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p150Sal2, a vertebrate homologue of the Drosophila melanogaster homeotic transcription factor Spalt, has
previously been shown to be a binding target of the polyomavirus large T antigen. p150Sal2 acts as an inhibitor
of viral DNA synthesis, and the binding of p150Sal2 by large T overcomes this inhibition. The present study
focuses on the effects of p150Sal2 on the growth and survival of ovarian carcinoma (OVCA) cells that are
deficient in expression of p150Sal2 and of normal established human ovarian surface epithelial (HOSE)
cells which abundantly express the protein. Transient expression of exogenous p150Sal2 in OVCA cells that
show little or no endogenous expression resulted in inhibition of DNA synthesis and colony formation and
in increased apoptosis. OVCA cells stably transfected and expressing physiological levels of p150Sal2

showed reduced tumorigenicity accompanied by increased expression of p21WAF1/CIP1 (p21) and BAX.
Conversely, reduction of endogenous levels of p150Sal2 in HOSE resulted in reduced p21 expression and
increased DNA synthesis. p150Sal2 bound to the p21 promoter adjacent to the known p53 binding sites and
stimulated transcription in the absence of p53. We propose that p150Sal2, acting in part as a p53-
independent regulator of p21 and BAX, can function in some cell types as a regulator of cell growth and
survival.

Mammalian p150Sal2 (Sal2, SALL2) belongs to the SALL
family of proteins homologous to the region-specific homeotic
transcription factor Spalt in Drosophila melanogaster (2, 17, 18).
SALL proteins contain multiple zinc fingers frequently present
as C2H2 pairs with a conserved linker motif (18). In humans,
mutations in SALL genes have been linked to developmental
abnormalities (2, 7, 13, 15). Mice carrying a homozygous
knockout of SALL1 die in the early postnatal period following
failure in kidney development (26). Mice lacking p150Sal2 ap-
pear to develop normally (32), although recent observations
indicate a defect in myeloid stem cell maturation in these mice
(Y. Ma, unpublished observation) similar to that seen in those
lacking p21 (10). p150Sal2 is differentially expressed in mouse
tissues, with particularly high levels found in the ovary (20).
Several signaling pathways upstream of SALL genes have been
recognized, and these have implications in human cancers (3,
8, 16, 23, 29). The specific biological functions and downstream
target genes of Sal2 remain unknown.

p150Sal2 was identified independently through investigations
of the oncogenic murine polyomavirus. Using a “tumor host
range” selection procedure designed to uncover cellular fac-
tors which become targets for inactivation by the virus, p150Sal2

was found to be a binding partner of the viral large T antigen
(20). In normal mouse cells, p150Sal2 has an inhibitory effect on
polyoma viral DNA synthesis. The binding of p150Sal2 by large
T overcomes this inhibition and is an essential step in virus
replication and tumor induction (20). The large T proteins of
polyomavirus and simian virus 40 (SV40), like oncoproteins of
other DNA tumor viruses, function in part by inactivating

tumor suppressor genes. Interestingly, while the large T anti-
gens of both viruses bind and inactivate the retinoblastoma
tumor suppressor protein pRb (9, 19a, 22), polyomavirus large
T fails to bind and inactivate p53 in the manner of SV40 large
T (4), and conversely, SV40 large T fails to bind p150Sal2 (D.
Li, unpublished observation). To better understand the molec-
ular and biological functions of p150Sal2, we studied both ovar-
ian carcinoma (OVCA)-derived cells which are deficient in
p150Sal2 expression and established human ovarian surface
epithelial (HOSE) cells as the normal precursors which abun-
dantly express the protein.

MATERIALS AND METHODS

Cells. SKOV-3 and P19 cells were obtained from the American Type Culture
Collection. HOSE and RUMG-S cells (12a) were gifts from Samuel Mok,
Brigham and Women’s Hospital, Harvard Medical School. IGR-OV-1 was a gift
from Jean Feunteun, Institut Gustav-Roussy, Villejuif, France.

Antibody production. Monoclonal and polyclonal antibodies against p150Sal2

have been described previously (20). Antisera were purified using protein A
(Pierce).

p150Sal2 expression constructs. p150Sal2 cDNAs were amplified from whole
mouse embryo mRNA (Clontech) or human fetal brain mRNA (Clontech) and
cloned into pcDNA3 (Invitrogen). Deletions of the DNA binding triple zinc
fingers (designated �3; deletion of amino acids [aa] 631 to 711) and C-terminal
large T-binding zinc finger pairs (designated �2; deletion of aa 911 to 956) were
generated using a QuikChange site-directed mutagenesis kit (Stratagene). The
p150 stable expression construct was generated using human p150 cDNA cloned
into pTet-Splice (Invitrogen).

p21 promoter luciferase constructs were derived from p21waf1-Luc (31). De-
letions were produced by either restriction digestion or PCR cloning of the
desired p21 promoter region into pGL3 basic (Promega).

In vitro translation. In vitro translation was performed using TNT T7 Quick.
Colony reduction assay. SKOV-3 or HOSE cells were transfected with mouse

or human p150Sal2 expression construct as described previously (20) After 48 h,
the cells were seeded in 10-cm-diameter plates and selected in 400 �g of gene-
ticin (Invitrogen)/ml for 2 weeks. The colonies were stained with crystal violet
and photographed.
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Assessment of apoptosis. SKOV-3 cells were treated with actinomycin D
(5 ng/ml) for 48 h. Cells with characteristic apoptosis DAPI (4�,6�-diamidino-2-
phenylindole) staining were confirmed by use of TUNEL (terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labeling) staining (Intergen).
The apoptotic DAPI staining pattern was later used to score apoptosis for

SKOV-3 cells in culture. For tumor sections, TUNEL staining was performed
using ApopRed (Intergen) according to the manufacturer’s suggestions.

BrdU incorporation assay. SKOV-3 cells were transfected with p150 expres-
sion constructs and pEGFP-N1 (Clontech) at a ratio of 4 to 1. The cells were
then growth arrested in 0.5% fetal bovine serum (FBS) for 48 h and stimulated

FIG. 1. Effects of p150Sal2 expression on the growth of SKOV-3 cells. (A) Colony reduction assay. Shown are a Western blot of HOSE cells
and three other ovarian tumor cell lines with various levels of p150 expression (arrow) (top left panel) and a Western blot of p150 expression in
various cells with transfected empty vector or a p150Sal2 expression construct (lower left panel). Tubulin was used as a loading control.
Neomycin-resistant colonies were reduced in SKOV-3 and RUMGS cells transfected with a p150Sal2 expression construct (p150) or empty vector
(Vector) but not in HOSE or IGR-OV-1 cells (right panel). (B) BrdU incorporation assay. SKOV-3 cells were transfected with either empty vector
or constructs expressing p150Sal2 or p53 and incubated with BrdU-containing medium. Enhanced GFP construct was cotransfected in each
experiment to identify the transfected cells. The cells were then stained for BrdU and DAPI. Results are presented as the percentage of
BrdU-negative (BrdU�) cells among the total number of transfected cells (positive for cotransfected enhanced GFP). (C) Apoptosis analysis. The
DAPI staining pattern of apoptotic SKOV-3 cells induced by actinomycin D was confirmed by TUNEL assay (top left panel). SKOV-3 cells were
transiently transfected with p150 or empty vector together with GFP and stained with DAPI (bottom left panel). Arrows indicate cells that are p150
transfected and also apoptotic. Quantification is shown on the right as the percentage of apoptotic cells among all transfected cells.

FIG. 2. Effect of p150 expression on tumorigenicity. (A) Western blot comparison of p150Sal2 expression in normal HOSE cells, pooled
neomycin-resistant SKOV-3 cells transfected with empty vector (SK-vector), and three independently derived SKOV-3 clones with various p150Sal2

expression levels (SK-P150-1, -2, and -3). (B) Representative figure showing the reduction of anchorage-independent growth in SK-P150 cells with
restored p150Sal2 expression compared to SK-vector cells. (C) SCID mice inoculated by SKOV-3 cells with stably integrated empty vector
(SK-vector) and SKOV-3 cells with stably integrated p150 expression construct (SK-P150-1). (D) Weights of tumors from SK-vector cells and from
three independent SKOV-3 clones with human p150 (SK-P150-1, SK-P150-2, and SK-P150-3). (E) Apoptosis in SK-vector- and SK-P150-induced
tumors. TUNEL staining of sections of SK-vector and SK-P150-1 tumors is shown at left (arrows indicate TUNEL-positive cells). Quantification
of apoptotic cells in SK-vector and SK-P150-1 tumors is shown at right. Results are the averages for two independent tumors of each type, two
sections of different areas, and three random fields of each section. (F) Mitosis in SK-vector and SK-P150 tumors. Hematoxylin and eosin staining
of sections of SK-vector and SK-P150 tumors is shown at left (arrows indicate mitotic cells). Quantification of mitotic cells in SK-vector and
SK-P150 tumors is shown at right. The sampling was the same as described for panel E.
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with medium containing 15% FBS and 100 �M bromodeoxyuridine (BrdU;
Sigma) for 20 h. Cells were stained using an anti-BrdU kit (Amersham-Pharma-
cia). The percentage of BrdU-negative cells among 200 green fluorescent protein
(GFP)-positive cells in four random fields was plotted.

Stable p150-elevated cells. SKOV-3 cells were transfected with human
p150Sal2 cDNA in the vector pTet-splice (Invitrogen) and selected for 2 weeks in
the presence of 400 �g of geneticin (Invitrogen)/ml until resistant colonies
formed. The cells were pooled and cloned by limiting dilution. Single colonies
were selected by testing the expression of p150 with Western blotting to generate
SK-P150 clones. The empty vector-transfected cells (SK-vector) were pooled and
used as controls.

Semiquantitative reverse transcription (RT)-PCR. Total RNAs from SK-vec-
tor and SK-P150 clones were amplified using the primer pair 5�-CGT CAC CTG
AGG TGA CAC AGC AAA GC-3� and 5�-CGC TTC CAG GAC TGC AGG
CTT CCT G-3�. Glyceraldehyde-3-phosphate dehydrogenase (GAPD) was am-
plified using 5�-CAG ACC CCA AAT CTG CAG ATA CTC AG-3� and 5�-CAC
TGG AAT TGG AAC TCT TCT GTC GAG-3�. Amplification mixtures from
cycle numbers with linear amplification were used for comparison of relative
quantities of transcripts. Amplified GAPD cDNA was used as an internal control
to normalize the amount of p21 cDNA. The ratio of p21 to GAPD is the average
of three linear amplification cycles.

Luciferase assays. The p21-luciferase construct (0.3 �g) was cotransfected
with 1.5 �g of p150Sal2 or p53 expression constructs and 0.3 �g of pCMV-�-Gal
(Promega). For dosage response experiments, 0, 0.5, or 1.5 �g of p150 construct
was used and empty vector was added to make up the different amounts of DNA.
Cells were extracted 72 h posttransfection and assayed for luciferase and �-ga-
lactosidase activity. The relative luciferase activity of each sample was normal-
ized by the respective �-galactosidase activity to assess the promoter activity.

Immunoprecipitation of p150 target DNA fragments. The immunoprecipita-
tion assay has been described previously (25). The restriction fragments were
end-labeled with [�-32P]dCTP by Klenow fragment.

ChIP. Chromatin immunoprecipitation (ChIP) was performed as described
previously (34). P19 cell extracts were used for ChIP. The bound chromatin
fraction was amplified using mouse p21 promoter-specific primers 5�-GAA GTA
GGA GTC ACC GTC CTG TTT ACC-3� and 5�-GAT GTC TCT GTA TAG
CCC TGG CTG TC-3� for 45 cycles. As a nonspecific control, the GAPD
(glyceraldehyde-3-phosphate dehydrogenase) gene was amplified with 5�-GCT
GAA CGG GAA GCT CAC TGG CAT GG-3� and 5�-GAG GTC CAC CAC
CCT GTT GCT GTA GC-3�.

siRNA. Two p150-specific small interfering RNA (siRNA) duplexes were
made (5�-AAG GAG AUG GAC AGU AAU GAG-3� and 5�-AAC CCC AUU
ACC UCC AGA AUC-3�) and were transfected together into HOSE cells by
using Oligofectamine (Invitrogen) according to the manufacturer’s suggestions.
The cells were serum starved (0.2% serum) for 48 h and stimulated with 10%
FBS and 100 �M BrdU. After 18 h, cells were fixed and stained for BrdU and
DAPI. p21 was detected by immunoprecipitation followed by Western blotting.
p150 and tubulin were detected directly by Western blotting.

RESULTS

Exogenous p150Sal2 inhibits growth and induces apoptosis
in p150Sal2-deficient OVCA cell lines. SKOV-3 is a human

OVCA-derived cell line that is p53 null and produces tumors in
nude mice with a histology similar to that of human ovarian
carcinomas (36). Expression of p150Sal2 in SKOV-3 is greatly
reduced compared to that in normal established HOSE cells.
Two additional OVCA-derived cell lines were found to be
either totally lacking (RUMGS) or essentially normal (IGR-
OV-1) in p150Sal2 expression (Fig. 1A, top left). Transient
expression of wild-type human p150Sal2 in SKOV-3 and
RUMGS cells led to reduced colony formation. The growth of
ovarian tumor line IGR-OV-1, which expresses endogenous
p150Sal2 at a normal level, was unaffected by exogenous
p150Sal2 (Fig. 1A, right). Western blots confirmed similar ex-
pression levels of p150Sal2 constructs following transfection
(Fig. 1A, lower left).

Transient expression of exogenous p150Sal2 in SKOV-3 cells
resulted in reduced DNA synthesis as indicated by the roughly
fourfold increase in cells that failed to incorporate BrdU. A
similar degree of inhibition of DNA synthesis was found upon
reintroduction of p53 (Fig. 1B). SKOV-3 cells transfected with
p150Sal2 also showed a three- to fourfold increase in apoptotic
cells (Fig. 1C). These results demonstrate that p150Sal2, when
restored to p150Sal2-deficient OVCA cells, acts in a p53-inde-
pendent manner to reduce cell replication and viability.

Stable expression of p150Sal2 in SKOV-3 cells reduces tu-
morigenicity. Attempts were made to isolate viable clones of
SKOV-3 cells in which expression of p150Sal2 was stably re-
stored to approximately normal levels. Three independent
clones (SK-P150-1, -2, and -3) showing increased levels of
p150Sal2 expression that were roughly in the range of, but not
exceeding, that of normal HOSE cells were isolated (Fig. 2A).
These SK-P150 cells showed diminished cloning efficiency and
reduced colony size in soft agar compared to what was seen
with the empty vector-transfected controls cells (SK-vector)
(Fig. 2B). When inoculated subcutaneously into SCID mice,
SK-vector cells produced fast-growing tumors weighing 2.2 g
on average after 2 months. In contrast, SK-P150 cells produced
slower-growing tumors averaging 0.6 g in weight (Fig. 2C and
D). Apoptotic cells were found at three- to fourfold-higher
frequency and mitotic cells were found at two- to threefold-
lower frequency in SK-P150 compared to SK-vector tumors
(Fig. 2E and F). The smaller sizes of SK-P150 tumors therefore
reflect both proapoptotic and growth-suppressive effects of
p150Sal2.

FIG. 3. p150Sal2 regulates p21Cip1/Waf1 expression in SKOV-3 and HOSE cells. (A) Western blots for p21 in empty vector-transfected SKOV-3
cells (SK-vector) and three independent SKOV3-p150Sal2 clones (SK-P150-1, SK-P150-2, and SK-P150-3) is shown at left. �-Tubulin was used as
a loading control. Quantification of p21 levels in SK-vector and SK-P150 clones is shown at right. (B) Semiquantitative RT-PCR comparison of
p21 RNA levels using either SK-vector or SK-P150 total RNA. GAPD transcript (G3PDH) was used as an internal control. Relative levels of p21
transcripts of SK-vector and SK-P150 were assessed by comparing the 0.6-kb p21 RT-PCR products of the same cycle numbers within the linear
range of amplification (34 to 40 cycles). The quantification was normalized by the levels of transcripts of GAPD within its own linear range of
amplification (28 to 34 cycles). (C) p150Sal2 stimulates p21 promoter activity (top). Increasing amounts of a human p150 cDNA expression
construct (p150) were cotransfected into SKOV-3 cells along with a luciferase reporter driven by a 2.7-kb human p21 promoter (P21-Luc). An
empty vector (Vector) and an unrelated (thymidine kinase) promoter-luciferase construct (PG-TK-Luc) were used as controls. Stimulation of p21
promoter activity by p150Sal2 is presented as the increase (n-fold) in luciferase activity over that of the vector control normalized by the activity
of cotransfected �-galactosidase. Also shown is the effect of p150 and p53 on P21-Luc induction (bottom). An additive effect was seen when
p150Sal2 and p53 were cotransfected (P53�p150) compared to what was seen with either p150 or p53 alone. (D) At left is a schematic presentation
of p150Sal2 protein showing the location of deleted zinc finger motifs in p150�3 (deletion of aa 631 to 711) and p150�2 (deletion of aa 911 to 956).
Shown at top right are the results of a colony reduction assay using empty vector (Vector), p150Sal2 (p150), and zinc finger domain deletions of
the DNA binding triple zinc finger (p150�3) or the T-antigen-interacting last zinc finger pair (p150�2) in SKOV-3 cells. The graph at middle right
shows induction of p21-Luc activities by vector, p150, p150�3, and p150�2 in SKOV-3 cells. Shown at bottom right are the expression levels of
p150Sal2 in SKOV-3 cells transfected with vector, p150, p150�3, or p150�2.
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p150Sal2 is a p53-independent activator of p21 and BAX.
SKOV-3 cells are p53 deficient (36) and can be growth arrested
by exogenous p53 (11, 12). Growth inhibition results largely from
p53-dependent transcriptional activation of p21, causing cell cy-
cle arrest, and from increased apoptosis mediated by Bax (30,
33). To determine whether the reduction of tumorigenicity by
p150Sal2 is the result of cell growth-inhibitory and proapoptotic
pathways similar to those induced by p53, we compared the ex-
pression levels of p53-regulated genes p21 and Bax in the three
SK-P150 clones and SK-vector cells by Western blotting (Fig.
3A). Bax protein was elevated two- to threefold in the SK-P150
clones compared to the control cells. The p21 protein levels were
increased more dramatically, in the range of 7- to 30-fold. Lev-
els of P21 transcripts in SK-P150 cells were more than twofold
higher in SK-P150 than in SK-vector cells as determined by
RT-PCR (Fig. 3B), indicating that increased transcription con-
tributes to the increased p21 levels in SK-P150 cells.

To examine whether p150Sal2 functions directly as a tran-

scriptional activator of p21, p150Sal2 expression constructs and
a luciferase reporter driven by a 2.7-kb human p21 promoter
(31) were cotransfected into SKOV-3 cells. p150Sal2 activated
the p21 promoter two- to threefold in a dosage-dependent
manner, consistent with the increase in p21 mRNA in SK-P150
cells. p21 promoter activation by p150Sal2 is specific since the
luciferase reporter driven by a thymidine kinase promoter was
not activated by p150Sal2 (Fig. 3C, top). Transfection of exog-
enous wild-type p53 stimulated the p21 promoter 3.8-fold com-
pared to 2.6-fold stimulation by p150Sal2 (Fig. 3C, bottom).
When these same amounts of p150 and p53 plasmids were
added together, a 6.1-fold induction was observed, indicating
independent and additive effects on the p21 promoter.

Both the putative DNA binding (see Fig. 5) and polyoma-
virus large T interaction domains of p150Sal2 are essential for
transactivation of the p21 promoter. This was shown by trans-
fection of two mutant p150Sal2 constructs lacking the triple zinc
finger (p150�3) and C-terminal double zinc finger (p150�2).
Though efficiently expressed, neither of these mutant con-
structs was able to transactivate the p21-Luc reporter (Fig.
3D). As expected, these mutant constructs also failed to inhibit
colony formation (Fig. 3D).

Partial reduction of p150Sal2 in HOSE cells leads to in-
creased DNA synthesis and reduced levels of p21. To deter-
mine whether the maintenance of high levels of p150Sal2 is
important in the growth regulation of normal HOSE cells, a
targeted reduction of p150Sal2 was carried out using siRNAs
(Fig. 4). Roughly 68 h after addition of siRNAs to HOSE cells,
the level of p150Sal2 was reduced three- to fourfold compared
to that in control cells. This reduction in p150Sal2 level was
accompanied by a substantial increase in the number of cells
synthesizing DNA (Fig. 4A). A roughly eightfold reduction in
p21 level was seen in the same siRNA-treated HOSE cells
(Fig. 4B). These results suggest that p150Sal2, acting through
p21, can function as a negative regulator of ovarian surface
epithelial cell growth.

p150Sal2 binds to the p21 promoter in vitro and in vivo. To
determine whether p150Sal2 activates p21 transcription by
binding directly to the p21 promoter, antibody to p150Sal2 was
used to immunoprecipitate labeled DNA restriction fragments
incubated with p150Sal2 (25). Extracts of P19 cells, which ex-
press high levels of endogenous p150Sal2, and in vitro trans-
lated p150 cDNA were used as sources of protein. Antibody to
p150Sal2 but not preimmune serum immunoprecipitated two
noncontiguous DNA fragments from the p21 promoter. The
fragments that were bound by p150Sal2 flank but do not overlap
the two known p53 binding sites (6) (Fig. 5A and B). In vitro-
translated p150 bound the same fragments as endogenous
p150Sal2 from the P19 cell extract. p150Sal2 contains a triple
zinc finger motif (20) similar to the DNA binding motif of the
transcription factor SP1 (27). An in vitro-translated p150Sal2

with a deletion of this triple zinc finger region (�3; aa 631 to
711) was unable to bind the p21 promoter fragments (Fig. 5B).
Thus, p150Sal2 binds to the p21 promoter directly and the triple
zinc finger motif is essential for binding.

To validate the p150Sal2 binding regions as functional ele-
ments in the p21 promoter, a series of promoter constructs
with truncations and internal deletions were transfected into
SKOV-3 cells along with p150Sal2 cDNA. Removal of the distal
p150Sal2 binding region totally abolished inducibility, indicat-

FIG. 4. RNA interference analysis with HOSE cells. (A) Mock-
transfected or p150 siRNA-transfected HOSE cells were cultured in
BrdU-containing medium for 20 h (left panels). Nuclei with BrdU in-
corporation were stained with anti-BrdU antibody (red). Nuclei were
also stained with DAPI (blue). The results were quantified by counting
BrdU-positive cells in four random fields as the percentage of total cells
(right). (B) Western blot analysis showing reduced p150Sal2 levels after
addition of siRNA (P150 siRNA) and reduced p21 levels in HOSE cells
compared to what was seen with mock-transfected cells. The same blot
was stripped and reprobed for �-tubulin as the loading control.
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FIG. 5. p150Sal2 directly interacts with p21 promoter and regulates p21 transcription through a cis-acting element. (A) Schematic representation
of the 2.7-kb human p21 promoter region and its digestion fragments used in the protein DNA immunoprecipitation assay (25) (sizes in base pairs
are given under each fragment). (B) Immunoprecipitation of AvaI-digested, StyI-digested, or StyI/MspI double-digested fragments of p21
promoter by p150 antibody (AntiP150) with preimmune serum (Pre-Imm) as a control. Wild-type (Wt) p150 or p150 with a deletion of the putative
DNA binding domain (�3) was from either P19 cell extract (Cell) or the in vitro translation (IVT) product of cloned human cDNA. Empty cloning
vector was used as a negative control for in vitro-translated p150 in the immunoprecipitation of StyI/MspI fragments. (C) A p150-responsive
cis-acting element is located 1.4 kb upstream of the human p21 promoter corresponding to the distal p150Sal2 binding region. A luciferase assay
was conducted in SKOV-3 cells to assess the responsiveness of various p21 promoter deletion constructs. Fold induction is the corresponding
luciferase activity with cotransfected p150Sal2 over that with cotransfected empty vector. The p53 binding sites are shown as landmarks. (D) p150
binds p21 promoter region in vivo. ChIP was performed using serum against p150 (Anti-p150) to precipitate chromatin cross-linked with p150 in
P19 cells and amplified using p21 promoter-specific primers (p21) and primers for GAPD. The same sets of primers were also used for PCR
amplification from preimmune serum-precipitated chromatin (PreImm) and total input chromatin extract (Total) as controls.
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ing a p150Sal2-responsive element in this region (Fig. 5C).
Similarly, an internal deletion of sequences containing the
proximal binding region also abolished inducibility. The latter
construct responded well to p53, demonstrating that core ele-
ments in the promoter proximal region were still present (data
not shown). In this cell context, retention of both p150Sal2

binding regions appears to be essential for a p150Sal2-mediated
response.

Further evidence for binding of p150Sal2 to the p21 promoter
in vivo was sought by ChIP using anti-p150Sal2 antibody and
chromatin from P19 murine embryonal carcinoma cells (24)
which express high levels of the protein. Specific amplification
of sequences from the p21 promoter was seen when anti-
p150Sal2 antibody, but not preimmune serum, was used (Fig.
5D).

DISCUSSION

SALL genes are conserved in evolution from flies to humans
and play important roles in development, yet little is known at
the molecular or cellular level about their functions. A clue as
to the possible molecular function(s) of the murine SALL2
gene emerged in the course of studies of a tumor host range
mutant of polyomavirus in which p150Sal2 was shown to inhibit
viral DNA replication (20). This inhibition is overcome by the
viral large T antigen which binds to p150Sal2. A mutant virus
unable to bind p150Sal2 is unable to replicate or induce a broad
spectrum of tumors in the mouse. The selection procedure
used to isolate this mutant was designed to identify cellular
factors that must be altered or inhibited by the virus in order to
replicate. Since polyomavirus replication requires that the vi-
rus be able to promote G1-to-S progression as well as to block
apoptosis, it may be expected that p150Sal2 would function as a
regulator of cell cycle progression and perhaps of apoptosis as
well.

Among a number of normal mouse tissues tested for
p150Sal2 expression, the ovary was found to have the highest
level. The SALL2 gene has been mapped to human chromo-
some 14q11-12 (14), adjacent to and possibly overlapping a
region of loss of heterozygosity in ovarian cancer (1). For these
reasons, the present study focused on cells derived from hu-
man ovarian carcinomas which are deficient in p150Sal2 and on
ovarian surface epithelial cells as the normal precursors which
express high levels of the protein.

p150Sal2 is shown here to be a transcriptional activator of the
cyclin-Cdk inhibitor p21, a key factor in G1 checkpoint control
(5). Though the level of induction by p150Sal2 of a p21 pro-
moter-luciferase reporter construct was in the range of two- to
threefold in OVCA cells restored to normal levels of p150Sal2

expression, the level of p21 protein achieved in these cells was
much higher (7- to 30-fold). Furthermore, the magnitude of
the effects of added p150Sal2 were comparable to those of
added p53 in terms of p21 induction (Fig. 3C) and reduction in
BrdU incorporation (Fig. 1B). Similar levels of induction of
p21 with significant biological effects have been reported for
transforming growth factor � (19, 28) and retinoic acid (21).
p150Sal2 also induces apoptosis accompanied by modestly ele-
vated levels of Bax. Whether the proapoptotic effect of
p150Sal2 is mediated entirely or only in part by Bax is unclear.

Additional targets of p150Sal2 most likely remain to be identi-
fied.

The growth-suppressive and proapoptotic functions of
p150Sal2 are expressed in the absence of p53. p150Sal2 binds to
the p21 promoter in vitro and in vivo and stimulates transcrip-
tion. DNA binding by p150Sal2 depends on a triple zinc finger
motif, and transactivation requires retention of the C-terminal
zinc finger pair which is also essential for binding to polyoma-
virus large T antigen (20). These functions of p150Sal2 are
accompanied by negative effects on cell growth and survival.
They are consistent with predictions of the tumor host range
selection procedure and also with the general roles SALL
genes are thought to play in processes of cell fate determina-
tion and terminal differentiation during embryonic develop-
ment.

The action of p150Sal2 in regulating p21 and Bax partially
reverses the tumorigenic properties of OVCA cells lacking
p53. Introduction of exogenous p150Sal2 into OVCA cells led
to a sharp reduction in replication and to an increase in the
number of apoptotic cells. Clones of p53-negative OVCA cells
in which p150Sal2 was stably restored to approximately normal
levels expressed elevated levels of p21 and Bax and showed
substantially reduced growth as tumors in SCID mice. The
decreased net growth of tumors expressing exogenous p150Sal2

was accompanied by a lower mitotic index and an increased
apoptotic index. In normal ovarian surface epithelial cells, tar-
geted reduction of the endogenous p150Sal2 level led to de-
creased p21 expression and a concomitant increase in the num-
ber of cells synthesizing DNA. Thus, the maintenance of
p150Sal2 levels appears to play a role in regulating the growth
of these progenitor cells of OVCA.

p150Sal2 and p53 appear to function similarly in inhibiting
cell replication and in inducing apoptosis. Loss of p53 is com-
mon in human ovarian cancer (35). It is possible that p150Sal2

serves as a backup to p53 in protecting against development of
this important type of cancer. This model predicts that expres-
sion of SALL2 may be lost or reduced in primary OVCA and
that mutations that diminish the ability of p150Sal2 to activate
the p21 promoter may be found in ovarian tumors. The pos-
sibility that loss of SaLL2 may constitute an additional risk
factor synergizing with p53 loss in OVCA should be evaluated.
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