55, 57, 60).

Hankins et al. (60) described the appearance of large erythroid bursts in
semisolid medium 5 d}ays after infecting bone marrow cells with FV-P in vitro.
While normal erythroid bursts (BFU-Es) require the addition of Epo for coloney
formation in vitro, the FV-P infected cells can form bursts without the the addition
of exogenous Epo. Biological and physical characterization of these bursts

indicate that they are formed from erythroid progenitor cells that are more
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primitive than CFU-Es (57, 60). These BFU-E erythroid progenitor celis are
believed to be the precursor cells responsible for the increase in number of CFU-
E seen in the mouse within 3 days post-infection. These bursts form regardless of
which helper virus is used to rescue the SFFV and they do not form with helper
virus alone (57). This work clearly demonstrated that the SFFV component was
responsible for the Epo independent burst transformation. Using a similar
approach, Kost et al. (58, 59) demonstrated that the major target cells for the
Friend virus are erythroid precursor cells that have matured beyond the day 8
BFU-E.

In summary, both the BFU-E and CFU-E progenitors are committed to the
erythroid lineage and their proliferative capacity becomes restricted as they
differentiate. Both the differentiation and proliferation of these cells normally
require Epo. Infection by FV-P causes mitogenesis independent of Epo, but the
commitment to terminél differentiation is not eliminated. Consequently, infected
mice develop polycythemia.

2. EV-A effect on ervthroid cells

The initial viral isolate described by Friend induced an erythroleukemia
characterized by the development of anemia (1, 10). Infection of mice with FV-A
causes an erythroleukemia that is very similar to that caused by the FV-P strain.
Foci can be detected on the surface of the spleen 9-10 days post-infection (13,
53), however these foci are not as distinct as those induced by FV-P. FV-A
infected mice develop splenomegaly, an increase in Epo-dependent erythroid
colony-forming cells (CFU-E), and anemia (13, 61).

In contrast with SFFVP, CFU-E and BFU-E infected with SFFVp remain



P

partly sensitive to Epo (57, 62). Hankins et al. (57) demonstrated that infection of
bone marrow cells in vitro results in an increase in the number of cells capable
of forming BFU-E and CFU-E colonies in the absence of Epo. However, they
contained significantly less hemoglobin than those induced by FV-P. To fully
differentiate, these colonies required the addition of Epo, but at a level that would
not induce differentiation of uninfected erythroid precursor cells.

In summary, FV-A can cause Epo-independent mitosis of BFU-Es and CFU-
Es. The proliferative capacity of the infected cells remains limited because they
are committed to differentiation and their self-renewal capability is not increased
by infection, although terminal differentiation still requires the low level presence
of Epo. Thus, FV-A infection stimulates limited erythroblastosis without complete
differentiation and the ineffective erythropoiesis results in anemia. Therefore, the
major difference between FV-P and FV-A seems to be that the erythroblastosis

caused by FV-P is associated with Epo-independent terminal differentiation.

H. Multipl f Erythroleukemia Devel

The progressive nature of the erythroleukemia has been demonstrated by
several experimental studies. Fragments of enlarged spleens from mice infected
with either complex cannot be successfully transplanted subcutaneously to
syngeneic hosts within the first two weeks of infection. Only after three weeks
post-infection has it been possible to obtain tumor cell lines from the spleen (63-
65). These cells resemble proerythroblasts but they are blocked in their ability to
differentiate (66). However, they have the ability to be induced to undergo
terminal erythroid differentiation by the addition of such chemicals as

dimethylsulfoxide (DMSO) (66).
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Further evidence for distinct stages in the development of the
erythroleukemia was obtained using the in vitro cell culture in semisolid medium
(methylcellulose). Culturing spleen cells of mice infected 1-2 weeks previously
with FV-P results in the development of only small erythroid colonies (65). These
colonies have undergone erythroid development as judged by hemoglobin
production and only have a limited capacity to divide. In contrast, large erythroid
colonies (104-105 cells) can be grown in methylcellulose after 3 weeks post-
infection (65). Only a small portion (1-5%) of these cells undergo spontaneous
erythroid differentiation. These cells can form spleen colonies in irradiated hosts
and produce tumors when injected subcutaneously into unirradiated hosts.

Use of in vitro colony-forming assay has revealed some important
differences between the FV-P and FV-A strains. Methylcellulose colonies are
detected as early as 3 weeks post-infection with FV-P, whereas FV-A infection
requires greater than 8 weeks for colony formation (65). Using an assay that
detects tumor formation in the omentum of secondary irradiated recipients, a
similar kinetic difference is seen in the appearance of tumorigenic cells after
injection with FV-P and FV-A (64). Cell lines derived from colony-forming units
also differ in their differentiation characteristics. Clonal cell lines derived from FV-
A infected cells have a low level of hemoglobin positive cells, will accumulate the
erythroid specific membrane protein spectrin after exposure to Epo, and are
generally unresponsive to DMSO. In contrast, FV-P derived cell lines exhibit a
higher level (25%) of cells with detectable hemoglobin, are unaffected by Epo,
and respond to low levels of DMSO (1%) by differentiating. The ability to undergo

terminal erythroid differentiation is one characteristic Friend virus-transformed
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cells have in common with normal hematopoietic cells.

The final stage of Friend erythroleukemia is characterized by the emergence
of immortalized tumorigenic cells with a high self-renewal capacity. These cells
appear to be autonomous of both humoral and cellular factors that regulate the
behavior of normal hematopoietic cells. This is further supported by the evidence
that FV-P derived cclony-forming cells can proliferate to form macroscopic spleen
colonies in genetically anemic SL/SLY mice (67). These mice contain two
mutations that result in a defective cellular microenvironment that prevents spleen
colony formation by normal hematopoietic cells. Thus, the malignant cells have
escaped the commitment to differentiate and have gained the capacity for

unlimited self-renewal.

[. Genetic Elements Required for SFFV Pathogenesis
1. Role of SFFV in pathogenesis

Because of the difficulty of propagating the replication-defective SFFV in
vitro, early attempts to define the role of each viral component in disease
development centered on analysis of the F-MuLV helper virus. A replication-
competent virus was first isolated free of SFFV by passage of the viral complex
through mice or rats resistant to SFFV (68, 69). The virus recovered from these
animals induced a T cell lymphatic leukemia. However, using T cell-depleted
miée or newborn mice, the Friend MuLV was able tc induce erythroleukemia,
rather than a lymphoid leukemia, after a long latent period of 25 to 45 days (70).
This erythroleukemia was restricted to newborn mice. In contrast, the full Friend

complex can induce a rapid erythroleukemia in both newborn and adult mice.
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The generation of Epo-independent erythroid cells, both in vivo and in
vitro, was found to be independent of the helper-virus used in the infection.
Rescue of SFFV nonproducer cell lines with a variety of helper viruses, including
F-MuLV, Moloney MuLV, and amphotropic MuLV, induced a disease
characterized by the appearance of a large number of Epo-independent CFU-Es
(13). In addition, the formation of erythroid bursts following in vitro iniection of
bone marrow cells was independent of which helper MuLVs were pseudotyped
with SFFV (57).

This earlier work strongly suggested that the SFFV was needed for the
induction of the erythroleukemia. However, it still was not clear if the role of the
helper virus was to provide its replicative functions and spread the disease or to
cooperate in some additional critical way to induce the disease. Several recent
reports have addressed this issue by using in vitro packaging cell lines to
produce helper-free stocks of SFFV (70-73). In all reports it was shown that
helper-free SFFV is able to induce extensive erythroid hyperplasia in vitro and
in vivo. However, the ability of helper-free SFFVP to generate advance stages of
the erythroleukemia was not consistently observed (70). Further work by Ruscetti
et al (72, 73) and our studies (thesis results) have shown that helper-free SFFVP
is capable of inducing a progressive multi-stage erythroleukemia. This work has
conclusively shown that the SFFV component is responsible for the observed
erythroleukemia in vivo.

2. Role of SFFV env gene in pathogenesis

Early studies suggested that the envelope protein encoded by the SFFV was
critical in the development of the erythroleukemia. For example, while the ability

of SFFV to produce their gag proteins vary with strain and infected cell, all
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SFFVs encode a gp55 envelope glycoprotein (75). Oligonucleotide fingerprinting
comparisons between SFFV and its ecotropic MuLV helper have shown that only
sequences at the 3' end of the genome (those encoding the envelope protein)
are unique to SFFV (24, 44). Moreover, as previously described, the SFFV env
gene is closely related to the env genes of MCF viruses (8, 39, 40, 76). These
MCF viruses have been implicated as causes in a variety of progressive
hematopoietic neoplasms, including the erythroleukemia caused in new borns by
F-MuLV (reviewed 41).

3. Studies with subgenomic fraaments of SFFV DNA and spontaneous

mutants

Molecular cloning of the SFFV genome provided further evidence for the
importance of the envelope gene. When a subgenomic fragment derived from the
3' end of an SFFV clone was co-transfected with helper virus DNA into fibroblast
cultures, biologically active SFFV recombinants were recovered (77). In addition,
deletions introduced into the env gene within this subgenomic fragment could
eliminate the biological activity of the SFFV recovered from the co-transfection
assay (78). These experiments were consistent with the hypothesis that the env
gene mediates the pathogenicity of SFFV. However, the co-transfection assay
used in these experiments required the biologically active virus to form after the
recombination of the SFFV sequences with those of the helper. It is possible that
a negative result in the co-transfection assay represents a failure in this
recombination rather than an absence of the leukemogenic sequences. The
resulting inactive viruses were not isolated and characterized.

More direct genetic evidence was obtained from the isolation of



16

transmissible spontaneous SFFV mutants. Ruta et al. (79) from this laboratory
showed that non-pathogenic or weakly pathogenic SFFVs contained non-
overlapping mutations in their env genes. These mutants encoded envelocpe
glycoproteins that had abnormal electrophoretic mobilities and were defective in
their processing to the plasma membranes. Similar mutants have also been
isolated for R-SFFV (80). However, when these SFFV mutants were injected into
newborn mice, revertants formed that were fully leukemogenic in mice of all ages
(81). Sequence analysis of these revertants showed that they contained
secondary env mutations that restored pathogenic function to the SFFV (82).

Site-directed SFFV env mutants are also nonpathogenic (83).

J. Structural Characteristics of the SFFV env Gene

1. Seguence analysis

The complete nucleotide sequence of the SFFVP env gene has been

determined (76, 84, 85) (summarized, Fig. 2). The open reading frame predicts
that the primary translation product has a total of 409 amino acids with a M,
~44,752. The sequence reveals that there are five potential N-linked
glycosylation sites and twelve cysteines available for disulfide bonding.

As previously described, it is believed that the SFFV genome was generated
by genetic recombination. A comparison of SFFV env sequences with related
MulVenv sequences demonstrates that the recombination has resulted in a
SFFV envelope glycoprotein with several unique characteristics (Fig. 3) (8). The
amino-terminal portion of the molecule has a high degree (>90%) of sequence

homology with the amino-terminal portion of the gp70 of MCF virses. This portion
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of the MCF gp70 is known to be coded for by the acquired endogenous
- dualtropic-specific env-like sequences (reviewed 82). These are referred to in
Fig. 3 as xeno-related sequences. The fact that the amino-terminal domain is so
highly conserved between the SFFV and MCF envelope glycoproteins suggests
that this portion of the molecule contains a functionally active site for this group of
pathogenic viruses. Indeed, all MCFs contain this closely related amino-terminal
region and they all bind to a receptor different from that used by ecotropic MulLVs
(87). Conseguently, it is believed this amino terminal region must involve the
receptor-binding domain of the MCF envelope glycoprotein. The carboxyl-
terminus is highly homologous to ecotropic gp70 and p15E sequences. However,
due to a single base pair insertion, the p15E-related domain of gp55 is shortened
and contains a unique set of amino acids at its carboxyl-terminus.

2. Eusion glycoprotein

The primary translation product of the MuLV prototype envelope gene is a
polyprotein containing gp70 and Pri5E that is eventually cleaved to form the
mature envelope protein. In contrast, the SFFV env gene product is synthesized
as a 55,000-dalton glycoprotein and is inefficiently processed to the cell surface.
Sequencing analysis of the SFFV env gene reveals a large deletion (585 base
pair) that eliminates the cleavage site between gp70 and Pr15E. This results in a
gene product where the amino-terminal gp70 and carboxy-terminal p15E
sequences are joined and remain covalently linked (see Fig. 4). In addition, the
sequences coding for the membrane anchoring region of gp55, as compared to
the similar domain in MuLV p15E, contain the insertion of a 6 base-pair tandem

repeat insertion in this domain causes a frameshift mutation that results in
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Figure 2. Nucleotide sequence and deduced amino acid sequence of the SFFV
gp55 gene and its flanking regions as determined by Amanuma et al. (76).
Nucleotide sequence is presented as the same (+) strand in the DNA form of
the SFFV genome. The CHO designation represents the consensus

sequence for N-linked glycosylation.
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premature termination of the molecule 34 codons before the termination codon in
MulLV p15E (76, 84, 85). These changes resultin a hydrophobic carboxyl
terminus which appears buried in the membrane with no portion of the molecule
exposed on the cytoplasmic side of the membrane (88).

Protease digestion analysis of the SFFV envelope glycoprotein has
provided additional structural information about the molecule. The gp55 encoded
by wild-type F-SFFV can be cleaved by S. aureus V8 protease to form primary
fragments V-1 (M,32,500) and V-2 (M, 21,500) (79, 80). The larger fragment V-1
is derived from the amino-terminal region of gp55 and contains the antigenic sites
specifically related to the gp70s of dual-tropic MuLVs (48, 51). Increasing V8
protease digestion results in further cleavage of V-1 to produce secondary
fragments V-3 (M, 20,000) and V-4 (M, 12,400).

Extensive V8 proteolytic fragmentation analysis of the related R-SFFV gp54
protein suggested that the dualtropic- and ecotropic-related regions fold into
separate globular domains that are connected by a flexible proline-rich hinge (80,
81). The glutamy! peptide bond found within this hinge appears to be highly
susceptible to cleavage with V8 protease to generate the primary proteolytic
fragments. Moreover, disulfide bonds occur within the dualtropic- and ecotropic-
related domains, but not between the globular domains (80, 81).

3. Post-translational processing

The SFFV env gene product is synthesized on ribosomes associated with
the rough endoplasmic reticulum (RER). The predominate form of gp55
accumulates within the RER and retains its high mannose-containing

oligosaccharide composition (45, 48-50). Whereas the MuLV envelope precursor
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Figure 4. Comparison of a typical MuLV envelope precursor polyprotein with the
SFFV envelcpe glycoprotein. The open areas of the gp55 are homologous
to the ecotropic F-MulLV envelcpe glycoprotein. The shaded areas represent
nonecotropic regions that are highly homologous to dualtropic MCF virus
envelope glycoproteins. The solid region at the C-terminus of gp55

represents sequences unique to this glycoprotein.
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has seven attached N-linked oligosaccharide chains, gp55 has only four (89). A
small portion (~5%) of gp55 is processed to the cell surface and gains a complex
carbohydrate motif as it passes through the Golgi apparatus (90). The processed
protein, which incorporates a variety of sugars such as galactose, fucose, and
glucosamine, has a molecular weight of 65,000-daltons (under denaturing and
reducing SDS-PAGE conditions) and can be detected on the cell surface (48,
50). The additional oligosaccharide processing probably contributes to the
substantial size increase of the more highly processed cell surface component.
The reason for the inefficient processing of gp55 has never been resolved.
Earlier work by Ruta et al. (30) from this laboratory suggested that the unique
structure of gp55 allowed for the heterogeneous cessation of gp55 processing
because of spontaneous, random denaturation. In contrast, Srinvas and
Compans (88) suggested that the env deletions in SFFV may have removed
critical "signals" believed to be involved in the transport of glycoproteins. A major
portion of my thesis project involves the re-evaluation of gp55 processing and the

characterization of several critical post-translational modifications.

K. Model of gp55 Action

Previous analysis of nonpathogenic, spontaneous viral mutants and
péthogenic revertants suggested a critical role for the cell surface form of gp55.
Recent work using in vitro mutagenesis has confirmed the importance of cell
surface expression of gp55 (83). The nonpathogenic mutants contained lesions
in dualtropic-specific sequences that are highly conserved among all strains of
SFFV. All pathogenic SFFVs encoded glycoproteins that were expressed on the

cell surface, whereas the nonpathogenic glycoproteins were exclusively
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intracellular. In addition, the pathogenic SFFVs specifically caused a weak
interference to superinfection by dualtropic MuLVs. These results are compatible
with the multidomain model for the structure of gp55 and suggest that the
processing of gp55 to the plasma membranes is required for pathogenesis. Once
at the cell surface, the carboxyl-terminal region anchors the molecule to the
plasma membrane while the amino-terminal domain of gp55 binds to dualtropic
murine leukemia virus receptors. Interaction with this receptor is believed to

stimulate erythroblastosis.

L. Thesis Objectives

The expression of the SFFV envelope glycoprotein at the cell surface is
essential to initiate erythroblastosis (79, 80, 83). However, this glycoprotein is
very inefficiently processed to the plasma membranes and the vast majority
remains in the RER. During the course of my thesis work, | observed that a portion
of the intracellular molecules and all of the cell surface gp55 exists as a disulfide-
linked dimer. Because all of these processing intermediates exist naturally in the
Friend erythroleukemia cells, we have thoroughly characterized the biosynthesis,
assembly, and post-translational processing of this newly discovered dimer
component to gain more insight into the mechanism of protein folding and
intracellular transport. We have used this data to derive a new model for the
inefficient processing of gp55 to the cell surface.

The Friend virus is known to induce a multi-staged erythroleukemia
(reviewed 2, 3). However, very little is known concerning the progression of the

erythroleukemia at the molecular level. We have analyzed the expression levels
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of thirteen cellular oncogenes during both the leukemic progression and
differentiation of Friend cells to determine if any oncogene was expressed
preferentially in a particular stage of the disease. Genomic analysis was
performed to identify the potential mechanism of activation for those oncogenes
found to be active. Expression of gp55 is required for the initiation of the
erythroleukemia, but little is known about its role in the progression and
maintenance of the malignant state. Therefore, the expression of the SFFV env
gene and levels of cell surface gp55 were analyzed during progression and
differentiation. We relate these results to the hypothesis that the malignant
leukemic state represents a block in differentiation.

The recombinant nature of the SFFV genome has made the unambiguous
identification of the proviral integration sites impossible. To overcome this
problem, we have constructed a helper-free "tagged” virus that is capable of
inducing a fatal erythroleukemia. Using this tagged virus we have been able to
address the clonality of the advanced leukemias and map the SFFV proviral

integration sites.
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1. MATERIALS AND METHODS

A. Animals. Cells, and Viruses.

Female DBA/2J mice between 4-6 weeks of age were used for the
oncogene expression analysis described in Chapter VI. Female NIH/Swiss mice
between 4-6 weeks of age were used for the "tagged” virus analysis described in
Chapter VII. The F745 and F4.6 cell lines have been previously described (91).
The FVT/A cell line was originally designated HFL/d cl. A and described by
Anand et al. (75). The uninfected normal rat kidney (NRK) cells and SFFV
infected NRK ClI 1 cells were originally provided by D. Troxler (NIH) and
characterized by Ruta et al. (90). All cell lines were grown in Dulbecco modified
Eagle medium (Gibco Diagnostics) supplemented with 10% fetal calf serum and
antibiotics. Anemia was induced by subcutance injects of 40 ug phenylhydrazine
per gram body weight at -96,-72, and -48 h in a volume of 0.2 mi PBS.

Stocks of the Friend erythroleukemia viral complex were prepared from the
infected F4.6 cell line. All viral preparations were isolated from actively growing,
subconfluent cell cultures 24 h after addition of fresh growth medium. Culture
fluids were collected, filtered through 0.45um-pore filters and stored at -700C til
use. Viral infection was by tail vein injection using 0.5 ml virus stock (51,000

PFU/m! by the S+L- assay) and enlarged spleens were isolated two weeks later.

B. Gel Electrophoresis,

Polyacrylamide (10 to 20%) gels containing sodium dodecyl sulfate were
prepared as described by Laemmli (92). Straight 15% and 20% acrylamide gels
were also used as indicated in Fig. legends. Electrophoresis was at 20 mA with a

voltage ceiling set at 200 v. Immune precipitates were prepared for
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electrophoresis by boiling for 10 mins in Laemmli modified sample buffer (0.0625
M tris-HCI, pH 6.8, 2.3% SDS, 20% giycerol, and 5% mercaptoethanol). The

mercaptoethanol was omitted where indicated in Fig. legends.

C.Immunoblotting.

Cells were lysed in immunoprecipitation buffer (IPB) (20 mM Tris-HCI, pH
7.5, 1 mM EDTA, 0.1% SDS, 0.5% sodium deoxycholate, 1% triton X-100, and
0.02% sodium azide) at approximately 1x100 cells per 100ul. Samples were
fractionated on 10-20% SDS-polyacrylamide gradient gels. Proteins were
electroblotted for 1.5 h at 100 volts onto nitrocellulose paper in electroblotting
buffer (25 mM Tris, 190 mM glycine, and 20% methanol, pH 8.3) with a Hoefer
Transphor system. Blots were allowed to dry at room temperature and stored at -
20°C til use. Filters were preincubated in 25 mM Tris-HCI, pH 8.0, 144 mM NaCl,
and 0.5% Tween 20 (TTBS) with 3% gelatin (J.T. Baker Chem Co.) at room
temperature for 30 mins, and then incubated in TTBS with 1% gelatin containing
the desired antiserum for 1 h at room temperature. The antiserum used includes
the monospecific goat antibody to F-MulV gp70 that was generously provided by
D. Bolognesi (Duke University, Durham, N.C.). A rat monoclonal antiserum
specific to SFFV gp55 as described by Ruscetti et al. (93). This serum reacts with
both gp55 and dual tropic MCF gp70s, but not with ecotropic virus gp70s. A
second rabbit anti-rat antibody (Bionetics, Kensigton, Md.) was added after the
gp55 monoclonal antibody incubation. The blots were then incubated for 1 h with
[1251-protein A (NEN, Boston, Ma., 20 uCi/ug) at 50 ul per ml buffer. Filters were
washed thoroughly with TTBS, dried, and exposed to X-ray film at -70°C with

intensifer screen.

D. Immunoprecipitation.
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All samples were precipitated by secondary immune precipitations. Viral
proteins were precipitated directly from IPB lysate or culture medium.
Approximately 15 ul of F-MuLV gp70 antibody was used per 1 ml of lysate or
medium. Adsorption was allowed to continue for 2 h at 4°C.
Immunoprecipitations were performed by using a variation of the fixed
Staphylococcus aureus (Pansorbin, Calbiochem). The pansorbin was washed
and suspended (10% v/v) in IPB. Pansorbin at 50 ul per ml of lysate was added
and allowed to react for 1 h at 4°C. Precipitation of the antigen-antibody complex
was accomplished by microfuge centrifugation. Lysates and medium were first
preabsorbed with normal goat serum for 1 h at 49C then followed by pansorbin

adsorption.

E. M lic Labelling of Cell

F745 erythroleukemia suspension cells were incubated at 1x108 cells/m! in
methionine- and cysteine-free minimal essential medium (Gibco) plus 10% FBS
for 10 minutes prior to labelling. L-[3581-methionine and L-[35S]-cysteine (New
England Nuclear) were added at 50uCi/ml and incubated for the indicated period
of time. Cells were spun down and resuspended in an equal volume of complete
medium for "chase" analysis. Aliquots of 1 ml were removed at the times indicated
in the Fig. legends and cells were lysed in 1 ml immunoprecipitation buffer after
centrifugation from the medium. Lysis buffer contained 20 mM iodoacetamide if
indicated in Fig. legend. Viral proteins were analyzed by immunoprecipitation
from cell lysates or directly from the medium.

For [358]-pulse analysis, cells were preincubated and labelled exactly as
described for the pulse-chase analysis. Aliquotes of 1 ml (~1x106 cells/ml) were

removed at the indicated times and added directly into an equal volume of 2x
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immunoprecipitation buffer. Lysis buffer contained 20 mM iodoacetamide it

indicated in Fig. legend. Viral proteins were analyzed by immunoprecipitation.

F. [125]) Cell Surface Labelling,

Lactoperoxidase-catalysed cell surface iodination was performed on 1x107
F745 cells in 1 ml phosphate buffered saline (PBS) w/Ca and Mg. Approximately
75 ug lactoperoxidase and 0.75 mCi Nal122 (NEN) were added to the cells in
PBS followed by 30 ul of 0.03% H»05 at 0, 3, 6, and 9 min. Reaction was carried
out at room temperature. Cells were washed 3x in PBS and lysed in IPB or
cultured for 18 h in complete medium. Viral proteins were analyzed by

immunoprecipitation and gel electrophoresis.

G. Autoradioaraphy and Molecular Weight Determination.

Gels for autoradiographic analysis were fixed in 12.5% TCA overnight and
processed with Enhance (New England Nuclear) according to the manufacture's
instructions. Gels were dried and exposed to Kodak X-ray film with an intensifer
screen at -70°C. The 14C-labelled molecular weight markers (Amersham)
correspond to the following sizes: 200,000 (myosin); 92,500 (phosphorylase b);
69,000 (BSA); 46,000 (ovalbumin); 30,000 (carbonic anhydrase); 21,500 (trypsin
inhibitor); and 14,300 (lysozyme).

H. Two-Dimensional Gel Electrophoresis,

Two-dimensional gel analysis of the viral proteins was performed as
originally described by Brenner et al. (94). The nonreduced immunoprecipitates
were separated in the first dimension through a 12.5% acrylamide tube gel.

These gels were run a 30 mA and 200 v for 4 hrs. Prior to second-dimension
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analysis, the tube gels were reduced by soaking in 0.1 M Tris-HCL, pH 6.8, 2.0%
SDS, and 5.0% mercaptoethanol for 1 h at 37°C. Tube gels were placed
horizontally on top of a standard 10-20% acrylamide slab gel fer analysis in the
second-dimension and held down with 1% agarose. Second-dimension
electrophoresis was carried out at 30 mA, 200 v, for 7 hrs. Gels were transferred

to nitrocellulose for immunoblotting or processed for autaradiography.

I. N-Glycanase Digestion.

Nonreduced [358]-Iabelled gp55 was isolated from dried acrylamide gels
exactly as described for the V8 digestion. The glycoprotein was eluted in 100 ul
0.55 M NaPOy, pH 7.5, 0.5% SDS overnight at room temperature. Samples were
boiled for 3 mins prior to digestion. Eluted gp55 was divided into three equal
aliquotes and the NP-40 concentration was adjusted to 1.25% from a 7.5% stock.
N-glycanase (Genezyme) at 250 units/ml was added to a final concentration of 0,
0.25, and 2.5 units. Digestion was performed overnight at 37°C. The reaction was
stopped by adding an equal volume of Laemmli sample butfer and boiling for 5
mins. Samples were re-electrophoresed in the presence or absence of

mercaptoethanol and gels were processed for autoradiography.

J. V8 Protease Digestion.

F745 cells were labelled with [353}-methionine and [358]-cysteine,
immunoprecipitated, and electrophoresed. The gel was dried down without prior
fixation in 12.5% TCA. Areas of the dried acrylamide gel corresponding to the
gp55 components were cut out and eluted overnight at room temperature in ~100
ul 0.125 M Tris-HCI, pH 7.5, 0.5% SDS. Eluted samples were dived into four
equal aliquotes and S. aureus V8 protease (1 mg/ml elution buffer) was added to

a final concentration of 0, 0.1, 1.0, and 10 ug. Samples were incubated for 30
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mins at 37°C. The reaction was stopped by adding an equal velume of Laemmii
sample buffer and boiling for 5 mins. Samples were re-electrophoresed and

processed for autoradiography.

K. Free Sulihvdryl Analysis,

Approximately 1x10® F745 cells were lysed in 100 ul IPB, pH 7.5, with and
without 20 mM iodoacetamide. The cell lysate was reacted with IPB equilibrated
organomercurial agarose (Affi-gel 501, Biorad) for 30 mins at 4 OC. The
organomercurial agarose was pelleted and the supernatant was saved for
analysis. The resin was washed 3x with IPB and the absorbed proteins were
eluted with 2x 100 ul IPB + 5% mercaptoethanol washes. Equivalent amounts of
control lysate, unabsorbed lysate, and eluted washes were mixed with Laemmli

sample buffer, electrophoresed, and analyzed by immunoblotting.

L. Sucrose Velocity Gradient Sedimentation.

Sucrose gradient analysis was carried out as previously described by
Copeland et al. (95). Approximately 2.5x100 F745 PC4 cells were lysed in 500 ul
50 mM Tris-HCI, pH 7.5, 150 mM NaCl, and 1% Triton X-100. The lysate was
layered onto a 5-30% continuous sucrose gradient that overlaid a .5 ml 60%
sucrose cushion. The sucrose was dissolved in the above lysis solution.
Centrifugation was carried out at 45,000 rpm in @ SW55Ti rotor for 15 hrs at 49C.
The gradient was fractionated into fifteen 400 ul samples. An equal volume of 2x
IPB was added to each sample and immunoprecipitation with F-MulLV gp70

serum was carried out. Viral proteins were visualized by immunoblotting.

M. Northern Blot Analysis,
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Total cellular RNA was extracted by the guanidine thiocynate-CsCl method
(96). Poly A+ RNA was isolated by the oligo dt procedure and quantified by
measuring the 0.D.ogg (97). Glyoxal denatured Poly A+ RNA was analyzed by
electrophoresis through 1.2% agarose gels followed by Northern blot transfer to
nitrocellulose (98). Blots were probed with nick translated plasmids to specific
radioactiviteis of ~1x108 cpm/ug DNA (97). Filters were prehybrized at 420C for 4
h in a solution consisting of 50% formamide, 5X SSPE, 5X Denhardt's, 0.1%
SDS, and 200ug/ml salmon sperm DNA. Hybridization was carried out for 20 h at
420C with ~108 cpm nick-translated probe per ml hybridization buffer (same as
prehybridization buffer except with 1X Denhardt's and 100 ug/ml salmon sperm
DNA). Blots were washed twice in 1X SSC, 0.1% SDS at room temperature for 5
mins and then washed twice in 0.1X SSC, 0.1% SDS at 420C for 1 h. The blots

were then exposed to X-ray film with an intensifying screen at -700C.

N. Southern Blot Analysis.

High molecular weight DNA was isolated from cells by detergent lysis and
phenol:chloroform extractions (97). Tissue samples were first frozen at -700C and
pulverized to a fine powder before extraction. DNA was incubated with various
restriction endonucleases according to manufacturer specifications,
electrophoresed overnight through a 0.8% agarose gel (15ug DNA per lane),
denatured, neutralized, and transferred to nitrocellulose (29). Blots were
hybridized to 32P-labeled probes under the exact conditions used for Northern
blots. After hybridization, blots were washed twice in 1X §SC, 0.1% SDS at rcom
temperature for 5 mins and then washed twice in 0.1X SSC, 0.1% SDS at 620C
for 1 h.
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0. DMSO Induced Differentiation,
The cell line F745 PC4 D2 was originally obtained from Dr. David Housman

of MIT (100). Erythroid differentiation was induced by the addition of dimethyl

sulfoxide (DMSO, J.T. Baker Chem. Co.) to a final concentration of 1.8% as

previously described (91).

P. Analvsis of DMSO Induced gp55 Shedding,

F745 PC4 D2 cells were resuspended in fresh medium at a density of
2.5x105 cells/ml. DMSO was added to a final concentration of 1.8%. At the
indicated times, 2 mls of medium was removed from the culture,
immunoprecipitated with antiserum to F-MuLV gp70, and analyzed by Western
Immunoblot. A control culture without DMSO was analyzed in parallel. Blots were

quantified by densitometry.

Q. Preparation of Helper-free SEEV-related Virus.

The plasmid pSVSF was derived from the Lilly-Steeves polycythemia strain
of SFFV that was molecularly cloned in a circular permuted form by Linemeyer et
al (77). To prepare the plasmid pSVSF (Fig. 1), the 215-base pair Hind lII
fragment of SV40 DNA (101) was inserted into the unique Hind Il (77) site of a
colinear SFFV plasmid (82) prepared from the clone of Linemeyer et al (77).
Helper-free SVSF virus was harvested from a cell line derived from a population
of psi-2 (102)- cells that had been co-transfected with pSVSF and pSV2neo (103).
Stable transformants were isolated by selection in G418 (Gibco), and individual
clones were checked for expression of the SFFV-specific envelope glycoprotein,
gp55, by immunoblotting. One cell line, designated psi-2/SVSF 4-4, was used as

the source of virus for these experiments.
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R. Analysis of Pathogenic Activity

Friend virus causes a complex disease of which the most prominent lesion is
the enlarged spleen (1, 10). For analysis of the in vivo effects of helper-free virus,
undiluted culture medium (0.75 ml) from psi-2/SVSF 4-4 cells was injected via tail
vein into 4-6 week old female NIH Swiss mice on two successive days after pre-
treatment of the nice with subcutaneous injections of phenylhydrazine at -18, -42,
and -66 h. For analysis of in vivo activity of SVSF virus in the presence of helper
virus, culture medium from psi-2/SVSF 4-4 cells (0.4 ml) was mixed with 0.1 ml of
medium from R-NIH cells, which produce Rauscher murine leukemia helper virus
(R-MuLV). Alternatively NIH cells were infected with 1 ml of R-NIH medium. The
infected cells were passaged for several weeks and medium (0.5 ml) from
confluent cultures were used to infect mice. There was no pretreatment before the

single 0.5 ml tail vein injection when helper virus was present.

S. Assay for Malignancy

Spleen tissue form advanced stages of Friend disease can cause tumors on
the omenta of isogenic recipient mice (64). Recipients were 4- to 6-week old
female NIH/Swiss mice, sublethally irradiated with a single dose of 500 R from a
137Cs source. Transplanted tissue was injected interperitoneally within 24 h of
irradiation. Omenta were removed three weeks of injection and examined for

tumors.
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Il Identification and Characterization of Novel Disulfide-linked SFFV Envelope

Glvcoprotein Oligomers.

A. Abstract

The spleen focus-forming virus (SFFV) envelope glycoprotein (gp55) is
inefficiently processed to the cell surface. The majority remains in the rough
endoplasmic reticulum and only a small percentage (~5%) is processed through
the Golgi apparatus to the plasma membrane. The expression of gp55 at the
plasma membranes has been shown to be essential for the stimulation of
erythroblastosis. We have demonstrated that the SFFV envelope glycoproteins
can be found as several distinct complexes associated with the cells. These
include an intracellular monomer, an intracellular disulfide-linked dimer, and a
cell surface disulfide-linked dimer. The cell surface dimer is eventually shed into
the extracellular medium where it can be found in both the dimeric and
monomeric forms. This shedding appears to be associated with the removal of
~2 500-daltons from each subunit and may be caused by the proteolytic removal
of gp55's putative membrane anchor. Moreover, two-dimensional gel
electrophoresis suggests that disulfide bond mediated heterogenity exists within
both the intracellular monomers and dimers. The intracellular dimers can be
separated into a cluster of distinct components while only a single dimer can be
found at the cell surface. This suggests that only a unique homodimer is
competent for cell surface expression and that this minor component is

responsible for the pathogenesis caused by SFFV.
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B. General Introduction

Previous work has demonstrated the necessity for cell surface expression of
SFFV gp55 in the development of erythroleukemia. Nonpathogenic env
mutants, whether spontaneous or site-directed, lack the cell surface form of gp55
(79, 83). Moreover, pathogenic revertant viruses contain second site env
mutations that restore synthesis of the plasma membrane form of the glycoprotein
(82). From this and other evidence, our laboratory has proposed a model of gp55
action in which the cell surface form binds to a critical membrane receptor to
stimulate erythroblast mitosis (83).

The SFFV envelope glycoprotein is synthesized on endoplasmic reticulum
bound ribosomes as a 55,000-dalton glycoprotein (45, 48-50). Initial
characterization of this glycoprotein demonstrated that the vast majority remains
within the endoplasmic reticulum and that only a small percentage (2-5%)
reaches the cell surface (90, 104). In denaturing and reducing gel electrophoresis
conditions it was shown that the cell surface glycoprotein has an apparent MW of
65,000-daltons (49, 90, 104). The increased size is caused at least partly by
processing of its Asn-linked oligosaccharides in the Golgi apparatus during
transport to the plasma membranes (90). The cell surface glycoprotein is then
shed into the extracellular medium (52).

We have recently made the observation that in denaturing and nonreducing
gel electrophoresis conditions several high molecular weight disulfide-linked
envelope components appear. More significantly, the 65,000-dalton cell surface
form of gp55 is not observed when the envelope glycoproteins are analyzed in

the absence of reducing agent. In this chapter | describe the characterization of
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C. Resulis

1. One dimensional gel electrophoresis analysis

One dimensional gel electrophoresis analysis of Friend erythroleukemia cell
lines and SFFV infected NRK fibroblasts in the presence and absence of
reducing agent is shown in Fig. 5. Cell lysates were analyzed by the Western blot
technique using either a polyclonal F-MuLV anti-gp70 serum or a monoclonal
antibody against gp55 (93). In denaturing and reducing conditions, envelope
glycoproteins specific to both the MuLV and SFFV can be detected in two
independently derived erythroleukemia cell lines using the polyclonal anti-gp70
serum (lanes 1 and 2). The F-MuLV envelope glycoproteins include the
glycosylated precursor gPr30 and the processed derivative gp70. In comparison,
the SFFV envelope glycoproteins are detected primarily as the intracellular gp55,
and to a lesser extent, as the processed M, 65,000-dalton cell surface form called
gp55p. In nonreducing conditions (lanes 3 and 4), the primary gp55 band has a
slightly faster electrophoretic mobility than the reduced gp55 band. This is
consistent with intrachain disulfide bonding within these molecules. Moreover,
bands corresponding to gp55p are no longer detectable. Instead, two new bands
are detected with apparent MW of 105,000- and 120,000-daltons. Several very
high molecular weight bands (in excess of 200,000-daltons) can also be seen
near the top of the gel.

Immunoblotting using the monoclonal antibody against gp55 detects the
same SFFV envelope proteins under reducing conditions (lanes 5 and 6) as seen
with polyclonal anti-gp70 serum (lanes 1 and 2). This monoclonal antibody also

crossreacts with MCF-related envelope proteins and detects a band at ~70,000-
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Figure 5. Immunoblot analysis of reduced and nonreduced Friend viral envelope
glycoproteins. (A) Erythroleukemia cells (1x10° cells) were lysed in
immunoprecipitation buffer (100 ul) and an equivalent amount of protein
was electrophoresed, transferred to nitroceliulose, and immunoblotted with
either F-MuLV anti-gp70 serum (lanes 1-4) or gp55 monoclonal 7C10 (lanes
5-8). Both F745 (lanes 1, 3, 5 and 7) and F4-6 (lanes 2, 4, 6 and 8)
erythroleukemia cell lines were analyzed in the presence (lanes 1, 2, 5 and
6) or absence (lanes 3, 4, 7 and 8) of reducing agent. In addition to the viral
envelope glycoproteins, the position of the novel 105 kd and 120 kd
nonreduced bands are indicated to the left of the figure. (B). Uninfected NRK
cells (1x107 cells) (lanes 1, 2, 5 and 6) and SFFV infected NRK CL 1 (1x107
cells) (lanes 3, 4, 7 and 8) were immunoprecipitaied with normal goat
serum (lanes 1, 3, 5, and 7) followed by anti-gp70 serum (lanes 2, 4, 6, and
8). Immunoprecipitates were electrophoresed in the presence (lanes 1-4) or
absence (lanes 5-8) reducing agent. Glycoproteins were transferred to

nitrocellulose and immunoblotted with anti-gp70 serum.
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daltons. In nonreducing conditions (lanes 7 and 8), the monoclonal antibody
detects several high molecular weight bands with the same apparent mobilities
as detected by the polyclonal anti-gp70 antiserum (lanes 3 and 4).

Analysis of SFFV infected NRK (normal rat kidney) fibroblasts show a similar
appearance of high molecular weight bands in nonreducing conditions (Fig. 5B).
This cell line is only infected with SFFV and no helper virus proteins are detected.
In reducing conditions, only the intracellular gp55 and gp55P forms are seen after
immunoprecipitation and immunoblot analysis (Fig. 5B, lane 4). Analysis of these
glycoproteins in the absence of reducing agent (lane 8) results in a faster
migrating gp55 and the appearance of high molecular weight bands similar to the
erythroleukemia cells (Fig. 5A). The lack of any corresponding bands in the
normal goat serum precipitation (lanes 1, 3, 5, and 7) or in uninfected NRK cells
(lanes 2 and 6) confirms the SFFV specificity of these components.

One dimensional gel analysis of immunoprecipitated [358]-labelled
erythroleukemia cell lysates reveals a similar pattern (Fig. 6) to that obtained by
the immunoblotting procedure. Analysis of the envelope components found in the
medium 8 h after [358]—!abelling is shown in lanes 5-8. Previous reports have
shown that both gp70 and gp55 are shed from the cells into the medium (36, 52).
Immunoprecipitation of the medium (lane 6) supports this conclusion. Hereafter,
we will refer to the shed gp55 component as gp55° to distinguish it from the
intracellular gp55 and the cell surface gp55p. The gp55S component is smaller in
apparent M, by ~2.5 kd than the cell associated gp55p (lane 2 vs. 6) when these
components are analyzed with reduction. Under nonreducing conditions, an

additional band appears in the medium (lane 8) that is slightly smaller than the
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Figure 6. Electrophoretic analysis of reduced and nonreduced [358]-labelled
Friend viral glycoproteins. F745 (1x106 cells) were labelled with [358]-
methionine and [358]—cysteine (50uCi/ml) for 2 h in met- and cys-free
EMEM. Cells (lanes 1-4) were lysed in immunoprecipitation buffer and
immunoprecipitated with normal goat serum (lanes 1 and 3) followed by F-
MuLV anti-gp70 (lanes 2 and 4). Immunoprecipitates were analyzed with
(lanes 1 and 2) and without (lanes 3 and 4) reduction. An equivalent amount
of [358]-Iabelled cells were cultured for 8 h in complete medium (lanes 5-8).
Medium samples were precipitated with normal goat serum (lanes 5 and 7)
followed by anti-gp70 serum (lanes 6 and 8). Immunoprecipitates were
analyzed with (lanes 5 and 6) and without (lanes 7 and 8) reduction. In

addition to the viral glycoproteins, the 105 kd and 120 kd bands are marked

to the left of the gel.
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120,000-dalton cell associated band (lane 4) .

2. Two-dimensional gel analysis

To identify the viral envelope proteins in each higher molecular weight
nonreduced component, immunoprecipitates were analyzed by two-dimensional
SDS-PAGE using nonreducing conditions in the first-dimension and either
reducing or nonreducing conditions in the second-dimension. This technique
has been successfully utilized by Brenner et al. (94) to analyze cross-linked
proteins in the human T cell receptor complex.

Two-dimensional electrophoretic analysis of F745 erythroleukemia cell
lysates is shown in Fig. 7. Unlabelled lysates were first precipitated with anti-gp70
serum, then separated by electrophoresis in nonreducing conditions in the first-
dimension, and in nonreducing (Fig. 7A) or reducing (Fig. 7B) conditions in the
second-dimension, Viral envelope protein samples were then transferred to
nitrocellulose and detected by immunoblotting. As seen in Fig. 7A, second-
dimension electrophoresis in nonreducing conditions results in a vertical line of
viral proteins within the slab gel. This is the expected pattern if the disulfide bonds
are not broken prior to second dimension analysis. In contrast, Fig. 7B reveals the
mobilities of these viral proteins when reducing conditions were used in the
second-dimension.

The F745 erythfoleukemia cells express both F-MuLV and SFFV envelope
glycoproteins. The prominent F-MuLV gp70 and gPra0 components are
separated with their expected mobilities in this two-dimensional analysis (Figs.
/A and 7B) and are not present in any oligomerized forms. This is in agreement

with previously published reports (31, 32, 105). Therefore, our discussion will
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Figure 7. Two-dimensional gel electrophoresis of Friend viral envelope
glycoproteins. Exact conditions for this procedure are described in Materials
and Methods. F745 erythroleukemia cells were immunoprecipitated with
anti-gp70 serum, electrophoresed in the first dimension under nonreducing
conditions, and electrophoresis in the second dimension without (panel A)
and with (panel B) reduction. On the top of each gel is a representative
nonreduced separation in the first dimension. Both the gp70 and gp55
mobilities are marked in this dimension (panel A and B) in addition to the
105 kd and 120 kd bands (panel B). The positions of the viral proteins in the
second dimension (panel B) were determined by running a reduced F745

lysate on the side of the 10-20% acrylamide slab gel.
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focus primarily on the SFFV envelope glycoproteins.

The primary intracellular SFFV gp55 band is resolved as a very broad
component with second-dimension reduction (Fig. 7B). This would imply that
disulfide bond mediated heterogenity may have existed in the nonreduced gp55.
in addition, it can be seen that the105,000-dalton band is resolved into a cluster
of distinct components that migrate in parallel with the major gp55 band in the
reduced dimension. In contrast, the 120,000-dalton band migrates in the reduced
dimension as a single component with the mobility of gpSSp. The mobilities of
these components in the second dimension were confirmed by running a
reduced bell lysate on the side of the slab gel (bands on the extreme right of the
gel). These results suggested that gp55 can form a variety of disulfide-bonded
components. The components at M, 55,000 and M, 105,000 appear to be
heterogeneously disulfide bonded, whereas the gp55p 120,000-dalton
component is homogeneous in its electrophoretic separation.

The existence of gp55 in disulfide-linked complexes could represent
oligomerization of the envelope glycoproteins or disulfide bonding to other
proteins. To address this issue, the same two-dimensicnal gel procedure was
repeated using [35S]-methionine and [358]-cysteine labelled immunoprecipitates
(Fig.8). If the gp55 proteins were disulfide-linked to a cellular protein, second-
dimension analysis in reducing conditions would cleave these bonds and allow
the labelled proteins to migrate with their individual mobilities. If the cellular
protein has a different molecular weight than gp55, this would be observed
electrophoretically as two distinct components migrating in a vertical line as the

proteins separated. Analysis of [835]-!abelled cell lysates (Fig. 8A) generates the
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Figure 8. Two-dimensional gel electrophoresis of [358]-labelled Friend viral
glycoproteins. F745 cells were labelled with [358]-methionine and [3581-
cysteine (50uCi/ml) for 2 h in met- and cys-free EMEM. Half of the labelled
cells (2.5x106 cells) were lysed and half were incubated in complete
medium for 18 h. Both the cell lysate and medium were immunoprecipitated
with anti-gp70 serum and analyzed by two-dimensional electrophoresis.
Two-dimensional separation of [358]—Iabelled viral glycoproteins
associated with the cells is shown in panel (A) and the medium in panel (B).
A representative nonreduced one dimensional separation is shown at the
top of each gel. A standard 10-20% SDS-PAGE seperation of reduced

[358]-IabeHed viral glycoproteins is shown at the right.
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same pattern that was seen by immunoblotting (Fig. 7B). This suggests that the
disulfide-linked complexes contain only gp55 specific glycoproteins. Therefore,
gpo5 exists in cell lysates as an intracellular monomer, as an 105,000-dalton
intracellular gp55 oligomer, and as an 120,000-dalton cell surface gp55p
oligomer. Because the intracellular oligomer appears to contain only gp55
glycoproteins and has an apparent M, approximately twice that of the
intracellular monomer, we infer that it is a dimer. Similarly, the cell surface
oligomer has an apparent M, twice that of the gp55p, and we propose that it is a
dimer.

A similar analysis was performed on the shed viral components that occur in
the medium (Fig. 8B). The high molecular weight component migrates after
reduction with a mobility similar to shed monomeric gp55S. This suggests that
gp55° is present in the extraceliular medium as both a dimer and monomer.

3. 12511 abelling of membrane alvcoproteins

Cell surface iodination provides a sensitive and selective procedure to label
and analyze plasma membrane proteins. Previous analysis has already
demonstrated that the gp55p is exposed to the outside of the cell and could be
iodinated (49) whereas gp55 is exclusively intracellular. We have used this
technique to confirm the previously described results and to further study the
critical gp55p component. After labelling the cell surface proteins, a cell lysate
was analyzed by the two-dimensional electrophoresis method (Fig. 9). As
expected, the most prominently labelled viral surface glycoprotein is gp70.
However, in addition to gp70, a band with an apparent MW of 95,000-daltons is

labelled (Fig. 9A, top of slab gel). With second-dimension analysis, this band
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Figure 9. Two-dimensional gel electrophoresis of 1251 jabelled Friend viral
envelope glycoproteins. Lactoperoxidase catalyzed cell surface iodination of
F745 erythroleukemia cells was performed on 1x107 cells as described in
Materials and Methods. Half of the cells were lysed and half were cultured in
DMEM for 18 h. Both the cells and medium were immunoprecipitated with
anti-gp70 serum and analyzed by two-dimensional electrophoresis. Two-
dimensional seperation of [1251]-Iabelled viral glycoproteins found on the
cell surface (panel A) or in the medium (panel B). A representative one
dimensional seperation of nonreduced [1251]-Iabelled viral glycoproteins is
shown at the top of each gel with 95 kd and 120 kd bands marked in panel
A. A standard 10-20% SDS-PAGE seperation of reduced [125]]-labelled

viral glycoproteins is shown at the right.
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migrates in parallel with gp70 (Fig. 9A). We conclude that this band represents
the disulfide-linked gp70-p15E MuLV component. Consistent with this
identification, this component is also found in the extracellular medium (Fig. 9B)
as would be expected because it is eventually incorporated into budding virions
(34, 35, 1086).

The labelled 120,000-dalton cell surface gp55p oligomer migrated as
expected for a disulfide-linked dimer with second-dimension reduction (Fig. 9A).
Consistent with previous results, only a single cell surface dimer can be
electrophoretically resolved. After labelling, a portion of the cells were incubated
in fresh medium for 18 h. During this culturing period the cells appeared to
remain fully viable. The medium was recovered and analyzed for 125.]abelled
viral proteins by immunoprecipitation. As shown in Fig. 9B, a substantial amount
of labelled viral proteins were shed into the medium. In agreement with the
previous [3581-labelling analysis, the gp55% component is found in the medium in
both the dimer and monomer form.

4. Lack of dimers in MuLV ap70s

Dimerization of gp55 was an unexpected modification of this glycoprotein
because no previous work has reported oligomerization of MuLV envelope
glycoproteins. However, sequence analysis has shown that gpS5 is a unique
fusion glycoprotein containing both MCF-like sequences and ecotropic MuLV
envelope sequences that form independently folded domains. Which domain
confers the ability of gp55 to dimerize represents an important structural aspect of
the SFFV envelope glycoprotein.

Analysis of erythroleukemia cell lines that express MuLV envelope
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glycoproteins have already shown that the ecotropic gp70 is not dimerized (for
example, Figs. 5 and 6). This implied that the ecotropic sequences of gp55 may
not be capable of forming interchain disulfide bonds and suggested that the
MCF-related domain may mediate dimerization. To test this hypothesis, we
analyzed the ability of wild-type MCF gp70 to form dimers under nonreducing
conditions (Fig. 10). In MuLV-infected fibroblasts (Fig. 10A), precipitation with
MuLV gp70 specific serum confirms that only bands corresponding to gPr90 and
gp70 appear under both nonreducing (lane 2) and reducing (lane 4) conditions.
Likewise, two MCF-infected fibroblast lines (Fig. 10B) express only the precursor
and processed forms of the envelope glycoproteins in the absence (lanes 2 and
4) and presence (lanes 6 and 8) of reducing agent. The high molecular weight
bands observed in nonreducing conditions (Fig. 10B, lanes 1-4) are in excess of
200,000-daltons and are present in both the normal goat serum (lanes 1 and 3)
and MCF anti-gp70 precipitations (lanes 2 and 4). Similar bands were also
observed in the analysis of both uninfected and infected NRK cell lines analyzed
in nonreducing conditions (Fig. 5B, lanes 5-8). Therefore, we conclude that these
bands do not represent viral glycoproteins. This demonstrates that dimerization of
the dualtropic MCF and ecotropic MuLV gp70s is not a normal post-translational
modification for these glycoproteins. Thus, the unique structure of the gp55 fusion
glycoprotein allows it to be modified in a manner not common to the related MuLV

gp70s.
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Figure 10. Reduced and nonreduced analysis of MuLV and MCF envelope
glycoproteins. Virus infected fibroblasts were grown to 2/3 confluency on
100 mm dishes (~107 cells) and lysed in immunoprecipitation buffer for
immunoprecipitation analysis. (A) MuLV infected NIH 3T3 cells were
immunoprecipitated with normal goat serum (lane 1 and 3) followed by F-
MuLV anti-gp70 serum (lanes 2 and 4). Immunoprecipitates were
electrophoresed with (lanes 1 and 2) and without (lane 3 and 4) reduction.
(B) MCF infected NIH 3T3 cells were immunoprecipitated with normal goat
serum (lanes 1, 3, 5, and 7) followed by MCF anti-gp70 serum (XBV2) (lanes
2, 4, 6, and 8). Immunoprecipites were electrophoresed with (lanes 1-4) and
without (lanes 5-8) reduction. Following electrophoresis, proteins were
immunoblotted with F-MuLV anti-gp70 serum (panel A) or with MCF anti-

gp70 serum (panel B).
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D. Discussion

The Friend virus envelope glycoproteins are found as several distinct
complexes associated with both the cells and medium (summarized, Fig. 11). In
denaturing and nonreducing gels the SFFV envelope glycoprotein
electrophorese as an intraceliular monomer, an intraceliuiar dimer, and a cell
surface dimer. These different components will be referred to as gp55, (gp55),,
and (gp55p)2, respectively. The cell surface form is eventually shed into the
medium where it can be detected both in the dimer and monomer configuration.
To be consistent with the cell associated gp55 designations, the shed
monomeric form will be referred to as gp55S and the dimeric form as (gp555)2.
Because the gp55p component is only observed as dimer, we infer that the cell
surface dimers are shed into the culture medium and are reduced to the
monomer form. In addition, these results demonstrate that the reduced gp55S is
approximately 2.5 kd smaller than the reduced gp55p (Figs. 6 and 11). This may
be caused by the proteolytic cleavage of the hydrophobic carboxy-terminus
believed to anchor gp55p into the membrane (88). Removal of this anchor would
presumably cause shedding of gpSSp from the cell surface.

Analysis of F-MuLV and MCF envelope glycoproteins in nonreducing
conditions demonstrate that they are not dimerized (Fig. 10). Instead, the
glycosylated precursor gPr90 is proteolytically prbcessed to form gp70-p15E
complexes that are transported to the cell surface. In agreement with previous
reports, the gp70 attachment to the p15E membrane anchor may be by both
covalent and noncovalent bonding (34-36). Thus, neither ecotropic nor MCF-type

envelope glycoproteins form disulfide-linked dimers during post-translational
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Figure 11. Summary of the nonreduced and reduced Friend viral envelope
glycoproteins associated with the cells and medium. (Top) Comparison of
nonreduced cellular and extracellular viral glycoproteins. As indicated in
the text, (gp55)» designates the intracellular dimer, (gpSSp)2 designates
the cell surface dimer, and (gp55%), designates the dimeric shed
component. (Bottom) Comparison of reduced ceilular and extracellular viral

glycoproteins.



NONREDUCED
CELLS MEDIUM

MW
—200K —
Py s
(gp55 "), " —=(gp55 " ),
— -
gProo —
gp70 — ‘—9P70
— 69K —
@ —gp55
gp55-—
— 46K —
— 30K —
CELLS MEDIUM
Mw
—200K —
— 93K —
gProo —
gp70p— — 69K —._gp70
gp55P— @ —ops55°
gps5 —
— 46K —
— 30K —

REDUCED



52
processing to the cell surface. In contrast, the recombinant gp55 is only
processed to the cell surface as dimer. Therefore, the capacity to dimerize is not
encoded in the parental-type env genes.

Both the SFFV and MCF viruses are capable of inducing a similar, yet
distinct, erythroproliferative disease (107). For all isolates of SFFVP, the amino
acid homology between the amino-terminal region of gp55 and the same region
of Moloney MCF (108), AKR MCF 247 (109), or Friend MCF (110) gp70s is
between 90-95%. This includes a 67 amino acid region that is identical for all of
these SFFV and MCF viral env genes. Moreover, recent mutagenesis studies
from this laboratory (83) have shown that lesions in the dual tropic domain will
eliminate SFFV's pathogenicity. This strongly suggests that both the MCF and
SFFV envelope glycoproteins contain a conserved structure and/or active site
necessary for disease induction. Thus, despite the processing differences
between MCF and SFFV, this active site may be maintained after SFFV envelope
biosynthesis and post-translational processing.

An important implication of this analysis is that specific post-translational
processing appears to be necessary to generate the cell surface gp55 molecule.
The prominent form of gp55 is the intracellular monomer, although two-
dimensional electrophoresis would suggest that intrachain disulfide bond
heterogenity exists within this population of molecules (Figs. 7 and 8). In addition,
several distinct intracellular dimers can be electrophoretically resolved (Fig. 7),
while only a single dimer component is found at the cell surface. We hypothesize
that the inefficient intracellular transport of gp55 is caused by disulfide bond
mediated structural heterogenity. The majority of gp55 remains trapped in the

RER because of improper folding and lack of dimerization. Only a unique
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homodimer is competent for cell surface expression and this minor component is
responsible for the pathogenesis caused by SFFV. Therefore, it is of major
importance to understand both the structural features and post-translational

processing of gp55 that enable it to become exported to the cell surfaces.
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IV. Additional Biochemical Studies of the Leukemogenic ap55 Glycoprotein

mponen

A. Abstract

Post-translational modifications of gp55 generate structurally distinct
components of this giycoprotein. Processing through the Golgi apparatus results
in the acquisition of complex N-linked oligosaccharides that, in part, contribute to
the significant size difference (~10,000-daltons) between the reduced
intracellular and cell surface gp55 molecules. In addition, shedding of the cell
surface dimer is associated with a 2,500-dalton reduction in size of each subunit.
Proteolytic fragmentation analysis demonstrates that the amino-terminal portion
of gp55, gp55p, and gp55S are all similar in electrophoretic mobility. Therefore,
these results suggest that the modifications that produce the size differences
between the three components are localized to the carboxyl-terminal ends.
Analysis of intracellular gp55 confirmed the existence of intrachain disulfide
bonds within this molecule. Moreover, analysis of a deglycosylated gp55
suggested that structural microheterogenity mediated by disulfide bonds may
occur within this molecule. No free sulfhydryls could be detected in any of the
gp55 components. This would imply that all twelve cysteine residues found within
envelope glycoprotein are involved in either intrachain or interchain disulfide

bonds.
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B. General Introduction

The results presented in chapter three suggest that gp55 is processed in a
very heterogeneous fashion. A majority is retained in the RER as a monomer and
only a small percentage of the gp55 molecules form disulfide-linked dimers. The
dimers found in the RER form a structurally heterogeneous group and only one
form of the intraceliular dimers appears to be processed through the Golgi
apparatus apparatus to the cell surface. This processed dimer, called (gp55p)2,
contains complex Asn-linked oligosaccharides and the reduced subunits have an
apparent M, of 65,000. This is considerably larger than the intracellular gp55
components. Subsequently, the cell surface dimers are shed into the culture
medium. This shedding seems to be associated with a removal of ~2.5 kd from
each subunit. Hence, the shed (gp555)2 molecules are slightly smaller than the
cell surface (gp55p)2 molecules. This complex processing raises many questions
regarding the structural nature of the different gp55 components. Some of the
structural differences between these different components will be addressed in

this chapter.
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C. BResults

1._Structural differences between gp55, gp55P, and gp558

The size differences of the three reduced gp55 components are shown

electrophoretically in Fig. 12. The intracellular gp55 (lane 1) is substantially
smaller than gp55p (lane 5) as seen by its faster electrophoretic mobility in this
20% acrylamide-SDS gel, and gp55S (lane 9) is slightly smaller than gp55p (by
~2.5 kd). Sequence analysis of the SFFV envelope glycoprotein has shown that
the carboxyl-terminus contains the membrane anchoring portion of this molecule
(76, 84, 85) (Fig. 2, Intro.). Within this membrane anchor region are approximately
twenty amino acids that are buried in the plasma membrane bilayer, but do not
extend through it (88). Therefore, shedding of gp55p would be expected to
require removal of this hydrophobic anchor. If this were true, the size reduction
observed in the shed molecule would occur in the carboxy-terminus.

To test this assumption, we compared the electrophoretic mobilities of the
amino- and carboxy-termini generated by S. aureus V8 protease digestion of the
reduced gp55 components (Fig. 12). Previous work has shown that gp55 can be
cleaved by V8 protease to form the primary fragments V-1 (M[~32,500) and V-2
(M;~21,500). These correspond to the amino- and carboxy-termini of the gp55
molecule, respectively. With increasing amounts of V8 enzyme, V-1 is further
cleaved to generate V-3 (M,~20,000) and V-4 (M;~12,400) (79-80).

A V8 proteolytic fragmentation analysis of gp55, gp55p, and gp555 is shown
in Fig. 12. The V-2 fragments (C-termini) are difficult to see because they contain
fewer cysteine and methionine residues and because V-2 and V-3 often

comigrate during electrophoresis. In addition, gpSSp occurs only in trace amounts
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Figure 12. Proteolytic fragmentation analysis of gp55, gp55p, and gp55S. F745
erythroleukemia cells (107 cells) were labelled for 4 h with [358]-met and
[35S]-cys (50uCi/ml). Cells were lysed or incubated for 18 h in complete
medium. Cell lysates and medium were immunoprecipitated with anti-gp70
serum and the gp55 components were eluted from dried acyriamide gels.
The glycoproteins were digested with increasing (0, 0.1, 1.0, 10 ug) amounts
of V8 protease (lanes 1-4, 5-8, and 9-12, respectively). Samples were
reelectrophoresed into a 20% acrylamide gel containing 0.1% SDS.
Digestion of intracellular gp55 (lanes 1-4), gp55P (lanes 5-8), and gp55°
(lanes 9-12). The gp55 samples (lanes 1-4) represent a 5 day exposure of
the autoradiograph, whereas the gp55P and gp55S samples (lanes 5-12)

represent a 60 day exposure of the same autoradiograph.



>
<
>

NE b L—
NG* | =
e 1
ZA
NOE—
Hopy— Y ) !.‘ A
N6Gmm,

ZLLLOL 6 8 L 9 § v € 2 1
mmmnm ammn_m gcdb




58

on cells and obtaining sufficient quantities for proteolytic analysis is difficult.
Despite these technical difficulties, the V-1 fragments (N-termini) of the
intracellular gp55 (lanes 2-4), gp55p (lanes 6-8), and gp55° (lanes 10-12) are
relatively clear and appear to have almost identical sizes. In addition, the
secondary proteolytic V-3 fragments also have the same apparent size in all of
the gp55 components. These results imply that the major size differences
between these gp55 components must occur primarily in their carboxy-termini.

Consistent with this assumption, bands that are larger in size than the V-1

fragments can be seen in the digested gp55p (lanes 6-8) and gp55s (lanes 10-
12) samples that are not seen in the digested gp55 sample (lanes 2-4). These
novel proteolytic fragments presumably represent the V-2 domain of the more
extensively processed gp55p and gp55% components. Moreover, the presumptive
V-2 fragment of gp55S is slightly smaller than the V-2 fragment of gp55p. Thus,
this carboxyl-terminal domain of the gp55 molecule must be post-translational
modified to gain mass during cell surface transport and then undergo a lesser
mass reduction during shedding.

Shedding of (gp55p)2 would theoretically require the proteolysis of the
membrane anchor from both subunits. If this hydrolysis were to occur randomly,
approximately half the cell surface subunits would be heterodimers with only one
remaining anchor. The fact that gp55° sized components are not observed in the
gp55p preparations suggests that shedding involves the coordinated scission of
both anchors in the dimeric gpSSp molecules. Other evidence supporting this
conclusion was obtained in experiments not shown.

The hypothesis that shedding involves the removal of a carboxy-terminal
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Figure 13. Analysis of shed gp55 components. Culture medium from 1x107 F745
cells were immunoprecipitated with normal goat serum (lane 1) followed by
F-MulLV anti-gp70 serum (lane 2). To remove virions, medium was
centrifuged at 50,000 rpm in an 80Ti rotor for 1 h at 4°C. Centrifuged
medium was then immunoprecipitated with normal goat serum (lane 3) and
anti-gp70 (lane 4). The solubilized ultracentrifugation pellet is shown in
lane 5. Medium from F745 cells cultured in DMEM lacking serum for 48 h
were immunoprecipitated with normal goat serum (lane 6) and then anti-
gp70 (lane 7). Immunoprecipitates were electrophoresed and viral proteins

were analyzed by immunoblotting with anti-gp70 serum.
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membrane anchor would predict that the gp55% components would be found as
soluble molecules in the culture medium. This would differ from MuLV gp70
which is lost from cell surfaces both as a soluble glycoprotein, and in
membranous budded virions as gp70-p15E complexes (36). To test this, we
analyzed the viral glycoproteins r'eleased from erythroleukemia cells into the
culture medium (Fig. 13). Both the gp70 and gp55S can easily be detected in the
extracellular medium (lane 2). After centrifugation to remove the virions, the
supernatant still contained both gp70 and gp55S (lane 4). The virion pellet (lane
5) contained only gp70. This supports the idea that gp55S is shed as soluble
glycoprotein. The shedding of gp55S could require hydrolysis of the membrane
anchor by either a serum or cell associated protease. The results in lane 7 show
that shedding occurred when cells were incubated in a serum-free medium for 48
hrs. Therefore, the shedding does not involve a serum protease.

2. Evidence that all of the cysteine residues in ap55 are involved in

intrachain or interchain disulfide bonds.

Electrophoretic analysis of acrylamide gel eluted nonreduced and reduced
intracellular gp55 demonstrates that intrachain disulfide bonds exist within this
molecule (Fig. 14). Nonreduced gp55 (lane 1) migrates faster than reduced gp55
(lane 4). This is consistent with intrachain disulfide bonds maintaining a more
compact polypeptide and increasing the electrophoretic mobility of the
nonreduced molecule. Deglycosylation of gp55 with N-glycanase (Genzyme)
yields a major band with a mobility of ~42,000-daltons under nonreducing
conditions (lanes 2 and 3) and ~44,000-daltons under reducing conditions (lanes

5 and 6). The migration of the reduced deglycosylated gp55 is in agreement with
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Figure 14. Reduced and nonreduced analysis of the deglycosylated intracellular
gp55 molecule. Nonreduced [3SS]-methionine and [35S]-cysteine labelled
gp35 was eluted from dried polyacrylamid gels and digested with N-
glycanase as described in the Materials and Methods. The nonreduced
intracellular gp55 molecule was digested with 0, 0.25, and 2.5 units of N-
glycanase (lanes 1-3 and 4-6, respectively) overnight at 37° C. Digested
samples were electrophoresed in the absence (lanes 1-3) or presence

(lanes 4-6) of a reducing agent.
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Figure 15. Proteolytic fragmentation analysis of nonreduced and reduced
intracellular gp55. The [358]-methionine and [35S]—cysteine labelled protein
was immunoprecipitated, eluted from dried polyacrylamide gels, and
digested with increasing (0, 0.1, 1.0, 10 ug) amounts of S. aureus V8
protease (lanes 1-4, 5-8, and 9-12, respectively) as described in the
Materials and Methods. The digested intracellular gp55 was
reelectrophoresed in a 20% acrylamide gel containing 0.1% SDS. Lanes 1-
4 correspond to digested nonreduced gp55 reelectrophoresed without
reduction; lanes 5-8, digested nonreduced gp55 reelectrophoresed with
reduction; and lanes 9-12, digested reduced gp55 reelectrophoresed with

reduction.
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the size of the unglycosylated protein that is synthesized in the presence of the
N-linked glycosylation inhibitor tunicamycin (89). Moreover, the results suggest
that the nonreduced deglycosylated gp55 (lanes 2 and 3) may contain
microheterogenity that is eliminated by reduction (lanes 5 and 6). This structural
microheterogenity in the intracellular gp55 component is compatible with the
heterogenity suggested in the two-dimensional gel separation of gp55 (Figs. 7
and 8).

Supportive evidence for intrachain disulfide bonding is shown by V8
proteclysis of intracellular gp55 (Fig. 15). The nonreduced gp55 V-1 domain
(lanes 2-4) has a faster mobility than the reduced V-1 (lanes 6-8, 10-12).
Furthermore, although V-2 and V-3 coelectrophorese when reduced (e.g. lanes
6-8, 10-12), they have different mobilities when nonreduced (lanes 2-4).
Specifically, V-3 appears to electrophorese faster when these fragments are
nonreduced. As can be seen in lanes 9-12, the V8 proteolytic pattern of a fully
reduced gp55 is the same as the digestion of a nonreduced gp55 molecule
(lanes 5-8). This demonstrates that the primary V8 cleavage sites remain highly
susceptible regardless of disulfide bond reduction prior to digestion.

Evidence that the gp55 components lack free sulfhydryl groups was
obtained by two methods. First, reaction of detergent-solubilized cell lysates with
[140]-iodoacetamide did not result in the labelling of any gp55 components (data
not shown). Secondly, as shown in Fig. 16, none of the gp55 molecules adsorbed
onto an organomercurial resin (Biorad) which selectively binds to free sulthydryls
(111, 112). This binding involves the formation of a covalent mercaptide bond that

can be cleaved by dilute reducing agents. Thus, when a denatured cell lysate
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Figure 16. Free sulthydryl analysis using an organomercurial resin.
Approximately 1x108 F745 cells were lysed in 100ul immunoprecipitation
buffer in the absence (panel A) or presence (panel B) of 20 mM
iodoacetamide. Cell lysates were reacted with organomercurial resin for 30
min at 49C. Absorbed proteins were eluted form the resin with 2 x 100ul
immunoprecipitation buffer plus 5% mercaptoethanol washes. Equal
volumes of lysates and elutions were combined with Laemmli sample buffer,
electrophoresed, and analyzed by immunoblotting with anti-gp70 serum. (A)
Analysis of organomercurial adsorption in the absence of iodoacetamide.
Lane 1, control unreacted nonreduced lysate; lane 2, organomercurial
reacted nonreduced lysate; lane 3, reduced unreacted control lysate; lane 4,
reduced organomercurial reacted lysate; lane 5, first elution of lysate
reacted organomercurial resin; and lane 6, second elution of lysate reacted
organomercurial resin. (B) Lysis and organomercurial adsorption in the
presence of 20 mM iocdoacetamide. Lane 1, control unreacted nonreduced
lysate; lane 2, organomercurial reacted nonreduced lysate; lane 3, reduced
unreacted control lysate; lane 4, reduced organomercurial reacted lysate;
lane 5, first elution of lysate reacted organomercurial resin; and lane 6,

second elution of lysate reacted organomercurial resin.
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was prepared without reducing agents and incubated with the resin to remove
any components containing free sulfhydryls, the reacted lysate contained the
same gp55 glycoproteins as were present in the unreacted control lysate (Fig.
16A, compare lanes 1 and 2). Likewise, analyzing those same lysates by
electrophoresis with reduction (lanes 3 and 4) shows they both contain
equivalent levels of gp55 and gp55p. Only a small percentage of gp55, gp70, and
gPro0 were detected following elution of the resin with mercaptoethanol (lanes 5
and 6).

To determine the specificity of this adsorption to the resin, cells were lysed in
the presence of the alkylating agent iodoacetamide and then reacted with the
organomercurial resin. lodoacetamide should alkylate any free sulfhydryl groups
(113) and block any specific organomercurial binding. A nonreduced contro!
lysate in the presence of 20mM iodoacetamide (Fig. 16B, lane 1) shows a major
band appearing above the gPro0 band that was not seen in the control
nonreduced lysate without iodoacetamide (Fig. 16A, lane 1) We have identified
this component as the disulfide-linked gp70-p15E complex in metabolic labelling
experiments (data to be presented). Otherwise, the lysate with iodoacetamide is
identical to the lysate without iodoacetamide and no differences in the gp55
components can be observed. Cells lysed in the presence of 20mM
iodoacetamide and then reacted with the organomercurial resin (Fig. 16B, lane 2)
results in the same pattern as the unreacted control lysate (lane 1). Likewise, the
reduced lysates (lanes 3 and 4) and elutants (lanes 5 and 6) show the same
patterns as the samples without iodoacetamide (Fig. 16A, lanes 3-6). This
suggests that a small amount of viral proteins nonspecifically adheres to the resin

and there is no specific binding between the organomerurial reactive group and
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gp55 components. Therefore, the results imply that the gp55 components do not

have free sulfhydry! groups.
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C. Discussion

The results presented in this chapter provide additional information about
the structural differences between the various processed forms of the gp55
molecules. In particular, the results suggest that gp55, gp55p, and gp55S have
substantial size differences in their carboxyl-terminal regions. The processing of
the high-mannose N-linked oligosaccharides of gpS5 into the complex sialyated,
fucosylated and galactosylated oligosaccharides that occur in gp55p probably
contribute slightly to the size increase between gp55 and gp55p (90). However,
gp55 only contains 4 Asn-linked oligosaccharides (89) and it is unlikely that the
conversion from high mannose N-linked oligosaccharides to complex
oligosaccharides would so substantially alter the glycoprotein's size. Moreover,
the V-1 domain contains two of these oligosaccharide attachment sites and yet its
size is very similar in both the gp55 and gp55p molecules (Fig. 12). Therefore, it
is likely that additional post-translational processing modifications must occur in
the carboxyl-terminus. These may include the addition of O-linked
oligosaccharides in the Golgi apparatus (114) or perhaps the addition of a
phospholipid-type membrane anchor structure (115).

The shed gp55 is ~2,500-daltons smaller than the cell surface molecules.
This size difference appears to be localized to the carboxy-terminus and may be
caused by the removal membrane anchor found within this region to generate a
soluble gp55°% molecule (Figs. 12 and 13). This hydrolysis may be mediated by a
cell associated protease that acts on both dimer subunits coordinately. Both the
dimeric and monomeric forms of gp55 can be detected in the medium. However,

since gpSSp occurs on cell surfaces only as a dimer, the SFFV envelope
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glycoprotein must be shed as a dimer and a portion of the molecules must then
be reduced.

Analysis of the reduced and nonreduced intracellular gp55 reveals the
presence of intrachain disulfide bonds within these molecules (Figs. 14 and 15).
Proteoiytic analysis of gp55 has confirmed the two domain model of the envelope
glycoprotein and supports the presence of intrachain disulfide bonds within each
domain, but not between them. The independent folding of these domains is
further supported by the fact that the primary V8 protease cleavage site located
between these domains remains very accessible even when the protein is
nonreduced (Fig. 15).

In addition, the results imply that gp55 may lack free sulfhydryl groups (Fig.
16). If so, then all 12 of its cysteines are involved in disulfide bonding both in the
monomeric gp55 and in the disulfide-linked dimers. This implies that the subunits
in the gp55 dimers must be linked together by an even number of disulfide bonds.
Linkage by only one disulfide bond would necessitate the presence of a free
sulfhydryl on each subunit. We do not detect such a free sulthydryl. This result
also implies that dimerization of gp55 could not be achieved by oxidation of
prefolded monomeric gp55 molecules because cross-linking would require
partial reduction of at least one gp55 monomer followed by a disulfide
interchange process. Alternatively, dimerization could occur during the initial
oxidation of newly synthesized gp55 molecules. Evidence presented in the next
chapter suggests that dimerization can occur only shortly after gp55 biosynthesis.
Thus, the fully-folded gp55 monomers apparently are stable and do not undergo

partial reduction and disulfide interchange reactions in vivo.
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V. Characterization of gp55 Biosynthesis, Oliqomerization. and Post-translational

r in

A. Abstract

Dimerization of gp55 is an essential post-transiational processing step for
cell surface expression of this glycoprotein. Analysis of metabolically labelled
gpS5 suggests that it is synthesized as precursor molecule that obtains its mature
electrophoretic mobility within 1 min after synthesis. No disulfide-bonded
intermediates can be detected during this maturation process. Dimerization is an
early post-translational modification and apparently can only occur when free
sulthydryls are present on gp55 prior to complete folding and disulfide bond
formation. However, not all of the dimers formed within the rough endoplasmic
reticulum (RER) are transported to the cell surface. Therefore, we propose that the
initial folding and dimerization of nascent gp55 molecules results in a structurally
heterogeneous population of dimers formed within the RER. Only those dimers
that are "correctly folded" and obtain a unique conformation can escape the RER.
This would imply that a stringent structural requirement exists for gp55 transport.
There appears to be no equilibrium between the pools of intracellular monomers
and dimers to continually generate transport competent molecules. These results
imply that the intracellular gp55 components are not being actively isomerized to
produce the conformation required for cell surface expression. Therefore, our
evidence implies that no interchange enzyme, such as a putative protein
disulfide-isomerase, could participate in disulfide bond formation or isomerization
of gp85. The nontransported gp55 components are not stably bound by specific
RER proteins or form a "precipitant-like" aggregate. Instead, retention in the RER

appears to be mediated by a less specific mechanism.



70

B. General introduction

Proteins destined for the plasma membrane are synthesized in the rough
endoplasmic reticulum and transported through the Golgi apparatus. Each step of
the processing pathway is characterized by specific post-translational
modifications (e.g. glycosylation, proteolysis, etc.). However, not all proteins
synthesized in the rough endoplasmic reticulum (RER) are processed to the
plasma membranes. Some proteins localize in the RER and Golgi apparatus (e.g.
specific glycosidases, etc.) or are sequestered in lysosomes. Others, like gp55,
are inefficiently processed to the cell surface.

The rate limiting step in processing proteins to the cell surface is usually the
transport from the RER to the Golgi apparatus (118, 117). Different proteins have
characteristic rates in reaching the cell surface, but once out of the RER the
proteins quickly acquire complex carbohydrates and reach the plasma
membrane. Two models have been proposed to explain this variation in
transport: 1) newly synthesized proteins are actively retarded in the RER until
some maturation process occurs to permit their release, 2) newly synthesized
proteins are actively transported out of the RER at different rates by binding to an
undefined carrier protein in a rate limiting manner (reviewed 118 ).

Recent reports have provided experimental evidence for the retardation
model. When an acylated tripeptide which contains the consensus sequence for
N-linked glycosylation was added to cells, these cells were able to take up this
tripeptide and glycosylate it (1 19). The glycosylation effectively "trapped" the
tripeptide within the lumen of the RER. This tripeptide was then secreted from the

cell at a faster rate than that measured for any endogenous glycoproteins. Since
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this tripeptide is presumably free in the lumen of the RER, the rate of transport out
of the RER and through the Golgi apparatus was interpreted to be a measure of
bulk liquid flow through these organelles. Therefore, it was concluded that
endogenous glycoproteins, which have different slower rates of transport, are
specificaily retarded in their release from the RER until a specific state of
maturation has been achieved.

An RER protein has been described that binds to proteins that are defective
in transport to the cell surface. This binding protein is referred to as BiP. BiP was
first described in association with heavy chain immunoglobulins in pre-B
lymphocytic cell lines that do not synthesize light chain immunoglobulins (120).
BiP has been posfu!ated to prevent the heavy chain from exiting the RER until it
complexes with the light chain immunoglobulins (121). In normal immunoglobulin
secreting cells, BiP is displaced from the heavy chain by light chains post-
translationally (121). BiP has also been found associated with proteins in non B-
cell lines. Mutant influenza hemagglutinin membrane glycoproteins are also
associated with BiP (122). Proteins such as BiP have been referred to as
“chaperone" proteins (reviewed 123).

Regardless of which model proves to be correct for the transport of proteins
out of the RER, the "correct folding" of a protein seems to be an essential
requirement for export of newly synthesized polypeptide. Mutating a membrane
protein usually results in the inability of this protein tc be transported to the cell
surface. For example, site-directed mutagenesis that disrupted the disulfide bond
formation in the histocompatibility complex class | antigen resulted in failure in

transport to the membrane (124). Likewise, mutations in the structure of the
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influenza hemagglutinin glycoprotein that prevented trimer formation resulted in
the accumulation of this protein in the RER (122). Disruption of vesicular
stomatitis virus G glycoprotein oligomerization prevented its transport to the
plasma membrane (125). Similarly, mutations in gp55 prevent its processing to
the cell surface (79, 83). These examples help demonstrate that the cell surface
transport of a membrane protein has a specific and fairly stringent structural
requirement.

A primary factor in determining the overall three-dimensional structure of
secreted and membrane proteins is disulfide bonding. Formation of disulfide
bonds is an early step in the modification of proteins and begins as the protein is
being synthesized (113, 126, 127). Earlier in vitro studies suggested that an
enzyme protein disulfide-isomerase (PDI) had the ability to catalyse sulthydry!
oxidation and thiol/disulfide interchange, leading to the formation of the set of
disulfide bonds representing the most stable state of the protein (reviewed 128,
129). With the subcellular localization of PDI determined to be microsomal
membranes, it was proposed that PDI catalysed the formation of disulfide bonds
in vivo. However, the role of PDI has not been universally accepted because
very little convincing in vivo evidence has been available to support its activity in
protein folding. In addition, its function in vitro is usually very slow, in contrast to
the rapid folding of proteins that occurs in vivo.

In this chapter we have analyzed the biosynthesis, oligomerization, and
processing of gp55 to the cell surface. We have paid particular attention to the
possible role of mixed disulfide intermediates in gp55 folding, and to the
importance of dimerization in cell surface transport, We conclude this chapter

with an overall summary of how gp55's structure, biosynthesis, and
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oligomerization is related to the inefficient processing of this glycoprotein to cell

surfaces.
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C. Results

1. Metabolic labelling analysis of ap55 biosynthesis

To study the post-translational processing of the SFFV envelope
glycoproteins, erythroleukemia cells were pulsed for 5 min with [358]-methionine
and [358]-cysteine and then chased for up to 60 min with unlabeled medium. The
erythroleukemia suspension cells were removed at various times from the culture
and immediately lysed in an equal volume of 2x immunoprecipitation buffer
containing 20mM iodoacetamide. The iodoacetamide was included in the lysis
buffer to alkylate any free sulfhydryls that may be present on the freshly labeled
proteins. In this way, any transient intermediates that contained a free sulfhydryl
during biosynthesis or post-translational processing would be "trapped" (113,
130). These intermediates may include various forms of the unfolded
glycoproteins disulfide-linked to components that might be important in catalyzing
protein oxidation and folding. Molecules postulated to participate in this process
include PDI (128), glutathione (131), and cystamine (132).

Immunoprecipitation of the viral proteins and gel electrophoresis under
nonreducing conditions should demonstrate the presence of these intermediates.
Thus, for example, a mixed disulfide complex between PDI (M,~70,000) and
gpSS would form a relatively large (M, ~125,000) intermediate. Since these
intermediates would be disulfide-bonded, reduction would eliminate this complex
and labelled gp55 should be released. Mixed disulfides with smaller molecules
such as glutathione would probably also be detectable because they would
contain fewer disulfide bonds than mature gp55. This would cause the precursor

to have a more open structure and a relatively slow electrophoretic mobility (e.g.,
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see Fig. 14, Chap. IV).

The pulse-chase analysis of the Friend virus envelope glycoproteins is
shown in Fig. 17. The MuLV gPro0 and SFFV gp55 were the most prominently
labeled bands after a 5 min pulse and analysis in nonreducing conditions (Fig
17A, lane 1). The gPr90 appears initially as a very heterogeneous band and does
not form a sharp band until ~25 min (lane 6) into the chase period. In contrast,
reduction of these samples (Fig. 17B) yields a relatively tight gPr90 band after the
initial 5 min pulse (lane 1). This suggests that the heterogenity observed early in
the biosynthesis is caused by heterogeneous disulfide bonding and folding of this
precursor protein. Within 30 min after synthesis, the glycoprotein has folded into
its mature form and obtains a relatively homogeneous electrophoretic mobility.

The gPro0 is processed in the classic precursor-product relationship as
previous described (31, 32, 105). Briefly, the gPr90 accumulates in the RER and
is slowly released for transport to the cell surface. During transport through the
Golgi apparatus or immediately thereatfter, the precursor molecule is
proteolytically cleaved to its gp70 and p15E components. Our pulse-chase
analysis shows that cleavage begins by 30 min (lane 7) after synthesis. Both
gp70 and disulfide bonded gp70-p15E can be seen in nonreducing conditions
(Figure 20A, lanes 7-9). The identity of the disulfide bonded gp70-p15E complex
was initially established by two-dimensional electrophoretic analysis (Fig. 9,
Chap. lll). The concurrent appearance of this complex with gp70 confirms this
identification. Coinciding with the appearance of the processed gp70 is the
gradual decrease in labelled gPr90.

In contrast to gPro0, the SFFV gp55 appears as a sharp band after the initial
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Figure 17. Pulse-chase analysis of synthesis and processing of viral envelope
glycoproteins in erythroleukemia cells. F745 erythroleukemia cells
were labelled for 5 min with [358]-methionine and [358]-Cysteine (50
uCi/ml) at (1x106 cells/ml) in met- and cys-free EMEM. Cells were
resuspended in complete medium and chased for a total of 60 min.
Aliquots (1 ml) were removed and added directly to 2 x
immunoprecipitation buffer plus 20 mM iodoacetamide at 4°C. Lysates
were immunoprecipitated with anti-gp70 serum, electrophoresed in
10-20% acrylamide gel containing 0.1% SDS, and then processed for
autoradiography. Samples were analyzed without (panel A) and with
(panel B) reduction. Samples correspond to 5 min pulse (lane 1); 5 min
chase (lane 2); 10 min chase (lane 3);15 min chase (lane 4); 20 min
chase (lane 5); 25 min chase (lane 6); 30 min chase (lane 7); 45 min

chase (lane 8); 60 min chase (lane 9).
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5 min pulse-labelling (lane 1) and undergoes no significant change in mobility or
loss of signal intensity during the chase period (lanes 2-9). This suggests that the
majority of gp55 is present in its mature form soon after synthesis and is not
rapidly processed to other gp55 forms. A faint gp55 dimer band is detected after
the pulse period (lane 1) in the absence of a reducing agent and remains with
relatively the same intensity through the chase (lanes 2-9). As expected, with
reduction (Fig. 17B) the dimer is no longer detectable. The lack of change in the
dimer band intensity during the chase is consistent with the previous observation
that the gp55 monomer is not continually being dimerized. In addition, the
presence of gp55 dimer 60 min into the chase (Fig. 17A, lane 9) suggests that this
component is not being efficiently processed to the cell surfaces. A distinct cell
surface form of gp55p was not detected in this 5 min labelling experiment. This is
expected because the minor gpSSp form is very difficult to label and its
visualization requires a longer pulse period.

No major precursor components are seen in the absence of reducing agents
that are eliminated by reduction. A minor band with a slightly slower mobility than
gp55 is metabolically labelled and disappears within 20 min of the chase (Fig.
17A, lanes 1-5). These pulse-chase kinetics suggest that this component may be
a precursor to the main gp55 band. With reduction this band still remains and it is
not resolved into the main gp55 band (Fig. 17B). This demonstrates that the
slower electrophoretic mobility of this component is not mediated by disulfide
bonding differences or disulfide-linkage to some other factor. Rather, this minor
band probably has some covalent difference from mature gp55. Therefore, we

conclude that gp55 does not form any mixed disulfide precursors that are
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detectable by this method. Attempts by others to detect mixed disulfide complexes
of newly made proteins to glutathione or to cystamine by direct chemical studies
have also given only negative results (113, 127).

The previous pulse-chase analysis demonstrated that the majority of gp55
was in its mature conformation after a 5 min pulse iabelling. To determine when
the first mature gp55 molecule was detectable, we pulsed erythroleukemia cells
with [358]—methionine and [35S]-cysteine and rapidily removed aliquots for
analysis. Once again, cell lysis was performed in the presence of iodoacetamide
to stabilize any potential transient intermediates. Pulsed erythroleukemia cells
were sampled every 15 sec for the first minute, and then every minute through a
total of 3 min. Analysis of pulse labelled cells under nonreducing conditions is
shown in Fig. 18. Because the cells are in the continuous presence of [358]-
methionine and [358]-cysteine, the intensities of the viral bands increases with
time.

The first detectable band with an electrophoretic mobility of mature gp55 can
be seen at 0.75 min (Fig. 18). Normal goat serum control precipitations contain
no radioacivity to confirm the specificity of the labelled bands seen in this analysis
(data not shown). Prior to the appearance of mature gp55, possible precursor
bands with electrophoretic micrdheterogenity are detected in the gp55 region of
the gel. Consistent with Fig. 17, reduction of these samples did not reveal the
presence of any disulfide-bonded intermediates (data not shown). These results,
and those presented in the pulse-chase analysis (Fig. 17), suggest that gp55
folds into its mature disulfide-bonded configuration within approximately 0.75-1

min after its release from ribosomes. More precise delineation of the folding
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Figure 18. [358]-Pulse analysis of Friend viral envelope glycoprotein synthesis.
F745 erythroleukemia cells at 1x108 cells/ml were pulsed with [358]-
methionine and [358]-cysteine in met- and cys-free EMEM. Aliquotes (1 ml)
were removed at the indicated times and added directly to an equal volume
of 2 x immunoprecipitation buffer plus 20 mM iodoacetamide at 4°C.
Samples were immunoprecipitated with anti-gp70, electrophoresed in a 10-
20% acrylamide gel containing 0.1% SDS in the absence of reducing agent,

and processed for autoradiography.
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pathway or of its kinetics have not been possible for this or other proteins in vivo
because of the small quantities of precursors and their short lifespans.

2. Envelope glycoprotein processing and turnover

The precursor-product relationships of the gp55 components were analyzed
using a longer period of metabolic labelling. Erythroleukemia cells were labelled
for up to 90 min and nonreduced aliquots were analyzed throughout this time
(Fig. 19). The major gp55 band is detectable at 5 min and continues to
accumulate throughout the 90 min pulse. In agreement with Fig.17, the (gp55)»
component also forms rapidily and gradually becomes more intense between 45
and 90 min. The cell surface (gp55p)2 begins to appear only after 45 min and
becomes slightly more intense by 90 min. At no time could any monomeric gpSSp
components be detected in the cells. This suggests that the cell surface dimers
are probably derived from the intracellular dimers and not from the dimerization of
monomers at the plasma membrane.

Cells were pulsed labelled for two hours and then both the cells and
medium were analyzed at various times through a 24 h chase period to follow the
processing and turnover of the viral glycoproteins (Fig. 20). Labelling
erythroleukemia cells allowed us to follow the processing of both MuLV and
SFFV envelope glycoproteins. The MuLV gPro0 is completely converted to the
processed gp70 form within 6 h after labelling (Fig. 20, left panel). A disulfide-
linked gp70-p15E band is not seen during the processing of gPr90 because this
particular analysis was not performed in the presence of iodoacetamide. We have
found that alkylation is required to maintain the disulfide-bonded gp70-p15E
complex during cell lysis. In contrast, alkylation has no apparent effect on gp55

components (Figs. 16 and 17, experiments not shown).
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Figure 19. [358]-Pulse analysis of Friend viral envelope synthesis and
processing in erythroleukemia cells. F745 erythroleukemia cells at 1x106
cells/ml were pulsed with [3581-methionine and [358]-cysteine in met- and
cys-free EMEM. Aliquotes (1 ml) were removed at the indicated times and
added directly to an equal volume of 2 x immunoprecipitation buffer at 4°C.
Samples were immunoprecipitated with anti-gp70, electrophoresed in a 10-
20% acrylamide gel containing 0.1% SDS in the absence of reducing agent,

and processed for autoradiography.
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Figure 20. Pulse-chase analysis of post-translational processing and shedding of
viral envelope glycoproteins. F745 erythroleukemia cells (1x1O6 cells/ml)
were pulsed labelled with [3SS]-methionine and [358]-Cysteine for2 hin
met- and cys-free EMEM. Cells were resuspended in complete medium and
chased for the indicated time. Aliquots (1 ml) were removed and cells were
separated from the medium by centrifugation and lysed in 1 ml
immunoprecipitation buffer. Both the cell lysate and medium samples were
immunoprecipitated with anti-gp70, electrophoresed in a 10-20%
acrylamide gel containing 0.1% SDS, and processed for autoradiography.
Both the cell immunoprecipitants (left panel) and medium
immunoprecipitants (right panel) were analyzed without reduction. These
cells were not lysed in the presence of alkylating agent and the level of
disulfide-bonded gp70-p15E was low (see text). In this figure, the cell
associated autoradiograph represents a 24 hour exposure and the medium

autoradiograph a 96 hour exposure.
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Although some gp70 remains associated with the cell 24 h after labelling,
the majority has been shed into the medium and incorporated into virions (right
panel). Here it is found both as soluble gp70 and as disulfide-bonded gp70-
p15E. In this experiment, a gp70-p15E doublet is seen in the medium which
probably represents both gp70-p15E and gp70-p12E. The p12E is a proteolytic
clipped form of the p15E forms after virion budding (32, 106).

Both the gp55 monomer and (gp55)o components decline in relative
intensity during the chase period, however both intracellular forms can still be
detected in association with the cells 24 h after labelling. In contrast, (gp55p)2
accumulates at the cell surface to its greatest extent within 2 h and then is slowly
shed into the medium. Between 6 and 12 h (gp55p)2 is completely lost from the
cells. Concurrently, gp55 can be detected in the medium 4 h into the chase and
becomes more prominent as gp55p is lost from the cell surfaces. Both (gp555)2
and gp55° can be detected simultaneously in the medium. Since the cells lack
monomeric gp55P, we infer that the monomeric gp55S must form from (gp55%)
shortly after shedding. These results suggest that both the gpS5 monomer and
intracellular dimer are not efficiently processed to the cell surface and shed into
the medium. Instead, both appear to remain intracellular and are eventually
degraded. This implies that the intracellular (gp55)o dimers do not all serve as an
efficient pool of precursors for the formation of (gp55p)2. In Fig. 20, the cell
associated autoradiograph represents a 24 hour exposure while the medium
autoradiograph represents a 96 hour exposure to help visualize the gp55S
components which are very faint after a 24 h exposure.

To further analyze these precursor-product relationships, we repeated the
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Figure 21. Quantitation of gp55 post-translational processing and shedding. F745
erythroleukemia cells were pulsed and chased up to 48 h exactly as
described in Fig. 20. Immunoprecipitates were reduced, separated in a 10-
20% acrylamide gel containing 0.1% SDS, and processed for
autoradiography. Relative intensities were determined by quantitative
densitometric scanning of autoradiographs using various exposures. The
intensities of gp55, gp55p, and gp55S, were plotted in comparison to the

relative intensity of gp55 at time 0 h which was set to equal 100.
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pulse-chase analysis and quantitated by densometric scanning the amount of
gp55 that remained intracellular, the amount that was processed to gp55p, and
the amount that was shed into the medium (Fig. 21). The results clearly show that
the quantity of gp55° that was eventually shed into the culture medium was very
similar to the quantity of gp55p that was initially at the cell surface after the 2 h
pulse-labelling period and never exceeded 4% of the total gp55 labelled. The
gp55p remained associated with the cells for up to 4 h before it was shed.
Although (gp55)o dimers were not analyzed in this study, they constituted
approximately 10% of the total labelled gp55 components (see Fig. 20) and they
seemed to be degraded within the cells with the same kinetics as the gp55
monomers. We conclude from this analysis that gp55p is the precursor to gp55°
and that continual processing of intracellular gp55 does not occur. In addition, the
results suggest that the (gpSSp)2 molecules form within 1-2 h from their
precursors and that the unprocessed gp55 monomers and dimers that remain
after this time are not capable of being processed to the cell surfaces. These
molecules are eventually degraded within the cell.

3. Sucrose Velocity Centrifugation

Previous reports have indicated that cellular proteins can noncovalently bind
to proteins to retain them in the ER (120, 121). To explore the possibility of
noncovalent associations between gp55 and any other proteins, erythroleukemia
cells were lysed in conditions to maintain noncovalent bonds. The cell lysate was
then fractionated by rate zonal centrifugation in a sucrose density gradient. The
gradient was fractionated, imm}unoprecipita’ced, and analyzed by immunoblotting

under nonreducing (Fig. 22, top) and reducing conditions (Fig. 22, bottom). Viral
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proteins forming a noncovalent complex would have a greater sedimentation
coefficient, in comparison to the unassociated protein, and would migrate into the
denser portion of the gradient. However, as seen in Fig. 22, the viral envelope
glycoproteins are localized only in the lower density portion of the gradient and
show no indication of abnormal sedimentation. The gp55p component could be
visualized with a longer exposure of the autoradiographs (data not shown).
Consistent with the other viral glycoproteins, gpSSp was localized exclusively in
the lower density portion of the gradient. We conclude from this analysis that the
Friend virus glycoproteins do not form noncovalently associated complexes that

are stable in the conditions used for this analysis.
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Figure 22. Sucrose gradient analysis of viral glycoproteins. Approximately
2.5x108 F745 cells were lysed in 500 ul 50 mM Tris-HCI, pH 7.5, 150
mM NaCl, and 1% Triton X-100. The lysate was layered onto a 5-30%
continuous sucrose gradient that overlaid a 0.5 ml 60% sucrose cushion.
Centrifugation was carried out at 45,000 rpm in a SW55Ti rotor for 15
hrs at 4°C. Fractions were collected, diluted with an equal volume of
2x immunoprecipitation buffer, and immunoprecipitated with anti-gp70
serum. Immunoprecipitates were electrophoresed without (Top) and
with (Bottom) reduction. Viral glycoproteins were detected by

immuncblotting using anti-gp70 serum.
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D. Discussion

1. Summary of Friend envelope glycoprotein processing

The post-translational processing of the MuLV envelope glycoproteins
described in this chapter is in good agreement with previous studies (31, 32,
105). The gPra0 is synthesized in the RER and is slowly transported to the cell
surface (summarized, Fig. 28). Within 12 h after metabolic labelling (Fig. 20), all of
the gPro0 precursor polyprotein has been processed. The first proteolytic
processing to the gp70 and disulfide-linked gp70/p15E components can be
observed approximately 30 min after synthesis (Fig. 17). As with other proteins
(133), this proteolysis step presumably occurs within the Golgi apparatus or
shortly thereafter. Localization at the cell surface occurs within 5-10 min after this
cleavage (116). A portion of the cell surface gp70 remains associated with the
cell surface up to 24 h after labelling (Fig. 20). However, the majority of gp70 is
found in the medium both as a soluble molecule and incorporated into virions.

We have clearly demonstrated that additional post-transiational processing
is necessary for the intracellular transport of the SFFV envelope glycoprotein
(summarized, Fig. 23). The vast majority of gp55 is found as a monomer in the
RER, but a portion of the intracellular gp55 molecules are dimerized. Moreover,
all of the cell surface gp55 molecules are dimerized (Figs. 19 and 20). The gp55p
remains stably associated with the plasma membrane for up to 4 h (Figs. 20 and
21), but is eventually shed into the medium presumably after cleavage of its
carboxy-terminus membrane anchor. In the medium gp55 can be found both as a
dimer and monomer (Fig. 20).

2..ap55 Biosynthesis




Figure 23. Overall summary of Friend viral envelope processing in

erythroleukemia cells. See text for complete explanation.
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The importance of cell surface expression of gp55 in the development of
erythroleukemia has been well documented (79, 81, 83). Therefore, we have
thoroughly characterized the biosynthesis, assembly, and post-translational
processing of the newly discovered cell surface dimer. These results have
provided us with a working model for the inefficient intracellular transport of gp55
(summarized, Fig. 24). Details of this model are presented below.

The SFFV envelope glycoprotein is synthesized on endoplasmic reticulum
bound ribosomes. The first biosynthetically labelled gp55 molecules with the
electrophoretic mobility of the mature glycoprotein can be seen within 1 min after
labelling (Fig. 18). Prior to the appearance of this component, bands can be seen
with both slower and faster electrophoretic mobilities. These may represent gp55
precursor molecules that are quickly converted to the mature gp55 form. Possible
post-translational modifications to the nascent gp55 polypeptide may include
leader sequence removal (134), carbohydrate trimming (135), and complete
disulfide bond formation and protein folding (113, 126, 127).

The folding of newly synthesized proteins requires the oxidation of sulfhydryl
groups to form disulfide bonds. Classic experiments by Anfinsen (reviewed 136)
demonstrated that an unfolded ribonuclease could be converted to a
homogeneous end product by the slow removal of denaturant and the addition of
an oxidizing agent. This folding process was driven entirely by the free energy of
conformation that was gained in going to the thermodynamically stable, native
structure. However, the kinetics of this process was very slow and the existence of
a disulfide interchange enzyme was proposed to catalyze the oxidation and

folding in vivo. The enzyme that has been termed protein disulfide-isomerase
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Figure 24. Proposed model for gp55 biosynthesis, oligomerization, and cell

surface transport. See text for complete explanation.



ap55 Precursor

OXIDATION

FOLDING
DIMERIZATION

(~ 1 MIN)

PDI
gp55 STRUCTURALLY CONFORMATIONALLY

MONOMER HETEROGENEOQOUS CORRECT

| gpS5 DIMER gp55 DIMER

ENDOPLASMIC RETICULUM ASSOCIATED

GOLGI

CELL

PLASMA o SURFACE
MEMBRANE MUY  gpssP  LUUUILIILL

DIMER
CLIPPED CLIPPED
gp55°% @——— gp55°
(MONOMER DIMER |

SHED COMPONENTS



92

(PDI) has been proposed to be this interchange enzyme (reviewed 128, 129).
Although PDI can catalyze refolding in vitro, the in vitro rate is dramatically
slower than the folding rate in vivo (113, 126, 127, 139). However, recent cloning
analysis suggests that putative PDI may be the beta-subunit of the enzyme prolyl
4-hydroxylase (138, 139). Recent work on some proteins has suggested that
glutathione (131) or cystamine (132) may also form mixed disulfide intermediates
to catalyze oxidation and isomerization of protein disulfide bonds.

We find no evidence for a disulfide-bonded PDI-gp55 intermediate complex.
Such a complex would be expected to have an apparent M, ~125,000 when
analyzed without reduction. This transient intermediate would be expected to
disappear gradually during the pulse-chase analysis (Fig. 17) and to form rapidily
in the pulse analysis (Fig. 18). We detect no such intermediate in these labelling
experiments. Therefore, we have no in vivo evidence for the participation of PDI
in gp55 oxidation and folding. In addition, the minor bands detected with slower
electrophoretic mobilities than that of gp55 (Figs. 17A and 18) do not resolve into
the mature gp55 band with reduction (Fig. 17B, data not shown). This suggests
that these bands do not represent unfolded precursors of gp55 that contain mixed
disulfides with smaller molecules such as glutathione or cystamine. Thus, our
results suggest that disulfide-bonded intermediates may not be formed to
catalyze free sulfhydryl oxidation and folding of gp55.

3. ap55 Dimerization

The gp55 dimers represent only a small percentage of the total gp55
synthesized. The majority remains as an intracellular monomer within the RER.

Theretfore, detection of dimer formation during biosynthetic labelling has proven
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very difficult. Usually labelling for 5 min or more is required to unambiguously
visualize the dimer (e.g., Figs. 17 and 19). However, results presented in Chap. IV
suggested that the mature gp55 has no free sulfhydryls. This means that
dimerization must take place only within the first minute after synthesis when free
sulfhydyrls must exist prior to complete folding. Consistent with this assumption is
the pulse-chase analysis in Fig. 17. The dimer level present after a 5 min pulse is
equivalent to the dimer level after a 60 min chase period. This demonstrates that
the metabolically labelled gp55 monomer is not being continually dimerized after
its synthesis. Therefore, we conclude that gp55 dimerization is a very early post-
translational modification and can only occur during a short time span (~1 min)
after gp55 synthesis.

Previous work on the oligomerization of IgG immunoglobulins is consistent
with the dimerization kinetics of gp55. Bergman and Kuehl showed that the initial
step in the covalent assembly of immunoglobulins was the disulfide bond
formation between a nascent heavy chain and a completed heavy or light chain
depending on the cell type (140). Moreover, pulse-chase analysis demonstrated
that only freshly made light chains (within ~2 min) could be covalently assembled.
These results demonstrate that disulfide bonded oligomerization is often an early
post-translational modification.

Our analysis of the post-translational processing of gp55 clearly
demonstrates that the glycoprotein must be dimerized to reach the cell surface.
However, not all dimerized gp55 molecules escape the RER (Fig. 24).
Dimerization in concert with scme other factor must be needed to generate a
transport competent gp55 molecule. Two-dimensional electrophoresis of the

gp35 components (Figs. 7, 8, and 9, Chap Ill) has suggested that the intracellular
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dimers can be separated into a cluster of distinct components while only a single
dimer can be found at the cell surface. This would suggests that only a unique
homodimer is competent for cell surface expression. In addition, intrachain
disulfide bond heterogenity was implied by two-dimensional seperation of gp55
(Figs. 7 and 8, Chap. lll). Therefore, we propose that the intracellular gp55
molecules represent a structurally heterogeneous population of molecules.
These structural differences would be generated by heterogenity in both
intrachain and interchain disulfide bonding and perhaps additionally by simple
folding variations. Only the formation of dimers that obtain a unique
conformational structure will be able to escape the RER and to be transported to
the cell surfaces. The monomers that do not oligomerize and the dimers that fail
to obtain this conformation remain trapped within the RER.
ligomerization and intracellular tran

The importance of protein oligomerization for transport to the cell surface
has been well studied. Both the vesicular stomatitis virus G protein and the
influenza hemagglutinin glycoproteins must form noncovalent associated trimers
in order to reach the cell surface (95, 122, 125). Mutations that disrupt this trimer
formation result in a blockage of transport and glycoprotein subunits that
accumulate in the RER (95, 122, 125). More significantly, a small percentage
(~10%) of }the hemagglutinin normally does not reach the cell surface and
accumulates as a trimer in the RER. Thorough biochemical and biophysical
studies on these glycoproteins suggest that the cell surface trimers are folded
differently than the nontransported trimers. This has led to the proposal that a

“correct” tertiary and quanternary structure may be a general requirement for
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transport of transmembrane proteins from their site of synthesis in the RER (95,
122). The processing of the SFFV envelope glycoprotein to the cell surface
strongly supports this hypothesis.

Additional evidence supporting the significance of protein folding in
oligomerization and cell surface transport was presented for two cellular proteins.
The nicotinic acetylcholine receptor was shown to pass through at least two
distinct intracellular conformations en route to the plasma membrane (141).
During intracellular processing, the alpha-subunit gained the ability to bind to the
ligand bungarotoxin and became stably associated with the beta-subunit prior to
cell surface detection (142). Likewise, the beta-subunit of human chorionic
gonadotropin progressed through various conformations during its post-
translational processing (143). The earliest form of beta-subunit detected was
incompletely folded and did not oligomerize with the alpha-subunit. Within 4
minutes after synthesis, the beta-subunit was fully folded, dimerized with the
alpha-subunit, and was efficiently secreted from the cell. Interestingly, a small
portion of the beta-subunits folded differently and formed an unassociated
intracellular pool. These results provide strong evidence that a protein's overall
conformation can be a critical factor in determining the eventual processing fate
of the malecule.

5. No _evidence for isomerization

Obtaining the correct overall three dimensional structure appears to be
critical for transport to the cell surface. A major factor in determining protein
structure is the formation of disulfide bonds. The mechanism of disulfide bonding

in proteins in vivo is still very poorly understood. /n vitro studies have indicated
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that protein folding is a two-step process. First, randomly cross-linked disulfide
bonds are formed. Second, these non-native disulfides are isomerized to native
ones through a series of thiol-disulfide interchange reactions (reviewed 128,
129). Previous work with the ribonuclease A and trypsin inhibitor molecules
suggested that the final product represented both the biologically active and
thermodynamically most stable form of the protein (137). This interchange
reaction is believed to be the rate-limiting step in the folding pathway. As
previously described, the enzyme protein disulfide-isomerase (PDI) has been
shown to have the ability to catalyze the formation of both intrachain (137) and
interchain (144) disulfide bonds in vitro. Furthermore, PDI can isomerize certain
proteins in vitro to form the "correct" pattern of disulfide bonds needed for the
protein to be biologically active (137, 145, reviewed 128). |

The mechanism of disulfide-interchange in vitro has been shown to require
the formation of disulfide-linked intermediates between the enzyme and substrate
(137). As previously discussed, our data indicates that no disulfide bonded larger
intermediates are formed during gp55 biosynthesis. Although the PDI-protein
substrate complex in vivo may be unstable, it should have been stabilized by the
lysis in the presence of a sulthydryl alkylating agent. A second, indirect method of
analyzing potential PDI enzymatic activity would be to determine if the newly
synthesized gp55 intermediates are isomerized. Previous in vitro evidence
demonstrated that PDI can isomerize a protein to its biologically active and
thermodynamically most stable form (137, 145). The biologically active form of
gp55 is the structurally unique dimer that is transported to the cell surface. We
have clearly shown that post-translational processing of the large intracellular

pool of gp55 does not occur to continually generate the cell surface molecules
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(figs. 20 and 21). This indicates that the nontransported gp55 molecules are
stable after their formation and that no equilibrium exists between the pools of
intermediates. This argues against the structural isomerization of intracellular
molecules to form the biological active form of gp55. Therefore, we have no in
vivo evidence to support the action of PDI, or any other molecule, in the catalysis
of oxidation, folding, or isomerization of newly synthesized proteins. Rather, our
results suggest that substantial isomerization probably doesn't occur
intracellularly. In addition, recent cloning analysis suggests that putative PDI may
be the beta-subunit of the enzyme prolyl 4-hydroxylase (138, 139).

6. Endoplasmic reticulum retention

Different membrane proteins exit the RER at characteristic rates (116, 117).
Whether this is because a specific interaction with a transport receptor is required
or because proteins are retained in the RER until they can enter the bulk flow
transport has not been unambiguously established. Regardless of which model
proves to be correct, both require the retention of proteins in the RER until they
are properly folded to either bind to a receptor or move with the bulk flow. It has
been proposed that a family of proteins termed "molecular chaperones" reside in
the RER to aid in the correct folding of proteins and to noncovalently retain
improperly folded proteins (reviewed 123 ). This family includes a diverse set of
proteins, including heat shock proteins, BiP, PDI, and a binding protein for the
large subunit of ribulose biphosphate carboxlyase-oxygenase (Rubisco).

We have no evidence for cellular proteins binding to the gp55 monomer or
dimer that remains in the RER. Sucrose velocity gradient analysis (Fig. 22)

suggests that the gp55 intermediates do not form stable noncovalent complexes.
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This would also mean that gp55 is not aggregating to form a "precipitant-like"
complex in the RER. This type of aggregation was recently observed for a mutant
VSV G protein defective in cell surface transport (146). The VSV G protein
aggregate was easily detectable upon sucrose gradient analysis. Therefore,
retention of gp55 in the RER may not be mediated by stable protein binding or
aggregation. Instead, as suggested by Pfeffer and Rothman (118), retention in the
RER may be less specific and similar to adsorption chromatography. The RER
membrane proteins may retain nontransported molecules by nonspecific
electrostatic and/or hydrophobic interactions. Only proteins that are folded and/or
oligomerized in such a way to minimize these interactions may be able to escape
the RER.

7. Signal patch theory for intracellular transport

For a protein to escape the RER it must contain some type of signal or
structure that makes it different from the nontransported molecules. As mentioned
above, such signals may include charge and hydrophobicity differences.
Experimental evidence from a variety of sources suggest that these signals are
likely to be composed of regions on the surface of the protein that are directly
related to the overall three dimensional structure. These have been referred to as
signal patches (reviewed 118). Unlike specific covalent modifications thought to
target proteins (i.e. leader sequences), signal patches would be formed from
noncontiguous regions of the polypeptide chain and only brought together during
protein folding and/or oligomerization. Accordingly, signal patches are
conformation-dependent and a wide range of structural mutations can disrupt

them and, consequently, cell surface transport.
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Our analysis on the processing of gp55 to the cell surface indicates that a
strict structural requirement exists for transport out of the RER. Both the proper
folding and dimerization are essential. Experimentally, both of these steps occur
very early in the biosynthesis of gp55 and may be inextricably associated. The
intracellular transport of gp55 does not appear to be controlled by an enzyme-
mediated rate-limiting step. Instead, post-translational processing quickly
generates gp55 molecules that are either competent or incompetent for transport.
No detectable isomerization occurs between these intermediates to continually
generate cell surface molecules. Therefore, the inefficient processing of gp55
appears to be intrinsic to the molecule because of the glycoprotein's structure
and ultimate folding pattern. Only the "correctly folded" dimers that obtain the
necessary signal patches to escape the RER will be transported to the cell

surfaces.
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V1. Expression of Cellular Oncogenes and SFFV env during Friend

Erythroleukemia and Differentiation.

A. Abstract

The Friend virus complex causes a progressive murine erythroleukemia.
The disease culminates after 4-8 weeks in the formation of leukemia cells that
can be cultured indefinitely and that can be induced to differentiate only by
treatment with dimethy! sulfoxide (DMSQ) or other chemical inducers. We
measured the expression of the Friend spleen focus-forming virus (SFFV) env
glycoprotein (gp55) and of thirteen cellular oncogenes throughout leukemic
progression and during DMSO-induced differentiation. The transcripts of SFFV
env, c-myc, c-myb, p53, and c-Ha-ras increased substantially in the final
stage of leukemic progression, in parallel with a reduction in spontaneous
erythropoiesis. Genomic blot analyses of three independently formed advanced
leukemias revealed that the c-myc oncogene was variably amplified in its copy
number (0-20 fold), and that the p53 gene was rearranged in one cell line.
DMSO-induced differentiation rapidly reduced transcript levels for all four of these
cellular oncogenes. Moreover, a rapid transient reduction in the quantity of gp55
on the plasma membranes occurred very early in the differentiation process and
was caused by enhanced shedding into the culture medium. We propose that
increases in expression of SFFV env and of cellular oncogenes may contribute

to leukemic progression by interfering with erythropoiesis.
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B. General introduction

Friend virus causes a progressive erythroleukemia in susceptible mice
(reviewed 2, 3). The early phase of the disease is characterized by extensive
erythroid hyperplasia, development of macroscopic spleen foci, splenomegaly,
and polycythemia or anemia depending on the strain of virus. However, the
infected erythroid cells from this stage appear to be premalignant as judged by
their limited proliferative capacity and inability to cause tumors. The infected
erythroblasts spontaneously embark on the erythropoietic pathway in vivo and
in cell culture, although the process is abnormal and is substantially ineffective
(54-57). In contrast, approximately 3-8 weeks post-infection malignant Friend
cells begin to form. These cells can be maintained in long term culture, are
capable of producing tumors in syngeneic mice, and can be induced to
differentiate only if they are treated with dimethylsulfoxide (DMSQO) or certain
other compounds (64-66). Therefore, the Friend system provides an excellent
model for studying leukemic progression and erythroid differentiation.

An understanding of the relevance of Friend cell differentiation to normal
differentiation requires information about the pathologic effects of the virus and
about changes that occur during leukemic progression and establishment of the
cell lines in culture. Such an integrated understanding has been lacking and is
especially important because leukemic progression may involve changes that
reduce the ability of the neoplastic cells to differentiate (15, 16). Presumably,
induction of differentiation in vitro must include abrogation of these leukemic
abnormalities.

It is currently believed that the aberrant expression of cellular oncogenes
can play an important role in the initiation, maintenance, and progression of

cellular malignancies (147, 148). Experimental evidence suggesting a critical role
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for cellular oncogenes in neoplastic growth comes from several sources
(reviewed 147-149). They include: 1) sequence homology between cellular
oncogenes and known transforming viral oncogenes; 2) transfection studies
showing the transforming potential of cellular oncogenes in NIH 3T3 cells and
primary embryo fibroblasts; 3) the localization of cellular oncogenes at or near the
site of specific, tumor-associated chromosomal translocations; and 4)
amplification of cellular oncogenes in some human tumers. In addition, cell
growth after mitogenic stimulation increases cellular oncogene expression, while
terminal differentiation decreases expression. In this study we present a
comprehensive analysis of cellular oncogene and SFFV env expression

throughout progression and differentiation of Friend erythroleukemia.
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C. Results
1. f hroleukemic proaression

The principal targets for the Friend virus complex are immature

erythroblasts classified as burst-forming units erythroid (58). When infected with
SFFV, these cells proliferate and migrate to the spleen (54). By 14 days, the
spleen is enlarged 15-20 fold due to proliferating erythroblasts and their
differentiating hemoglobin-containing derivatives in the red pulp. However, these
cells are premalignant as judged by their limited self-renewal capacity and by
their ability to differentiate (54-57). We used normal spleens and spleens from
mice with phenylhydrazine-induced hemolytic anemia (72, 150) as controls.
Anemia causes murine spleens to become a major site for erythropoiesis (72,
150) and to increase severalfold in size. Comgarisons also included spleens from
mice 14 days after intravenous injection with a polycythemic strain of Friend virus
(91) and several independently isolated erythroleukemia cell lines.

The relative quantities of actin and B-globin transcripts were analyzed in the
poly (A)+ RNAs by the Northern blot method. As seen in Fig. 25A (right panel), the
relative proportion of B-globin mRNA was increased about 5-fold in anemic
spleens (lane 2) and about 10-fold in 14 day post-infected spleens (lane 3)
compared with normal spleens (lane 1). In contrast, the advanced leukemias are
blocked in the proerythroblast stage of differentiation (151) and their relative
quantities of B-globin mMRNA are correspondingly very low (lanes 4 and 5). These
results are consistent with histological results and with other evidence (151) that
progression of erythroleukemia is associated with a reduced tendency of the
neoplastic cells to differentiate. The polycythemia strain of SFFV used for these

studies causes an initial polycythemia. However, transplantation of resulting
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Figure 25. Gene expression during erythroleukemic progression. (A) Expression
of actin, pAC269 (152) and B-globin, Hind il probe B (153). (B) Expression
of cellular oncogenes Ha-ras, HB-11 (154); N-ras, pAt8.8 (155); myc,
pM104 BH (156); myb , pVM2 (157); and p53, pp53-208 (158) through
progression. RNA was isolated from uninfected spleens (Lane 1), anemic
spleens (Lane 2), 2 week post-infected spleens (Lane 3), and independently
isolated erythroleukemia cell lines F745 (Lane 4) and F4.6 (Lane 5). Size

markers are in kilobases.
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advanced leukemias into secondary recipients causes a severe anemia. Thus,
progression is associated with a reduction in vivo in erythropoiesis (C. Spiro,

unpublished results).

2. Expression of cellular oncogenes and SFFV env_during ervthroleukemic

rogressi

We screened for expression of thirteen oncogenes during erythroleukemic
progression. These included erb A, erb B, fes, fms, fos, fps, mos, myb, myc, Ha-
ras, N-ras, p53 and src. Fig. 25B shows the oncogenes for which transcripts
were detected by Northern blot analysis. The c-Ha-ras transcript had the
expected 1.2 kb size and was seen both in the anemic and infected erythroid
cells. The expression of c-Ha-ras in the anemic spleen (lane 2), but not in the
normal spleen (lane1), suggests that the transcript occurs in immature erythroid
cells. In contrast, N-ras is expressed primarily in the F745 cell line (lane 4) and
gives a range of transcript sizes. In addition to the 5.8 kb band which may be the
primary N-ras transcript (155) , there are several smaller RNAs of unknown
origin. The oncogenes c-myc, c-myb, and p53 are expressed primarily in the
erythroleukemia cell lines. These three oncogenes formed transcripts with the
expected sizes of 2.3 kb, 3.8 kb, and 2.0 kb, respectively. In contrast to an earlier
report (159), we do not detect an appreciable quantity of c-myc transcript in the
2 week post-infected spleens.

Analysis of the SFFV env transcripts and protein levels during
erythroleukemic progression is shown in Fig. 26. The 5.8 kb RNA is the full length
SFFV genome and the 2.1 kb transcript is the processed env message (Fig.
26A). In addition, several minor RNAs are also detected and probably represent
additional processing events. As can be seen, the SFFV env transcripts are

greatly increased (c.a., 50-fold) in advanced leukemias (lanes 4 and 5)
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Figure 26. Expression of SFFV env gene and gp55 glycoprotein through
progression. (A) Northern blot analysis of SFFV transcripts using the SFFV
BE probe (82). Lanes 1-5 contain 5.0ug of poly A+ RNA isolated
from uninfected spleens (Lane 1), anemic spleens (Lane 2), 2 week post-
infected spleens (Lane 3), and erythroleukemia cell lines F745 (Lane 4) and
F4.6 (Lane 5). (B) Detection by Western blotting of the SFFV env
glycoproteins using the F-MulLV gp70 antibody. Equivalent amounts of
protein (150ug) were analyzed from normal spleen (Lane 1), 2 week post-

infected spleens (Lane 2), and cell lines F745 (Lane 3) and F4.6 (Lane 4).
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compared with 14 day post-infected spleens (lane 3). The SFFV env
glycoprotein quantities were analyzed by Western immunoblotting as shown in
Fig. 26B. The SFFV-encoded env glycoprotein occurs as two components
(reviewed 2). The majority has an apparent M, 55,000 and occurs in the rough
endoplasmic reticulum. A second component (designated gp55p), constituting
only 2-5% of the total, occurs on cell surfaces . The gp55p form has a larger
apparent M (65,000) that is partly caused by processing of its asparagine-
linked oligosaccharides in the Golgi apparatus (2, 90). The gp70 and gPr90
components are the MuLV env glycoprotein and precursor, respectively. In
agreement with the transcriptional analysis, dramatic increases in the gp55
components accompany leukemic progression.

3. Genomic analyses

The DNA from different stages of erythroleukemic progression were
analyzed for possible structural alterations in the ¢c-myc, c-myb, and p53 genes.
The FVT/A erythroleukemia cell line (1) was also included in this analysis.
Hybridization with a c-myc specific probe (Fig. 27A) detected the expected 21
kb Eco Rl fragment (160) and showed variable amplification in the three
erythroleukemia cell lines analyzed (lanes 5,6,7). As an internal control for the
amount of DNA transferred to the filters and to estimate the copy number of the ¢-
myc gene, we hybridized the blot using both c-myc and B-globin specific
probes (Fig. 27B). In addition to the 21 kb fragment detected by the myc probe,
18 kb and 6.3 kb fragments were detected with the B-globin probe (Fig. 27B). The
relative c-myc intensities were determined by quantitative densitometric
scanning of autoradiograms using the B-globin 6.3 kb signal as the denominator
to normalize for experimental variation in quantity of DNA. This analysis indicated

a 3- to 5-fold c-myc gene copy number amplification in the F4.6 line (lane 6) and
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Figure 27. Genomic analysis of c-myc, p53, and B-globin. Blots were probed
with 32P-labled mye, (panel A); myc and B-globin, (panel B); and p53,
(panel C). High molecular weight DNA was isolated from normal livers
(Lanet1), normal spleens (Lane 2), anemic spleens (Lane 3), 2 week post-
infected spleens (Lane 4), and cell lines F745 (Lane 5), F4.6 (Lane 6), and

FVT/A (Lane 7). Size markers are in kilobases.
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a 15- to 20-fold amplification in the FVT/A line (lane 7). In contrast, c-myc was
not amplified in line F745 (lane 5).

Analysis of Eco Rl digested DNA samples with a p53 specific probe
detected two fragments at 12 kb and 2.8 kb (Fig. 27C). In addition, the F745 line
contained a unique fragment at 9.5 kb. Variable rearrangement of the p53 gene
was previously reported (161, 162). Hybridization with a c-myb specific probe
revealed no structural alterations (data not shown).

4. Eff f DMSO-in ifferentiation on expression of on

of SFFV gp55P

Addition of 1.8% DMSO to murine erythroleukemia cell lines induces them
to differentiate ( 66, reviewed 163), but has only a slight effect on cell proliferation
within the first 48 h (100). Between 48 and 72 h the cells cease mitosis, and they
begin to die after about 100 h (100). Expression levels of actin and B-globin
during terminal differentiation are shown in Fig. 28A. The transcript levels for actin
were constant. As expected ( 66,163), the B-globin transcript appeared at 48 h
and became abundant by 72 h.

Cellular oncogene expression throughout differentiation is shown in Fig.
28B. Expression of c-Ha-ras dropped to background levels by 48 h and
reproducibly reappeared at a relatively low level during the later stages
differentiation. In comparison with the data in Fig. 25B, these results suggest that
c-Ha-ras transcripts occur predominantly in the erythroblasts of both uninfected
and infected mice. In contrast, N-ras expression remained constant. In
agreement with several earlier studies (164-168), the expression of ¢c-myec, c-
myb, and p53 declined rapidly during DMSO induced differentiation (Fig. 28B).
Expression of these oncogenes declines within 3-12 h, although the c-myc

transcript transiently reforms at 18 h (164-166, results not shown). The transcript
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Figure 28. Gene expression during DMSO-induced differentiation. F745 PC4 D2
cells were cultured with 1.8% DMSO and RNA was isolated at 24 h intervals
through 96 h. Northern blot analysis was performed with radiolabeled
probes described in Fig. 25. (A) Expression of actin and 8-globin. (B)
Oncogene expression through differentiation. Size markers are in

kilobases.
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Figure 29. Detection of gp55 glycoprotein and SFFV transcripts during DMSO-
induced differentiation. (A) Western blot detection of the gp55 glycoprotein
using the 7C-10 monoclonal antibody. (B) Northern blot analysis of SFFV

transcripts. RNA was analyzed as described in Fig. 26A.
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levels for these three oncogenes were near background in our studies by 24 h.
Analysis of the gp55 components during DMSO induced differentiation is
shown in Fig. 29A. We have reproducibly observed a specific transient decline in
the quantity of gp55p during the early phase of DMSO-induced differentiation.
The quantity of gpSSp began to decline at approximately 3-6 h; it reached a
minimum by 12 h; and it increased again between 18-48 h. Densitometry
indicated that gp55p was reduced to approximately 20% of the uninduced
amount by 12 h. Densitometry of weakly exposed autoradiograms indicated no
change in content of the major gp55 component. A similar transient reduction
was observed between 12 and 24 h when hypoxanthine was used to induce
differentiation (data not shown).

Analysis of the SFFV transcripts is shown in Fig. 29B. The quantities of
SFFV RNAs increased sharply within 1 h after DMSO induction. This was
followed by a rapid decline in the 5.8 kb RNA and by a slower decline in the 2.1
kb env. mRNA between 3 and 24 h. Between 24 and 72 h, the quantities of the
SFFV RNAs increased. Morphological and biochemical studies have shown that
erythroleukemia cell lines efficiently release virions during the early stages of
differentiation (81,169). However, as the cells stop proliferating, virion release
ceases and virions accumulate within intracellular vacuoles (91 ,169). This
presumably contributes to the increase in viral 5.8 kb RNA after 48 h.

Recent work has shown that gpSSp is shed into the medium (52). The effect
of DMSO-induced differentiation on gp55p shedding is shown in Fig. 30. The
addition of DMSO causes an increase in gp55P shedding during the first 6 h after
treatment. However, the quantity of shed gp55 is lower than the untreated control
by 12 h and becomes dramatically lower after 18 h. Shedding of gp55 continues

through 72 h of DMSO exposure, but at a rate approximately 20% that of the
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Figure 30. Analysis of DMSO-induced shedding of the gp55 glycoprotein. Cells
were induced to differentiate and the medium was analyzed at the indicated
times as described in the Materials and Methods. Relative intensities were
determined by quantitative densitometric scanning of autoradiograms using
various exposures. The intensity of the 18 h sample without DMSO was set

at 1.0 and all other sample values are plotted in comparison to this level.
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untreated cells (data not shown).
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D. Discussion
1. Changes in cellular oncogene expression during leukemogenic

rogression and differentiation

Expression of c-myc, c-myb, p53, and c-Ha-ras were higherin
erythroleukemia cell lines than in uninfected spleens or 2 week post-infected
spleens (Fig. 25B). In addition, the quantities of these transcripts declined during
DMSO induced differentiation (Fig. 28B). It is unclear from this evidence whether
the apparent increased expression of these oncogenes in the late stages of
leukemic progression occurred because of a decline in the proportion of
terminally differentiating cells or because of an augmentation in expression of
these genes within the infected BFU-E. Distinguishing between these
possibilities would require analyses of oncogene expression in unavailable pure
populations of normal proliferating BFU-E. Despite this uncertainty, our genomic
structural studies demonstrated amplifications of c-myc gene copy numbers and
p53 gene rearrangements in Friend erythroleukemias (Fig. 27). p53 gene
rearrangements were previously described in Friend cells (161, 162). As recently
reviewed (148), such results imply that changes in expression of these genes
were selacted during erythroleukemic progression. Therefore, we infer that
abnormal expression of c-myc and p53 contributes to progression

Chemically-induced differentiation of Friend cells results in a rapid
reduction of c-myc, c-myb, p53, and c-Ha-ras transcripts (Fig. 28B). lt is
unclear from this evidence whether the reduced expression of these genes may
cause, or be a consequence of, the differentiation process. However, it was
recently shown that constitutive expression of c-myc can block Friend cell
differentiation (170, 171). This result supports the idea that enhanced expression

of c-myc could contribute to leukemic progression by interfering with
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differentiation.

2. Changes in expression of SFFV env and of gp55 guantities during

progression and differentiation

We have observed a substantial increase in SFFV transcripts and gp55
quantities within the erythroleukemia cell lines compared with the infected
erythroid cells present in the 2 week post-infected spleens (Fig. 26). This was
unexpected because of an earlier report (167) and because the 14 day infected
spleens are greatly enlarged (15-20X) and they consist of a 90-95% pure
population of erythroid cells that are proliferating under the influence of the SFFV
env gene (71-73). As with other retroviruses, independently integrated SFFV
proviruses are transcribed to widely differing extents depending presumably on
their sites of integration in the host chromosomes (49). Therefore, the initially
formed neoplasm must contain cells with differing quantities of SFFV gene
expression. Presumably, proviral integrations continue to occur during the course
of the disease and we propose that progression pretferentially selects high-
expresser clones.

DMSO-induced differentiation of Friend cells causes a rapid and complex
set of changes to the SFFV env components (Figs. 29 and 30). Rapid increases
in SFFV transcripts and in shedding of gp55p into the culture medium are
associated with a transient decrease in the quantity of gpSSp that is attached to
the cells (Fig.29A). Subsequently, the SFFV transcript quantities decrease (Fig.
29B). Although differentiation does not result in a permanent loss of any of these
components, gpSSp shedding into the culture medium becomes severely
reduced after approximately 10-12 h (Fig. 30). Clearly, substantial changes in
SFFV env expression occur within the first few hours of DMSO induction. These

changes include increased gpSSp shedding and changes in gp55 synthesis. This
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time period is known to be critical for the commitment of Friend cells to the
differentiation pathway (100, 163).

The Friend 745 (164, 172) and F4.6 (91) erythroleukemia cell lines contain
anemia and polycythemia strains of SFFV, respectively. Earlier reports éuggested
that gp55 produced by anemia strains of SFFV were not processed to form gpssp
cell surface components (2, 104). Our Western blot studies establish that both of
these cell lines contain similar quantities of gpSSp (Fig. 26B). Cell surface
iodination studies confirmed that these gp55p components were on plasma

membranes (data not shown).

3. A possible role for gp55P _in leukemogenic proaression and Friend cell

ifferentiation

Faletto et al. (173) recently reported that an early decrease in
phosphotidylinositol turnover occurred upon the induction of Friend cell
differentiation and that this preceded the decrease in c-myc expression. These
results suggested that secondary messengers generated at the plasma
membrane can stimulate oncogene expression in Friend cells and that this
pathway is inhibited during chemical-induced differentiation. Other evidence also
suggests that c-myc expression can be induced by growth factor binding to
membrane receptors (174, 175).

We have previously shown that the SFFV env gene is essential for
initiating the erythroblastosis that occurs after infection of mice with the Friend
virus (79, 80, 83). More recently, using site-directed env mutants and
spontaneous pathogenic revertants that have second-site (suppressor type)
mutations in their env genes (82), we have obtained evidence that the
pathogenic SFFVs all encode env glycoproteins that are expressed on cell

surfaces, whereas the nonpathogenic mutant glycoproteins are exclusively
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intracellular. The pathogenic env glycoproteins also specifically interact with the
cell surface receptors for dual tropic MuLVs (83). Consequently, we have
proposed that gpSSp causes erythroblastosis by binding to a plasma membrane
receptor. This interaction presumably generates a constitutive transmembrane
signal that stimulates proliferation of infected erythroblasts. We propose that the
DMSO-induced loss of gp55p would reduce this receptor-mediated signalling
and that this might initiate changes in expression of cellular oncogenes and

thereby lead to erythropoiesis.
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VI ntification of SEFEV Intearation Si with g "T " Helper-free Virus.
A. Abstract

A colinear molecular clone of the Lilly-Steeves polycythemia strain of Friend
spleen focus-forming virus (SFFV) was modified by inserting a 215 base pair
"tag" of SV40 DNA into its nonfunctional pol/ gene region. The DNA was then
transfected into Psi-2 packagirg cells and helper-free tagged SFFV was
recovered in the culture medium. Injection of this helper-free virus into NIH/Swiss
mice caused transient mild splenomegaly and formation of spleen foci at 9-10
days. Although the vast majority of infected erythroblast clones then differentiated
and died out, rare cells that were present in only 20-30% of the mice grew
extensively by 26-33 days to form transplantable leukemias. Clonality of these
leukemias was established by a Southern blot analysis of their DNAs, using
several restriction endonucleases and the SV40 tag as a hybridization probe. All
transplantable leukemias lacked helper virus contamination and contained a
single tagged SFFV provirus that actively expressed the mitogenic env gene
product gp55. The SFFV proviruses in these leukemias also appeared to be
integrated into a few tightly clustered sites in the cellular genome. Although the
tagged SFFV caused polycythemia during the polyclonal early stage of
erythroblastosis, growth of the helper-free clonal erythrieukemia caused severe
anemia. These results suggest that a single SFFV can cause mitosis of
erythroblasts, and that cell immortalization also occurs if the provirus integrates
into a critical site of the host genome. Because the immortalizing integrations
also interfere with erythriod differentiation, mice with clonal stage leukemia
become anemic. This system provides a relatively direct and background-free
approach for identifying and studying genomic integration sites that contribute

specifically to erythroblast immortality.
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B. General Introduction

To analyze both the clonal aspects of progression and which cellular genes
may contribute to the pathogenesis of Friend erythroleukemia, it would be very
useful to have methods for identifying SFFV integration sites in the host cell
genome. This has been a major problem because SFFV lacks a classical
oncogene and contains only MulLV-related nucleic acid sequences that occur in
large numbers in the normal mouse genome (40, 86, 176-178). Moreover, SFFV
pathogenesis is restricted to mice (68, 69) and a species with a heterologous
DNA background can not be used. Despite these difficulties, previous studies
have suggested that the progression of Friend erythroleukemia involves selective
outgrowth of cell clones that have a proliferative advantage (162, 176, 177).
Moreau-Gachelin and co-workers have analyzed the DNA from Friend leukemia
cells using a small SFFV-derived hybridization probe that reacts in stringent
conditions with only a few endogenous sequences of the murine genome (177).
Their identification of only a few "extra" SFFV proviral bands in Southern blots of
leukemia cell DNAs suggested that the tumors arose from one or a few cells
(177). Recently, they examined an erythroleukemia that contained helper MuLV
and five SFFV proviruses (178). Using a genomic library, they cloned SFFV-host
junction fragment DNAs from four of these integrations and screened each of
these against other independently isolated erythroleukemias. By this screening
process, they identified a locus (Spi-1) that was rearranged in 95 % of the highly
progressed Friend erythroleukemias that were examined. The roles of Spi-1
proviral integration and of other SFFV and MuLV integrations that had occurred in
these advanced leukemia cells remain unknown.

We have independently developed a different method to address this

problem. Specifically, we have modified a colinear molecular clone of
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polycythemia strain of SFFV by inserting a 215 base pair "tag” of SV40 DNA into
its nonfunctional pol gene region. This tagged virus is pathogenic and in the
absence of helper virus it causes at a low frequency transplantable Friend
erythroleukemias. Moreover, single provirus integration sites can be detected in
the infected host's genome using the SV40 fragment as a hybridization probe.
The system described here provides a relatively defined and efficient
background-free method for identifying and analyzing genes that can contribute
specifically to erythroblast immortality.

Activation of cellular genes by proviral integration has been termed
insertional mutagenesis. Evidence for the importance of cellular gene activation
in the development of retroviral-induced tumors has been provided by studies on
the mouse mammary tumor virus (MMTV), Mo-MuLV, and avian leukosis virus
(ALV). MMTV has been shown to preferentially integrate within} two areas of the
mouse genome termed int-1 and int-2 (179-181). In the Mo-MulV induced
lymphomas, proviruses have been shown to be integrated in at least five
independent cellular DNA domains, with one site being the c-myc region (182-
184). The ALV provirus can increase the expression of c-myc in pre-B cells to
induce a lymphoid leukosis (185) or activate the c-erb B gene during the
development of erythroleukemia (186). These studies have provided direct
evidence that proviral integrations can increase cellular gene activity as well as
influence the type of tumor development.

The work described in this chapter was performed in collaboration with Dr.
Craig Spiro who is a post-doctoral fellow Dr. David Kabat's laboratory. Dr. Spiro
initiated this project by constructing the "tagged" SFFV described in Fig. 31 and
by demonstrating the pathogenicity of this modified virus. At this point, we

collaborated equally in the animal studies summarized in Table 1. The Western
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and Southern blots presented in this chapter (Figs. 32, 33, and 34) were
performed by myself.
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C. Resulls

1. Tagged SFFV causes Friend erythroleukemia.

To identify Friend SFFV integrations in the mouse genome, we modified a
polycythemic molecular clone of SFFV by inserting a 215 base paif fragment of
SV40 DNA into its nonfunctional pol/ gene region (see Fig. 31). This plasmid,
pSVSF, was transfected into psi-2 packaging cells (102) and a clone (psi-2/SVSF
4-4) was selected to stably express the gp55 glycoprotein that is encoded by
SFFV. Virus harvested from the culture medium of psi-2/SVSF 4-4 cells caused
NIH/3T3 fibroblasts to synthesize gp55, but helper virus glycoproteins were
absent even after several weeks of culturing (results not shown).

As a first test to analyze pathogenicity of this tagged virus, we injected
female NIH/Swiss mice intravenously with SVSF to which MuLV helper was
added. As shown in Table 1, these mice developed an enduring splenomegaly
and became polycythemic as indicated by their hematocrits. This result was
expected because the molecularly cloned Lilly-Steeves SFFV causes a variable
degree of polycythemia when coinjected with helper MuLV (77, 83, 187). As
described below, it is relevant that the disease induced in these concditions also
remains predominantly polyclonal at the cellular level (see below).

The SVSF virions released from psi-2/SVSF 4-4 cells were then analyzed
for their pathogenicity in the absence of added helper MuLV. As shown in Table
1, the mice that were analyzed between 8-12 days after infection contained
slightly enlarged spleens with numerous foci that became visible after placement
in Bouin's fixative. The hematocrits were also slightly increased compared with
the controls. Although most of the animals subsequently recovered,
approximately 20-30% of the mice in four different experiments developed a large

splenomegaly by 26-33 days. These results agree with previous evidence that
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Figure 31. Structures of the retroviral clones used in this study. (A) The plasmid
pL2-6K is a full length colinear Friend SFFV molecular clone that was
derived from the Lilly-Steeves polycythemic strain of SFFV (77). The SFFV
env sequences are located entirely 3' to the Bam HI site and designated by
the hatched box. The LTRs are represented by solid boxes and the
vector sequences by dashed lines. (B) The plasmid pSVSF was constructed
by inserting the 215-base pair Hind Il fragment of SV40 DNA into the
unique Hind llI site of the colinear SFFV plL2-6K. This insertion did not
disrupt the splice acceptor site for the env gene which is located 3' to the
Hind Ill site. In addition to the restriction sites shown in pL2-6K, pSVSF
contains the additional sites shown. These sites were utilized in the

localization of the integrated tagged provirus (see text).
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Table I. Summary of mouse injections with the SVSF tagged virus.

Abbreviations used:

N.D. Not determined

a Spleen weight in grams (hematocrit is % of red blood cells).

b Deceased mouse. Hematocrit not determined.

¢ Spleens from these mice were used for studies described below and are
designated by letters A-J in order of their appearance in the table. Thus, A
is 35 day spleen of 1.68 g with hematocrit of 68%; B, 35 day, 2.60 g, 80%;
C, 26 day, 1.33 g, 31%; D, 26 day, 1.35 g, 39%; E, 26 day, 1.18 g; F, 26
day, 1.35 g; G, 29 day, 1.60 g, 33%; H, 29 day, 2.27 g, 26 %; |, 29 day,
1.11 g, 42%; J, 33 day, 1.16 g.
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nearly all erythroblasts infected with helper-free SFFV have a limited self-renewal
capability (71, 72), and with the results of Wolff and co-workers (73, 74), that a
proportion of mice infected with the Lilly-Steeves polycythemia SFFV develop
persistent erythroleukemia. However, we unexpectedly observed that the mice
with persistent disease also became anemic (Table 1).

The persistent erythroleukemias recovered from mice 26-33 days after
injection of SVSF in the absence of helper MuLV were readily transplantable into
secondary recipients. By 14 days after intravenous injection of 5 x 109 spleen
cells, the spleens of the secondary recipients were enlarged (1-2 g) and the
hematocrits became reduced to 30-40%. Moreover, when these erythroleukemia
cells were injected intraperitoneally, they all formed tumors on the omenta of the
secondary recipients, and the omenta became enlarged from approximately 10
mg to at least 100 mg. The latter mice also all devéloped splenomegaly and
anemia. Therefore, all of the persistent néoplasms formed by SVSF injections
(Table 1) were readily transplantable. However, consistent with an earlier study,
(26), these transplantable leukemia cells are not routinely culturable. At this time,
only one of the leukemias recovered from secondary recipient mice has become
adapted to permanent growth in culture.

2. Analysis of these spleens for synthesis of the SFFV env alycoprotein

ap55 and for the MulV env alvcoprotein aPro0 and ap70.

Previous studies of SFFV packaged on psi-2 cells have shown that
replication-competent MuLV can occur in some preparations in low amounts (71,
72). Theoretically, such MuLV could account for the persistent splenomegaly that
occurred in a proportion of the mice infected with SVSF virus, although the
associated anemia would be anomalous. To address this issue, the proteins from

enlarged spleens were analyzed by polyacrylamide gel electrophoresis, followed
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by Western blot analysis using an antiserum that reacts with both the SFFV
glycoprotein gp55 and the MuLV env glycoproteins gPr80 and its processed
product gp70. As shown in Fig. 32A, the enlarged spleens from mice that had
been injected with SVSF and MulLV contained both gp55 and gPro0/gp70. In
contrast, as iliustrated in Fig. 32A, all the enlarged spieens taken from mice 26-33

days after injection with only SVSF contained gp55 but not gPro0/gp70 (e.g.

lanes 1-6).
3. Southern blot analyses of genomic DNA from the spleens of mice that had
n.inj with SVSF virus in the pr n r n f helper MulLV.

To determine whether the enlarged spleens described above contained
polyclonal or monoclonal neoplasms, the spleen DNAs were analyzed by the
Southern blot method using restriction enzymes that can cut only one side of the
tag site in SVSF and using SV40 tag DNA as the hybridization probe. The
resulting cleavages should produce tagged SVSF-host DNA junction fragments
that are unique for each SVSF proviral integration site. As shown in Fig. 33, the
enlarged spleens from mice that have been infected with SVSF plus helper MuLV
(lanes 2 and 3 ) contained a heterogeneous array of tagged junction sites,
suggesting that these neoplasms were at least predominantly polyclonal. This
was expected because the efficient disease persistence that occurs only in the
mice that received helper MuLV (see Table 1) implies that this persistence
involves virus replication and continuous infection of new erythroblast target cells.
Although there was relatively little tagged virus in the small spleens of mice that
had been injected 12 days earlier with SVSF, this early phase of helper-free
erythrobalsts was also polyclonal as indicated by the heterogeneity of the
junction fragment DNAs (e.g., Fig. 33, lane 4).

On the contrary, the DNAs isolated from the enlarged spleens of mice 26-33
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Figure 32. Immunoblotting of viral envelope glycoproteins synthesized in infected
spleens. The immunoblot was reacted with F-MuLV anti-gp70 serum as
previously described (83). Equivalent amounts of lysate derived from 5x10°
cells were analyzed in each lane. The F745 erythroleukemia cell lysate was
included as a positive control for both MuLV (gPr90/gp70) and SFFV
(gp55/gp55P) envelope glycoprotein synthesis. For identification of specific
spleens, see Table I, footnote c. (A) Spleen lysates from infection with SVSF
plus MuLV helper. Lane 1, spleen A; lane 2, spleen B; and lane
3, Friend 745 cell line. (B) Spleen lysates from infection with helper-free
SVSF . Lane 1, spleen F; lane 2, spleen C; lane 3, spleen D; lane 4, spleen
G; lane 5, spleen H; lane 6, spleen |; and lane 7, Friend 745 cell line. The
gp55P band is the cell surface form of gp55 and could be visualized in the

spleen lysates with a longer exposure.
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Figure 33. Southern blot analysis of the tagged provirus from mice that had been
infected either in the presence and absence of MulLV helper virus. High
molecular weight DNA was digested with Pst | and probed with the 215 bp
SV40 DNA fragment. For identification of specific spleens, see Table |,
footnote c.Lane 1, uninfected spleen DNA; lane 2, SVSF plus MuLV (spleen
A); lane 3, SVSF plus MuLV (spleen B); lane 4, SVSF helper-free 12 day
post-infection; lane 5, SVSF helper-free (spleen E); and lane 6, SVSF

helper-free (spleen J).
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days after injection of helper-free SVSF clearly contained only single tagged
SVSF-host DNA junction fragments (Fig. 33, lanes 5 and 6). These results
indicated that these persistent leukemias are clonal neoplasms that contain
single SVSF proviruses. Therefore, progressive and persistent Friend
erythroleukemia can be induced in the absence of MuLV by a single SVSF virion.
The restriction enzyme Kpn | cleaves within each of the SVSF LTRs and therefore
should release a tagged DNA fragment of 5.8 kb, regardless of the genomic site
of SVSF proviral integration. Studies of different DNAs using Kpnl digestions
revealed this expected 5.8 kb fragment, suggesting that the SVSF proviruses in
the clonal erythroleukemias did not contain detectable deletions or

rearrangements (results not shown).

4. Evidence for common integration sites in SVSF-induced clonal

g[yilhrglg,ukgmiag,

As described above, all of the transplantable leukemias that were recovered
from the spleens of mice 26-33 days after infection with SVSF contained single
SVSF-host DNA junctions fragments, as indicated by Southern blot analysis of
their DNAs. Surprisingly, however, as indicated in Fig. 34A, the tagged junction
fragments in Hinc Il digests of 8 different tumor DNAs seemed to cluster
predominantly into two size groups, Within each group, the junction fragments
had sizes that were tightly clustered within approximately x 0.3 kilobases. One
clustered group included three DNAs designated spleen E, spleen C, and spleen
G (lanes 2,5, and 7) and the other group included three DNAs designated spleen
J, spleen F, and spleen D (lanes 3, 4, and 6). For identification of specific spleens,
see Table |, footnote c. These results raised the possibility that the SVSF
integrations in these transplantable leukemias might occur with common proviral

orientations at a few tightly clustered sites in the host DNA. To further test 'this
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Figure 34. Southern blot analysis of helper-free tagged proviral integration sites.
High molecular weight genomic DNAs were digested with Hinc Il (panel A),
Pst | {panel B), or Xba | (panel C). All blots were probed with the 215 bp
SV40 DNA. For identification of specific spleens, see Table |, footnote c. The
DNAs used were as follows: Lane 1, uninfected spleens; lane 2, SVSF
helper-free spleen E; lane 3, SVSF helper-free spleen J; lane 4, SVSF
helper-tfree spleen F; lane 5, SVSF helper-free spleen C; lane 6, SVSF
helper-free spleen D, lane 7, SVSF helper-free spleen G; lane 8, SVSF
helper-free spleen H; lane 9, SVSF helper-free spleen [.To ensure
identification of faint bands that were clearly seen on the original
autoradiographs, black dots were placed to the right of each band in the

leukemic DNA samples.
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hypothesis, we digested these same splenic DNA preparations with the restriction
enzymes Pst | and Xba I. These enzymes, like Hinc i, also cleaves SVSF only on
the 5' side of the SV40 tag. As shown in Fig. 34B and 34C, each group of three
DNAs (i.e., lanes 2, 5, 7 and lanes 3, 4, and 6) maintained the tight association
with one another that was originally suggested by the Hinc Il digest. These results
demonstrated that the DNAs from spleen E, spleen C, and spleen G all contain
SVSF proviruses in the same orientation with the 3' LTR approximately 0.2 kb
upstream of a Hinc |l site, 0.1 kb upstream of a Pst | site, and 0.2 kb upstream of a
Xba | site. Similarly, DNAs from spleen J, spleen F, and spleen D contain SVSF
proviruses in a common orientation with their 3' LTRs integrated 2.2 kb upstream
of a Hinc Il site, 1.7 kb upstream of a Pst | site, and 0,2 kb upstream of a Xba | site.
Moreover, the small differences in the placement of SVSF proviruses within each
putative group were maintained in the analyses using different restriction
enzymes. DNAs from spleen H and spleen | did not occur within either of these
putative groups. After this work was completed, Moreau-Gachelin et al. (178)
identified an SFFV proviral integration site (Spi-1) that was occupied in nearly all
Friend virus-induced leukemias they examined. The integrations within Spi-1

also occurred in several tightly clustered groupings (see Discussion).
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D. Discussion

1. Clonal analysis of Friend erythroleukemia.

A major problem in analyzing the clonal progression and pathogenesis of
Friend erythroleukemia has derived from the difficulty of unambiguously
identifying SFFV proviral integration sites in the host genome (38, 40, 86, 176-
178). This inherent difficulty has been exacerbated because SFFV has been
almost exclusively analyzed in the presence of helper MuLV which creates
opportunities for multiple infections of tumor cells (176-178) and for continual
infection of previously uninfected erythroblasts in vivo. Despite these difficulties,
evidence has accumulated that Friend disease can be separated into an initial
polyclonal erythroblastosis in which the proliferating cells have limited lifespans
and continue to differentiate, and a later stage that may be clonal, in which the
cells have a greater self-renewal capability (5, 176, 177). The numbers of steps
involved in this progression and their temporal relationships have not been
previously known. Recent studies by Wolff and co-workers have suggested that
progressive Friend erythroleukemia can be initiated in certain circumstances by
helper-free SFFV (73, 74).

The tagged virus SVSF provides an advantageous background-free model
for analyzing the growth of cell clones during the development of Friend
erythroleukemia, and for identifying critical proviral integration sites in the host
genome. Thus, we believe our studies of SVSF in the presence and absence of
helper MuLV provide relatively clear and unambiguous evidence that the disease
progresses from a phase in which numerous clones of infected cells proliferate
and then die out within 8-12 days to a clonal leukemia in which the cells have an
indefinite self-renewal capability as indicated by their persistent growth in vivo

(Table 1), and by their transplantability. The disease persists efficiently in the
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presence of helper MuLV because erythroblasts continuously become newly -
infected, whereas in the absence of helper, the polyclonal phase of disease
disappears by approximately 12 days and most mice then rapidly recover. As
described below, our results also suggest that the transplantable leukemias
caused by SVSF contain single functional SVSF proviruses and that the
acquisition of the immortality in these rare cell clones may be caused by SVSF
integration into a specific site in the host genome. Thus, our results suggest that
the "stages" of Friend disease may actually be caused by a rare one-hit process,
the integration of a single functional SFFV provirus into a critical site in the host
genome.

Our results support earlier evidence that helper-free SFFV efficiently
stimulates polyclonal proliferation and differentiation of infected BFU-E
erythroblasts (71-74). This mitogenic stimulation of BFU-E apparently requires
expression of the SFFV env gene product gp55 on the surfaces of infected cells
(83). All of the transplantable leukemias that we have obtained following their
helper-free SVSF injections have continued to express gp55 (e.g., Fig 32),
suggesting that the proviruses remain functionally active. Moreover, Southern
blot analyses using Kpn I digestions also have implied the the SVSF proviruses
appear to be structurally intact. These results are in contrast with studies of avian
leukosis virus-induced bursal lymphomas in which continued viral gene
expression is not required and in which proviruses are often structurally
rearranged (185, 188).

2. Evidence for common sites of proviral integration in immortalized Friend

erythroleukemia cells,

The clonal leukemias that we have isolated from NIH/Swiss mice 26-33 days

after injections of helper-free SVSF can be considered "immortal" based on the
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functional criterion that they can be transplanted indefinitely in secondary
recipients. Clearly, this is a striking difference between these clones and other
clones of infected erythroblasts that proliferate briefly and then die out 8-12 days
after SVSF injections (Table 1) and the BFU-E clones that grow briefly for
approximately 5-8 days before terminally differentiating in bone marrow cultures
(57). In addition, our results suggest that these clonal leukemias contain single
SVSF proviruses that may occur in only a few tightly clustered integration sites in
the cellular genome. This evidence is based on Southern blot analyses of eight
different randomly selected transplantable leukemias using three different
restriction endnucleases (Hinc I, Pst1 and Xba 1) that cut SVSF only on the 5'
side of the SV40 tag ( see Figs. 31, 33 and 34) to generate tagged viral-host
junction fragment DNAs that are characteristic of the proviral integration sites.
Two putative groups of common integrations were observed, each of which
contained three members. Within each putative group, the junction fragments
generated by a given restriction enzyme differed in size by only approximately *
0.3 kb (see Fig. 34), suggesting that the polarity of the proviruses and the specific
distances between the junction fragment restriction sites were common within
each group. Within each group, the small differences in placement of the
apparent integrations were also maintained within experimental error in the
results observed with the different restriction enzymes. We believe these results
support the hypothesis that SVSF proviruses are integrated in a few tightly
clustered common sites in the genomic DNAs of the transplantable leukemias.
These different clustered proviral groups could occur at different genes or with
different orientations and/or placements around a single gene. Currently we are
cloning these integration sites in order to definitively test these interpretations.
Recently in an independent study, Moreau-Gachelin, et al. (178) described a

common SFFV integration site in Friend virus-induced leukemias. Using a



136

hybridization probe that reacts with only a few endogenous sequences in the
mouse genome (176-178), and by screening at least five different SFFV
integrations that occurred in an advanced leukemia, they obtained evidence that
one of these integration sites, Spi-1, was altered in approximately 95% of the
independently derived erythroleukemias that they analyzed. These alterations of
Spi-1 were caused by tightly clustered SFFV integrations in a common
orientation, and they activated expression of an adjacent cellular gene (178).
Because the advanced leukemia that they examined contained other potentially
functional SFFV integrations and an unknown number of MuLV integrations, the
functional role of Spi-1 integrations could not be unambiguously inferred.

The leukemias that we have examined were derived from NIH/Swiss mice,
whereas the leukemias studied by Moreau-Gachelin et al. were derived from
ICFW, CBA or DBA/2 mice (178). By analogy with the int-1 and int-2 loci in
mouse mammary tumor viruse-induced disease, different loci might be involved
in Friend disease in genetically different mice (179-181). Cloning and further
examination of the integration sites in our SVSF-derived leukemias should clarify
their relationship to Spi-1.

3. Acquisition of immortality by Friend leukemias appears 10 be associated

with inhibition of differentiation.

During the polyclonal initial phase of Friend disease that is induced by
polycythemic strains of SFFV, the infected and proliferating BFU-E erythroblasts
continue to differentiate from erythrocytes. This differentiation, which occurs in
the apparent absence of erythropoietin, is believed to be responsible for the
polycythemia that occurs in vivo (3, 57, 187). Although the SVSF derivative virus
also caused polycythemia in the presence and absence of helper MuLV

whenever the disease was at a polyclonal stage, we were surprised to observe
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that the clonal phase of erythroleukemia was associated with anemia (e.g., Table
1 and Fig. 33). Moreover, secondary recipients that received these
transplantable leukemias all became severely anemic. This striking difference
between the polyclonal and clonal stages of leukemogenesis would be difficult to
observe in leukemias that contain MuLV because the transplant would induce a
polyclonal disease in the recipient mice. Based on these results, we propose that
the SVSF proviral integrations that cause immortalization of erythroblasts
concomitantly interfere with cellular differentiation in vivo. According to this
interpretation of our results, the polyclonal phase of the disease would result in
polycythemia, whereas clonal helper-free leukemia cells would crowd out the
uninfected erythroblasts /in vivo and cause anemia. Presumably, therefore,
identification and analysis of the SVSF integration sites in transplantable
leukemias could provide information not only about genes that contribute to
"immortality”, but also about the genetic controls that establish a commitment to

differentiate.
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VI Summary

The Friend virus complex causes a progressive murine erythroleukemia.
The early phase of the disease is considered premalignant because the infected
erythroblasts have a limited proliferative capacity and continue to differentiate. In
contrast, 3-8 weeks post-infection malignant Friend cells emerge that can be
maintained in culture, are transplantable, and appear to be blocked at the
proerythroblast stage of differentiation. Thus, the Friend cells have escaped the
commitment to differentiate and now have the capacity for unlimited self-renewal
and are considered immortal.

Expression of gp55 at the cell's surface provides the mitogenic signal for the
initial erythroblastosis. Previous work had demonstrated that the SFFV gp55 was
inefficiently processed to the surface and the majority remained within the rough
endoplasmic reticulum. We have shown that the majority of gp55 is still present
as an intracellular monomer, but a portion of the intracellular molecules are
dimerized by disulfide bonds and all of the cell surface molecules are dimerized.
We have demonstrated that the intracellular dimers are the precursors to the cell
surface dimers, however not all of the dimers formed reach the cell surface.
Instead, it appears that several different forms of the dimer can be detected
intracellularly, while only one dimer form is found at the cell surface.

We have proposed that the initial folding and dimerization of gp55 generates
a structurally heterogeneous population of molecules. Only those dimers that are
"correctly folded” can escape the rough endoplasmic reticulum. This would imply
that the transported molecules would be conformationally unique from the
intracellular dimers. We find no evidence that the intracellular gp55 components
are being continually processed to generate the cell surface dimer. Instead, gp55

folds and dimerizes very quickly after synthesis and this generates transport
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competent or incompetent molecules. Those molecules that are incompetent for
transport remain in the RER. This would imply that isomerization is not being
catalyzed in vivo by a disulfide interchange enzyme such as protein disulfide-
isomerase. Thus, only the conformationally correct dimers that are formed shortly
after gp55 synthesis are transported to the surface and generate a mitogenic
signal.

The initial viral infection is characterized by massive proliferation of
erythroblasts that have a limited self-renewal capability and continue to
differentiate. The disease culminates after 4-8 weeks post-infection in the
formation of tumorigenic leukemia cells that can be cultured indefinitely. We have
shown that the erythroleukemic progression is associated with an increase in the
relative expression levels of the cellular oncogenes c-myc, c-myb, and p53 in
the erythroleukemia cell lines. In addition, our genomic structural studies
demonstrated amplifications of c-myc copy numbers and p53 rearrangements.
Such results imply that changes in expression of these cellular oncogenes were
selected during progression and may contribute to the proliferation and
tumorigenicity of these cells. Progression is associated with a decreased
tendency in cellular differentiation and an increased capacity for self-renewal.
This has led to the hypothesis that leukemias repre}sent a block in differentiation.
Friend cells can still be induced to differentiate with compounds such as DMSO.
This induction results in a rapid decrease in c-myc, ¢c-myb, and p53 transcript
levels. These results are consistent with the belief that increased expression of
cellular oncogenes may contribute to leukemic progression by interfering with
erythropoiesis.

The importance of cell surface expression of gp55 in the development of
erythroleukemia has been well documented. Nonpathogenic env mutants, both

spontaneous and site-directed, lack the expression of this envelope glycoprotein
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at the cell surface. From this and other evidence, our laboratory has proposed a
model of gp55 action in which the cell surface form binds to a specific receptor to
stimulate erythroblast mitosis. Results presented in this thesis have suggested
that the continued expression of gp55 may also be important in both the
progression and maintenance of the erythroleukemia. The Friend
erythroleukemia cell lines express gp55 at a much higher level than the
premalignant cells and all SVSF helper-free leukemias continue to express the
SFFV gp55. This is consistent with the previous observation that while some
erythroleukemia cell lines derived from mice infected with SFFV fail to express
SFFV gag proteins, they all continue to express SFFV envelope glycoprotein.
This suggests that the continued expression of the SFFV env glycoprotein may
play an important role in maintaining a constitutive mitogenic stimulus necessary
for the high self-renewal capacity of transformed cells. Conceivably, this
mitogenic stimulus may activate the cellular oncogenes found to be expressed in
the erythroleukemia celi lines.

Whereas gp55 expression will stimulate erythroblastosis, the expression of
gp55 alone is not sufficient to generate immortal leukemia cells. Clearly, the vast
majority of the infected cells proliferate for a limited period, differentiate, and then
die out. Our proviral integration studies demonstrate that a single clonal
population eventually emerges to form the advanced leukemia. Moreover,
common integration sites are suggested by the clustering of the proviruses in only
a few areas of the genome. This implies that the "stages" of erythroleukemia may
only involve a single critical proviral integration event. The continued expression
of gp55 may contribute to the progression by providing a constitutive mitogenic
stimulus, whereas the proviral integration may allow the erythroblasts to escape

from its commitment to erythroid differentiation and become immortalized. Thus,
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the SFFV proviral integration may represent a primary genetic alteration to the
infected erythroblast that eventually culminates in a transformed cell. Cloning and
characterizing these proviral integration sites should provide a significant new

insight into Friend erythroleukemia.
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