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Abstract. C3H mouse embryo cells, which normally have low inherent spontaneous
transformation, underwent malignant transformation while chronically infected with
Mycoplasma fermentans or Mycoplasma penetrans. This mycoplasma-mediated onco-
genic process had long latency (more than 7 weeks of persistent mycoplasmal infection)
and showed multistage progression characterized by reversibility and irreversibility of
malignant properties upon removal of M. fermentans from culture. Marked expression
of H-ras and c-myc mRNA, but not N-myc, src, N-ras, or p53 mRNA, was found in the
mycoplasma-transformed C3H cells that exhibited characteristic malignant properties
of morphological changes and uncontrolled cell growth. However, atleast up to the elev-
enth week of persistent mycoplasma infection, the marked expression of H-ras or c-myc
mRNA in C3H cells depended on continued presence of the mycoplasma in culture.
H-ras or c-myc mRNA rapidly declined to the undetectable low levels of nontransformed
parental C3H cells, and all malignant properties of the once-fully-transformed C3H cells
quickly reversed, if M. fermentans was eradicated from culture. In comparison, infection
with M. penetrans for 7 or 11 weeks also induced a high level of H-ras, but not c-mye,
mRNA expression in C3H cells. Despite having prominent amount of steady-state
H-ras mRNA, these M. penetrans—infected C3H cells did not show any sign of malignant
transformation. Thus, marked expression of H-ras gene alone was not sufficient to effect
transformation in C3H cells. Interestingly, after a further prolonged (18 weeks) infection
with either M. fermentans or M. penetrans, C3H cells revealed prominent chromosomal
changes, expressed constitutively (with or without the presence of the transforming
mycoplasmas) at high levels of both H-ras and c-myc mRNA and became permanently
transformed. These cells were able to form tumors in animals.

[P.S.E.B.M. 1997, Vol 214]

plasmas into cultures of baby hamster kidney (BHK)
cells produced immediate morphological transfor-
mation with a high soft agar cloning efficiency (1). Un-
fortunately, the BHK cells often had a high rate of

In 1960s, it was reported that introduction of myco-
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spontaneous transformation. Decades latet, in the
1980s, one other report was also made of rapid cell
transformation, involving an arthropod spiroplasma (2).
However, most scientists thought mycoplasms simply
introduced confusing artifacts that mimic cell transfor-
mation (3). Although few believe that infections with
mycoplasmas, like with some viruses, may transform
mammalian cells into tumor cells, the possibility has
great biological significance with apparent clinical impli-
cation and deserves more careful study. Moreover, there
have been occasional clinical observations suggesting a
possible association between infections by mycoplasmas
and development of tumor-like lesions as well as true
malignancies in humans (4-8).

Wall-free mycoplasmas are among the few prokary-
otes that can grow in close interaction with mammalian
cells, often silently, for a long period of time. It is also
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known that interactions on the surface of mammalian
cells by a wide variety of ligands can trigger a cascade of
mechanisms transducing cell growth-stimulating signals
from membranes to nuclei (9, 10). We believe chronic
and persistent infection with microorganisms with seem-
ingly low virulence may gradually but significantly affect
many important biological characteristics of mammalian
cells. In a recent study, we experimentally introduced
Mycoplasma fermentans (incognitus strain) and Myco-
plasma penetrans into murine embryonic C3H10T1/2
(C3H) cells (11). C3H cells rarely undergo spontaneous
transformation and are one of the few standard test
systems for studying potential carcinogenic agents in
animals or humans (12). M. fermentans and M. penetrans
are the most common mycoplasmas associated with HIV
infection or AIDS and are proposed to play a co-factor
role in the disease process (13, 14).

As opposed to earlier reports (1, 2), we did not
find infection by M. fermentans of M. penetrans induced
rapid mammalian cell transformation. The C3H cells
underwent transformation only after they had been per-
sistently infected by the mycoplasmas for a prolonged
period of time (latency). Furthermore, at least up to 11
weeks, malignant properties associated with cell trans-
formation could be rapidly reversed upon antibiotic
treatment to eradicate the mycoplasma in culture (11).
This finding indicated that to maintain morphological
transformation in mycoplasma-transformed C3H cells,
for a rather long period of time, would require the con-
tinued presence of the “transforming mycoplasma” and
that infection of the mycoplasma did not simply select
out pre-existing subclones of malignant C3H cells in
culture.

In this study, we attempted to identify possible mo-
lecular mechanisms responsible for producing the trans-
forming properties in the mycoplasma-infected C3H
cells. Because cell growth is normally regulated by a
delicately balanced interplay among various oncogenes
and antioncogenes, overexpression of certain oncogenes
or loss of a tumor-suppressor gene may result in uncon-
trolled cell growth (9, 10, 15, 16). Total DNA was iso-
lated from parental C3H cells and mycoplasma-trans-
formed C3H cells that were able to grow into colonies
on soft agar and formed tumors in animals, and analyzed
by labeled probes of c-myc, N-myc, H-ras, N-ras, src,
and p53 genes for changes such as gene amplification
or rearrangement. Since no such a change was identified.
we then compared the differences in expression of these
oncogenes and tumor-suppressor gene in C3H cells at
the distinct stages of malignant progression. We were
particularly interested in the nature of differential ex-
pression of these oncogenes at the reversible and the
irreversible stages of mycoplasma-mediated oncogene-
sis. Total RNA was extracted from C3H cells following
varying periods (7, 11, or 18 weeks) of infection by M.
fermentans or M. penetrans and was analyzed by labeled
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probes for c-myc, N-myc, H-ras, N-ras, src, and p53
mRNA, respectively. H-ras and c-myc oncogenes, that
have long been implicated in human and animal carcino-
genesis, were found to play important roles in cell trans-
formation induced by chronic persistent infection by
these mycoplasmas. There were apparently two differ-
ent (induced or constitutive) forms of high-level H-ras
and c-myc mRNA expression that were closely associ-
ated with the reversible or the irreversible states of
mycoplasma-mediated transformation in C3H cells.

Material and Methods

Cells and Cell Culture. Malignant transformation
of mouse embryonic C3H/10T1/2 cells during persistent
infection with M. fermentans (Mf) and M. penetrans
(Mp) was previously described in detail (11). Briefly,
C3H cells infected with Mf or Mp after 7 weeks (1 week/
passage), 11 weeks, and 18 weeks were termed C3H/
Mf/P7, C3H/MI/P11, and C3H/MI{/P18, or C3H/Mp/
P7. C3H/Mp/P11, and C3H/Mp/P18, respectively.
C3H/MI/P7 cells exhibited phenotypic changes with ma-
lignant characteristics that became progressively more
prominent with further prolonged infection (e.g., C3H/
M(/P11). In comparison, C3H/Mp/P7 and C3H/Mp/P11
did not reveal similar morphological transformation.
However, all malignant changes found in C3H/MI/P7
and C3H/MI{/P11 were reversible if mycoplasmas were
eradicated by 3 weeks of treatment with the antibiotic
ciprofloxacin (Cip). Thus, C3H/Mf/P7-Cip and C3H/
M(/P11-Cip reverted to a normal phenotype (11). Fur-
ther persistent infection with either mycoplasma until
18 weeks resulted in irreversible transformation that no
longer required the continued presence of mycoplasmal
agents in cultures. C3H/M{/P18-Cip and C3H/Mp/P18-
Cip were permanently transformed cells which showed
prominent karyotypic changes (11). In this study, all
cells were cultured in RPMI 1640 medium with 10%
heat-inactivated fetal bovine serum (FBS, Gibco), with
5% CO, at 37°C. Quiescent cells were prepared by inocu-
lating 9 X 10° cells in 25 ml of serum-containing media
into 150-cm? culture flask and grown to confluence for
1 week in the original medium. Serum stimulation of
quiescent cells was accomplished by changing the cul-
ture medium to fresh medium with 15% FBS, and the
cultures were allowed to continue for different periods
of time.

Preparation of DNA and RNA. DNA was isolated
and purified from nearly confluent (Day 4) cultures of
C3H/M(f/P18-Cip, C3H/Mp/P18-Cip, and C3H/P18-Cip
cells by phenol extraction as previously described (17).
RNA was isolated using RNAzol B (TEL-TEST, Inc.,
Friendswood, TX), according to the manufacturer’s pro-
tocol. Cells (10 X 10%) were first homogenized in 2 ml
of RNAzol B. RNA was extracted from the cell homoge-
nate (1 volume) by adding 0.1 volume of chloroform,
and then precipitated by transferring the aqueous phase



to 1 volume of isopropanol. The RNA pellets were
washed with 70% ethanol and dissolved in 500 wl TE
buffer (10 mM Tris-HCl, pH 7.6; 1 mM EDTA). Prime
RNase inhibitor (5 Prime — 3 Prime, Inc., Boulder,
CO) was added to the prepared RNA samples (1 unit/
30 wl) before they were stored in —70°C freezer. For
the kinetic study of oncogene expression, RNA was
isolated at each indicated time interval after fresh serum
stimulation of the quiescent cells. To compare c-myc
and H-ras oncogene expression in C3H cells undergoing
reversible or irreversible stages of transformation (at 7,
11, or 18 weeks of persistent mycoplasmal infections),
RNAs were isolated from quiescent cells 1 hr after se-
rum stimulation for c-myc detection and 24 hr post se-
rum stimulation for H-ras detection. In Southern blot-
ting, DNA samples (10 pg/lane) were digested with
either HindIII or EcoRI according to the manufactur-
er’s recommendations (Gibco, BRL) and separated by
electrophoresis on a 1% agarose gel. In Northern blot-
ting, RNAs (25 pg/lane) were fractionated by electro-
phoresis in 1% formaldehyde agarose gel. Electropho-
retically separated DNA or RNA was transferred onto
nylon membranes by Southern blot then baked at 80°C
for 30 min.

Probes, Labeling, and Hybridization. Oncogene
DNA probes c-myc (1.4 kb, human c-myc, third exon),
N-myc (1.0 kb, human N-myc, second exon), v-H-ras
(0.73 kb, Harvey Rat Sarcoma Virus), N-ras (1.5 kb,
human N-ras, 3’ end), v-src (0.8 kb, Avian Sarcoma
Virus), and v-foc (1.0 kb, FBJ Osteosarcoma Virus Pro-
viral DNA) as well as a positive control B-actin DNA
probe (1.0 kb, human B-actin) were all obtained from
Oncor (Gaithersburg, MD). The p53 probe (0.2 kb, hu-
man p53, sixth exon, PCR amplicon from human breast
tissue) (18) was kindly provided by Dr. T. J. O’Leary’s
laboratory, Armed Forces Institute of Pathology (Wash-
ington, DC). The c-jun probe (1.0 kb) (19) was kindly
provided by Dr. Shiaho Shih of University of Texas
(Galvaston, TX). All probes were labeled with [a-?P]
dATP (Amersham Co., IL) to a specific activity of
1-3 X 10° cpm/pg using the multiprime DNA labeling
system (20).

Filters with DNA or RNA samples were prehybrid-
ized in solutions containing 50% deionized formamide,
5X Denhart’s solution, 0.1% SDS, 5% SSC, and 100
pg/ml freshly denatured salmon sperm DNA at 42°C
for 1 hr. Hybridization was continued in the same solu-
tions as prehybridization by adding freshly denatured
DNA probes (1-3 X 10° cpm/ml) at 42°C for 24 hr.
After hybridization, the filters were washed once in 2X
S$SC/0.1% SDS, twice in 0.1X SSC/0.1% SDS for 15 min
per wash at ambient temperature, then in 0.1X SSC/
0.1% SDS for 30 min at 56°C. Filters were autoradio-
graphed using Kodak X-OMAT XAR-5 film at —70°C
in the presence of intensifying screens, exposures varied
from 3 days (for most Southern blots) to 7 days.

Measurement of Hybridized Signals. A Phosphor
Imager (Molecular Dynamics, Sunnyvale, CA) was used
to quantitate the oncogene messengers expressed in my-
coplasma-transformed cells and control cells. Hybrid-
ized RNA filters were placed on the imaging plate and
pressed tightly in a Dynamics Exposure Cassette. After
exposure for the desired time at room temperature, the
imaging plates were scanned in the Phosphor Imager
and the intensity of the hybridization signal was quanti-
tated using the Image Quant (21).

Results

Oncogene Amplification and Rearrangement.
We examined c-myc, N-myc, H-ras, N-ras, and src onco-
genes and the p53 tumor-suppressor gene for possible
DNA changes in irreversibly transformed C3H cells
after 18 weeks of infection with M. fermentans or M.
penetrans followed by 3 weeks of ciprofloxacin treat-
ment to eradicate the mycoplasms (C3H/M{/P18-Cip
or C3H/Mp/P18-Cip). The C3H cells that were cultured
18 weeks in parallel without mycoplasma infection and
treated with ciprofloxacin for 3 weeks (C3H/P18-Cip)
were used as the control. Both C3H/MI{/P18-Cip and
C3H/Mp/P18-Cip cells were transformed and had
prominent karyotypic changes (11). In Southern blot
analysis, restriction-enzyme digests of DN As from C3H/
M({/P18-Cip, C3H/Mp/P18-Cip, and C3H/P18-Cip cells
with either HindIIl or EcoRI exhibited identical bands
for c-myc, N-myc, H-ras, N-ras, src, and p53 oncogenes.
No detectable change in copy number was discerned
between DNA from the transformed C3H cells and the
control C3H cells, suggesting that amplification or DNA
rearrangement of those oncogenes did not occur in these
permanently transformed cells (Fig. 1).

Marked Increase of c-myc and H-ras mRNA Ex-
pression. Expression of the six oncogenes or the p53
anti-oncogene in these permanently transformed C3H
cells induced by chronic infection with M. fermentans
or M. penetrans was also examined. Total RNA was
isolated from newly confluent cultures of C3H/M{/P18-
Cip, C3H/Mp/P18-Cip, and the control C3H/P18-Cip
cells. Each of the six oncogenes or the anti-oncogene
was [?P]-labeled and used as a probe in Northern blot
analysis. Production of c-myc and H-ras mRNA was
found to be markedly enhanced in these cells perma-
nently transformed by either M. fermantans or M. pene-
trans. In comparison, transcriptional products of N-myc,
N-ras, src, and p53 genes were not found to be signifi-
cantly increased in C3H/M({/P18-Cip and C3H/Mp/P18-
Cip cells (data not shown).

Kinetics of c-myc and H-ras Expression. To
evaluate the kinetics and peaks of c-myc and H-ras
mRNA expression in transformed C3H cells, we tested
RNA isolated at different intervals after fresh serum
stimulation of the quiescent C3H/MIf/P18-Cip, C3H/
Mp/P18-Cip, and control C3H/P18-Cip cells (Fig. 2).

MYCOPLASMAL INFECTIONS AND ONCOGENES 361



titd

t

tiet

tt

Figure 1. Southern blot analysis of oncogenes in permanently trans-
formed C3H cells. DNAs (10 pg/lane), extracted from control C3H
cells (C3H/P18-Cip) (Lanes 1 and 4) and transformed C3H cells
infected with M. fermentans for 18 weeks and followed by ciprofloxa-
cin treatment (C3H/M{/P18-Cip) (Lanes 2 and 5) or with M. penetrans
for 18 weeks followed by ciprofioxacin treatment (C3H/Mp/P18-Cip)
(Lanes 3 and 6), were digested with restriction enzyme Hindlil (Lanes
1-3) or EcoRl (Lanes 4-6) and fractionated on 1% agarose gels and
transferred onto nylon membrane filters. The filters were individually
hybridized with [*?P)-labeled oncogene probes: (A) ¢-myc, (B) N-myc,
(C) H-ras, (D) N-ras, (E) src, and (F) p53. Arrows represent the
position of molecular weight markers from A DNA digested by Hindll|
(23.1,9.4, 6.5, 4.3, 2.3, and 2.0 kb).

The peak steady-state mRNA expression for c-myc and
H-ras appeared at 1 hr and 24 hr after fresh medium/
serum stimulation, respectively, in both C3H/Mf{/P18-
Cip and C3H/Mp/P18-Cip cells. The duration of in-
creased H-ras mRNA expression lasted for a few hours,
much longer than the increased c-myc mRNA expres-
sion, which lasted approximately 30 min. Production of
c-myc mRNA in these cells remained low for at least
another 30 hr after the initial peak. In comparison, there
was no detectable expression of mRNA for either of
the two proto-oncogenes in control C3H/P18-Cip cells
following fresh serum stimulation (Fig. 2).

Induction of c-myc mRNA and Other Nuclear
Oncogenes Expression. Induction of c-myc mRNA
expression is often preceded by induction of two other
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Figure 3. Expression of c-fos and c-jun in permanently transformed
C3H cells. Total RNA (25 pg/lane), extracted from quiescent C3H/
Mf (C3H/Mf/P18-Cip), C3H/Mp (C3H/Mp/P18-Cip), and control C3H
(C3H/P18-Cip) cells at early short intervals following fresh serum
stimulation were analyzed by Northern blot using radiolabeled
c-fos and c-jun oncogene probes. Peak response of c-fos and
c-jun appeared at 30 and 45 min, respectively, following serum stimu-
tation.

proto-oncogenes, c-fos and c-jun, that function as tran-
scriptional factors (22, 23). Thus, we also examined the
c-fos and c-jun mRNA expression in the mycoplasma-
transformed C3H cells. Both quiescent C3H/M{/P18-
Cip and C3H/Mp/P18-Cip cells, but not control C3H/
P18-Cip cells, showed an extremely early sharp induc-
tion of c-fos and c-jun mRNA following fresh serum
stimulation. Induction of c-fos mRNA expression
started at 15 min and peaked at 30 min. Induction of c-
jun mRNA quickly followed, starting at 30 min and
reaching peak level at 45 min (Fig. 3).

Induction of c-myc and H-ras mRNA Expression
in C3H Cells at Reversible and Irreversible Stages of
Mycoplasma-Mediated Transformation. To compare
c-myc and H-ras mRNA produced in C3H cells during
reversible or irreversible stages of transformation, we
examined RNA isolated from C3H cells after 7, 11, or
18 weeks of persistent infections by M. fermentans or
M. penetrans. Morphologically transformed C3H cells
after 7 or 11 weeks of M. fermentans infection (C3H/
Mf/P7 or C3H/MI{/P11) were producing large amounts
of H-ras and c-myc mRNA (Fig. 4). In comparison, C3H
cells after 7 or 11 weeks of M. penetrans infection (C3H/
Mp/P7 or C3H/Mp/P11), exhibiting no abnormal mor-
phological changes, were also producing large amounts
of H-ras mRNA, but no detectable c-myc mRNA (Fig.

0 6 12 18 24 30 hrs.

Figure 2. H-ras and c-myc expression in C3H
cells permanently transformed by prolonged M.
fermentans or M. penetransinfection. Total RNA
(25 pg/lane), isolated from quiescent C3H/
Mf (C3H/Mt/P18-Cip), C3H/Mp (C3H/Mp/P18-
Cip), and the control C3H (C3H/P18-Cip) cells
at different intervals following fresh serum stimu-
lation were analyzed by Northern blot using [*P]-
labeled c-myc and v-H-ras. Peak response of
c-myc and H-ras appeared at 1 and 24 hr, re-
spectively, following serum stimulation.
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Figure 4. Northern blotting of c-myc and H-ras
expression in C3H cells at different stages of
transformation after different duration of myco-
plasmal infections. Total RNA (25 .g/lane) iso-

Passage no. 7 1118 7 11 18 7 11 18 7 1118 7 11 18 7 11 18 fated from CaH, C3H/Mf, and C3H/Mp cells at
-e 7, 11, and 18 weeks, with continuous presence

e-mye _ L] L] > W .- of mycoplasmas in the infected cultures (I) and
after mycoplasmal eradication from the infected

H- v cultures with Cip treatment (Il), were hybridized
s wnbBunl 8 # with [2P]-abeled c-myc or H-ras probes. After

4). Quantifying mRNA of these oncogenes showed a
progressive increase in induction of both H-ras and
¢-myc mRNA expression in C3H/MS cells and H-ras
m-RNA expression in C3H/Mp cells over time for either
mycoplasmal infection (Table I).

At least up to the eleventh week of mycoplasmal
infection, the marked increase of c-myc and H-ras
mRNA expression in C3H/Mf cells and H-ras mRNA
expression in C3H/Mp cells clearly depended upon the
continued presence of the mycoplasmas in culture.
H-ras and/or c-myc mRNA in C3H/M(f/P11 cells and
C3H/Mp/P11 cells quickly fell back to normal undetect-
able levels if the mycoplasmas were eradicated from the
cultures by ciprofloxacin (Fig. 4 and Table I). Rapid
decline of H-ras and c-myc mRNA closely coincided
with rapid reversion of malignant characteristics in
C3H/M{/P7-Cip and C3H/MI{/P11-Cip cells (11). In
contrast, the permanently transformed C3H cells that
were known to have many chromosomal change (11),
induced by more than 18 weeks of persistent infections
by either M. fermentans or M. penetrans (C3H/M{/P18
and C3H/M{/P18-Cip; C3H/Mp/P18 and C3H/Mp/P18-

hybridization, the filters were stripped in boiling
wash solution and rehybridized with [*P}-labeled
B-actin.

Cip), continued to produce large quantities of H-ras
and c-myc mRNA with or without the presence of the
mycoplasmas in culture. To assure that the study was
based on a similar amount of cellular mRNA tested,
the RNA filter hybridized with either c-myc or H-ras
oncogene probes was stripped in boiling wash solution
and re-hybridized by [*P]-labeled B-actin (Fig. 4).

Discussion

Activation of various oncogenes or inactivation of
tumor-suppressor genes by mutation, amplification,
translocation, or deletion of these genes is often associ-
ated with altered patterns of DNA fragments produced
by digestion with restriction enzymes (15, 24-26). We
first examined possible changes of c-myc, N-myc,
H-ras, N-ras, src, and p53 genes in DNA of C3H cells
permanently transformed by persistent infection (more
than 18 weeks) with M. fermentans or M. penetrans.
Despite obvious karyotypic alterations in these irrevers-
ibly transformed cells, we did not find any amplification
or rearrangement of these oncogenes in Southern blot
analysis of the HindIII- and EcoRI-digested DNA frag-

Table I. Relative Increase of c-myc and H-ras Oncogenes Expression in C3H Cells after Varying Periods of
Mycoplasmal Infections

Increase (X folds) at different passage
number with mycoplasmas

7 11 18
|. Persistent infection with mycoplasmas:
c-myc:
C3H/M. fermentans 53+ 07 6.2+ 04 79 11
C3H/M. penetrans 1.1 x 01 1203 73 1.1
H-ras:
C3H/M. fermentans 7.3 0.1 10.0 = 0.3 16.1 = 0.8
C3H/M. penetrans 7.1+ 041 10.3 = 0.3 157 = 04
II. After eradication of mycoplasmas:
c-mye:
C3H/M. fermentans/Cip 1.1+03 1.3 + 01 92 +14
C3H/M. penetrans/Cip 0.9 = 0.0 1.3 £ 0.1 6.8 £ 0.6
H-ras:
C3H/M. fermentans/Cip 3.8 04 55+ 0.6 19.2 = 0.1
C3H/M. penetrans/Cip 3107 5.0+ 0.9 16.7 £ 0.7

Note. Relative increase of oncogene messagers (X folds) is calculated as the quantitative ratio between the amount of each oncogene
messenger identified in C3H cells at the 7th, 11th, or 18th passage for each mycoplasma and the amount identified in mycoplasma-free C3H
cells with the same number of parallel passages in culture. The results are presented as mean = SD from two independent experiments.
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ments. However, marked induction of mRNA expres-
sion for c-myc and H-ras proto-oncogenes was found
to be associated with transformation of C3H cells in-
duced by chronic mycoplasmal infections. Our study
showed that, following serum stimulation, there was a
temporal induction of early growth-related proto-onco-
genes, c-fos and c-jun, preceding induction of the
c-myc mRNA expression in the mycoplasma-trans-
formed cells. Induction of ¢-myc mRNA was in turn
followed by marked expression of H-ras mRNA and the
onset of DNA replication. In comparison, expression
of both c-myc and H-ras proto-oncogenes was almost
undetectable in similarly serum-stimulated quiescent
nontransformed C3H cells that had been passed in par-
allel without infection of mycoplasma.

As opposed to cell transformation induced by onco-
genic viruses, mycoplasmas evidently did not induce
malignant cell transformation by integrating their DNA
into the mammalian host genome (27) (details will be
published separately). required a long incubation time,
and had progressive different stages. What clearly set
the distinct stages of mycoplasma-mediated transforma-
tion apart were (i) differences in the kinetics of their
induction effects (early versus late), (ii) alteration of cell
chromosomes (with or without), and (iii) the ultimate
nature of transformation (reversible versus irrevers-
ible). Although the molecular mechanism(s) of transfor-
mation remained unclear, in this study we revealed that
cell transformation was effected through activation of
H-ras and c-myc oncogenes. Like the permanently trans-
formed C3H cells, morphologically transformed C3H
cells during the reversible stage also exhibited a marked
induction of H-ras and c-myc mRNA expression. How-
ever, contrary to the expression at constitutive high lev-
els in the irreversibly transformed C3H cells, high-level
expression of H-ras and c-myc genes depended on the
continued presence of M. fermentans in culture. Both
c-myc and H-ras mRNA quickly dissipated upon eradi-
cation of the mycoplasma from the cultures, closely coin-
ciding with the rapid reversion of morphologic transfor-
mation of C3H cells. Thus, there were apparently two
different forms (or two different mechanisms) in induc-
tion of H-ras and c-myc mRNA expression in C3H cells
following the long course of persistent M. fermentans in-
fection.

The reversible (or induced) and the irreversible (or
constitutive) forms of c-myc and H-ras mRNA overex-
pression appeared to be, at least in part, responsible for
the earlier, still reversible and the later, irreversible
malignant transformation of C3H cells. Moreover, con-
tinued expression of both H-ras and c-myc proto-onco-
genes at high levels is evidently necessary in maintaining
malignant characteristics of C3H cells. M. penetrans—
infected C3H cells, (examined at 7 and 11 weeks), while
producing a large quantity of H-ras mRNA (but little
c-myc mRNA), did not induce malignant transforma-
tion. Thus, H-ras mRNA overexpression alone was not
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sufficient to effect morphologic transformation in C3H
cells. In this context, synergistic cooperation between
c-myc and H-ras oncogenes in animal as well as human
carcinogenesis has long been noted (28-30).

A schematic representation summarizes the myco-
plasma-mediated cell transformation (Fig. 5). Persistent
infection with M. fermentans for more than 6 weeks may
have gradually perturbed the proliferation-signaling
pathway and induced excessive production of proto-
oncogenes c-myc and H-ras mRNA resulting in morpho-
logical transformation and extensive cell growth. Main-
taining these malignant properties, however, requires
the continued presence of the transforming myco-
plasma. Once M. fermentans is removed from culture,
both H-ras and c-myc mRNA rapidly decline, and trans-
formed characteristics of C3H cells are soon reversed.
A separate effect of the mycoplasma, requiring more
time, causes genomic instability detectable as prominent
chromosomal changes in the C3H cells. The mycoplas-
mal effects on mammalian cell genetic stability and chro-
mosomal changes have previously been observed both
in primary cultures of normal human cells and in immor-
talized human cell lines (31, 32). This second event may
have gradually accumulated mutations in critical genes
such as those related to the replication-signaling path-
way and also in genes involved in DNA repair or in
maintaining DNA fidelity. These genetic changes ate
clearly irreversible. Cells that constitutively express
genes signaling replication such as H-ras and c-myc
proto-oncogenes due to mutation(s) would now have a
greater growth advantage and be preferentially selected.
The clonal selection can clearly be seen in our study,
with 40% or 80% of the transformed cells sharing the
same translocation marker chromosome (11). These
transformed cells, having acquired an hereditary ten-
dency toward genetic instability and biological diversity,
are also more likely to grow in vivo and form tumors
in animals. This in vitro oncogenesis model mediated
by chronic persistent infection of mycoplasmas has a
long latency and a multistage malignant progression,
the paradigm in naturally occurring human cancers.

It is important to point out that the true clinical
significance for this in vitro experimental model is still
not clear. Our study demonstrated the biological sig-
nificance of the chronic, persistent nature of infections
by low virulent microbes. However, the ““threshold” of
microbial load needed for the process is not known. In
our infected cultures, the mycoplasma titers fluctuated
from 10 to 10° CCU/ml (inoculation titer was 10° CCU/
culture) (11). Will the 10° to 10* CCU/ml microbes com-
monly found in patients’ sputum or urine be sufficient
to trigger the process? On the other hand, it is difficult
to determine the actual load or titers of mycoplasmas
that exhibit strong cell-attachment properties and that
colonize on the epithelium surface of bronchioles or of
urogenital tracts rather than growing freely in alveolar
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Figure 5. Schematic description of the multistage progression of mycoplasma-mediated transformation in C3H cells.

exudate or in urines. Furthermore, the in vivo conditions
are much more complex. Many other active players are
present. Mycoplasms are potent inducers for various
inflammatory cytokines, NO, and/or superoxides (33,
34). And inflammatory cytokines may play an important
role in certain neoplastic process, as proposed by some
studies (35, 36). Also, in this context, other “flora’ and
different ““substrates” that are simply not present in our
pure culture system or in our media exist in in vivo
conditions. The metabolites that could be produced by
the mycoplasmas are expected to be quite different. It
is impossible to assess the effects of these metabolites
at the present. The ultimate clinical significance awaits
well-designed epidemiological studies and subsequent
development of an animal model.

The authors thank Ms. Susan Ditty for her assistance with the prepara-
tion of this manuscript.

1. MacPherson I, Russell W. Transformations in hamster cells medi-
ated by mycoplasmas. Nature 210:1343-1345, 1966.

2. Kotani H, Phillips D, McGarrity J. Malignant transformation of
NIH-3T3 and CV-1 cells by a helical mycoplasma, Spiroplasma
mirum, strain SMCA. In Vitro Cell Dev Biol 22:756-762, 1986.

3. McGarrity GJ, Vanaman V, Sarama J. Cytogenetic effects of
mycoplasmal infection of cell cultures: A review. In Vitro 20:1—
18, 1984.

10.

11.

12.

14.

MYCOPLASMAL INFECTIONS AND ONCOGENES

. Hayflick L, Koprowski H. Direct agar isolation of mycoplasmas

from human leukaemic bone marrow. Nature 205:713-714, 1965.

. Boden WE, Carleton RA, Khan AH, McEnany MT. Left ventricu-

lar hemangioma masquerading as mycoplasma pericarditis. Am
Heart J 106:771-774, 1983.

. Abo W, Sawada Y, Ogawa S, Toyoguchi A, Chiba S. Mesothelial

cell proliferation and localized pleural pseudotumour associated
with Mycoplasma pneumoniae infection. Eur J Pediatr 148:62-
63, 1988.

. Park SH, Choe GY, Kim CW, Chi JG, Sung SH. Inflammatory

pseudotumor of the lung in a child with Mycoplasma pneumonia.
J Korean Med Sci 5:213-223, 1990.

. Jansson E, Wegelius K, Hakkarainen K, Miettinen A. Mycoplas-

mas and leukaemia. Res Virol 142:133, 1991.

. Weinberg RA. The action of oncogenes in the cytoplasm and

nucleus. Science 230:770-776, 1985.

Karp JE, Broder S. New directions in molecular medicine. Cancer
Res 54:653-665, 1994.

Tsai S, Wear DJ, Shih JW-K, Lo S-L. Mycoplasmas and Oncogene-
sis: Persistent infection and multistage malignant transformation.
Proc Natl Acad Sci U S A 92:10197-10201, 1995.

Reznikoff CA, Brankow DW, Heidelberger C. Establishment and
characterization of a cloned line of C3H mouse embryo cells
sensitive to post-confluence inhibition of cell division. Cancer Res
33:3231-3238, 1973.

. Lo S-C. Mycoplasmas and AIDS. In: McElhaney RN, Finch LR,

Baseman JB, Eds. Mycoplasmas: Molecular Biology and Patho-
genesis. Washington, DC: American Society for Microbiology,
ppS25-545, 1992.

Blanchard A, Montagnier L. AIDS-associated mycoplasmas.
Annu Rev Microbiol 48:687-712, 1994.

365



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

366

Weinberg RA. Oncogenes, antioncogenes, and molecular bases
of multistep carcinogenesis. Cancer Res 49:3713-3721, 1985.
Weinberg RA. Tumor suppressor genes. Science 254:1138-
1146, 1991.

Blin N, Stafford DW. A general method for isolation of high
molecular weight DNA from eukaryotes. Nucleic Acids Res
3:2303-2309, 1976.

Reid AH, Tsai MM, Venzon DJ, Wright CF, Lack EE, O’Leary
TI. MDMZ amplification, P53 mutation, and accumulation of the
P53 gene product in malignant fibrous histiocytomas. Diagn Mol
Pathol 5:65-73, 1996.

Revin K, Nathans D. Induction of protooncogene c-jun by serum
growth factors. Proc Natl Acad Sci U S A 85:8464-8467, 1988.
Feinberg AP, Vogelstein B. A technique for radiolabeling DNA
restriction endonuclease fragments to high specific activity. Anal
Biochem 132:6-13, 1983.

Johnston RF, Pickett SC, Barker DL. Autoradiography using
storage phosphor technology. Electrophoresis 11:355-360, 1990.
Lau LF, Nathans D. Expression of a set of growth-related immedi-
ate early genes in BALB/c 3T3 cells: Coordinate regulation with
c-fos or c-myc. Proc Natl Acad U S A 84:1182-1186, 1987.
Lord KA, Abdollahi A, Hoffman-Liebermann B, Liebermann D.
Proto-oncogenes of the fos/jun family of transcription factors
are positive regulators of myeloid differentiation. Mol Cell Biol
13:841-851, 1993.

Tabin CJ, Bradley SM, Bargmann CI, Weinberg, RA. Mechanism
of activation of a human oncogene. Nature 300:143-149, 1982.
Sturm SA. Strauss PG, Adolph S. Hameister H, Erfle V. Amplifi-
cation and rearrangement of c-myc in radiation-induced murine
osteosarcomas. Cancer Res 50:4146-4153, 1990.

Jerry D], Ozbun MA, Kittrell FS, Lane DP, Medina D, Butel JS.
Mutations in p33 are frequent in the preneoplastic stage of mouse
mammary tumor development. Cancer Res 5§3:3374-3381, 1993,
Zhang B-X, Shih JW-K, Ditty S, Lo S-C. Absence of mycoplasmal
gene in the transformed mammalian cells induced by chronic

MYCOPLASMAL INFECTIONS AND ONCOGENES

29.

30.

31.

32.

33.

34.

3s.

36.

persistent infection of mycoplasmas. In: Abstracts of the 96th
General Meeting of the American Society for Microbiology (New
Orleans). Washington, DC: American Society for Microbiology,
p284, 1996.

. Murray MJ, Cunningham JM, Parada LF, Dautry F, Lebowitz P,

Weinberg RA. The HL-60 transforming sequence: A ras oncogene
coexisting with altered myc genes in hematopoietic tumors. Cell
33:749-757, 1983.

Land H, Parada LF, Weinberg RA. Tumorigenic conversion of
primary embryo fibroblasts requires at least two cooperating onco-
genes, Nature 304:596-602, 1983.

Hunter T. Cooperation between oncogenes. Cell 64:249-270,
1991.

Fogh J, Fogh H. Chromosome changes in PPLO-infected human
amnion cells. Proc Soc Exp Biol Med 119:233-238, 1965.

Paton GR, Jacobs JP, Perkins FP. Chromosome changes in human
diploid-cell cultures infected with mycoplasma. Nature 207:43—
45, 1965.

Gallily R, Salman M, Tarshis M, Rottem S. Mycoplasma fer-
mentans (incognitus strain) induces TNFa and IL-1 production
by human monocytes and murine macrophages. Immunol Lett
34:27-30, 1992.

Miihlradt P, Frisch M. Purification and partial biochemical charac-
terization of a Mycoplasma fermentans—derived substance that
activates macrophages to release nitric oxide, tumor necrosis fac-
tor, and interleukin-6. Infect Immun 62:3801-3807, 1994.
Fiorelli V, Gendelman R, Samaniego F, Markham PD, Ensoli B.
Cytokines from activated T cells induce normal endothelial cells to
acquire the phenotypic and functional features of AIDS-Kaposi’s
sarcoma spindle cells. J Clin Invest 95:1723-1734, 1995.
Samaniego F, Markham PD, Gallo RC, Ensoli B. Inflammatory
cytokines induce A1DS-Kaposi’s sarcoma-derived spindle cells to
produce and release basic fibroblast growth factor and enhance
Kaposi’s sarcoma-like lesion formation in nude mice. J Immunol
154:3582-3592, 1995.





