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Emerging roles of BRCAT1 alternative splicing

T | Orban, E Olah

Germline mutations of the BRCA1 gene predispose
individuals mainly to the development of breast and/or
ovarian cancer. However, the exact function of the gene
is still unclear, although the encoded proteins are
involved in various cellular processes, including
transcriptional regulation and DNA repair pathways.
Several BRCA1 splice variants are found in different
tissues, but in spite of intense investigations, their
regulation and possible functions are poorly understood
at the moment. This review summarises current
knowledge on the roles of these splice variants and the
mechanisms responsible for their formation. Because
alternative splicing is now widely accepted as an
important source of genetic diversity, elucidating the
functions of the BRCAT1 splice variants would help in the
understanding of the exact role(s) of this tumour
suppressor. This should help to resolve the current
paradox that, despite its seemingly vital cellular
functions, mutations of this gene are associated with
tissue specific tumour formation predominantly in the
breast and the ovary.

from that date, numerous studies have been

undertaken with the aim of understanding
its function(s). Germline mutations of the gene
predispose individuals mainly to breast and ovar-
ian cancer,”” but they also increase the risk of
Fallopian tube cancer®” and, to a lesser extent, of
pancreatic and prostate cancer.’ Based on these
observations, the gene product was first expected
to be involved in tissue specific processes in these
organs, especially in the breast and the ovary.
However, on the contrary, many functions of the
protein have been found that are not tissue
specific. First, the expression of the gene was
proved to be strongly cell cycle dependent,”** and
the gene product was shown to be involved in the
control of the GI-S and the G2-M transition
checkpoints." " Other studies revealed that the
brcal protein is involved in transcriptional
regulation®* and in chromatin remodelling,” *’
and the observation that it might be a part of the
RNA polymerase II holoenzyme complex sup-
ported these findings.* In the meantime, the pro-
tein was found to be involved in various DNA
repair processes, such as the control of homolo-
gous recombination, non-homologous end join-
ing, and transcription coupled repair.*” In addi-
tion, many DNA repair proteins and protein
complexes were shown to interact with brcal,

The BRCA1 gene was cloned in 1994,' and
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including rad51, the rad50-mrel1l-nbs1 complex,
and the BASC supercomplex containing, among
others, mismatch repair proteins and the atm
protein,””” which strengthened the idea of
BRCA1 being a DNA repair gene. The protein can
also interact with the product of the other breast
cancer susceptibility gene, BRCA2, which was
recently shown to be a strong candidate for the
gene encoding Fanconi protein D1.** The con-
nection between BRCA1 and the Fanconi anae-
mia pathway further supports its role in cell cycle
checkpoints and in DNA repair mechanisms.”

“The brcal protein is involved in
transcriptional regulation and in chromatin
remodelling, and the observation that it
might be a part of the RNA polymerase |I
holoenzyme complex further supported
these last findings”

Initially undertaken as a separate line of inves-
tigation, among many other protein species, the
brcal protein was shown to dimerise with the
bardl protein,” * and the complex was found to
have ubiquitin ligase activity.” Interestingly, this
last observation gives rise to a hypothesis that
could integrate some of the so far seemingly dif-
ferent cellular pathways of brcal. An idea was
proposed that, as part of the RNA polymerase II
holoenzyme, the brcal-bardl dimer could some-
how “sense” the presence of a mutation in front
of the transcription complex, and could stop
transcription by tagging the proteins for degrada-
tion through the ubiquitin—proteasome pathway.
The brcal protein could then recruit different
protein complexes to repair the DNA damage
before transcription is allowed to proceed.”* Many
details of this hypothesis still need further
experimental support, although this intriguing
idea could clearly integrate many, up to now
seemingly independent, observations.

Nonetheless, the above stated observations
have not resolved the paradox of why germline
mutations of the gene can lead to tissue specific
tumorigenesis. Because somatic mutations of the
gene occur at much lower frequencies in breast
and ovarian tumours than had been expected,”
many researchers hypothesised that perhaps cer-
tain processes disturbing the expression pattern
of the gene could lie behind the malignant trans-
formation in many, mainly sporadic, tumours.**
By examining the expression pattern of the gene,
more and more evidence was gathered indicating
that there are a large number of splice variants
present in different tissues, with remarkably
different expression patterns.' “* In addition,
because alternative splicing is now widely recog-
nised as an important source of genetic
diversity,” investigators started to question
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Table 1 The known BRCA1 splice variants in humans, indicating the exon(part)s missing, the tissues where a variant is
most abundant, and also whether the encoded protein keeps the original open reading frame (ORF)

Name of the variant Keeps the ORF2 Tissues Refs
Full length BRCA1 Yes Breast, ovary, testis, thymus, various other 1
With exon 1a (NM_007294*) Yes Breast, ovary, testis, thymus 57,58
With exon 1b (NM_007295%) Yes Placenta 57
A(2-10) (NM_007297*) Yes Breast, lymphocytes 49
A(5) Yes Breast, ovary, lymphocytes 1, 48, 59, 60
A(59,6) Yes Breast, lymphocytes 60
A(9,10) (NM_007302*) Yes Breast, ovary, lymphocytes 1,12, 46, 48, 61
A(9,10,11q) (NM_007305%) Yes Breast, ovary, lymphocytes 12, 46, 49, 61
A(?,10,11) (NM_007298%) Yes Breast, lymphocytes 1, 49
A(11q) (NM_007304%) Yes Breast, ovary, lymphocytes 12, 46, 48, 49, 61
A(11) (NM_007303*) Yes Ovary, thyroid 47,62
A(14-17) (NM_007299*) Yes Breast, lymphocytes 49
A(14-18) (NM_007300%) Yes Breast, lymphocytes 49
A(3) No Breast, lymphocytes 60
A(3,5q) No Lymphocytes 60
A(5q) No Breast, ovary, lymphocytes 59, 60
A(6,7) No Lymphocytes 60
A(9) No Lymphocytes 60
A(15-17) (NM_007301%*) No Breast, lymphocytes 49
Usage of leaky splice sites
+3 nt for 5’ of exon 8 Yes Breast 1
+3 nt for 5’ of exon 14 Yes Breast 1
-3 nt from 5' of exon 8 Yes Breast, lymphocytes 60
-3 nt from 5’ of exon 121 Yes Breast 47
-6 nt from 3’ of exon 1a (NM_007296*) Yes Kidney, lung, other 58

available. Tlt has only been described in the A(11q) variant.
nt, nucleotides.

When the gene was cloned, an inserted Alu element was mistakenly identified as exon 4," but this is omitted from the table.
5q, the last 22 nt are missing form exon 5; 11q, the last 3309 nt are missing from exon 11 (8% of the exon is kept only).
*Because many variants are named differently in the literature, the numbers in parenthesis correspond to the reference sequences in Locuslink, where

whether all the described cellular functions and protein part-
ners still hold true for the different species encoded by differ-
ent BRCA1 splice variants, and to what extent the regulation
and function of these variants differ from those of the full
length species. This review is intended to provide a current
picture concerning BRCAI alternative splicing because this
area of genetics is presently under intense investigation.

THE COMPLEX UNIVERSE OF BRCA1 SPLICE
VARIANTS

As shown in table 1, the number of known BRCA1 mRNA
variants is relatively high. Nevertheless, these mRNA species
might not all be functional because many of them were
detected in tumour samples, and might represent aberrant
splicing products as a result of genetic instability in the
tumour.”* Keeping the original reading frame of the protein
might be a good indication of those species that are truly
functional, and selecting variants using this criterion would
lower the number to be investigated (fig 1). Those variants
with premature termination codons could be the result of
subtle cellular regulation, because it was shown that the con-
centrations of certain proteins and/or mRNA molecules could
be downregulated by changing the alternative splicing pattern
of the gene, leading to the formation of mRNA variants that
can be degraded by the pathway of nonsense mediated mRNA
decay.” These possible regulatory mechanisms all need to be
considered when characterising a given splice variant to
understand its possible function(s) in different physiological
conditions. At present, as far as we are aware, no study has
specifically been directed towards a complete enumeration of
all functional BRCA1 variants. However, several studies have
claimed that four mRNA variants—the full length, the
A(9,10), the A(11q), and the A(9,10,11q) variants (table 1; fig
1)—are expressed in a variety of tissues, under different con-
ditions, and hence are «called predominant splice
variants.” * ¥
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TISSUE SPECIFIC BRCA1 mRNA PROFILES

The variability of BRCAI messages begins with the very first
exon of the gene—Xu and colleagues” first provided evidence
for the presence of two possible exon 1 sequences at the 5' end
of the mRNA molecule (fig 1). These exclusive exons, la and
1b, differ in their lengths and their sequences, but neither of
them encodes a part of the normal brcal protein because the
translational start site is located in exon 2. Both transcripts are
expressed in various tissues, including testes and thymus,
although their relative expression levels are different. In addi-
tion, only transcripts with exon la are expressed in mammary
glands, whereas in placenta only transcripts starting with
exon 1b are found.” Two different promoters at the 5' region of
the gene account for the different exon 1 sequences,” and the
two promoters have different transcription factor binding
sites; therefore, the tissue specific distribution of certain regu-
latory factors could explain the increase in certain transcripts
found in different tissues. But what could be the reason for the
existence of different 5’ sequences if they do not encode the
major protein species? One explanation could be that the two
sequences differ in their ability to initiate translation, hence
providing a subtle regulatory mechanism for brcal protein
production. Indeed, there is support for this idea, because
Sobczak and colleagues® showed that the two different
transcripts have different efficiencies of translation initiation,
possibly as a result of the presence of three small upstream
open reading frames in exon 1b, which would mean tissue
specific brcal translation profiles. However, it is not known
whether there are differences in the splicing profiles of the
further 3' exons of the mRNAs starting with either exon 1a or
exon 1b.

“What could be the reason for the existence of different
5" sequences if they do not encode the major protein
species? ”
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Alternative 5'splice sites
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Structures of the BRCAT mRNA variants that keep the original open reading frame and hence are capable of encoding functional
protein species (see table 1). Numbers correspond to different exons, and the missing exons are shown by connecting lines in each variant.

Exons are not drawn to scale, although as indicated exon 11 is much longer than the others. Note that exons 1a and 1b are shown with the
full length mRNA species only, because it is currently unknown whether the splicing profiles of the further 3' exons are different for these two

mutually exclusive exons.

Despite the existence of the numerous BRCA1 splice
variants (table 1), because of methodological difficulties, most
of the studies discuss the relative abundance of only a limited
number of variants in the total mRNA pool. In earlier studies,
some authors did not characterise the observed mRNA
species, they just assumed that they were smaller variants
such as A(11q) or A(11) BRCAL." Later investigations focused
mainly on those variants that were described in most tissues
examined, and hence are called predominant mRNA
variants.” * The relative expression levels of the full length,
the A(9,10), the A(11q), and the A(9,10,11q) BRCA1 variants
show a tissue specific pattern, with extreme distributions of
A(11q) being the only variant in some cells of ovarian and
thyroid origin, or being absent completely from the BRCA1
pool in pancreatic and liver cells.” In certain normal and
malignant breast epithelial cells, the A(9,10) and the
A(9,10,11q) variants were present in significantly lower
amounts than the full length and the A(1l1q) BRCAIl
variants,” whereas in other breast and ovarian tumours, lower
amounts of the A(11q) variant were present, with the A(9,10)
variant being highly expressed compared with other BRCA1
isoforms.” Apart from the use of different methodologies,
these clearly conflicting results could also be explained by the
heterogeneity of different tumour samples. Some authors
concentrated on comparing the expression levels of only two
parts of the BRCAI mRNA pool, such as those either contain-
ing or lacking the 3' region of exon 11, and they found a strong
cell type specificity in the BRCA1 expression profile.” In a
more detailed investigation, by systematically measuring the
relative expression levels of the four predominant splice vari-
ants, we provided evidence that when increased BRCA1 tran-
scription occurs at the G1-S transition of the cell cycle, the
ratio of the full length BRCA1 compared with the other four
variants increased in ovarian and breast cancer cell lines, but

decreased in a leukaemia cell line examined. The relative
amount of the A(11q) variant decreased as a result of
synchronisation in all cell lines examined, whereas the other
two species—the A(9,10) and the A(9,10,11q) variants—
showed more of a cell line dependent expression pattern.
However, this study indicated that breast and the ovarian cells
might share some common regulatory pathways in alternative
splicing as compared with the leukaemia cell line, and the dis-
turbance of such pathways might be associated with breast
and ovarian tumorigenesis."

Despite the conflicting results of the experiments presented
above, the main message of these studies is that the
alternative splicing of BRCA1 plays an important role in
certain cellular functions, and perhaps in tumour suppression.
However, the question remained as to the possible functions of
the different variants and also to what extent they contributed
to the overall functions of the gene.

EVOLUTIONARY CONSERVATION OF BRCA1 SPLICE
VARIANTS

Perhaps one of the best indications for the functionality of a
certain mRNA species is its evolutionary conservation.
Concerning BRCA1, it was shown that more than one mRNA
variant is transcribed from the gene homologue in various
mammalian species, including mouse, rat, sheep, and pig.' ™
The A(11) variant has been demonstrated in mice,” ™ and it
was also shown that the transcription profiles of the full
length and the A(11) Brcal variants during the cell cycle are
similar to that of the human orthologue.” In addition, an
intriguing evolutionary conservation underlined the import-
ance of BRCAI alternative splicing: when comparing the
BRCAI orthologues in rat, mouse, dog, and human, a strong
purifying selection was found on a certain region of the
mRNA.” By examining the corresponding part of the gene, we
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identified two putative exonic splicing enhancer elements and
hypothesised that the presence of these and perhaps similar
regulatory sequences could account for the strong evolution-
ary conservation of that region.” In addition, this conserved
region may contain regulatory elements for the alternative
splicing of the four predominant splice variants, at least in
humans. Further experimental support is needed to show that
homologues of all of the variants exist in all mammals exam-
ined, but the fact that some variants do exist in different spe-
cies indicates their presumably conserved functions.

POSSIBLE CELLULAR ROLES OF THE VARIANTS

One drawback to the functional studies of the variants at the
protein level is the lack of specific antibodies recognising cer-
tain variants exclusively, which would be extremely useful for
delineating their overlapping and distinct functions. Earlier
studies described the presence of protein species with a
molecular weight lower than the full length brcal, which were
possibly the proteins encoded by the A(9,10), the A(9,10,11q),
the A(11q), or the A(11) mRNA variants.* * The variants that
would be expected to differ greatest at the functional level
from the full length species are those lacking most of exon 11,
as a result of their remarkable size difference and the absence
of many functional domains involved in protein—protein
interactions. The A(11) variant was used to identify two
nuclear localisation sequences (NLS) in exon 11 and it was
found that, in contrast to the full length protein variant, the
A(11) protein (and possibly the A(11q) also) is localised in the
cytoplasm.” However, its role in the cytoplasm remains
controversial, despite various attempts to decipher its cellular
function. It was first shown that NIH3T3 fibroblast cells or
MCF-7 tumour cells transfected with the A(11q) protein
showed increased levels of apoptosis.® In contrast, others
found that exogenous A(11q) brcal protein was less toxic to
the cells than the exogenous full length protein species.* This
last group also showed that the cellular localisation of the full
length species was not without ambiguity, because it localised
partly in the cytoplasm.” In an attempt to resolve these
conflicting observations, Wang and colleagues” provided
evidence that the full length brcal protein is present in the
nucleus in the absence of serum; however, they were able to
prove that the two protein variants encoded by the A(11q) and
the A(9,10,11q) mRNAs could also enter the nucleus, despite
the fact that they lack the two NLS. Similar problems arose
with the localisation of the mouse homologue: one group
showed that the A(11) species is located in the cytoplasm,”™
whereas others could detect both the full length and the A(11)
proteins in the nucleus.” At this time, the picture was very
confusing and it was thought that another approach was
needed to resolve these contradictory results.

The possible explanation to this problem arose when two
separate groups showed that, in the presence of wild-type p53,
the full length brcal and the A(11q) and A(9,10,11q) variants
could transactivate the p21 promoter.” ™ In addition, this
effect was synergistic if the cells were transfected with the
combination of any two of the variants, but was completely
abolished in a mutant p53 background.” Further characteris-
ing this phenomenon, Lu and Arrick™ showed that mutations
disturbing one of the BRCT domains at the C-terminal of the
protein abolished the ability of the shorter proteins to
transactivate the p21 promoter, but not that of the full length
brcal. They explained this by suggesting that the shorter vari-
ants can also enter the nucleus by associating with other pro-
teins through the BRCT domains, and that is why a mutation
affecting that region would result in their inability to transac-
tivate. Such mutations do not affect the full length species
because it has its own NLS, and is therefore able to enter the
nucleus by itself. For the possible identity of the shuttle
protein, the authors suggested more potential binding
partners, including p53, CtIP, BAPI, or perhaps the full length
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BRCAL itself. Although the exact mechanism needs to be
deciphered, this hypothesis could explain the contradictory
results concerning the cellular localisation of the shorter brcal
variants.

“Some cellular roles are common among at least the
four predominant variants”

The above results undoubtedly raised further speculation as
to whether proteins interacting with the evolutionarily
conserved RING finger motif at the N-terminal region of brcal
are also able to act as shuttle proteins. Fabbro and
colleagues™ provide evidence for that hypothesis by proving
that the bard1 protein can carry both the shorter and the full
length brcal variants into the nucleus. They proposed that the
bardl protein is in fact a molecular chaperone masking a
putative nuclear export signal at the N-terminal of BRCAI,
and could also help retain brcal in the nucleus at the site of
DNA damage. This notion would also explain some previous
conflicting observations concerning the subcellular localisa-
tion of the full length brcal.

From studies directed towards understanding the specific
functions of the variants, it became apparent that some cellu-
lar roles are common among at least the four predominant
variants. They are all phosphoproteins and are able to interact
with E2F proteins and various cyclins and cyclin dependent
kinases through the N-terminal RING finger motif,” which is
in agreement with the proposed function of the gene as a pos-
sible cell cycle regulator.”” In addition, the A(11q) and the
A(9,10,11q) brcal variants may both interact with the ELK-1
transcription factor, and this dimer could downregulate the
expression of the FOS oncogene, which might explain the
tumour suppressor behaviour of these brcal variants in the
various breast tumour cells examined.* However, it still needs
to be confirmed that this also applies to the full length species,
but both structural and sequence data suggest that it probably
does. Nevertheless, the obvious sequence differences between
the predominant variants indicate possible functional differ-
ences.

Many potential protein partners of brcal interact with the
amino acid region encoded by the large exon 11, and variants
lacking this part of the protein could not perform roles associ-
ated with those interactions. A good example of this would be
the rad51 protein, which seems to be a crucial partner of
brcal.” * The A(11) homologue in the mouse is unable to
interact with the rad51 homologue counterpart and, more-
over, this variant is not phosphorylated after y ray induced
DNA damage, as would be the full length species.” In addition,
in functional knockout mice, where only the A(11) brcal spe-
cies is expressed, proliferating cells have a normal G1-S tran-
sition, but are stopped at the G2—M checkpoint of the cell cycle
and also develop abnormally amplified centrosomes.” Al-
though results in mouse models should be extrapolated to
humans with care, they do provide a good indication for the
differing functions of the brcal variants. Indeed, recent stud-
ies in mouse models were useful for elucidating common and
distinct functions of the full length and A(11) brcal proteins.
One group showed that in functional knockout mice, the
expressed A(11) variant is sufficient to maintain the normal
development of lymphocytes, but cannot suppress tumorigen-
esis, because a significant number of such mice develop T cell
lymphomas.” Others supported this by showing that the
absence of the full length, but not the A(11) brcal, protein
causes senescence in mutant embryos and cultured cells, in
addition to premature aging and tumorigenesis in adult
mice.” A third group provided evidence that in mouse strains
where only the A(11) variant was functional, the testicular
size of animals is reduced, and impaired meiotic DNA damage
repair and lack of crossing over could be observed during
spermatogenesis.” Recently, such overlapping and distinct
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functions of these two BRCAI variants were also seen in
human cell cultures, although these experiments concen-
trated on transcriptional transactivation activities.” One
intriguing result of these last experiments was that BRCA1
mutations implicated in cancer formation did not destroy all
the transcriptional functions that were investigated.

“Although results in mouse models should be
extrapolated to humans with care, they do provide a
good indication for the differing functions of the brcal
variants”

In addition to the distinct functions described above, one
study in human cells did provide a clue for functional differ-
ences between variants containing or lacking the amino acid
region encoded by exons 9 and 10. Cui and colleagues®
showed that the N-terminal region of the A(11q) protein has
a transactivating effect in GAL4 systems, whereas the
A(9,10,11q) protein does not. This might be a useful fact to
know when designing further studies to compare the
functions of these variants. Nonetheless, in spite of the
numerous experimental data, the exact cellular roles of brcal
variants are still unclear and need to be elucidated further.

DISTURBED EXPRESSION PROFILE: A POSSIBLE
DIAGNOSTIC TOOL?

As more authors described changes in the expression pattern
of the variants associated with malignant transformation,
especially in breast and ovarian tissues, the question arose as
to whether it could be a useful tool to be applied in cancer
diagnosis.”  The disturbed splicing profile is already an
accepted indicator of tumour formation in the case of other
genes, such as WT1 or CD44,” * and the use of alternative
BRCAL splicing as a tumour marker might be useful in the
diagnosis and prevention of breast and ovarian cancers.
Certain mutations were shown to influence the alternative
splicing pattern of BRCA1,” * and the phenotypic differences
caused by different disease predisposing germline mutations
should be reconsidered in the light of BRCA1 alternative
splicing. There are some indications that different expression
profiles might not correlate with specific types of breast
tumours (TI Orban and E Olah, unpublished observation);
however, further studies are needed to investigate this
question further.

CONCLUSIONS

Although much information has been gathered on the regula-
tion and the possible cellular functions of BRCA1 alternative
splicing, this area of genetics is still under intense investiga-
tion. Our understanding of the functions and the regulation of
the numerous splicing variants is far from clear; however, their
tissue specific distribution and evolutionary conservation
clearly indicate that they play important cellular roles.
Functional studies at the protein level are hindered by the lack
of variant specific antibodies, and developing such molecular
tools would help in the search for the functions of individual
splicing variants. Nevertheless, based on mouse models and
experiments carried out on human cell cultures, many
overlapping and distinct functions of certain variants have
been elucidated, and the role of the BRCA1 gene in transcrip-
tional regulation, in DNA repair pathways, and in cell cycle
checkpoints is now better understood. One promising
implication of these studies is the possibility of using the
BRCAL splicing profile in cancer diagnostics, even if it still
awaits further experimental testing. At present, our knowl-
edge in this field is by no means complete, but we are gaining
a better understanding of the underlying mechanisms that
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Take home messages

The tissue specific distribution and evolutionary conserva-
tion of the BCRAT splice variants suggest that they play
important cellular roles

Mouse models and experiments carried out on human cell
cultures have revealed many overlapping and distinct func-
tions of certain variants

These studies have shown that the BRCA1 gene plays a role
in transcriptional regulation, DNA repair pathways, and
cell cycle checkpoints

It is possible that the BRCAT1 splicing profile may be used in
cancer diagnostics in the future

regulate BRCALI alternative splicing. Further studies may elu-
cidate further subtleties in the genetic regulation of this
tumour suppressor gene, and could perhaps help resolve the
paradox of tissue specific tumorigenesis caused by mutations
of a gene with such general cellular functions.

ACKNOWLEDGEMENT

The authors are indebted to Dr J Papp for helpful comments on the
manuscript. The work in our laboratory was supported by the
Hungarian Research Grant OTKA T-030039 and the Ministry of Edu-
cation Szechenyi Project NKFP1/48/2001.

Authors’ affiliations
T 1 Orban, E Olah, National Institute of Oncology, Department of
Molecular Genetics, Budapest, H-1122, Hungary

REFERENCES

1 Miki Y, Swensen J, Shattuck-Eidens D, et al. A strong candidate for the
breast and ovarian cancer susceptibility gene BRCAT. Science
1994,266:66-71.

2 Kerr P, Ashworth A. New complexities for BRCA1 and BRCA2. Curr Biol
2001;11:R668-76.

3 Welcsh PL, King MC. BRCA1 and BRCA?2 and the genetics of breast
and ovarian cancer. Hum Mol Genet 2001;10:705-13.

4 Scully R, Puget N. BRCA1 and BRCA2 in hereditary breast cancer.
Biochimie 2002;84:95-102.

5 Venkitaraman AR. Cancer susceptibility and the functions of BRCA1
and BRCA?2. Cell 2002;108:171-82.

6 Zweemer RP, van Diest PJ, Verheijen RH, et al. Molecular evidence
linking primary cancer of the fallopian tube to BRCA1 germline
mutations. Gynecol Oncol 2000;76:45-50.

7 Aziz S, Kuperstein G, Rosen B, et al. A genetic epidemiological study of
carcinoma of the fallopian tube. Gynecol Oncol 2001;80:341-5.

8 Thompson D, Easton DF, Breast Cancer Linkage Consortium. Cancer
incidence in BRCA1 mutation carriers. J Natl Cancer Inst
2002;94:1358-65.

9 Chen Y, Framer AA, Chen CF, et al. BRCA1 is a 220-Da nuclear
phosphoprotein that is expressed and phosphorylated in a cell
cycle-dependent manner. Cancer Res 1996,56:3168-72.

10 Gudas JM, Li T, Nguyen H, et al. Cell cycle regulation of BRCA1
messenger RNA in human breast epithelial cells. Cell Growth Differ
1996,;7:717-23.

11 Vaughn JP, Davis PL, Jarboe MD, et al. BRCA1 expression is induced
before DNA synthesis in both normal and tumor-derived breast cells. Cell
Growth Differ 1996;7:711-15.

12 Orban TI, Olah E. Expression profiles of BRCA1 splice variants in
asynchronous and in G1/S synchronized tumour cell lines. Biochem
Biophys Res Commun 2001;280:32-8.

13 Larson JS, Tomkinson JL, Lai MT. A BRCAT mutant alters G2-M cell
cycle control in human mammary epithelial cells. Cancer Res
1997,57:3351-5.

14 Dasika GK, Lin SC, Zhao S, et al. DNA damage-induced cell cycle
checkpoints and DNA strand break repair in development and
tumorigenesis. Oncogene 1999;18:7883-99.

15 Xu B, Kim ST, Kastan MB. Involvement of Brcal in S-phase and G,-phase
checkpoints after ionizing irradiation. Mol Cell Biol 2001;21:3445-50.

16 Xu X, Qiao W, Linke SP, et al. Genetic interactions between tumour
suppressors Brcal and p53 in apoptosis, cell cycle and tumorigenesis.
Nat Genet 2001;28:266-71.

17 Xu B, O’Donnell AH, Kim ST, et al. Phosphorylation of serine 1387 in
Breal is specifically required for the Atm-mediated S-phase checkpoint
after ionizing irradiation. Cancer Res 2002;62:4588-91.

18 Yarden RI, Pardo-Reoyo S, Sgagias M, et al. BRCA1 regulates the
G2/M checkpoint by activating Chk1 kinase upon DNA damage. Nat
Genet 2002;30:285-9.

www.molpath.com


http://mp.bmj.com/
http://group.bmj.com/

196

20

2

22

23
24

25
26

27

28
29
30
31

32

33

34
35
36

37

38

39

40

4

42

43

44

45

46

47

48

49

50

Downloaded from mp.bmj.com on February 10, 2012 - Published by group.bmj.com

Okada S, Ouchi T. Cell cycle differences in DNA damage-induced
BRCA1 phosphorylation affect its subcellular localization. J Biol Chem
2003;278:2015-20.

Monteiro ANA, August A, Hanafusa, H. Evidence for a transcriptional
activation function of BRCAT C-erminal region. Proc Natl Acad Sci U S
A 1996;93:13595-9.

Zheng L, Pan H, Li S, et al. Sequence-specific transcriptional corepressor
function for BRCAT through a novel zinc finger protein ZBRK1. Mol Cell
2000;6:757-68.

Bochar DA, Wang L, Beniya H, et al. BRCA1 is associated with a
human SWI/SNF-related complex: linking chromatin remodeling to
breast cancer. Cell 2000;102:257-65.

Monteiro ANA. BRCA1: exploring the links to transcription. Trends
Biochem Sci 2000;25:469-74.

Scully R, Anderson SF, Chao DM, et al. BRCA1 is a component of the
RNA polymerase Il holoenzyme. Proc Natl Acad Sci U S A
1997,94:5605-10.

Scully R, Chen J, Plug A, et al. Association of BRCA1 with Rad51 in
mitotic and meiotic cells. Cell 1997;88:265-75.

Zhong Q, Chen CF, Li S, et al. Association of BRCA1 with the
hRad50-hMre11-p95 complex and the DNA damage response. Science
1999,285:747-50.

Wang Y, Cortez D, Yazdi P, et al. BASC, a super complex of
BRCA1-associated proteins involved in the recognition and repair of
aberrant DNA structures. Genes Dev 2000;14:927-39.

Howlett NG, Taniguchi T, Olson S, et al. Biallelic inactivation of BRCA2
in Fanconi anemia. Science 2002;297:606-9.

Stewart G, Elledge SJ. The two faces of BRCA2, a FANCtastic
discovery. Mol Cell 2002;10:2-4.

D’Andrea AD, Grompe M. The Fanconi anaemia/BRCA pathway. Nat
Rev Cancer 2003;3:23-34.

Wu LC, Wang ZW, Tsan JT, et al. Identification of a RING protein that
can interact in vivo with the BRCA1 gene product. Nat Genet
1996;14:430-40.

Thai TH, Du F, Tsan JT, et al. Mutations in the BRCA1-associated RING
domain (BARD1) gene in primary breast, ovarian and uterine cancers.
Hum Mol Genet 1998;7:195-202.

Hashizume R, Fukuda M, Maeda |, et al. The RING heterodimer
BRCA1-BARD1 is a ubiquitin ligase inactivated by a breast
cancer-derived mutation. J Biol Chem 2001;276:14537-40.

Parvin JD. BRCAT1 at a branch point. Proc Natl Acad Sci U S A
2001,;98:5952-4.

Meraijver SD, Pham TM, Caduff RF, et al. Somatic mutations in the
BRCA1 gene in sporadic ovarian tumours. Nat Genet 1995;9:439-43.
Khoo US, Ozcelik H, Cheung ANY, et al. Somatic mutations in the
BRCA1 gene in Chinese sporadic breast and ovarian cancer. Oncogene
1999;18:4643-6.

Russell PA, Pharoah PDP, De Foy K, et al. Frequent loss of BRCAT
mRNA and protein expression in sporadic ovarian cancers. Int ] Cancer
2000;87:317-21.

van der Looij M, Clefon-Jansen AM, van Eijk R, et al. A sporadic breast
tumour with a somatically acquired complex genomic rearrangement in
BRCA1. Genes Chromosomes Cancer 2000;27:295-302.

Signori E, Bagni C, Papa S, et al. A somatic mutation in the 5'UTR of
BRCAT1 gene in sporadic breast cancer causes down-modulation of
translation efficiency. Oncogene 2001;20:4596-600.

Thompson ME, Jensen RA, Obermiller PS, et al. Decreased expression
of BRCAT accelerates growth and is often present during sporadic breast
cancer progression. Nat Genet 1995;9:444-50.

Magdinier F, Ribieras S, Lenoir GM, et al. Down-regulation of BRCA1 in
human sporadic breast cancer; analysis of DNA methylation patterns of
the putative promoter region. Oncogene 1998;17:3169-76.

Rice JC, Massey-Brown KS, Futscher BW. Aberrant methylation of the
BRCA1 CpG island promoter is associated with decreased BRCA1
mRNA in sporadic breast cancer cells. Oncogene 1998;17:1807-12.
Budhram-Mahadeo V, Ndisang D, Ward T, et al. The Brn-3b POU
family transcription factor represses expression of the BRCA-1
anti-oncogene in breast cancer cells. Oncogene 1999;18:6648-91.
Yoshikawa K, Honda K, Inamoto T, et al. Reduction of BRCA1 protein
expression in Japanese sporadic breast carcinomas and its frequent loss
in BRCA1-associated cases. Clin Cancer Res 1999;5:1249-61.

Egawa C, Miyoshi Y, Taguchi T, et al. Quantitative analysis of BRCA1
and BRCA2 mRNA expression in sporadic breast carcinomas and its
relationship with clinicopathological characteristics. Jpn J Cancer Res
2001;92:624-30.

Lu M, Conzen SD, Cole CN, et al. Characterization of functional
messenger RNA splice variants of BRCA1 expressed in nonmalignant and
tumor-derived breast cells. Cancer Res 1996,56:4578-81.

Thakur S, Zhang HB, Peng Y, et al. Localization of BRCA1 and a splice
variant identifies the nuclear localization signal. Mol Cell Biol
1997,17:444-52.

Wilson CA, Payton MN, Elliott GS, et al. Differential subcellular
localization, expression and biological toxicity of BRCA1 and the splice
variant BRCA1-deltal1b. Oncogene 1997;14:1-16.

Xu CF, Chambers JA, Nicolai H, et al. Mutations and alternative splicing
of the BRCA1 gene in UK breast/ovarian cancer families. Genes
Chromosomes Cancer 1997;18:102-10.

Goldstrohm AC, Greenleaf AL, Garcia-Blanco MA. Co-transcriptional
splicing of pre-messenger RNAs: considerations for the mechanism of
alternative splicing. Gene 2001;277:31-47.

www.molpath.com

51

52

53
54
55
56
57

58

59

60

6

62

63

64

65

66

67

6

[ee]

69

70

71

72

73
74

75

76

77

78

79

80

8

Orban, Olah

Modrek B, Lee C. A genomic view of alternative splicing. Nat Genet
2002;30:13-19.

Caceres JF, Kornblihtt AR. Alternative splicing: multiple control
mechanisms and involvement in human disease. Trends Genet
2002;18:186-93.

Roberts GC, Smith CWJ. Alternative splicing: combinatorial output from
the genome. Curr Opin Chem Biol 2002;6:375-83.

Graveley BR. Alternative splicing: increasing diversity in the proteomic
world. Trends Genet 2001;17:100-7.

Graveley BR. Sex, AGility, and the regulation of alternative splicing.
Cell 2002;109:409-12.

Maniatis T, Tasic B. Alternative pre-mRNA splicing and proteome
expansion in metazoans. Nature 2002;418:236-43.

Xu CF, Brown JA, Chambers JA, et al. Distinct transcription start sites
generate two forms of BRCAT mRNA. Hum Mol Genet
1995;4:2259-64.

Fetzer S, Tworek HA, Piver MS, et al. An alternative splice site junction
in exon 1a of the BRCAT gene. Cancer Genet Cytogenet
1998;105:90-2.

Claes K, Vandesompele J, Poppe B, et al. Pathological splice mutations
outside the variant AG/GT splice sites of BRCAT exon 5 increase
alternative transcript levels in the 5 end of the BRCA1 gene. Oncogene
2002;21:4171-5.

Munnes M, Zuther |, Schmitz B, et al. A novel insertional mutation and
differentially spliced mRNAs in the human BRCA1 gene. Gene Funct Dis
2000;1:38-47.

Shao N, Chai ZL, Shyam E, et al. Induction of apoptosis by the tumour
suppressor protein BRCA1. Oncogene 1996,13:1-7.

Huber LJ, Yang TW, Sarkisian CJ, et al. Impaired DNA damage
response in cells expressing an exon 11-deleted murine Brcal variant
that localizes to nuclear foci. Mol Cell Biol 2001;21:4005-15.

Lukas J, Gao DQ, Keshmeshian M, et al. Alternative and aberrant
messenger RNA splicing of the mdm2 oncogene in invasive breast
cancer. Cancer Res 2001;61:3212-19.

Kaufmann D, Leistner W, Kruse P, et al. Aberrant splicing in several
human tumors in the tumour suppressor genes neurofibromatosis type 1,
neurofibromatosis type 2, and tuberous sclerosis 2. Cancer Res
2002;62:1503-9.

Bartel F, Taubert H, Harris LC. Alternative and aberrant splicing of
MDM2 mRNA in human cancer. Cancer Cell 2002;2:9-15.

Lewis BP, Green RE, Brenner SE. Evidence for the widespread coupling
of alternative splicing and nonsense-mediated mRNA decay in humans.
Proc Natl Acad Sci U S A 2003;100:189-92.

Xu CF, Chambers JA, Solomon E. Complex regulation of the BRCA1
gene. J Biol Chem 1997,272:20994-7.

Sobczak K, Krzyzosiak WJ. Structural determinants of BRCA1
translational regulation. J Biol Chem 2002;277:17349-58.

Favy DA, Lafarge S, Rio P, et al. Realtime PCR quantification of
fulllength and exon 11 spliced BRCA1 transcripts in human breast
cancer cell lines. Biochem Biophys Res Commun 2000;274:73-8.
Hakem R, de la Pompa JL, Sirard C, et al. The tumour suppressor gene
Breal is required for embryonic cellular proliferation in the mouse. Cell
1996,85:1009-23.

Xu X, Weaver Z, Linke SP, et al. Centrosome amplification and a
defective G2-M cell cycle checkpoint induce genetic instability in BRCA1
exon 11 isoform-deficient cells. Mol Cell 1999;3:389-95.

Mixon M, Kittrell F, Medina D. Expression of Brcal and splice variant
BrcalA11 RNA levels in mouse mammary gland during normal
development and tumorigenesis. Oncogene 2000;19:5237-43.

Hurst LD, Pal C. Evidence for purifying selection acting on silent sites in
BRCAT. Trends Genet 2001;17:62-5.

Orban TI, Olah E. Purifying selection on silent sites—a constraint from
splicing regulation? Trends Genet 2001;17:252-3.

Wang H, Shao N, Ding QM, et al. BRCA1 proteins are transported to
the nucleus in the absence of serum and splice variants BRCA1aq,
BRCA1b are tyrosine phosphoproteins that associate with E2F, cyclins
and cyclin dependent kinases. Oncogene 1997;15:143-57.
Bachelier R, Dalla Venezia N, Mazoyer S, et al. Differential expression
and subcellular localization of murine BRCAT and BRCA1-A11 isoforms
in murine and human cell lines. IntJ Cancer 2000;88:519-24.

Chai Y, Cui J, Shao N, et al. The second BRCT domain of BRCA1
proteins interacts with p53 and stimulates transcription from the
p21[WAF1/CIP1] promoter. Oncogene 1999;18:263-8.

Lu M, Arrick BA. Transactivation of the p21 promoter by BRCA1 splice
variants in mammary epithelial cells: evidence for both common and
distinct activities of wildtype and mutant forms. Oncogene
2000;19:6351-60.

Fabbro M, Rodriguez JA, Baer R, ef al. BARD1 induces BRCA1
intranuclear foci formation by increasing RING-dependent BRCA1
nuclear import and inhibiting BRCA1 nuclear export. J Biol Chem
2002;277:21315-24.

Chai Y, Chipitsyna G, Cui J, et al. c-Fos oncogene regulator Elk-1
interacts with BRCA1 splice variants BRCAla/1b and enhances
BRCAla/1b-mediated growth suppression in breast cancer cells.
Oncogene 2001;20:1357-67.

Chen JJ, Silver D, Cantor S, et al. BRCAT, BRCA2, and Rad51 operate
in a common DNA damage response pathway. Cancer Res
1999,59:1752s5-6s.


http://mp.bmj.com/
http://group.bmj.com/

Downloaded from mp.bmj.com on February 10, 2012 - Published by group.bmj.com

Emerging roles of BRCA1 alternative splicing 197
82 Bachelier R, Xu X, Wang X, et al. Normal lymphocyte development and 86 Cui JQ, Wang H, Reddy ES, et al. Differential transcriptional activation
thymic lymphoma formation in Brecal exon-11-deficient mice. Oncogene by the N-terminal region of BRCAT splice variants BRCAla and
2003,22:528-37. ) ] BRCA1b. Oncol Rep 1998;5:585-9.
83 Cao L, Li W, Kim S, et al. Senescence, aging, and malignant 87 Caballero OL, de Souza SJ, Brentani RR, et al. Alternative spliced

84

85

transformation mediated by p53 in mice lacking the Brcal full-length
isoform. Genes Dev 2003;17:201-13.

transcripts as cancer markers. Dis Markers 2001;17:67-75.
88 Baudry D, Faussillon M, Cabanis MO, et al. Changes in WT1 splicing

Xu X, Aprelikova O, Moens P, et al. Impaired meiotic DNA-damage A . " . - o

repair and lack of crossing-over during spermatogenesis in BRCAT are associated with a specific gene expression profile in Wilms’ tumour.
fullength isoform deficient mice. Development 2003;130:2001-12. (?ncogene 2002;21:5566-73.

McEachern KA, Archey WB, Douville K, et al. BRCAT splice variants 89 Liu HX, Cartegni L, Zhang MQ, et al. A mechanism for exon skipping
exhibit overlapping and distinct transcriptional fransactivation activities. J caused by nonsense or missense mutations in BRCAT and other genes.
Cell Biochem 2003;89:120-32. Nat Genet 2001;27:55-8.

Clinical Evidence—Call for contributors

Clinical Evidence is a regularly updated evidence based journal available worldwide both
as a paper version and on the internet. Clinical Evidence needs to recruit a number of new
contributors. Contributors are health care professionals or epidemiologists with
experience in evidence based medicine and the ability fo write in a concise and structured
way.
Currently, we are interested in finding contributors with an interest in the follow-
ing clinical areas:
Altitude sickness; Autism; Basal cell carcinoma; Breast feeding; Carbon monoxide
poisoning; Cervical cancer; Cystic fibrosis; Ectopic pregnancy; Grief/bereavement;
Halitosis; Hodgkins disease; Infectious mononucleosis (glandular fever); Kidney stones;
Malignant melanoma (metastatic); Mesothelioma; Myeloma; Ovarian cyst; Pancreatitis
(acute); Pancreatitis (chronic); Polymyalgia rheumatica; Post-partum haemorrhage;
Pulmonary embolism; Recurrent miscarriage; Repetitive strain injury; Scoliosis; Seasonal
affective disorder; Squint; Systemic lupus erythematosus; Testicular cancer; Varicocele;
Viral meningitis; Vitiligo
However, we are always looking for others, so do not let this list discourage you.
Being a contributor involves:
* Appraising the results of literature searches (performed by our Information Specialists) to
identify high quality evidence for inclusion in the journal.
e Writing to a highly structured template (about 2000-3000 words), using evidence from
selected studies, within 6-8 weeks of receiving the literature search results.
* Working with Clinical Evidence Editors to ensure that the text meets rigorous epidemiological
and style standards.
e Updating the text every eight months to incorporate new evidence.
* Expanding the topic fo include new questions once every 12-18 months.

If you would like to become a contributor for Clinical Evidence or require more information
about what this involves please send your contact details and a copy of your CV, clearly
stating the clinical area you are inferested in, to Claire Folkes (cfolkes@bmijgroup.com).

Call for peer reviewers

Clinical Evidence also needs to recruit a number of new peer reviewers specifically with
an interest in the clinical areas stated above, and also others related to general practice.
Peer reviewers are health care professionals or epidemiologists with experience in
evidence based medicine. As a peer reviewer you would be asked for your views on the
clinical relevance, validity, and accessibility of specific topics within the journal, and their
usefulness to the intfended audience (international generalists and health care profession-
als, possibly with limited statistical knowledge). Topics are usually 2000-3000 words in
length and we would ask you to review between 2-5 topics per year. The peer review
process takes place throughout the year, and our turnaround time for each review is
ideally 10-14 days.

If you are interested in becoming a peer reviewer for Clinical Evidence, please complete
the peer review questionnaire at www.clinicalevidence.com or contact Claire Folkes
(cfolkes@bmigroup.com).

www.molpath.com


http://mp.bmj.com/
http://group.bmj.com/

Downloaded from mp.bmj.com on February 10, 2012 - Published by group.bmj.com

Emerging roles of BRCA1 alternative splicing
T | Orban and E Olah

Mol Path 2003 56: 191-197
doi: 10.1136/mp.56.4.191

Updated information and services can be found at:
http://mp.bmj.com/content/56/4/191.full.html

These include:

References This article cites 88 articles, 31 of which can be accessed free at:
http://mp.bmj.com/content/56/4/191.full.html#ref-list-1

Article cited in:
http://mp.bmj.com/content/56/4/191.full.html#related-urls

Email alerting Receive free email alerts when new articles cite this article. Sign up in the
service box at the top right corner of the online article.

Notes

To request permissions go to:
http://group.bmj.com/group/rights-licensing/permissions

To order reprints go to:
http://journals.bmj.com/cgi/reprintform

To subscribe to BMJ go to:
http://group.bmj.com/subscribe/


http://mp.bmj.com/content/56/4/191.full.html
http://mp.bmj.com/content/56/4/191.full.html#ref-list-1
http://mp.bmj.com/content/56/4/191.full.html#related-urls
http://group.bmj.com/group/rights-licensing/permissions
http://journals.bmj.com/cgi/reprintform
http://group.bmj.com/subscribe/
http://mp.bmj.com/
http://group.bmj.com/

