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Introduction: historical background

Chronic lymphocytic leukaemia (CLL) is the most
common form of leukaemia accounting for 30% of
all cases in Western countries. Several early epi-
demiological and cohort studies have documented
an increased incidence of the disease and of other
lymphoproliferative disorders (LPD) in relatives of
patients with CLL (Reviewed in ! and ?).

Important early studies by Videbaek in his doctoral
thesis® and later in a paper® and by Gunz®® on fa-
milial cases became important landmarks focusing
attention on the familial clustering of cases. Familial
aggregations of CLL provided the first evidence of
an inherited predisposition to the disease.

I personally became interested in the topic in the
1980s. Some years after I treated a patient (1917-
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1980 in Figure 1) I received a short letter from his
brother (a physician born in 1925) with the drawing
of a family tree (Figure 1) asking whether I was
aware that three of his uncles had died in New York
of CLL. I was not aware of the early literature and in
those days we were not taking such detailed family
histories as we do today. He suggested that it was an
interesting topic for research. A few years later he
wrote again and told me that his sister (1919-1994
in Figure 1) also developed CLL and subsequently
died. He himself was followed at another hospital
with a myeloproliferative disorder (MPD).When we
received a sample of his blood we could establish
that he also had monoclonal B-cell lymphocytosis
(MBL).
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Figure 1. Pedigree of the first CLL family that was
brought to my attention in the 1980s

After reading the existing relevant literature®® we
decided to start collecting CLL families and esta-
blished an active international collaboration with
colleagues at the USA National Cancer Institute
and other countries in order to gain insight into the
genetic basis of CLL. We started with a systematic
family survey of 268 patients on the basis of a fa-
mily history questionnaire” and in 1999 we formed
a Familial CLL Consortium. Examples of some of
those family pedigrees are shown in Figure 2.
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Figure 2. Several of the first pedigrees of our familial
CLL study

We also started collecting and storing DNA from
blood cells and saliva (germline DNA) in order to
be able to carry out later genetic linkage analysis.
A few years later we initiated a program of Genome
Wide Association Studies (GWAS).

Another important tool for identifying CLL fami-
lies is the comprehensive medical records and can-
cer registries available from countries in Northern
Europe. For example, from Danish medical records

and the Danish Cancer Registry we have been able
to follow up the largest CLL family (Pedigree 14)
from Videbaek® published in 1947. From the ori-
ginal 57 family members Pedigree 14 was extended
to 222 family members (Figure 3). Overall 10 of
them have been diagnosed with CLL, one with T-ce-
Il lymphoma and 17 with other cancers, including
five with breast cancer. This careful and long follow
up provided strong support for an inherited predis-
position to CLL, although no research samples were
available from Pedigree 14.

Another important study originated from data from
the Swedish Family Cancer Database®. The familial
risk of CLL and other LPD was assessed in 14,336
relatives of 5,918 patients with CLL and in 28,876
first degree relatives of 11,778 normal controls. The
first degree relatives of CLL patients (parents, si-
blings and offspring) had a 7.5-fold increased relati-
ve risk (RR) for CLL, a 1.45 RR for non-Hodgkin’s
lymphoma and a 2.35 risk for Hodgkin’s lympho-
ma®, suggesting that the heritable component in
CLL is shared with other lymphoid disorders. This
study is currently being revisited with three times
more patients and relatives and a longer follow up. It
will also examine the association with other haema-
tological malignancies. The data confirmed that first
degree relatives of patients with CLL have a nearly
six-fold RR of developing CLL (Dr A.Sud, personal
communication).

Comparison between familial and sporadic CLL
In order to investigate whether there were any major
differences between sporadic and familial CLL we
compared 265 cases of familial CLL with 647 spo-
radic cases®.

There were no overt differences in the repertoire and
frequency of the variable region of the immunoglobulin
heavy chain (/GHV)) gene usage. Neither was the IGHV
correlated between affected members of the same fami-
ly. This pointed to a genetic basis of disease develop-
ment rather than a shared environmental aetiology.
The only difference observed was in the higher inci-
dence of /IGHV mutated status in familial cases (68%)
than in sporadic ones (47%; p<0.001) and, as expec-
ted, there was concordance within the families®. No
other differences were observed such as age, male:-
female ratio, incidence of Zap 70+ cells or karyotype
abnormalities. We concluded that familial CLL is es-
sentially indistinguishable from sporadic CLL.
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Figure 3. Pedigree 14 by Videbaek in 19477, subsequently expanded in 2004 by Jonsson”

Strategies for identifying CLL predisposition genes
These strategies have evolved over the years in
parallel with progress in the technology of DNA
analysis, especially regarding single nucleotide
polymorphisms (SNPs). Derived (since 2006) from
the Human Genome Project and the International
HapMap Project, these strategies include: candida-
te gene studies, linkage analysis of families, geno-
me-wide association studies (GWAS) and, lately,
whole-exome sequencing (WES), looking for loss
of function mutations in familial cases.

There were many candidate gene studies in CLL
including evaluation of more than 100 genes publi-
shed between 1981 and 2014, but no robust associa-
tions with CLL risk were established.

Linkage estimates the genetic distance between loci
based on the probability of recombination. The lar-
gest study of familial CLL, from our group?, based
on the analysis of 206 pedigrees, failed to identify
moderate-high penetrance risk alleles causing CLL.
However, linkage in familial cases was found to

chromosomes 7q31-q33 and 16q 12.2-g23, a finding
which is consistent with the more recent observa-
tions of loss-of-function germline mutations in shel-
terin complex genes!!: see below),

The greatest advances have taken place with GWAS
in several other cancers: colorectal, breast, prostate
(reviewed in '?), as well as significant progress in
CLL (updated in %).

GWAS in CLL

GWAS provides an agnostic and unbiased approach
for investigating the genetic basis of complex disea-
ses by examining regions of haplotype sharing in the
DNA of affected individuals within each family. The
co-segregation of markers with disease in families is
greater than expected by chance alone.

GWAS have identified thus far 42 single nucleotide
polymorphisms (SNPs) that are low penetrance risk
alleles robustly associated with CLL"?. The majori-
ty of these SNPs map to non-coding regions of the
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genome and are the most common type of genetic
variation among individuals. Each SNP represents a
difference in a single DNA building block called a
nucleotide. As shown in Figure 4, GWAS compare
the frequency of genetic variants in CLL cases ver-
sus controls. The latest study was based on data from
6,200 cases and 17,598 controls"®. The common ge-
netic variation thus identified contributes significant-
ly to the heritable risk of CLL following the “com-
mon-disease common-variant model” (Figure 5).
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Figure 4. Common risk variants in CLL: genome-wide
association studies (GWAS) compare the frequencies
of genetic variants in CLL cases versus controls
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Figure 5. The common-disease common-variant mo-
del for cancer susceptibility with low penetrance genes

It should be noted that the focus has now moved
from families to all cases of CLL as the methodo-
logy required large number of samples and strict
statistical analysis (differences require a p value of
< 5 x 10~?). The inclusion of familial CLL is still
important as such cases are enriched in the number
of predisposition loci.

The first two GWAS reports identified 10 suscepti-
bility loci for CLL!*!® and, with international co-
llaborations, these have now been extended to 42
predisposition risk loci”?.

GWAS requires the evaluation ¢.300,000 tagging
SNPs, which are sufficient to capture the majority or

all the common genetic variation in the region>!%,
This large number of samples is required because
the SNPs have a high frequency in a given popula-
tion and confer a low penetrance risk for the disease.
They contrast with the rare high penetrance cancer
susceptibility genes, like 7P53, BRACI, BRAC? etc,
seen in other cancers. No such high penetrance sus-
ceptibility genes have been found in CLL!?.

But, because the effect of individual SNP variants is
weak, they cannot be used individually for predic-
ting the risk of CLL. However an ingenious Poly-
genic Risk Score (PRS) was recently proposed in-
tegrating the information of 41 representative SNP
variants'®, as has been done in other cancers. In
this way the authors found a strong correlation of
a higher PRS with risk of CLL and of monoclonal
B-cell lymphocytosis (MBL), which was indepen-
dent of the effect of age and family history (FH).
The PRS therefore does not account for all the FH
risk seen in familial CLL but may be additive!'®. In
other respects this observation may not have clinical
application but it confirms the model of the common
risk alleles as involved in the pathogenesis of the
disease.

Monoclonal B-cell lymphoytosis (MBL)

It has now been clearly established that MBL repre-
sents a precursor condition for CLL. Some patients
with MBL have normal lymphocyte counts (<4
x10°/L) and others have moderate lymphocytosis
(total lymphocyte count >4 x10%/L). By definition
MBL requires <5 x10%/L monoclonal B lymphocytes
in order to distinguish it from CLL. Patients with
MBL share cytogenetic abnormalities with CLL
patients, chiefly 13q14 del, trisomy 12 and skewed
IGHYV usage. 15% will go on to develop CLL. Mo-
noclonal B-lymphocytes with the immunophenoty-
pe of CLL can be found in the peripheral blood of
¢.3.5% of adult individuals""'®),

An important observation in relation to familial CLL
is that MBL was detected in 13.5% of “healthy”
first-degree relatives from 21 CLL families, with
a significantly higher incidence than in the general
population. As in the latter, the proportion increases
with age". The detection of MBL could therefore
become a surrogate marker for the genetic predispo-
sition to CLL. Another study®” confirmed that the
incidence of MBL was increased among relatives of
CLL families with two or more affected members.
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MBL was a feature of the individual (seen in Figure
1) who sparked my interest in familial CLL in the
1980s.

In order to explore this further a GWAS study was
carried out to ascertain whether the 10 variant SNPs,
known at the time to confer a risk of CLL could
also predispose to MBL?". An association between
genotype and MBL was found for 9 out of the 10
SNPs. Six of them were statistically significant®?,
especially the SNPs nearest to the genes /RF4 and
GRAMDI1B®".

The relevance of the GWAS findings in MBL was
recently confirmed and extended by means of the
PRS combining 41 representative SNPs!'®. This
PRS may help identify those individuals at greater
risk of developing MBL and CLL.

In addition to the similar risk alleles, identified in
GWAS studies, MBL is indistinguishable from CLL
at the somatic level (tested in the monoclonal B
cells), although the burden of driver mutations is
lower than in fully blown CLL. This is consistent
with the concept that the evolution from MBL to
CLL is accomplished by the progressive accumula-
tion of driver mutations®?.

Germline mutations in shelterin complex genes
Despite the advances in the identification of risk
alleles in CLL, so far no specific gene mutations
have been described in familial CLL. Only rare
germline alterations (in the normal cells of patients
with CLL) were reported in the ATM (ataxia telan-
giectasia mutated) gene®?¥, associated with CLL
risk. These rare ATM germline mutations were not
found in familial cases and are associated with so-
matic mutations/deletions (in the leukemia cells) in
the other allele, therefore suggesting that A7M may
act as a tumor suppressor gene®,

The availability of next generation sequencing tech-
nology allowed our group to undertake WES in 66
CLL families with 141 affected individuals and to
report for the first time germline mutations in POT1
(protection of telomeres 1) and two other genes of
the shelterin complex: TERF21P and ACD. The ini-
tial search was undertaken in order to identify loss
of function mutations, prioritising those genes with
a known role in cancer and excluding the more com-
mon variants. Sanger sequencing was subsequently
performed for confirmation'V.

A total of seven families were found with the same

germline mutation in each affected individual (four
with POT1 and three with the other genes), sugges-
ting an incidence of 6% in familial CLL. In a com-
plementary analysis of 1083 unselected CLL cases
and 5854 controls, one of the variant POT/ muta-
tions, which has a global allele frequency of 0.0005,
was found in 6 cases and seems to confer a 3.81-fold
increased risk of CLL".

POTI encodes a component of the shelterin com-
plex genes, part of which binds directly to DNA,
and it is the first member of this telomere structure
to be found mutated in a human cancer®®.

The relevance of POTI in CLL is threefold: i) it
is mutated in 3.5% of CLL cases (by somatic mu-
tation) and causes telomere dysfunction®; ii) one
of the 42 SNPs associated with CLL risk is near
POTI?7; and now iii) germline mutations in POTI
have been found to be involved in families co-segre-
gating CLL"!?®_ The latter findings are also consis-
tent with earlier evidence of linkage of familial CLL
to chromosomes 7q31.32-q33 and 16q12.2-q2319,
Shelterin is a telomere specific protein complex
composed of six family members (POT1, etc) which
are essential for all telomere functions, including
protection from degradation. Of note, germline mu-
tations in POTI have also been found in familial
cutaneous melanoma and glioma but none of the fa-
milial CLL cases with shelterin mutations had either
of those conditions".

What does it all mean?

There have been major advances in our understan-
ding of the genetic architecture of CLL in the last
decade and this has been facilitated by the high fa-
milial component, the highest familial risk among
all the lymphoid malignancies. Rare high penetrance
cancer susceptibility genes have not been found in
CLL like in some cancers, e.g. BRCAI and BRAC2
in breast cancer. The major factor of risk is the exis-
tence of common low-penetrance risk alleles whose
function is currently being elucidated and highligh-
ted by the GWAS studies*!'®. The demonstration of
germline mutations in the shelterin complex genes
in seven families suggests that their effect may be
of moderate penetrance''?. In addition POT! and
the other shelterin genes mutated in the germline
of CLL families are sitting at the unique interface
between the somatic driver mutations in sporadic
CLL, of which 80 so far have been identified®>?%%9),
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and the 42 susceptibility loci in sporadic and fami-
lial CLL32),

As illustrated in a masterly editorial in Blood®®,
commenting on the shelterin paper'), the only other
gene mutated at the germline in rare cases is 4ATM,
but not in familial CLL. BCL2 and IRF4 are also at
the interface, but either as susceptibility SNP loci
or as somatic mutations®. It is not clear how the
variant SNPs, most of them in non-coding regions
of the genome, influence CLL. However, many tend
to map to areas of active chromatin and seem to be
implicated in dysregulation of immunity genes and
B-cell development®,
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