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Oncogene activation increases susceptibility to apoptosis. Thus, tumorigenesis must depend, in part, on
compensating mutations that protect from programmed cell death. A functional screen for cDNAs that could
counteract the proapoptotic effects of the myc oncogene identified two related bHLH family members, Twist
and Dermo1. Both of these proteins inhibited oncogene- and p53-dependent cell death. Twist expression
bypassed p53-induced growth arrest. These effects correlated with an ability of Twist to interfere with
activation of a p53-dependent reporter and to impair induction of p53 target genes in response to DNA
damage. An underlying explanation for this observation may be provided by the ability of Twist to reduce
expression of the ARF tumor suppressor. Thus, Twist may affect p53 indirectly through modulation of the
ARF/MDM2/p53 pathway. Consistent with a role as a potential oncoprotein, Twist expression promoted
colony formation of E1A/ras-transformed mouse embryo fibroblasts (MEFs) in soft agar. Furthermore, Twist
was inappropriately expressed in 50% of rhabdomyosarcomas, a tumor that arises from skeletal muscle
precursors that fail to differentiate. Twist is known to block myogenic differentiation. Thus, Twist may play
multiple roles in the formation of rhabdomyosarcomas, halting terminal differentiation, inhibiting apoptosis,
and interfering with the p53 tumor-suppressor pathway.
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A defining characteristic of tumor cells is the escape
from regulatory mechanisms that normally restrain cell
proliferation. This is accomplished through the accumulation of multiple genetic alterations. Among these are
the inactivation of key tumor suppression pathways and
the activation of oncogenes (for review, see Vogelstein
and Kinzler 1998).
The products of cellular oncogenes such as ras and
myc are components of normal growth control pathways. These form part of the program that promotes entry into the division cycle in response to appropriate environmental cues. However, in tumor cells, the normal
function of these genes is subverted to provide hyperactive proliferative signals. It is becoming increasingly
clear that normal cells respond to inappropriate growth
signals by activating homeostatic growth control pathways that protect multicellular organisms from tumor
formation.
Constitutive activation of Ras promotes transformation of some immortalized cells. However, Ras activation in normal cells provokes cellular senescence. This
7
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irreversible growth arrest probably negates the ability of
these cells to contribute to tumor formation (Serrano et
al. 1997; Lin et al. 1998). In contrast, other cellular and
viral oncogenes sensitize cells to undergo programmed
cell death on exposure to stimuli that might normally
cause a reversible growth arrest. For example, Myc induces apoptosis on removal of serum survival factors
from primary cells or Rat1 fibroblasts (Evan et al. 1992;
Hermeking and Eick 1994; Wagner et al. 1994). Similarly, primary mouse embryo fibroblasts (MEFs) that express E1A are sensitized to programmed cell death in
response to contact inhibition, growth factor withdrawal, and DNA damage (Debbas and White 1993; Lowe
and Ruley 1993; Lowe et al. 1993, 1994).
The growth inhibitory properties of many oncogenes
dictate that tumorigenesis requires the cooperation of
different classes of genes. For example, transformation
by Ras can proceed only in the presence of additional
mutations that prevent Ras-induced senescence (Serrano
et al. 1997). Furthermore, the ability of Myc or E1A to
promote tumorigenesis requires that transformed cells
be protected from the proapoptotic effects of these oncoproteins. An understanding of oncogene cooperation requires both a knowledge of the mechanisms by which
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oncogene activation provokes homeostatic responses
and a clarification of the routes through which cooperating oncogenic events defeat these protective controls.
It is clear that oncogene-transformed cells require additional genetic alterations that render them resistant to
apoptotic stimuli. Such genetic changes are likely to be
obligate for oncogenesis. However, the full spectrum of
these events has proven difficult to elucidate, because
protective genes are not likely to be discovered via the
cellular transformation assays that have proven a rich
source of new oncogenes. For example, bcl-2 synergizes
with myc in the generation of Burkitt lymphoma but
does not cooperate with myc in transformation of mouse
fibroblasts in vitro (Vaux et al. 1988). As an approach to
the discovery of potential oncogenes that might elude
conventional methods, we have undertaken a search for
cellular genes that can counter the proapoptotic effects
of myc activation.

Results and Discussion
A genetic screen for antiapoptotic proteins
Direct, functional selection of genetic alterations that
evoke specific phenotypes has provided a powerful
method for the dissection of numerous biological pathways in genetically tractable eukaryotes such as yeasts,
Caenorhabditis elegans, and Drosophila. These approaches have been extended to cultured mammalian
cells by several groups (e.g., Deiss and Kimchi 1991;
Gudkov et al. 1994; Rayner and Gonda 1994; Wong et al.
1994; for review, see Gudkov and Roninson 1997; Kimchi 1998). Building on these prior studies, we have developed a suite of tools that streamlines the process of
complementation screening in mammalian cells (Sun et
al. 1998; Hannon et al. 1999).
We have designed a series of modified, replication-deficient retrovirus vectors (MaRX) and packaging cell
lines (LinX) that allow high-efficiency gene transfer to a
wide range of cell types. Recovery of integrated MaRX

Figure 1. Schematic outline of the screen designed to
identify genes that confer protection from Myc-induced apoptosis.
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proviruses from selected cell populations is facilitated by
two key modifications. First, the MaRX provirus contains, within the LTR, target sequences for a site-specific
recombinase. Second, the MaRX provirus contains an optimized bacterial replicon. Treatment of genomic DNA
from infected cells with the appropriate recombinase enzyme results in excision of a circular plasmid comprising
the integrated virus that can be propagated in bacterial
cells. Despite the fact that this plasmid contains only a
single LTR, it is capable of producing infectious retrovirus on transfection into the LinX packaging cells. Thus,
by this approach we can recover cDNAs that confer a
specific phenotype and transfer them directly into new
recipient cells without intervening cloning steps.
The myc oncogene can predispose a wide variety of
cell types to programmed cell death. However, the design of a genetic selection for cDNAs that can counter
the proapoptotic effects of myc requires the use of cells
that die with high efficiency. Rat1/MycER cells undergo
apoptosis on simultaneous Myc activation and growth
factor withdrawal (Evan et al. 1992). However, even on
delivery of a strong proapoptotic stimulus, a significant
number of cells survive (∼0.1%–1% of the population).
For this reason, we could not select directly for cells
carrying protective cDNAs through a single round of
treatment. Instead, we designed a genetic screen in
which cell populations would be exposed to multiple,
iterative rounds of killing and rescue with the hope that
protective cDNAs would be continuously enriched,
whereas neutral cDNAs would be counter selected
(Fig. 1).
To test our approach, we reconstructed the screen using a well-characterized antiapoptotic gene, bcl-2. Rat1/
MycER cells were coinfected with retroviruses that direct the expression of Bcl-2 and LacZ. These marked
(LacZ-positive), Bcl-2-expressing cells were mixed in
varying proportions with unmarked control cells, and
the mixtures were subjected to multiple cycles of killing
by exposure to proapoptotic conditions followed by rescue and expansion of resistant cells under normal growth
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conditions. The proportion of LacZ/Bcl-2 cells was
monitored following each round, and after four cycles,
␤-galactosidase staining indicated that Bcl-2-expressing
cells had been enriched ∼50,000-fold from a frequency of
1/105 to a frequency of 1/2. Because we reasoned that
other antiapoptotic genes might not be as effective as
bcl-2, we designed the selection procedure to allow recovery of genes that were enriched a minimum of 1,000fold by four killing cycles.
Populations of Rat1/MycER cells were infected with a
retroviral cDNA library that had been prepared from
cells that were committed to apoptosis. Individual plates
containing ∼5 × 106 cells were infected with pools containing from 10,000 to 100,000 distinct cDNAs. This insured that each individual cDNA was represented multiple times in the starting cell population. Infected cell
pools were subjected to four cycles of enrichment by the
apoptosis/rescue protocol that we had established using
Bcl-2 as a model. Proviruses were recovered from populations that had been enriched for resistant cells, and
highly represented genes were identified by fingerprinting 50 cDNAs from each population. Most of the pools
contained cDNA clones that had been clearly enriched
by the procedure.
The genetic strategy was validated by the isolation of
cDNAs encoding proteins that had been shown previously to protect from apoptosis. For example, we isolated
many (9) independent cDNAs encoding Mcl-1 a member
of the Bcl-2 family that prevents cell death and promotes
differentiation in hematopoietic cells (Kozopas et al.
1993). Furthermore, we identified as a protective protein
glutathione peroxidase, an enzyme that can counteract
apoptosis induced by reactive oxygen species (Hockenbery et al. 1993). We also obtained two independent
clones of Ha-ras. Expression of ras has been shown recently to prevent apoptosis in Rat1/MycER cells via activation of the AKT pathway (Kauffmann-Zeh et al.
1997). All three of these genes protected Rat1/MycER
cells from apoptosis under our experimental conditions
(not shown).
Twist and Dermo1 prevent Myc-dependent cell death
In addition to known antiapoptotic genes, we also isolated a large number of potentially protective cDNAs
that had not been shown previously to antagonize cell
death. Among these were multiple independent isolates
encoding two closely related proteins, Twist and
Dermo1. twist was represented by two independent
cDNAs whereas dermo1 was isolated four times.
Twist was originally identified in Drosophila as a protein involved in establishing dorso–ventral polarity
(Thisse et al. 1987). Dermo1 emerged from a two-hybrid
screen for tissue-specific factors that could interact with
the ubiquitous bHLH protein, E12. Twist and Dermo1
belong to the basic–helix–loop–helix (bHLH) family of
transcription factors and are quite similar (>90% identity) in the bHLH and carboxy-terminal domains. The
amino termini are less closely related; Dermo1 lacks a
glycine-rich region that is present in Twist (Li et al.

1995). Although specific transcriptional targets of Twist
and Dermo1 have not yet been identified in mammals,
expression patterns in Drosophila, Xenopus, and mouse
suggest an involvement in the regulation of diverse developmental processes, particularly in the formation of
mesoderm (Futchbauer et al. 1995; Li et al. 1995; Gitelman 1997).
The enrichment of two such closely related proteins
during the genetic selection and the isolation of each
from multiple, independent cell pools prompted a deeper
investigation of the possibility that Twist and Dermo1
could interfere with oncogene-induced apoptosis. Expression of either Twist or Dermo1 reduced the number
of apoptotic cells that were observed following either
Myc activation or serum withdrawal to ∼50% of the
number observed in control (LacZ-infected) or uninfected populations (Fig. 2). Similar levels of protection
were evident from an analysis of viable cells that remain
following serum depletion (Fig. 2). As a complement to
these assays, we quantified a biochemical marker of
apoptosis following Myc activation. Twist expression reduced levels of active CCP32 (caspase-3) to about onehalf of those detected in control, LacZ-expressing cells
(data not shown). In aggregate, these results demonstrate
that both Twist and Dermo1 can protect from oncogeneinduced apoptosis.
In addition to its ability to protect from acute apoptotic stimuli, Twist also conferred long-term protection.
Both Rat1 and Rat1/MycER cells die on prolonged (∼3
weeks) serum starvation. Expression of Twist not only
delayed the appearance of apoptotic cells but also prevented cell death in a significant percentage of infected
cells (Fig. 2; data not shown). In longer term assays,
Twist was indistinguishable from Bcl-2 in the ability to
prevent cell death. Dermo1 was similar to Twist in its
ability to protect from both acute and long-term proapoptotic stimuli.
Twist and Dermo1 could potentially protect from programmed cell death through a variety of mechanisms.
Because Twist and Dermo1 share features of transcription factors, we asked whether ectopic expression of
these proteins affected the abundance of known antiapoptotic proteins. We found no evidence for changes in
the levels of several members of the bcl-2 family, nor did
we observe altered expression of the MycER protein that
provided the proapoptotic stimulus in these cells. Twist
and other bHLH transcription factors have been implicated in the control of diverse developmental processes.
We therefore tested the possibility that ectopic expression of Twist or Dermo1 might alter the identity of fibroblasts in a manner that increased resistance to mycinduced cell death. However, Twist-infected fibroblasts
maintained their original morphology and retained the
expression of a constellation of markers that is characteristic of the fibroblastic lineage (data not shown).
Twist antagonizes p53
The tumor suppressor p53 plays a critical role in regulating cell death in response to a variety of stimuli. In
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Figure 2. Twist protects from Myc-induced apoptosis.
(A) Rat-1/MycER cells were infected with retroviral vectors (pHygroMarXII) that direct the expression of LacZ
(a,d,g), Twist (b,e,h), or Bcl-2 (c,f,i), respectively. All cells
were grown initially in 10% FBS. Cells were then exchanged into either 0.1% FBS plus 0.1 µM estradiol for 24
hr (d–f) or into 0.1% FBS for 8 days (g–i). (B) Protection
from Myc-induced apoptosis was quantified by counting
the number of apoptotic bodies (stained with Hoechst
33342) in cells that had been grown in 0.1% FBS plus 0.1
µM estradiol for 24 hr. Representative fields are shown. (C)
For quantitation of apoptosis, cells that had been plated in
10% FBS were shifted into either 0.1% FBS plus 0.1 µM
estradiol for 24 hr (left) or into 0.1% FBS for 72 hr (right).
Twist- and Dermo1-infected populations are shown in
comparison with lacZ-infected cells. The extent of apoptosis in each cell line is given with reference to the number of apoptotic bodies counted in the LacZ-infected
population (100%). Bcl-2 and Mcl-1-infected cells were
included as controls. Values represent means ± S.E.M. of
three independent experiments. (D) Apoptosis of Rat-1/
MycER cells following serum withdrawal was also quantified by counting viable cells. At the indicated times,
adherent and nonadherent populations were collected and stained with trypan blue. Numbers of viable cells are given with reference
to the starting populations. (䊉) Gal; (䊊) Twist; (䉲) Dermo1. Values represent means ± S.D. of three independent experiments.

fact, Myc-induced cell death has a clearly demonstrated
dependence on p53 in a number of experimental systems
(Hermeking and Eick 1994; Wagner et al. 1994). Thus, we
examined the possibility that Twist might protect from
apoptosis by damping the p53 response. Although Rat1/
MycER cells express wild-type p53, the proapoptotic role
of p53 in these cells is not well established. We therefore
used a cell line in which apoptosis has a demonstrated
dependence on p53 function.
MEFs that express both E1A and Ha-RasV12 (C8 MEF;
Lowe et al. 1993,1994) execute a cell death program in
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response to a variety of insults; among these are DNA
damage, growth factor deprivation, and contact inhibition. This apoptosis is strictly p53-dependent, because
analogously engineered MEFs derived from p53-null
mice do not die under identical conditions (Lowe et al.
1993). As was also observed for Bcl-2, ectopic expression
of Twist dramatically delayed apoptosis following adriamycin treatment of C8 MEFs (Fig. 3B). Moreover, Twist–
C8 MEF resisted serum starvation and contact inhibition; a significant population of Twist–C8 MEF survived
in the long term (∼2 weeks), whereas essentially none of
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Figure 3. Twist antagonizes p53. (A) E1A-Ras expressing MEFs (C8 MEFs) were infected with a retroviral vector (pBabe-puro) encoding
LacZ, Twist, Dermo1, or Bcl-2, as indicated. Cells were plated in the presence of 10% FBS and after 24 hr were shifted to 0.1% FBS
for 5 days. The result of a representative experiment is shown. Similar results were obtained after adriamycin-treatment (0.2 µg/ml)
and after contact inhibition. (B) C8 MEFs infected with retroviruses that direct the expression of either Twist (shaded bars) or ␤-gal
(solid bars) were treated with 0.2 µg/ml adriamycin for the indicated times. Viable cell numbers were determined by trypan blue
staining and normalized to the starting cell number for each culture (100%). Values represent means ± S.D. for four independent
experiments from two independent infections. (C) MEF-A3s were infected with retroviral vectors (pBabe-puro) that direct the expression of LacZ, Twist, or Bcl-2. After drug selection, cells were plated at low density and shifted to the permissive temperature of 32°C.
Colony formation was monitored after 10 days. (D) C8 MEFs were infected with a control, LacZ (G) virus, or with viruses that direct
the expression of Myc-tagged Twist (T) or Dermo1 (D). Protein expression was verified by Western blotting with a monoclonal
antibody to the Myc tag (9E10).

the LacZ-infected control cells survived (Fig. 3A). Similar levels of protection were afforded by ectopic expression of Dermo1 (Fig. 3).
Considered as a whole, our data suggested that the
antiapoptotic effects of Twist and Dermo1 may result, at
least in part, from antagonism of the p53 pathway. We
therefore asked whether Twist could interfere with other
aspects of p53 function. Specifically, we probed the effect
of Twist on p53-mediated growth arrest. Embryo fibroblasts from a p53-null mouse were engineered to express
a temperature-sensitive version of p53 (p53Val135; MEFA3). MEF-A3 can be continuously grown at 39°C, a temperature at which p53 assumes a nonfunctional conformation. However, at the permissive temperature of
32°C, the ectopically expressed p53 assumes a wild-type
conformation, and cells reversibly arrest in the G1 phase
of the cell cycle (Michalovitz et al. 1990). MEF-A3s were
infected either with a retrovirus that directs Twist expression or with a control (LacZ) virus. Upon shift to
32°C, control cells arrested and failed to form colonies,
whereas a significant percentage of Twist-infected cells
continued to proliferate and formed colonies (Fig. 3C).
The penetrance of this bypass was similar to that seen on
expression of a highly effective p53 antisense RNA (A.
Carnero, D. Beach, and G. Hannon, unpubl.). In contrast,
MEF-A3 cells infected with a Bcl-2 virus did not form
colonies (Fig. 3C). This suggests a specific antagonism of
p53 by Twist rather than rescue of colony formation as a

secondary consequence of the ability of Twist to protect
from apoptosis.
The ability of p53 to transactivate target genes is key
for efficient induction of growth arrest and apoptosis (Attardi et al. 1996; Chen et al. 1996). Therefore, we tested
whether Twist interfered with the ability of p53 to function as a transcriptional activator. Increasing amounts of
a Twist expression construct were transfected into p53null MEFs in combination with fixed amounts of a p53
expression vector and a p53-dependent reporter. In a
dose-dependent manner, Twist suppressed transcription
from a synthetic, p53-responsive promoter (PG-13) but
had no effect on nonresponsive promoters (Fig. 4A; data
not shown). Similar effects were observed in U2OS cells
wherein the synthetic p53-responsive promoter depends
on endogenous p53 for its activity (Fig. 4B).
Because Twist could interfere with the transcription of
a p53-dependent reporter, we probed the effects of ectopic Twist expression on the induction of p53 target
genes. For these experiments, we used C8 cells in which
Twist had been shown to antagonize p53-dependent apopotsis. Control cells, infected with a ␤-galactosidase retrovirus, induce p21, bax, and MDM2 mRNAs on treatment with adriamycin, a DNA damaging agent that provokes a p53 response (Fig. 4C, lanes G). In contrast,
Twist-expressing cells fail to induce p21 and induce
MDM2 to a lesser extent than do control cells (Fig. 4C,
lanes T). Induction of bax is also impaired in Twist ex-
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Figure 4. Twist interferes with the induction of p53-target genes. (A) p53 −/−MEFs were transfected with
1 µg of the p53-reporter plasmid (PG-13), a p53-expression plasmid (2 ng), and increasing amounts of Twist
expression vector (pCDNA3–Twist). As an internal control, 0.5 µg of a LacZ-expressing plasmid was
included in each transfection. At 24 hr post-transfection, cells were lysed and luciferase and ␤-galactosidase activities were measured (Promega). Values represent means ± S.E.M. of luciferase activities (normalized to ␤-galactosidase activities) from three independent transfections. (B) U2OS cells were transfected
with 1 µg of the p53-reporter plasmid (PG-13), Twist-expressing vector (pCDNA3–Twist) as indicated, and
0.5 µg of LacZ plasmid. At 24-hr post-transfection, cells were processed and analyzed as described above.
(C) C8 cells infected with either a Twist (T) or a control (lacZ, G) retrovirus were treated with adriamycin
(adria, 0.2 µg/ml) for 10 hr. Total RNA was prepared from these and from parallel, untreated cultures (nt).
Transcripts corresponding to p21, MDM2, and Bax were visualized by Northern blotting. For MDM2, only
the major (3.3 kb) transcript is shown. The minor transcript (1.8 kb) showed the same relative response. All
blots were probed with ␤-actin to control for RNA loading (a representative is shown).

pressing cells; however, effects on this gene are more
subtle than are those observed for other targets. In these
same cells, neither the basal level of p53 protein or
mRNA nor the extent to which p53 protein was induced
following adriamycin treatment was influenced by ectopic Twist expression (data not shown).

A potential mechanism underlying regulation of p53
by Twist
Recent evidence suggests that oncogenes such as myc
and E1A sensitize cells to p53-dependent cell death, at
least in part, through effect on the ARF tumor suppressor
(de Stanchina et al. 1998; Zindy et al. 1998). ARF is an
upstream regulator of p53 that acts through effects on
the localization and activity of MDM2 (Honda and Yasuda et al. 1998; Zhang et al. 1998; Weber et al. 1999;
Zhang and Xiong 1999). Expression of either E1A or Myc
in primary MEFs provoked substantial increases in ARF
mRNA levels (de Stanchina et al. 1998; Zindy et al.
1998), leading, in turn, to activation of the p53 pathway
and to consequent induction of downstream targets such
as p21 and MDM2. The p53 pathway failed to respond to
E1A or Myc in ARF-null cells, placing ARF as a key
mediator of homeostatic responses to oncogene expression. Therefore, we asked whether Twist expression had
any effect on ARF.
C8 cells that have been engineered to ectopically express Twist show a dramatic reduction in ARF mRNA as
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compared with control (LacZ-expressing) cells (Fig. 5).
This down-regulation is striking considering that loss of
p53 function such as is observed in the Twist-expressing
cells normally results in substantial increases in the
abundance of the ARF transcript (Quelle et al. 1995).
Down-regulation of ARF provides a potential mechanism by which Twist may affect p53 function. ARF-null
MEFs are resistant to p53-induced growth arrest, and ectopic expression of p53 in these cells does not activate

Figure 5. Twist down-regulates ARF. RNA was prepared from
C8 cells infected with retroviruses that direct the expression of
either Twist (T) or LacZ (G). ARF transcript was visualized by
Northern blotting with an ARF-specific probe (exon 1␤). For
comparison, RNA was also prepared from BALBc 3T3 cells (B)
that lack ARF expression and from primary MEFs (M) that are
known to express ARF at high levels. The same blot was also
probed for mouse ␤-actin as a control. Identical results are obtained from multiple independent infections and with cells
plated under a variety of different conditions. Induction of apoptosis by treatment with adriamycin had no effect on the reduction of ARF mRNA by Twist.
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the p21 promoter (Kamijo et al. 1998). Furthermore,
MEFs lacking ARF exhibit a reduced apoptotic response
to myc and E1A. Disruption of ARF led to an ∼50% reduction in cell death in myc-expressing MEFs that had
been deprived of serum survival factors (Zindy et al.
1998). Resistance was not as complete as was achieved
on disruption of p53 itself, indicating that ARF-independent mechanisms also contribute to factor-dependant
survival. Similarly, ARF disruption in E1A-expressing
MEFs led to a decreased sensitivity to adriamycin (de
Stanchina et al. 1998). In both cases, the response of p53
targets was attenuated, although not all were affected to
the same degree. Thus, cells that express Twist ectopically share many features with ARF-null MEFs. However, in Twist-expressing cells, some ARF mRNA persists. Furthermore, Twist is undoubtedly a multifunctional protein. Therefore, the consequences of ARF loss
and ectopic Twist expression are unlikely to perfectly
overlap.
Relatively little is known about the regulation of ARF
expression. It is still unclear whether induction of ARF
by oncogenes such as myc and E1A is direct or results
from secondary effects on transcriptional regulators such
as E2F-1 that also modulate ARF transcription (DeGregori et al. 1997; Bates et al. 1998; Robertson and Jones
1998). Similarly, we do not yet know whether downregulation of ARF by Twist is mediated through an effect
on the ARF promoter or through an indirect route.
Although decreases in ARF may be sufficient to explain the observed effects of Twist on p53, we cannot
exclude that additional mechanisms may also contribute. The activity of p53 is tightly controlled by a complex series of pathways that are interconnected by feedback loops. Both the synthesis and degradation of the p53
protein are regulated in response to inducing stimuli (for
review, see Ko and Prives 1996; Agarwal et al. 1998). In
addition, post-translational modifications such as acetylation and phosphorylation as well as an association
with cofactors regulate the stability and the specific activity of this transcription factor (Haupt et al. 1997; Kubbutat et al. 1997; Shieh et al. 1997; Siciliano et al. 1997).
In particular, the activity of p53 can be modulated by its
interaction with the coactivator p300/CBP. p300/CBP is
an acetyltransferase that can modify p53 and alter its
ability to bind target sequences in vitro (Avantaggiati et
al. 1997; Gu et al. 1997; Lill et al. 1997). Moreover,
through its interaction with MDM2, p300 has been
linked to p53 degradation (Grossman et al. 1998). Twist
has been shown recently to interact physically with p300
and to inhibit acetyltransferase activity in an in vitro
assay (Hamamori et al. 1999). Thus, we cannot rule out
the possibility that Twist may also modulate p53 activity through effects on p300/CBP and related partners.
twist is a candidate oncogene product
for rhabdomyosarcoma
Increased resistance to programmed cell death, disruption of the INK4/ARF locus, and loss of p53 activity are
common characteristics of human tumor cells. Expres-

sion of Twist can prevent apoptosis, down-regulate ARF,
and interfere with p53 function. We therefore examined
the possibility that twist might have properties that are
characteristic of oncogene products.
Loss of anchorage dependence is a hallmark of tumor
cells, and the ability to promote anchorage-independent
growth is a common property of oncogenes. Some transformed cells, such as fibroblasts that express either a
combination of Ras and Myc or a combination of Ras and
E1A (e.g., C8 MEFs), show a low efficiency of anchorageindependent growth. This failure is probably due to a
predisposition to apoptosis because inhibition of programmed cell death through loss of p53, inactivation of
the apoptotic machinery, or expression of protective oncoproteins such as Bcl-2 can promote colony formation
(Nikiforov et al. 1996; Soengas et al. 1999). Therefore, we
tested whether expression of either Twist or Dermo1
could allow the growth of C8 cells in soft agar. In accord
with previous reports, C8 cells infected with a control,
LacZ retrovirus form a few small colonies in semisolid
media (Fig. 6). In contrast, expression of either Twist or
Dermo1 stimulates formation of robust colonies in soft
agar. Similar results are obtained on expression of either
Bcl-2 (Fig. 6) or a dominant, interfering allele of p53 (Nikiforov et al. 1996). These results indicate that twist and
dermo1 share one property of oncogene products, the
ability to promote anchorage-independent growth.
To assess the possibility that aberrant twist expression
might be a feature of human cancers, a variety of human
tissue and tumor samples (archivally preserved primary
patient material) were tested for the abundance of Twist
protein. Consistent with studies on mouse embryos
(Futchbauer 1995; Gitelman 1997), antibodies raised

Figure 6. Twist and Dermo1 promote colony formation in soft
agar. C8 MEFs were infected with retroviruses that direct the
expression of LacZ, Twist, Dermo1, or Bcl-2. Infected cells were
plated in soft agar, and colony formation was assessed after 2
weeks (as indicated). The LacZ-expressing cells form only a few,
small colonies. Cells infected with Twist, Dermo1, or Bcl-2
form large colonies similar to those that are observed on expression of dominant-interfering alleles of p53. Expression of Twist
or Dermo1 enhances colony formation by approximately five to
sevenfold.
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against either the amino or the carboxyl terminus of
Twist gave a specific nuclear staining pattern in human
embryonic mesenchymal tissues (not shown). Twist protein was not detectable in a panel of common epithelial
tumors such as those of the breast, colon, ovary, and
lung. However, high-level Twist expression was seen in
∼50% of rhabdomyosarcomas (8/15 cases analyzed). In
Twist-positive tumors, antisera directed against either
the amino or carboxyl terminus decorated a percentage
of neoplastic cells ranging between 60% and 90%. Surrounding normal tissues and Twist-negative rhabdomyosarcomas displayed no detectable Twist immunoreactivity (Fig. 7).
Rhabdomyosarcomas constitute a heterogeneous
group of malignant tumors, mainly affecting children,
that originate from undifferentiated mesenchymal cells.
In rhabdomyosarcoma cells, skeletal muscle differentiation is arrested at an early stage despite the expression of
myogenic markers, such as myoD and myogenin (Pappo
1996). It has been well established that Twist is excluded
from the developing myotome and is not expressed in
differentiated skeletal muscle (Fig. 7d; Futchbauer 1995;
Gitelman 1997). These observations led to in vitro experiments that demonstrated the ability of Twist to
block myogenic differentiation in cultured cells (Spicer
et al. 1996; Hamamori et al. 1997; Hebrok et al. 1997).
Therefore, our finding of inappropriate Twist expression
in rhabdomyosarcomas suggests that Twist may have
multiple roles in the formation of these tumors. First,
Twist expression might halt the developmental program
that leads to terminal differentiation and withdrawal of
muscle cell precursors from the division cycle. Second,
Twist expression might antagonize apoptosis. Third,
Twist may interfere with the p53 tumor suppressor path-

way, the loss of which is one of the most common genetic alterations in human tumors.
Although inappropriate expression of Twist may have
a role in the genesis of some tumors, reduction of Twist
activity can also have dramatic consequences for a developing organism. In Drosophila, Xenopus, and mouse,
twist is essential for mesoderm formation (Chen and
Behringer 1995; Futchbauer 1995; Thisse et al. 1995;
Gitelman 1997). twist-null mice die at day 11.5 postcoitum. Just prior to death, these animals show a massive
wave of apoptosis in the developing somites, a site in
which Twist is normally expressed (Chen and Behringer
1995). Alterations in Twist activity have also been
linked to developmental abnormalities in humans. Mutations in the twist gene have been causatively linked to
Saethre–Chotzen syndrome (el Gouzzi et al. 1997; Howard et al. 1997) , a hereditary disorder characterized by a
variety of limb and craniofacial anomalies. Of these, craniosynostosis is the most striking. This malformation of
the skull is caused by premature fusion of cranial sutures. It has long been proposed that many craniosynostosis syndromes result from local perturbation of apoptotic programs that are essential for proper timing of suture fusion (Bourez et al. 1997). Considered together, the
phenotype of organisms with altered Twist activity is
consistent with a role for Twist in regulating apoptosis
during development. Rhabdomyosarcoma cells may exploit this normal function of Twist to counteract the
proapoptotic stimuli that result from oncogene activation.

Materials and methods
Cells
Rat-1/MycER cells that express an estrogen-inducible myc gene
(Evan et al. 1992) were maintained at 5% CO2 in DMEM without phenol red (wDMEM), supplemented with 10% FBS. C8
MEF cells (mouse embryo fibroblasts that express E1A and HRasVal12) (Lowe et al. 1993) and the ecotropic packaging cell
line, LinX (Hannon et al. 1999), were maintained in 5% CO2 in
DMEM, supplemented with 0.01% Na pyruvate and 10% FBS.
MEF-A3 cells were produced by infecting MEFs derived from
p21/p53-null mice with a retroviral vector that directs the expression of a temperature-sensitive mutant of p53, p53val135. A
resulting clonal cell line (MEF-A3) that rapidly arrested after
p53 induction at the permissive temperature (32°C) was used for
colony formation analysis. MEF-A3s were grown in 5% CO2 in
DMEM supplemented with 0.01% Na pyruvate and 10% FBS at
39°C.

Figure 7. Twist is highly expressed in rhabdomyosarcomas. (a)
Formalin-fixed histologic sections of a rhabdomyosarcoma were
stained with a Twist-specific antibody (SC-6070). Most of the
neoplastic cells show nuclear accumulation of Twist protein. (b)
Specificity of the signal was confirmed by loss of Twist immunoreactivity after preincubation of Twist antibody with the antigenic peptide. (c) A representative stain of a Twist-negative
rhabdomyosarcoma is shown. (d) The lack of Twist immunoreactivity in differentiated skeletal muscle. Original magnification 400×.
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Library construction and screen strategy
Poly(A)+ RNA was extracted by the use of Triazol reagent
(GIBCO–BRL), from Rat-1/MycER cells committed to apoptosis
by 6 hr of serum starvation. Oligo(dT)-primed cDNA was produced with the Stratagene ZapII cDNA synthesis kit (Hannon et
al. 1993). Fragments were cloned into the retroviral expression
vector pHygroMaRXII at the EcoR1 and XhoI sites (Hannon et
al. 1999). The library was divided into 100 independent DNA
plasmid pools, each with a complexity of 104–105 clones. Each
plasmid pool was used to transfect LinX E packaging cells by the
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calcium phosphate method. At 72-hr post-transfection, viral supernatants were collected, filtered, supplemented with 4 µg/ml
Polybrene, and used to infect Rat-1/MycER cells. After infection, cells were selected with hygromicin and then subjected to
an apoptosis/rescue schedule as described: A total of 5 × 105
Rat-1/MycER cells were plated onto 10-cm dishes. At 24-hr
postplating, apoptosis was induced by adding fresh medium
supplemented with 0.1% FBS plus 0.1 µM estradiol for 3 days,
followed by 2 days of culture in serum starvation without estradiol. Cells were then refed with medium containing 10%
FBS. Rescued cells were then replated at low density and subjected to another cycle of killing as above. Cycles of killing/
rescue were repeated four times.
Recovery of viral genomes and analysis
of the recovered plasmids
Genomic DNA was extracted from cell populations that had
been enriched for resistance to apoptosis by a standard proteinase K/SDS method. Five micrograms of genomic DNA were
treated with CRE recombinase, phenol extracted, ethanol precipitated, and used to transform electrocompetent bacteria.
Fifty recovered plasmids were analyzed from each pool by restriction digestion. Those plasmids that represented >5% of the
recovered plasmid species were sequenced. A subset of these
was again introduced into Rat1/MycER cells and tested for the
ability to protect from apoptosis.
Quantitation of apoptosis in Rat-1/MycER cells
Rat-1/MycER cells infected with pHygroMarX retroviral vectors that direct the expression of the Twist, Dermo1, Bcl-2, and
LacZ, respectively, were plated at low density (105 cells/well)
onto acid-treated coverslips in 6 well plates. Twenty-four hours
after plating, cells were washed twice with PBS and then induced to apoptose. Myc-induced apoptosis was triggered by
treatment with 0.1 µM estradiol in 0.1% FBS. Apoptosis was
monitored 24 hr post-induction. Growth factor deprivation-induced apoptosis was triggered by replacing the culture medium
with fresh DMEM supplemented with 0.1% FBS. The extent
of apoptosis was quantified at 72 hr post-treatment by Hoechst
staining (Attardi et al. 1996). Briefly, cells were directly stained
with 4 µ/ml of Hoechst 33342 for 10 min, washed with PBS,
and mounted. At least 100 fields/slide were analyzed and the
number of apoptotic bodies was evaluated blind by two independent observers.
Moreover, protection from apoptosis was also analyzed by
trypan blue exclusion. Cells were seeded into six-well plates
(105 / well) 24 hr prior to serum withdrawal. At various times,
adherent and nonadherent cells were pooled and viability assessed by trypan blue exclusion.
Apoptosis in C8 MEFs
MEFs that express E1A and H-RasVal12 (C8 MEFs) were infected with retroviral vectors (pBABE-Puro) that drive the expression of LacZ, Bcl-2, Twist, Dermo1, or Myc-tagged versions
of Twist and Dermo1. In all assays, Myc-tagged Twist and
Dermo1 were indistinguishable from the untagged proteins.
Twist and Dermo1 protein expression in C8 MEFs was confirmed by Western blotting with a monoclonal antibody to the
Myc tag (9E10).
After selection, cells were plated at low density and maintained in complete media to monitor the cell–cell contact-triggered apoptosis, subjected to serum starvation (0.1% FBS) for 5
days, or treated with adriamycin (0.2 µg/ml) for 2 days.

Cell viability after adriamycin treatment was assessed by
trypan blue exclusion. Briefly, cells were seeded into six-well
plates (105 / well) 48 hr prior to drug treatment (adriamycin, 0.2
µg/ml). At various times, adherent and nonadherent cells were
pooled and a trypan blue exclusion test performed.
RNA extraction and Northern blot analysis
Total RNA was extracted from C8 MEFs infected with pBABElacZ and pBABE-Twist expression vectors in normal growth
conditions and after induction of apoptosis by adriamycin treatment (0.1 µg/ml ) for 10 hr. Triazol reagent (GIBCO-BRL) was
used according to the manufacturer’s instructions. An additional final precipitation in LiCl was performed to further purify
RNA from contaminant DNA. Briefly, after Triazol extraction
the RNA pellet was resupended in 5 vol of 100 mM HEPES (pH
7.5) and the same volume of 5 M LiCl was added drop-wise.
Precipitation was performed at −20°C for at least 4 hr.
For Northern blots, 10 µg of total RNA was loaded per lane
and fractionated in a 1% agarose/formaldehyde gel. After transfer onto Hybond N+ membrane (Amersham), blots were hybridized with 32P-labeled probes specific for mouse p21, mdm2,
p19ARF (exon I␤), and human bax genes. A probe specific for
mouse ␤-actin was used to confirm equal loading. Membranes
were hybridized overnight at 65°C in 0.2 M NaPO4, 1 mM EDTA,
7% SDS, and 1% BSA in the presence (mouse probes) or absence
(human bax probe) of 15% formamide. Membranes were
washed twice in 0.1% SDS, 0.2× SSC and once in 0.1× SSC at
60°C, followed by autoradiography.
Bypass of p53-induced growth arrest
MEF-A3 cells that express a temperature-sensitive version of
p53 (p53val135) were infected with pBABE-Puro vectors that
drive the expression of LacZ, Twist, or Bcl-2, respectively. After
selection, 5 × 104 cells were plated in quadruplicate in 10 cm
plates. On the following day, two plates were shifted to the
permissive temperature (32°C). The remaining two plates were
used as controls for plating efficiency. After 10–15 days, colony
formation was scored by crystal violet staining.
Cell transfections and transcription assays
Transfections of MEF p53−/− and U2OS cells were performed
according to the calcium phosphate precipitation protocol as
described (Hamamori et al. 1997). A total of 9 µg of plasmid
DNA per 6-cm-diam. dish was used. As an internal control, 0.5
µg of a LacZ-expressing plasmid was included in each transfection. At 20 hr post-transfection, cells were refed, incubated for
2 additional days, and harvested for reporter gene assays. Luciferase and ␤-galactosidase activities were measured by a MLX
microtiter plate luminometer (Dynex, Chantilly, VA). Values
represent means ± S.E.M. of luciferase activities (normalized to
␤-galactosidase) from at least three independent transfections
performed in duplicate.
Anchorage-independent growth in C8 MEFs
C8 MEFs infected with retroviral vectors (pBABE-Puro) that
drive the expression of LacZ, Twist, Dermo1, or Bcl-2, were
analyzed for anchorage-independent growth in semi-solid medium. Approximately 105 cells were plated in 0.3% low-melting-point agarose/growth medium onto 60-mm dishes with a
0.5% agarose underlay. Colonies were photographed after 2
weeks.
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Immunohistochemistry
A series of common human tumors including 10 gastric and
colorectal carcinomas, 6 breast, 10 lung, and 4 ovarian carcinomas, 2 Kaposi’s sarcomas, 3 melanomas, 8 leiomyosarcomas,
and 15 rhabdomyosarcomas were analyzed by immunohistochemistry for Twist expression with an avidin–biotin–peroxidase complex (ABC) technique. Formalin-fixed histologic sections were incubated with an affinity-purified goat polyclonal
antibody raised against a peptide corresponding to an amino
acid sequence at the amino terminus of human Twist (SC-6070,
Santa Cruz Biotechnology; dilution, 0.2 µg/ml) or with an affinity-purified goat polyclonal antibody raised against a peptide
corresponding to an amino acid sequence mapping at the carboxyl terminus of human Twist (SC-6269, Santa Cruz Biotechnology, dilution: 0.2 µg/ml). The primary antibodies were incubated at +4°C overnight. Immunoreaction was visualized with a
biotin-conjugated anti-goat antiserum followed by peroxidase–
streptavidin and DAB chromogen development. The specificity
of the SC-6070 antiserum was also confirmed by an adsorption
test. Peptide sc 6070p (SantaCruz) corresponding to the amino
acid sequence of the amino terminus of human Twist (1 µg/ml)
was incubated with the anti-Twist goat polyclonal antibody (0.2
µg/ml) for 2 hr at room temperature before immunostaining.
The percentage of immunoreactive cells was evaluated by scanning sections and counting at least 1000 neoplastic cells.
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