References and Notes

1. R. L. Satter, Encyclopedia of Plant Physiology,
W. Haupt and M. E. Feinleib, Eds. (Springer-
Verlag, Berlin, 1979), vol. 7, p. 442.

2. T. Sibaoka, in Plant Growth Substances 1979,
F. Skoog, Ed. (Springer-Verlag, Berlin, 1980),

p. 462.

3. B. S. Hill and G. P. Findlay, Q. Rev. Biophys.

14, 173 (1981).

R. D. Allen, Plant Physiol. 44, 1101 (1969).

. K. Oda, T. Abe, K. Tabe, Proc. 41st Meet. Bot.
Soc. Jpn. (1976), p. 210.

6. S. E. Williams and B. G. Pickard; in Plant
Growth Substances 1979, F. Skoog, Ed.
(Springer-Verlag, Berlin, 1980), p. 470.

. W. H. Brown, Am. J. Bot. 3, 68 (1916).

. K. Kondo, Jpn. Minist. Educ. Integrated Stud.
Grant Rep. 336026 Ser. A (1980).

9. R. E. Cleland, in Plant Growth Substances

1979, F. Skoog, Ed. (Springer-Verlag, Berlin,
1980), p. 71.

eES

o

10. R. M. Spanswick, Annu. Rev. Plant Physiol. 32,
267 (1981).

11. M. J. Jaffe, Plant Physiol. 51, 17 (1973).

12. O. Stuhlman, Bull, Torrey Bot. Club. 75, 22
(1948).

13. S. E. Williams, Proc. Am. Philos. Soc. 120, 187
(1976).

14, M. T. Tyree and H. T. Hammel, J. Exp. Bot. 23,
267 (1972).

15. Y. Yamamoto, R. Yamamoto, Y. Masuda, Plant
Cell Physiol. 15, 833 (1974).

16. J. Ashida, Mem. Coll. Sci. Kyoto Imp. Univ.
Ser. B9 (1934), p. 141.

17. D. Keifer and R. M. Spanswick, Plant Physiol.
64, 165 (1979).

18. We would like to thank R. M. Spanswick for the
use of his laboratory facilities and to acknowl-
edge support from National Science Foundation
grant PCM 78-12119 to R. M. Spanswick.

29 July 1982; revised 9 September 1982

New Method for Detecting Cellular Transforming Genes

Abstract. Tumor induction in athymic nude mice can be used to detect dominant
transforming genes in cellular DNA. Mouse NIH 313 cells freshly transfected with
either cloned Moloney sarcoma proviral DNA or cellular DNA’s derived from virally
transformed cells induced tumors when injected into athymic nu/nu mice. Tumors
were also induced by cells transfected with DNA from two tumor-derived and one
chemically transformed human cell lines. The mouse tumors induced by human cell
line DNA’s contained human DNA sequences, and DNA derived from these tumors
was capable of inducing both tumors and foci on subsequent transfection. Tumor
induction in nude mice represents a useful new method for the detection and
selection of cells transformed by cellular oncogenes.

Recent advances in the technique of
DNA-mediated gene transfer have led to
the identification (/-/0) and molecular
cloning (/1-13) of dominant human
transforming genes from neoplastic cells.
In most cases the genes have been de-
tected by means of focus forming assay
on NTH 3T3 cells although in one study
the genes were also detected by examin-
ing the ability of transformed cells to
grow in soft agar (2). Since the identifica-
tion of foci is dependent on cell culture
conditions and cell morphology and
since the latter can represent a some-
what subjective measure of cell transfor-
mation, we sought to develop an alterna-
tive screening and selection method for
transformed cells. Transformed cells can
induce tumors in mice, and in particular,
tumorigenicity in athymic nu/nu mice
has been used to definitively demon-
strate the transformed phenotype (/4).
The potential of the nude mouse as a
vehicle for detecting and isolating trans-
formed cells from a mass population of
DNA transfected cells is described in
this report.

We initially measured the ability of
cells transfected with various amounts of
the molecularly cloned acute transform-
ing provirus of Moloney murine sarcoma
virus (MSV) (/5) to induce tumors in
nude mice (Fig. 1). The results show that
mice injected with MSV DNA-transfect-
ed cells developed tumors which ap-
peared between 6 to 8 weeks after injec-
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tion. At the lowest level tested (0.4 ng),
one of three mice developed a palpable
tumor, while at the highest level tested
(400 ng), four of five mice developed
tumors. A portion of each transfected
cell population was also assayed in the
conventional focus induction assay, and
transformed foci were counted 14 days
later. One focus was observed on cells
treated with 0.4 ng of MSV DNA, while
cells treated with 400 ng gave approxi-
mately 400 foci. It is unclear why only
four out of five mice receiving cells
transfected with 400 ng of MSV DNA
developed tumors, although it may be
due to the immune response to tumor
cells present in nude mice (/6). Howev-
er, the fact that tumors were observed
when cells had been transfected with as
little as 0.4 ng of MSV DNA indicated
that the tumor assay was highly sensitive
and able to detect the presence of small
numbers of transformed cells. The tu-
mors all arose at the site of injection,
grew rapidly, and appeared to be undif-
ferentiated fibrosarcomas (/7). Superin-
fection of cell lines derived from tumors
with Moloney murine leukemia virus
(MuLV) resulted in the rescue of infec-
tious transforming virus. from 50 percent
of these cultures (four rescued of eight
tested). Similar proportions of MSV foci
induced by conventional DNA transfec-
tion assays are rescuable with MulLV
(I8). Mice injected with untransformed
cells or cells transfected with carrier
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calf thymus DNA did not develop tu-
mors during the 15-week observation pe-
riod.

We also examined the ability of cells
transfected with cellular DNA from vi-
rally transformed cells to induce tumors
in mice. DNA was isolated from HTMF
cells, an MSV-transformed mink cell line
containing a single copy of MSV (/35),
and SV80 cells, an SV40-transformed
human fibroblast cell line (/9). These
cellular DNA preparations induced tu-
mors in nude mice in 5 to 7 weeks (Table
1), and foci were observed in portions of
the HTMF DNA-transfected cells main-
tained in tissue culture. MSV could be
rescued from two of three tumors in-
duced by HTMF DNA-transfected cells.
Three tumors induced by SV80 DNA
transfection were explanted, and the re-
sulting cell lines were tested for SV40 T
antigen expression in an immunofluores-
cence assay (20). From 40 to 80 percent
of the cells present in each tumor-de-
rived cell line exhibited nuclear staining
characteristics of SV40-transformed
cells. These results showed that the as-
say detected single-copy transforming
genes present in cellular DNA and sug-
gested that that assay could be used to
detect such sequences in DNA isolated
from transformed human cells.

All of the tumors observed in the ex-
periments described above appeared in §
to 8 weeks, and no tumors were ob-
served in control experiments. Howev-
er, in experiments not shown, we found
that tumors could be induced in mice
injected with NIH 3T3 cells transfected
with DNA from nonneoplastic tissues,
including calf thymus, human placenta,
and mouse NIH 3T3 cells. The tumors
derived from human placenta DNA
transfections lacked detectable human
repetitive sequences when analyzed as
described below. These tumors devel-
oped later (8 to 15 weeks) than tumors
induced by cells that had been transfect-
¢d with DNA containing dominant trans-
forming genes. In addition, the frequen-
cy of tumor formation in these experi-
ments was greater when large numbers
of NIH 3T3 cells (5 x 10°to 1 x 107 per
mouse) were injected and was also influ-
enced by the length of time the cells were
maintained in culture prior to injection.
Consequently, the incidence of these tu-
mors can be reduced by injecting
<2 x 10° cells into each mouse 1 to 5
days after transfection. Cells to be trans-
fected are used either directly after re-
vival from frozen stocks or are passaged
no more than twice at subconfluent den-
sities. In addition, our experiences indi-
cate that tumors arising more than 9
weeks after the injection of transfected
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Table 1. Transforming efficiencies of cellular DNA from transformed cells and tumor-derived cell lines.

Tumor Human
H S 3k r
Cell line Origin Foci Tumorsf ap(;t\alzginsc):ei sequences$
HTMF MS V-transformed mink fibroblast (15) 0.1 S/14 61t07 NT)|
SV80 SV40-transformed human fibroblast (/8) NT 3/5 5 NT
Al1165 Human pancreatic carcinoma (23) 0.35 to 0.67 /5 6 1/1
HT1080 Human fibrosarcoma (CCL 121) (24) <0.01¢ 5/5 5to9 2/5
MNNG-HOS Chemically transformed human osteo- 0.02 to 0.11 3/5 5 3/3

sarcoma (CRL 1574) (25)

*Transfections were completed as described (/8) by adding 20 pg DNA to each of five plates of NIH 3T3 cells, and transformation of NIH 3T3 cells was assessed ei-
ther by injecting 1 X 106to 5 x 10° of the transfected cells into nude mice or by maintaining the transfected cells in tissue culture and monitoring the appearance of foci

(see legend to Fig. 1). The average number of foci per microgram of DNA is indicated.
weeks after injection in which most tumors developed.
a probe (number of tumors containing human sequerices/number examined; see legend to Fig. 2).

transfected with 100 ug of DNA.

cells are unlikely to contain detectable
transfected DNA.

The sensitivity of this assay in detect-
ing dominant transforming genes in the
DNA of tumor cell lines was tested with
high molecular weight DNA prepared
from human cell lines (Table 1). Cells
transfected with DNA prepared from a
human pancreatic carcinoma line
(A1165), a human fibrosarcoma line
(HT1080), and a chemically transformed
human osteosarcoma line (MNNG-HOS)
induced tumors in nude mice in 5 to 8
weeks, suggesting that these cell lines
contained active transforming genes. To
determine whether human sequences
were present in these tumors, DNA de-
rived from the tumors and from tumor
cell line explants were examined for the
presence of the Alu family of highly
repeated human sequences. This method
has been utilized (7, 8, 10-12) to detect
transfected human DNA sequences in
transformed NIH 3T3 cells. Our analysis
with Eco RI digested DNA from a tumor
induced by the human pancreatic carci-
noma DNA is shown in lane 1, Fig. 2A,
and is compared to a nude mouse trans-
plant of the same tumor (Fig. 2A, lane 2).
Essentially identical Alu probe hybrid-
ization patterns were observed in both
DNA preparations, showing that the
bulk of the newly acquired human se-
quences were stable during propagation
in nude mice. Figure 2B shows Alu
probe hybridization patterns observed in
the Eco RI digested DNA of tumors in-
duced by DNA from a chemically trans-
formed human osteosarcoma cell line
(lanes 4 to 7) and a human fibrosarcoma
cell line (lanes 8 to 11). With the excep-
tion of the tumor DNA analyzed in lane
11 and two others (not shown), all tumor
DNA samples were clearly positive for
human Alu sequences by comparison to
the NIH 3T3 control (Fig. 2B, lane 1).

To test the hypothesis that the ac-
quired human sequences were responsi-
ble for the tumor induction, DNA pre-
pared from the mouse tumors was used
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tNumber of tumors observed/number of mice mjected {Range of
§The presence of human sequences in tumors was determined by blot hybridization using Blur 8 plasmid as
|INT, not tested. fIndicates no foci were detected in cells

to induce secondary foci and tumors.
DNA from the primary and transplanted
nude mouse tumor induced by human
pancreatic carcinoma cell DNA de-
scribed above induced foci with efficien-
cies which ranged from 0.1 to 5.0 FFU/
pg (FFU, focus-forming units). Both
DNA preparations also induced tumors
in nude mice. In five experiments tumors
arose in 12 of 28 mice from 3 to 7 weeks
after injection,

DNA from the MNNG-HOS derived
tumor (Fig. 2B, lane 4) also induced foci
(0.05 FFU/g) and tumors (four of ten
mice, 5 weeks after injection). DNA
from several secondary foci and tumors
were digested with Eco RI and analyzed
for human Alu family DNA sequences.
The results show that Eco RI digested

DNA from independently derived foci
induced by the pancreatic carcinoma pri-
mary tumor contained several Alu-con-
taining DNA fragments of similar size,
suggesting that transformation may be
due to the presence of a specific human
DNA sequence (results not shown). Two
secondary tumors also contained human
DNA sequences. Surprisingly, the sec-
ondary tumors hybridized more exten-
sively with the Alu probe than did the
primary tumor. This may result: from
amplification of the transfected DNA in
the recipient NIH 3T3 cell and has -been
observed by others (8) (see for example,
lane 3, Fig. 2A).

For purposes of comparison to the
nude mouse assay, DNA prepared di-
rectly from the human pancreatic carci-
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Fig. 1. Tumor induction in BALB/c nude mice by NIH 3T3 celis transfected with various
amounts of cloned MSV proviral DNA. NIH 3T3 cells seeded in 60-mm culture dishes were
transfected with mixtures of Eco Rl digested Am1 MSV DNA (/5) (0.4 to 400 ng) and carrier calf
thymus DNA (24 ug) as described (/8). Five replicate plates were transfected at each Am1 MSV
DNA level. After 24 hours, cells were removed from the culture dishes with trypsin-EDTA and
suspended in complete growth medium. Cells from each set of five plates were pooled, washed
twice with 10 ml of serum-free Dulbecco’s modified medium, and suspended in 0.5 ml of serum-
free medium. Groups of five nu/nu (BALB/c) weanling mice were injected with the cell
suspension (0.1 ml each) subcutaneously, and the mice were monitored for tumor development.
Portions of some of the tumors were established as tissue culture lines, and the remaining tumor
material was frozen at —70°C until DNA was prepared. The number of cells injected into each
mouse, and the amount of cloned Am1 MSV DNA (shown in parentheses) transfected onto each
dish are: [J, 8 x 10° cells, 400 ng; O, 7 x 10° cells, 40 ng; A, 3 x 10° cells, 4 ng; @, 4 x 10°
cells, 0.4 ng; M, 8 x 10° cells, no MSV,
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noma, human fibrosarcoma, and chemi-
cally transformed human osteosarcoma
cell lines was tested in a conventional
transfection focus assay. No foci were
observed with the fibrosarcoma cell
DNA, while two Alu positive tumors
were induced. This could indicate that
the nude mouse assay may detect or
select for some transformation events
which are not detected in conventional
focus assays. However, others have re-
ported a low level of focus-forming activ-
ity for DNA isolated from this cell line
(12). DNA from the MNNG chemically
transformed cell line induced foci with
an efficiency of 0.02 to 0.11 FFU/pg of
DNA and the foci contained human
DNA sequences (Fig. 2B, lanes 2 and 3).
DNA from the human pancreatic carci-
noma line induced foci with efficiencies
of 0.35 to 0.67 FFU/ug, an indication
that, for this transforming gene, the fo-
cus assay is, perhaps, the more sensitive
method. Therefore, the use of the nude
mouse assay together with the conven-
tional focus assay may provide addition-
al sensitivity for detecting human trans-
forming genes. Obviously, the sensitivity
of the nude mouse assay may be im-

kb
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proved by injecting more mice per ex-
periment.

Tumors were also induced in mice by
cells that were transfected with DNA
from other cell lines derived from human
neoplasms, but the tumors appeared late
(9 to 15 weeks after injection) and those
examined did not contain detectable hu-
man Alu DNA sequences (20). These
lines include a human melanoma line
(A1589), a human bladder carcinoma line
(A1663), a human teratocarcinoma line
(Hu Tera 1) (21), and a chemically trans-
formed human fibroblast line (HUT 14)
22).

Our data suggest that the induction of
tumors by newly transfected NIH 3T3
cells represents a powerful system for
the selection of transformed cells. This
method obviates the difficulties associat-
ed with monitoring and maintaining con-
fluent, morphologically normal monolay-
ers in tissue culture for many weeks and
eliminates the time-consuming micro-
scopic screening of large numbers of
tissue culture dishes. Tumors that arise
in nude mice are readily identified. Both
DNA and RNA can be isolated directly
from mouse tumors to screen for the
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presence and expression of transfected
sequences. All tumors examined have
been readily transplantable in nude mice
and can be easily explanted into tissue
culture. Our assay should provide a con-
venient alternative method for detecting
tumor-transforming genes and may help
further increase the number of human
transforming sequences that can be iden-
tified and analyzed.
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Virus-Induced Alterations in Homeostasis: Alterations in
Differentiated Functions of Infected Cells in vivo

Abstract. The noncytopathic lymphocytic choriomeningitis virus displays a tro-
pism for the anterior lobe of the murine pituitary gland. Virus replicates in cells that
make growth hormone. This results in a diminished synthesis of growth hormone
with a concomitant clinical picture of retarded growth and hypoglycemia. However,
there is no morphologic evidence of either cell necrosis or inflammation in the
anterior lobe of the pituitary. Hence, during infection in vivo, a noncytopathic virus
may turn off the ‘‘differentiation’’ or “‘luxury’’ function of a cell while not killing that
cell (loss of vital function). This in turn can disrupt homeostasis and cause disease.
This model illustrates a novel way whereby viruses may cause disease.

During the course of infection, viruses
injure cells by two distinct mechanisms.
The first is a lethal attack by toxic prod-
ucts of the viral genome or disruption of
regulatory (vital) functions needed for
the cells’ survival. Thus, by virtue of its
cytopathic properties, the virus itself di-
rectly destroys the cell (/). The second
mechanism is indirect and occurs with
noncytopathic as well as cytopathic vi-
ruses. Here, the virus produces antigens
foreign to the host or alters host antigens
on cell surfaces. Such cells, when recog-
nized by the host’s immune system, are
killed (2). The end product of both mech-
anisms is similar and provides a well-
recognized morphologic picture of cell
destruction in vivo, usually accompanied
by inflammatory cell infiltrate character-
istic of virus infections (2, 3). In con-
trast, some viruses or variants that arise
in vivo can cause a noncytopathic per-
sistent infection (4). Studies in vitro indi-
cate that such virus-infected cells can
have normal morphologic appearance,
growth, and cloning rates, but demon-
strate dysfunctions in their differentiated
(luxury) cell function (5).

The immediate goal of the study de-
scribed here was to determine whether a
virus could persist in vivo in cells with
specialized or differentiated functions
and by the process of infection alter
these functions but not Kill the cell. As
we show here, a relatively noncytopathic
virus, lymphocytic choriomeningitis vi-
rus (LCMYV), can infect cells of the ante-
rior lobe of the pituitary gland that nor-
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mally make growth hormone (GH). Mor-
phologically these infected cells appear
normal. Further, the pituitary tissue of-
fers no evidence of either cell lysis or an
inflammatory infiltrate. Most important,
the production of GH by these cells
diminishes significantly, and the result is
a marked impairment in growth of the
infected mouse.

Newborn C3H/St mice were inoculat-
ed with 60 plaque-forming units (PFU) of
LCMV Armstrong strain 1371 (2, 5)
cloned three times (clone 3B). Control,
matched litters were either inoculated
with medium (virus diluent) or not inocu-
lated. The mice were weighed when they
were 3, 6, 16, and 20 to 21 days of age.
[Most C3H/St mice (> 99 percent) die by
30 days of age (6). The cause of death is
uncertain, but is believed to be metabol-
ic; a histopathologic survey of cells from

Fig. 1. (A) A 16-day-old C3H/St mouse persistently infected at birth with LCMV (bottom) and
an uninfected littermate control (top). (B) Demonstration of viral antigen in the cells of the
anterior pituitary of 16-day-old C3H/St mouse persistently infected with LCMV. The frozen
section (4 nm) was reacted with monoclonal murine antibody to LCMV nucleoprotein and then
with rhodamine-conjugated goat antibody to murine IgG. Cells of the middie and posterior lobes
of the pituitary did not express viral antigens.

0036-8075/82/1210-1125%01.00/0 Copyright © 1982 AAAS

organs performing vital functions is es-
sentially normal (6).] Randomly selected
representatives of LCMV infected and
control groups were killed when they
were 3, 6, or 16 days old, and their
pituitary glands were removed for im-
munohistochemical, virological, bio-
chemical, and morphological studies.

To locate viral antigens and GH we
used pituitary glands that had been
quick-frozen in liquid nitrogen, cut into
4-um sections, and fixed. We examined
these sections by immunofluorescence
techniques (2, 5). The viral antigens we
sought were the three known structural
polypeptides of LCMV: two glycopro-
teins that insert into the cell’s surface
and one nucleoprotein found only in the
cytoplasm of infected cells (7). Reagents
to identify these components were mu-
rine monoclonal antibodies to LCMV, its
two glycoproteins, and the nucleoprotein
(8); others were monospecific monkey
antibody to murine GH (9), goat anti-
body to murine immunoglobulin G (IgG)
conjugated to either fluorescein isothio-
cyanate or rhodamine, and rabbit anti-
body to human IgG conjugated to fluo-
rescein isothiocyanate (/0).

To identify GH-producing cells by
light or electron microscopy, we used
the pituitaries of mice that had been
exsanguinated by cardiac puncture and
perfused with 3 percent glutaraldehyde
(11). In several instances, thin sections
of the pituitaries on gold grids were
reacted with monkey antibody to murine
GH, and then with goat antibody to
monkey IgG conjugated to 8 to 10 nm
gold particles (/2).

Figure 1 shows that LCMV antigens
were localized in the cells of the pituitary
gland’s anterior lobe. It also shows the
corresponding clinical picture of an un-
dersized virus-infected mouse. All of the
25 virus-infected mice were undersized
at 16 days. The mean weight of the
infected mice (+ standard deviation) was
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