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CHOP (GADD153) and its oncogenic
variant, TLS—CHOP, have opposing
ettects on the induction of G,/S arrest

M. Vittoria Barone,! Anne Crozat,? Arash Tabaee,? Lennart Philipson,'? and David Ron**

'European Molecular Biology Laboratory, Heidelberg, Germany; 2Departments of Medicine and Cell Biology and the Kaplan
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The growth arrest and DNA damage-inducible gene CHOP (GADD153) encodes a small nuclear protein from
the C/EBP family, originally isolated from adipocytes in culture. Although inactive in cells under normal
conditions, the CHOP gene is markedly induced by a variety of cellular stresses, including nutrient
deprivation and metabolic perturbations. These lead to accumulation of CHOP protein in the nucleus.
Because cellular stress normally leads to growth arrest, we examined the implication of CHOP in this process.
Microinjection of CHOP expression plasmids into NIH-3T3 cells blocked the cells from progressing through
the cell cycle, measured by an attenuation in the fraction of cells incorporating BrdU, an S-phase marker. The
precise point in the cell cycle at which CHOP acts was mapped by microinjection of bacterially expressed
CHOP protein into synchronized cells—this blocked the cells from progressing from G, to S phase. This effect
of CHOP was observed only when the protein was introduced early after serum stimulation suggesting that
CHOP works at or around the so-called G,/S checkpoint. CHOP dimerizes with other C/EBP proteins and the
CHOP-C/EBP dimers are directed away from “classical” C/EBP sites recognizing instead unique
“nonclassical” sites. Mutant forms of the CHOP protein that lack the leucine zipper dimerization domain or
the unusually structured basic region, potentially involved in DNA binding, fail to induce growth arrest. A
tumor-specific form of CHOP, TLS—CHOP, that has been found so far exclusively in the human adipose tissue
tumor myxoid liposarcoma, fails to cause growth arrest and furthermore interferes with the ability of normal
CHOP to induce growth arrest. CHOP has been shown recently to be markedly inducible by nutritional
deprivation of cells. This suggests that CHOP may play a role in an inducible growth arrest pathway that is
triggered by metabolic cues and is of particular importance in adipose tissue—an organ that undergoes marked
changes in its metabolic activity. Blocking of this pathway by TLS—CHOP may play a mechanistic role in the
establishment of myxoid liposarcoma.
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Cells from organisms diverse as yeast and mammals
share the capacity of responding to adverse growth con-
ditions with a programmed block in progression through
the cell cycle (Hartwell and Weinert 1989; Pardee 1989).
Depending on the nature of the stressful condition, ar-
rest may occur either before replication of cellular DNA
{S phase) or prior to segregation of the genetic material
during mitosis. One of the most potent inducers of this
arrest process is the introduction of modifications in the
structure of the DNA molecules (DNA damage), by ei-
ther nutritional [e.g., Niphosphoracetyl)-L-asparatate
(PALA}-induced interference with purine metabolism],
chemical (e.g., alkylating agents), or physical means (e.g.,
ionizing irradiation and UV light). The physiological im-
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portance of inducible growth arrest in response to DNA
damage is demonstrated by the consequences of defects
in this pathway. In yeast, mutations in the rad9 gene
impair the ability of irradiated cells to undergo G,/M
arrest. Rad9 mutant yeast are viable under normal con-
ditions but exhibit severe loss of genetic material and
markedly reduced viability when challenged with ioniz-
ing irradiation (Weinert and Hartwell 1988). In humans
with the hereditary disorder ataxia—teleangiectasia, cul-
tured fibroblasts following irradiation, exhibit decreased
ability to undergo inducible G,/S arrest and decreased
viability compared with normal cells (Painter and Young
1980). The phenotype is further associated with a mark-
edly increased incidence of a variety of tumors in these
patients (McKinnon 1987). It is thought that the capacity
to induce growth arrest in response to conditions that
cause DNA damage arose from the advantages of delay-
ing replication of defective DNA templates until the
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damage has been repaired (G, /S arrest) and delaying seg-
regation of sister chromatids until DNA breaks, which
would lead to loss of genetic material, have been cor-
rected (G,/M arrest; for review, see Hartwell 1992).

The molecular mechanisms that lead to growth arrest
in response to DNA damage are not well understood. In
mammalian cells the nuclear protein p53 appears to play
an important role in G,/$ arrest in response to ionizing
irradiation (Kastan et al. 1992; Kuerbitz et al. 1992).
Cells from patients with ataxia—teleangiectasia exhibit
defective activation of the p53 protein in response to
ionizing irradiation, and this defect is correlated with
noninducibility of genes normally activated by p53
{Kastan et al. 1991). p53 appears to mediate growth arrest
in response to other stimuli as well; treatment of normal
growing cells with PALA, a specific inhibitor of uridine
biosynthesis, leads to rapid growth arrest but sustained
viability of normal cells in a G, resting state. However,
cells with mutant p53 genes fail to arrest in response to
PALA treatment and therefore die. The few surviving
cells exhibit a marked increase in the rate of gene am-
plification, which leads to, among other things, amplifi-
cation of the CAD gene and acquired resistance to the
effects of PALA (Livingston et al. 1992; Yin et al. 1992).
This important experiment suggests that regulatory
pathways involved in inducible growth arrest play an
important role in maintaining the integrity of the ge-
nome and that defects in these pathways may be respon-
sible for the genomic instability of cancer cells (Hartwell
1992).

In spite of the pivotal role p53 plays in inducible
growth arrest under some circumstances, there are rea-
sons to believe that other pathways mediating DNA
damage-inducible growth arrest may also exist. Growth
arrest by p53 occurs during the G,/S transition at the
so-called restriction point {Lin et al. 1992). Ionizing irra-
diation, on the other hand, delays progression through
the G,/S phase at more than one point; for example,
delay can also be seen to occur in cells that have already
passed the restriction point and have begun to synthesize
DNA {Hartwell 1992). The G,/M transition that is also
blocked in response to DNA damage in mammalian cells
is not mediated by p53 (Kastan et al. 1991). These obser-
vations suggest the existence of alternative pathways for
eliciting growth arrest. We focused on one such alterna-
tive pathway.

CHOP (C/EBP homologous protein, also known as
GADD 153) is a nuclear protein that is markedly induced
in response to DNA-damaging agents such as the alkyl-
ating compound methyl methanesulfonate (MMS]) and to
a lesser degree by ionizing irradiation and UV light (For-
nace et al. 1989; Ron and Habener 1992). CHOP is also
induced during the in vitro differentiation of 3T3-L1
cells to adipocytes, an event associated with acquisition
of a growth-arrested state (Ron and Habener 1992).
CHOP dimerizes with transcription factors from the
C/EBP family to form a dimeric complexes capable of
binding in vitro to certain ‘‘nonclassical” CCAAT/en-
hancer-binding protein (C/EBP) sites (A. Crozat, H. Wu,
J. Habener, and D. Ron, unpubl.). One member of this
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family, C/EBPq, has been demonstrated to play a role in
regulating cellular proliferation during adipocytic differ-
entiation {Umek et al. 1991; Freytag and Geddes 1992;
Lin and Lane 1992). These findings suggested to us that
CHOP may play a role in the growth arrest observed
under these conditions. Additional evidence of a role for
CHOP in regulating cellular proliferation is provided by
the observation that in myxoid liposarcoma, a tumor of
human adipose tissue, a specific chromosomal translo-
cation results in the expression of a fusion protein be-
tween CHOP and the amino terminus of a novel RNA-
binding protein, TLS (translocated in liposarcoma)
(Aman et al. 1992; Crozat et al. 1993; Rabbitts et al.
1993). The TLS—CHOP fusion protein can cause trans-
formation of NIH-3T3 cells (H. Zinszner and D. Ron,
unpubl.), supporting a direct role for CHOP in growth
regulation. The coincidence of CHOP induction with a
variety of conditions that are also associated with
growth arrest and the constitutive presence of an abnor-
mal CHOP protein in myxoid liposarcoma cells led us to
speculate that CHOP may play a role in growth arrest
and that this role would not be shared by the tumor
associated form of CHOP.

Results

Expression of wild-type CHOP protein inhibits
BrdU incorporation

CHOP mRNA and protein are virtually undetectable in
continuously dividing cells. However a variety of
growth-arresting stimuli induce the expression of the
protein {Fornace et al. 1989; Ron and Habener 1992). To
study the phenotypic changes associated with the ex-
pression of CHOP protein we attempted to select stable
clones that would constitutively express CHOP.
Cotransfection of the selectable marker neo, along with
an expression plasmid for CHOP into mouse fibroblastic
cells, led to the emergence of very few G418-resistant
colonies. Western blot analysis of the colonies showed
no expression of CHOP protein. However, when an ex-
pression plasmid encoding a mutant form of CHOP,
which is lacking the leucine zipper dimerization domain
(CHOP-LZ~; Ron and Habener 1992), was used, three
times more G418 resistant colonies were observed and
many of those expressed the mutant CHOP protein {sim-
ilar results have been obtained by Zhan et al. 1994). We
interpreted these result to suggest that expression of
wild-type CHOP was selected against during the elabo-
ration of G418-resistant colonies and that the LZ~ mu-
tant form of the protein was inert in this respect.

To determine the basis for the selection against
CHOP-expressing cells we microinjected expression
plasmids encoding wild-type CHOP and the LZ~ mutant
form of the protein into NIH-3T3 cells and determined
the ability of the CHOP-expressing cells to take up bro-
modeoxyuridine (BrdU), a marker for the S phase of the
cell cycle. Microinjected cells exhibited high level of nu-
clear CHOP staining and the ratio of the number of mi-
croinjected to immunoreactive cells (~25%—50%) was
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no different in the cells expressing the wild-type or mu-
tant forms of the protein. This indicates that expression
of CHOP is not in and of itself toxic to the cells over the
time period studied. However, when the uptake of BrdU
was compared between the CHOP-expressing cells and
adjacent cells on the coverslip that were not expressing
CHOP, a marked reduction in BrdU incorporation was
observed in the former (Fig. 1). Cells expressing the LZ~
mutant form of CHOP had levels of incorporation of
BrdU that were no different from uninjected cells (Fig. 1).

To maximize our ability to detect the inhibitory effect
of CHOP, we arrested the cells in Gy, by serum starva-
tion, prior to microinjecting them with the CHOP-ex-
pression plasmids. Twenty-four hours after injection the
cells were switched to media containing 20% fetal calf
serum to stimulate progression through the cell cycle
and BrdU incorporation was evaluated after another 18
hr (see Fig. 1B). This experimental design was chosen
because it led to very high BrdU incorporation in a syn-
chronized population of control cells exiting G, at a de-
fined time point. However, inhibition of BrdU incorpo-
ration by CHOP was observed as early as 24 hr after
injection of the CHOP-expression plasmids (Figs. 3 and
4, below) and was observed in both asynchronously
growing cells {data not shown} and in cells synchronized
by release from low serum G, arrest (Fig. 1). These re-
sults are most consistent with the possibility that the
presence of CHOP protein prevents these cells from pro-
gressing through the cell cycle and eventually inhibits
their ability to reach S phase and incorporate BrdU.

To determine whether the inhibitory effect of CHOP
on cell growth is a feature of cell types other than NIH-
3T3 we performed the same experiment in HeLa cells
and in a clone of 3T3 cells transformed by the hamster
papilloma virus middle T antigen (Courtneidge et al.
1991). Wild-type CHOP, but not the LZ ~ mutant, inhib-
ited BrdU incorporation in all three cells lines tested (Fig.
1B). Both the HeLa cells and the transformed NIH-3T3
cells are not fully driven to G, by low serum, a measure
of their transformed phenotype. We conclude, therefore,
that the ability of CHOP to arrest cells extends to cells
other than serum-responsive NIH-3T3.

CHOP arrests cells at the G,/S boundary

The observation that serum-starved cells microinjected
with CHOP-expression plasmid were incapable of incor-
porating BrdU within the first 24 hr of serum stimula-
tion (i.e., within the first cycle following release from
G, strongly favored arrest at the G,/S boundary. To con-
clusively identify a point in the cell cycle in which
CHOP acts, circumventing the difficulty associated with
the inherent latency of plasmid microinjection experi-
ments, we injected cells with purified CHOP proteins.
Serum-starved NIH-3T3 cells were injected with bacte-
rially expressed glutathione S-transferase (GST) fusion
proteins of wild-type and LZ~ mutant forms of CHOP.
The injections were performed at different time points
with respect to the initiation of a 24-hr serum stimula-
tion and BrdU incorporation period (for details on exper-
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imental design, see Fig. 2). When wild-type CHOP was
injected at the time of serum stimulation, inhibition of
BrdU incorporation reached a level of 60% (Fig. 2}. The
LZ~ mutant CHOP was not inhibitory. When injection
was delayed until 6 hr after serum stimulation the inhi-
bition of BrdU incorporation fell to 20% and was reduced
even further when injection was delayed until 16 hr after
serum stimulation.

These results argue strongly that CHOP protein inhib-
its the G,/S transition. The inability of CHOP to cause
growth arrest when injected late in G, suggests that the
protein exerts its effect relatively early, perhaps at or
near the “restriction point”’ {Pardee 1989). The presence
of near normal BrdU incorporation in cells injected just
prior to BrdU labeling indicates that the presence of
CHOP is not, in and of itself, inhibitory to DNA synthe-
sis. The differences in level of inhibition between the
experiments in which CHOP-expression plasmids were
injected (~80%) versus those observed when bacterially
expressed protein was injected (~60%) may be due to
less than full activity of the bacterial-expressed protein.

CHOP proteins bearing mutations in the basic
region fail to induce growth arrest

In vitro studies have shown that CHOP can serve as both
an inhibitor of DNA binding by C/EBP proteins, with
respect to certain classical C/EBP sites (Ron and
Habener 1992) and as an entity capable of binding as a
dimer with C/EBP proteins to certain unique nonclassi-
cal C/EBP sites (A. Crozat, H. Wy, J. Habener, and D.
Ron, unpubl.). We therefore wanted to know which of
the two functions of CHOP is relevant to its growth-
arresting properties. Truncation of the leucine zipper in-
activates both functions of the protein and abolishes the
ability to induce growth arrest (Figs. 1 and 2). To create
mutations that might interfere with the ability of
CHOP-C/EBP dimers to bind nonclassical target se-
quences, without affecting the ability of CHOP to in-
hibit C/EBP binding to ““classical’’ sites, we constructed
expression plasmids encoding CHOP proteins that bear
deletions in the CHOP basic region. These proteins
failed to bind DNA in vitro and, when expressed in cells,
localized poorly to the nucleus [detailed analysis of these
mutants will be presented elsewhere (A. Crozat, H. W, J.
Habenes, and D. Ron, unpubl.})]. This defect in nuclear lo-
calization rendered interpretation of the significance of any
defective phenotype the mutant proteins might have im-
possible. We therefore introduced a heterologous nuclear
localization signal into the mutant proteins (and as a con-
trol also into the wild-type protein) and studied the effect
of microinjection of expression plasmids encoding these
BR ™ mutants on BrdU incorporation. Figure 3A show that
all forms of the protein localize to the nucleus and that
addition of a heterologous nuclear localization signal does
not effect the ability of the wild-type protein to inhibit
BrdU incorporation (Fig. 3B, cf. WT to WT-NLS}. Microin-
jection of expression plasmids encoding the BR™ mutant
CHOP proteins mutB-NLS and mutCb-NLS revealed that
expression of these proteins did not result in inhibition of
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Figure 1. Measurement of the ability of B

wild-type and leucine-zipper minus mutant
CHOP protein to block BrdU incorporation
in serum-stimulated cells. (A) Serum-
starved cells growing on coverslips were
microinjected with expression plasmids en-
coding wild-type CHOP (CHOP-WT) and a
mutant version of CHOP that is missing
the leucine zipper dimerization domain
{CHOP-LZ ). The cells were stimulated
with 20% FCS for 24 hr and were treated
with BrdU for the last 6 hr. Cells were then
fixed and stained simultaneously with an-
tisera to CHOP and BrdU. The DNA bind-
ing dye H33258 was included to allow vi-
sualization of all the nuclei in a given field.
The photomicrographs show the staining of
CHOP, BrdU, and H33258 in the same mi-
croscope field, visualized by using different
light wavelength filters. The position of the
cells immunoreactive with the CHOP an:
tiserum is indicated by the small white ar-
rowheads. Most of the cells positive for the
wild-type but not mutant forms of CHOP
fail to incorporate BrdU. (B) Quantitation of
inhibition of BrdU incorporation in the
cells staining positive for CHOP proteins.
The mean inhibition in two representative
experiments and the range is shown (for de-
tails, see Materials and methods). The ex-
perimental outline is shown schematically
below the bar diagram. (3T3) NIH-3T3
cells; (3T3HaMT) NIH-3T3 cells trans-
formed with hamster polyoma virus middle
T antigen.

BrdU incorporation (Fig. 3B). This result indicates that
growth arrest by CHOP is dependent on the integrity of
the basic region and is not merely the consequence of
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expression of large quantities of an inert C/EBP-type leu-
cine zipper protein. It suggests therefore that the positive
effects of CHOP, rather than its inhibitory effects on
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Figure 2. CHOP arrests cells at the G,/S phase. Serum-starved NTH-3T3 cells were microinjected with bacterially expressed CHOP—
GST fusion protein at various time intervals after serum stimulation. The cells were labeled with BrdU and stained with antisera to
CHOP and BrdU. (A) CHOP, BrdU, and nuclear DNA are visualized in cells injected at the time of serum stimulation. The position
of the cells immunoreactive with the CHOP antiserum is indicated by the small white arrowheads. Microinjected proteins are
visualized in the nucleus as late as 24 hr after injection. A decreased fraction of cells injected with the wild-type CHOP protein
incorporate BrdU. (B) Quantitation of inhibition of BrdU incorporation in the cells injected at different time points after serum
stimulation. The mean and range of inhibition in two representative experiments is shown.
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Figure 3. Measurement of the ability of wild- B
type and basic region mutant CHOP proteins
to block the G, /S transition in NIH-3T3 cells.
{A) NIH-3T3 cells growing on coverslips and
microinjected with expression plasmids encod-
ing wild-type CHOP (CHOP-WT), wild-type
CHOP with a heterologous nuclear localiza-
tion signal (CHOP-WT-NLS) and basic region
deletion mutant forms of CHOP with a heter-
ologous NLS (CHOP-mutB-NLS and CHOP-
mutCb-NLS) were treated with BrdU for 6 hr,
fixed, and stained simultaneously with antis-
era to CHOP and BrdU. The DNA-binding dye
H33258 was included to allow visualization of
all the nuclei in a given field. The photomicro-
graphs show the staining of CHOP, BrdU, and
H33258 in the same microscope field, visual-
ized by using different fluorescent filters. The
position of CHOP-positive cells is indicated by
the arrows. Cells positive for the wild-type but
not mutant forms of CHOP fail to incorporate
BrdU. (B) Quantitation of the growth inhibi-
tion by CHOP proteins. The mean and range of

CHOP-mutB-NLS CHOP-mutCbh-NLS

inhibition of BrdU incorporation in two repre-
sentative experiments is shown. The experi-

mental design is shown schematically below
the bar diagram.

C/EBP proteins, are relevant to the growth arrest pheno-
type.

Expression of the tumor-specific form of CHOP,

TLS—-CHOP, does not lead to growth arrest

Human myxoid liposarcoma cells constitutively express
a fusion protein between CHOP and the amino terminus
of an RNA-binding protein, TLS. The architecture of the

458 GENES & DEVELOPMENT

100 —
90 —
80
a
70 —
3 97
]
3 50
2 40+
E
£ 30
R
20 —
10 —1
Protein expressed: WT WT mutB  mutCb
NLS NLS NLS
inj
' Harvest for
Br IcC
N 05% FCS > 20% FCS L ~
0 48h 72h

encoded fusion protein is such that all of the CHOP-
coding region is translated in the TLS—~CHOP mRNA
and CHOP constitutes the carboxyl terminus of the fu-
sion protein (Fig. 4A). TLS~CHOP localizes in the nu-
cleus in a manner that is indistinguishable from that of
CHOP (Crozat et al. 1993). Furthermore, whereas CHOP
expression is not tolerated by proliferating NIH-3T3
cells, we had no difficulty in stably expressing TLS—
CHOP (H. Zinszner and D. Ron, data not shown). Con-
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Figure 4. The myxoid liposarcoma-specific
oncoprotein  TLS—~CHOP fails to induce
growth arrest yet is capable of dimerizing
with C/EBP proteins. (A) A schematic dia-
gram of the structure of TLS—-CHOP. Note
that all the CHOP coding region is included
in the fusion protein. (B) NIH-3T3 cells mi-
croinjected with wild-type CHOP, CHOP-
LZ~, and TLS-CHOP plasmids were as-
sayed for their ability to incorporate BrdU.
(C) Coimmune preciptation of TLS~-CHOP
with C/EBPB from nuclear extracts of myx-
oid liposarcoma cells. Nuclear extracts were
precipitated with the antisera indicated
above the autoradiograph. The complexes in
the immunoprecipitates were dissociated by
SDS and heating, fractionated on an SDS
gel, and transferred to nitrocellulose filters
by Western blotting; the blot was probed a
32p-labeled dimerization probe in a zipper
blot assay. The left and central blots were
reacted with a CHOP dimerization probe;
the blot on the right was reacted with a
C/EBPg probe. In the central blot the dimer-
izing proteins were dissociated by means of
SDS and Triton treatment of the nuclear ex-
tracts prior to immunoprecipitation and zip-
per blotting.
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sistent with this observation, microinjection of TLS—
CHOP expression plasmid had no effect on BrdU incor-
poration (Fig. 4B). This dichotomy in the behavior of the
two proteins prompted us to further investigate the
structure/function relationships of CHOP and TLS-
CHOP.

To exclude the possibility that failure of TLS-CHOP
to arrest cells was due to defective dimerization we stud-
ied the dimerization properties of TLS in vivo. Proteins
from nuclear extracts of the TLS-CHOP-containing
myxoid liposarcoma cell line 1955/91 were immunopre-
cipitated with antiserum directed against CHOP, TLS,
C/EBPq, and C/EBPB. The immunoprecipitated proteins
were detected in a zipper blot assay using 32P-labeled
CHOP or C/EBPB dimerization probes (Ron and Dressler
1992). The CHOP zipper probe recognizes an indistin-
guishable set of proteins in the CHOP, TLS, and C/EBPB
immunoprecipitates. The mobility of the detected pro-
teins is most consistent with the three translation forms
of C/EBPg (Fig. 4C). It should be noted that the smallest
form of C/EBPB [known as LAP inhibitory protein (LIP)
(Descombes and Schibler 1991)], is absent from the
C/EBPB immunoprecipitate. This is attributable to the
fact that the C/EBPB antiserum used is directed against
a peptide sequence in the amino terminus of the protein
that is absent in the LIP form of C/EBPg. All three forms
of C/EBP are present in the TLS and CHOP precipi-
tates, consistent with the interpretation that all of them
are capable of dimerizing with TLS—~CHOP. The CHOP
zipper probe failed to detect the larger TLS-CHOP pro-
tein, consistent with our observation that CHOP does
not form stable homodimers (A. Crozat, H. Wu, J.
Habener, and D. Ron, unpubl.). When the C/EBP zipper
probe was used to detect dimerizing species in the iden-
tical set of immunoprecipitates, the large TLS—-CHOP
protein was easily detectable in the lanes precipitated
with the TLS, CHOP, and C/EBPB sera. In addition to
TLS-CHOP, the C/EBPB probe detected C/EBPB, as well
as other unidentified weaker bands. The C/EBPa immu-
noprecipitate contained very little detectable activity,
consistent with the fact that the 1955/91 cell line has
very little C/EBPa protein {D. Ron, unpubl.). To confirm
that TLS—~CHOP and C/EBPB are specifically coimmune
precipitating as a dimeric complex, we treated the nu-
clear extracts with harsh conditions (0.1% SDS, 1% Tri-
ton) prior to performing the immunoprecipitations and
zipper blot. This led to the dissociation of the dimers and
the immunoprecipitates contained therefore only the
protein primarily recognized by the antiserum-—C/EBPR
is no longer present in significant amounts in the CHOP
or TLS immunoprecipitates (Fig. 4C, middle panel).
From this set of experiments we concluded that the in-
ability of TLS—-CHOP to arrest cells is not attributable to
a defect in dimerization or sequestration of the protein in
an inaccessible compartment.

TLS—CHOP suppresses the ability of CHOP

to induce growth arrest

TLS-CHOP is transforming in a dominant fashion—
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nontransformed NIH-3T3 cells expressing TLS—CHOP
acquire a transformed phenotype (H. Zinszner and D.
Ron, unpubl.). One mechanism that may contribute to
its transforming activity and would be consistent with
the inability of TLS—CHOP to arrest cells is an interfer-
ence with function of CHOP by TLS—CHOP. To address
this possibility we comicroinjected TLS—CHOP with
CHOP-expression plasmids into NIH-3T3 cells and
measured the inhibition of BrdU incorporation. Coex-
pression of TLS—~CHOP led to a 50% attenuation in the
ability of CHOP to induce a decrease in BrdU incorpora-
tion in cells (Fig. 5). The inhibition was dose dependent,
requiring at least a twofold excess of TLS—CHOP expres-
sion plasmid over that of CHOP for the effect to be ap-
parent. This stochiometry is not surprising in view of the
fact that the TLS gene is very actively transcribed in the
myxoid liposarcoma cells and the level of TLS-CHOP in
these cells is significantly higher than levels attained by
CHOP even under maximal stimulation [Crozat et al.
1993 (Fig. 1B therein]].

The inhibitory effect of TLS~-CHOP is specific for
CHOP-mediated growth arrest. Other C/EBP proteins,
such as C/EBPa and C/EBPB, that also induce growth
arrest when expressed at high levels in NIH-3T3 cells
{also see Umek et al. 1991), are not inhibited by TLS-
CHOP (Fig. 5). Because the CHOP antiserum recognizes
CHOP and TLS—-CHOP indistinguishably in the immu-
nofluorescent assay and because of the high levels of
endogenous TLS (precluding the use of the anti-TLS se-
rum to detect TLS—~CHOP), we were unable to estimate
the level of expression of both proteins separately in the
microinjected cells. However, myxoid liposarcoma cells
can be induced to coexpress CHOP and TLS-CHOP
{Crozat et al. 1993), demonstrating that there is no in-
herent incompatibility in the expression of the two pro-
teins. By staining an identical set of comicroinjected
cells with antisera to CHOP and C/EBPa or C/EBPB
proteins, we determined that TLS—CHOP does not have
a major effect on the expression of comicroinjected plas-
mids (data not shown). We therefore believe that the at-
tenuation of CHOP-mediated growth arrest by TLS is
not attributable to a nonspecific suppression of the level
of CHOP protein in the microinjected cells but, rather, is
attributable to a specific interference with an important
function of wild-type CHOP. This experiment thus dem-
onstrates the presence of a specific dominant negative
effect of TLS—CHOP on the ability of CHOP, but not
C/EBPa and C/EBPB, to induce growth arrest in micro-
injected cells.

Discussion

Our experiments show that expression of the DNA dam-
age-inducible protein CHOP in cells causes growth ar-
rest. Several observations led us to believe that this ef-
fect of CHOP reflects a physiological role, as opposed to
being the result of an unphysiological experimental sys-
tem. Expression of CHOP is strongly selected against
during the elaboration of clones of cells cotransfected
with CHOP-expression plasmid and a selectable marker.
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Whereas the level of expression of CHOP in microin-
jected cells is likely to be very much higher than the
level attained under physiological conditions, the stably
transfected cells were never seen to express detectable
amounts of wild-type CHOP protein. Thus, the striking
inhibition of growth observed in short-term experiments
with microinjected cells parallels the effects of much
smaller quantities of the protein expressed over longer
periods of time in the stable transfectants, indicating
that, given enough time, even small amounts of CHOP
contribute to growth arrest. The ability of CHOP to in-
duce growth arrest is dependent on its ability to dimerize
with other C/EBP proteins and on the intactness of the
CHOP basic region. Furthermore, expression of TLS-
CHOP, a protein identical to CHOP except for the pres-
ence of a large amino-terminal extension, does not lead
to growth arrest. These latter findings argue strongly
that the inhibitory effect of CHOP is unlikely to be at-
tributable merely to the overexpression of an active pro-
tein interface that may serve to unphysiologically se-
quester some vital nuclear component. Instead, the ob-
servation that arrest was restricted to wild-type CHOP
supports the notion that arrest is mediated by a highly
specific signaling pathway that requires many facets of
the CHOP protein.

In the microinjection assay, growth inhibition is de-
tected by a diminished fraction of cells that enter S phase
(and thus incorporate BrdU). This may be attributable to
arrest or delay in any point of the cell cycle. Using cells
synchronized in G, and stimulated with serum, we were
able to concentrate on a defined segment of the cell cy-
cle, the G,/S transition. CHOP protein exerts a potent
inhibitory effect on cells traversing this segment. When

CHOP was significantly greater than that observed in its
presence in the case of CHOP but not in the case of
C/EBPa- and C/EBPB-injected cells.

the experiment was performed in cycling cells, which
progress from mitosis directly to a growth phase and
DNA synthesis without going into a G, state, a similar
inhibitory effect was observed (data not shown). This
suggests that CHOP acts during the G,/S phase of the
cell cycle (rather than merely inhibiting the egress from
the quiescent G, phase). The inhibitory effect of CHOP
was dependent on the presence of the protein early in G,.
If injection of CHOP protein was delayed as little as 6 hr
after serum stimulation, the inhibitory effect was mark-
edly diminished (Fig. 2). This finding suggests that
CHOP exerts its effect sometime before the G,/S ‘re-
striction point”’ (Pardee 1989}. One way this might come
about would be by interfering with the accumulation or
function of a critical regulatory entity that signals pro-
gression through that phase of the cycle (e.g., a cyclin or
a cyclin-dependent kinase). The observation that not all
the CHOP-positive cells fail to incorporate BrdU is con-
sistent with the idea that the inhibitory effect can be
overcome by an excess of the functional target for CHOP
action and that stochastic processes that regulate the
amount of this putative target determine the suscepti-
bility of any individual cell to the effects of CHOP.
The mechanism by which CHOP exerts its inhibitory
effect on G,/S transition is not known. However, the
observation that inhibition is dependent on both the
dimerization domain and basic region of CHOP suggests
that DNA binding may be involved in the inhibitory
effect. It is noteworthy in this regard that we have re-
cently found that CHOP-C/EBP heterodimers are capa-
ble of sequence-specific DNA binding and that the
CHOP protein possesses powerful transcriptional activa-
tion potential (A. Crozat, H. Wu, J. Habener, and D. Ron,
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unpubl.). An attractive hypothesis is that DNA binding
by CHOP alters the expression of critical target genes
and that it is the activity of the products of these genes
that mediates the growth arrest program. An alternative
hypothesis in which DNA binding by CHOP directly
inhibits the replication of the DNA template is contra-
dicted by the observations that CHOP works early in G,
and not in the S phase and that the presence of the CHOP
protein in the nucleus is not in and of itself inhibitory to
DNA replication. The hypothesized requirement for
transcription and translation of the products of the pu-
tative CHOP target genes complicates somewhat the
identification of the precise time point of CHOP action
and we cannot exclude the possibility that CHOP arrests
cells rather later in G, than our protein microinjection
experiments would suggest. It is also important to point
out that the microinjection experimental design used is
best suited for studying the G, /S transition, and we did
not address the possibility that CHOP may have addi-
onal effects at other stages of the cell cycle.

Our experimental results suggest that CHOP partici-
pates in an inducible G, /S checkpoint. CHOP is induced
by some forms of cellular stress: alkylating agents such
as MMS, glucose deprivation, and endogenous and exog-
enous toxins but is rather weakly induced by ionizing
irradiation or UV light {Fornace et al. 1989; Chen et al.
1992; Ron and Habener 1992; Carlson et al. 1993). It is
tempting to speculate that CHOP functions in one of
several overlapping pathways that mediate G,/S delay in
response to specific stressful events. Other contributors
to a functionally similar checkpoint include a signaling
pathway that is dependent on the activity of p53 and
appears to be highly responsive to ionizing irradiation
and UV light (Kastan et al. 1991, 1992). Ataxia—-telangi-
ectasia cells, which are defective in activating the p53-
dependent pathway, nonetheless are capable of inducing
CHOP in response to MMS, albeit with decreased inten-
sity (Kastan et al. 1992). In addition, preliminary evi-
dence suggests that other DNA damage-inducible genes,
such as GADD45 and GADD34, contribute in parallel to
the growth arrest induced by CHOP. This latter conclu-
sion is inferred from the observation that cotransfection
of expression plasmids encoding these proteins together
with CHOP causes a greater attenuation of stable colony
formation than expression of any one protein alone
(Zhan et al. 1994). These observations suggest the exis-
tence of overlapping pathways that mediate activation of
an inducible G,/S checkpoint.

CHOP shares the ability to induce growth arrest with
other members of the C/EBP family. The mechanism by
which C/EBP proteins induce growth arrest is not
known, however, in the case of C/EBPq; arrest requires
both the dimerization and DNA-binding domain of the
protein (Umek et al. 1991). In characterizing the CHOP-
C/EBP DNA binding site we found that C/EBP ho-
modimers can also bind the CHOP-C/EBP site (A.
Crozat, H. Wu, J. Habener, and D. Ron, unpubl.]. One
possibility would therefore be, that arrest is effected by
binding of either set of proteins, C/EBP dimers or
CHOP-C/EBP heterodimers, to the same set of target
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genes. The apparent lower affinity of C/EBP dimers com-
pared with CHOP-C/EBP heterodimers for the CHOP-
C/EBP site suggests that smaller amounts of CHOP may
be necessary to cause the same degree of growth inhibi-
tion. However, there is indirect evidence to suggest that
in inducing growth arrest CHOP does more than merely
serve as an agent for increasing the efficiency by which
other C/EBP proteins are recruited to the putative arrest-
ing target genes; TLS—CHOP has dimerization character-
istics that are indistinguishable from those of CHOP,
possesses an intact basic region, and would therefore be
expected to target C/EBP proteins as efficiently as
CHOP, yet fails to induce growth arrest. This suggests
that an effector function of CHOP, presumably altered
by the presence of TLS sequences in the chimeric pro-
tein, also plays an important role in inducing arrest.

TLS—CHOP fails to arrest cells. In addition, we have
provided evidence that TLS—CHOP can block the inhib-
itory effect of CHOP on cell growth. There is no evi-
dence for dimer formation between TLS—-CHOP and
CHOP; the bacterially expressed CHOP zipper probe
fails to bind the abundant TLS—CHOP protein in the
immunoprecipitation—zipper blot assay {Fig. 4C). In ad-
dition, we do not encounter coimmune precipitation of
TLS-CHOP and CHOP {when precipitated with an anti-
TLS serum) even though under the same conditions,
C/EBPB is coprecipitated with TLS-CHOP (data not
shown). Therefore, direct interference in CHOP function
by TLS—CHOP seems unlikely. One possible mechanism
by which TLS—~CHOP may attenuate the growth-arrest-
ing properties of CHOP is by competing for limiting
amounts of a C/EBP dimerization partner. We note that
in the myxoid liposarcoma cell line 1955/91, saturating
amounts of TLS, CHOP, and C/EBP antiserum precip-
itate roughly equal quantities of C/EBP protein (Fig.
4C), implying that TLS—CHOP is present in quantities
roughly equal to its major dimerization partner in these
cells. This may have the effect of leaving little free
C/EBPB partner to interact with CHOP. However, the
inability of TLS—CHOP to interfere with the growth-sup-
pressing properties of C/EBPa and C/EBPB suggests that
TLS—CHOP interferes with CHOP activity by modulat-
ing an aspect of its function that may not be C/EBP-
dependent and there is more to TLS—CHOP action than
merely inactivation of C/EBP partners.

We favor the hypothesis that the presence of TLS pep-
tide sequence in the TLS—CHOP protein modifies the
activity of an effector domain of CHOP resulting in a
different regulatory signal from that elicited by the wild-
type protein. It is this difference in a signaling function,
presumably acting on putative CHOP target genes, that
accounts for the ability of TLS—-CHOP to attenuate
CHOP-mediated arrest. Furthermore, the inability of
TLS—CHOP to influence the activity of C/EBPa and
C/EBPB suggests that growth arrest by expression of
CHOP is mediated by different target sites (and perhaps
different target genes) than that caused by the C/EBP
proteins.

The inhibitory effect of TLS—~CHOP on CHOP-medi-
ated growth arrest may play a role in cellular transfor-
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mation. We speculate that TLS—-CHOP, by blocking the
effect of CHOP, may inhibit an important pathway that
controls cellular proliferation. Failure of this pathway
leaves the cells exposed to the mutagenic effect of rep-
licating their DNA under unfavorable growth condi-
tions. It is intriguing that TLS~CHOP acts out its onco-
genic role in the setting of the adipocyte. Perhaps this
cell type is particularly dependent on the CHOP—C/EBP-
mediated checkpoint. The recent finding that nutrient
deprivation can exert a marked stimulatory effect on the
CHOP gene {Carlson et al. 1993) suggests one way by
which TLS-CHOP oncogenic activity in the adipose cell
may come about: Adipose tissue normally undergoes
marked changes in nutritional status, periodically grow-
ing and involuting in response to changes in caloric in-
take. If periodic induction of CHOP is necessary to check
the inappropriate proliferative potential of certain adi-
pose cells in response to nutritional cues, it is easy to
imagine how TLS-CHOP might interfere with this
checkpoint and lead the cell on the path to transforma-
tion. The parallels in this model with the dominant
transforming phenotype of certain p53 mutants is obvi-
ous (Finlay et al. 1989; Martinez et al. 1991). In both
cases, the oncogenic form of the protein is presumed to
exert its effect by interfering with an inducible G,/S
checkpoint that is mediated by activation of the wild-
type protein. p53 sits on a pathway that is used by a great
many cells under diverse physiological conditions—
hence, the common finding of p53 mutations in human
cancer—whereas CHOP is part of a more restricted path-
way that may be particularly relevant to nutritional con-
trol of cellular proliferation in adipocytes.

Materials and methods

Analysis of growth arrest by microinjection
of expression plasmids

Cells were grown on glass coverslips in 10% fetal calf serum
(FCS). After reaching ~50% confluence the cells were placed in
0.5% FCS to arrest them in Gy. The cells were microinjected
with plasmid DNA encoding the various CHOP derivatives 24—
48 hr later. Microinjection was carried out using a Zeiss AIS
system as described previously (Sorrentino et al. 1990). Follow-
ing microinjection, the cells were placed in 20% FCS to stim-
ulate progression through the cell cycle. Eighteen hours into the
serum stimulation, BrdU was added to the culture medium to a
final concentration of 100 uM and the labeling procedure was
carried out for an additional 6-8 hr. Supercoiled plasmid DNA
diluted to a concentration of 100 ng/ml was used in the exper-
iments in Figures 1, 3, and 4. In experiments involving comi-
croinjection of two expression plasmids (Fig. 5} the concentra-
tion of the first effector (CHOP, C/EBPq, or C/EBPB) was held
at 50 ng/ml while TLS—CHOP was added to a final concentra-
tion of 100 ng/ml.

Codetection of the CHOP and BrdU in the cells was per-
formed essentially as described previously (Sorrentino et al.
1990). In brief, cells were fixed in paraformaldehyde and reacted
with a primary rabbit antiserum directed against CHOP (Ron
and Habener 1992). After washing away the primary antibody,
rhodamine-conjugated anti-rabbit IgG was added to identify the
CHOP-expressing cells, and a fluorescein-conjugated anti-BrdU
mouse monoclonal antibody (Boehringer Mannheim Biochemi-
cals) was used to identify the cells in S phase of the cell cycle.

CHOP, TLS-CHOP, and growth arrest

H-33258, a DNA stain, was used to identify all of the cells on
the coverslips. The fluorescent signal was visualized using an
epifluorescent microscope equipped with filters allowing dis-
crimination between the rhodamine (CHOP), fluorescein
(BrdU), and H33258 (all cells) signal.

Quantitative analysis of the degree of inhibition of progres-
sion to S phase was performed by evaluating all of the CHOP-
positive cells on the injected coverslip to determine the fraction
in S phase and 400 noninjected cells from the same coverslip to
determine the fraction of noninjected cells in S phase. Inhibi-
tion fraction was calculated by the formula % inhibition = ([%
uninjected [CHOP-negative) BrdU-positive cells] — [% injected
{CHOP-positive) BrdU-positive cells]}/[% uninjected (CHOP-
negative) BrdU-positive cells] (Sorrentino et al. 1990).

A total of at least 60 positive cells {and, in most cases, >100
positive cells) were counted in each experiment. The results
recorded are the mean and range of at least two identically per-
formed experiments.

Microinjection of CHOP protein

Bacterially expressed GST fusion proteins of CHOP (GST-
CHOP-WT) and a mutant form of CHOP, missing the leucine
zipper dimerization domain (GST-CHOP-LZ ~), were prepared
and purified as described previously {Ron and Habener 1992),
except that purification on the glutathione-Sepharose affinity
matrix was carried out with two rounds of binding and elution
after which the proteins were dialyzed against phosphate-buff-
ered saline and concentrated by ultrafiltration {Amicon cen-
triprep-10) to a final concentration of 10-15 mg/ml. Cells grow-
ing on coverslips were arrested by growth in low serum and
subsequently stimulated by adding media with 20% FCS.
CHOP proteins were microinjected at a final concentration of
2-5 mg/ml at various time points following addition of serum,
and the cells were processed for codetection of CHOP and BrdU
as described above. We experimented with both nuclear and
cytoplasmic injections of the proteins. The proteins were in-
variably found in the nucleus after as little as 30 min postinjec-
tion and no differences in growth inhibition were observed be-
tween the two injection modes.

Plasmids and antisera

Expression of CHOP and CHOP-LZ ™~ was directed by CHOP-
(WTJpCDNA1 and CHOP|LZ JpCDNAI1 as described previ-
ously (Ron and Habener 1992). CHOP protein was detected us-
ing a polyclonal rabbit serum raised against the full-length bac-
terially expressed CHOP-GST fusion protein (Ron and Habener
1992). The basic region mutant CHOP proteins (CHOPmutB
and CHOPmutCb} contain internal deletions removing residues
101-122 and 109-122, respectively, from the CHOP basic re-
gion. To circumvent the deleterious effects of these deletions on
the nuclear localization of the protein (A. Crozat, H. Wu, J.
Habener, and D. Ron, unpubl.), a heterologous nuclear localiza-
tion signal from the SV40 large T antigen was inserted in-frame
at the amino terminus of the mutant CHOP molecule; this was
accomplished by ligating an oligonucleotide encoding the se-
quence MPKKKRKYVS into the CHOP cDNA at the position of
the initiating methionine. This protein was expressed from the
plasmid CHOP(mutBNLS)pCDNA1 and CHOP{mutCbNLS)-
pCDNAL. TLS-CHOP was expressed using the expression plas-
mid TLS-CHOPpCDNAL1, and the protein was detected with
the aforementioned anti-CHOP serum (Crozat et al. 1993). The
C/EBP proteins were expressed using pPCDNA1-based expres-
sion plasmids and were detected using a polyclonal antipeptide
antiserum to the amino terminus of the protein in the case of
C/EBPB and an antisera raised against the full-length bacterially
expressed GST fusion in the case of C/EBPa (Ron et al. 1992).
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Detection of TLS~CHOP dimerization in vivo

Immunoprecipitation and zipper blot experiments were carried
out on the myxoid liposarcoma cell line 1955/91. This cell line
contains an endogenous translocation-derived fusion gene en-
coding TLS-CHOP (Aman et al. 1992; Crozat et al. 1993). Nu-
clei were isolated and extracted in a high salt buffer containing
Triton (400 mM NaCl, 20 mm HEPES at pH 7.9, 1 mm EDTA,
0.1% Triton) as described {Schreiber et al. 1989). Extracts were
immunoprecipitated with antisera directed against CHOP (see
above), TLS [the amino terminus of the molecule {Crozat et al.
1993)}, C/EBPa, and C/EBPB (see above). Immunoprecipitated
proteins were boiled in 2% SDS and resolved by 11% SDS-
PAGE. Proteins in the gel were transferred to a nitrocellulose
filter, and the filter was reacted with a 3?P-labeled bacterially
expressed dimerization probe consisting of the dimerization do-
main of C/EBPB or CHOP (for details of the zipper blot proce-
dure, see Ron and Dressler 1992).
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CHOP (GADD153) and its oncogenic variant, TLS-CHOP, have
opposing effects on the induction of G1/S arrest.
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