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in codon usage.

An unexpected product from

a 2-base pair deletion

Mutations in the tumor-suppressor gene
breast cancer 1 (BRCAI) are associated
with a variety of cancers. While many
BRCAI-mutant cancers initially respond to
platinum-based therapy, resistance com-
monly develops. Two articles published
in this issue make the remarkable obser-
vation that a defect in the coding region
of the N-terminal really interesting new
gene (RING) domain of BRCA1 (such as
the BRCAI'$%S mutation, which is com-
mon in the Ashkenazi Jewish population)
results in the utilization of an alternative
start site for translation at the methionine
at amino acid 297 (Figure 1). Normally, a
2-bp loss would result in a shift of the read-
ing frame, and, ultimately, much of the
transcript would not encode the amino acid
sequence. Many of these transcripts are
eliminated via nonsense-mediated decay
(NMD) (1). Additionally, such a proximal
frameshift would most likely result in a null
allele (2). However, if transcription of such
a mutant allele is unaffected, then initia-
tion of translation at an alternative methio-

Germline breast cancer 1 (BRCAT) variants are associated with a high risk
of breast and ovarian cancers. Many BRCA1-mediated cancers are initially
responsive to platinum-based therapy; however, resistance commonly
develops. The BRCAT"5%/¢ mutation is common in the Ashkenazi Jewish
population and has been thought to result in loss of function due to the
introduction of a stop codon in the 5’ region of the BRCAT transcript. Two
studies in this issue of the JCI reveal that the BRCAT®*%*/A mutation results
in the production of BRCA1 that lacks the N-terminal really interesting
new gene (RING) domain. RING-less BRCA1was shown to directly mediate
chemoresistance, while maintaining some homologous recombination
function. These results provide important insight into BRCA1 function and
indicate that other truncated proteins could arise through similar alterations

nine is always possible. Indeed, given the
results of these studies, it is possible that
there are many truncated proteins, which
are never observed or investigated, that
arise by a similar mechanism. The smaller-
sized protein is often assumed to be either
a degradation product or a nonspecific
cross-reactive band on an immunoblot that
does not attract further attention.

Wang et al. observed that resistance to
poly (ADP-ribose) polymerase inhibitors
(PARPI) and cisplatinum developed in cells
derived from a tumor of a BRCAI$5Ac
mutation carrier (3). The dependency of
BRCAl function on BRCAl-associated
RING domain 1 (BARD1) disappeared in
the protein that was generated from this
alternative start site of translation; there-
fore, in this context, BARD1 can be deplet-
ed without consequence. However, loss
of BARDI in WT BRCAL results in BRCA1
dysfunction. The treatment resistance of
BRCAI'$5445_expressing tumor cells was
reversed by depleting the BRCAI message.
Additionally, overexpression of a construct
designed to generate the BRCAI protein
minus the N-terminal, BARD1-containing
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domain resulted in chemoresistance in a
previously sensitive cell line. Taken togeth-
er, these observations support the view that
translation from Met-297 of the BRCAL site
can produce a protein that is resistant to the
DNA-damaging agents that normally make
BRCAI-mutant cells sensitive.

The model for this chemoresistant
effect conferred by the alternate protein is
that there is no change in transcript size,
but the secondary structure in the mutant
mRNA is altered in a way that hinders oth-
er methionine residues in the N-terminal
sequence, making Met-297 accessible to
translation initiation. BRCA1 is known to
have a number of alternative transcripts;
however, this explanation was excluded
by the data presented by Wang et al. (3),
showing that the alternative transcripts are
not abundantly expressed. Even though re-
expressing BRCA1 from the Met-297 start
site results in chemoresistance in a BRCA1-
deficient cell, this truncated protein is sub-
stantially less efficient than WT BRCA1 in
homologous recombination (HR) function.
The question that arises from these obser-
vations is: how does this alternative protein,
which does not perform HR more efficient-
ly than the full-length WT BRCAL1 protein,
result in resistance to the PARPi rucaparib
and to cisplatin? The lack of a growth delay
observed by Wang and colleagues when
Met-297 BRCA1-expressing SUM1315 cells
were grown as xenografts is remarkable.

A second article, by Drost et al. (4),
provides complementary and additional
information. Using genetically engineered
mouse models that mimic the Ashkenazi
Jewish BRCAI mutations 185delAG and
5382insC, Drost and colleagues showed
that tumors arising in the breast-specific
Brcal™*"r mice express a RING-less pro-
tein, which mediates therapy resistance
that is not seen in the equivalent Brcal®%2"»
mice. This work from the Jonkers group
at the Netherlands Cancer Institute (NKI)
in Amsterdam extends the reports on the
BRCA1 models they previously published
and shows that breast-specific genetic
alterations in a p53-deficient background
result in breast tumor formation at a high
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Figure 1. Effects of the 185delAG mutation on BRCA1 function. (A) WT BRCA1 contains a RING domain (red), a nuclear localization sequence (NLS, purple)
and a functional C-terminal domain (BRCT, green). The WT protein has multiple functions, including DNA damage repair, maintenance of replication
fidelity, tumor suppression, and support of embryonic growth. PTM, posttranslational modification. (B) In this issue of the JC/, two studies demonstrate
alternative translation of BRCAT mRNA at the Met-297 codon (bright green arrow) in genetically defined human cells and genetically engineered mouse
cells. The 185delAG mutation was thought to result in a frameshift mutation with an early stop codon (red arrow); however, this mutation supports trans-
lation at the Met-297 site, but not at other putative in-frame methionine residues (gray arrows). The alternative protein lacks the RING domain and does
not prevent embryonic lethality or tumor formation; however, this truncated protein does allow DNA repair by HR at approximately 50% of the activity of
WT BRCAT. One explanation may be the distinct roles of BRCA1in DNA damage repair and replication fidelity. Alternative explanations are possible and

include transcriptional changes via chromatin PTMs.

and predictable rate. It should be noted
that constitutive expression of these
alleles in embryonic stem cells results in
embryonic lethality at E9.5, confirming
that only WT BRCA1 can support normal
development. The incidence of tumor
formation in the mouse mammary gland
with mammary-specific genetic altera-
tions is almost identical, whether BRCAI is
absent or mutated (185stop and 5382stop).
In addition, the chromosomal patterns
of genomic instability (the large segment
gains and losses found in BRCA-deficient
tumors) are the same for all three mam-
mary genotypes. At first, it appears that
these stop alleles are behaving like null
alleles of BRCAL1 for tumor development
and genomic instability. The crux of the
findings of Drost and colleagues is that the
185stop allele and the resultant RING-less
BRCAL protein appears to retain a suffi-
cientlevel of HR function (even though itis
not quite as good as that of WT BRCAL1) to
result in resistance to olaparib PARPi and
cisplatin. In contrast, this 185stop allele
does not prevent the formation of tumors
or allow embryonic development, suggest-
ing that either the alternative RING-less
BRCAL protein is not expressed at early
time points in embryonic or tumor devel-
opment or that the RING-less BRCA1 pro-
tein cannot function in genomic integrity,
whereas it can function in double-stranded

break (DSB) repair by HR. The collective
published data favor the latter explana-
tion, as mice expressing the BRCA1-C61G
mutation (5) also show resistance to HR-
directed therapy but still develop tumors
at a high rate. In contrast, the BRCA1-I26A
mutant that lacks E3 ligase activity does
suppress tumor formation in mice (6).

Implications of RING-less
BRCA1-mediated resistance
The bigger-picture view of these data is
quite provocative. First, there is the pos-
sibility that transcripts of genes with a
frameshift do not always result in NMD,
and if translation can initiate from a down-
stream methionine, hypomorphic alleles
can be expressed that will modify the
expected phenotype. The prevalence of
this type of observation should be deter-
mined. Second, the role of the RING
domain of BRCAI continues to be puz-
zling, especially since the ability of these
mutants to respond to DNA damage and
promote HR is relatively well preserved in
BRCAL1 variants missing the entire RING
domain. However, for genomic integ-
rity and replication fidelity, the role of the
RING domain may be much more impor-
tant, because most disrupting alterations
to the RING domain of BRCAL1 result in
embryonic lethality, genomic instabil-
ity, and tumor development in targeted
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cells. Third, the DNA damage response of
BRCAl s very sensitive to WT BRCAI gene
dosage or the presence of hypomorphic
alleles of BRCAL.

The question of which proteins are tar-
geted by the E3ligase activity of BRCA1has
been debated for many years (7). Initially,
the resection initiation protein CTIP was
thought to be a bone-fide target of BRCA1
(8), but maneuvers to impair the interac-
tion of BRCA1 with CTIP do not pheno-
copy BRCALI E3 ligase defects, suggesting
that CTIP was an insufficient explanation
of the findings. More recently, BRCAI has
been shown to ubiquitylate histones (H2A)
(9), which might help to explain the rather
extensive literature on the diverse effects
of BRCA1 on DNA repair and transcrip-
tion. In addition, the de-ubiquitylating
enzyme BAPI1, defined as a BRCAl-asso-
ciated protein, but without direct effects
on BRCA1l-associated DNA repair (10), is
also predominantly a histone-associated
protein. The critical finding of the articles
by Wang et al. (3) and Drost et al. (4) is
that BRCA1, without the RING domain,
can function fairly well in executing HR
in response to DNA damage, but BRCA1
function at a level of genomic instability is
much more dependent on the intact RING
domain. Clearly, the signals and protein
recruitment in response to exogenous
DNA damage are significantly different
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from the signals and protein recruitment
in response to naturally occurring replica-
tive stress, which is the driver of genomic
instability in most of these tumors.

BRCA1l and BRCA2 are thought to
play a role in protection of the replication
fork (11), which can be genetically disso-
ciated from the DSB repair response. The
best explanation of these findings is that
RING-less BRCAI maintains the capabil-
ity for damage-induced HR, but lacks the
capability to protect the replication fork
from processes that would otherwise pro-
mote genomic instability. BRCA1 requires
an intact C-terminal domain (BRCT
domain) to be recruited to sites of DNA
damage. For BRCA1 to promote resec-
tion of the 5’-end, recent data support a
role for the middle domain of BRCAL1 to
be intact (12, 13). Once the exogenous
DNA damage is done, the protective role
of BRCAL1 requiring the RING domain is
bypassed, and the recruitment and dam-
age-processing roles of BRCA1 are all that
are required (Figure 1).

Conclusions and future
directions

In conclusion, these two articles identify
potentially important properties of the
BRCAL1 protein and the mechanisms of
therapy resistance. Some of the common
tumor-associated germline mutations
of BRCAI that affect the RING domain,
which have been associated with primary
or acquired resistance to PARPi or plati-
num drugs, can now be explained by this
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mechanism of alternative translation. The
cellular and mouse experiments both pro-
vide a consistent theme, in which stops in
the RING domain allow alternative trans-
lation, but stops in the C-terminal domain
prevent recruitment to DNA damage- or
replication-stressed chromatin and there-
fore affect all aspects of BRCALI function.
Future work can be done to support this
model, by observing how BRCAlis recruit-
ed to double-stranded DNA damage com-
pared with blocked replication forks. The
role of histone ubiquitylation cycling may
also be critical to the replication-associat-
ed genomic instability observed in RING
domain mutants of BRCAL. If it was not
already clear, BRCAl has been shown
to be a truly complex pleiotropic protein
involved in many aspects of genomic
instability, histone marks, transcription,
and many other reported functions. The
alternative transcripts of BRCAI may
constitude another layer of activity that
controls and dictates different roles for
BRCAL in cellular functions that has not
yet been solved.
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