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provides negative biofeedback paying regards to
women breast cancer

Dr. Partha Majumder and Debolina Chatterjee

Abstract

PALB2 has taken its place with genuine/legitimate breast cancer susceptibility genes. It is now well
established that women who carry loss-of-function in the PALB2 gene are in the position of similarly
elevated breast cancer risks to those who carry mutations in BRCA2. Information about PALB2 is now
being used in breast cancer clinical genetics practice and is routinely included in breast cancer
predisposition gene panel tests. However, prospective data related to the clinical outcomes
of PALB2 mutation carriers is lacking and very little information (beyond mutation penetrance) is
available to guide current clinical management for carriers (affected and unaffected by cancer). In
addition, clinical classification of the vast array of non-loss-of-function genetic variants identified
in PALB?2 is in its infancy. These are key areas of current research efforts and are important foundations
on which to move information about PALB2 into the accuracy of public health arena.

Keywords: PALB2, Breast cancer, Cancer susceptibility, familial cancer, PALB2 mutation carrier

Introduction
For the last two decades, women have been offered genetic testing of BRCAL and BRCA2 in
various clinical contexts. The vast majority of these women are seeking an explanation for a
personal or family history of breast and/or ovarian cancer, and an accurate means of risk
assessment, to facilitate risk management across the family. Indeed clinical criteria used to
determine eligibility for BRCAL and BRCA2 testing in many settings have been founded on
the number of affected relatives and their age at diagnosis and then developed over time with
increased evidence and local practice issues. Of those women who undergo testing, up to
20 % are found to carry a clinically actionable mutation in BRCA1 or BRCA2. Until very
recently additional genetic testing was not possible unless other clinical indicators were
present (such as Li-Fraumeni syndrome that might indicate genetic testing of TP53). Women
and  their  families who  received uninformative  genetic  test  results
for BRCAL and BRCA2 were clinically managed solely on the basis of their personal and
family history. This limited the use of invasive strategies such as risk reduction surgery.
Continued research and a recent revolution in genetic technology that can be applied to this
research has identified a number of additional breast cancer predisposition genes and
reported a large number of additional candidate breast cancer predisposition genes that are
yet to be validated. This same technology has also transitioned into molecular diagnostic
laboratories and has enabled a shift from high cost single gene genetic tests to lower cost
multi-gene panel tests. The uptake of gene panel tests has been rapid and included a volume
of successful direct-to-the-public marketing. In some areas of clinical genetics, panel testing
is now the standard of care ', With some important caveats and considerations discussed in
this review, current data suggests that gene panel testing offers breast cancer clinical genetics
practice increased opportunity to identify “actionable” genetic variants in a greater
proportion of women >34,
However, few of the large number of genes included in many gene panel tests are bona
fide breast cancer predisposition genes and the vast majority of genetic variation identified
by these gene panel tests cannot be interpreted in terms of breast or ovarian cancer risk. This
is currently a controversial area of breast cancer research and clinical genetics practice, and
is discussed in detail elsewhere [,
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PALB2 has now firmly taken its place with the small
number of genuine breast cancer susceptibility genes. It is
now well established that women who carry mutations in
the PALB2 gene are at similar breast cancer risks as those
who carry mutations in BRCA2 ¢ 7)) making many rethink
the appropriateness of the initial “moderate or intermediate
risk gene” label (%,

PALB2 now plays a legitimate role in breast cancer clinical
genetics practice and takes a valid place on breast cancer
predisposition gene panel tests. Internationally, tens of
thousands of women, including those who have gone direct
to the test provider, have had genetic tests
for PALB2 mutations in the context of breast cancer
susceptibility. Today, many nations have (or are preparing)
best practice guidelines that include recommendations
for PALB2 genetic testing and risk management [>-°1,
Currently, prospective data related to the clinical outcomes
of PALB2 mutation carriers is lacking and very little
information (beyond mutation penetrance) is available to
guide clinical management for carriers (affected and
unaffected by breast cancer). Over the last two decades,
evidence has slowly been accumulated to support
recommendations around risk management and targeted
treatment regimes forBRCA1 and BRCA2 mutation carriers.
Very little of this evidence currently exists
for PALB2 mutation carriers.

Accumulating this evidence is challenging due to the very
low frequency of women with PALB2 mutations, even in
affected women with a strong family history of breast and
ovarian cancer. However, with new technology and
international coordination there is promise that further
evidence could be gathered for PALB2 mutation carriers that
will improve their clinical care within a few years.

In addition, risk estimates for PALB2 mutations have been
based on collections of loss-of-function mutations. Clinical
classification of the vast array of non-loss-of-function
genetic variants identified in PALB2is in its infancy.
Informed by prior research in this area involving
unclassified genetic variants in BRCA1 and BRCAZ2,
international initiatives are moving quickly to identify the
best approaches to assess PALBZ2 genetic variants on a
variant-by-variant basis, to enable personalized use in
clinical genetics practice.

PALB2 has made it over the first hurdle and is now included
in the breast cancer clinical genetics arena but to extend
current utility and have an impact on improving the clinical
outcomes for carriers of PALB2 mutations and incorporate
use of this genetic information into precision public health
initiatives, additional data is still urgently required.

PALB2: A bona fide breast cancer susceptibility gene
Mutations in PALB2 make a small contribution to heritable
breast cancer susceptibility in most populations.
Germline PALB2 mutations and carrier frequencies have
been reviewed elsewhere "%, Briefly, protein truncating
mutations in PALB2 are distributed throughout the coding
region [% 19 yet four PALB2 mutations are of note in terms
of multiple observations. As few studies have been
conducted within unselected breast cancer cases, estimation
of the age-specific cumulative risk (penetrance) of breast
cancer associated with PALB2 mutations has been limited.

To consider penetrance of a larger number
of PALB2 genetic variants and a larger number of families,
the PALB2 interest group ! embarked on a collaborative
effort that collected data from 362 members of 154 families
who had deleterious truncating, splice, or deletion mutations
in PALB2 ). The estimated average cumulative risk of
breast cancer risk ranged from 33 % (95 % CI, 25-44 %) for
a female carrier without affected relatives to 58 % (95 % ClI,
50-66 %) for a female carrier with two first-degree relatives
who had breast cancer diagnosed by 50 years of age.
Supported by other similar observations % some
recommend that both family history and PALB2 genotype
should be considered together for clinical breast cancer risk
management.

Thus, all published estimates of  penetrance
of PALB2 mutations are comparable to the breast cancer risk
associated with BRCA2 mutations: 45 % (95% CI, 31—
56 %) 7). PALB2 is now regarded as abona fide breast
cancer predisposition gene and is justifiably included on
current breast cancer gene testing panels with the above
evidence.

PALB2 mutations and risk of other cancer types

As PALB2 functions together with BRCA1 and BRCA2, in
the same DNA-damage response pathway, it has been
thought plausible that PALB2 mutations, similar
to BRCA1 and BRCA2 mutations, could predispose to other
cancer types. The rarity of mutations in PALB2 and the
rarity of some of the other cancers likely to be involved
(pancreatic, male breast cancer, ovarian cancer, prostate
cancer) make the estimation of the risk (if any) extremely
challenging. Data in this area continues to come from small
(yet important) studies and case reports that accumulatively
may assist this interpretation (! and many others). By
pooling international resources, the PALB2 Interest Group
estimated that the relative risk of ovarian cancer and male
breast cancer for PALB2 mutation carriers was 2.31 (95 %
CI, 0.77-6.97; P=0.18) and 8.30 (95 % CI, 0.77-88.56;
P = 0.08) respectively [,

There is still very little data and no evidence supporting an
association between PALB2 mutations and prostate cancer
risk [13:36.37.38,391 although several pedigrees have been
presented and a possible trend toward aggressive disease in
carriers has been mnoted P°l. iCOGS measured PALB2
(c.1592delT, p.LeuS31Cysfs and ¢.3113G > A, p.Trp1038%)
in 22,301 prostate cancer cases and 22,320 controls and
found no evidence for association with prostate cancer risk
OR 2.06, 95 % CI 0.59-7.11,p=0.24 and OR 0.49, 95 %
CI, 0.18-1.36, p=0.16 respectively.

The PALB2 interest group continues work to further refine

breast and other cancer risks for PALB2 mutation carriers
[19]

PALB2 mutation carriers: clinical outcomes:

As described above, recent work has increased the precision
of breast cancer risk estimates for PALB2mutation carriers
providing some new information with clinical utility.
However, prospective data related to the clinical outcomes
of PALB2 mutation carriers seems to lacking and very little
information (beyond mutation penetrance) which are
available to guide current clinical management for carriers
(affected and unaffected by breast cancer).
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MName/Gene ID  Description Location Aliases I
PALB2 partner and localizer of Chromosome 16, FANCN, PNCA3 610355
ID: 79728 BRCAZ2 [Homo sapiens NC_000016.10
(human)] (23603162..23641357,
complement)
BRCA1 BRCA1, DNA repair Chromosome 17, BRCAI, BRCC1, BROVCA1, 113705
1D: 672 associated [Homo NC_D00017.11 FANCS., RIS, PNCA4,
sapiens (human}] (43044295..43125483, PPP1RA3, PSCR, RNF53
complement)
BRCA2 BRCA2, DNA repair Chromosome 13, BRCC2, BROVCA2, FACD, 600185
ID: 675 associated [Homo NC_000013.11 FAD, FAD1, FANCD,
sapiens (human}] (32315480..32399672) FANCD1, GLM3, PNCAZ2
XRCCM
[ Trps3 transformation related Chromosome 11, Tp53, bbl, bfy, bhy, pd4, p53
ID: 22059 protein 53 [Mus NC_000077.6
musculus (house (69580359..69591873)

Fig 3: PALB2 Mutation effects (Information retrieved from NCBI)

It has taken decades of research to provide the evidence base
for BRCA1 and BRCA2 mutation carriers to make informed
decision about the use of chemo-preventive agents, the use
of the bilateral salpingo-oophorectomy, the use of
mammography, magnetic resonance imaging (MRI) and
other screening modalities, risk reducing mastectomy and
targeted treatment regimes. Accumulating this evidence was
challenging due in part to the very low frequency of women
with BRCA1 and BRCA2 mutations, the historically
laborious and expensive process of testing for mutations in
these genes and the need to follow these women
prospectively.

However, in today’s context where PALB2 is being included
in gene panel tests that are being conducted rapidly in large
numbers at reduced costs and research can be conducted in a
coordinated fashion internationally involving well
established research resources (including resources founded
to assess these questions for BRCAL and BRCA2 mutation
carriers) and in community-academic-industry partnerships-
there is promise that evidence can be found
for PALB2 mutation carriers that will impact clinical
practice in the short term.

Further studies are required to test if women who
carry PALB2 mutations are at increased risk of death from
breast cancer compared to non-carriers. More information is
needed to understand the options for prevention and risk

reduction. Intuitively, given the similar biological role of the
protein, it is likely that some of the recommendations
for BRCA1 and BRCA2 mutation carriers, including
therapeutic regimes, may be relevant for PALB2 mutation
carriers — but much work is needed to resolve these
questions.

To this end, a new academic-industry partnership named
PROMPT- Prospective Registry of Multiplex Testing 4243,
and many other large research initiatives are underway to
address these important questions for carriers. PROMPT has
scope beyond addressing these questions for PALB2 alone
and will support the rapid translation of similar information
for several new breast cancer predisposition genes including
ATM, CDH1, CHEK2, RAD51C, RAD51D, STK11, TP53 in
addition to BRCAl and BRCA2. PROMPT is an online
research registry for people who have undergone gene panel
testing and been found to have a genetic variation in one of
the above genes. PROMPT is one of several initiatives that
create a new paradigm for research study participation that
directly involves the most relevant community. PROMPT is
designed to involve those who want to share their genetic
results, learn more from sharing these results and engage at
a level of their choosing/comfort as a collaborator alongside
physicians and researchers to learn more about how
mutations in these genes (such as PALB2) may affect their
health and cancer risks.

Gene ID- 79728, updated on 11-Jun-2017

“ Summary

Official Symbol
Official Full Name
Primary source
See related

PALEZ by HGNC
partner and localizer of BRCAZ

PALB2 partner and localizer of BRCA2 [ Home sapiens (human) ]

HENC

00083093 MIM: 610355 Viega OTTHUMGH0000177097

Gene type
RefSeq status
Organism
Lineage

protein coding
REVIEWED

Hamo sapiens

Haplorhini, Catarthini, Hominidae, Homo
FANCN; PNCAS

Also known as

Summary

of BRCAZ. [provided by RefSeq. Jul 2008]

Orthologs mouse all

“ Genomic context

Location:  16p12.2
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Annotation release  Status Agsembly
108 current GRCh38.pT (GCF
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Fig 4: PALB2 Mutants in human Classification of rare variants
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In contrast to several other breast cancer predisposition
genes, there is no evidence that missense variants
in PALB2 (as a combined group) are associated with
increased risk for breast cancer * %), We and others have
reported that the breast cancer risk fraction contributed by
missense variants in BRCA1, BRCA2, ATM and CHEK?2 is
as high, if not higher, than protein-truncating variants in
these genes [¢47-481 However, interpretation of the rare
genetic variation observed in PALB2 on a variant-by-variant
basis, especially the rare missense variants, remains
challenging ™. That is, on a variant-by-variant basis it is
difficult provide any information that can be used to guide
clinical management of carriers of rare missense mutations.

In some practices, the previous approach of breast cancer
clinical genetics to generalize risk within groups of similar
mutations (e.g., protein truncating mutations in BRCA1) has
not been automatically applied in the context of PALB2 due
to i) a perception that the PALB2 risk estimates currently
include data from a disproportionate number of the
founder PALB2 mutations (and thus may not represent the
average risk associated with all loss-of-function mutations)
and ii) the more recent characterisation of variants
in BRCAl(e.g., R1699Q %3%) and BRCA2 (e.g., K3326*
[51. 521y with more moderate or low risk of breast cancer that
is also a plausible scenario for variants in other genes,
including PALB2.

* | Summary

Official Symbol
Official Full Name
Primary source
See related

Gene type
RefSeq status
Organism
Lineage

Also known as
Summary

Onhologs

- Genomic context

Location: 17q21 31

Exon count: 24
Annoiation release
108
105

BRCA1 BRCA1, DNA repair
Gene ID: 672, updated on 11-Jun-2017

[ Homo sapiens (human) ]

BRCA1 provided by HGNC

BRCA1, DNA repair associated oo
AGHC 1100
00000012048 MIM. 113705, Vega OTTHUMGO0000157426

protein coding

REVIEWED

Homo sapens

Eukaryota, Metazoa; Chordata; Craniata; Vertebrata; E
Haplorrhini; Catarrhini; Hominidae: Homo

IRIS; PSCP; BRCAI; BRCC1; FANCS; PNCA4; RNF53; BROVCA1; PPP1RE3

This gene encodes a nuclear phosphoprotein that plays a role in maintaining genomic stability, and it also acts as a tumor
suppressor. The encoded protein combines with other tumor suppressors, DNA damage sensors, and signal transducers to
form a large multi-subunit pratein complex known as the BRCA1-associated genome surveillance complex (BASC). This gene
product associates with RNA polymerase Il, and through the C-terminal domain, also interacts with histone deacetylase
complexes. This protein thus plays a role in pti DNA repair of doubls ded breaks. and

Mutations in this gene are responsible for approximately 40% of inherted breast cancers and more than 80% of inherted
breast and ovarian cancers. Altemative splicing plays a role in g the sul and pl

function of this gene. Many altematively spliced tanscript variants, some of which are disease-associated mutations, have
been descnbed for this gene, but the full-length natures of only some of these vanants has been described. A related
pseudogene, which is alsa located on chromasome 17, has been identified. [provided by RefSeq, May 2009]

Eutheria; Euar Primates

mouse al
&|7
See BRCA1 in Genome Data Viewer Map Viewsr
Status Assembly Chr  Location
curent GRCh38.p7 (GCF_000001405.33) 17 NC_D00017.11 (43044295 43125483, complemant)
previous assembly GRCh37.p13 (GCE_DODON1405.29) 17 NC_D00017.10 {41196312. 41277500, complement)

Chromosome 17 - NC_000017.11
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Fig 5: Complete information of mutation in BRCA1

BRCA2 BRCAZ, D

= Summary

Official Symbol
Official Full Name
Primary source
See related

Gene type
RefSeq status
Organism
Lineage

Also known as
Summary

Orthologs

= Genomic context

Location:  13g131
Exon count: 27
Annolation release
108
105

NA repair

[ Homo sapiens (

)1

Gene ID:- 675, updated on 11-Jun-2017

BRCAZ ided by HOKC
BRCA2, DHA repair associated prov
HGNC-HGNC: 1101

HENE

Ensambl F 1139618 MIM-G00185. Vaga OTTHUMGOOD00017411

protein coding

REVIEWED

Heme sapiens

Eukaryota; Metazoa; Chordata; Craniata; Viertebrate; Euteleostomi; Mammalia; Eutheria; Euarchontogiires; Primatas

Haglosrhini: Catarhini: Hominidaa. Homa
FAD; FACD; FAD1; GLM3; BRCC2; FANCD; PNCAZ2; FANCD1; XRCC11; BROVCAZ
Inherited mutations in BRCA1 and this gene, BRCAZ, confer increased lifetime risk of developing breast or ovarian cancer
Bath BRCA1 and BRCAZ are mvolved in maintenance of genome stability. specifically the homologous recombination
pathweay for double-strand DNA repair The BRCAZ protein contains several copies of 3 70 &3 matif callad the BRC motif, znd
these motifs madiate binding to the RADE1 racombinase which functions in DHA repair. BRCAZ is considered 3 tumor
suppressor gene, as tumors with BRGAZ mutations generally exhibit loss of heterozygosty (LOH) of the wikd-type allele.
[provided by RefSeq, Dec 2008]

nouse all

See BRCA2 in Genome Data Viewer Map Viewer
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Fig 6: Complete information of BRCA2 Mutant in human
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There is therefore a need to extend international efforts that
are currently trying to classify rare variants identified
in BRCAL and BRCA2 for clinical use to include rare

variants identified in PALB2 (and other genes) to assist the
clinical management of the individuals who carry them.
Several activities are well underway.

ATM ATM serine/threonine Kinase [ Homo sapiens (human) ]

Gene ID- 472, updated on 11-Jun-2017

= Summary 24T
Official Symbol ATM provided by HGNC
Official Full Name  ATM senine/threonine kinase o
Primary source IGNC-735

See related
Gene type
RefSeq status
Organism
Lineage

Also known as
Summary

d with ataxia an | recessive disorder. [provided by RefSeq, Aug 2010]
Orthologs mouse all

= Genomic context 27
Location:  11q22.3 Saee ATM in Genome Dala Viewsr Map Visws
Exon count: 6%

Annotation release Status Assembly Chr | Location

108 currant GRCh38.p7T (GCF_000001405.33) n NC_000011.10 (108222484 108369102)

105 previous assembhy GRCh37.p13 {GCE 01405 25) n NC_000011.9 {108093559..108239829)

bl ENSG00000148311 MIM-607585; Vega OTTHUMGO0000166480
protein coding
REVIEWED
Homo sapiens
Eukaryota; Metazoa; Chordata; Craniata;
Haplorrhini; Catarrhini; Hominidas; Homao
AT1; ATA; ATC; ATD; ATE; ATDC; TEL1; TELO1
The protein enceded by this gane belongs to the PI3/PH-kinase family. This protein is an important cell cycle checkpaint
kinase that phosphorylates: thus, it functions as a regulator of a wide varisty of downstream proteins, including tumor
suppressor proteins p53 and BRCA1, checkpoint kinase CHK2, checkpoint proteins RAD1T and RADS, and DMA repair
protein NBS1. Thig protain and the clogely related kinase ATR are thought to be master controllers of cell cycle checkpaint
signaling pathways that are required for cell response to DNA damage and for genome stability. Mutations in this gene are

Euthenia; Euarchontoglires; Frimates;

Chromosome 11 - NC_000011.10

[osenseaz p [Lose e

s AT

s

ARATE

WDELCE
s

Fig 7: Complete informations of ATM Serine/Threonine Kinase in human

The most extensive and internationally set groups working
in this area include The PALB2 Interest Group [* ) and The
Evidence-based Network for the Interpretation of Germline
Mutation Alleles (ENIGMA) 33451 whose members are
providing a range of data to accumulate new evidence on a

variant-by-variant basis to be assessed in multifactorial risk
models. These groups are also providing expert opinion to
global databases and classification initiatives and working to
communicate new information to clinical genetics practices
urgently in need of individualized information.

CHEK2 checkpoint 2 [ Homo sapi

(human) ]

Gene ID: 11200, updated on 6-Jun-2017

~ Summary

Official Symbol
Official Full Name

Primary source
See related
Gene type
RefSeq status
Organism
Lineage

Also known as
Summary

Orthologs

- Genomic context

Location:  22q12.1

Exon count 22

Annatation release

108
105

CHEKZ provided by HGNE
checkpaint kinase 2 pre
HGNC HGNC

7

Ensembl ENSG00000183765 MIM-604373; Vega OTTHUMGO0000151023

protein coding

REVIEWED

Homo sapiens

Eukaryota; Metazoa, Chordata; Craniata, E [} Euthenia, Euarc FPrimates

Haglorrhini; Catarhini; Hominidas; Homo

CDS1; CHKZ; LFS2; RADS3; hCds1; HuCds1; PP1425

In response to DNA damage and replication blocks, cell cycle progression is halted through the control of critical cell cycle
regulators. The protein encoded by this gene is a cell cycle checkpoint regulator and pulative tumor suppressor. It contains a
forkhead-associated protein interaction domain essential for activation in response to DA damage and is rapidly

phosp in respanse to blocks and DMNA damage. When activated, the encoded protein is known to mhiit
CDC25C phosphatase, preventing entry into mitosis, and has been shown to stabilize the tumar suppressor pratein pS3
leading to cell cycle amest in G1_ In addition, this protein interacts with and phosphorylates BRCA1, allowing BRCAT to
restore survival ater DNA damage. Mutations in this gene have been linked with Li-Fraumeni syndrome, a highly penetrant
familial caneer phenotype usually with inherited ions in TPE3. Alsa, i thie gene are thought to
confer a predisposition to sarcomas, breast cancer, and brain tumors. This nuclear protein is a member of the CDS1
subfamily of serine/threonine protesn kinases. Several transcript vanants enceding different isoforms have been found for this
gene. [provided by RefSeq, Apr 2012]
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al?

See CHEK2 in Genome Data Viewer Map Viewsr

Status Chr
22

22

Location
HC_000022.11 (23687743 28741866, complamant)
NC_000022.10 (29083731..29137822, complement)
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current
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Chromasome 22 - NC_000022.11
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Fig 8: Complete informations of CHEK2 Variant in human
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The assessment and clinical classification of rare missense
variants in PALB2 are likely to require incorporation of
many pieces of evidence to enable clinical utility. Some of
this evidence is likely to come from so-called functional
assays. Fortunately, several functional domains of PALB2
are recognized including a coiled-coil structure, an ETGE-
type KEAP1 binding motif, a chromatin-association motif
(ChAM) at the N-terminus and a WD repeat motif in the C-
terminus (reviewed elsewhere [')). These domains, coupled
with PALB2’s role in DNA repair and Fanconi anemia, are
facilitating work that is pitched at assessing the functional
differences between wildtype PALB2 and PALB2 carrying
rare missense mutations in key functional domains. Park et
al., characterized effects of missense mutations of the
PALB2 WD40 domain and demonstrated that PALB2
L939W (c.2816 T>G) and PALB2 L1143P (c.3428 T> A)
display a decreased capacity for DNA double-strand break-
induced homologous recombination and an increased
cellular sensitivity to ionizing radiation [*®!. This data offers
much potentially useful information for rare variant
classification.

Calibrated assays for functional assessment of variants
in BRCAL and BRCA2 have been developed and reported
(57581 Recently, a publically available resource for
functional analysis of missense variants
inBRCA1 (BRCA1 Circos) has been made available to
facilitate meta-analysis of functional data and improve
classification of variants in that gene P It is anticipated
that groups such as the Functional Working Group of
ENIGMA 9 will be able to develop similar resources for
PALB2 once assays are further developed and data is
available.

Conclusions

This gene encodes a protein that functions in genome
maintenance (double strand break repair). This protein binds
to and colocalizes with the breast cancer 2 early onset
protein (BRCA2) in nuclear foci and likely permits the
stable intranuclear localization and accumulation of
BRCA2. PALB2 binds the single strand DNA and directly
interacts with the recombinase RADS1 to stimulate strand
invasion, a vital step of homologous recombination. PALB2
can function synergistically with a BRCA2 chimera (termed
piccolo, or piBRCA2) to further promote strand invasion.
Variants in the PALB2 gene are associated with an increased
risk of developing breast cancer of magnitude similar to that
associated with BRCA2 mutations and PALB2-deficient
cells are sensitive to PARP inhibitors.
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