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ERCC6L2-related disease: a novel entity of bone marrow failure
disorder with high risk of clonal evolution
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Abstract

ERCC excision repair 6 like 2 (ERCC6L2) gene encodes for different helicase-like protein members of the Snf2 family
involved in transcription-coupled nucleotide excision repair and in cell proliferation. Germline homozygous mutations in
children and adults predispose to a peculiar bone marrow failure phenotype characterized by mild hematological alterations
with a high risk of developing acute myeloid leukemia. The outcome for patients with leukemia progression is dismal while
patients undergoing hematopoietic stem cell transplantation in the early stage have better outcomes. The ERCC6L2-related
hematological disease presents a high penetrance, posing important questions regarding the treatment strategies and possible
preemptive approaches. This review describes the biological function of ERCC6L2 and the clinical manifestations of the
associated disease, trying to focus on the unsolved clinical questions.
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Introduction

Over the last few years, the broad application of large-scale
genomic sequencing has revealed a large variety of ger-
mline variants associated with inherited bone marrow fail-
ure (BMF) syndromes [1-5]. These variants are associated
with hematological and often extra hematological clinical
features, defining complex multisystemic syndromes [6-8].
Some of these disorders present a variable risk of clonal
evolution and progression to myelodysplastic syndrome
(MDS) and acute myeloid leukemia (AML) [9]. The bio-
logical study of these variants is leading to a deeper under-
standing of the genetic origin and pathogenesis of these
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diseases, eliciting new diagnostic categorization of BMF
[10, 11]. The different genetic driving mutations underpin-
ning these entities result in highly different hematological
phenotype with a different temporal evolution which is
often difficult to predict. These considerations pose chal-
lenging questions to clinicians, regarding the therapeutical
approach to these conditions and the genetic counseling for
the patients and their families. For this reason, genomic
data have been progressively integrated into diagnostic
and therapeutic decisions for BMF, especially for rarer
forms [12]. ERCC excision repair 6 like 2 (ERCC6L2)
represents an emerging germline variant recently iden-
tified as responsible for BMF syndrome, with relevant
clinical implications due to the elevated risk of progres-
sion to MDS/AML [13]. Very limited data are available in
the literature so far characterizing biological insights and
clinical outcomes of patients and families affected by these
germline variants. The aim of this review is to summarize
the molecular properties of ERCC6L2 and the association
between germline ERCC6L2 mutations and hematological
diseases. We will also describe the phenotypical picture of
ERCC6L2-mutated BMF and the potential clinical impact
of this condition for hematologists, particularly regarding
its management.
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Molecular structure and function of ERCC6L2

The ERCC6L2 gene is located on chromosome 9 (9q
22.32) and consists of 19 exons (GRCh38.p13). It encodes
different helicase-like protein members of the Snf2 fam-
ily, also including ERCC6, involved in transcription-
coupled nucleotide excision repair, and ERCC6L, which
has a role in spindle assembly checkpoint [14]. The most
described ERCC6L2 isoform is a 712-amino acid protein
with a predicted molecular weight of 81 kDa. It structur-
ally presents an N-terminal DEAH ATP-helicase domain
and a catalytic helicase C-terminal domain [13]. A 1561-
amino acid protein has been also identified, which differs
from the ERCC6L2 short isoform by the replacement of
the last V712 residue with a new 850-aa peptide. Like
the ERCC6L2 short isoform, the long one contains an
N-terminal Tudor domain followed by a helicase/ATPase
domain, with in addition a C-terminal domain, named
HEBO [15]. The expression of ERCC6L2 is ubiquitous
and there is no evidence of tissue-specific regulation of
the splicing mechanisms leading to the production of
one of the two isoforms [15]. ERCC6L2 acts as ATP-
dependent DNA translocase, playing a role in DNA repair,
recombination, translocation, and chromatin modeling
[16]. Through an integrating CRISPR knockout and
chemical perturbation screening approach, ERCC6L2
has proven to play a vital role in the non-homologous
end-joining (NHEJ) DNA repair mechanism. Loss of
ERCC6L2 led to sensitivity to etoposide and bleomycin
as well as a marked reduction in end-joining, confirm-
ing the role of ERCC6L?2 in promoting canonical NHEJ
and in class switch recombination (CSR) of lymphocyte
immunoglobulin heavy chain genes [17]. ERCC6L2
knockout cell lines/lymphocytes showed reduced numbers
of IgA+ cells following induction of switching, which is
highly impaired in class switching suggesting the role of
ERCC6L2 in the repair of DNA breaks. Via its C-terminal
domain, ERCC6L?2 interacts with the XLF end-joining

Fig.1 Reported germline
homozygous ERCC6L2 muta-
tions. Red circles’ dimension
indicates the relative prevalence
of mutations
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factor and acts in V(D)J recombination. ERCC6L2 con-
trols orientation-specific joining of broken ends and
facilitates programmed recombination through directional
repair of distant breaks [17]. Thanks to the analysis of
ERCC6L2 interactome, through affinity-based mass spec-
trometry, ERCC6L2 was found to interact not only with
DNA repair proteins but also with RNA binding proteins,
involved in mRNA elongation and export. ERCC6L2 is
specifically able to bind the DNA-dependent protein
kinase (DNA-PK), a regulatory member of the RNA Pol
II transcription complex, helping in resolving DNA-RNA
hybrid structures and minimizing transcription-associated
genome instability [18].

Germline ERCC6L2 mutations and disease

About a decade ago, homozygous germline loss-of-function
ERCC6L2 mutations were first described in two patients
with BMF syndrome associated with developmental delay
and microcephaly [13]. Since then, similar variants have
been reported in 31 patients with hematological manifesta-
tions, typically presenting with BMF characterized by a high
risk of MDS and AML development. Recent reports suggest
that these variants could be detected in 3—5% of pediatric and
young adult patients with a history of an inherited myeloid
disease [4, 19]. Furthermore, an ERCC6L2 variant, namely,
c.1424del, was found to be enriched in the Finnish popula-
tion, suggesting the existence of a founder effect, and was
specifically associated with M6 AML, a particularly aggres-
sive [20]. All these findings highlight the emerging role of
ERCC6L2 in germline predisposition to myeloid disease,
while the functional association between mutation and the
hematological manifestations needs to be completely under-
stood. The germline alterations reported in the 31 patients
described so far include frameshift and homozygous non-
sense mutations affecting both the ERCC6L2 short isoform
and the ERCC6L2 long isoform [4]. Reported mutations are

c.2187delG

2767delG
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summarized in Fig. 1 and listed in Supplementary Table 1.
All these ERCC6L2 mutations cause the introduction of an
early stop codon generating a truncated and non-functional
protein. ERCC6L2 truncated forms have been demonstrated
to display an aberrant localization and conformation, being
retained in the endoplasmic reticulum (ER), before degrada-
tion [13]. Regarding the potential functional effect, a recent
study demonstrated that in vitro models, ERCC6L2 mutation
has been shown to produce a significant impairment of the
clonogenic potential of hematopoietic stem cells, particu-
larly affecting the erythroid lineage and ultimately result-
ing in delayed erythropoiesis. The authors also analyzed
the molecular pathways affected by ERCC6L2 deficiency
showing that DNA repair and TP53 activity pathways were
significantly upregulated while genes involved in hemat-
opoietic differentiation were conversely suppressed. Fur-
thermore, this study included the first investigation into the

Table 1 Main characteristics of the included studies

consequences of ERCC6L2 alterations on the stromal niche,
revealing in enhanced osteogenesis and suppressed adipo-
genesis [21]. This microenvironment resembles what was
founded in sporadic cases of AML, suggesting the existence
of a BM niche particularly prone to malignant transforma-
tions in ERCC6L2 mutated patients [22].

Clinical features of ERCC6L2-mutated
disease

Hematological features

As previously mentioned, thirty-one patients with homozy-
gous germline ERCC6L2 mutations have been reported
so far. A description of the studies reporting the cases is
summarized in Table 1. Recurrent clinical and biological

Authors Year N of patients Study design

Tummalaetal. 2014 2
Zhang et al. 2016

Jarviaho et al. 2017 3
HSCT donor

Shabanova et al. 2018
Bluteau et al. 2018 7

Tummalaetal. 2018 8
their families

Douglas et al. 2019 8

WES on 3 genetically uncharacterized cases of BMF
WES on a genetically uncharacterized case of BMF
WES on 2 genetically uncharacterized cases of BMF and on one of their relatives studied as a possible

WES on a genetically uncharacterized case of BMF
WES on 179 genetically uncharacterized cases of BMF
Combination of WES and candidate gene sequencing on genetically uncharacterized cases of BMF and

WES or capillary sequencing in 3 study families and on a validation cohort of 7 cases of AML M6 from

the Finnish Hematology Registry

Thams et al. 2020 1

Whole genome sequencing on a patient with congenital mirror movements

Table 2 Main hematological Male
features of the reported patients

13/31 (42%)

Mean age at presentation

19 years old (2-65)

Thrombocytopenia (<150,000/pL)

Leucopenia (<4500/pL)/neutropenia (<1500/pL)

Anemia (<12 g/dL)

Microcephaly/developmental delay

Short telomeres

Hypocellular BM

Development of MDS/AML

Mean age at development of MDS/AML

HSCT

HSCT performed in BMF

HSCT performed in MDS

HSCT performed in AML

Unfavorable outcome (death)

Unfavorable outcome (death) in patients who underwent HSCT as BMF
Unfavorable outcome (death) in patients who underwent HSCT as MDS
Unfavorable outcome (death) in patients who underwent HSCT as AML

20/21 (N/A 10)
17/21 (N/A 10)
17/21 (N/A 10)

6/31 (19%)

4/17 (N/A for 16)
20/30

10/31 (32%)

31.5 years old (2-65)
8/31

3/10

2/10

3/10

8/30 (N/A for 1)

0/3

1/2 (TRM in 1; N/A for 1)
3/3 (100%)
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characteristics of reported patients are shown in Table 2
while detailed information for single patients can be found
in Supplementary Table 2. All 31 individuals with homozy-
gous ERCC6L2 germline mutations showed hematologi-
cal features (except for one in the study by Jarviaho et al.,
coincidentally identified when screened for possible sib-
ling donor [23]). 13/31 (42%) of patients were male. Most
patients presented with trilineage cytopenia: thrombocyto-
penia (with values at presentation ranging between 4000
and [23] 166,000/uL), anemia (between 7 and 12.7 g/dL),
and neutropenia (between 100 and 1600/pL). The median
age for referral to medical attention was 19. Regarding the
available BM morphology (BM morphology not reported in
5 cases), 20 patients presented a hypocellular BM without
dysplastic features while 6 presented dysplasia at the time
of presentation. The clinical BMF phenotype was gener-
ally mild, with only one patient transplanted because of
transfusion dependency and another reported to suffer from
fluctuating but severe BMF, in the absence of dysplastic/
leukemic progression. Seven patients presented or developed
MBDS. Four out of these 7 subsequently progressed to AML.
Other 3 AML carrying ERCC6L2 mutations were identi-
fied [20]. In summary, approximately a third of the whole
cohort of patients (10/31) developed MDS or AML. The
median age at development of MDS/AML was 31 while con-
sidering only leukemic progression, the median age was 49
years old. Notably, not all the patients reached an adequate
follow-up able to exclude the progression (the median age
at the end of the follow-up was 39), possibly suggesting a
higher dysplastic/leukemic penetrance of this disease. Data
regarding the time of development of the hematological dis-
order seems to be consistent with other DNA repair muta-
tions, in contrast to other genes such as GATA2, SAMD?9,
or SAMDOL in which the progression seems to be earlier,
or DDX41 in which it occurs in the elderly [2, 19]. Four of
the 10 patients who developed MDS or AML presented the
evidence of hypocellularity or anemia before the diagno-
sis of MDS/AML. Of note, in 7/10 patients progressing to
MDS/AML, TP53 mutated clones were described, whereas
no such alterations were reported in patients without dis-
ease progression. TP53 mutations were loss-of-function and
the details of the reported somatic mutations are presented
in Supplementary Table 1. TP53 mutations were present
with a variant allele frequency (VAF) below 50%, suggest-
ing the presence of heterozygous mutation, but no data on
the clones’ trajectory was available. Somatic mutation of
TP53 is a shared feature of BMF syndrome, as described in
Diamond-Blackfan anemia (DBA), Shwachman-Diamond
syndrome (SDS), or in short telomere syndrome. However,
the clinical and biological significance differs among the
different BMF syndromes, as for SDS which heterozygous
TP53 mutations in SDS can persist for years without pro-
gression to malignancy. In the case of ERCC6L2-related
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malignancies, the presence of clones only in patients with
progression may suggest a role of this acquired alteration
as an early step toward malignancy. Monosomy 7 was also
described in 7/10 patients with MDS/AML. Other genomic
aberrations and gene variants are reported in Supplementary
Table 2. All but one [4] ERCC6L2-related AML were FAB
M6. Interestingly, in this regard, Douglas and colleagues
analyzed the national Finnish AML registry and found that
4/10 AML M6 cases carried the homozygous ERCC6L2
mutation, in comparison with 0/165 in other FAB AML of
the same registry. The median age at diagnosis of AML M6
in ERCC6L2-mutated patients in the registry was 49 com-
pared to 67 in other AML M6 patients. Regarding the clini-
cal outcome, 8/9 patients with MDS/AML died (no outcome
data was reported in one patient with MDS), suggesting a
dismal prognosis of MDS/AML harboring ERCC6L2 muta-
tions. All patients (7/7) with ERCC6L2-mutated AML died.
Hematopoietic stem cell transplantation was performed in
8 cases. Three patients were transplanted before the devel-
opment of MDS/AML and all survived. Two patients with
MDS received transplantation and one of them died of
TRM (EBV-related lymphoma) (no outcome data for the
second one). Of the three transplanted patients with AML,
no one survived due to the relapse of the disease after HSCT,
highlighting the aggressiveness of ERCC6L2-mutated leu-
kemia. These significantly poor data on outcomes should
be confirmed in larger cohorts. A recent abstract presented
at the American Society of Hematology Congress in 2021
reported preliminary comprehensive data on 46 subjects
from 31 families with biallelic germline ERCC6L2 variants
from across different countries. These data seem to confirm
a high penetrance of AML (9/46), predominantly M6, with a
median age of leukemic progression of 37 years. All patients
with AML showed a complex karyotype with TP53 muta-
tions and a dismal prognosis (all died within 1 year from the
diagnosis) [24]. Definitive results of this multinational study
are expected to better define the phenotype of this condition,
particularly regarding the risk of clonal evolution.

Focus on non-hematological manifestations

Regarding non-hematological clinical features, results are
not uniform among different studies. Regarding phenotypical
features, Shabanova and colleagues reported a patient with
low-set prominent ears, a pointed prominent chin, deep-set
eyes, and one cafe au lait spot [25]. Tummala and colleagues
reported a patient with failure to thrive, thin teeth, muscle
pain, delayed switch to adult teeth, arterio-venous malforma-
tion, café au lait pigmentation, leucoplakia, low birth weight,
and short stature were also reported [18]. Somatic features
are not reported in other manuscripts and thus it is difficult
its attribute to ERCC6L2. Regarding neurological features,
6/31 patients presented microcephaly. Developmental delay
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and/or learning difficulties were also described in 6 patients
and concurrent microcephaly was present in 5 patients [13,
15]. Shabanova and colleagues reported a patient with other
neurological and ocular features such as ataxia, dysmetria,
nystagmus, rod, and cone dystrophy [25]. Bluteau and col-
leagues reported the case of a patient with peculiar neurolog-
ical symptoms, namely, intellectual disability and vascular
abnormalities in the right frontal lobe at MRI [4]. Recently,
Thams and colleagues reported the presence of homozygous
germline ERCC6L2 variant in a patient with congenital mir-
ror movements (CMM) and concomitant MDS. Considering
the initial reports, the existence of a neurological phenotype
of ERCC6L2 syndrome was suggested [13, 25]; however,
recent larger reports seem to exclude the presence of these
features within the syndrome’s clinical spectrum [4, 20, 24].
Further studies are needed to define the exact neurological
and somatic involvement of the ERCC6L2 mutations.

Management of ERCC6L2-related disorders

As mentioned before, the emergence of novel germline
variants poses new diagnostic and therapeutic challenges
for physicians. In fact, different driving mutations define
different clinical pictures which must be fully understood.
ERCC6L2-related disorder represents a clinical conundrum
due to the scarcity of available evidence and the lack of long
follow-up. Considering the high clinical impact and the dis-
mal prognosis of ERCC6L2-mutated AML in the published
cohorts, ERCC6L2 should be included in the initial assess-
ment for both BFM and MDS/AML. Clinical features such
as age at presentations or the presence of neurological symp-
toms seem to have a limited role in supporting the diagnosis
considering their variability. Early detection of ERCC6L2
mutations is of key importance in preventing inappropri-
ate administration of immunosuppressive therapy. It is also
essential in order to guide the right selection of healthy sib-
ling donors in case of indication for HSCT and for adapt-
ing the conditioning regimen to avoid toxicity arising from
underlying genetic defects [4]. ERCC6L mutation has indeed
a high risk of clonal evolution and leukemic progression;
thus, a careful follow-up should be provided, as suggested
also by Douglas et al. [20, 25]. HSCT should be certainly
considered in case of disease progression and transfusion
dependency. On the other side, considering the extremely
high risk of leukemia progression suggested by the presented
cases and the dismal prognosis of patients when MDS and
especially AML have developed, the choice of an HSCT
before disease progression should be considered, as outlined
in Fig. 2 [4, 20, 26]. Certainly, this possibility needs to be
confirmed by larger cohort studies with longer follow-up
to figure out the exact prevalence of disease progression.
In fact, considering that patients with BMF not developing
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Fig.2 Role of preemptive HSCT in ERCC6L2-related BMF. AML
acute myeloid leukemia, BMF bone marrow failure, HSCT hemat-
opoietic stem cell transplantation, pHSCT preemptive HSCT

MDS/AML present a general mild clinical phenotype with
scarce transfusion need, the risk-benefit assessment should
be precisely fine-tuned. In the case of indication for HSCT,
the choice of a donor can be particularly challenging, con-
sidering the familiar transmission of this condition and the
scarcity of data regarding ERCC6L2 mutation carriers. If
available, unrelated matched donors should be preferred.
Interestingly, preliminary results from Spanish Group of
Myelodysplastic Syndrome (GESMD) showed a high rate
of heterozygous ERCC6L2 mutations in a cohort of adult
MDS suggesting a potential role for heterozygous configu-
ration in MDS onset [27]. Unfortunately, data about trans-
plant procedures performed in these patients are lacking,
including donor choice and conditioning regimens adopted.
In this regard, more precise results will be provided of the
mentioned international ongoing study. The development of
TP53 and monosomy 7 have been described in patients that
developed MDS and AML and no cases of somatic genetic
rescue have been reported [2, 24]. As previously mentioned,
the clinical significance of such evidence needs to be defined
[28]. Available data suggest including the sequencing for
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somatic mutations including TP53 and VAF monitoring into
clinical surveillance strategy, in order to identify patients
with a high risk of leukemic progression and potentially ena-
ble preemptive strategies, such as transplantation [29, 30].
Future studies including genetic and functional characteri-
zation of these somatic mutations could possibly determine
the mechanism of clonal evolution in ERCC6L2-related
disorder.

Conclusions

Germline homozygous ERCC6L2 mutations represent a
novel genetic abnormality predisposing for BMF in chil-
dren and in adults. The high prevalence of progression
toward MDS/AML poses several questions in clinical
management. Indeed, an early HSCT may be the right
choice in the presence of a suitable donor to prevent dis-
ease progression, particularly if somatic TP53 mutations
occurred. Further studies are needed to elucidate the exact
prevalence of progression, the clinical and genetic findings
associated with clonal evolution, and the clinical charac-
teristics of the heterozygous status to provide the proper
therapeutical management.
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