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THE DAWN OF CONTEMPORARY GENETICS

Gregor Johann Mendel (Hynčice, 20 July 1822 
– Brno, 6 January 1884)
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A physical apparatus
cannot be ‘perfect’: 

in spite of proofreading 
and mismatch repair,

very rarely an error
can take place;

SPONTANEOUS
MUTATION
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• It is estimated that there are more than 6000 rare 
diseases: most of them are caused by germ-line 
mutations

• Inherited diseases can be also caused by genes
that, in certain populations, are common, or 
polymorphic

• The rigorous definition of a polymorphic gene is one
whose frequency is greater than can be accounted
for by recurrent mutation; for convenience, an 
arbitrary threshold of 1% is widely adopted

RARE versus COMMON MUTATIONS
IN HUMAN POPULATIONS 
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AMYLOIDOGENIC AND NON-AMYLOIDOGENIC 
MUTATIONS IN EXON 4 OF THE TTR GENE
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By a mechano-enzymatic approach 
one can form in vitro from a TTRV122I mutant protein 

amyloid fibrils similar to those found in vivo

(From Raimondi et al. JBC 295:11379,2020)
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James B Herrick.
Peculiar elongated and sickle-

shaped red blood corpuscles in 
a case of severe anemia. 

(Arch Intern Med.
6: 517, 1910).

First description of Sickle Cell Disease 
from microscopy of red cells

Sickle cells first seen and sketched by 
Ernest E Irons

Walter Clement Noel,
Student of Dentistry, U of Chicago;

originally from Grenada, West Indies
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1949
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Fingerprints of Hb A and Hb S: Vernon INGRAM, 1956



Impossibile visualizzare l'immagine.

The tetrameric structure
enables the hemoglobin molecule to ‘breathe’

Binding of oxygen to haeme
produces a conformational change
of the entire haemoglobin molecule
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Polymerization of deoxyhaemoglobin S is a fast reaction; 
sickling of a red cell is a slower gradual process
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THE SICKLE CELL ANAEMIA BURDEN IN THE WORLD

(From Piel et al., PLoS Medicine :e1001484,2013)
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• A study of 3751 patients with SCD
• At least 90% homozygous SS
• Co-existing α-thalassaemia in 

nearly 40% of cases
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Several laboratory 
parameters 

in sickle cell disease 
are influenced by 

age
(n = 3751)

(From Makani et al., 
BMC Hematology 

18:33,2018) 
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The 
steady-state Hb

is a robust 
characteristic 

of each individual 
patient with SCD

(n = 245, 
age>15)

(J Makani, B Mmbando and L Luzzatto, unpublished) 
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(From Antwi-
Bosiako et al., 

Ghana Med J
49:102,2015) 
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(From Makani et al., BMC Hematology 18:33,2018) 

DELAYED  DECREASE, IN CHILDREN WITH SCD, 
OF FETAL HAEMOGLOBIN, A MAJOR MODULATOR 

OF DISEASE SEVERITY
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(From Urio et al, 
Am J Hematology 191:888,2020)

Three SCD modifier
genes have been

previously identified, 
that significantly affect

Hb F synthesis:
• The γ globin gene itself

on 11p15.5
• HBS1L-MYB

intergenic region on 
6q23 

• BCL11A on 2p16.1

Thus, we may now have a fourth gene: 
• FRMPD4 on Xp22.2
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See Costa et al., Am J Hematol 2020 Sep 24
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Specific proposals aiming to reduce the gap between potential and reality 

• Adding SCD
to the triad of conditions (HIV, tuberculosis, malaria)
for which cost of treatment is born by the Global Fund.

(Modified from Luzzatto & Makani, 
Front Pharmacol 12:770640,2022)
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SUCCESFUL GENE THERAPY 
IN A PATIENT WITH SICKLE CELL ANAEMIA

(Ribeil et al, NEJM 376: 848, 2017)

Courtesy of Marina Cavazzana-Calvo
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RNA-guided inactivation of BCL11A
(close to the GATA1 binding site) 

in hematopoietic stem cells

(From Frangoul et al., NEJM, 05.12.2020)
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(From Frangoul et al., NEJM, 05.12.2020)

CRISPR-mediated inactivation of BCL11A 
causes impressive increase in Hb F

in a patient with severe SCD
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No more bone pain crises
and no need for blood transfusion

after CRISPR-mediated inactivation of BCL11A

(From Frangoul et al., NEJM, 05.12.2020)
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Specific proposals aiming to reduce the gap between potential and reality 

• Adding SCD
to the triad of conditions (HIV, tuberculosis, malaria)
for which cost of treatment is born by the Global Fund.

• BMT solidarity programme: 
for every BMT (HSCT) procedure in Europe/US, 
0.1% of the expense could be deposited into a fund 
to support BMT in accredited centers in Africa. 

(Modified from Luzzatto & Makani, 
Front Pharmacol 12:770640,2022)
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1874. Charles DARWIN 
was elected foreign member

of Accademia dei Lincei
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The frequency of independently arisen G6PD mutations
has increased wherever malaria was endemic

(a case of Convergent Evolution)



Impossibile visualizzare l'immagine.

POINT MUTATIONS IN G6PD

(From Luzzatto, 
Ally & Notaro 

Blood 136:1225,2020) 
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G6PD DEFICIENCY: GENOTYPE-PHENOTYPE CORRELATIONS
AT THE MOLECULAR LEVEL

(Modified from 
Mason, Bautista & Gilsanz, 
Blood Revs 21: 267, 2007)
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AA

AS

Invasion

Schizogonic cycle

Selective sickling
of parasitised 

AS red cells
Selective phagocytosis 

of sickled parasitised AS red cells
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GENETICS AND INHERITANCE

GERM
CELLS

SOMATIC 
CELLS

No pathology;
potential pathology
in offspring

No transmission to offspring;
potential pathology in host
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THE HUMAN GENOME

3.14 x 109 bp
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The incidence
of cancer

is a function
of age

From Richard Peto, 
Scientific American,

1968
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MUTATION

Normal tissue
Tumor

n-1

Inherited, acquired and environmental factors
can favor/accelerate oncogenesis

MUTAGENS

MORE CELL
DIVISIONS

INTRINSICALLY
HIGHER 

MUTATION 
RATE
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M’ = (µ + µe)D
M = µD (1)

(2)
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(From Rondelli et al., PLoS ONE 8: e54046, 2013)

The log normal distribution of values of f, 
a proxy for µ,

is a (probably polygenic) quantitative trait
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WHY µ IS IMPORTANT 
WITH RESPECT TO CANCER

• A higher value of  µ may correlate with a higher 
risk of cancer

• If there are n mutational steps in the formation 
of  a tumor the estimated risk will be 
proportional to µn

• It may be possible to identify the genetic 
determinants of µ

� µ may be significantly affected by 
environmental factors

• One might find agents that decrease µ
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A POPULATION OF LYMPHOID CELLS 
CAN BE SHOWN UNAMBIGUOUSLY TO BE CLONAL

(From L Foroni, 
T J Vulliamy, 
L Luzzatto, 1987
Janeway’s 
IMMUNOBIOLOGY, 

2007)
)
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Stratton et al. 
Nature 458,719-724 

(2009)

THE LANDSCAPE OF SOMATIC MUTATIONS 
PRESENT IN A SINGLE CANCER GENOME.

The ultimate nosography of a tumor
is the set of somatic mutations in that tumor
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PCAWG 
Synoptic view

R Campbell et al
Nature 578:82,2020 

Pan-cancer analysis
of whole
genomes:
n = 2658
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PCAWG 
Synoptic view

R Campbell et al
Nature 578:82,2020 

Number of driver
mutations

Whole genome
duplication

Driver CNAs

Driver genomic
rearrangements

Driver coding
point mutations

Driver non-coding
point mutations

Cancer type

Pathogenic
germ-line
mutations
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PCAWG 
Synoptic view

R Campbell et al
Nature 578:82,2020 

Different proportions
of various types of mutation

are found in individual
‘cancer genes’



Impossibile visualizzare l'immagine.

PCAWG 
Synoptic view

R Campbell et al
Nature 578:82,2020 

Bi-allelic mutations in tumor-suppressor genes
are not rare 
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PCAWG 
Synoptic view

R Campbell et al
Nature 578:82,2020 

COPY NUMBER LOSSES IN TUMORS 
WITH NO DETECTED DRIVER MUTATIONS
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Inactivating mutations of SETD2, a gene that encodes a 
histone lysine methyltransferase,

are found in a subset of medulloblastoma tumors

PCAWG 
Synoptic view

R Campbell et al
Nature 578:82,2020 
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(From Genovese etal., 
NEJM 371:2477,2014) 

Clones
that can be identified
within hematopoiesis

increase with age
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(From Xie et al., 
Nature Medicine 20:1472,2014)

‘BLOOD-
CANCER’ 

MUTATIONS
IN NORMAL 

PEOPLE
(58/2728)
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(From Barosi et al., Acta Haematol 146:14,2023)
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(From Barosi et al., Acta Haematol 146:14,2023)

CMD-IT (Clonal Megakaryocytic Dysplasia with Isolated
Thrombocytosis) has a clinical course significantly different

from that of other myeloproliferative dirorders
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(From Duncavage et al., Blood 140:2228,2022)
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(From Duncavage et al., Blood 140:2228,2022)

MONITORING TUMOR BURDEN IN MYELOID NEOPLASMS 
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(From Duncavage et al., Blood 140:2228,2022)

FINANCIAL BURDEN 
OF MONITORING TUMOR BURDEN 
IN MYELOID NEOPLASMS 
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The rate of 
major 

molecular 
response 
to imatinib

is rather low 
in patients 

with CML 
in Tanzania

(From Nasser et al., Blood Advances 5:1403,2021)
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G6PD-A G6PD-B           Whole RBC       PNH RBC
Controls Patient
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652

del exons 3-4-5

Non-null mutations

MUTATIONS IN THE PIG-A GENE

(From Luzzatto & Nafa (2000), Genetics of PNH, in PNH and the GPI-linked Proteins, 
N S Young and J Moss, Eds., Acad Press.) 
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(From Araten et al.,PNAS 96:5209,1999) 
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(From Gargiulo et al., Blood 129:388,2017)

The abundance of GPI-specific T cells 
is similar in patients with PNH 

and in a subset of patients with idiopathic aplastic anaemia
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Immune 
selection for 
GPI-deficient 
mutant HSC Haematopoiesis 

restored through 
expansion (clonal 

dominance) of PIGA
mutant HSC

HSC depletion 
and oligoclonal 
haematopoiesis

APLASTIC ANEMIA WITH GPI-DEFICIENT MUTANT CLONES
AND THE DEVELOPMENT OF PNH

GPI-targeted 
autoimmune 
T-cell attack

Pig-A 
mutation

Persistant 
GPI-

targeted 
autoimmun

e T-cell 
attack

±
IST

Normal 
(polyclonal) 
set of HSC (From Luzzatto & Risitano, 

Brit J Haematology 182:758,2018)
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Feature Properties

In a population
of organisms

In a population
of somatic cells

Consequences Examples Cosequences Examples

Genetic
drift

Mutant 
neutral

Depends on 
population size

‘Founder
effects’

Clone may
expand when
normal cells
few

Mutant
clones in 
aplastic
anaemia

Darwinian
selection

Mutant has
higher
fitness

Mutant progeny
may take over

Gene 
fixation

Clone will
expand

Oncogenic
mutations

Conditional
advantage

Depends on 
environment

HBBS gene 
if malaria 
endemic

Depends on 
micro-
environment

Convergent
evolution

Increased
frequency of 
independently
arisen mutant
genes

Genes of 
melano-
genesis

Clones with 
mutations in 
different
genes may
expand

POPULATION GENETICS OF ORGANISMS/SOMATIC CELLS
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Feature Properties

In a population
of organisms

In a population
of somatic cells

Consequences Examples Cosequences Examples

Genetic
drift

Mutant 
neutral

Depends on 
population size

‘Founder
effects’

Clone may
expand when
normal cells
few

Mutant
clones in 
aplastic
anaemia

Darwinian
selection

Mutant has
higher
fitness

Mutant progeny
may take over

Gene 
fixation

Clone will
expand

Oncogenic
mutations

Conditional
advantage

Depends on 
environment

HBBS gene 
if malaria 
endemic

Depends on 
micro-
environment

PIGA mutant
clone in PNH

Convergent
evolution

Increased
frequency of 
independently
arisen mutant
genes

Genes of 
melano-
genesis

Clones with 
mutations in 
different
genes may
expand

Many genes
can cause 
leukemia

POPULATION GENETICS OF ORGANISMS/SOMATIC CELLS
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(From Ally, Magesa & Luzzatto, 
Am J Hematol 94:E86,2019) 
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SYNOPTIC VIEW OF TWO ‘RARE’ DISEASES

(Luzzatto & Makani, Front Pharmacol 12:770640,2022)
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Specific proposals aiming to reduce the gap between potential and reality 

• Adding SCD
to the triad of conditions (HIV, tuberculosis, malaria)
for which cost of treatment is born by the Global Fund.

• BMT solidarity programme: 
for every BMT (HSCT) procedure in Europe/US, 
0.1% of the expense could be deposited into a fund 
to support BMT in accredited centers in Africa. 

• Rare Disease treatment matching programme: 
for every patient treated with a super-expensive drug
(e.g. eculizumab) reimbursed by NHS/insurance, the
manufacturer offers the drug to one patient with the
same disease in Africa.

(Modified from Luzzatto & Makani, 
Front Pharmacol 12:770640,2022)
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Two major factors in the evolution
of organisms or of somatic cells

DARWINIAN
SELECTION

CHANCE

Fortuna
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In the Yoruba culture of SW Nigeria
the Ifa priest analyzes your life based

on 28 combinations of cowrie shells
that fall randomly on recto or verso.    
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(From Alberto Hernández Sánchez et al., 
Abstract 304, ASH 2022)

SOMATIC MUTATIONS IN AML WITH MUTANT NPM1
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(From Alberto Hernández Sánchez et al., 
Abstract 304, ASH 2022)

PROGNOSTIC 
CLASSIFICATION 

OF AML WITH  
MUTANT NPM1
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