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Familial Breast Cancer due to Mutations in BRCA1 and BRCA2

In the general female population. An individual woman has a 1-in-8 (12%) chance of developing breast cancer over
an 80-year lifespan

(=3% to 5%) of breast cancer cases appear to be due to a highly penetrant dominantly inherited mendelian
predisposition that increases the risk for female breast cancer fourfold to sevenfold over the 12% lifetime risk

observed in the general female population.

In these families, one often sees features characteristic of hereditary (as opposed to sporadic) cancer: multiple
affected individuals in a family, earlier age at onset, frequent multifocal, bilateral disease or second independent
primary breast tumor, and second primary cancers in other tissues such as ovary and prostate.



4 Breast concer s hereditary : germliney runs in the Pamily.

non-hereditary : somatic , does NOT run in the
familg % occurs due to spontaneous
mutations in the breast tissue
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7564 CHANCES OF DEVELOPING
BRCA1 and BRCA? are responsible for the majority of all BREAST CANCER BY AGE 7[]

hereditary breast cancers
Specific inherited mutations in the BRCAT and BRCAZ genes increase the risk of breast and ovarian cancers.
BRCAY Testing for these mutations is usually recommended in women without breast cancer only when the person's

Together, these two TSGs account for approximately one half individual or family history suggests the possible presence of a harmful mutation in BRCAT or BRCAZ. Testing is
and onet lurd respectlvely, of autosomal dominant familial often recommended in younger women newly diagnosed with breast cancer because it can influence treatment
Ww—-f

decisions and have implications for their family members.
breast cancer. =>8ecal is more common than BRCAL.

MUTATED BRCA1
(NCBI: Breast cancer risks are at . bnore
40-87% for BRCA1 mutation carriers 2 ey nave comparable 55-65% |

18-88% for BRCA2 mutation carriers. Socks i ahct sy

For ovarian cancer, the risk estimates are in the range w w w * q MUTATED BRCA?

of:
22—-65% for BRCA1 BRCA1 hes @ notably higher 45%

risk of causing ovarien cancer

10—-35% for BRCA2. ) uan secna.

NORMAL BRCA

Mutations in BRCA1 and BRCA2 are also associated with a &
o ) . . : ) 12%
significant increase in the risk for ovarian and fallopian duct

ncer in female heterozygotes.
cance emale heterozygotes www.cancer.gov/brca-fact-sheet



(oncogenic)

Breast cancer is the most common malignancy in individuals with a germline BRCA1 or BRCA2 péthogenic variant with a

athat's why many <—
women with BRLAL &
BRCAL pathogenic variants
ducide Lo undergo
prophylactic mastectomy
(before developing breast
cancer to awoid its rigk)

ifetime risk ranging from 46% to 87%.

Risk of Malignancy in Individuals with a Germline BRCA [ or BRCAZ2-Pathogenic Variant.

General Population

Cancer Type Risk
Breast 12%
Second primary breast 2% w/in S yrs
Ovarian 1%-2%
Male breast 0.1%
Prostate 6% through age 69
Pancreatic 0.50%
Melanoma (cutaneous & ,
1.6%
ocular)
6
'z s

& 1f a female carties o germline mutation (disease-causing
variant) , with time the chanee for a 2™ hit increases.

A 2 hit is required to develop disease manifestations.

Risk for Malignancy 1

BRCAl BRCA2
46%-87% 38%-84%
21.1% w/in 10 yrs; 83% by  10.8% w/in 10 yrs; 62% by
age /0 age /0
39%-63% 16.5%-27%
1.2% Up to 8.9% ™ Tt b ™
8.6% by age 65 15% by age 65; 20% lifetime
1%-3% 2%-7%

Elevated risk

https://www.ncbi.nlm.nih.gov/books/NBK1247/



Table 1.
Molecular Genetic Testing Used in BRCA and BRCA?2 Associated Hereditary Breast/Ovarian Cancer (HBOC)

Proportion of Pathogenic Variants

Detected by Method
1 Proportion of BRCAI/BRCA2-Associated HBOC

Gene . e .
Attributed to Pathogenic Variants in Gene Sequence Gene-targeted
, deletion/duplication .
= 3 : id l i of
anal} SIS ) 4 &ie lq 5 nUf:'coE : d;dl? m;::k u:u "
analysis on % lon o bomcton
| 0/ 0/ J 10104 O ythose delekions & duplications
BRCAI 66% >80%° <102 viw s 1 sty
N en 5 .5 vosianks” : deletion Of duplicalion
BRCA2 34% 580%°  ~10%° s squne da g ot
¥ typically 1000 bases (1 kb) or above.

multation could be Single

nucleotide variants, missensey

substitutiony small insertions
of small deletions.

Moreover, mutations in BRCA2 and, to a lesser extent, BRCA1 , also account for 10% to 20% of all male breast cancer and
increase the risk for male breast cancer ten to sixtyfold over the 0.1% lifetime risk observed among males in the general

population



The gene products of BRCA1 and BRCA2 are nuclear proteins contained within the same multiprotein complex. This
complex has been implicated in the cellular response to double-stranded DNA breaks, such as occur normally during
homologous recombination or abnormally as a result of damage to DNA.  L> gl £ 8 play o role in

abetwesn non-sister chiomatids of dsDNA break fepair.
homologous chfomosomes S
anormally causes dspNA breaks which proximel

i then re-form hodliester bonds
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Sporadic vs. Familial Cancer

As might be expected for
any TSG, tumor tissue from
heterozygotes for BRCA1
and BRCA2 mutations
frequently demonstrates
LOH with loss of the
normal allele.

TUMOR

germiine hekerozygous
'_S g

Gene mutation
(EX: BRCA1/2)

& The individual is heterozygous
in the germline (in all tissues)

Sporadic = Mutation-driven

Familial = Inherited mutation + “loss of heterozygosity”

ONCOGENES \
Cell growth and
/ proliferation
SUPPRESSORS

Familial Breast Cancer
(Family history present, but
negative for BRCA or untested)

25%

* Breast Cancer

_ bor BReAT/2 B =2 "A 2 positive)
(an tissues)
65%
Q Q Q Q f&oradicB:t:;tCan::er

“Loss of oy it coutd be LOW
heterozygosity”

— the 2 normal copylallele
undergoes o
Ccould be of any type, 1.e: stop codon , missense,
splice site mutation QUT it wuld also be LOH

ic mutation

which is & common mechanism for the 1™ hif)



Penetrance of BRCA1 and BRCA2 Mutations

Presymptomatic detection of women at risk for development of breast cancer as a result of any of these
susceptibility genes relies on detecting clearly pathogenic mutations by gene sequencing.

4 this means that if a Pemale hes BRIAI2 variant (susceplibles
at higher risk d developing breast cancer QUT not 1007 risk)
then it would be helplul to acknowlege the lifetime risk %
compare it with the general population Por the same type of cancer.

For the purposes of patient management and counseling, it would be helpful to know the lifetime risk for
development of breast cancer in individuals, whether male or female, carrying particular mutations in the BRCA1
and BRCA2 genes, compared with the risk in the general male or female population



o there are genes other than BRAIIL  that
are involved in breast cancer.

® 9enelic testing

o INVITAE (o Breast Cancer Panels= ty are o group of qenes that have esabiished

other companies: GeneDx,, Blueprint Genelics)
. gue-disease validity (they are known to increase
Primary panel (14 genes) breast cancer risk)

PALB2 PTEN RADS0 STK11 TP53

causes Cowden disease T36

also causes Neurofibromatosis.
& breast cancer,

rewst | [ ] [ranee ] [Ceawew ] [wren ] [wurve ] [pmae ]|
| RaDs1ID || RecQL | [ RINT1 |[ spHB || spHD ][ xrRccz |

‘$' Breast Cancer - Comprehensive Risk Panel X Somc hospitals provide genetic testing
services.
Summary and Pricin o .
&l S ie: i® a feomale came with o Pamily history

;-eSt MthOd d CNV Detecti ia NextGen S i ing PG-Select Capture Prob 0' Sl’. wl ’ th'.ﬂ yﬂd'lc mtm '0‘

e.c_il‘Jencmg an etection via NextGen Sequencing using elect Capture Probes BRLMI‘). (“ w ”“d ) Wuu u
.f"“ 32— New York State )
l@%Approved Test L 9°°d SWW po'*'

Test Gene CPT Codes )
Test Code ) Copy Ganes Panel CPT Code ) Copy CRIlCode Base Price

81162,81307,81321,
5435 Genes x (18) = 81479 81323, 81404,81405, $540 Order Options and Pricing

81406, 81408, 81479
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Changes
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Isolate DNA

Bisulfite
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& Colon cancer could be I:Somatic

ereditons Hereditary Colon Cancer

Colorectal cancer, a malignancy of the epithelial cells of COIOreCtaI Cancer (CRC)

the colon and rectum, is one of the most common forms
of cancer.

It is responsible for approximately 10% to 15% of all
cancer.

Most cases are sporadic

a small proportion of colon cancer cases are familial,
among which are two autosomal dominant conditions:
familial adenomatous polyposis (FAP) and Lynch
syndrome (LS), along with their variants.




Familial Adenomatous Polyposis (FAP)

FAP and its subvariant, Gardner syndrome, together have an incidence of
approximately 1 per 10,000.

In FAP heterozygotes, benign adenomatous polyps numbering in the many
hundreds develop in the colon during the first two decades of life.

In almost all cases, one or more of the polyps becomes malignant.

Surgical removal of the colon (colectomy) prevents the development of
malignancy.

£1F an individual came to test bor APC (either bex of Pamily by, or
appearonce of benign polyps) o proper variont clesssiication is very critical
bz o decision like colectomy con be made based on genetic testing.




FAP is caused by loss-of-
function mutations in a

TSG known as the APC
gene Adenomatous

Polyposis
Coli
(so-named because the
condition used to be
called adenomatous

polyposis coli).

Multi-step
Carcinogenesis

Single Oncogene cannot transform cells

Multiple genetic alterations involving both the
activation of many oncogenes and loss of more
then one tumor suppressor genes are necessary
for carcinogenesis

& .‘-\.‘\. 2

oA
.f’:,\,r l"’f“‘:,

IVNRG2
Wild-type S, /S3
iP further mutations P
occured it becomes carcinoma
NORMAL MUCOSA ADENOMAS )
COLON AT RISK L
these cells start dividing uncontrollably - £057.57 %,
resulting in acwmulation @ mutations <o) "’\»j‘é
until a pathogenic proto-oncogene is 23"’".': AN Oncogene-induced
¢ mutated. (becomes Adenoma) “~Q§)§ senescence
‘.’.r\ ',‘..;3.5; ."3 X é {5"1 A
SUbMUCOSAa S E AT 0t =t o0l s T2 e oy : ."_ e CARC'NOMA_ &
Muscularis T2 == ——— ¥.do 1
propria \ WO
Germ-line (inherited) Methylation Proto-oncogene St -
or somatic (acquired) abnormalities mutations
e e Homazygous oss of
CRSthit) (*second hit") in BP i ien Danoey
mutation in FAP pts suppressor genes  Additional mutations
[ 1 [ t : Overexpression of Gross chromosomal
APC K-RAS COX-2 alterations
‘ APC al 5q21 p-catenin at 12p12 [
pS3at 17p13 Telomerase
LOH at 18q21 Many other genes
(SMAD 2 and 4) y 9




Gardner syndrome is a variant of FAP

Gardner syndrome is also due to mutations in APC and is therefore allelic to FAP.

Gardner syndrome is a form of familial FAP that is characterized by multiple colorectal polyps and various types of
tumors, both benign and malignant.
People affected by Gardner syndrome have a high risk of developing colorectal cancer at an early age

Extra colonic tumors:

Patients with Gardner syndrome have, in addition to the adenomatous polyps with malignant
transformation seen in FAP, other extracolonic anomalies, including osteomas of the jaw and
desmoids, which are tumors arising in the muscle of the abdominal wall.



Q: Why do some individuals develop Gardner Syndrome
which is more severe with earlier onset while others
develop FAP only, even though the same gene is

involved in both ?

Although the relatives of an individual affected with Gardner syndrome who also carry the same APC mutation tend to also
show the extracolonic manifestations of Gardner syndrome,

the same mutation in unrelated individuals has been found to cause only FAP in one individual and Gardner syndrome in

another.

Thus whether or not an
individual has FAP or Gardner
syndrome is not simply due to
which mutation is present in
the APC gene but is likely

affected by genetic variation
elsewhere in the genome.

¥
“epistatic effect”
1.2: other mutation somewhere
else in the genome impacts

FAP development only of
Gardner Syndrome.

Clinical
Manifestation

AAPC CHRPE Desmoids AAPC
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Characteristics of different forms of FAP

Classical form of FAP Attenuated form of FAP  Gardoer syndrome Turcot syndrome
Gene APC: 3q21 APC: 5q21 APC: 5q21 APC: 5q21
N-terminal mutation
Trunsmission Autosomal domunant 0 Autosomal dominant Autosomal dominant Autosomal dominant
Colic manifestations Adenomatous polyps Adenomatous polyps. late | Adenomatous polyps Adenomatous polyps
onset, low number @
v extracolic manibesteitions
Extra-colic Absent Absent HCEPR, epidermoid cysts, | Brain tumour:
manifestations pilomatrixoma, fibrous | glioblastoma,
hyperplasia, desmoid tumour, | medulloblastoma,
multiple osteomas Basal cell carcinoma.
various digestive tumours Brown spots.

@ on the aenetic level - recessive (1% Wit then 2™ wit)

and extra digestive

® a mulation affecting the N-terminus results in less severe manifestations 2 late onset




Lynch Syndrome (LS)

2% to 4% of cases of colon cancer are attributable to LS

LS is characterized by autosomal dominant inheritance of
colon cancer in association with a small number of
adenomatous polyps that begin during early adulthood

The number of polyps is generally quite small, in contrast
to the hundreds to thousands of adenomatous polyps seen
with FAP

the polyps in LS have high potential to undergo malignant
transformation.

Heterozygotes for the most commonly mutated LS gene
have an approximately 80% lifetime risk for development
of cancer of the colon;

female heterozygotes have a somewhat smaller risk
(approximately 70%) but also have an approximately 40%

risk for endometrial cancer. ie: endomekrial cancer with Pamily s of colon

cancer —» suspicion of IS in ddsx.

% Genes linked to LS ploy e role in correckion of mismaitch repair.
(MLHY 5 MSH2 5 MSHO o PMS2)

a 10 those genes are mutated = defective mismatch repaic



LS results from loss-of-function mutations in one of four distinct but related DNA repair genes ( MLH1, MSH2, MSH6 ,
and PMS2) that encode mismatch repair proteins.

ﬁ’fﬁkRisk’ Although all four of these genes have been
= implicated in LS in different families, MLH1
and MSH2 are together responsible for the

ML H 1, MSHZ’ vast majority of LS, whereas the others
MSH6, PMS2, EPCAM

g GENE OVERVIEW

have been found in only a few patients and
are often associated with a lesser degree
of mismatch repair deficiency and lower
penetrance.

Associated ' Lynch syndrome or Hereditary | # MLH1 [MSHY -7 higher risk.
— Syndrome Non-Polyposis Colorectal Cancer (HNPCC)

\‘ Core Cancer

Risk(s) Colorectal, Endometrial, Gastric, Ovarian

8 Inheritance Autosomal dominant

it  Prevalence Estimated: 1in 300 to1in 500




Proficient Mismatch Repair Complex DNA successfully repaired

Like the BRCA1 and BRCA2 P

genes, the LS mismatch repair ,mdcgu:gumu:d Py G

genes are TSGs involved in R o g

maintaining the integrity of the . A g e G

genome ° o c - " PTLL - 18
/' w3

Unlike BRCA1 and BRCA2, \
however, the LS genes are not

involved in double-stranded DNA A_INEE
break repair. ----.L..L c
Instead, their role is to repair DNA polymerase

incorrect DNA base pairing (i.e.,

pairing other than A with T or C \
with G) that can arise during DNA

replication.

T — T

Deficient Mismatch Repair Complex Defective DNA

(toxs of Punction) leads to accumulation of
mutations , other TSGs &
oncogenes especiailiy, which
will induce transPormation
of normal tissue into malignant

tissue.




" At the cellular level, the most striking phenotype of cells lacking
mismatch repair proteins is an enormous increase in both: Normal replication
e point mutations and (@)
* mutations occurring during replication of simple DNA
repeats, such as a segment containing a string of the same
base, for example (A) n, or a microsatellite, such as (TG) n. Backward slippage

Microsatellites are believed to be particularly vulnerable to
mismatch because slippage of the strand being synthesized on

the template strand can occur more readily when a short 'gﬁ;i;:;g,',‘
tandem repeat is being synthesized

(b)

Normal
> DNA polymerase finds more difficulty in
replicating repeats wlo erors such as homopolymers (ie: ARAAR..) those regions have
I: higher mutstion rates
than normal ;
F d sl
microsatellites: a few nucleotides PRS—

tandemly repected
(i.e: CAGCAGCLAGCAG..)

Ly Using the lemplate strand, DNA polymerase might

make erors in the Newly synthesized strand resulting Delet!on
in different # of repeats C+]-) dut o deletion OR mutation
inertion  OR slippage. (NOT correcked in LS due to impaired mismatch repair)

Normal
(c)

> One o the tests for 1S is to examine o repeat-fich
region o check i repeats are replicated correctly or
not (microsatellite instability)

l Second replication

1
5 mmmm&mmm ¥

=20

n+

@




This instability, is referred to as the

microsatellite instability-positive (MSI+) phenotype

occurs at two orders of magnitude higher frequency in cells
lacking both copies of a mismatch repair gene.

The MSI+ phenotype is easily seen in DNA as three, four, or
even more alleles of a microsatellite polymorphism in a single
individual's tumor DNA.

It is estimated that cells lacking both copies of a mismatch
repair gene may carry 100,000 mutations within simple repeats

throughout the genome athee could also be many olhwr mutations in
coding genes like TS6s & oncogenes.

xR amplification for comparison
between nomal & tumor tissue.

2 those markers oire for fepeat -fich

fregions,
Marker #1 Marker #2 Marker #3

notmal tumor
N T N T N T

— —
—_— —_—

—
e—
—

FIGURE 15-9 Gel electrophoresis of three
different microsatellite polymorphic markers in
normal (N) and tumor (T) samples from a patient

with 2 mutation in MSH2 and microsatellite

instability. Although marker #2 shows no
difference between normal and tumor tissues,
genotyping at markers #1 and #3 reveals extra
alleles (blue arrows). some smaller, some larger,
than the alleles present in normal tissue.
l
due to expansion I shrinkage during replication
o some fegions that are harder to M&L(uwt-ﬁw)
AND it is NoT corrected.
{
results in different sizes of those regions.
Ceven different between 2 loupsaj cells
within the same tumor




a Cellular phenotype

Normal celonic
epithelium

Because of the increase
in mutation rate in these
classes of sequence, loss
of function of mismatch
repair genes will lead to
somatic mutations in
other driver genes.

Two such driver genes
have been isolated and

characterized: b Parallet intracellular molecular events

The first is APC, whose
normal function and role
in FAP were described
previously.

The second is the gene
TGFBR2, in which
mutations also cause an
autosomal dominant
hereditary colon cancer
syndrome.

* MMR
haploinsufficiency?

* Somatic driver
mutation?

I —

m

g

Chromosome Q Other Intact DNA MMR Deleterious
containing MMR gene | chromosome ( D protein heterodimer heterozygous
v germiine mutation
- Loss of % Somatic —l Normal transcription
MMR: Mismatch Repair = heterozygosity mutations and translation

MSS: microsatellite stable

MSI: microsatellite instable
Nature Reviews | Cancer



ERk ptn
Binding & TGF-8 to TGFERL :
(higure on the rt): 019 ‘ , , " : & When TGFBR2 is mutated , it
result hos lati the nucleus inhibit expression — ’
bin Proighotyation ¢ SMADE3 pin _’(%ﬂsﬂ?mm@ > migral Inf2 ‘ of MYC loses phosphorylation ability (norma
proto-oncogene (inducss fesponse upon TGF-B binding), consequently

cell eyele & division) —p inhibih'on J cell "9"“ SMADs will NOT inhibit MYC Cpr&SSIM

induces expression 3 will NOT induce PU expression.
l_,'lound on the o P Therefore cell cycle is NOT inhibited
cell membrane. e .
TGFBR2 encodes transforming growth factor B receptor Il, a serine- Wild-type TGFBR2

threonine kinase that inhibits intestinal cell division.

TGFBR(Z is partlcularly vulnerable to mutation when mismatch repair
akter

proteins are Tost)because it contains a stretch of 10 adenines encodmg
three lysines W|th|n its coding sequence

deletion of one or more of these As results in a frameshift and loss-of-
function mutation.

LS is an excellent example of how a gene, like MLH1 , which has a global
effect on mutation rate throughout the genome, can be a driver gene
through its effect on other genes, such as TGFBR2, that are more
specifically involved in driving the development of a cancer.

D ASD‘MBASH ’»188[449?'13'
TGFBR2 5 Asp448,hs pAlad51_L452del
missense on 8.4 306 a Alad26Thr 0. Trp521X
pGIng113% p-Fro520Arg

Cencoded in exon 3)
p Thr36Leu p Metd25Val \ /
Amino acids 1 31 87 | 151 4‘55 508 /

D CIVTVIVIVIE wiefpe X

L
G1 arrest

2 3 4 / 5 . 7 Growth inhibition
- ‘// /_ /é/\ & p Arg537Cys*

p Arg254 His p.Cys304Trp p Argd97X
p.Leu308Pro* n.Tm504X nArg528His
p His377Pro 0 Arg3T8GYy p.GIn508GIN b Arg528Cys

v
known mutations to cause loss of function of TGFBR2
i.e: missense 9 premature stop codon 4 Splice Site ...



