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Fig. 2 Mucosal carcinoma of the fallopian tube detected in case 1. a
Low-power view of the tubal low-grade serous adenocarcinoma.
Predominant component of the tumor was noninvasive (in situ).
However, some foci of microinvasion were observed. Tubal carcinoma
was negative for p53 (inser). b High-power view of the tubal low-grade
serous carcinoma and benign background tubal mucosa (arrow).
Tumor cells with only mild atypia grew in complexed glandular
structures and papillary structures. Immunostaining for Ki-67 is shown
in the inset. Although the tubal carcinoma showed higher MIB-1 index
in comparison with the benign tubal epithelium, its MIB-1 index was
no more than 5% -

between mucosal carcinomas of the fallopian tube and
ovarian carcinomas in general populations to date [8, 10,
11, 15]. In these reports, the authors focused primarily on
high-grade serous carcinogenesis and p53 alterations
involved in the process. Other histological subtypes of
ovarian cancer have not been studied in detail for coexisting
tubal lesions. In fact, none of the past series included
ovarian clear cell adenocarcinomas, which sometimes
resemble serous adenocarcinoma histologically and pose
difficult problems to surgical pathologists. In this study, we
~ examined Japanese ovarian and peritoneal cancer cases,
which included a large number of ovarian non-serous
‘adenocarcinomas. The high previalence of clear cell

adenocarcinomas in our series should be attributed to the
Japanese patient background. By comparing four major
histological subtypes of ovarian carcinoma (serous, clear
cell, endometrioid, and mucinous), we demonstrated that
the coexistence of mucosal carcinoma of the fallopian tube
was specific to cases of serous adenocarcinoma. The results
of our study suggest that tubal lesion is unlikely to be
associated with the development of ovarian clear cell
adenocarcinomas and other non-serous adenocarcinomas.
Thus, with regard to the origin of non-serous ovarian
cancer, aftention should rather be paid to the ovarian
surface epithelium, inclusion cysts, and endometriotic
[esions. '

In our study, coexisting mucosal. carcinoma of the
fallopian tube was found in seven of 15 serous adenocar-
cinoma cases. The incidence of coexisting mucosal carci-
noma and frequency of fimbrial involvement were similar
to the values reported previously [8, 10, 15]. However, the
p53 immunophenotype of mucosal carcinomas of the
fallopian tube in our series was different from those in
previous reports. In contrast to the previous series, which
showed that nearly all mucosal carcinomas of the fallopian
tube were immunohistochemically p53-positive [8, 10],
more than half of the tubal lesions in our series were p53-
negative. In this report, we hope to emphasize the existence
of p53-negative mucosal carcinomas of the fallopian tube.
Considering that more than 30% of high-grade serous
adenocarcinomas are p53-negative immunohistochemically
[26], it is reasonable that ‘we encounter occasional p53-
negative early tubal carcinomas that coexist with p53-
negative high-grade ovarian/peritoneal serous adenocarci-
nomas. In general, a cautious approach is necessary in the
evaluation of p53 immunoreactivity, especially when
assessing the involvement of TP53 mutations. It is well .
known that diffuse nuclear p53 immunoreactivity suggests’
the presence of such mutations. Importantly, studies have
revealed that protein-truncating TP53 mutations can lead to
completely negative immunoreactivity [27]. On the other

- hand, a few scattered p53-positive cells by immunohisto-

chemistry suggest that the lesion harbors wild-type TP53.
In our series, most of the high-grade serous adenocarcinoma
cases, including their coexisting tubal lesions, scored either
as P (positive) or CN (completely negative) in immunore-
activity for p53. Therefore, it is highly likely that these
tumors harbor TP353 mutations, and we believe TP53
alterations play a significant role in the tumorigenesis of
many tubal mucosal carcinomas.

Another striking finding in our study was the presence of
tubal mucosal carcinoma coexisting with ovarian low-grade
serous adenocarcinoma. Currently, not much is known
about tubal low-grade serous adenocarcinoma, and there
has been no report on the coexistence ‘of tubal mucosal
carcinoma in an ovarian low-grade serous adenocarcinoma
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Fig. 3 Histology of ovarian tumor and coexisting mucosal carcinoma
of the fallopian tube in case 2. a Ovarian carcinoma was high-grade
serous adenocarcinoma showing papillary pattern of growth. b
Ovarian high-grade serous adenocarcinoma showing diffuse immuno-
reactivity for p53. ¢ Mucosal carcinoma of the fallopian tube detected
in the fimbriae. d Mucosal carcinoma of the fallopian tube was p53-

case. In our case, the tubal lesion showed prominent
papillary growth and was large enough to be readily
recognized upon microscopic examination. However, cyto-
" logical atypia of this low-grade tubal carcinoma was very
mild, and only a slight increase in MIB-1 index was seen.
In -addition, p53 immunohistochemistry . revealed a wild-
type TP53 phenotype. Based on our experience, we believe
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positive. e High-power view of the mucosal carcinoma of the fallopian
tube. Tumor cells with moderate to severe atypia showing intra-
epithelial growth. f MIB-1 index of the mucosal carcinoma of the
fallopian tube was elevated markedly (>50%), compared to adjacent
benign mucosa ‘

‘that such low-grade tubal lesions can be diagnosed only by

means of thorough histological examination, as immuno-
histochémistry may not always be helpful. Initially, surgical
pathologists should be made aware of the occurrence of
tubal low-grade serous adenocarcinoma. Accumulation of
information about low-grade tubal carcinomas will provide
more insights into the pathogenesis of early tubal cancers,
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Fig. 4 Histological features of pelvic serous adenocarcinomas of case
14. a Nests of serous adenocarcinoma in the omentum, and p53
immunostaining (insef). Adenocarcinoma in the omentum is com-
pletely negative for p53. b Serous adenocarcinoma involving the
ovarian surface and p53 immunostaining (insef). Adenocarcinoma in
the ovary is also completely negative for p53. ¢ A well-circumscribed

including their potential association with ovarian low-grade
serous adenocarcinomas. :

Regarding p53 alterations in the fallopian tube, we also
evaluated the existence of p53 signatures in the background
tubal mucosa. The p53 signature has been recognized as a
lesion that will evolve to p53-positive mucosal carcinoma
of the fallopian tube [14]. Studies have emphasized its
importance as an initial change that occurs in pelvic serous
carcinogenesis [11, 28]. Interestingly, the p53 signature has
been reported to be equally prevalent in benign tubes of
BRCA+ and control women [11]. In this series, the
prevalence of p53 signatures was not significantly different
between serous adenocarcinoma cases and clear cell adeno-
carcinoma cases. Based on this result, we assume that the
presence of the p53 signature itself does not constitute a risk
for developing p53-positive pelvic serous carcinoma. Rather,
events that take place between the p53 signature and p53-
positive mucosal carcinoma of the fallopian tube should be
regarded as key steps in the carcinogenesis of p53-positive
pelvic serous adenocarcinomas.

nodule of serous adenocarcinoma detected in the submucosa of the left
fallopian tube, and p53 staining (inser). The tubal lesion is diffusely
positive for p5S3. d A deeper section of the left tubal carcinoma
revealed tumor exposure in the tubal mucosa. However, no intra-
epithelial carcinoma was detected in the adjacent tubal mucosa

Theoretically, there are three ways of interpreting
mucosal carcinoma of the fallopian tube: most importantly,
as an “early carcinoma (preceding lesion) that progresses to
form pelvic serous carcinoma,” as a “disseminated serous
carcinoma showing intraepithelial spread,” or as a part of
“multifocal (multiclonal) neoplastic lesions in the pelvis.”
Each theory has its strong points and weak points. Recent

. studies have provided evidence in support of the “preceding -
lesion” theory [7—11, 15]. The frequent presence of early
tubal lesions in prophylactically removed specimens from
BRCA carriers is an important rationale for designating
mucosal carcinoma of the fallopian tube as a “preceding
lesion,” not just a “coexistent lesion.” However, BRCA
carriers comprise only about-10% of ovarian cancer patients
[29-31], and incidence of mucosal carcinoma of the
fallopian tube in patients without BRCA mutations remains
unclear. In addition, the precise events that take place
between the evolution of initial early tubal carcinoma and
the development of mass-forming ovarian or peritoneal
serous carcinoma have yet to be clarified. Thus, although
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Fig. 5 pS3 signatures in the background tubal epithelium of an
ovarian clear’ cell adenocarcinoma case. a Immunostaining for p53.
Multifocal p53 signatures were found in non-fimbriated tubal mucosa.

we believe, based on the results of our study, that mucosal
carcinoma of the fallopian tube is a candidate preceding
lesion of pelvic serous adenocarcinoma, additional evidence
is necessary to strengthen this hypothesis.

The possibility of some tubal mucosal carcinomas being
cancer disseminations from remote tumors should also be
discussed. In our series, seven of 13 serous adenocarcinomas
with peritoneal disseminations had coexisting mucosal
carcinomas of the fallopian tube. On the other hand, mucosat
carcinoma of the fallopian tube was not identified in any of
the eight non-serous adenocarcinomas with peritoneal dis-
seminations. This result suggests that, in general, ovarian
cancer dissemination rarely shows tubal intraepithelial
spread. Consequently, it is rather unlikely that a significant
number of ‘mucosal carcinomas of the fallopian tube are
disseminated carcinoma showing intraepithelial spread.
However, in some of our cases, we experienced certain
difficulties in making a strict histological distinction between
primary intraepithelial neoplasm of the fallopian tube and
cancer implantation involving the tubal mucosa. The
distinction was especially problematic when the lesions
were accompanied by inflammatory stroma and adjacent
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b High-power view of a p53 signature (arrow in a), (c) its
hematoxylin and eosin staining, and (d) its Ki-67 immunostaining.
MIB-1 index of the p53 signature was 0%

invasive carcinoma. Ancillary tests, such as immunohisto-
chemistry and genetic studies, are not helpful in making such
a distinction. ’ ;
Finally, mucosal carcinoma of the fallopian tube might
be viewed as a part of multifocal (multiclonal) pelvic
tumors. Although previous molecular studies on mucosal
carcinomas of the fallopian tube have indicated monoclonal
origin of the tubal and ovarian tumors in most cases [8, 10,
11], the numbers of cases studied were small, and there
were some exceptions.-In a series by Salvador et al. [8],
fluorescence in situ hybridization (FISH) analysis revealed
the possible multiclonal origin of carcinomas involving the
ovary and the fallopian tube in one of the cases. In another
series, by Kindelberger et al. [10], a case of ovarian serous
adenocarcinoma accompanied by two multiclonal tubal
carcinomas was included. We have also seen a .case of
bilateral early tubal carcinomas with an intraepithelial
component in the past, which suggested multifocal carcino-
genesis in the fallopian tubes [32]. In addition, there has
been a report on multiclonal origin for some peritoneal

‘'serous carcinomas in patients with BRCA1 mutation [30].

In the present study, the possibility of multiclonal serous
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- carcinogenesis was seriously considered in case 14, in
which we evaluated numerous serous adenocarcinoma foci
in the pelvis and found only one minute nodule in the left
tube that was p53-positive. We did not identify a definite
TIC component adjacent to the left tubal lesion. However, it
is likely that the left tubal lesion is a primary p53-positive
tubal serous adenocarcinoma that is not associated with
p53-negative peritoneal and ovarian serous adenocarcinoma
within the same patient. Another case in which we
suspected multifocal carcinogenesis was case 1. In case 1,
the transition between the serous borderline tumor compo-
nent anel the low-grade serous adenocarcinoma component
was observed in the ovary. Given that a serous borderline
tumor is a well-known precursor of ovarian low-grade
serous adenocarcinoma, the histological findings of the
ovarian tumor in case 1 are indicative of primary ovarian
origin, and there is a significant chance that the coexisting
early tubal carcinoma has arisen independently. Further
molecular investigations including mutation analysis of
genes involved in carcinogenesis of high-grade/low-grade
serous adenocarcinomas (e.g., TP53, BRAF, and KRAS),
LOH (loss of heterozygosity), and DNA copy number
analysis are needed to assess the clonality of these multi-
focal pelvic carcinomas.

In conclusion, we demonstrated that mucosal carcinomas

of the fallopian tube often coexist with the serous subtype *

of ovarian cancer, but not with clear cell adenocarcinoma
and other non-serous adenocarcinomas of the ovary, in the
Japanese population. In comparison with previous studies,
tubal lesions in our series showed p53 protein over-
expression less frequently. We also encountered a rare case
of ovarian low-grade serous adenocarcinoma that qdexisted
with low-grade tubal carcinoma. Mucosal carcinoma of the
fallopian tube is certainly a candidate origin (i.e., early
manifestation) of ovarian and peritoneal serous carcinomas.
However, to truly demonstrate its role as a preceding lesion,
there are obstacles to overcome. Our observations indicate
the possible heterogeneity of the lesions currently regarded

as TICs or mucosal carcinomas of the fallopian tube on a

histological basis. In other words, a few of them may
represent a part of multiclonal pelvic serous tumors, and a
very few others may be cancer dissemination showing tubal
intraepithelial spread. We hope that larger studies from
around the world will provide fresh and more comprehen-
sive views on this issue. Finally, the fact that about half of
the ovarian serous adenocarcinoma$ do not have coexisting
tubal lesions should not be disregarded. At this point, the
' conventional de novo pathway that considers the origin of
serous adenocarcinoma to be in the ovarian surface
epithelium cannot be completely eliminated from the list.
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The céll polarity regulator, human Scribble (hScrib), is

a potential tumour suppressor whose loss is a frequent
event in late-stage cancer development. Little is yet known
about the mode of action of hScrib, although recent
reports suggest its role in the regulation of cell signalling.
In this study we show that hScrib is a direct regulator of
extracellular signal-regulated kinase (ERK). In human
keratinocytes, loss of hScrib results in elevated phospho-
ERK levels and concomitant increased nuclear transloca-
tion of phospho-ERK. We also show that hScrib interacts
with ERK through two well-conserved kinase interaction
motif (KIM) docking sites, both of which are also required
for ERK-induced phosphorylation of hScrib on two

distinct residues. Although wild-type hScrib can down-

regulate activation of ERK and oncogenic Ras co-
transforming activity, an hScrib mutant that lacks the
carboxy terminal KIM docking site has no such effects.
These results provide a clear mechanistic explanation of
how hSecrib can regulate ERK signalling and begin to
. explain how loss of hScrib during cancer development can
contribute to disease progression.

Oncogene (2010) 29, 5311-5321; doi:10.1038/onc. 2010 265;
pubhshed online 12 July 2010
Keywords: hScrib; phosphorylation; ERK; protein
kinase A

Introduction

The mitogen-activated protein kinase (MAPK) path-
ways that activate extracellular signal-regulated kinase
(ERK), c-Jun amino-terminal kinase (JNK) and p38
kinases have important roles in modifying the morpho-
genetic and motile responses of cells. Among these
pathways, the Ras/RaffMEK/ERXK signal transduction
cascade is a key mechanism for regulating cell fate
in response to growth, proliferation, differentiation and
survival signals (Fang and Richardson, 2005; Kolch,
2005; Torii et al, 2006; Yoon and Seger, 20006).
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Activation of the cascade ultimately results in the
activation of ERK and its dissociation from the
MEK-ERK complex, which then stimulates gene
expression, cytoskeletal rearrangements and cell meta-
bolism, coordinating the cell’s responses to a variety
of extracellular signals (Schaeffer and Weber, 1999;
Fincham et al., 2000). Aberrations in ERK1/2 signalling
are also known to be involved i a wide range of
including many cancers, diabetes, viral
infections and cardiovascular disease. This pathway is
hyperactivated in many tumours, with activating muta-
tions of Ras occurring in approximately 15-30% of
all human cancers (Malumbres and Barbacid, 2003;
Garnett et al., 2005).

Recent studies have shown that proteins involved in
the regulation of cell polarity can also affect cell
signalling cascades. Two of the most well-characterized
of these proteins are human discs large (hDlg) and
human Scribble (hScrib). In Drosophila, these proteins
cooperate to regulate pathways of cell polarity and cell
proliferation control (Bilder et al., 2000; Bilder, 2004;
Zeitler et al., 2004). In humans, the function of these
proteins is less clear. However, both are “targets for
several human tumour viruses and the expression of
both hDlg and hScrib is frequently lost during the later
stages of malignant progression, suggesting that they
possess potential tumour suppressor functions in human
cells (Kiyono er al., 1997; Gardiol et al., 1999, 2006;
Nakagawa and Huibregtse, 2000; Nakagawa et al.,
2004; Navarro et al., 2005; Nagasaka et al., 2006). In the
case of hDIg, multiple phosphorylation events by p38y
and JNK have been shown to regulate its localization
(Sabio et al., 2005; Massimi er al., 2006) and recent
studies have also shown that the entire hScrib cell
polarity complex, comprising hDlg, hScrib and Hugll
(human lethal giant larvae), is dynamically regulated
after activation of the MAPK signalling cascade
(Massimi et al., 2008). A more direct effect of hScrib
on the regulation of this cascade has also been shown. In
one study, hScrib was shown to be able to inhibit
signalling downstream of Ras'and Raf, but upstream of
ERK (Dow et al., 2008), with loss of hScrib enhancing
Ras-induced cell invasion. In a separate study, hScrib
was also shown to be involved in regulating oncogene-
induced apoptosis in a JNK-dependent manner, with
loss of Scribble cooperating with c-myc in a mouse
model of mammary carcinogenesis (Zhan er al., 2008).
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All of the above data indicate that Scribble can act by
modulating MAPK signalling- and show a clear role for
Scribble as a suppressor of tumour invasion. However, in
the context of the Ras/Raf/MEK/ERK signalling module,
there is no information as to how this is inhibited by

Scribble. In this study, we now show that hScrib down-

regulates ERK activation and inhibits nuclear trans-
location of activated -ERK through a direct protein—
protein interaction, thereby providing a direct mechanism
for hScrib regulation of the ERK signalling cascade.

w

Results

Loss of hScrib enhances ERK nuclear localization

" Previous studies have shown that loss of hScrib
cooperates with activated ras in the induction of
invasion in MCF10A cells, an activity that seemed to
be related with Scribble’s ability to downregulate ERK
signalling (Dow et al., 2008). We therefore first wanted
to investigate whether hScrib could potentially affect
ERK signalling in human keratinocytes. To do this, we
generated a series of HaCaT cell lines in which hScrib
levels had been ablated using short hairpin RNA
targeting vectors (Massimi et al., 2008). Cells were then
either left untreated or exposed to osmotic shock for
30 min to enhance ERK activation. The cells were then
extracted and the levels of hScrib, total ERK and
activated phospho-ERK were monitored by western
blotting. The results in Figure la show a modest level
" of constitutively active ERK in HaCaT cells. How-
ever, in the hScrib knockdown cells there is a marked
increase in the levels of phospho-ERK in both cell
lines and this increases further after osmotic shock.
These results show that hScrib can contributg to the
regulation of the ERK signalling cascade in human
keratinocytes.

Activated ERK has been shown to translocate to
the nucleus (Chen et al., 1992; Gonzalez et al., 1993;
Lenormand et al., 1993; Treisman, 1996; Fukuda et al.,
1997; Khokhlatchev et al, 1998; Pouyssegur et al.,
2002). We therefore investigated whether there was a
change in the pattern of ERK localization in HaCaT
cells when hScrib expression levels were reduced. To do
this, immunofluorescence analysis of total and phospho-
ERK expression was carried out on the control and
shScrib cell lines, and the results obtained are shown in
Figure 1b. As can be seen, loss of hScrib (Figure 1biii)
also results in a significant increase in the amount
of nuclear-translocated ERK. In contrast, activated
ERK seems to accumulate in Golgi-like structures in
the cytoplasm of the control cells (Figures 1bi and bii),
consistent with previous reports (Torii et al,, 2004).
To verify these results, we also performed a series
of transient small interfering RNA experiments, in
which hScrib levels were ablated in HEK293 cells,
and the levels of phospho-ERK in both total cell
extracts (Figure 2a) or in the respective cellular fractions
(Figure 2b) were analysed by western blotting. In
both cases, loss of hScrib enhanced ERK activation
and also resulted in enhanced nuclear accumulation of

Oncogene

active phospho-ERK. These results show that one
consequence of hScrib knockdown is enhanced nuclear
translocation of activated ERK.

hScrib is a substrate of ERK and PKA

Having confirmed that -hScrib could regulate ERK
activation and nuclear translocation, we next wanted
to investigate the mechanism by which this might occur.
Analysis of the hScrib sequence revealed the presence of
two perfect ERK-binding sites (kinase interaction motif
(KIM) sites) at positions 836aa—846aa and 1396aa—
1404aa (Figure 3). In addition, two potential ERK
phospho-acceptor sites are correspondingly located at
residues S853 and S1448, downstream of each of the two
KIM sites (Figure 3).

To first investigate whether either of these two
potential phospho-acceptor sites on hScrib was phos-
phorylated in vivo, we transfected cells with hemagglu-
tinin (HA)-tagged hScrib expression plasmid and grew
the cells with or without osmotic shock. The cells were
then extracted, and hScrib protein was immunoprecipi-
tated with anti-HA agarose beads. The subsequently
gel-purified protein was then subjected to mass spectro-
scopy analysis. A summary of the phospho-peptides that
were identified under the two culture conditions is
shown in Figure 3. As can be seen, the N-terminal site at
position S853 is phosphorylated in unstressed condi-
tions, as is S1445 in the carboxy terminal region of
the protein. Interestingly, after exposure to osmotic
shock, S853 remains phosphorylated, whereas S1445 is
no longer phosphorylated and the phosphorylation
event occurs exclusively on S1448, just three amino

acids downstream. These results show clear differential

phosphorylation of hScrib in vivo, both before and after
osmotic stress.

On the basis of these data we reasoned that ERK
was a prime candidate kinase for the phosphorylation
events at S853 and S1448, with the corresponding
upstream KIM sites located approximately at residues
836 and 1396, respectively, whereas the phospho-site at
S1445 corresponds to a potential PKA recognition site.
To first confirm whether these were the responsible
kinases, we analysed whether hScrib was a substrate for
ERK and PKA in vitro. To.do this, a glutathione
S-transferase (GST)-hScrib fusion protein was purified
and incubated with the purified recombinant kinases
and [y*P]-ATP, and the results obtained are shown in
Figure 4a. As can be seen, GST-hScrib is a good
substrate for phosphorylation by both PKA and ERK1,
and is only a very weak substrate for JNK and ERK2.
To then determine whether the putative KIM and
phospho-acceptor sites on hScrib corresponded to thase
identified in vivo, we generated a series of GST-hScrib
fusion proteins that had been mutated in both the ERK
KIM recognition sites, the two potential ERK phospho-
acceptor sites and in the potential PKA phospho-
acceptor site (Figure 4b). The purified GST proteins
were then incubated with the purified kinases and [y**P]-
ATP, and the results obtained are shown in Figure 4c.
As can be seen, the PKA phospho-acceptor site on



hScrib regulation of ERK ; @
K Nagasaka et af

5313
b
i HaCaT hScrib P-ERK Merge
-Sorbitol| Total ERK
hScrib
+Sorbitol
a
. CTL shS2 shScribC " ‘o
Sorbitol , , i HaCal  pgerip PERK  Merge

: + . * - * shLuc
hscrib e \4”\:/, g E N B .

pERK

ERK -Sorbito! hScrib Total ERK

i
|
|
!
{

e~ Nhow oA
oth—mpwo Ao

+Sorbitol

—_

Average band intensity
(PERK/total ERK)
[=]

Sorbitol - + - + - * il HaCaT
CTL ) shS2 , shScribC shScrib

-Sorbitol hScrib

hScrib

+Sorbitol

Figure 1 hScrib suppresses/downregulates the Raf/MEK/ERK pathway. (a) The sh-hScrib stable cell lines (S2, SctibC) and control
cells (CTL) were cultured overnight and either left untreated or exposed to sorbito] for 30min as indicated. The cells were then
harvested and levels of ERK, phospho-ERK and hScrib were analysed by western blotting. y-Tubulin was used as a loading control.
The lower histogram shows the quantitative analyses of the intensities of the pERK bands from three independent experiments with
s.d. indicated. (b) Immunofluorescent analysis of hScrib and ERK expression. HaCaT cells (i), sh-Luc control TR cells (i) and
sh-hScrib cells (iii) were grown on-coverslips and then exposed to sorbitol as indicated. The cells were then fixed and double stained
with the anti-hScrib antibody, the anti-phospho-ERK1/2 antibody or the anti-total ERK1/2 antibody.

GST-hScrib maps precisely to residue S1445 identified  corresponding to the two sites that were identified
in the mass spectroscopic analysis. In the case of ERK1 in vivo. Both KIM sites seem, to be important for ERK1
the results are more complex. First, there are clearly two  recognition, with mutation of either site decreasing the
phospho-acceptor sites, at S853 and S1448, again  phosphorylation to a level equivalent to that observed

- Oncogene
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Figure 2 Loss of hScrib enhances phospho-ERK nuclear translocation. (a) HEK293 cells were transfected with hScrib siRNA and
siluc RNA as control (CTL). Total céll extracts were then made after 48 h, and hSerib, pERK, ERK and y-tubulin were detected by
western blotting. The right-hand histogram shows the quantitative changes in phospho-ERK/total ERX levels from a minimum of
three independent assays. (b) HEK 293 cells were transfected with hScrib siRNA and siLuc RNA as control, and then exposed to
sorbitol for 20 min as indicated. Cells were fractionated into cytoplasmic, membrane and nuclear pools then phospho-ERK was then
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‘the membrane fraction and a-tubulin was used as the loading control for the cytoplasmic fraction. The lower histogram shows the
quantitative changes in phospho-ERK/total ERK levels from a minimum of three independent assays. Note the relative increase in

nuclear phospho-ERK after hScrib knockdown. :

with the respective single phospho-site mutations. Most
importantly, the double KIM site mutations,-or the
double phospho-acceptor site mutations, completely
abolish ERK: phosphorylation of hScrib (Figure 4c).
In contrast, all of these mutants are still recognized by
PKA (Figure 4d), showing that these mutations do not
overly perturb the overall structure of hScrib, and
further show the specificity of the assays. These results

_ show that hScrib has two ERK docking sites and two
corresponding phospho-acceptor sites, with S853 phos-

phorylated under normal growth conditions and S1448
being phosphorylated under conditions of osmotic
stress. :

hScrib regulates ERK activation through the two KIM
docking sites - o

We next wanted to investigate whether the two identified
KIM sites could actually serve as docking sites for ERK

Oncogene

in vitro and in vivo. The GST-hScrib fusion proteins
were first used in pull-down assays using the commer-
cially purified ERK1, and levels of bound ERK1 were
assessed by western blotting. The results obtained are
shown in Figure 5a and show a strong direct interaction
between the wild-type hScrib and ERK1. In contrast,
mutation of the C-terminal KIM site largely abolishes
the interaction, showing that most of the interaction is
through this carboxy terminal site, although a weaker
interaction is also mediated by the N-terminal KIM site.
To investigate whether these sites on hScrib were also
responsible for ERK binding in vivo, we first used the
GST-hScrib fusion proteins to pull down ERK from cell
extracts and then analysed by western blotting for total
and phospho-ERK. The results obtained are shown in
Figure 5b. As can be seen, the two KIM sites contribute
to hScrib binding to ERK, although the C-terminal site
seems to be the strongest site of interaction, with
mutation of this single site almost abolishing ERK

N .
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Figure 3 Identification of hScrib phospho-acceptor sites. Lysates from HEK293 cells transfected with HA-tagged hScrib either in the
absence (—) or presence ( +) of sorbitol for 30 min were subjected to immunoprecipitation with an anti-HA antibody. Complexes were
run on SDS-PAGE and the hScrib gel slice was then subjected to mass spectrometry. Residues at S853, 51445 and S1448 were
identified as phospho sites. The consensus ERK-phosphorylation motif (PESP, PASP), the consensus PKA-phosphorylation motif
(RXS) (Pearson and Kemp, 1991) and the putative ERK docking site or a kinase interaction motif ((V/L)-X»-(R/K)-(R/K)-X;5-¢-L)
(MacKenzie et al., 2000; Tanoue e al., 2000; Fantz ez al., 2001; Zhou et al., 2006) are shown, in which X is any amino acid.

smusse PKA phosphorylation site
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binding. Interestingly, when extracts are made from cells
exposed to osmotic stress, there is a marked increase in
the amount of ERK complexed with hScrib, suggesting
that ERK activation can enhance its interaction with
. hScrib. We also carried out co-immunoprecipitation
experiments in which HA-tagged wild-type and the
AKIM mutant of hScrib were transfected into HEK293
cells,” and then immunoprecipitated with anti-HA
agarose beads. The co-precipitated ERK was then
detected by western blotting. The results in Figure 5c
also'show that hScrib binds ERK. in vivo in a KIM site-
dependent manner and, in addition, this interaction also
seems to be enhanced when the cells are exposed to
“osmotic stress. v o

The above results show that loss of hScrib enhances

ERK activation and that hScrib can interact with ERK -

through two KIM docking sites. We next wanted to
investigate whether the ability of hScrib to directly
interact with ERK was responsible for its ability to
downregulate ERK activation. To do this, HEK293 cells
were transfected with the wild-type hScrib "and the
AKIM mutants. After 24 h, the cells were extracted and
- the levels of activated phospho-ERK were analysed by
western blotting. The results obtained are shown in
Figure 6 and show a clear downregulation in the levels
of- phospho-ERK when wild-type hScrib is overex-
pressed. In contrast, the hScrib that has the carboxy
terminal KIM site mutation is no longer capable of
affecting the levels of ERK phosphorylation, whereas
the amino terminal KIM site mutant can downregulate
phospho-ERX to levels close to those obtained with the

" wild-type hScrib. These results show that hScrib can

directly regulate the levels of ERK activation through a
direct protein—protein interaction with ERK.

To determine whether hScrib downregulation of ERK
activation was physiologically relevant, we analysed
the effects of the wild-type and non-ERK binding
mutant of hScrib in an oncogene cooperation assay.
Primary baby rat kidney (BRK) cells were transfected
with human papillomavirus-16 E7 plus EJ-ras, in the
presence or absence of the hScrib-expressing plasmids.
After 3 weeks, the cells were fixed and stained and the
numbers of colonies counted. The results obtained are
shown in Figure 7 and Table 1. As can be seen, wild-type
hScrib can inhibit the oncogene cooperation between E7
and EJ-ras, whereas a non-ERK binding mutant of
hScrib is compromised in this activity. These results

. show that hScrib binding to ERK is functionally

relevant in an assay of oncogene cooperation.

Discussion

Previous studies have reported many diverse functions
for the hScrib protein. These include regulation of cell
proliferation, cell polarity, cell migration and cell
invasion in a variety of different cell types. Perhaps
the most intriguing of these observations are the
demonstrations that hScrib can potentially regulate
MAPK signalling. Loss of hScrib was reported to
enhance cell survival by inhibiting JNK-induced apop-
tosis in mammary tumour models of oncogene-induced

» Oncogene
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‘Figure 4 hScrib is a substrate for ERK1 and PKA. (a) The GST-hScrib fusion protein PDZ1-C (P1-C hScrib) and GST alone were
incubated with purified ERK1, ERK2, JNK and PKA together with radiolabel, and after 20 min the level of phosphorylation
was ascertained by SDS-PAGE and autoradiography (upper panels). The lower panels show the Coomassie protein stain of the gels.
(b) A panel of hScrib mutants in which the ERK consensus phospho-acceptor sites (1448 and 853) and the PK.A phospho-acceptor site
(1445) were substituted with alanine or aspartic acid either individually or in combination. The ERK docking KIM sites (836 and 1396)
sites were similarly either singly KR/AA (C terminal; AKIM C) or doubly RR/AA:KR/AA (N-terminal and C-terminal; AKIM N + C)
mutated. (¢) The wild-type and mutant hScrib fusion proteins with GST as control, were subjected to in vitro phosphorylation assays
with ERK1 (left) or PKA (right) and then analysed by SDS-PAGE and autoradiography. The bottom panels show the Coomassie
protein stains of the gels. (d) The wild-type and mutant hScrib fusion proteins defective in ERK1 recognition were subjected to in vitro
phosphorylation assays with PKA and then analysed by SDS-PAGE and autoradiography. The bottom panel shows the Coomassie

protein stain of the gel.

carcinogenesis (Zhan et al., 2008). hScrib was also
reported to act upstream of ERK in the Ras/Raf/MEK/
ERK signalling cascade to inhibit ERK activation and
suppress Ras-induced cell invasion in breast epithelial
cells (Dow et ‘al., 2008). In this study, we show that
hScrib regulates the ERK signalling pathway in human
keratinocytes through a direct protein interaction with
ERK. The consequences of this are-inhibition of ERK
phosphorylation and subsequent inhibition of ERK
nuclear translocation. :

In human skin keratinocytes, we observed that loss of
hScrib expression induces an upregulation in the levels
of activated phospho-ERK, providing the first indica-
tion that hScrib might also regulate ERK signalling in
these cells. Most interestingly, loss of hScrib expression
is accompanied by a marked accumulation of active
phospho-ERK in the Golgi apparatus and in -the

_nucleus. Although nuclear localized ERK is most likely
involved in the regulation of gene expression related to
cell cycle progression, Golgi accumulation may be
related to the control of cell survival and cell migration,
both of which have also been shown to be regulated by
hScrib (Qin er al., 2005; Dow et al., 2008; Nola et al.,
2008). ‘

An understanding of how hScrib directly regulates
ERK function has come from the identification of two

Oncogene

ERK docking sites on hScrib. These two KIM sites are
found at N- and C-terminal locations on hScrib, and
both are essential for directing the interaction between
ERK and hScrib, but with the C-terminal site having the
strongest affinity for ERK. One of the most likely
consequences of this interaction is to inhibit ERK
translocation to the nucleus. However, an additional
important feature is the direct inhibition of ERK
activation as a result of the ability of hScrib to bind
ERK. The mechanism by which this is achieved remains
to be determined, although recruitment of de-activating
phosphatases to the complex remains an intriguing
possibility.

During the course of this analysis, we mapped three
phospho-acceptor sites on hScrib. Under normal growth
conditions, hScrib is phosphorylated at S853, most
likely by ERK, and at S1445 by PKA. Interestingly,
stimulation of MAPK by osmotic stress results in a
marked loss of phosphorylation at the PKA site S1445,
but a concomitant increase in phosphorylation at S1448,
presumably also by ERK. Previous studies have shown
that PKA phosphorylation close to a KIM site might
inhibit ERK binding (Houslay and Kolch, 2000),
although at present we do not know whether PKA
phosphorylation can similarly affect the ability of hScrib
to interact with ERK. ERK1 (p44) and ERK2 (p42)

ca
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Figure 5 hScrib interacts directly with ERK through the two KIM sites. (a) Commercially available purified ERK1 was incubated
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blotting. The lower panel shows the Ponceau stain of the nitrocellulose membrane. (b) HEK?293 cell extracts from untreated and
sorbitol-exposed cells were incubated with the GST-PDZ1-C wild-type and the two KIM site mutant GST fusion proteins (single and
double) immobilized on glutathione-agarose beads. The bound proteins were analysed by western blotting with the anti-phospho
ERXK1/2 antibody and the anti-ERK1/2 antibody. The input GSTs are shown in the Ponceau stain of the nitrocellulose membrane.
(c) HEK293 cells transfected with pcDNA3.1 (CTL), HA-hScrib or the HA-hScribAKIM C mutant and the cells were then either
incubated with or without 0.3 M sorbitol for 10 min, after which the cells were extracted and immunoprecipitated with anti-HA agarose
beads. Co-immunoprecipitated proteins were then analysed by western blotting for anti HA-Scrib and anti-pERK/total ERK. The
lower histogram shows the guantitative analyses of the intensities of the pERK and total ERK bindings from three independent

experiments with s.d. indicated.
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have numerous substrates in common, many of which
dre nuclear and which participate in the transcriptional
regulation of a number of different cellular processes
(Treisman, 1996). However, ERK1 and ERK?2 are not
entirely functionally redundant, and our studies confirm
this as we found that hScrib S1448 is preferentially
phosphorylated by ERKI. At present, we have no
information as to what are the functional consequences
of ERK or PKA phosphorylation of hScrib. However,
we can speculate that this will most likely affect the
ability of hSecrib to interact with some of its cellular
partners, and studies are currently in progress to
investigate these aspects further.

Finally, it.is worth noting that only in Homo sapiens is
the organization of the two KIM sites and the
corresponding, phospho-acceptor sites perfectly well
conserved in Scribble. Figure 8 shows the sequence

“alignment of Scribble from a number of different

organisms. It can be seen from this that although the
C-terminal KIM and phospho-acceptor site are well
conserved among vertebrate species, the N-terminal site
is somewhat divérgent, whereas in lower organisms
neither of the two regulatory elements seem to be

conserved. This is particularly true for Drosophila,

which has been the model organism of choice for many
of the studies on hScrib, and suggests a very different

+ Oncogene
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Figure 6 hScrib downregulates ERK activation through a direct
interaction. HEK 293 cells were transfected with pcDNA3.1 (CTL),
HA-tagged wild-type hScrib, AKIM N + C, AKIM N and AKIM C
mutants. After 24 h, the cells were harvested and the levels of ERK
and phospho-ERK were analysed by western blotting. LacZ was
monitored as a control for transfection efficiency. The lower panel
shows the quantifications of the pERK/total ERK ratios from at
least three independent experiments.

form of regulation and function of hScrib between flies
and higher organisms. It is also worth noting that only
in Homo sapiens is the potential regulatory PKA site
so closely juxtaposed to the carboxy terminal ERK
phospho-acceptor site, and further studies are warranted
to determine whether there are any co-regulatory effects
in humans of these two kinases on hScrib.

In" summary, we have identified a novel regulatory
mechanism by which the cell polarity regulator hScrib
can directly control the MAPK signalling cascade
through a direct protein interaction with ERK. These
studies suggest that loss of hScrib expression, which is
observed in many tumours, can directly affect continued
cell proliferation and cell survival by increasing MAPK
activation and nuclear translocation.

Materials and methods

Cells and treatments

HEK293 (human embryonic kidney cells), HaCaT (human
keratinocyte) and BRK cells were cultured in Dulbecco’s
modified Eagles’s medium supplemented with 10% fetal
bovine serum, penicillin-streptomycin (100 U/ml) and gluta-
nmine (300 pg/ml) in a humidified 5% CO, incubator:”
Transfection was carried out using calcium phosphate
precipitation as described previously (Graham and van der
Eb, 1973) or using Lipofectamine 2000 (Invitrogen, Milan,
Italy) according to the manufacturer’s protocol. To generate
the dépleted Scribble cell lines, HaCaT cells were transfected
using a pool of short hairpin RNA constructs against hScrib
(82, ScribC) using Lipofectamine 2000 (Invitrogen). The cells

Oncogene

Figure 7 hScrib suppresses human papillomavirus (HPV)-16 E7
and EJ-ras oncogene cooperation in a KIM site-dependent manner.
BRX cells werc transfected with EJ-ras alone (a), HPV-16 E7 plus
EJ-ras (b), HPV-16 E7 plus EJ-ras and wild-type hScrib (c) and
HPV-16 E7 plus EJ-ras and the AKIM C hScrib mutant (d). After 3
weeks, the dishes were fixed and stained and the colonies counted.

Table1 Suppression of HPV-16 E7 and EJ-ras cooperation by hScrib
is KIM site-dependent .

Number of cell colonies

E.fp 1 Exp 2 Exp 3
El-ras . ’ 10 0 0
ElJ-ras+ 16 E7 52 . 34 63
EJ-ras+ 16 E7+ hScrib 22 1 44
EJ-ras+ 16 E7 +hScrib AKIMC 30 33 . 59

Abbreviations: HPV, human papillomavirus; hScrib, human Scribble;
KIM, kinase interaction motif; KIM C, KIM C-terminal.

Number of colonies obtained after 3 weeks of cultivation in three
independent assays.

were then selected with puromycin (500ng/ml) and after 4
weeks single colonies were analysed for hScrib expression by
immunofluorescence and western blotting, and two such
separate colonies (S2, ScribC) were used in this analysis.
Parallel transfections and selections were performed using
empty vector to generate control clones (TR) that had been
subjected to the drug selection. For induction of osmotic
shock; the cells were exposed to 0.3M sorbitol for the times .
indicated in the text. ) ’
Cell transformation assays were performed using BRX cells
obtained from 9-day-old Wistar rats with a combination of
human papillomavirus-16 E7 and EJ-ras plus the appropriate
hScrib expression plasmids.: Cells were placed under G418

 selection for 3 weeks, and then fixed and stained as described
* previously (Thomas et al., 2005).

Plasinids
The wild-type HA-tagged pcDNA hScrib expression plasmid
and the truncated mutant pGEX hScrib PDZ1-C, PDZ1-4
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Figure 8 Comparison and sequence alignment of the region of hScrib containing the consensus ERK phosphorylation/binding sites in
humans, chimpanzees, mice, rats, chickens and Drosophila. There is no evidence for the conservation of the C-terminal hScrib-
dependent ERX signalling cascade in non-vertebrate species; however, interestingly, only human Scribble has the two ERK sites.

expression plasmids have been described previously (Thomas
et al., 2005; Nagasaka et al., 2006). The mutations of Ser
853, 1445 and 1448 to either singly, doubly alanine(A) or
aspartate(D) or KR, RR to alanine AA mutants in hScrib were
performed using the QuikChange XL site-directed mutagenesis
kit from Stratagene Cloning Systems (La Jolla, CA, USA)
(Celbio, Milan, Italy) according to the manufacturer’s
instruction. The mutants were confirmed by DNA sequencing.

Antibodies

The following commercial antibodies were used at the dilu-
tion indicated: anti-hScrib goat polyclonal antibody (Santa
Cruz, Santa Cruz, CA, USA; western blot (WB) 1:1000), anti-
p44/42 MAPK (Erk1/2) antibody (Cell Signalling Technology,
Danvers, MA, USA; WB 1:1000), anti-phospho p44/42
MAPK (Erkl1/2) (Thr202/Tyr204) antibody (Cell Signaling
Technology, WB 1:1000), anti-HA monoclonal antibody,
12CAS5 (Roche, Milan, Italy; WB 1:500), anti-B-galactosidase

. antibody (Promega, Milan, Italy; WB 1:5000), anti-y-tubulin

monoclonal antibody (Sigma, Milan, Italy; WB 1:5000), anti-p84
mouse monoclonal antibody (Abcam, Cambridge, UK; WB
1:1000), anti-z-tubulin mouse monoclonal antibody (Abcam,
WB 1:1000) and anti-E-Cadherin rabbit polyclonal antibody
(Santa Cruz, WB 1:500).

Immunofluorescence and microscopy

For immunofluorescence, cells were grown on glass coverslips
and fixed in 3.7% paraformaldehyde in phosphate-buffered
saline (PBS) for 20 min at room temperature. After washing in
PBS, the cells were permeabilized in PBS/0.1% Triton for
5min, washed extensively in PBS and then incubated with
primary antibody diluted in PBS for 1h followed by the
appropriately conjugated secondary antibodies. Secondary
antibodies conjugated to Alexa Fluor 488 or 548 were obtained
from Invitrogen. The cells were then washed several times in
water and mounted on glass slides. Cells were visualized using

a Zeiss Axiovert 100M microscope (Zeiss, Milan, Italy)
attached to a LSM 510 confocal unit. .

Small interfering' RNA transfection ) )

HEXK 293 cells were seeded on 6 cm dishes and transfected using
Lipofectamine 2000 (Invitrogen) with control small interfering
RNA against Luciferase (siLuc), or small interfering RNA
against hScrib sequences (Dharmacon, Lafayette, CO, USA).
At 48 h after transfection, cells were harvested and total cells”
extracts or cell fractionated extracts were then analysed by
western blotting.

In vitro kinase assays

Purified GST fusion proteins were incubated with commercially
purified ERK1, ERK2, INKI (Cell Signaling Technology) or
PKA (Promega) for 20 min at 30 °C in phosphorylation buffer
(0.25™ Tris pH 7.5, 1M MgCl,, 3M NaCl, 0.3 mm aprotinin and
1 mm Pepstatin) supplemented with 56nm [©P] y-ATP (Perkin
Elmer, Waltham, MA, USA) and 10mMm ATP following
the manufacturer’s instruction. ‘After extensive washing, the
phosphorylated proteins were monitored by sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and
autoradiography.

Phospho-mapping analyses

HEK?293 cells were transfected with HA-tagged Scrib and after
24 I left untreated or exposed to sorbitol for 30 min. After this
time, the cells were extracted and proteins immunoprecipitated
with anti-HA agarose beads, separated on SDS-PAGE and
the silver-stained gel slice corresponding to hScrib was excised.
Phospho-mapping mass spectroscopy was then performed
using NextGen Sciences (Ann Arbor, MI, USA).

Subcellular fractionation assays
Differential extraction of HEK 293 cells to obtain cytoplasmic,

5319

nuclear and membrane fractions was performed using the

*Oncogene
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Calbiochem ProteoExtract Fractionation Kit (Calbiochem,

‘Milan, Italy) according to the manufacturer’s instructions.

To inhibit phosphatase activity during the preparation of
cell lysates, phosphatase inhibitors (Imm Na;VO, 1mm
f-glycerophosphate, 2.5mwm sodium pyrophosphate and 1 mm
sodium fluoride) were also included.

s

Immunoprecipitation and western blotting

Total cellular extracts were prepared by directly lysing cells
from dishes in SDS lysis buffer. Alternatively, cells were lysed
in either E1A buffer (25mm HEPES pH 7.0, 0.1% NP-40,
150 mm NaCl, plus protease inhibitor cocktail; Calbiochem) or
RIPA buffer (50mm Tris-HCl pH 7.4, 1% NP-40, 150mm

- NaCl, 1mm EDTA, plus protease inhibitor cocktail; Calbio-

chem). The supernatant (soluble fraction), pellet (insoluble
fraction) and the whole cells extracts were analysed by
SDS-PAGE and western blotting. For immunoprecipitations,
total cell lysates were transferred into a tube of equilibrated
EZview Red Anti-HA Affinity Gel beads (Sigma), and
incubated for 2h at 4 °C. Immunoprecipitates were extensively
washed four times in lysis buffer and solubilized in SDS-
PAGE sample buffer. For western blotting, 0.45 um nitrocel-
lulose membrane (Schleicher and Schuell, Milan, Italy) was
used and membranes were blocked for 1h at 37°C in 10%
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BACKGROUND: DBCI/KIAA 1967 (_eleted in breast cancer |) is a putative tumour-suppressor gene cloned from a heterozygously
deleted region in breast cancer specimens. Caspase dependent processing of DBC| promotes apoptosis, and depletion of
endogenous DBC! negatively regulates p53-dependent apoptosis through its specific inhibition' of SIRT . Hereditary breast and

ovarian cancer susceptibility gene product BRCAI, by binding to the promoter region of SIRTI, is a positive regulator of SIRT|

expression.

METHODS: A physical interaction between DBC} and BRCA! was investigated both in vivo and in vitro. To determine the
pathophysiological significance of DBCI, its role as a transcriptional factor was studied.

RESULTS: We found a physical interaction between the amino terminus of DBCI and the carboxyl terminus of BRCAI also known as

the BRCT domain. Endogenous DBC1 and BRCA| form a complex in the nucleus of intact cells,'which is exported to the cytoplasm

during ultraviolet-induced apoptosis. We also showed that the expression of DBCI represses the transcriptional activation function

of BRCT by a transient expression assay. The expression of DBCI also inhibits the transactivation of the SIRT| promoter medlated

by full-length BRCAI.

CONCLUSION: These results revealed that DBCI may modulate the cellular functions of BRCA| and have important |mphcatxons in'the

understanding of carcinogenesis in breast tissue.
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The gene'. encoding DBC1 (deleted in_ breast cancer 1) was
identified during a representative differential analysis to search
for candidate breast tumour-suppressor genes on a human
chromosome 8p2l region that is frequently  deleted in breast
cancers (Hamaguchi et al, 2002). In this study, the expression of
DBC2 (deleted in breast cancer 2) was substantially decreased in
breast and lung cancer specimens. On the other hand, the
expression of DBC1 was not substantially abrogated in cancers
from any source. Molecular and cellular functions of DBCI are
. currently extensively investigated to reveal the physiological role of
DBC1 (Sundararajan et al, 2005; Kim et al, 2008; Zhao et al, 2008;
Cha et al, 2009). Endogenous DBC1 is a nuclear protein and is
thought to localise in the nucleus depending on its nuclear
localisation signal (NLS) at the amino terminus. During tumor
necrosis factor-a-induced apoptosis, DBCI is translocated to the
cytoplasm with loss of the NLS by caspase-dependent cleavage and
this cleavage promotes apoptosis because of the death-promoting
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activity of its carboxyl-terminal coiled-coil domain (Sundararajan
et al, 2005). Therefore, caspase-dependent cleavage of DBC1 may
function as a positive feedback mechanism to promote apoptosis
and this would explain how DBCl functions as a tumour
suppressor. A recent study demonstrated that DBC1 promotes
p53-mediated apoptosis through specific inhibition of SIRT1, the
mammalian homologue of yeast silent information regulator 2
(Sir2) (Kim et al, 2008; Zhao et al, 2008). However, functions
of DBCI in living cells still remain largely unknown and it should
be determined whether DBCl has a pivotal role in tumour
suppressmn

It is well known that the germ-line mutation of BRCAI
predisposes women to early-onset breast and ovarian cancer.

- BRCA1 is predominantly located in the nucleus and is involved in

the basal transcriptional machinery (Scully et al, 1997; Anderson
et al, 1998). BRCAI regulates stress-inducible gene expressions
such as p21 (Ouchi et al, 1998), p53 (Somasundaram et al, 1999),
and GADD45 (Jin et al, 2000). The carboxyl-terminal BRCAI,
referred to as the BRCT domain, has been shown to be involved in
double-stranded DNA repair and homologous recombination
(Callebaut and Mornon, 1997; Moynalian et “al, 1999; Zhong
et al, 1999). BRCT is indispensable for normal cellular growth
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because the targeted deletion of the BRCT domain results in
embryonic lethality (Hohenstein et al, 2001). The major function
of BRCT is thought to be a gene regulator, mediating BRCA1
function as a tumour suppressor. This hypothesis is based on
several lines of evidence, including that the autonomous trans-
activation function of BRCT was preserved in a recombinant
protein consisting of the BRCT domain fused to a GAL4 DNA
binding domain (Miyake et al, 2000). In addition, point mutations
in the BRCT domain derived from patients with inheritéd breast
cancer result in loss of transcriptional activity, and BRCAI can also
function as a negative regulator on some gene promoters
(Chapman and Verma, 1996; Monteiro et al, 1996). This domain
has already been shown to be an interaction surface with a number
of transcription factors and co-regulators (Saka et al, 1997; Yarden
and Brody, 1999; Wada et al, 2004; Oishi et al, 2006). A recent
study revealed the interplay between SIRT1 and BRCAI1 (Wang

et al, 2008). BRCA1 was shown to stimulate the expression level of

SIRT1 through binding to the specific promoter region of SIRTI,
and this interplay prompted us to search for the cross talk between
DBC1 and BRCAL. .

To better understand the functional significance and the
transcriptional regulation of BRCA1, we investigated the physical
interaction between BRCA1 and DBCl. We found that DBCI
directly interacted with the BRCT domain. Our findings revealed
that the amino terminus of DBCI binds directly to the BRCT
domain both in vitro and in vivo. We studied the effect of the
transcriptional regulatiori of BRCAI driven by DBCI. These
findings establish a principal biological function of DBCI in the
modulation of BRCAI function, and further identify DBC1 as a

possible determinant and potential therapeutic target in breast
cancer.

MATERIALS AND METHODS
Cell culture

Human cervical adenocarcinoma Hela (CCl-2), human breast
cancer MCF-7 (HTB-22), and human kidney 293T (CRL-11268) cell
lines were purchased from the American Type Culture Collection
(Manassas, VA, USA). These cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% foetal bovine
serum.

Plasmid construction

BRCAL expression vectors, BRCT vectors, and reporter constructs
(17M8-AdMLP-luc) were described previously by Wada et al, 2004.
DBC1 (Clone ID 5496068) and SIRT1 (Clone ID 4518906)
expression vectors were purchased from Thermo Fisher Scientific
Open. Biosystems (Huntsville, AL, USA). Fragments of DBC1
were inserted into pcDNA-Myc vector derived from pcDNA3
(Invitrogen, Carlsbad, CA, USA).

Chemicals and antibodies .

Rabbit polyclonal antibodies were anti-DBC1 (produced in our
laboratory) and anti-acetyl-p53 (Upstate, Temecula, CA, USA,
catalogue no. 06-758). Mouse monoclonal antibodies were anti-
BRCA1 (Calbiochem, EMD Biosciences, Inc., LaJolla, CA, USA,
catalogue no. OP93T), anti-Myc (Invitrogen, catalogue no.

R95025), and anti-SIRT1 (Abnova, Taipei, Taiwan, catalogue no. -

H00023411-MO1).” Anti-BRCA1 (catalogue no. sc-642), anti-p21
(catalogue no. sc-397), anti-p53 (catalogue no. sc-126), and
anti-actin (catalogue mno. sc-47778) were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Alexa
Fluor 488-conjugated donkey anti-mouse IgG (A-21202) and Alexa
Fluor 555-conjugated goat anti-rabbit IgG (A-21428) were
purchased from Invitrogen.
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Immunoprecipitation and western blot

The formation of a DBC1-BRCA1 complex in HeLa and 293T cells
was analysed by immunoprecipitation. The whole-cell extracts of
Hela cells were immunoprecipitated with anti-BRCA1 antibodies,
and subsequently immunoblotted by anti-DBCI antibodies.
Reciprocal immunoprecipitation was also performed. Cells
(293T) transfected with indicated plasmids were lysed and
subjected to anti-FLAG M2 agarose (Sigma Aldrich, St Louis,
MO, USA). Immunoprecipitated materials were blotted with
anti-Myc antibodies to identify DBC1-containing complexes.

RNAi

The ablation of DBC1 and BRCA1 was performed by transfection
of Hela cells with small interfering RNA (siRNA) duplex oligos
synthesised by Qiagen (Hilden, Germany). Control siRNA (AllStars
Negative Control siRNA, Qiagen, 1027281), DBCI-specific siRNA
(DBC1-RNAi: 5'-AAACGGAGCCUACUGAACA-3', which covered
mRNA regions of nucleotides 1379-1397 (amino acids 460-466)
of DBC1, and KIAA1967-RNAi, SI00461853), and BRCAI-specific
siRNA (#14 (SI02664361) and #15 (8102664368)) were transfected
using HyperFect reagent (Qiagen).

GST pull-down assay

Glutathione S-transferase (GST) fusion proteins or GST alone were
expressed in Escherichia coli and immobilised on glutathione-
sepharose 4B beads (GE Healthcare UK Ltd., Buckinghamshire,
UK). GST proteins were incubated with [*°S] methionine-labelled
proteins using a TNT-coupled transcription-translation system
(Promega Co., Madison, WI, USA). Unbound proteins were -
removed and specifically bound proteins were eluted and analysed
by SDS polyacrylamide gel electrophoresis.

Luciferase assay and mammalian two-hybrid assay

Transfection was performed with Effectene reagent (Qiagen)
according to the manufacturer’s recommendation. For luciferase
assay, indicated expression vectors and GAL4 vectors were co-
transfected with 17M8-AdMLP-luc or SIRT1-luc. For mammalian
two-hybrid assay, GAL4 vectors and VP16 vectors were co-
transfected. As an internal control to equalise transfection efficiency,
PhRL CMV-Renilla vector (Promega Co.) was also transfected in all
experiments. Individual transfections, each consisting of triplicate -
wells, were repeated at least three times (Wada et al, 2004).

Fluorescence nncroscopy

Cells (MCF-7) were grown on 12 mm BD BioCoat glass coverslips
(BD Biosciences,. NJ, USA, 354085) in six-well plates before
induction of apoptosis. The cells were treated or not treated with
irradiation of ultraviolet (UV) light (0.24]), fixed with phosphate-
buffered saline (PBS) containing 4% paraformaldehyde, and
permeabilised in PBS with 0.2% (v/v) Triton X-100. After blocking,
the cells were incubated sequentially with anti-BRCAI and anti-
DBC1 antibodies. Secondary antibodies were Alexa Fluor 488-
conjugated donkey anti-mouse IgG and Alexa Fluor 555-
conjugated goat anti-rabbit IgG. The slides were briefly counter-
stained and analysed under a confocal fluorescence microscope
(Carl-Zeiss Microlmaging Inc., Oberkochen, Germany). Colocali-

_ sation was quantified using LSM7 series-ZEN200x software

{Carl-Zeiss Microlmaging Inc. ), and the ratio of colocalisation
pixels vs total pixels in the target area was detérmined. The degree
of colocalisation signal is expressed as mean * standard deviation,

© 2010 Cancer Research UK
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Immunohistochemistry

The procedure for immunohistochemical study has been described
by Wada-Hiraike ef al, 2006. The primary antibody used was
anti-DBCI, and the ChemMate EnVision Detection system (DAKO,
Carpinteria, CA, USA) was used to visualise the signal.

Chromatin immunoprecipitation assay

Soluble HeLa chromatin for PCR amplification was essentially
prepared as described by Oishi ef al, 2006. Subconfluent HeLa cells
were crosslinked with 1.5% formaldehyde at room temperature for
15min, and washed twice with- ice-cold PBS. The cell pellet was
then resuspended in 0.2'ml lysis buffer and sonicated by Bioruptor
UCD-250 (Cosmo Bio, Co., Ltd,,” Tokyo, Japan). The sheared
soluble chromatin was then subjected to immunoprecipitation
with specific antibodies and protein G-sepharose with salmon
sperm DNA (Upstate). After an extensive wash, the beads were
eluted. The eluate was incubated for 6h at 65°C to reverse the
formaldehyde crosslink. The extracted DNA was purified using the
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QIAquick PCR purification kit (Qiagen). PCR was performed using
specific primers (Wang et al, 2008).

RESULTS

DBC1 and BRCAL1 interact in vivo and in vitro

To determine the interaction between endogenous DBC1 and
BRCAL1 in cultured human cells, cell extracts from HeLa cells were
immunoprecipitated with anti-BRCA1 antibodies or with preim-
mune IgG. The immunoblotting analysis using anti-DBC1 anti-
bodies revealed the existence of DBCI in cell lysate immuno-
precipitates (Figure 1A), which indicates that DBC1 physically
associates with BRCALI in living cells. Reciprocal immunoprecipi-
tation analysis confirmed this association (Figure 1A). In addition,
Flag-tagged BRCA1 and Myc-tagged DBC1 were each transfected in
293T cells and extracts of transfected cells were immunoprecipi-

. tated with anti-FLAG M2 agarose beads. Western blotting analysis

_ with anti-Myc antibodies revealed the existence of Myc-tagged
DBCl in the protein extract of immunoprecipitates (Figure 1B},
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Figure | In vivo and in vitro association between DBCI and BRCAI, and mapping of the BRCT-interacting region of DBCI. (A) The formation of a

DBCI-BRCAI complex in Hela cells was’ analysed by co- immunoprecipitation (IP) with antibodies to BRCAI or preimmune IgG, followed by
immunoblotting (IB) using anti-DBCI antibodies. The immunoprecipitates were subjected to 30 ul of protein G sepharose 4 Fast Flow and bound proteins
~ were detected by western blotting. Reciprocal co-immunoprecipitation with antibodies to DBCI and subsequent IB corifirmed the complex formation of

DBCl and BRCAL. (B) The formation of a DBCI -

BRCAI complex in 293T cells was analysed by IP with anti-Flag M2 agarose beads, followed by 1B using

anti-Myc antibodies. Bound proteins were detected by western blotting. (C) Mapping of the BRCT-interacting region of DBCI using glutathione
S-transferase (GST)-BRCT and DBCI. Bactenallg expressed GST fusion proteins immobilised on beads were used in in vitro pull-down assays. Full-length
DBC} was in vitro translated in the presence of [*S] methionine using a TNT-coupled in vitro translation system. Labelled DBC| was then incubated with
GST—BRCT. The mixtures were washed and subjected to SDS polyacrylamide gel electrophoresis (PAGE) and analysed. Polyacrylamide gels were stained
“briefly with Coomassie Brilliant Blue to verify the loading amounts of fusion proteins. (D) A schematic diagram of the structure of DBCI is shown, Fragments
of DBC! ((amino acids 1 -230), (230-500), (500- 750) and (750-923)) were in vitro translated using a TNT-coupled in vitro translation system. Labelled
DBC! was incubated with GST—BRCT. The mixtures were extensively washed and subjected to SDS—PAGE and then analysed by autoradiography.
(E) Mammalian two-hybrid interaction analysis. Cells (293T) were transfected with the.indicated combinations of mammalian expression vectors encoding
GAL4, ‘GAL4—BRCT, the herpes simplex virus VP16 transactivation domain (VP16), and VP16-DBCI chimera. At 24h after transfection, cells were
harvested, and transfected whole-cell lysates were assayed for luciferase activity produced from a co-transfected GAL4 DNA binding site-driven reporter
template (17MB8-AdMLP-luc). GAL-BRCT shows additive transactivation when co-transfected with VP-DBCI.N, suggesting the interaction between BRCT

and DBC! (1 ~230) in vivo.
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