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TO THE EDITOR:

Isolated myelosarcoma is characterized by recurrent
NFE2 mutations and concurrent preleukemic clones
in the bone marrow
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Myeloid (or granulocytic) sarcoma (MS), that is, an extra-
medullary tumor consisting of myeloid blastic cells, is a unique
clinical presentation of any type of acute myeloid leukemia
(AML), according to the World Health Organization.1 It could
present (1) de novo (isolated MS), (2) with concomitant AML, (3)
as a relapse of AML, or (4) as a progression from myelodysplasia
or myeloproliferative neoplasia.1 MS is reported in almost one
fourth of patients with AML and is mostly localized in skin, lymph
nodes, bone, testis, gut, and the central nervous system.2,3

However, isolated MS at presentation is rare, with an esti-
mated incidence of 2 per million in adults.4 In the Swedish
AML registry,5 less than 1% of AML cases present with extra-
medullary disease and less than 5% with marrow blasts.6 Most4

but not all7 of these patients subsequently develop overt AML.

Outcome for patients with MS seems to be similar3,8 or worse9,10

than AML without MS; however, isolated MS may have a better
outcome.11

The aberrant tropism of MS cells likely results from a combi-
nation of specific genetic changes, surface marker expression,3

and microenvironmental cues at the tumor site. Cytogenetic
analysis of MS is rarely performed, but complex karyotypes
and typical recurrent abnormalities are reported.7,8,11,12 Next-
generation sequencing, using restricted panels of AML and
myelodysplastic syndrome–associated genes, in isolated MS
tissues from 613 and 514 cases, identified mutations in FLT3,
NPM1, DNMT3A, RUNX1, TP53, IDH2, NRAS, EZH2, ASXL1,
TET2, and WT1.
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The concept of clonal hematopoiesis, with sequentially de-
veloping mutations in hematopoietic stem cells, most fre-
quently DNMT3A, ASXL1, and TET2, predisposing to leukemia,

is now established.15 Whether preleukemic clones also
would predispose for isolated MS has not been addressed
previously.
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Figure 1. An overview of the mutations identified in
the 2 MS patients. (A) In case 1 a small preleukemic
clone was identified in the morphologically normal BM
at MS diagnosis (shown in dark and light blue). In the
MS, further mutations were gained (shown in gray and
orange), and later in the developing AML, additional
mutations had accumulated (shown in green), whereas
some mutations were lost (shown in gray and light blue).
(B) In case 2, the preleukemic clone comprised the
majority of the BM cells at MS diagnosis (shown in dark
blue). The accumulating mutations were identical in the
MS and the subsequently developing AML (shown in
orange), apart from 1 additional mutation (shown in
green). (C) A schematic illustration of NF2E depicting
mutations identified in the 4 patients with isolated MS.
All variants were primarily identified as mutations (VAF
above 10%) in the MS and in the developed AML and
subsequently investigated in all corresponding samples.
All variants less than 5% are regarded as uncertain be-
cause of the low number of reads supporting the variant
allele. BM, bone marrow; PB, peripheral blood; VAF,
variant allele frequency. *Two mutations were present in
DNMT3A in case 2.
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Here, we first performed whole-exome sequencing (WES) to gain
insights into the molecular mechanisms underlying the develop-
ment of isolated MS. Two females (cases 1 and 2) presented with
vaginal bleeding, and diagnostic workup revealed isolated uterine
myeloid sarcoma (Table 1). Following informed consent, we pro-
spectively performed WES on MS biopsies, normal bone marrow
aspirates at diagnosis, and peripheral blood at the development
of AML. As reference, germline DNA was extracted from cultured
fibroblast (supplemental Methods, available on the Blood Web
site). WES of the MSs identified 21 and 20 somatic coding mutations,
respectively, including mutations in recurrent AML driver genes:
DNMT3A and NPM1 in both, a less common FLT3 point mutation
in case 1, and IDH2 in case 216-18 (Figure 1A-B, Table 1, and sup-
plemental Tables 1-2). Interestingly, bothMS samples also harbored
mutations in NFE2 (nuclear factor, erythroid 2), whereas the other
variants found were different between the 2 cases (Figure 1C).

Mutations in NFE2 have previously only been described in 3 of
3294 investigated cases of hematopoietic malignancies, as are
reported in the COSMIC database.16 However, rare insertion and
deletion mutations in NFE2 were found in 8 of 456 (2%) mye-
loproliferative neoplasms (MPN),19 mainly resulting in premature
stop codons. In case 1, we observed a somatically acquired
missense mutation (p.R272Q) affecting amino acids (aa) in the
nuclear localization signal, critical for transcriptional activation
of the NFE2 protein.20 In case 2, a frame-shift mutation (p.Y99fs)
resulted in a stop codon at aa99 (Table 1, Figure 1C). Because
of the unexpected finding of recurrent NFE2 mutations, we next
performed targeted NFE2-mutation analysis in a retrospective
cohort of 16 additional formalin-fixed paraffin-embedded MS
tissue samples (supplemental Methods). Twelve cases had con-
comitant or previous AML, but no variants in NFE2 were detected
(supplemental Table 3). However, among 4 isolated MS samples,
2 displayed missense NFE2 mutations (case 4 a p.D332N and
case 17 a p.A133V; Table 1, Figure 1C), none of them previously
reported as normal variants, strongly suggesting that they were
disease associated. Both of these cases had a previous history of
myeloid neoplasia, without previous or concurrent AML trans-
formation (Table 1). Hence, of the 6 investigated cases of MS
without previous or concurrent AML in the bone marrow (BM),
4 (67%) harbored mutations in NFE2.

NFE2 is a transcription factor expressed in hematopoietic cells,
mainly in erythroid, megakaryocytic, and mast cells.21 Mice
deficient in Nfe2 display disturbed megakaryocyte formation
and mild erythroid effects.21 NFE2 has been shown to be
overexpressed inMPN patients, and acquiredmutations result in
enhanced activity of wild-type NFE2.19 Transgenic mice over-
expressing wild-type NFE2 or retroviral overexpression of mutant
NFE2 recapitulate features observed in MPN, including expansion
of the progenitor and stem cell compartments and a propensity to
develop AML.19,21 MutatedNFE2 could promote the development
of MS, through altered homing of the leukemic cells or providing
a selective advantage to cells growing as a tumormass at distant
sites, although this remains to be experimentally addressed.

Notably, WES of the morphologically normal BM in both cases 1
and 2 identifiedDNMT3Amutations present in theMS. In case 1,
the DNMT3A mutation marked a small subclone (variant allele
frequency [VAF] 7%) accompanied by 3 passenger mutations
at even lower frequencies (Figure 1A, Table 1). In case 2, the
DNMT3A mutation marked a larger clone (VAF 45%; Figure 1B,

Table 1), and thedetection of 14 additional low-frequency variants
(VAF around 5%), including mutations in known AML-associated
genes (DNMT3A, IDH2, NPM1), indicated subclonal evolution.
IsolatedMSmay thus be accompanied by preleukemic BM clones
that predispose to MS and later development of AML.

Both patients eventually developed overt AML, allowing us to
infer clonal evolution. In case 1, all 4 variants that were present at a
low frequency in the normal BM were also present in the isolated
MS, and 3 of them remained in the subsequent AML. A total of
14 variants were shared between the isolated MS and the AML;
7 were only found in the isolatedMS, whereas 5, including aNRAS
mutation, were acquired in the AML phase (Figure 1A, supple-
mental Table 1). In case 2, the pattern was different, with all 17
variants present in the first normal BM sharedwith theMS,which in
turn had 3 additional variants, and the subsequent AML sample
acquiring 1 additionalmutation (Figure 1B, supplemental Table 2).
Case 2 is consistent with signs of a classical clonal evolution, in
which the disease could have evolved through a preleukemic clone
in the morphologically normal BM, spread to the distant site, fol-
lowed by clonal evolution and MS growth, with subsequent tumor
cell leakage from the MS into the BM and the development of full-
blown AML. In case 1, however, this scenario is less likely, because a
set ofmutations in the isolatedMSwere not found in the subsequent
AML, suggesting that although they had derived from a common
preleukemic ancestor clone, they developed independently.

In summary, we conclude that DNMT3A-mutated preleukemia
may predispose for the frequent bonemarrow relapses following
isolated MS and that recurrent NFE2 mutations may have a role
in the development of isolated MS. Our results further shed light
on the clonal evolution of isolated MS and suggest that WES of
isolatedMS andmatched BMmay help establish a firm diagnosis
and initiate prompt treatment.
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Hepatic Smad7 overexpression causes severe iron
overload in mice
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Most cases of genetic iron overload are characterized by ele-
vated systemic iron levels and iron deposition in parenchymal
cells due to inadequate expression of hepcidin. Here, we pre-
sent a novel mouse model of iron overload due to selective
overexpression of Smad7 in hepatocytes. Transgenic mice pre-
sent low hepcidin levels and iron accumulation prevalently in the
liver, implying that hepatic Smad7 overexpression causes severe
liver iron overload in mice. We speculate that patients with high
Smad7 expression in the hepatocytes may therefore be at risk of
developing liver iron overload.

Regulation of systemic iron homeostasis critically depends on
the adequate expression of the small liver peptide hormone

hepcidin.1 Large bodies of evidence demonstrate that impaired
transforming growth factor-b (Tgf-b)/bone morphogenic protein
(Bmp)/Smad signaling underlies low hepatic hepcidin expres-
sion. More precisely, mice with genetic disruption of endothelial
Bmp2 or Bmp6,2,3 hepatic Bmp receptors type I (Alk3, Alk2),4

Bmp coreceptor hemojuvelin (Hjv),5 or hepatic Smad46 show im-
paired Smad signaling and low hepcidin expression; in turn, low
hepcidin fails to inhibit iron uptake, which results in enhanced
iron deposition in various tissues.

In the canonical signaling pathway, Tgf-b family members, which
include Tgf-b, Bmps, and activins, as well as nodal, growth, and
differentiation factors, transduce signals by binding to type I
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