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Abstract

The congenital sideroblastic anemias (CSAs) are a heterogeneous group of inherited disorders of erythropoiesis characterized
by pathologic deposits of iron in the mitochondria of developing erythroblasts. Mutations in the mitochondrial glycine carrier
SLC25A38 cause the most common recessive form of CSA. Nonetheless, the disease is still rare, there being fewer than 70

reported families. Here we describe the clinical phenotype and genotypes of 31 individuals from 24 families, including 11 novel



mutations. We also review the spectrum of reported mutations and genotypes associated with the disease, describe the unique
localization of missense mutations in transmembrane domains and account for the reoccurrence of several alleles in different

populations.
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ABSTRACT

The congenital sideroblastic anemias (CSAs) are a heterogeneous group of inherited disorders of erythro-
poiesis characterized by pathologic deposits of iron in the mitochondria of developing erythroblasts. Mu-
tations in the mitochondrial glycine carrier SLC25A38 cause the most common recessive form of CSA.
Nonetheless, the disease is still rare, there being fewer than 70 reported families. Here we describe the
clinical phenotype and genotypes of 31 individuals from 24 families, including 11 novel mutations. We also
review the spectrum of reported mutations and genotypes associated with the disease, describe the unique
localization of missense mutations in transmembrane domains and account for the presence of several alleles
in different populations.
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INTRODUCTION

The congenital sideroblastic anemias (CSAs) are a heterogeneous group of inherited disorders of ery-
thropoiesis characterized by pathologic deposits of iron in the mitochondria of developing erythroblasts
(Cartwright & Deiss, 1975). The genetically defined CSAs can be attributed to defects in three interrelated
mitochondrial pathways: heme biosynthesis, iron-sulfur cluster assembly, and mitochondrial protein synthe-
sis and respiration (Ducamp & Fleming, 2019). CSAs due to primary heme biosynthesis defects are the most
prevalent. The most common CSA, X-linked sideroblastic anemia (XLSA), is caused by mutations in the
first and rate-limiting enzyme in erythroid heme synthesis, 5-aminolevulinate synthase 2 (ALAS2), which
catalyses the condensation of glycine with succinyl coenzyme A to form 5-aminolevulinic acid (ALA) in the
mitochondrial matrix. More than 200 families with XLSA have been described in the literature (Bottomley
& Fleming, 2014). ALAS2 is extraordinarily dependent upon high levels of glycine to ensure sufficient heme
synthesis, as it has a very highK,, (9.3 = 1.2 mM) for this substrate (Bishop, Tchaikovskii, Nazarenko, &
Desnick, 2013).

An autosomal recessive form due to loss-of-function mutations in SLC25A38 is the second most common
form of CSA (Guernsey et al., 2009). SLC25A38 is a member of the Mitochondrial Solute Carrier Fami-
ly 25 (SLC25) family of transporters (Kunji, 2004; Ruprecht & Kunji, 2020), is encoded on chromosome
3p22, and is highly and selectively expressed in erythroblasts (Guernsey et al., 2009). The yeast ortholog
of SLC25A38 (yDL119c) is essential for efficient heme biosynthesis and knockdown of the orthologous pro-
teins in zebrafish results in anemia; each of these phenotypes can be rescued by the addition of glycine or
ALA (Fernandez-Murray et al., 2016; Guernsey et al., 2009). Transport studies show that yDL119c is a high
affinity mitochondrial glycine importer (Lunetti et al., 2016).

While the severity of the anemia is generally far more profound than XLSA, consistent with the shared
interruption of heme synthesis, the morphologic features of the blood and bone marrow in the SLC25A38
anemia are highly reminiscent of XLSA and characterized by a reticulocytopenic, hypochromic, microcytic



anemia with a very wide red blood cell distribution width (RDW) and ring sideroblasts (RS) predominantly
found in later erythroid precursors. To date, 69 families and a total of 36 different causative SLC25A38
mutations have been described (W. An et al., 2015; W. B. An et al., 2019; Andolfo et al., 2020; Fouquet et
al., 2019; Guernsey et al., 2009; Kakourou et al., 2016; Kannengiesser et al., 2011; Kim, Shah, Bottomley, &
Shah, 2018; Kucerova et al., 2011; Le Rouzic et al., 2017; Liu et al., 2013; Mehri et al., 2018; Ravindra et
al., 2020; Shefer Averbuch et al., 2018; Ulirsch et al., 2019; Uminski et al., 2020; Wong et al., 2015). Here
we describe the clinical phenotypes and genotypes of an additional 31 individuals from 24 families, including
11 novel mutations. We also review the spectrum of mutations and genotypes associated with the disease,
including describing the unique localization of missense (MS) mutations in transmembrane (TM) domains
and account for the reoccurrence of several alleles in different populations.

METHODS

Patients with a diagnosis of CSA or an aregenerative congenital anemia were referred for research testing to
M.D.F., M.\M.H, or S.S.B., as a part of human subjects research protocols approved at Boston Children’s
Hospital and the University of Oklahoma. All subjects or their guardians provided written informed consent
to participate in the study. The patients described here are a subset of 251 CSA probands referred to M.D.F.,
M.M.H., and S.S.B., which, in addition to the 24 families described here, includes 12 families described in
the initial report of the SLC25A38 anemia. Most mutations were discovered by research Sanger sequencing
of SLC25A38 exons. Several were identified by commercial inherited anemia NextGen sequencing panels.
In most cases, mutations were proven to be biallelic based on sequencing of parental and/or sibling DNA
samples.

Mutational and splicing analysis was performed with Alamut Visual (Sophia Genetics). Pro-
tein alignment and conservation analysis was performed using the Clustal Omega (htt-
ps://www.ebi.ac.uk/Tools/msa/clustalo/) set of multiple sequence alignment tools and the sequences
described in Supplementary Tables 1 and 2. Statistical analysis was performed with Prism 9 for macOS
(GraphPad Software, LLC).

SLC25A38 CSA patients described in the literature accessible through PubMed and available online are
reviewed and are current as of January 25, 2021.

RESULTS
Clinical Features

We identified 31 patients (16 males and 15 females) from 24 families with proven or presumptive biallelic
SLC25A38 rare variants predicted to be functionally deleterious (Tables 1 and 2). Using Sanger or whole
exome sequencing in 70 additional CSA probands without a specific genetic diagnosis, we did not identify
an individual with even a singleSLC25A38 allele present in reference databases at a frequency of <0.1, nor
did we find evidence of a deletion of all or part of the gene. This suggests that pathogenic SLC25A38 alleles
that are occult to sequencing exons are unusual.

Two patients (13.1 and 22.4) presented with hydrops fetalis in utero . Sixteen presented in the neonatal
period (<1 week of life), 10 in infancy (<12 months), and one each at 4- (4.1) and 14-years of age (14.1);
the age of clinical presentation of one patient is unknown. In 10 of 23 families where the family history
was known, there was defined consanguinity. Five (5) of the remaining 13 families were not known to be
consanguineous but originated from genetically isolated populations or populations with known founder
effects (e.g., Acadians from the Canadian Maritime Provinces).

All patients presented with reticulocytopenic, microcytic anemia (Table 1). In the 13 individuals in whom
pre-transfusion CBC data are available, most of whom were neonates or infants at the time, the mean
hemoglobin (HGB) was 5.1 &+ 2.4 g/dL (generalized normal range 10.5-13.0 g/dL), mean cell volume (MCV)
61.9 £ 4.9 fL. (generalized normal range 79.6-83.3 fL), and absolute reticulocyte count 0.032 £+ 0.032 x
10°/uL (generalize normal range 0.037-0.104 x10°/pL). In 20 of 22 families the diagnosis of CSA was made
in the proband by bone marrow aspiration where ring sideroblasts generally constituted >15% of nucleated



erythroblasts. In several cases, RS were absent or only rare. In most, but not all, cases, there was an erythroid
hyperplasia in the bone marrow; in some there was an erythroid hypoplasia. Conspicuous dyserythropoiesis
and variable fibrosis were present in a minority of samples. Anemic siblings were sometimes diagnosed with
CSA by genetic testing alone, as was the case with patient 20.2, whose older sibling (20.1), has previously
been reported (Kim et al., 2018). Three patients from two families (patients 2.1, 2.2, and 18.1) were
initially regarded as having an atypical form of Diamond-Blackfan anemia (DBA). In family 2, the eventual
identification of rare siderocytes in the peripheral blood suggested CSA, which was confirmed by candidate
gene sequencing. Because of the unusual, apparently syndromic features in patient 14.1, this patient’s
diagnosis was established by whole exome sequencing. In patient 18.1, SLC25A38 mutations were identified
by whole exome sequencing years after successful hematopoietic stem cell transplantation for “DBA.” Most
patients did not have abnormalities in other organ systems that were not attributable to chronic anemia
or iron overload (e.g. growth failure, endocrine abnormalities, liver disease, cardiomyopathy), but several
potentially syndromic features were observed in a number of patients (Table 1): unilateral corneal clouding
(13.1), a “box-shaped” hyperostotic skull (14.1, 24.1), macrocephaly (8.2, 17.1), syndromic facies (28.1),
meningomyelocoele/club foot (17.1), genital abnormalities (18.1, 22.3, 22.4), behavioral issues (18.1 and
22.1), aortic root/coronary abnormalities (20.2, 22.2, 22.3).

Therapy

All of the patients have required transfusions, most chronically and beginning in the neonatal period or
infancy (Table 3). Of the 28 patients in whom data are available, 2 patients received their first transfusions
in utero (13.1 and 22.4), 12 in the neonatal period, 11 in infancy, and 3 between age 4- and 8-years. All
but one was maintained on regular transfusions with a transfusion interval of between 2 and 8 weeks. In
20 of 20 patients for whom oral pyridoxine was prescribed, there was no improvement in the hemoglobin
(HGB). All patients surviving early childhood have developed secondary iron overload and have required
chelation. A variety of agents including deferoxamine, deferisirox, deferiprone alone or in combination have
been employed. One patient (2.1), poorly compliant with chelation, died at age 18 from cardiomyopathy.
Another (17.1), age 3, died of line-associated sepsis. Three patients who were status-post splenectomy
experienced thrombocytosis and/or thrombotic events. The median age of patients alive at the time of last
follow-up is 11 years (range 1-39 years).

Nine patients have undergone allogeneic hematopoietic stem cell transplantation (Table 4) with a median
follow up of 7 years (range 1 mos. to 17 yrs.). All transplanted patients are alive; 8 of 9 had full engraftment
and became transfusion independent. One patient (14.1) had secondary graft failure at 18-months post-
transplant with auto recovery; she is transfusion dependent and being prepared for second transplant. Four
patients received myeloablative conditioning, and 4 other received reduced intensity conditioning. Donors
were matched unrelated donor (n=4), matched related donors (one matched family donor and three were
matched sibling donors), and one patient had one antigen mismatch sibling donor. Methotrexate and a
calcineurin inhibitors were the most common graft versus host disease prophylaxis. Acute and chronic graft
versus host disease were seen in 1 and 3 patients, respectively. One patient developed chronic post-transplant
autoimmune hemolytic anemia requiring transfusion.

Mutation Analysis

The 24 families carry 27 distinct SLC25A38 mutations (Table 2).  Sixteen (16) of these muta-
tions have been described by us and others previously. Eleven (11) mutations are novel, includ-
ing one MS allele (¢.388G>A; p.Glyl30Arg), 5 frameshift (FS) alleles (c.207-214del, p.Met70Cysfs*80;
c.362del, p.Prol121GInfs*26; c.475del, p.Glul59Argfs*7; c.669_682del, p.Cys223Trpfs*67; and c¢.809dup,
p.Phe271Leufs*24), and 5 variants predicted to interrupt splicing (¢.70-2A>C, ¢.276+1G>A, ¢.277-2A>C,
¢.457-1G>T, and ¢.79245G>C). In contrast to many of the previously reported pathogenic alleles, which
are generally more common (see below), only one of these variants occurs in a sequence with a predisposition
to mutation: the c¢.207_214del involves a deletion of a 7 base-pair direct repeat. Furthermore, only two
of the novel mutations, ¢.457-1G>T (1s1448237170, MAF 4.00x10°%) and ¢.669_682del (1781372292, MAF
1.77x107), are recorded in references databases such as gnomAD (gnomad.broadinstitute.org).



As expected in a rare recessive disease, 19 of the 24 families (79%) are homozygous for the pathogenic
mutation. In the patients with homozygous mutations, 10 are known to be consanguineous and 5 are from
geographically or ethnically restricted populations that may be genetically less diverse.

In this cohort, we detected no difference in age of onset of anemia, age at initial transfusion, pre-transfusion
HGB, or transfusion interval among patients with two null alleles, two splicing alleles, or at least one MS
mutation (data not shown).

The SLC25A38 mutation spectrum

Currently, there are 16 publications, including the current one, describing, a total of 92 SLC25A38 CSA
families from diverse geographic and ethnic backgrounds (Table 5). As is true of our sample, approximately
three-quarters (77%) of the reported probands carry homozygous mutant alleles (Figure 1A). In one case, ho-
mozygosity is the result of constitutional uniparental isodisomy (Andolfo et al., 2020). MS (36%), frameshift
(27%) and stop-gained (27%) alleles each constitute one-quarter to one-third of alleles detected in probands
(Figure 1B). Variants predicted to affect splicing (9%) or cause a stop-loss (EXT, 1%) are comparatively
rare. Two MS variants, ¢.560G>C; p.Argl87Pro and ¢.625G>C; p.Asp209His, are also predicted to affect
splicing, the former likely activating a cryptic splice acceptor site within exon 5 and the latter altering the
conserved G at the last base pair of exon 5. Patients homozygous for MS mutations are most common,
constituting approximately one-third (31%) of all reported probands (Figure 1C). Whereas 42% of patients
bear at least one MS allele and may retain some transport function, 46% have two stop-gained or frameshift
(or a combination of both) presumptive null alleles, and another 12% have two splicing alleles or a splicing
allele in trans of a frameshift or stop-loss allele, also likely to retain little transport activity (Figure 1D).

Of the 47 reported disease-associated mutations, 12 occur at sequences prone to recurrence, including 9 at
CpG dinucleotides and 3 at a direct or simple repeat. Of the 21 apparently recurrent mutations, 9 are at a
CpG or repeat (Figure 2).

Pathogenic MS mutations are distributed nearly exclusively in the transmembrane (TM) domains. Of the 21
pathogenic MS mutations, 19 are located in amino acids within a TM domain (Table 5 and Figure 2). One
of the remaining two, ¢.625G>C; p.Asp209His, is also predicted to affect splicing. The remaining variant,
¢.469G>C; p.Glyl57Arg, in addition to be located between TM3 and TM4, is conserved neither in SLC25
family members, nor in SLC25A38 orthologues. There is no difference in the relative conservation of amino
acids in TM and non-TM regions of SLC25A38 orthologues (Mann-Whitney P=0.385) whereas there is an
unexpected predominance of disease-causing mutations present in TMs (¥? P<0.001). Of the TM residues
with pathogenic mutations, there is a trend toward being relatively conserved compared to other TM amino
acids (Mann-Whitney P=0.085)

DISCUSSION

This is the largest series of patients with SLC25A38 associated CSA yet reported, describing 31 individuals
from 24 different families and 11 novel mutations, expanding the total number of reported families and
pathogenic alleles to 92 and 47, respectively.

Despite the diversity of mutations, there are several unexpected aspects of the SLC25A38 anemia revealed
by these studies worth noting. First is the very limited evidence that there is a genotype-phenotype correla-
tion. Essentially all patients present at birth or infancy with a severe hypochromic, microcytic anemia that
eventually requires chronic transfusion. This is in stark contrast with the most common form of hypochromic
microcytic, non-syndromic CSA, XLSA, which is the major differential diagnosis. Male patients with XLSA
may present at birth to older adulthood. The most severe XLLSA cases tend to present at an earlier age, but it
is unusual for a patient to have transfusion dependent anemia as is typical of SLC25A38 disease. Indeed, the
anemia in XLSA is frequently incidental and may be discovered only by screening or as a result of investiga-
tion of unexplained iron overload. There are, however, several exceptional cases of patients with SLC25A38
disease coming to medical attention in their teens or twenties. Three of these patients had homozygous
mutations at codon 134 [p.Argl34His or p.Argl134Cys| (Fouquet et al., 2019; Hanina, Bain, Clark, & Layton,



2018; Le Rouzic et al., 2017). However, two other patients homozygous for the p.Argl34Cys allele presented
at age 2 months and 2 years (W. An et al., 2015; W. B. An et al., 2019; Kannengiesser et al., 2011). In our
own cohort, a patient with a homozygous variant at the only incompletely conserved +5 position of a splice
donor site (¢.792+5G>C) presented in his mid-teens. It is certainly possible that other genotype-phenotype
correlations are masked by the clinical imperative to initiate transfusions in a patient with a HGB less than
"9 g/dL. Indeed, in the publications in which an initial diagnostic HGB is reported, only one individual, a
neonate, had a hemoglobin >9 g/dL (Guernsey et al., 2009; Hanina et al., 2018; Kannengiesser et al., 2011;
Liu et al., 2013; Wong et al., 2015).

Although clinical practice to transfuse these patients may disguise the subtle differences between SLC25A38
genotypes, it is abundantly evident that an SLC25A38 null genotype does not preclude some mitochondrial
glycine being available for heme synthesis. This may be due to other, less specific transporters, possibly
including the highly homologous protein SLC25A39, or pathways that produce glycine from other amino
acids, such as serine (Amelio, Cutruzzola, Antonov, Agostini, & Melino, 2014; Kory et al., 2018). Leveraging
these pathways may provide an avenue for therapy. However, based on limited data, it is unlikely that glycine
supplementation alone will suffice (Fernandez-Murray et al., 2016; LeBlanc et al., 2016).

The SLC25A38 anemia is regarded as non-syndromic. Nevertheless, twelve of the 31 patients described here
had developmental or intellectual disabilities. Similar abnormalities, including psychomotor delay, hypotonia,
facial dysmorphism (Fouquet et al., 2019), Hypospadias (W. An et al., 2015), congenital myelomeningocele,
patent ductus arteriosus and ventricular septal defects (Wong et al., 2015) have been reported in several other
patients, but no abnormality is unusually prevalent across multiple families to suggest a specific syndromic
association.

Three patients who underwent splenectomy developed thrombocytosis and/or recurrent thrombosis, further
supporting the notion that splenectomy may be contraindicated in SLC25A38 CSA as has generally been
advocated in other patients with microcytic CSAs (Bottomley & Fleming, 2014; Fouquet et al., 2019).

The 47 described SLC25A38 pathogenic mutations occur at 40 different codons. However, nearly one-third
(27 of 92) families carry at least one copy of either the c.324_325del or the ¢.349C>T allele. The latter
has been identified in families of Acadian (Guernsey et al., 2009), African American (current report), South
Asian (Ravindra et al., 2020), Greek (Guernsey et al., 2009), and Northern European (this report) origin,
suggesting that it has reoccurred on multiple occasions. In fact, in one case (21.1), the patient is homozygous
for the ¢.349C>T allele, associated null allele, but one copy also carries a MS variant in a non-conserved
residue in cis (¢.[161G>A;349C>T]; p.[Argh4His;Argl17X]). Reanalysis of other SLC25A38 anemia patients
previously reported by us (Guernsey et al., 2009) identified one other patient having this compound mutant
chromosome (data not shown). Both of these variants occur at hypermutable cytosine-guanosine (CpG)
dinucleotides. This would support the notion that the p.Argl17X allele has occurred on multiple occasions
and that homozygosity for a disease-associated variant in SLC25A38 should not necessarily be taken as
evidence of identity by descent.

Because of the severity and great similarity of the disorder to transfusion-dependent p-thalassemia (tha-
lassemia major), all of the patients in our cohort were at one time managed with transfusion and iron
chelation in a manner similar to thalassemia. This is similarly true of nearly all of the patients described in
the literature. Just as we identified no consistent, distinctive syndromic aspects of the disease outside the
anemia, we did not observe any complications or undue toxicity as a result of transfusion or iron overload.
The oldest patient in this cohort was 39 years of age, and we are aware of at least two patients in their early
fifties (Guernsey et al., 2009), suggesting that modern transfusion and chelation regimens support long-term
survival.

Nonetheless, 9 of our patients underwent allogenic HSCT at varying times during their disease course. Ten
other patients (Guernsey et al., 2009; Kannengiesser et al., 2011; Uminski et al., 2020) as well as the sibling of
one patient included in this series (Kim et al., 2018) are reported to have been transplanted. Comprehensive
details are unavailable for most of these patients, but when stated, similar to those described here, HSCT



regimens have variously included matched-related and matched unrelated donors with fully myeloablative or
reduced intensity conditioning regimens. In many cases, aggressive chelation was employed to reduce the iron
burden pre-transplant and phlebotomy was often used post-HSCT to further normalize iron stores. In all,
of 18 patients receiving HSCT, 14 have achieved transfusion independence, 3 grafts failed, and one patient
died in the immediate post-transplant period with follow up ranging from months to 19 years. In no case has
an unusual disease-specific transplant-related morbidity been reported. Thus, allogeneic HSCT provides a
curative option in SLC25A38 CSA, and may be considered in young patients with appropriate donors prior
to the development of sequelae of chronic transfusions such as hemosiderosis and alloimmunization.

CONCLUSION

Although it is uncommon, SLC25A38 CSA is a clinically distinctive entity nearly always associated with
transfusion-dependent microcytic, hypochromic sideroblastic anemia from infancy. Although it is presently
managed in a manner similar to other severe anemias, such as 3-thalassemia major, with chronic transfusion
and iron chelation, HSCT may be an increasingly attractive option for definitive therapy. Furthermore, as
disease-specific metabolic and genetic therapies for rare diseases emerge, SLC25A38 CSA will be increasingly
important to distinguish genetically.
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