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Diamond-Blackfan anemia (DBA) :
s Rare disease — 7 to 12 cases/million life birth
One of the inherited bone marrow failure

] | Mngﬂmpﬂﬂﬂn 1 Intrinsic defect in erythropoiesis .
A First ribosomopathy described — 24 genes Varlous_
malformations
Erythroblastopenia/pure hypoplastic anemia (50% of cases)
Normal BM DBA Patient Extremities -
y w - N (thumbs-+++) Kidney & tractus

Heart & vessels Cephalic area

ial septal defect




The DBA guidelines, just been published
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Diagnostic criteria

-

Pathogenic or likely pathogenic mutationina
Diamond-Blackfan anaemia (DBA) syndrome gene
(appendix p 4); or

Haematological features consistent with DBA syndrome:
macrocytic anaemia* with reticulocytopenia and bone
marrow erythroblastopenia; absence of dysplasia,
dyserythropoiesist, and sideroblasts; and exclusion of
known differential diagnoses (see below)

Typical findings (not mandatory for diagnosis)

Patients are younger than 1 year at onset of disease
Elevated eADA activity (before first transfusion, in patients
who have not received a transfusion, or in parents of
patients)

Elevated HbF (reliably assessed in patients older than

6 months)

Positive family history or unexplained history of anaemia
during infancy or childhood

Congenital abnormalities (appendix p 5)

Abnormal rRNA processing in patient cells§



“Classical” DBA diagnosis

« Moderate to severe, often macrocytic aregenerative anemia
» The other cell lineages are usually normal
« Bone Marrow smear = Erythroblastopenia with <5% erythroid precursors in an otherwise

normocellular bone marrow ® - -
2 u o /
Erythroid .
precursors % i e «— FErythroid
present ' precursors
%N ) ‘! Absent or <5%
D 2 .20

']
Bone marrow smear control  Erythroblastopenia

Elevated erythrocyte adenosine deaminase activity

Fetal erythropoiesis features (elevated HbF)

Very High EPO level

Identification of one mutation in a gene involved in DBA
No evidence for another cause of bone marrow failure



Mutated gene

Genes involved in
DBA*

Incidence
in DBA
population

RPS19 eS19 25%-30%

Large deletions 10%-20%
RPL5 ulL18 7%-12%
RPS26 eS26 6.6%-9%
RPL11 uL5 5%-7%
RPL35a el33 2%-3%
RPS10 eS10 1%-3%
RPS24 eS24 2.4%-3%
RPS17 eS17 1%-3%
RPL15 elL15 1 case

6 cases

RPS28 eS28 2 families
RPS29 uS14 2 families
RPS7 eS7 1 case
RPS15 us19 1 case
RPS27a eS31 1 case
RPS27 eS27 1 case
RPL? uL6é 1 case
RPL18 el18 1 family
RPL26 ul24 1 case
RPLZ27 el27 1 case
RPL31 el31 1 case

TSR2 (X linked)t 1 family

Genes involved in
DBA-like diseases

GATA1T (X linked)t 5 families

EPO 1 case

ADAZ§ 9 individuals

DBAS genotype

Genes mutated in DBA and DBA-like cases

No genotype id

Non ribosome
defect

Da Costa L, Leblanc T, Mohandas N, Blood 2020

mRPS19
m Large deletions
= RPLS
RPS26
mRPLIL
m RPL35a
mRPS10
mRPS24
mRPS17
mRPLIS |
mRPS28
mRPS29
mRPS7
= RPS15
RPS27a
RPS27
srre = <1%
wRPL18 each
mRPL26
mRPL27

m RPL31
mTSR2

m GATA1
= TP53 3/

1 no genotype
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which is a chaperone of RPL5

D

compound heterozygous

homozygous homozygous homozygous

anemia anemia Anemia anemia, transient thrombocytopenia (P6)

brachydactyly brachydactyly preaxial polydactyly, brachydactyly,

short stature short stature

mild intellectual disability intellectual disability

short stature

no intellectual disability mild intellectual disability (P5)

P1 died of osteosarcoma

With parents’ authorization

Fam A: c1751G>A, Fam B: c.1337G>A,

p.(Cys44€Tyr)

Fam C: ¢.399+1G>T, p.?7;
¢.719C>T, p[Pro240Leu)

cA400T>C ¢.719C>T c.1337G>A CAT51G2A
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HEATR3 Protein | Maclnnes, Blood, 2022



DBA — like and borderline DBA cases

Mutation in exon 2:

»GATA-1 gene mutation: X-linked ¢.220G>C : p.(Leu74Val)

Sankaran etal., J Clin Invest, 2012 A B ccalflera cocaBora ©
Weiss et al., J Clin Invest, 2012 | 2 A\ /M\w\/\z\
Parella et al., Pediatr Blood cancer, 2014 ” coAlo TA  CoABIe TA e carars
Klar et al., Br J Hematol, 2014 T2 3 ETAVMAYAAV ARSI AVAAYAVAVAA e

I Loss of the 83 first aa

Loss of the long form of GATAL1 (GATA1 FL)
» EPO gene mutation

KIM et al., Cell 2017 A B o ——, Mutation -exon 5:
e 4—as= ° 0.100,320,704G>A
—— [.(Ag150GIn)

» TP53 gene mutation:

Human TP53 (NM_001126112) c.1083delG

Toki et al., Am J Hum Genet, 2018 —[F‘IHI—IH—H—i—I:b— Mutation in exon 10:
_ L 2ae se 7o c.1083delG or c.1077delA
Borderline DBA/DKC? p.(Ser362Alafs*8)

TAD/PRD DBD TD CTD
1 92 100 300 307 355 356 393
- -
340 350 360 370 380 393 I
Wild-type p53 FRELNEALELKDA QAGKEPGGSRAHSSHLKSKKG QSTSRHKKLMFKTEGPDSD* - al n O u n C I O n
Mutant p53 FRELNEALELKDAI QAGKEPGGAGLTPAT*



Apart DBA: Mutation in CECR1 (ADAZ2) gene

(ADAZ deficiency)
o 7 patients mutated in CECR1 in the French registry
lria.nf,[[]l NM_001282225.1 -___;;_ H . | I* Iu":l::lu:"
v A ¢

v

 Features of the ADAZ2 deficiency French registry DBA patients :
« Middle east and north Africa Origins
« Autosomal recessive inheritance
 Severe Aregenerative Anemia from birth, normal MCV
* |solated erythroblastopenia
* No IUGR, no growth retardation, no malformations
* Normal eADA
* Hypogammaglobulinemia (IgA)
« Response to Steroid ; need t0 =) HSCT



Recurrin% mutations in RPL15 are linked to
hydrops fetalis and treatment independence in
Diamond-Blackfan anemia
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New DBA genes

identified In
DBAS :
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Ribosomal protein gene RPL9 variants can
differentially impair ribosome function and cellular
metabolism
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New definition DBA+DBA-like = DBA syndrome

rythroblastopenia related to

a RP gene = DBA
Around 90% of cases Erythroblastopenia non related

to a RP gene =
<1% of cases

Erythroblastopenia

Dominant Neomutation :
Macrocytosis Erythroblastopenia
e ADA elevation Autosomal recessive inheritance
Malformations (50%) normal MCV

Normal eADA
Absence of malformation
Mutation in TP53, * ...

Normal rRNA Maturation
Response to Steroid

Mutation in a RP gene/or in a gene involved
in ribosome biogenesis
(TSR2, HEATR3 genes)

Defect in rRNA maturation

esponse to Steroid

Defect in a RP / Mutation in GATAI gene

without anemia * Apart ADA2 deficiency :
Dyserythro/dysmegakaryopoiesis Autoinflammatory disorder

+ hypoplastic anemia Vasculitis

X-linked Intermittent fever

RPS23, RPL13 Macrocytosis Ischemic stroke or hemorrhage
G [ ADA Arthralgia

ormal € . Abdominal pain crisis

Absence of malformation Hypogammaglobulins

Normal rRNA Maturation
Modified from Da Costa L, Leblanc T, Narla M, Response to Steroid
Blood, 2020



DBA, the first ribosomopathy described



A ~ Initiation RPSs
Early associating RPSs

RPS3a RPSH1  RPS23 /@

RPS4 RPS13 RPS24
RPS5 RPS14

RPS7 RPS15a

RPS27 RPS27-L
RPS28

RPS26 RPS29
Late associating RPSs -—J

RPSA RPS15

RPS18 RPS21 RPS20 RPS27a RPS30
Progression RPSs

D RPS16 (S9)
i an RPS18 (S13)

RPS3 (83)
RPS2 (S5)

RPS23 (S12)

N
= 2 Q“e .'

RPS15a {58) , 008/ 2%

. LA
e N
$17, A= 2
i :k/
o \ ‘}:” :
s &

N N

O’Donohue, JCB. vol 190, 2010

Composition of both ribosome subunits

Eukaryotes
Large subunit
Sedimentation 60S
Number of 42
proteins
rRNA 5S
5.8S
28S
Small subunit
Sedimentation 40S
Number of 32
proteins
rRNA 18S

Dyskeratosis Congenita
Dyskerin protein: Converts
Uridine == Pseudouridine ()
Function: Binding of RNA ligands, 60S
translation of IRES-containing
mRNA, translation fidelity

SDBS protein
Function: Joins ribosomal
subunits

Mutations

Ribosome assembly

Ribosomal proteins

RPs mutated in 60S:

RPLS, RPL11, RPL15, RPL26,
RPL35A

RPs mutated in 40S:
RPS7, RPS10, RPS17,
RPS19, RPS24, RPS26

Function: Involved in
ribosome biogenesis, protein
synthesis, and translation of
specific nRNAs



DBA, a defect in rRNA maturation

o = DBA Definition
l 5°-ETS ITS1 ITS2 ETS
McCann and al. 458 ] } ' e
Science, 2013
2 02
4557 e
A0 1 3
30S ! — ) ) 395
RPS24 . RPL5, RPL11, RPL35a
21S E—— 4
. 12S
e 3 RPL5, RPL11
18S-F ’

RPS10, RPS26

B |

40S Subunit 60S Subunit




) ] Adapted from Fumagalli et al.,
Ribosome Dysfonction Nature cell biology, 2009

A

Oncogenic Activation > Homeostasis

A%

.
o
&

> Ribosomal or nucleolar Stress Ribosomal Haploinsufficiency

B nucleolus

Radiation

l

B nucleus
[ cytoplasm
RPL11

Ribosomal Stabilization

Stress or p53

A ¢ . activation

poptosis
55 P53 p53
Cell cycle arrest —_— P —p  Cell cycle
MDM?2 P53 p53 p53 arrest

Senescence 053

Apoptosis
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shRPS19

shRPLS

shRPL11
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shRPLS5
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Caspase 3 (35 KD)
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H. Moniz et al., Cell Death and disease, 2012
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uciferase| #1  #2
ShRNA | RPS14 ShRNA
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p53 Is activated
in DBA

Dianzani et al, Haematologica, 2008{

Enrichment of p53 gene set
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DBA, an intrinsic defect of erythropoiesis

CD34 CD71
HLA-DR GPA
c-kit
R-EPO
CD36
CSH
CD34™  cmp MEP BFU-Ei BFU-Em W CFU-E PolyE Retic | 5 RBC
©-0-0-o-® o-¢ 9 >
j 0
DBA Patient
: ® W
[ 3 :
Y a 0
& |
B g
L M : Y
Control )7 '
Blood
'-~.“-,"‘,
X40 Bone marrow
<€ > <>
Early erythropoiesis Terminal Erythropoiesis

& >




Diamond-Blackfan Anemia :
Why an erythroid tropism in a ribosomopathy?

D7 erythroid culture

DBA Patient

DBA - Erythroblastopenia

X40



And GATAL in DBA pathophysiology ?

Alteration of GATA1 translation in cases

of RP gene mutation

RPL1 5 RPLS %RPS24
R €3 e o ¢ O 5 & S
LEFLP RS S EFS PP «f‘évfya;‘
P oS e e e S s GATATFL P ———— s —— GATA1 FL > -- - = B GATA1FL
P -, . - GATAls P === == = = < = GATA1s b - - - GATAIs
RPL11 D - e . - - RPL5 - v RDS24
- ——————— 5O W ——————— CPOR [ e v w— EPOR
——————— ()71 - ——————-— CD71 ———— - CD71
SEssSsmEs o LT 1 T 11 1 Bl ==Eeses S
LI T T 111 LS LI T LT L) B =3 -1 1 | AO%
B-Actin B-Actin ————— (- ACHiN
a d
GATA1 pvgl ted target: TRANSFAC GATA1 targets
| @
§ N 22 300
%-" o e 200
£ it IUIIN | WMI
£ T 1_u_m I IMLI
Q
- cowo oD @0
Ll
| (log , expression)
e DBA patient 1
+Empty + GATA1
5 i3 32 s DBA patient 1 DBA patient 2 DBA patient 3
+empty +GATAT | gq - Empty

Em GATA1

c

o

W £

ﬁ ¢

a .
1 | - — .g %

f Lo N 52

b e

Forward scatter B £ st 0"‘}7 &£ Q,PQOQYQQ?Q_‘&@'

Lutwig et al., Nature Med, 2014

However, ...

GATA1 gene mutation

¢ B ‘ - Wo‘
\\‘3

= 003 ‘ @gQ

).ﬂa‘\ : \1

aem ﬁ"ﬁQ’\ i (‘.- D QQ

c.220 +2T>C Birgit van Dooijeweert
p.? et al., Genes, 2022

HSP70 ?

C



Hypothesis

NORMAL ERYTHROPOIESIS ABNORMAL ERYTHROPOIESIS

Upon Epo stimulation
of pathological
erythroid precursors

Upon Epo
stimulation
of normal
erythroid
precursors

Cytoplasm

Cytoplasm

Ribeil, et al.
Nature 2007

Differentiation
Survival

Frisan, et al. Blood 2012 ¥s=)> Differentiation inhibition
Arlet, et al. Nature 2015 Apoptosis

Does a defective protection of GATAL by HSP70
also account for DBA-associated erythroblastopenia ?



HSP70 protein expression level is decreased in RPL5 and RPL11 haploinsufficient

primary erythroid cells as soon as BFU-e stage

D10

RP819+/Mut RPL5+/Mut
DBA patient DBA patient

Co Patient Co Patient

HSP70 [N A -

B-actin

RPL11+Mut
DBA patient
Col Co2 Patient

CATAL | s @
—— -

Procaspase-3
(- —

B-actin
P- q

Marc Gastou et al., Blood Advances 2017

Erythroid Cells after CD34* infection with
different RP-shRNA

SCR S19 L5(1) L5(2) L11 SCR

— —— = HSP70

-
— | | Procaspase-3

—

—— — . Caspase-3 cleaved

— -

B-actin
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=
3104
e
(=1
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Co SCR shRPS19 shRPLS shRPL11




HSP70 1s mvolved in DBA erythroid defect

RPLG*Mu
RP819+/MUI RPLllHMUt

R p+/M ut

mRNA Proteasomal
Degradation
Normal
A Ribosome Biogenesis
defect
p53 Activation b
+ caspase 3 induced
GATALI cleavage
Cell cycle arrest in Go/G1
Apoptosis
l Apoptosis “ P %L
o 4 Delay in Erythroid differentiation
Normal Erythroid differentiation \

Erythroblastopenia
DBA

= RPL5*Mut
= RPL11*Mut
Severe phenotype

= RPS19+Mut
Less Severe phenotype

Gastou M. et al., Blood Advances 2017
Moniz H et al., Cell Death and Dis, 2012



GATA-1/HSP70 and free heme overlo

Ve

I heme export

ad in DBA

ALASZE>FECH

ROS production at D9 1 | _
D9 erythroid differentiation = | ecreased | |
= & shcontrol : HSP70 U
\ AN N 8 c CASPASE 3-
(\\‘o \f" Qv Q% -
X ‘}\qg & F é’ S 1 shRPL11 GATA1 cleavage
o@ .
- 25
B—actin — - R — 6 8 4
x Q.
2 5- Globins
B mRNA
5 D ,
| 2] NL (¢
Globines 1 o 03 o 0° Translation Globins <> Hb
APC-A O
Cell death
T 207 x0<0 001
o —_
£, ——=p=0001)  p ysiENFECHE
3 ALASZE> FECH)
2 104
8 NS
§ ] \ / L J
T
5
X 0- J N v J Control RPL5*Mut & RPL11*Mut DBA
S. Rio*, M. Gastou* et al., &€ &q‘ Qge" \@q« & %\%q’\
Fy fy § ¢ e ,
Blood 2019 TS TS TS Normal erythroid proliferation Apoptosis and delay
& 2 ~ and differentiation in erythroid differentiation
S & &
& N &

N J

RPL5*Mut & RPL11*Mut DBA
After HSP70 overexpression

Rescued erythroid proliferation

and differentiation



Growing Ribosome

protein chain

IRNA
Large unit /
RPLS, L11, @

Small unit
RPS19,...

Adapted from © George Rice <

mRNA

RP haploinsufficiency
pS3

¥V activation g ——
Decreased ribosome amount

‘other gene translation,

(may affect
GATA-1 translation
as consequence)

.

Da Costa L, Leblanc T, Mohandas N, Blood 2020

wawt [RYEEA pathophysmlogy

Normal erythropoiesis

Decreased HSP70 protein

v
@ Decreased specific mRNA translation @

_p‘GATA-l translation

EPO stimulation

DBA Erythroblastopenia

(decreased proliferation, delayed differentiation,
increased apoptosis, ROS production, cell cycle arrest)

@ Globin/Heme unbalanced
equilibrium

tl Free heme
Globms

.+.®
— =

% 1 [
/

Differentiation

Proteasomal
Degradation

FLVCR1a

GATA-I protein
Nature Med, 2014

Lutwig et al.,

Boussaid, I et al. Haematologica, 2021
Gastou M. et al, Blood Advances 2017

S. Rio*, M. Gastou* et al., Blood 2019
Doty et al., Blood 2019



New Mechanism of erythroid defect in DBA ?
Default in hypusination and mitochondrial RP

HSC

ANR ErythroHyp —

. S
® 8. [ Hypusine
v,
- Cx

:

Protein
synthe5|s

Mitochondrial
proteins

Arginine metabolism regulates human erythroid differentiation through hypusination of elF5A

Collaboration Sandrina Kinet, Naomi Taylor

Pedro Gonzalez-Menendez et al. Blood, 2023




Take home message

DBA a rare constitutional erythroblastopenia

First described ribosomopathy

Not easy to diagnose

New definition = DBA syndrome (DBAS) including
» The “classical” DBA (90% of the cases) but also
» The DBA-other (DBA-like)(related to GATAL, TP53 genes)
» The RP mutated gene related to DBA phenotype without anemia

* New guidelines published !
Wilodarski MW, et al., Lancet Haematol. 2024 May;11(5):e368-e382. PMID: 38697731

 Large progress in the mechanistic understandings of the DBA pathophysiology: p53, GATA1, HSP70,
free heme excess, hypusination, and.....

Thank you for your attention
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