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of a Neoplastic

Phenotype by Brief Inactivation
of MYC
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Pharmacological inactivation of oncogenes is being investigated as a possible
therapeutic strategy for cancer. One potential drawback is that cessation of
such therapy may allow reactivation of the oncogene and tumor regrowth. We
used a conditional transgenic mouse model for MYC-induced tumorigenesis to
demonstrate that brief inactivation of MYC results in the sustained regression
of tumors and the differentiation of osteogenic sarcoma cells into mature
osteocytes. Subsequent reactivation of MYC did not restore the cells’ malignant
properties but instead induced apoptosis. Thus, brief MYC inactivation appears
to cause epigenetic changes in tumor cells that render them insensitive to
MYC-induced tumorigenesis. These results raise the possibility that transient
inactivation of MYC may be an effective therapy for certain cancers.

Activation of oncogenes plays an important
role in tumorigenesis (). Strategies that in-
activate oncogenes for the treatment of can-
cer are in development; however, such ap-
proaches may be limited by the toxicity
caused by the prolonged inactivation of the
associated proto-oncogene. Moreover, cessa-
tion of the pharmacologic inactivation of an
oncogene may result in tumor regrowth. To
determine whether brief oncogene inactiva-
tion can produce sustained tumor regression,
we used the tetracycline regulatory system to
conditionally regulate MYC expression in
transgenic mice. We previously described
transgenic mice that conditionally express

- MYC in their lymphocytes (2). About 1% of
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these mice develop osteogenic sarcomas, and
these tumors expressed abundant levels of
MYC, presumably because the EnSRa en-
hancer causes MYC expression in immature
osteoblasts. Consistent with this, MYC is
commonly overexpressed in human and ro-
dent osteogenic sarcomas (3—11).

The tumors in our transgenic model
share some features with human osteogenic
sarcoma (/2—-14). They present as invasive
masses in the skeleton; they are associated
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with disorganized bone matrix; and they
readily metastasize (fig. S1) (I5). These
properties were maintained as the tumors
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were adapted to in vitro growth and were
inoculated into syngeneic hosts (15). To
investigate the effects of MYC inactivation,
we administered doxycycline (dox) treat-
ment to mice with transplanted osteogenic
sarcoma cells or primary transgenic tumors.
After dox treatment in vivo, osteogenic
sarcomas stopped expressing the MYC
transgene, differentiated into mature bone,
and exhibited sustained tumor regression
(fig. S2). Similarly, primary transgenic tu-
mors regressed and differentiated into bone
(fig. S4). After dox treatment in vitro, the
tumor cells exhibited a reduced growth
rate, assumed a flattened morphology, lost
alkaline phosphatase activity, and contin-
ued to express osteopontin (I5) (Fig. 1).
These phenotypic features are associated
with the differentiation of immature osteo-
blasts into mature osteocytes (7, 16—18).
We conclude that MYC inactivation causes
osteogenic sarcoma cells to differentiate
into mature osteocytes.

To examine the effects of MYC inacti-
vation and reactivation in individual tumor
cells, we cultured osteogenic sarcoma cells

Fig. 1. Inactivation of
MYC causes regression
and differentiation of tu-
mor cells. MYC inactiva-
tion resulted in the differ-
entiation of (A) osteo-
genic sarcomas into (B)
mature osteoid. Alkaline
phosphatase activity (C)
before and (D) after dox
treatment. Osteopontin
expression (E) before and

(F) after dox treatment.
Representative data from
one of five experiments.
At least five mice were
injected per experiment.
Similar results were seen
for two other transplant-
ed tumors and two inde-
pendent primary trans-
genic tumors (15). Bars,
50 pm.
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in vitro and analyzed them by continuous
video time-lapsed (CVTL) microscopy
(15). Before treatment, the tumor cells rap-
idly proliferated, undergoing cell division
every 14 hours; however, within 24 hours
of MYC inactivation, the tumor cells flat-
tened (fig. S3) and showed one-tenth as
much cell division (Fig. 2). This activity is
consistent with the differentiation of imma-
ture osteogenic sarcoma cells into mature
osteocytes. Next, we reactivated MYC ex-
pression in the cultured cells by withdraw-
ing dox treatment. In contrast to our pre-
diction that the tumor cells would resume
proliferation, the tumor cells underwent
apoptosis in a stochastic manner over a
period of 48 hours, and total cell numbers
were reduced (Fig. 2). About 5% of the
tumor cells did not undergo apoptosis but
retained the morphology of mature osteo-
cytes. Less than 1% of the tumor cells
regained their neoplastic growth properties.

To examine whether MYC reactivation
had similar effects in vivo, we transplanted
osteogenic sarcomas subcutaneously into
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Fig. 2. MYC inactivation followed by reactivation in vitro causes apoptosis of tumor cells. The
percentages of dividing cells and dying cells and the total number of cells were recorded for each
6-hour interval. Individual cells that remained in nine different fields were observed by CVTL
microscopy during each interval. The loss of cells observed after dox treatment was not because of
cell death but rather the inability to follow these cells by CVTL microscopy due to cell migration
out of the observed field. Representative data are shown'from one of two experiments. Similar
results were observed for two additional osteogenic sarcoma cell lines by conventional microscopy.
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Fig. 3. MYC inactivation followed by reactivation in vivo causes
apoptosis of tumor cells. Tumor cells were transplanted subcutane-
ously into syngeneic mice. When tumors reached a diameter of 0.5 to
1.0 cm, mice were killed (MYC-activated) or treated with dox for 10
days (MYC-inactivated). Dox treatment was terminated (MYC-reacti-
vated), and the mice were examined either 5 or 14 days later. The
bone matrix exhibited a high degree of autofluorescence. (A to D)

Hematoxylin and eosin staining, (E to H) TUNEL staining, and (1 to L)
DAPI staining. (A), (E), and (I), MYC-activated; (B), (F), (J), MYC-
inactivated; (C), (G), (K), MYC-reactivated for 5 days; and (D), (H), (L),

MYC-reactivated for 14 days. Bars, 50 wm. Representative results are

shown from one of two experiments, each with about six mice. Similar
Eest):lts were seen in two independent primary osteogenic sarcomas
15).
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syngeneic mice, allowed the tumors to grow
from 0.5 to 1.0 cm in diameter, and then
administered dox treatment for 10 days. As
before, this treatment induced the differenti-
ation of tumor cells into osteocytes. After 10
days, we reactivated MYC by terminating dox
treatment. No histological changes were evi-
dent after 5 days; however, at 14 days after
MYC reactivation there was a marked reduc-
tion in the total number of tumor cells (Fig. 3,
A to D). To determine whether the tumor
cells were dying by apoptosis, we performed
a terminal deoxynucleotidyl transferase-me-
diated deoxyuridine triphosphate nick-end
labeling (TUNEL) assay on formalin-fixed,
paraffin-embedded sections (/5). The tumors
exhibited a low frequency of background ap-
optosis before and after MYC inactivation
(Fig. 3, E and F). In contrast, at 5 days after
MYC reactivation, differentiated tumor cells
exhibited a marked increase in apoptosis
(Fig. 3G). At 14 days after MYC reactivation,
only rare TUNEL positive cells were ob-
served, most likely because most of the cells
had already undergone apoptosis (Fig. 3H).
The 4',6’ —diamidino-2-phenylindole (DAPI)
staining of the same specimens confirmed the
presence of a high density of tumor cells (Fig.
31), a lower density of differentiated tumor
cells as compared to the amount present after
MYC inactivation (Fig. 3J), a reduced number
of tumor cells 5 days after MYC reactivation
(Fig. 3K), and nearly a complete absence of
tumor cells 14 days after MYC reactivation
(Fig. 3L). Upon MYC reactivation, we did not
observe evidence for tumor regrowth. Simi-
larly, in primary transgenic tumors, the inac-
tivation of MYC was associated with the dif-
ferentiation of tumors into bone, and the re-
activation of MYC was associated with the
apoptosis of tumor cells (fig. S4).

We then investigated whether temporary
loss of MYC overexpression causes the irre-
versible loss of a tumorigenic phenotype
(Fig. 4). We intraperitoneally injected synge-
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neic mice with tumor cells and treated them 2
days later with dox to inactivate MYC. Un-
treated mice succumbed to tumors within 5
weeks, whereas dox-treated mice survived
more than 20 weeks. Mice treated with dox
for only 10 days were free of tumors for more
than 12 weeks after the cessation of treat-
ment, and 2 of 12 mice in this group survived
for 20 weeks. When the tumors in these mice
began to form, readministration of dox treat-
ment resulted in the regression of two of the
tumors tested. In addition, dox treatment dif-
ferentiated the tumor cells taken from mice
that had succumbed to neoplasia in five of
five tumors tested.

We conclude that although oncogene-in-
duced tumorigenesis is reversible (2, /9-21),
the reactivation of an oncogene does not nec-
essarily restore a neoplastic phenotype. Our
observation that MYC reactivation induces
tumor cell apoptosis conflicts with previous
studies showing that MYC is tumorigenic
only in cells unable to undergo apoptosis
(22). Our results also conflict with earlier
findings that transient MYC activation can
induce tumorigenesis in rodent immortal cell
lines (23). One possible explanation is that
the effects of MYC inactivation and reactiva-
tion may depend on the mechanism by which
MYC contributes to tumorigenesis, which is
likely to vary according to the genetic and
cellular context. When MYC causes tumori-
genesis by promoting cellular proliferation
and blocking cellular differentiation, its inac-
tivation results in proliferative arrest and dif-
ferentiation of tumor cells as well as the loss
of the neoplastic properties, as described here
and previously for hematopoietic tumors (2).
By contrast, when MYC causes tumorigenesis
by promoting genomic destabilization, its in-
activation would not result in tumor regres-
sion (23).

We speculate that tumors arise as a result
of a combination of genetic events that occur
in a requisite epigenetic context (24). There

Fig. 4. Transient inacti-
vation of MYC trans-
gene can increase the
survival of syngeneic
mice that received tu-
mor transplants. Tumor
cells (1 X 10%) were in-
jected intraperitoneal-
ly. Two days after in-
jection of tumor cells,
mice were left untreat-
ed (m), treated with dox
continuously (A), or
treated with dox for
only 10 days (®). Mice
were killed when mori-
bund with tumor bur-
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resents pooled data from all experiments, each with at least 14 mice per group.

may be precise opportunities during differen-
tiation that provide the permissive context in
which oncogene activation produces a neo-
plastic phenotype. The brief inactivation of
an oncogene can change this epigenetic con-
text, thereby revoking its ability to maintain
tumorigenesis. If valid, this model could have
important implications for the development
of new cancer drugs. Long-term use of drugs
that are designed to inactivate oncogenes
would be expected to have serious toxicities
because they also disrupt critical signaling
pathways in normal cells. Our results suggest
that it may be possible to briefly inactivate
oncogenes in the treatment of cancer, thereby
mitigating toxicities without compromising
the efficacy of such therapy. We recognize
that in human tumors it may be more difficult
to induce the regression of cancers through
oncogene inactivation (25).
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