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Abkurzungsverzeichnis

Abkulrzung Bedeutung

CAS Congenital Sideroblastic Anemia

ISC Iron Sulfur Cluster

RCP Respiratory Chain Protein

OoP Oxidative Phosphorylation

HBS Heme Biosynthesis

NGS Next Generation Sequencing

SLC25A38 Solute Carrier Family 25 Member 38

ALA Aminolevulinate

MT-ATP6 Mitochondrially Encoded ATP Synthase Mem-
brane Subunit 6

ATP6-SA Mitochondrially Encoded ATP Synthase Mem-
brane Subunit 6 — Sideroblastic Anemia

A-CSA Acquired Congenital Sideroblastic Anemia

MDS Myelodysplastic Syndrome

MPN Myeloproliferative Neoplasms

MT-Translation

Mitochondrial Translation

PS Pearson’s Syndrome

MLASA Mitochondrial myopathy with lactic acidosis
and sideroblastic anemia

YARS2 Tyrosyl-TRNA Synthetase 2 (YARS2).

SA Sideroblastic Anemia

LA Lactic Acidosis

ACSA Autosomal Congenital Sideroblastic Anemia

XLSA X linked Sideroblastic Anemia

HSPA9 Heat-shock protein A9

GLRX5 Glutaredoxin-related protein 5

PUS1 Pseudouridine Synthase 1

TRMA tmRNA (uracil-C(5))-methyltransferase

SLC19A2 Solute Carrier Family 19 Member 2

ABCB7 ATP Binding Cassette Subfamily B Member 7

NDUFB11 NADH:Ubiquinone Oxidoreductase Subunit

HLASA Hydrops, lactic acidosis, sideroblastic anemia

LARS2 Leucyl-TRNA Synthetase 2
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SFID Congenital sideroblastic anemia, B-cell im-
munodeficiency, periodic fevers, and develop-
mental delay

TRNT1 TRNA Nucleotidyl Transferase 1

mtDNA Mitochondrial DNA

PBS Peripheral Blood Smear

BMA Bone Mirrow Aspirate

PF Predictive Factor
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Beitrag zu den Veroffentlichungen

Im Rahmen der beiden Veroffentlichungen ,,Recurrent heteroplasmy for the MT-
ATP6 p.Ser148Asn (m.8969G>A) mutation in patients with syndromic congeni-
tal sideroblastic anemia of variable clinical severity” und “ SLC25A38 congenital
sideroblastic anemia: Phenotypes and genotypes of 31 individuals from 24 fa-
milies, including 11 novel mutations, and a review of the literature” war ich von
der Samplebeschaffung, -prozessierung und letztendlich Sequenzanalyse in-
klusive in-vitro und in-siliko Analyse (fur detaillierte Beschreibung der Metho-
den, bitte siehe ,Materials and Methods® in den jeweiligen Veroffentlichungen)

bis hin zur Katalogisierung der Daten involviert.

Beide Manuskripte wurden schlieRlich von mir in Zusammenarbeit mit Herrn
Prof. Dr. Fleming verfasst. Das Entwerfen des Manuskripts “ SLC25A38 conge-
nital sideroblastic anemia: Phenotypes and genotypes of 31 individuals from 24
families, including 11 novel mutations, and a review of the literature” ist in Ko-

operation mit Herrn Prof. Dr. Heeney erfolgt.
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1. Einleitung

Congenital Sideroblastic Anemia (CSA) is a form of inherited anemia within the
spectrum of mitochondrial dysfunction, which needs to be strictly differentiated
from Acquired Congenital Sideroblastic Anemia (A-CSA) for diagnostic but also

therapeutic purposes 1-3.

A-CSA can be for example related to exposure to certain drugs such as linezo-
lid, nutritional deficiencies such as copper deficit or on the other hand bone
marrow failure disorders such as myelodysplastic syndromes (MDS) or myelo-

proliferative neoplasms (MPN) 4-8.

CSA is secondary to mitochondrial defects and can thereby be systemized in to

distinct mitochondrial pathways 1 :

Heme Synthesis

XLSA EPP
(ALAS2) (FECH) o
SLC25A38 L Feme HSCB-
-CSA Gly . ALA =0 A CSAs
oo, A ISC Biogenesis
PMPS .

(MtDNA del) XLSA/A
o (ABCB7)

MT-
Translation

LARS2-CSA
SIFD (TRNTT1)
MLASA1 (PUST)

MLASA2 (YARS2) o e,
TRMA : i
(SLC19A2) NDUFB11-CSA WIT-ATPG-CSA
Multifactorial Oxidative Phosphorylation

Figure 1: Defects in various mitochondrial pathways associated with CSA, cour-
tesy Mark Fleming, MD, DPhil, Department of Pathology, Harvard Medical
School
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Iron Sulfur Cluster (ISC), Respiratory Chain Protein (RCP), Oxidative Phospho-

rylation (OP), Heme Biosynthesis (HBS) and Mitochondrial Biosynthesis, specif-

ically MT-Translation (mitochondrial Translation) (Fig 1).

Fig.2: A) PBS w/ hypochromia, anisocytosis, and microcytosis
B) Prussian blue stained arrow indicationg siderocyte

(C) May Grunwald-Giemsa stained PBS w/ dimorphic RBCs and hypochromic microcytes containing
Pappenheimer bodies

(D) Prussian blue BMA w/ ringed sideroblasts

(E) EMS w/ electron densities (black) within degenerating mitochondria (pale vacuoles, indicated by
an arrow) ringing around erythroblast nuclei

Images are copies and courtesy of Marcel Seiler, Boston Veterans Affairs Medical Center [VAMC] and
Mark Fleming, MD DPAhil, Department of Pathology, Harvard Medical School, Boston, MA).
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While anemia, with the distinct appearance of “ringed sideroblasts” on Prussian
Blue (Fig. 2, thought to be secondary to intra-erythrocyte iron accumulation in
erythrocyte precursors), can be a leading syndrome, CSA however can also be

only one feature amongst multiple other phenotypes (Fig. 3) .

[ Congenital Sideroblastic Anemia}

Non-Syndromic

Syndromic

Pearson Syndrome
ACSA MLASA XLSA/A ATP6-SA
XLSA MDNA
ALAS2 HSPA9 SLC25A38 GLRX5 YARS2  PUS1 ABCB7  NDUFB11 mtATP6

TRMA HLASA SFID
SLC19A2 LARS2 TRNT1

J

Fig. 3 --- Differentiation of non-syndromic versus syndromic forms of Congenital Sideroblastc Anemias,
based on a figure by Mark D. Flemina. MD. DPhil, Department of Patholoay. Harvard Medical School

While my work in the laboratory of Dr. Fleming included in-vitro and in-silico val-
idation of various genetic variants supposedly associated with CSA, this paper
focuses on two different entities exemplary for syndromic versus non-syndromic

CSA (Fig3).

SLC25A38 - While variants affecting SLC25A38 (Solute Carrier Family 25
Member 38), a mitochondrial solute carrier transporting glycine (which is essen-
tial for the synthesis of 5 - Aminolevulinate (ALA), key step within the heme bio-
synthesis), can be regarded as mutations associated with non-syndromic CSA,

related to Autosomal Congential Sideroblastic Anemia (ACSA) such as Gluta-
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redoxin-related protein 5 (GLRX5), mt-ATP6 associated mutations can be found

in multicomplex disorders 1.29-11 (Fig. 3).

MT-ATP6 — Within the spectrum of mitochondrial translation associated forms of
CSA, two distinct entities have been described so far. The most common being

Pearson’s Syndrome (PS). A multicomplex disorder with symptoms including

ATP6-SA vs Pearson vs MLASA

MLASA/ Pearson Marrow-Pancreas
MLASA/PUS1 ATP6-SA
YARS?2 Syndrome
Inheritance autosomal recessive autosomal recessive maternal maternal
Chromosome 14q24.33 12p11.21 mtDNA mtDNA
Gene PUS1 YARS2 MtATP6 variable
Gender distribution M=F M=F M=F M=F
Carrier Phenotype R _ NA NA
Mean cell volume Normal/ Normal/ NormalA, T
Iron overload ~/+ ~I+ ~I+ ~I+
Vitamin response . _ - -
Transfusion /- +— /- +
lactic acidosis®, failure to Mitochondrial
Myopathy, Myopathy, " ’ encephalopathy, Exocrine,

thrive/grow, craniofacial
lactic acidosis, sideroblastic abnormalities, mitochondrial
encephalopathy (intellectual
anemia disability, myoclonic
seizures), sideroblastic
anemia

lactic acidosis, craniofacial
abnormalities,
Sideroblastic anemia

pancreas insufficiency,
cytopenias, lactic acidosis,
myopathy, pancytopenia,

sideroblastic anemia

Associated phenotypes

Table 1: clinical features Pearson’s Syndrome, MLASA and ATP6-SA

exocrine pancreatic insufficiency, mitochondrial encephalopathy and lactic aci-
dosis. ( Tab. 1) associated with variable deletions (2 — 5 kB) in the mitochondri-

al DNA212,
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The second being Mitochondrial myopathy with lactic acidosis and sideroblastic
anemia (MLASA) which has been described in patients carrying mutations in
i.e. Pseudouridine Synthase 1 (PUS1) encoding Mitochondrial TRNA Pseudou-

ridine Synthase A or Tyrosyl-TRNA Synthetase 2 (YARS2) (Tab.1) 2.12,

We describe a novel entity called ATP6-SA with a phenotypical pattern distinct

from MLASA and Pearson’s syndrome (Tab. 1) 13.14,

While Sideroblastic Anemia (SA) with Lactic Acidosis (LA) and myopathy seem

to be the hallmark of all three entities ATP6-SA, MLASA and

ATP6-SA vs Pearson vs MLASA

MLASA/PUS1 Craniofacial ATP6-SA

abnormalities

Cardiomyopathy Failure to thrive/grow
Mitochondrial encephalopathy

MIASAIYARS2 Sideroblastic Anemia
Lactic Acidosis Heart block/ Pearson
Myopathy conduction defect

Exocrine pancreatic
insufficiency

hepato/renal defects

Figure 4 — multicomplex disorders of ATP6-SA versus Pearson versus MLASA

Pearson’s Syndrome, there are still phenotypical features that are unique for
each disease 91218, Our work illustrates the complexity of these pleiotropic con-
genital diseases and the importance for clear distinction of one from the other

(Fig. 4).
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2. Zusammenfassung

Im Rahmen meiner Promotion war ich involviert genetische Varianten via Whole
Exome Sequencing, Next Generation Sequencing und Sanger/Candidate Gene
Sequencing zu identifizieren, um diese dann im weiteren Schritt funktionell zu

validieren.

HierfUr wurden verschiedenste Methoden benutzt. Mit z.B site directed mutage-
nesis von Plasmiden oder immoratlisierten Zelllinien via CRISPR/Cas 9 wurden
,<disease models“ konfiguriert, um schliel3lich die Auswirkung dieser geneti-
schen Varianten zu analysieren. In Bezug auf die beigefligten Publikationen,
waren die klinischen und bioinformatischen Daten aussagekraftig genug, um

diese als ,putative mutations® zu identifizieren.

Die Arbeiten um das mitochondriale Transportprotein SLC25A38, welche die bis
dato groRte Studie in der Literatur ist und MT-ATP6, Komponente der ATPase 6
oder auch Komplex V (Teilschritt der Oxidativen Phosphorylierung), welche
wiederum die bisher einzige Studie ist, die einen klaren Zusammenhang in
mehreren Fallen zwischen Dysfunktionalitdten der ATPase 6 und kongenitaler
Sideroblastischer Anamie aufzeigt, tragen zum besseren Verstandnis der Pa-

thophysiologie von CSA bei 1.2.10.11,

Herbei ist es uns auch gelungen eine neue Entitat im Spektrum der kongenita-
len Anamieformen assoziiert mit mitochondrialer genetischer Varianten zu be-
schreiben: In klarer Abgrenzung zu den bereits etablierten Krankheitsmodellen
MLASA und Pearson Marrow Pancreas Syndrome, beschreiben wir eine neue,

pleiotropische Kongenitale Anamieform, definiert als ATP6-SA.

Beide Arbeiten leisten dementsprechend einen essentiellen Beitrag zur moleku-

laren Aufarbeitung kongenitaler Sideroblasticher Anamieformen bei 9.11.12,14,16-19,
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Diese wiederum ermdglichen die Grundlage flr zielgerichtete, personalisierte
Therapieoptionen im komplexen Spektrum der Kongenitalen Sideroblastischen

Anamie.
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3. Abstract

In summary, CSA is a complex spectrum from the genetic background to the

molecular pathophysiologic mechanisms and finally the diverse pattern of clini-
cal presentations 20.21,

lllustrating the importance of in-depth molecular and equally important clinical
analysis of patients with CSA facilitate the diagnostic work-up, individually
shaped therapeutic approaches and guidance with regards to genetic counse-

ling 2022,

Our work, focusing on the roles of ATP6 and SLC25A38, provide further insight
in to the mechanisms behind syndromic and non-syndromic types of CSA, cle-

arly delineating those from the other entities within the family of CSA 21.23,

A detailed comprehension of ATP6-SA and SLC25A38 associated CSA will pro-
vide the ground stones for novel, curative therapeutic approaches such as gene
therapy, making purely symptomatic management of anemia with all its harmful
sequalae of iron overload such as cardiac complications or hepatic injury, hope-

fully a thing of the past 20.24.25,
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Berhe, S., Heeney, M. M., Campagna, D. R., Thompson, J. F., White, E. J.,
Ross, T., ... & Fleming, M. D. (2018). Recurrent heteroplasmy for the MT-ATP6
p. Ser148Asn (m. 8969G> A) mutation in patients with syndromic congenital si-
deroblastic anemia of variable clinical severity. haematologica, 103(12), e561.




Dissection of the genetic underpinnings of Congential Sideroblastic Anemia
19

5. Publikation Il

Heeney, M. M., Berhe, S., Campagna, D. R., Oved, J. H., Kurre, P., Shaw,
P. J., ... & Fleming, M. D. (2021). SLC25A38 congenital sideroblastic an-
emia: Phenotypes and genotypes of 31 individuals from 24 families, in-
cluding 11 novel mutations, and a review of the literature. Human mutati-
on, 42(11), 1367-1383.



Dissection of the genetic underpinnings of Congential Sideroblastic Anemia

20

10

11

12

13

14

15

16

17

18

6. Literaturverzeichnis

Bergmann, A. K. et al. Systematic molecular genetic analysis of congenital sideroblastic
anemia: evidence for genetic heterogeneity and identification of novel mutations. Ped-
iatr Blood Cancer 54, 273-278, doi:10.1002/pbc.22244 (2010).

Bottomley, S. S. & Fleming, M. D. Sideroblastic anemia: diagnosis and management.
Hematol Oncol Clin North Am 28, 653-670, v, doi:10.1016/j.hoc.2014.04.008 (2014).

Liu, G. et al. Mutation spectrum in Chinese patients affected by congenital sideroblastic
anemia and a search for a genotype-phenotype relationship. Haematologica 98,
€158-160, doi:10.3324/haematol.2013.095513 (2013).

Papaemmanuil, E. et al. Somatic SF3B1 mutation in myelodysplasia with ring siderob-
lasts. N Engl J Med 365, 1384-1395, doi:10.1056/NEJMoa1103283 (2011).

Malcovati, L. et al. SF3B1 mutation identifies a distinct subset of myelodysplastic syn-
drome with ring sideroblasts. Blood 126, 233-241, doi:10.1182/blood-2015-03-633537
(2015).

Patnaik, M. M. & Tefferi, A. Refractory anemia with ring sideroblasts and RARS with
thrombocytosis. Am J Hematol 90, 549-559, doi:10.1002/ajh.24038 (2015).

Yoshida, K. et al. Frequent pathway mutations of splicing machinery in myelodysplasia.
Nature 478, 64-69, doi:10.1038/nature10496 (2011).

Damm, F. et al. Mutations affecting mRNA splicing define distinct clinical phenotypes
and correlate with patient outcome in myelodysplastic syndromes. Blood 119,
3211-3218, doi:10.1182/blood-2011-12-400994 (2012).

Bader-Meunier, B. et al. Hematologic involvement in mitochondrial cytopathies in
childhood: a retrospective study of bone marrow smears. Pediatr Res 46, 158-162,
doi:10.1203/00006450-199908000-00005 (1999).

Guernsey, D. L. et al. Mutations in mitochondrial carrier family gene SLC25A38 cause
nonsyndromic autosomal recessive congenital sideroblastic anemia. Nat Genet 41,
651-653, doi:10.1038/ng.359 (2009).

Ducamp, S. et al. Sideroblastic anemia: molecular analysis of the ALAS2 gene in a se-
ries of 29 probands and functional studies of 10 missense mutations. Hum Mutat 32,
590-597, doi:10.1002/humu.21455 (2011).

Patton, J. R., Bykhovskaya, Y., Mengesha, E., Bertolotto, C. & Fischel-Ghodsian, N.
Mitochondrial myopathy and sideroblastic anemia (MLASA): missense mutation in the
pseudouridine synthase 1 (PUS1) gene is associated with the loss of tRNA pseudou-
ridylation. J Biol Chem 280, 19823-19828, doi:10.1074/jbc.M500216200 (2005).

Wild, K. T., Goldstein, A. C., Muraresku, C. & Ganetzky, R. D. Broadening the phenoty-
pic spectrum of Pearson syndrome: Five new cases and a review of the literature. Am J
Med Genet A 182, 365-373, doi:10.1002/ajmg.a.61433 (2020).

Rotig, A., Bourgeron, T., Chretien, D., Rustin, P. & Munnich, A. Spectrum of mitochon-
drial DNA rearrangements in the Pearson marrow-pancreas syndrome. Hum Mol Genet
4, 1327-1330, doi:10.1093/hmg/4.8.1327 (1995).

Bykhovskaya, Y., Casas, K., Mengesha, E., Inbal, A. & Fischel-Ghodsian, N. Missense
mutation in pseudouridine synthase 1 (PUS1) causes mitochondrial myopathy and side-
roblastic anemia (MLASA). Am J Hum Genet 74, 1303-1308, doi:10.1086/421530
(2004).

Slade, A., Kattini, R., Campbell, C. & Holcik, M. Diseases Associated with Defects in
tRNA CCA Addition. Int J Mol Sci 21, doi:10.3390/ijms21113780 (2020).

Riley, L. G. et al. Phenotypic variability and identification of novel YARS2 mutations in
YARS2 mitochondrial myopathy, lactic acidosis and sideroblastic anaemia. Orphanet J
Rare Dis 8, 193, doi:10.1186/1750-1172-8-193 (2013).

Riley, L. G. et al. LARS2 Variants Associated with Hydrops, Lactic Acidosis, Sideroblas-
tic Anemia, and Multisystem Failure. JIMD Rep 28, 49-57, doi:10.1007/8904_2015_515
(2016).



Dissection of the genetic underpinnings of Congential Sideroblastic Anemia

21

19 Saini, N., Jacobson, J. O., Jha, S., Saini, V. & Weinger, R. The perils of not digging
deep enough--uncovering a rare cause of acquired anemia. Am J Hematol 87, 413-416,
doi:10.1002/ajh.22235 (2012).

20 Ducamp, S. & Fleming, M. D. The molecular genetics of sideroblastic anemia. Blood
133, 59-69, doi:10.1182/blood-2018-08-815951 (2019).

21 Tesarova, M. et al. Sideroblastic anemia associated with multisystem mitochondrial dis-
orders. Pediatr Blood Cancer 66, €27591, doi:10.1002/pbc.27591 (2019).

22 Abu-Zeinah, G. & DeSancho, M. T. Understanding Sideroblastic Anemia: An Overview
of Genetics, Epidemiology, Pathophysiology and Current Therapeutic Options. J Blood
Med 11, 305-318, doi:10.2147/JBM.S232644 (2020).

23 Crispin, A. et al. Mutations in the iron-sulfur cluster biogenesis protein HSCB cause
congenital sideroblastic anemia. J Clin Invest 130, 5245-5256, doi:10.1172/JC1135479
(2020).

24 Urban, C. H. et al. Organ tolerance following cadaveric liver transplantation for chronic
graft-versus-host disease after allogeneic bone marrow transplantation. Bone Marrow
Transplant 30, 535-537, doi:10.1038/sj.bmt.1703688 (2002).

25 Medeiros, B. C. et al. Nonmyeloablative allogeneic hematopoietic stem cell transplanta-

tion for congenital sideroblastic anemia. Bone Marrow Transplant 31, 1053-1055,
doi:10.1038/sj.bmt.1704038 (2003).



	Affidavit
	Inhaltsverzeichnis
	Abkürzungsverzeichnis
	Publikationsliste
	Beitrag zu den Veröffentlichungen
	Einleitung
	Zusammenfassung
	Abstract
	Publikation I
	Publikation II
	Literaturverzeichnis

