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ABSTRACT Quiescent mouse embryonic C3Hy10T1⁄2
cells are more resistant to different proapoptotic stimuli than
are these cells in the exponential phase of growth. However,
the exponentially growing 10T1⁄2 cells are resistant to inhib-
itors of RNA or protein synthesis, whereas quiescent cells die
upon these treatments. Conditioned medium from quiescent
10T1⁄2 cells possesses anti-apoptotic activity, suggesting the
presence of protein(s) that function as an inhibitor of the
apoptotic program. Using differential display technique, we
identified and cloned a cDNA designated sarp1 (secreted
apoptosis-related protein) that is expressed in quiescent but
not in exponentially growing 10T1⁄2 cells. Hybridization stud-
ies with sarp1 revealed two additional family members. Clon-
ing and sequencing of sarp2 and sarp3 revealed 38% and 40%
sequence identity to sarp1, respectively. Human breast ade-
nocarcinoma MCF7 cells stably transfected with sarp1 or
infected with SARP1-expressing adenovirus became more
resistant, whereas cells transfected with sarp2 displayed in-
creased sensitivity to different proapoptotic stimuli. Expres-
sion of sarp family members is tissue specific. sarp mRNAs
encode secreted proteins that possess a cysteine-rich domain
(CRD) homologous to the CRD of frizzled proteins but lack
putative membrane-spanning segments. Expression of SARPs
modifies the intracellular levels of b-catenin, suggesting that
SARPs interfere with the Wnt–frizzled proteins signaling
pathway.

Apoptosis, or programmed cell death, plays a significant role
in normal development and functioning of multicellular or-
ganisms, and, when disregulated, is involved in pathogenesis of
numerous diseases (1–4). Apoptosis is a result of an active cell
response to physiological or damaging agents and numerous
genes products are involved in signal transduction, triggering,
and executive steps of the apoptotic pathway (2, 4, 5). Other
proteins do not take part in the apoptotic cascade by them-
selves but they modify cell sensitivity to proapoptotic stimuli
(6). Many genes and gene families that participate in different
stages of apoptosis have been identified and cloned recently.
However, because the apoptotic pathways have not been
clearly delineated, it is probable that many novel apoptosis-
regulating genes or gene families await discovery.

We observed that mouse embryonic 10T1⁄2 cells in the
quiescent state become resistant to different proapoptotic
treatments but readily die by apoptosis upon inhibition of RNA
or protein synthesis. Conditioned medium (CM) from the
quiescent 10T1⁄2 cells possesses anti-apoptotic activity. Thus,
we suggested that in the quiescent state, 10T1⁄2 cells contain all
the components of the apoptotic program but its onset is
inhibited by a secreted protein(s) exhibiting anti-apoptotic

activity. Using differential display, we cloned a gene that is
expressed in quiescent but not in exponentially growing 10T1⁄2
cells. This gene and its two homologues screened out from
human heart and pancreas cDNA libraries encode secreted
proteins capable of modifying cell response to proapoptotic
stimuli. All members of the secreted apoptosis-related protein
(SARP) family have a cysteine-rich domain (CRD) homolo-
gous to the CRD of transmembrane frizzled proteins. Expres-
sion of SARPs modifies the intracellular content of b-catenin,
which indicates their interference with the Wnt–frizzled pro-
teins signaling pathway.

EXPERIMENTAL PROCEDURE

Cell Cultures. C3Hy10T1⁄2 (cl8) cells were grown in Eagle’s
basal medium (BME) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) at 37°C in a humidified
5% CO2 atmosphere without antibiotics. Cells were plated at
2 3 103 cells per ml and fed every 3–4 days. Approximately 2
weeks after the initial seeding, the cells were completely
quiescent and few if any mitotic cells were present. To analyze
the effect of serum deprivation or cycloheximide the expo-
nentially proliferating (approximately 75% confluent) or qui-
escent cultures were maintained in serum-free medium or
medium supplemented with 10 mgyml cycloheximide, and then
their viability was analyzed. MCF7 human breast adenocarci-
noma cells were plated at 2 3 105 cells per ml and cultured in
modified Eagle’s medium (MEM) supplemented with 10%
FBS. The cytotoxic treatments of MCF7 cells were performed
in culture media containing appropriate amounts of tumor
necrosis factor (TNF) or drugs. Serum-free CM was obtained
after 24-hr incubation of quiescent 10T1⁄2 or MCF7 cells in
BME or MEM, respectively.

Apoptosis Assay. To estimate the relative amount of dead
cells the apoptotic (i.e., nonadherent) and the nonapoptotic
(i.e., adherent) cells were collected separately and their num-
bers were evaluated by using a Coulter Counter ZM. Cytotoxic
effect of TNF or drugs on cell viability was assessed as
percentage of adherent cells relative to the total cell number.

RNA Isolation and Northern Blot Analysis. RNA was
isolated by the guanidine isothiocyanate method of Chom-
czynski and Sacchi (7). Samples of total RNA (20 mg) were
subjected to electrophoresis in a 1.2% agaroseyformaldehyde
gel (8). Hybridization was carried out according to standard
protocols at high-stringency conditions (8), using cDNA
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probes labeled with [32P]dCTP in random priming reactions
(9).

Differential Display Reaction. The first-strand cDNA syn-
thesis was primed from oligo(dT) by using SuperScript reverse
transcriptase (GIBCO) according to the supplier’s protocol.
The conditions and primers for the PCR were as originally
described by Liang and Pardee (10).

cDNA Library Construction. The mouse quiescent 10T1⁄2
fibroblast lZAP II (Stratagene) cDNA library was constructed
essentially as described by Zapf et al. (11). The human heart
and pancreas cDNA libraries were purchased from CLON-
TECH.

Transfection of MCF7 Cells. MCF7 cells were transfected
with the pcDNA3 mammalian expression vector (Invitrogen),
containing no insert, msarp1 (mouse), or hsarp2 (human)
cDNA, by using Lipofectamine reagent (GIBCO) according to
manufacturer’s protocol. Stable transfectants and, 2–3 weeks
later, single-cell-originated clones were selected with 1 mgyml
G418, and expression of the respective genes was confirmed by
Northern hybridization.

Western Immunoblotting. For Western analysis the samples
of CM were concentrated by using Centriprep-10 concentra-
tors (Amicon). Cells were harvested in extraction buffer
consisting of 20 mM TriszHCl (pH 7.8), 5 mM MgCl2, 250 mM
sucrose, and 1% Nonidet P-40. After 1-hr incubation on ice,
extracts were clarified by centrifugation. Protein concentra-
tions of the cellular extracts were determined by using the DC
protein assay kit (Bio-Rad). Equal amounts of proteins were
subjected to SDSyPAGE (8), transferred onto nitrocellulose
membranes, and probed with anti-glutathione S-transferase-
mSARP1 polyclonal affinity-purified IgG (1 mgyml) or anti-
b-catenin monoclonal IgG (Transduction Laboratories, Lex-
ington, KY).

Immunohistochemistry. Paraformaldehyde-fixed cells
grown on four-well Lab-Tek chamber slides were probed by
anti-b-catenin monoclonal IgG (Transduction Laboratories).

Staining was performed by avidin–biotin–peroxidase system
(Vector Laboratories) using diaminobenzidine as a substrate.
IgG isolated from preimmune serum was used as a negative
control.

DNA and Protein Sequence Analysis. Global alignment of
DNA and protein sequences to the GenBank entries was
performed by using the BLAST sequence analysis program (12).
For multiple alignment of protein sequences we used CLUSTAL
V software (13). Secretion signals were predicted by the
SIGNALASE program (14).

Chromosome Mapping. Chromosome mapping was per-
formed by Southern hybridization of EcoRI-digested humany
rodent somatic hybrid cell DNA (Mapping Panel no. 2, Corriel
Cell Repositories) with sarp cDNA as a probe.

RESULTS

Differential Sensitivity of Exponentially Growing and Qui-
escent 10T1⁄2 Cells to Proapoptotic Stimuli. Tomei et al. (15)
have reported that exponentially proliferating 10T1⁄2 cells are
especially sensitive to serum deprivation and die by apoptosis.
Fig. 1A shows that after 24 hr in a serum-free medium about
50% of the cells detach and are apoptotic. When cultures reach
density-dependent quiescence, cells become resistant to with-
drawal of growth factors and other serum components. Sim-
ilarly, quiescent cells are significantly more resistant to cyto-
toxiceffectsofstaurosporine,menadione,andcisplatin,proapo-
ptotic agents that have different mechanisms of action (data
not shown).

In many cases of apoptosis cell death can be partially
prevented or delayed by the inhibition of RNA or protein
synthesis. Fig. 1 A shows that during exponential proliferation,
apoptosis of 10T1⁄2 cells is delayed by the addition of cyclo-
heximide. In contrast, inhibition of protein synthesis rapidly
induces death in quiescent cells arrested in G0 (Fig. 1 A).
Apoptosis of G0 cells is also induced by RNA synthesis

FIG. 1. (A) Serum deprivation (h) induces death of the exponentially growing (Proliferating) 10T1⁄2 cells and cycloheximide (F) inhibits cell
death. The cells become resistant to the serum deprivation (h) and extremely sensitive to cycloheximide (F) once they reach density-dependent
quiescence (Quiescent). (B) The CM from quiescent 10T1⁄2 cells protects the exponentially growing and quiescent cells from apoptosis induced by
the serum removal and cycloheximide (CH) treatment, respectively. (C) Northern hybridization of the differentially displayed DNA fragment to
the RNA samples isolated from the 10T1⁄2 cells at different phases of growth: lanes 1–3, exponentially growing, 90–95% confluent, and quiescent
(G0) cells, respectively; lanes 4–6, the quiescent cells were replated at lower density and harvested after 0, 2, and 6 hr, respectively.
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inhibitors actinomycin D or a-amanitin (data not shown).
These results imply that quiescent 10T1⁄2 cell cultures possess
all the components of the apoptotic pathway but their activa-
tion is suppressed by quiescent state-specific protein(s). Fur-
thermore, CM from quiescent 10T1⁄2 cells can inhibit apoptotic
death of both serum-deprived exponentially growing and
cycloheximide-treated quiescent 10T1⁄2 cells (Fig. 1B). Given
the facts presented, we suggest that the increased viability of
quiescent 10T1⁄2 cells may be attributed to secreted anti-apo-
ptotic protein(s) exhibiting paracrine action.

Cloning of a Gene That Is Differentially Expressed in
Quiescent 10T1⁄2 Cells. In an attempt to identify the gene(s)
whose differential expression changes the susceptibility of
10T1⁄2 cells to apoptosis we used the mRNA differential display
strategy (10). We identified a differentially displayed DNA
fragment that hybridized to RNA from quiescent but not to
RNA from proliferating 10T1⁄2 cells (Fig. 1C). The 2.2-kb
mRNA is induced when cells reach about 90% confluence,
increases as the culture becomes quiescent, and disappears by
the sixth hour after the quiescent cells have been replated at
a lower density. The cDNA corresponding to this mRNA
species was isolated from a cDNA library of quiescent 10T1⁄2
cells and designated msarp1. DNA sequence analysis revealed
a single extended ORF encoding a predicted protein product
of 295 amino acids, 252 bp of 59 untranslated sequence, and 891
bp of 39 untranslated sequence with two putative polyadenyl-
ation signals positioned at 637 bp and 234 bp from the 39 end.
The 39 untranslated region contains 11 conserved 39-UTRy
HMG motifs proposed to be involved in posttranscriptional
degradation of mRNA (16).

Analysis with the SIGNALASE software (14) indicates the
mSARP1 contains an N-terminal hydrophobic region with an
acceptable signal peptidase cleavage site following Gly-20. The
global alignment of the msarp1 sequence to the GenBank
database was performed by using BLAST software (12) and
revealed a significant homology to the receptor-like proteins
referred to as the homologues to Drosophila melanogaster
frizzled ( fz) gene product. However, unlike fz proteins, the
mSARP1 does not contain a transmembrane region and the
C-terminal region is rich with basic amino acids.

Cloning of Human sarps. Low-stringency Northern blot
analysis of human tissue mRNA by using the msarp1 cDNA as
a probe indicated strong hybridization with heart and pancreas
mRNA (data not shown). Screening of cDNA libraries made

from these tissues (CLONTECH), using the msarp1 cDNA as
a probe, yielded two clones from human pancreas, designated
hsarp1 and hsarp3, and a single cDNA from the heart library,
designated hsarp2.

hsarp1 is most likely the human homologue of msarp1. The
incomplete, 890-bp cDNA encodes a polypeptide starting at
the ATG at position 203 with about 95% sequence identity to
mSARP1. The hsarp2 clone, a 2,094-bp cDNA fragment, has
one major ORF. The ATG start site is found at position 303,
and the termination site is at position 1248, and thus, hsarp2
encodes a polypeptide of 314 amino acids. hsarp3 is a 1,923-bp
long cDNA fragment encoding a full-length protein of 316
amino acids. hSARP2 and hSARP3 share 38% and 40%
sequence identity with mSARP1, respectively. N-terminal
hydrophobic regions with acceptable signal peptidase cleavage
sites are found in all hSARPs (Fig. 2).

Multiple alignment of the proteins predicted by the se-
quences of cDNA clones and CRD extracellular portion of one
of the frizzled-like proteins is presented in Fig. 2. SARPs share
several common structural properties. Starting from the N
terminus, the hydrophobic putative signal peptides are fol-
lowed by the mature protein sequences, 270–300 amino acids
in length with 16 invariant cysteines. Of these, 10 cysteines are
located in the N-terminal 110- to 120-amino acid segments,
which are 25–35% identical to the extracellular CRD of
frizzled-like proteins (Fig. 2). None of the SARP group
contains transmembrane regions which are characteristic of
frizzled-like proteins (17).

Hybridization of sarp cDNA probes with DNA of individual
human chromosomes revealed that sarp1, sarp2, and sarp3
genes are localized on chromosomes 4, 8, and 15, respectively
(data not shown).

Expression of sarps Is Tissue Specific. The pattern of the
expression of human sarp genes shown by Northern hybrid-
ization appears to be tissue specific (Fig. 3). The highest level
of hsarp1 expression is found in colon and small intestine,
where two mRNA species of 2.2 and 1.3 kb have been
observed. It is likely that this is a result of alternative polyad-
enylation of the message at two poly(A) signals found in the 39
untranslated region. The human sarp2 probe reveals an '5 kb
mRNA with maximal expression in heart, and a 2.2-kb message
for hsarp3 has been found only in pancreas. None of the three
sarp genes are expressed in lung, liver, or peripheral blood
leukocytes.

FIG. 2. Multiple alignment of the SARP family members and CRD of human frizzled2. The gaps created by the software in the sequences
corresponding to secretion signals were removed manually. The cysteines that are invariant in SARPs are shown in boldface. Ten cysteines in the
CRD are marked by asterisks. The underlined polypeptide fragments represent the putative secretion sequences.
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SARPs Modify Cell Response to Proapoptotic Signals. The
MCF7 breast adenocarcinoma cell line was used as a model to
study the possible involvement of SARP proteins in the
regulation of apoptosis. The programmed death of these cells
induced by different agents has been well characterized (18),
and we have also found that this cell type does not express
either sarp1 or sarp2 (data not shown). MCF7 cells were stably
transfected with a pcDNA3 mammalian expression construct
bearing full-length msarp1 or hsarp2 cDNAs or vector (no
insert) and selected on G418. Four single-cell-originated
clones expressing SARP2 and two clones expressing SARP1
were isolated and analyzed. Expression of mSARP1 and
hSARP2 by transfectants was confirmed by Northern blot
analysis.

The growth rate and cell cycle of transfected MCF7 cells
were not significantly different from those of the parental cells
(data not shown). Thus, overexpression of msarp1 or hsarp2 in
MCF7 cells does not affect cell survival and proliferation.
However, the cellular response to proapoptotic agents is
significantly different in MCF7 cells overexpressing SARPs.
The results presented in Fig. 4A demonstrate that the expres-
sion of mSARP1 and hSARP2 had opposite effects on cell
sensitivity to cytotoxic stimuli. Whereas the expression of
mSARP1 resulted in a higher resistance, expression of
hSARP2 sensitized the cells to apoptosis induced by TNF and
by ceramide, a secondary messenger in the apoptotic pathways
induced by various agents (19, 20). We also infected MCF7
cells with SARP1- or SARP2-expressing adenovirus and ob-

tained similar results (data not shown). Sensitivity of the clones
to proapoptotic agents correlated with the levels of SARP
expression (Fig. 4B). SARP2 clones 1–3 that displayed a high
level of transfected gene expression are more sensitive to
serum deprivation and adriamycin than are MCF7 cells trans-
fected with vector only or clone 4, which expresses SARP2
much less effectively.

mSARP1 Is a Secreted Protein. Because SARPs have the
signal sequences but no transmembrane domains (see Fig. 2),
it is probable that they are secreted proteins. Using affinity-
purified anti-mSARP1 antibodies obtained against recombi-
nant protein, we detected the secreted protein in the CM from
both the transformed MCF7 cells and untransformed quies-
cent 10T1⁄2 cells (Fig. 4C). The mSARP antibodies fail to
interact with hSARP2.

SARPs Interfere with the Wnt–Frizzled Proteins Signaling
Pathway. Recently, it was shown that frizzled proteins function
as receptors for members of the Wnt protein family (21–24).
Interaction of Wnt family members with their respective
frizzled receptor causes inactivation of glycogen synthase
kinase 3b (GSK-3) or its Drosophila homologue Zw-3 (25–27).
In the absence of Wnt, GSK-3b phosphorylates b-catenin
(Armadillo is its Drosophila homologue). Phosphorylated b-
catenin or Armadillo is degraded more rapidly than nonphos-
phorylated forms of the proteins (24, 27–29). As a result, Wnt
signaling causes changes in intracellular concentration of
b-catenin or Armadillo, and this parameter has been used to
register Wnt–frizzled protein interaction and signal transduc-
tion (22). Because SARPs are soluble proteins possessing a
domain homologous to CRD of frizzled proteins we suggested
that they can function by interference with Wnt–frizzled
protein interaction. To check this hypothesis we compared
expression of b-catenin in MCF7-transfectants. Fig. 5 shows
that expression of SARP2 decreases the intracellular concen-
tration of b-catenin. The effect of SARP1 on the levels of
b-catenin is more complicated. By Western blotting we could
not detect significant changes, but immunohistochemical data
revealed a higher concentration of b-catenin in the SARP1
transfectants. Because b-catenin is a multifunctional protein,
a more detailed study of the intracellular concentration of the
free and bound protein should be done in the future.

DISCUSSION

We have identified a family of genes capable of modulating
cellular responses to cytotoxic signals. The following data

FIG. 3. Tissue-specific expression of sarp genes.

FIG. 4. (A) MCF7 cells transfected with msarp1 (Œ) are more resistant to the cytotoxic effects of TNF and ceramide, whereas hsarp2 (h) makes
them more sensitive to the same agents compared with pcDNA3-transfected control (F). (B) Viability of MCF7 transfectants with different levels
of hsarp2 expression upon serum deprivation (filled bars) and adriamycin (open bars) treatment. Lanes 1–4, four different single-cell-originated
hsarp2 transfectants. (C) Western blotting of CM from MCF7 cells, containing the pcDNA3 control (lane 1) and msarp1 vectors (lane 2), and from
the 10T1⁄2 quiescent cells (lane 3). The anti-mSARP1 polyclonal affinity-purified antibodies were used as a probe.
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indicate that SARP1 possesses anti-apoptotic activity. First,
SARP1 is expressed in quiescent 10T1⁄2 cells, which are resis-
tant to various cytotoxic treatments, but is not expressed in
exponentially growing cells, which are much more sensitive to
proapoptotic agents. Second, CM from quiescent 10T1⁄2 cells
that contain mSARP1 has anti-apoptotic activity. Third, over-
expression of SARP1 in MCF7 cells decreases their sensitivity
to TNF and ceramide. Experiments with SARP2 show that this
member of the family has the opposite effect: it increases
sensitivity of MCF7 cells to cytotoxic treatments. From this
viewpoint, it is interesting that another apoptosis-modulating
gene family, ced-9ybcl2 gene, also includes members with
opposite effects on cell survival (1–4).

Several features of SARPs seem to be interesting: (i) SARPs
are secreted proteins and from this viewpoint resemble growth
factors and cytokines that now are more and more widely used
for treatment of various diseases; (ii) SARP expression is tissue
specific, and future experiments should show if the effect of
these proteins is tissue specific (also see below); (iii) SARP
expression is dependent on the physiological state of cells; and
(iv) aside from viral soluble receptors (30), it is unusual that a
family of transmembrane receptors (frizzled proteins) is ho-
mologous to a family of secreted proteins.

The mechanism of SARPs activity on cell sensitivity to
cytotoxic agents is unknown. It is possible that SARPs also
have other functions unrelated to the regulation of apoptosis.
However, it is important to note the high degree of sequence
homology of SARP CRDs to the similar regions of the frizzled
proteins, a class of cellular membrane receptors with seven
transmembrane domains. In D. melanogaster, frizzled proteins
are involved in the regulation of bristle and hair polarity (31).
Recently, the ability of Dfz2, a frizzled protein family member,
to function as a receptor for Wingless protein was reported
(22). Wingless is a member of the Wnt gene family, whose
products are involved in cell–cell and cell–extracellular matrix
interaction (32). Interesting similarities between SARP, friz-
zled, and Wnt families include tissue specificity (17, 32) and the
existence of members with opposite physiological effects (33).

Interaction of Wingless with its corresponding frizzled re-
ceptor stabilizes Armadillo, a key effector of signal transduc-
tion in this system, and accumulation of Armadillo is used as
an indicator of Wingless–frizzled signaling (22). In our exper-
iments expression of SARPs modulated intracellular levels of
b-catenin, a homologue of Armadillo in vertebrates, suggest-
ing that SARPs interfere with Wnt–frizzled interaction. It is
interesting that SARP1 and SARP2 induced opposite changes
in b-catenin concentration. This can mean that SARP1 and
SARP2 interact with different members of the Wnt family or
their binding to the same Wnt causes opposite effects. It is
unclear if modulation of intracellular levels of b-catenin by
SARPs is coupled to their effects on cell response to proapo-
ptotic stimuli. b-Catenin is a multifunctional protein and each
of its functions, involvement in cell–cell junction through
interaction with E-cadherin (34, 35) and transcription regula-
tion in a complex with members of the TCFyLef-1 family
(36–38), can be involved in the apoptotic pathway. Recently it

was shown that b-catenin accumulated in colon cancer (39, 40)
and melanomas (41) that had mutations in the tumor suppres-
sor APC. Moreover, regulation of b-catenin is critical to APC’s
tumor-suppressive effect (40). In our experiments a correla-
tion between the levels of b-catenin and expression of the
SARP family members, which possess pro- or anti-apoptotic
activity, has been found. Thus, a higher level of b-catenin in
tumors can cause the reduction in apoptotic cell death, a
feature characteristic of carcinogenesis (3).

The SDF5 gene, which is identical to msarp1, was recently
cloned among other genes by technique designed for cloning
secreted proteins (42). Another group cloned frzb, a gene
possibly involved in skeletal morphogenesis (43). This gene is
homologous to sarps and seems to be another member of the
family.

Future investigations should answer many intriguing ques-
tions. Wnt proteins can be divided into several functional
groups (33, 44, 45). Is the opposite effect of different SARP
family members on the apoptotic pathway associated with their
ability to bind different Wnt proteins? Are biological activities
of SARPs in embryogenesis and morphogenesis related to
their anti- or proapoptotic effects? Are SARPs, as well as other
proteins regulating the intracellular level of b-catenin, in-
volved in carcinogenesis? Some data indicate the existence of
other receptors for Wnt besides frizzled proteins (24). Can
SARPs function as modulators of Wnt interaction with these
receptors?

Note. When our manuscript was being reviewed two groups pub-
lished data on the cloning of Xenopus frzb (46, 47). It was shown that
Frzb interacts with Xwnt8 in vitro and blocks its functioning in vivo.
Finch et al. (48) cloned human sFRP, which is identical to SARP2, and
found that sFRP antagonized Wnt-dependent duplication of the
embryonic dorsal axis. Finally, Rattner et al. (49) published a manu-
script describing the cloning of four mouse genes encoding secreted
proteins, sFRPs, with CRD homologous to CRD of frizzled proteins.
sFRP-1 and sFRP-2 are identical to SARP2 and SARP1, respectively,
sFRP-3 is identical to Frzb and sFRP-4 is a new member of the family.
Thus, to date five members of this family of frizzled-related proteins
have been described.
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