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Growth retardation and tumour
inhibition by BRCA1

Jeffrey T. Holt!"2, Marilyn E. Thompson!, Csilla Szabo*, Cheryl Robinson-Benion',

Carlos L. Arteagal?, Mary-Claire King* & Roy A. Jensen

1,2

Inherited mutations in BRCAT predispose to breast and ovarian cancer, but the role of
BRCA1 in sporadic breast and ovarian cancer has previously been elusive. Here, we
show that retroviral transfer of the wild-type BRCA7 gene inhibits growth in vitro of all
breast and ovarian cancer cell lines tested, but not colon or lung cancer cells or
fibroblasts. Mutant BRCA1 has no effect on growth of breast cancer cells; ovarian cancer
cell growth is not affected by BRCA7T mutations in the 5' portion of the gene, but is
inhibited by 3' BRCA1 mutations. Development of MCF-7 tumours in nude mice is
inhibited when MCF-7 cells are transfected with wild-type, but not mutant, BRCA7. Most
importantly, among mice with established MCF-7 tumours, peritoneal treatment with a
retroviral vector expressing wild-type BRCA1 significantly inhibits tumour growth and

increased survival.

The breast and ovarian cancer susceptibility gene
BRCAI is mutated in the germline and the normal
allele is lost in tumour tissue from hereditary breast
and ovarian cancer!™. Somatic point mutations in
BRCAI in sporadic tumours are very rare>”, but com-
plete somatic deletion of one allele of BRCAI occurs in
approximately 50% of sporadic breast cancers and 70%
of sporadic ovarian cancers®. Expression of BRCAI
mRNA is decreased in sporadic breast cancer, suggest-
ing that BRCAI is altered at the genomic level in heredi-
tary breast and ovarian cancer, but at either the
genomic or transcriptional levels in sporadic cancer®.

Most inherited BRCAI mutations produce truncated
proteins that vary in length from 5% to 99% of full-
length protein, although missense mutations are found
which alter cysteines in the RING finger. The C-termi-
nal end of the BRCA1 protein must be essential to nor-
mal BRCA1 function in breast epithelial cells, because
patients inheriting 1853Stop develop very early onset
breast cancer'®. However, mutations in the 3' portion
of BRCAI are less likely to lead to ovarian cancer than
are mutations in the 5' portion of the gene!!.

BRCA1 expression increases in pregnancy, then
declines after parturition'>!3. Inhibition of BRCAI
expression leads to growth acceleration of both normal
and malignant breast epithelial cells”. Together these
results suggest that BRCA1 may be a hormone-induced
growth regulator. However, there has previously been no
direct evidence that BRCA1 inhibits growth of breast or
ovarian cancer at the cellular level, or that this effect is
general and not limited to cases with inherited disease.

We carried out retroviral gene transfer of wild-type
and mutant BRCA] to analyse the function of BRCAI

in sporadic breast and ovarian cancer. Qur results indi-
cate that (i) wild-type BRCAI inhibits growth of breast
and ovarian cancer cells in vitro; (ii) the C-terminal
truncation mutant 1835Stop inhibits ovarian cancer
cell growth, but not breast cancer cell growth, while
other BRCAI mutants fail to inhibit either breast or
ovarian cancer cell growth; (iii)) MCF-7 breast cancer
cells transfected with wild-type BRCAI are severely
inhibited in their capacity to form tumours in nude’
mice; (iv) intraperitoneal injection of BRCA1 as a retro--
viral construct into nude mice with established MCF-7
tumours increases expression of BRCAlL in these
tumours; and (v) mice that have MCF-7 tumours when
injected once with wild-type BRCAI retrovirus have
significantly longer (3-fold increased) survival com-
pared to mice injected with mutant BRCAI retrovirus.

BRCA1 inhibits breast and ovarian cancer

Transfection experiments were carried out to determine
whether BRCAI could inhibit growth of breast and
ovarian cancer cells that came from different patients.
MCF-7 and MDA-MB-157 breast cancer cell lines have
very low expression of BRCAI mRNA® and BRCAL1 pro-
tein (ref. 14 and unpublished data), and only one allele
at each of the markers D1751185, D1751320, D1751321,
D175855, D1751322, D1751323 and D1751327, indicat-
ing genomic loss of one copy of the 2 Mb region con-
taining BRCAI. Transfection into these cell lines tests
the effects of overexpressing BRCA! in tumours origi-
nally derived from patients who very likely have spo-
radic breast cancer. An ideal control would be a tumour
cell line from a patient with an inherited BRCAI muta-
tion and somatic loss of the remaining allele; such a cell
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Table 1 Effect of BRCA1 expression vectors on growth

tions produced functionally inactive

Vector

(W138)
LXSN 85+2.5
BRCA1 87+2.2
1835Stop  85+1.2
340Stop 87+1.4
A343-1081 84+1.4

A515-1092 88+2.4

Fibroblast Breast Ca Breast Ca Ovarian Ca Ovarian Ca Ovarian Ca Lung Ca Colon Ca

(MCF-7)  (MB-157) (CaOv-4) (ES-2)  (PA-1)
85+43.7  42+41.2 72423  34+1.3 92412
0+02 0+0 0+02 0+0 0+0.3
88+33  39+15  3+1.7 2415 7412
89433 44421 80427  32+1.7  92+14
96437 40415  76+48 32415  93+19
03+15.9 48425  77+42 34+1.5  96+1.9

BRCAl. However, a truncated
1,835-amino acid BRCA1 protein

FK111) (OK3 o M

(98+1.7) 2334_)9_4 significantly inhibited growth of
101+44.2 480+16.3 ovarian cancer cells, but not breast
102+5.8 473+20.5 cancer cells. This suggests that dif-
99+45.0 483+33.0  forent mechanisms mediate growth
97+3.7 460+294 . .. .. .

99450 4734087 inhibition of ovarian cancer cells

and breast cancer cells and that this

G418-resistant transfectants per 107 cells. Mean + standard error.

a10-20 small colonies were identified in each transfection but these never grew beyond 30 cells per clone.

line would permit the test of growth inhibition in breast
cancer cells definitively lacking any normal BRCAI
expression. However, no long-term cell lines have yet
been established from these patients.

Transfection of wild-type LXSN-BRCA1 into breast
cancer cell lines, MCF-7 and MDA-MB-157, and ovari-
an cancer cell lines, Caov-4, ES-2 and PA-1, significantly
inhibited growth (Table 1). No colonies of the BRCAI-
transfected breast or ovarian cancer cell lines grew
beyond 30 cells per clone (we were eventually able to
expand some of the MCF-7 clones in an enriched
growth media containing GMS-A (Gibco), 10% fetal
calf serum and 5 ng/ml EGE in order to use these
clones for subsequent studies). In contrast to the
growth inhibitory effect of wild-type BRCAI on breast
and ovarian cells, fibroblasts and lung and colon cancer
cells were not inhibited by LXSN-BRCAI. Expression
vectors producing a 340-amino acid truncated BRCA1
protein or either of two internally deleted proteins did
not inhibit growth of any cell line, indicating that both
the disease-associated mutations and the internal dele-

1 2

3456789101112 1314

— 2 Kb

— 1.6 Kb

-— 1 Kb

= 190 kD
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difference depends on the length of
the truncated protein.

Successful transfer of the BRCAI
gene into the cancer cells was shown by both RT-PCR
analysis and immunoblotting (Fig. 1). Transfectants
expressed wild-type BRCA1 or mutant BRCA1 mRNA
of the expected sizes (Fig. 1a). The 190-kD BRCA1 pro-
tein was expressed in transfected MCF-7 cells (Fig. 15,
lanes 3~4), but not in untransfected MCF-7 cells (Fig
1b, lanes 1-2). The level of BRCA1 expression in trans-
fected cell lines and in tumours is still quite low
(<20%) relative to that in normal breast or ovarian
cells, probably because normal expression of the
growth-inhibitory BRCA1 protein is incompatible with
growth of MCF-7 cells in vitro or in vivo. To confirm
that the unaffected growth of lung and colon cancer
cells resulted from failure of inhibition, rather than
simply poor expression or unstable BRCAL protein, we
measured the level of BRCA1 protein in lung and colon
cancer cells stably transfected with LXSN-BRCAL
Transfected lung and colon cancer cells overexpressed
BRCAI1 protein, but their growth was not inhibited
(Fig. 10).

Mutation site and ovarian cancer susceptibility

To determine whether the differential effects of 5' ver-
sus 3' BRCAI mutations on growth of ovarian cancer
cell lines were paralleled in human patients, we calcu-
lated the relative frequency of ovarian versus breast
cancer among 166 patients in our series inheriting
BRCA1 mutations (Table 2). Mutations inherited by 19
patients were nonsense alterations leading to transcript

Fig. 1 Expression of transferred BRCAT genes a, Expression of
BRCA1 transcript in transfected MCF-7 cells. RT-PCR of RNA
from MCF-7 breast cancer cells transfected with wild-type and
mutant BRCA?. Primer pair 2a (see Methods) yields a 1.7-kb
band in wild-type BRCAT transfected cells; primer pair 3 yields a
1.1-kb band in BRCA1 A343-1081 transfected cells. Lanes are
as follows: untransfected MCF-7 cells tested with primer pair 2a
(lane 1) or primer pair 3 (lane 2); MCF-7 cells transfected with
wild-type BRCA1 tested with primer pair 2a following reverse
transcription (lanes 3-6) or without reverse transcription (lanes
7-9); MCF-7 cells transfected with mutant BRCA? tested with
primer pairs 2a and 3 simultaneously (lanes 10-12); control
amplification of wild-type LXSN-BRCA1 plasmid DNA with
primer pair 2a (lane 13); control amplification of LXSN-BRCA1
A343-1081 plasmid DNA with primer pair 3 (lane 14). b, Expres-
sion of BRCA1 protein in transfected MCF-7 cells and tumours.
Whole cell lysates from MCF-7 tumours were probed with anti-
body (C-20, Santa Cruz Biotechnology) made to the C-terminal
end of BRCA1 (ref. 14). Lanes are as follows: lysates from
untransfected MCF-7 cells (lanes 1-2); lysates from MCF-7
clones transfected with wild-type BRCAT (lanes 3—4); lysates
from uninfected MCF-7 tumours (lanes 5-7); lysates from MCF-7
tumours ex vivo transduced with wild-type LXSN-BRCAT (lanes
8-10}). ¢, Immunoblot of lysates from FK111 lung cancer cells
(Lanes 1-3) and OK3 colon cancer cells (Lanes 4-6) probed with
C-20 antibody. Lanes 1 and 4 represent untransfected controls
and lanes 2, 3, 5, and 6 represent separate sets of pooled stably
transfected clones of BRCAT. 468 is a control lysate from MDA-
MB-468 cells.
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instability and no mutant protein.
Mutations inherited by 13 patients

Table 2 Inherited BRCA1 mutations
and type of cancer

tion, tumours developed in five of
six mice injected with MCF-7 cells

were missense alterations in the

RING finger leading to complete Termination codon

of mutant protein

but aberrant protein. All other 02
mutations were protein-truncating 36
mutations at sites throughout the 37
gene. Our hypothesis was that trun- gg
cations on opposite sides of the a1
granin motif at codons 1214-1223 313
(ref. 14) would be associated with 766
different susceptibilities to ovarian ;g?
cancer. The difference in ovarian 915
and breast cancer distribution 1203
between the two groups was statisti- 1214-1223
cally significant; ovarian cancer 1265
formed a significantly lower pro- 1323
portion (2%) of the cancers in 1853
patients with mutant proteins that 1863
would include the granin motif (see Totals:
accompanying paper on page 303 of G 0-1223
L. ranin motif
this issue) compared to the propor- 12931863

tion (25%) of cancers in patients

carrying LXSN control retrovirus,

B rgaasqcerg\tzry but no tumours developed in the
18 3 six mice injected with MCF-7 cells

2 carrying wild-type LXSN-BRCAI

7 1 (Table 3). However, retroviral trans-
167 g duction by BRCAI had no effect on
4 2 colon tumour formation (Table 3).
5 1 Tumours ultimately developed in all
3 4 LXSN control mice and 4/6 LXSN-
174 4 BRCAI mice. However, the
4 3 tumours in LXSN-BRCAI mice
6 were significantly smaller (60 + 24
Granin motif mg) compared to tumours of the
152 ; LXSN control mice (569 + 60 mg)
6 (P =0.0018 (paired), 0.0007 (inde-
7 pendent)).
13 Because these retroviral transduc-
tion studies did not result in 100%
o 3 transduction rates and did not com-
43 1 pletely prevent tumour develop-

ment, other mice were injected with

with more severely truncated pro-
teins (32 =11.12, P<0.001). This
result is consistent with the previous
observation that the site of BRCAI
mutation is associated with relative
susceptibility to ovarian versus breast cancer!!. The
granin consensus motif at codons 1214-1223 is well
within the confidence limit for the estimated location
of the optimal change point in that analysis'!,

transcript.

RING finger.

BRCA1 inhibits mouse breast tumorigenesis

Transfer of wild-type BRCAI into MCF-7 cells inhibit-
ed the capacity of MCF-7 cells to form tumours in
nude mice. Supernatants containing 5 x 107 vector
particles from LXSN control and LXSN-BRCA1 PA317
producer clones were used to transduce 5 x 107 MCF-7
cells and OK3 colon cancer cells in culture. Transduced
cells were injected into the flanks of six nude mice for
each vector and each cell line (cells were not treated
with G418 before injection, but analysis of Southern
blots demonstrated that 70-80% of MCF-7 cells are
transduced by this protocol'®). Four weeks after injec-

2Nonsense mutations leading to loss of

bComplete protein: missense mutations in

stable MCF-7 transfectants express-
ing BRCAI. MCF-7 clones transfect-
ed with wild-type BRCAI required
enriched media and grew far more
slowly than MCF-7 clones transfect-
ed with mutant BRCAI (Fig. 2a). Growth inhibition of
MCEF-7 clones transfected with wild-type BRCA1 was
cell-cycle dependent, reflecting either G, /S inhibition or
a prolonged G /G, phase. Three MCF-7 clones stably
transfected with BRCAI A343-1081 and four MCF-7
clones stably transfected with wild-type BRCA1 were
each injected into five mice. None of the 20 mice inject-
ed with wild-type BRCAI transfectants developed
tumours, whereas all 15 mice injected with mutant
BRCALI transfectants developed tumours (Table 3), con-
firming that BRCAI inhibits tumorigenesis in nude
mice.

BRCAT1 inhibits established tumours in mice

LXSN-BRCAI vectors were injected into the peri-
toneum of mice with established MCF-7 tumours to
determine if wild-type BRCAI could be integrated into

Table 3 Inhibition of tumorigenesis in mice by BRCA1

Mice injected with MCF-7 cells transduced with BRCA1
or control retrovirus
Number of mice with tumours 4 weeks after injection
Number of mice with tumours 8 weeks after injection
Weight of tumours at 8 weeks (mgms)

Mice injected with transduced colon tumour cells
Number of mice with tumours 4 weeks after injection
Weight of tumours (mgms)

LXSN vector

wild-type BRCA1 BRCA1 del 343-1081 Control

Mice injected with MCF-7 cells stably transduced with retrovirus

Number of mice with tumours 8 weeks after injection

Mice with established MCF-7 tumours injected with
BRCA1 retroviral vectors
Days survival after injection {see also Fig. 3}
Mean and standard error of survival (days)

0/6 5/6 6/6

4/6 6/6 6/6
60+ 24 569 + 60 610 £ 82

6/6 6/6 5/6
1540 + 128 1633 + 110 1490 + 92

0/20 15/15 ND

15, 18, 22, 26, 41
244+ 21

4,89, 11,1 ND
86+1.3
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tumour cells, inhibit tumour growth and improve sur-
vival. Five mice with established MCF-7 peritoneal
tumours (multiple 3-5 mm palpable nodules) were
injected with wild-type LXSN-BRCAI five other mice
with established MCF-7 tumours were injected with
mutant LXSN-BRCAI A343-1081. Previous experi-
ence indicated that this experimental approach gener-
ally results in retroviral vector integration into 20 to
40% of tumour cells!>. BRCA1 protein was expressed
in MCF-7 tumours in mice treated with wild-type
LXSN-BRCAI retroviral vector (Fig 1b, lanes 8-10).
No BRCA! protein expression was detectable in
tumours of mice not treated with BRCAI (Fig. 14,
lanes 5-7).

All five mice treated with mutant BRCAI retrovirus
died in less than two weeks (8.6 £ 1.3 days survival
post injection); the five mice injected with wild-type

1009
| Mutant BRCA1
5 ——— BRCAT
2
€ 601
(7]
£
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&
-9
20
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Days

Fig. 3 Survival of mice with established intraperitoneal tumours
treated once with retroviral construct containing wild-type
BRCA1 (upper curve) versus mutant BRCAT A343-1081 (lower
curve).
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Fig. 2 Growth of MCF-7 breast cancer cells transfected with
wild-type versus mutant BRCA1. a, Growth rates (mean + stan-
dard deviation} of two MCF-7 clones stably transfected with
wild-type BRCAT versus BRCA1 A343-1081 in media containing
5 ng/ml EGF and 10% fetal calf serum. b, Proportion of MCF-7
cells in various stages of the cell cycle after stable transfection
and expression of wild-type or mutant BRCA71. Wild-type
BRCAT1 clone #1: Gy-G, 89%, G,-M 5%, S 6%; G/G, 1.97, CV
2.88. Mutant clone #1: Gy-G; 54%, G,-M 9%, S 37%; G/G,
1.96; CV 3.75.

BRCAI survived from 15-41 days (24.4 + 2.1 days sur-
vival post injection) (Table 3; Fig. 3). This difference
was not due to a systemic effect of retroviral infection
because injection of mutant BRCAI retrovirus (Table
3) as well as two additional control retroviruses'® did
not inhibit tumour growth.

Necropsies were carried out on all mice. The five
mice treated with mutant BRCAI retrovirus all died of
cancer, with tumours ranging in size from 650 to 840
mg at death. Of the five mice treated once with wild-
type BRCAI retrovirus, three had detectable tumours
at death, with sizes of 460 mg (15 days survival; cause
of death probably the tumour), 320 mg (18 days sur-
vival; cause of death uncertain) and 290 mg (22 days
survival; cause of death uncertain). The two mice sur-
viving 26 and 41 days had no detectable tumour and
died of pneumonia or unknown cause. Future experi-
ments will include more than one peritoneal treatment
with wild-type BRCAI retrovirus.

Discussion

Overexpression of BRCA1 inhibits the growth of breast
and ovarian cancer cells and suppresses tumorigenesis
of MCF-7 breast cancer cells. Near full-length truncat-
ed BRCA1 proteins do not inhibit breast cancer cell
growth, but do inhibit ovarian cancer cell growth, in
parallel with the observation that human patients with
near-full length truncated BRCAIL proteins may devel-
op very early-onset breast cancer but rarely ovarian
cancer. The mechanism of tumour suppression by
BRCA1 may differ for breast versus ovarian cancer, and
this may have implications for diagnostic screening
and therapy.

Disease-associated truncation mutations eliminate
growth inhibition, providing support for the hypothe-
sis that growth inhibition constitutes a tumour sup-
pressive function of BRCA1 and providing a functional
assay for distinguishing mutations from polymor-
phisms. In-frame deletion mutants which delete a
highly charged region containing potential glycosyla-
tion sites indicate that this region of the protein is
required for growth inhibition. These data provide
support for the hypothesis that glycosylation of
BRCALI contributes to its function as a granin'4. This
growth inhibition assay will allow further analysis of
missense mutations and detection of potential struc-
tural domains.

BRCAL1 growth inhibition is specific for certain cells
and appears to be cell cycle dependent. This tissue
specificity is unlike previously described tumour sup-
pressors, notably p53 and Rb, which interact with gen-
eral cell cycle mechanisms. We have recently shown
that BRCA1L is present in secretory vesicles and is
secreted'® suggesting that BRCAl may only inhibit
growth of cells that either contain a regulated secretory
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pathway or possess an appropriate receptor. Inhibition
of tumour growth observed in mice was also specific to
certain tissues, since breast tumours were inhibited by
injection of wild-type LXSN-BRCAI, but colon
tumours were not. The mechanism responsible for this
tumour suppression was not merely prevention of
tumour formation or early angiogenesis because injec-
tion of wild-type LXSN-BRCAL retrovirus slowed the
growth of established tumours.

The simplest explanation for these observations of
both growth inhibition and tumour suppression is that
BRCAL inhibits tumour development by slowing or
stopping growth of tumour cells i vivo. The combina-
tion of effectiveness and tissue specificity of growth
inhibition by BRCAI retroviruses may enable BRCA1-
mimetic agents or BRCAI-based gene therapy to be
used to treat human breast and ovarian tumours.

Methods

Vector construction. The LXSN-BRCA! retroviral expression
vector was constructed by cloning a Sall-linkered BRCAI
cDNA (nucleotides 83-5711) (ref. 2) into the Xhol site of the
retroviral vector LXSN for transfection and retroviral trans-
duction studies. Two nonsense mutations which produced pre-
dicted proteins of 1835 and 340 amino acids were constructed
by restriction digestion of the parent vector LXSN-BRCA1 with
Apal and Bgll1, respectively, followed by insertion of a termina-
tion codon linker and re-ligation. The two internal deletion
mutants, which eliminated the region of BRCA! containing
acidic residues and putative glycosylation sites, were construct-
ed by restriction enzyme digestion and re-ligation because the
selected restriction enzymes deleted fragments which con-
served the reading frame. A343—1081 was constructed by diges-
tion of LXSN-BRCA1 with Bsml followed by re-ligation, and
A515-1092 was constructed by digestion of LXSN-BRCAI with
Bsu36l followed by re-ligation. Constructs were confirmed by
DNA sequencing.

Cell culture, gene transfer methods and nude mice studies.
Cancer cell lines were obtained from American Type Culture
Collection (ATCC), Rockville, MD. For the growth inhibition
experiments, cells were plated in six well microtiter plates,
transfected at 80% confluence by calcium phosphate coprecipi-
tation for 4 h followed by glycerol shock, and then selected for
7-10 d with 500 pg/ml G418. All transfection studies were per-
formed at least in triplicate.

The nude mice studies were performed with retroviral vec-
tor preparations obtained from cloned PA317 producer clones
with a titer of 5-9 x 10° virions/ml. PA317 producer clones for
the nude mice transduction studies were produced by trans-
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