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Abstract

Breast cancer occurs around the world, and 2022 data reveal 2,308,897 new breast cancer
cases accounted for 11.6% of all new cancer cases (Bray et al., 2024). Breast cancer
susceptibility gene 1 (BRCA1) is one of the most common tumor suppressor genes and is
detected in at least 5% of patients with breast cancer (Morris et al., 2006). BRCA1 gene
mutations are prevalent and found in 35% of the hereditary breast cancer cases. Out of the
three domains of the BRCA1 gene, the mutations in the RING domain near the N terminus are
reviewed here. Out of the 27 mutations indicated in the RING domain, 14 missense mutations
identified with a pathogenic outcome were selected for this review (Gracia et al., 2024). A
missense mutation replaces the nucleotide in the gene that affects the protein folding when that
gene is expressed, affecting the protein function. The BRCA1 protein forms a heterodimer with
the BARD1 protein to perform E3 ligase activity. The RING region of BRCA1 is crucial for
heterodimer formation. Suppose a mutation were to occur in the RING region, it might interfere
with the two proteins binding to form a heterodimer, thus affecting E3 ligase activity that is
crucial for gene regulation through the ubiquitination process. Missense mutations have been
shown to have a pathogenic outcome and are therefore studied in detail.

Introduction

The BRCA1 tumor suppressor gene codes for the BRCA1 protein that repairs damaged DNA,
regulates the cell cycle, and repairs damaged genes. This is because the BRCA1 Protein is a
catalyst for the ubiquitination of a multitude of proteins, which are necessary to keep genomic
stability of proteins like cell cycle regulators, such as Cyclin B (Morris et al., 2006). A mutation to
the BRCA1 gene can lead to breast and ovarian cancer if the BRCA1 protein is not able to
interact with other proteins to repair and regulate the cell. The BRCA1 gene is located on
chromosome 17921, and 24 exons make up the BRCA1 protein (Gorodetska et al., 2019). The
BRCA1 gene has a conserved zinc-binding RING Domain located near the N terminus. The
N-terminus Really Interesting New Gene (RING) region has E3 ligase activity, which allows the
BRCA1 protein to bind with other proteins, such as BARD1 to form a heterodimer. Additionally,
there are two BRCT domains located near the C Terminus. The central part of the BRCA1 gene
contains two nuclear localization signals and a coiled-coil domain. There are many types of
mutations identified in the RING region. Missense mutations have been shown to have a
pathogenic outcome and are therefore studied in detail. Due to a change in the single
nucleotide, a missense mutation leads to the formation of a new codon that codes for a new
amino acid. Thus, change in the amino acid at a particular position in the BRCA1 protein leads
to loss of function activity. This paper reviews the effects of missense mutations in the
N-terminal RING domain of the BRCA1 gene.

BRCA1 gene

The BReast CAncer Gene 1, also known as the BRCA1 gene, is important for a multitude of
reasons. It is an essential tumor suppressor as mutations to this gene significantly increase the
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risk of breast and ovarian cancer (Morris et al., 2006). The BRCA1 gene suppresses tumors by
repairing damaged genes, regulating the cell cycle, and other processes to make sure that
malignant cells are not produced. The BRCA1 gene codes for a 1863 amino acid protein (Figure
1). BRCA1 protein has a conserved zinc-binding RING domain located near the N terminus. The
N terminus RING region has E3 ligase activity which allows the BRCA1 protein to bind with
other proteins such as BARD1 to form a heterodimer. Additionally, there are two BRCT domains
located near the C Terminus. The central part of the BRCA1 gene has two nuclear localization
signals and a coiled coil domain. The BRCA1 C-terminus domain (BRCT) is associated with
repairing damaged DNA response and phosphorylating interacting proteins (Morris et al., 2006).
The N-terminus RING domain is responsible for E3 ligase activity because of a heterodimer
formed with the BRCA1 protein and other associated proteins such as the RING region of
BARD1. This is because the RING region has a CH3CH4 zinc finger also known as the RING
finger is a motif found in many different proteins. The RING finger motif is a series of conserved
cysteine and histidine residues: C-X2-C-X(9-12)-C-X2-H-X2-H-X2-C-X2-H.

C = Cystine
H = Histidine
X = Any Amino Acid

This zinc finger motif uses the C3HC4 amino acid sequence which could bind two zinc ions that
contribute to the protein’s stability and function. The RING finger binds two Zinc ions into a
“cross brace” arrangement creating a small distance between the two zinc binding sites. This is
important in ubiquitination as it helps the BRCA1 gene bind to other proteins to become a E3
ubiquitin ligase.

RING
Region NLS Coiled Coil BRCT
N terminus C terminus
1 Amino acid 1863 amino acid
Exon 2-7

Figure 1: The BRCA1 Gene is composed of 24 exons and three main domains. Furthermore,
the BRCA1 Gene has a RING Domain located at the N Terminus, two BRCT domains near the
C terminus, and a coiled coil domain which codes for the BRCA1 protein (Morris et al., 2006).

Ubiquitination

Ubiquitin is a protein made up of 76 amino acids that can activate other proteins through the
process of ubiquitin attachment. Ubiquitin can be found in almost any cellular tissue in the body
and is soluble in water because it has a hydrophilic exterior and a hydrophobic interior. Since it
is Hydrophilic, it can pass through the cell easily. Ubiquitin is a protein with many regulatory
functions as it can create post-translational modifications to other proteins, known as
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ubiquitination. Adding a single ubiquitin to the target protein is monoubiquitylation; attaching
multiple ubiquitin molecules is polyubiquitination (Q. Yang et al., 2021). Ubiquitination is the
process of ubiquitin being conjugated to the protein substrate in a three-step cascade
mechanism.

1. E1is a ubiquitin-activating enzyme that helps activate ubiquitin protein through an
ATP-dependent reaction. A ubiquitin carrier enzyme can carry activated ubiquitin.

2. Activated ubiquitin attaches to the E2 enzyme (ubiquitin carrier enzyme) and is
transported to ubiquitin protein ligase, E3.

3. The E3 ligase then transfers the activated ubiquitin onto the target protein.

The BRCA1 protein forms a heterodimer by binding to BARD1 and becoming an E3 ligase
(Brzovic et al., 2001) (Figure 2). This happens because the RING domains on each of the
proteins bind together to form a heterodimer that can function as E3 ligase (lii et al., 2023). The
Zinc finger motif in both the RING domains play an important role as the zinc ions help bind both
of the RING domains together. If that were disrupted, the BRCA1 and BARD proteins would not
be able to form a heterodimer. The newly formed heterodimer is the E3 ligase enzyme and
brings the ubiquitin to the target protein. The E3 ligase function of the RING domain is important
for maintaining the genome’s integrity and transcriptional regulation (Ruffner et al., 2001).

Figure 2: PDB ID 1JM7: Solution structure of the BRCA1/BARD1 (blue and pink ribbons)
RING-domain heterodimer- using NCBI tool iCn3D. The BRCA1/BARD1 Heterodimer forms an
E3 ligase that is essential for Ubiquitination. This is caused when Zinc lons (red balls) from both
proteins’ RING Regions attach to each other forming the Heterodimer (Gorodetska et al., 2019).
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The function of this heterodimer is to bring ubiquitin to its target protein and is the final step of

the Ubiquitination process.

httpos://www.ncbi.nlm.nih.qov/Structure/icn3d/share2.htmi?2b44f21c00b0b9126b5b2f5f39df36be

In the RING domain there are 27 mutations that are from the Clinvar database. Out of those 27
mutations, they were categorized as pathogenic, uncertain, benign and only the pathogenic and

likely pathogenic were reviewed. These 14 mutations are tabulated below.

Table 1: 14 missense mutations in the RING domain of BRCA1

N | Type |Locatio |Resid |Mutat |Prote | Effectof |Accession |Referenc
0. | of n of ual ed in the ID es
mutati | mutatio | Codon [ Codon | Varia | Mutation
on n nt
1. | Missen | c.53T> |ATG |AAG |M18 |Replacem |VCV000055 [(Gracia
se A K ent of the | 559 etal.,
hydrophob 2024
ic amino Machack
acid ova et
methionine al., 2001)
(M) by the
polar
amino acid
lysine (K)
causing an
altered
protein.
2. | Missen | ¢.190T> | TGT GGT |[C64 [ Switching |VCV000017 (Gracia
se G G one amino | 660 etal,
acid, a 2024’ Y.
new 5’ Yang et
splice site al., 2003)
is created
in exon 5
and
disrupts
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the old
splice site.
Missen | c.53T> |ATG |ACG |M18T| Gene VCV000037 |(Gracia
se C repair 664 etal.,
mechanis 2024
m was Ruffner
impaired. etal.,
2001)
Missen | c.211A> | AGG |GGG |R71 |22base |VCv000017 |(Gracia
se G G pairs on 693 etal,
exon 5 2024;
were Ruffner
deleted etal.,
introducing 2001° Y.
a stop Yang et
codon. al., 2003)
Missen | c.131G |TGC |TTC |C44F [ C3HC4  |vCVv000054 |(Abkevic
se >T RING 200 h et a}l.,
finger 2004_
canonical Gracia et
residue al.,
that is 2024.)
essential
for binding
zinc ions
to keep
the RING
Finger
structure
together.
Missen | c.70T> |TGT |CGT |C24R|Zinc VCV000055 |(Abkevic
se C binding is | 674 hetal,
affected, 2004’
affecting Gracia et
the al., 2024)
ubiquitinati
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on
process.
7. | Missen |c.181T> | TGT |GGT |[C61 |E3 vCVvo00017 |(Gracia
se G G ubiquitin | 661 etal.,
ligase 2024
activity Ruffner
stopped. etal,
2001.)
8. | Missen | c.110C> | ACA |AGA |T37R|E2and E3 |VCV000054 |(CGracia
se G ligase 132 etal,
activities 2024
are Ruffner
et al.,
stopped. 2001)
9. | Missen | c.139T> [ TGC [GGC |C47 |impairs E2 | VCV000054 |[(Abkevic
se G G binding 242 hetal,
which 2004
stops E3 Gracia et
|igase al., 2024,
activity. Ruffner
et al.,
2001.)
10 | Missen | c.115T> | TGT |AGT | C39S | No E3 VCV000054 [(Abkevic
se A ligase 151 hetal,
activity 2004
Gracia et
al.,
2024.)
11 | Missen | c.116G> | TGT |TAT | C39Y | No E3 VCV000037 |(Abkevic
se A ligase 39 hetal,
activity 2004
Gracia et
al.,
2024.)
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12 [ Missen | c.191G | TGT |TAT |Ce4Y | No E3 VCV000054 [(Abkevic
se >A ligase 400 hetal,
activity 2004.
Gracia et
al.,
2024.)
13 | Missen | c.122A> | CAC |CGC |H41R | No E3 VCV000054 |(Abkevic
se G ligase 166 hetal,
activity 2004
Gracia et
al.,
2024.)
14 | Missen | c.190T> | TGT |CGT | C64R | No E3 VCV000054 [(Abkevic
se C ligase 394 hetal,
activity 2004
Gracia et
al.,
2024.)
Methods

| mainly used the PubMed database to search for information on mutations in the BRCA1 RING
Domain. After cataloging the 14 missense mutations, | verified the credibility of these sources by
looking for more information on the effects of these mutations using the Clinvar database. To
obtain accurate diagrams of various protein structures, | used the Protein Data Bank.

Results

M18K mutation is seen on exon 2, with a 172T>A substitution, resulting in missense mutation in
BRCA1 protein. This mutation was indicated as M18K. The location of M18K mutation was
found to be 6 amino acids upstream to the conserved C3HC4 RING zinc finger domain of
BRCA1. This missense mutation resulted in the replacement of the hydrophobic amino acid
methionine (M) by the polar amino acid lysine (K). This change in the amino acid residue
affected the tertiary protein folding of the RING domain of BRCA1, thus affecting its activity
(Machackova et al., 2001). Mutation C64G causes the RING region to behave abnormally. In a
normal situation the BRCA1 protein will be able to function properly because it is not deformed.
However, this mutation caused a conserved cysteine to change to glycine at the 64th amino acid
in the RING region of the BRCA1 protein. By switching one amino acid, a new 5’ splice site is
created in exon 5 and disrupted the old splice site which causes a 22-nucleotide deletion from
the BRCA1 protein and codes for a deformed protein with 63 amino acids instead of the normal
1863 amino acids (Y. Yang et al., 2003). This effectively stops the function of the BRCA1
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protein, and without the function of the BRCA1 protein, can cause hereditary breast cancer. The
M18T mutation causes an increase in intrinsic protein ligase activity, which showed that it did
not impair E3 ligase activity. However, this mutation did not increase IR resistance, meaning that
it made the BRCA1 gene more likely to stay in the mutated form because the gene repair
mechanism was affected by the mutation M18T (Ruffner et al., 2001). IR resistance is important
because radiation introduces mutations in the genes, and without IR resistance, a repair
mechanism will not repair the mutated gene. A decrease in IR resistance may cause breast
cancer because there will be an accumulation of mutations in the gene due to the lack of
radiation resistance. Mutation R71G does not cause E3 ligase ubiquitin to be disrupted, nor
does it increase IR sensitivity (Ruffner et al., 2001). However, it does affect the donor splice site
in exon 5 by mutating it. Additionally, 22 base pairs on Exon 5 were deleted introducing a stop
codon to be created with the first few base pairs in Exon 6 at position 64 (Y. Yang et al., 2003).
This causes the BRCA1 protein to be truncated and deformed so it will not be able to perform its
functions. A deformed protein cannot do its function of gene repair and cell cycle regulation that
leads to breast cancer. Mutation C44F causes the RING region to behave abnormally. In a
normal situation the BARD1/BRCA1 complex will be able to function normally. However, this
mutation causes the BRCA1 protein to not bind with BARD1 causing no E3 ligase activity. This
is because this mutation mutates the C3HC4 RING finger canonical residue that is essential for
binding zinc ions to keep the RING Finger structure together (Abkevich et al., 2004). Zinc
binding residues are used for BRCA1 and BARD1 to attach to each other. If the BRCA1 does
not have its Zinc ions properly placed, it will not be able to bind BARD1. This is a problem
because there will not be any ubiquitination of target proteins which means no regulation of the
cell cycle and can cause breast cancer.

In a normal situation BRCA1 and BARD1 will form a heterodimer that will degrade different
proteins for cell cycle regulation, transcriptional regulation, and gene repair. However, C24R
mutation causes a mutation on the fourth putative zinc binding residue which is detrimental to
ubiquitination (Abkevich et al., 2004). This is because zinc binding is necessary for BRCA1 and
BARD1 to form a heterodimer; without this zinc binding, ubiquitination of proteins will not occur.
This will cause breast cancer because protein function and gene regulation will not happen as
expected. Mutation C61G causes the RING region to be affected. In a normal situation,
ubiquitination of different proteins helps regulate cellular processes such as protein degradation.
However, this mutation causes E3 ubiquitin ligase activity in the BRCA1 gene to be stopped.
This causes target proteins such as cell regulators to not be degraded and the BRCA1 protein
itself is more prone to degradation. Additionally, this mutation disrupts the zinc binding site,
causing the inactivation of E3 ligase activity. This mutation impairs the second G2 + M
checkpoint of the cell cycle in the BRCA1 gene, causing cells to more likely be produced ectopic
cells (Ruffner et al., 2001). This causes a more likely chance for breast cancer as E3 ligase
activity is stopped. Mutation T37R causes the RING region to not function normally. In a normal
situation BARD1 and BRCA1 can form a heterodimer and function as ubiquitin that destroys
proteins to keep up with cell regulation. While the mutation does not affect the heterodimer
formation of BRCA1 and BARD1, it impairs E2 binding which stops E3 ligase activity (Ruffner et
al., 2001). Without ubiquitination, there will be no gene regulation leading to breast cancer.

Mutations C64Y, C39Y, C47G, C64R and C39S cause the RING region to behave abnormally. In
a normal situation BRCA1 and BARD1 will form a heterodimer that will degrade proteins for cell
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cycle regulation, transcription regulation on gene repair. However, this mutation causes all E3
ubiquitin ligase activity in the BRCA1 gene to be stopped (Ruffner et al., 2001). These mutations
mutate Cysteine in the C3HC4 RING finger canonical residue that is essential for being zinc
ions to keep the RING finger structure together (Abkevich et al., 2004). Zinc binding residues
are used for BRCA1 and BARD1 to attach to each other. If the BRCA1 does not have its Zinc
ions properly structured, it will not be able to bind BARD1. Zinc binding residues are used for
BRCA1 and BARD1 to attach to each other. If the BRCA1 does not have its Zinc ions properly
structured, it will not be able to bind BARD1. This causes breast cancer because the
BRCA1/BARD1 complex will have been nulled.

The H41R mutation mutates the C3HC4 RING Finger canonical residue that is essential for
being zinc ions to keep the RING finger structure together. This is caused because histidine is
replaced by arginine at amino acid 41 (Abkevich et al., 2004). Zinc binding residues are used for
BRCA1 and BARD1 to attach to each other. If the BRCA1 does not have its Zinc ions properly
structured, it will not be able to bind BARD1. Zinc binding residues are used for BRCA1 and
BARD1 to attach to each other. If the BRCA1 does not have its Zinc ions properly structured, it
will not be able to bind BARD1.

Discussion

Missense Mutations in the RING Domain led to an amino acid change in the formation of the
BRCA1 protein that caused a change in the protein structure. Zinc molecules cannot be held
because of the mutated RING Finger and subsequently does not allow a heterodimer to form.
With a heterodimer, there will also not be any E3 Ligase activity and keeps the gene
unregulated. These mutations could be addressed through Gene therapy, the delivery of a
nucleic acid-based drug to correct or destroy mutated cells. Recent studies have shown that
inserting p53 gene into BCSC, the source of tumors, the spread of cancerous cells would stop
(Zhang et al., 2025). This innovative approach can be a future treatment option for breast
cancer.
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