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Letter to the Editor

Myeloid sarcoma (MS) is a rare hematological neoplasm characterized by the
extramedullary proliferation of myeloid blasts disrupting the normal architecture of the
affected tissuel. It can occur in any organ, but is particularly common in the skin,
gastrointestinal tract, lymph nodes, and bone. MS is most often found in patients with
previously or recently recognized acute myeloid leukemia (AML) but may occasionally
present in the absence of detectable peripheral blood (PB) or bone marrow (BM)
involvement (isolated MS). Aberrant tropism of leukemic blasts for extramedullary tissues is
poorly understood. Homing of tumor cells is determined by the complex interplay of factors
including the expression of chemokine receptors and adhesion molecules, which are
themselves controlled by genetic and epigenetic mechanisms. One may hypothesize that MS
may differ in its genetic profile from typical AML, and that specific genetic abnormalities
increase the tendency of MS cells to home outside of the BM.
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Conventional cytogenetic analysis is rarely performed for MS, since it is frequently
mistaken for a solid tumor at the time of diagnosis, and samples appropriate for cytogenetic
analysis are not collected. Molecular testing thus may be especially important for the
diagnosis and treatment of MS. Still, no comprehensive mutation analysis has been
conducted in MS, and mutations have only been studied in a limited number of cases, and in
a few selected genes such as FLT3 and NPM1 2-3,

Formalin-fixed-paraffin-embedded (FFPE) tissue is frequently the only sample type
available from MS, but performing extensive mutation screening using DNA from FFPE MS
tissue is technically challenging, and has not been previously attempted. The lack of
information about molecular pathogenesis is particularly evident for MS which presents as
an isolated lesion, so that concurrent or subsequent BM and PB leukemia cannot be sampled
for cytogenetic and molecular studies. We performed next-generation sequencing (NGS)-
based mutation analysis in 6 cases of isolated MS, to test the feasibility of systematic,
comprehensive mutation testing using DNA from FFPE MS tissue, and to evaluate cases of
isolated MS for the presence of mutations implicated in typical AML. Our analysis revealed
the presence of mutations in a broad spectrum of AML and myelodysplastic syndrome
(MDS)-associated genes and pathways in isolated MS.

Diagnostic FFPE tumor samples were obtained from six patients with isolated MS seen at
the University of Chicago Hospital (UCH) or the Universitatsklinikum Carl Gustav Carus
Dresden. At both institutions these studies were approved by their respective institutional
review boards. Tumor DNA was extracted from FFPE MS tissue, while germline DNA was
obtained from remission BM samples. DNA isolation was performed using the Qiagen DNA
extraction kits (Qiagen Inc Valencia, CA), according to the manufacturer’s instructions.
NGS was performed using the lon Torrent platform (Life Technologies), according to the
manufacturer’s specifications. Tumor DNA was sequenced with a custom design panel that
targets 21 AML and MDS-associated genes, DNMT3A, PDGFRA, KIT, NPM1, WT1, FLT3,
TP53, RUNX1, MPL, SF3B1, IDH1, GATA2, TET2, EZH2, JAK2, CBL, ETV6, IDH2,
ASXL1, ZRSR2 and UTX. The variants detected by NGS were confirmed by Sanger
sequencing (primers available in the Supplementary table 2), using the BigDye® Terminator
v3.1 Cycle Sequencing chemistry together with automated capillary gel electrophoresis on
the ABI 3730xI instrument (Life Technologies, Carlsbad, CA). The available clinical and
pathology data for the six studied cases are summarized in Table 1. Cytogenetic information
was available for only two cases. Molecular testing for FLT3-ITD and NPM1 mutations was
performed previously for four patients, and Case 1 was found to be positive for mutations in
both genes (Table 1, Supplemental Figure S1). NGS of 21 genes frequently mutated in AML
and MDS identified a total of 12 non-synonymous sequence variants in 8 genes (Table 2,
Supplemental Table S1 and Supplemental Figure S2). Among these variants, eight have
been reported in the Catalogue Of Somatic Mutations in Cancer database (COSMIC)?, while
others have not been described previously. Testing of DNA from BM samples obtained at
the time of remission confirmed the absence of the previously unreported variants in the
patients’ germline DNA, confirming that they were acquired mutations in leukemia cells
(Table 2, Supplemental Figure S3).
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Our study validated the reported high frequency of FLT3 and NPM1 mutations in MS 23,
We confirmed the presence of FLT3-1TD and NPM1 mutations detected by routine clinical
laboratory testing in Case 1. In addition, an NPM1 mutation together with the FLT3 D835H
(FLT3-TKD) mutation was detected in Case 5, while Case 4 presented with a three
nucleotide insertion in FLT3, but was negative for an NPM1 mutation. NPM1 and FLT3
mutations have clear prognostic significance in AML, and their detection at the time of
diagnosis is critical for proper risk stratification and clinical management®.

A missense variant in the KIT gene, resulting in a replacement of the amino acid leucine at
codon 541 with a methionine (M541L), was found in 4 out of 6 patients (Table 2). This
variant is reported as a benign polymorphism in doSNP with a frequency of 6.4% in general
population (rs3822214), but has also been described as a somatic mutation in COSMIC
(COSM28026), in association with a variety of tumors including aggressive fibromatosis®,
meningiomas’, and chronic myeloid leukemia®. In all four patients sequence analysis
revealed that the M541L variant was present in the germline (Table 2, Supplementary Figure
S4). Although it is likely that this polymorphism is benign, some studies suggest that the
KIT M541L variant may confer increased risk for hematologic malignancies®. The high
frequency of the M541L allele in our cohort may suggest that this variant warrants further
investigation in MS.

We detected mutations that affect several molecular pathways implicated in AML
pathogenesis, including epigenetic regulation and RNA splicing.

Two patients had mutations in epigenetic-modifying genes (TET2, ASXL1 and EZH2) (Table
2, Supplemental Table S1). Case 6 had mutations in both TET2 and ASXL1. TET2 alters the
epigenome through modulation of hydroxymethylation on DNA, while ASXL1 functions as
an ubiquitinase component of the polycomb repressive complex 2 (PRC2) which initiates
dimethylation and trimethylation of lysine 27 of histone H3 (H3K27)10, ASXL1and TET2
mutations have been frequently observed in MDS, AML and other hematological
malignancies, and have been associated with unfavorable outcomel. Case 3 had two novel
heterozygous missense mutations, R298H and C571R, in the EZH2 gene. EZH2 is a histone
methyltransferase and constitutes a catalytic unit of the PRC210. The two detected mutations
are located in the highly conserved domain Il and the cysteine-rich domain (CXC) of the
protein, which is required for histone methyl transferase (HMT) activityl?. Monoallelic or
biallelic loss of function mutations in EZH2 have been described in myeloid malignancies,
most commonly in MDS, CMML, primary myelofibrosis (PMF) and AML19, Correlative
studies have demonstrated that EZH2 mutations associate with adverse outcome in MDS,
PMF and AML.

Case 2 carried a mutation in the SF3B1 gene. S=3BL1 is one of the most commonly mutated
genes in MDS, particularly in Refractory anemia with ring sideroblasts (RARS)!1. However,
mutations in SF3B1 and other genes involved in regulation of splicing have also been
implicated in AML pathogenesis1-12, A novel frameshift mutation in the WT1 tumor
suppressor gene was observed in Case 1, which also presented with FLT3 and NPM1
mutations. The WT1 frameshift mutation leads to the formation of a premature stop codon
and a truncated protein lacking the C-terminal zinc fingers. WT1 mutations have been
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reported in 10-22 % of cases of cytogenetically normal AML13, and are known to co-occur
with FLT3 and NPM1 mutations!3. Recent studies have shown promising responses in
patients with AML by using a WT1 peptide vaccine to induce WT1-specific immune
responses4.

In summary, we successfully performed NGS of 21 AML-associated genes using DNA from
6 FFPE MS samples, thus demonstrating the feasibility of performing comprehensive
mutation analysis for MS in research and clinical settings. Our study confirmed the
previously reported frequent occurrence of FLT3 and NPM1 mutations in MS, and identified
mutations in a broad spectrum of other AML associated genes. The mutated genes belong to
several functional categories shown previously to be significant in AML, including tyrosine
kinases (FLT3 and KIT), tumor suppressors (WT1), epigenetic modifiers (TET2, ASXL1 and
EZH2) and spliceosome proteins (SF3B1). Multiple mutations were observed in the same
patients, consistent with the notion that a single mutation is not sufficient to engender
malignant transformation. The identification of mutations in the genes with a variety of
cellular functions in MS patients provides novel insight into molecular pathogenesis of MS,
which appears to overlap with pathogenesis of typical AML arising in the bone marrow. As
the molecular diagnostics of AML moves towards comprehensive NGS-based testing for
prognostically important or targetable genetic abnormalities in large panels of genes, our
results suggest that the same approach may be feasible and warranted for MS. In addition,
the unusual tropism of the MS blasts for extramedullary tissues may be based on unique
subsets of genetic abnormalities that distinguish MS from AML with classical presentation.
Future whole exome and whole genome sequencing studies to identify mutations specific for
MS may be helpful in elucidating molecular mechanisms that underlie homing and
proliferation of leukemia cells outside of the tissue of origin, resulting in systemic disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was funded by the American Cancer Society Institutional Research Grant (#IRG-58-004) and the
University of Chicago Comprehensive Cancer Center Support Grant (#P30 CA14599).

References

1. Vardiman JW, Thiele J, Arber DA, Brunning RD, Borowitz MJ, Porwit A, et al. The 2008 revision
of the World Health Organization (WHO) classification of myeloid neoplasms and acute leukemia:
rationale and important changes. Blood. 2009; 114:937-951. [PubMed: 19357394]

2. Ansari-Lari MA, Yang CF, Tinawi-Aljundi R, Cooper L, Long P, Allan RH, et al. FLT3 mutations
in myeloid sarcoma. Br J Haematol. 2004; 126:785-791. [PubMed: 15352981]

3. Falini B, Lenze D, Hasserjian R, Coupland S, Jaehne D, Soupir C, et al. Cytoplasmic mutated
nucleophosmin (NPM) defines the molecular status of a significant fraction of myeloid sarcomas.
Leukemia. 2007; 21:1566-70. [PubMed: 17443224]

4. Bamford S, Dawson E, Forbes S, Clements J, Pettett R, Dogan A, et al. The COSMIC (Catalogue of
Somatic Mutations in Cancer) database and website. Br J Cancer. 2004; 91:355-358. [PubMed:
15188009]

Leukemia. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lietal.

10.

11.

12.

13.

14.

Page 5

. Rollig C, Bornhauser M, Thiede C, Taube F, Kramer M, Mohr B, et al. Long-term prognosis of

acute myeloid leukemia according to the new genetic risk classification of the European
LeukemiaNet recommendations: evaluation of the proposed reporting system. J Clin Oncol. 2011;
29:2758-2765. [PubMed: 21632498]

. Dufresne A, Bertucci F, Penel N, Le Cesne A, Bui B, Tubiana-Hulin M, et al. Identification of

biological factors predictive of response to imatinib mesylate in aggressive fibromatosis. Br J
Cancer. 2010; 103:482-485. [PubMed: 20664593]

. Saini M, Jha AN, Abrari A, Ali S. Expression of proto-oncogene KIT is up-regulated in subset of

human meningiomas. BMC Cancer. 2012; 12:212. [PubMed: 22672386]

. Inokuchi K, Yamaguchi H, Tarusawa M, Futaki M, Hanawa H, Tanosaki S, et al. Abnormality of c-

kit oncoprotein in certain patients with chronic myelogenous leukemia--potential clinical
significance. Leukemia. 2002; 16:170-177. [PubMed: 11840282]

. Foster R, Byrnes E, Meldrum C, Griffith R, Ross G, Upjohn E, et al. Association of paediatric

mastocytosis with a polymorphism resulting in an amino acid substitution (M541L) in the
transmembrane domain of c-KIT. Br J Dermatol. 2008; 159:1160-1169. [PubMed: 18795925]
Shih AH, Abdel-Wahab O, Patel JP, Levine RL. The role of mutations in epigenetic regulators in
myeloid malignancies. Nat Rev Cancer. 2012; 12:599-612. [PubMed: 22898539]

Braggio E, Egan JB, Fonseca R, Stewart AK. Lessons from next-generation sequencing analysis in
hematological malignancies. Blood Cancer J. 2013; 3:e127. [PubMed: 23872706]

Cancer Genome Atlas Research N. Genomic and epigenomic landscapes of adult de novo acute
myeloid leukemia. N Engl J Med. 2013; 368:2059-2074. [PubMed: 23634996]

Gaidzik VI, Schlenk RF, Moschny S, Becker A, Bullinger L, Corbacioglu A, et al. Prognostic
impact of WT1 mutations in cytogenetically normal acute myeloid leukemia: a study of the
German-Austrian AML Study Group. Blood. 2009; 113:4505-4511. [PubMed: 19221039]

Casalegno-Garduno R, Schmitt A, Schmitt M. Clinical peptide vaccination trials for leukemia
patients. Expert Rev Vaccines. 2011; 10:785-799. [PubMed: 21692700]

Leukemia. Author manuscript; available in PMC 2016 April 01.



Page 6

Lietal.

paisal Jou- 1 N ‘uonesljdnp wiapuel [eussiul-a | ‘ANsobAzousisy 40 sso| [einau-Adod-HOT-ND ‘UoReZIpLGAH NNS Ul 80U8dsalon|4 -HS | ‘o1wse|dolko-resjonu -O:N

"86/AD pue 0zaD 104 aAnelsu pue
890D pue ££AD 10§ BARISO "PJ40d d1rewads ayy ur uibrew Jowny sAebau e yum ‘eauibnge eatuny

1IN a|ge[leAB JOU 8} 03Ul P403 dieWIads [ewixoid pue snsa) a8l ‘siwApipida ‘s11sa) 8y Jo S]189 ploise|q Ag uoney|yul snsa) N/9L 9
"OdIN pue
1TTAD ‘Sigxew [|39- 1 pue -g 10} aAlrebau 81am pue ‘g9gD pue (3eam) yTAaD ‘BWAZOSA| ‘unuswin
pue £y 10} ANAIORAIOUNWWI P3JeaAa S][32 8y L “A118wolAd Mol AQ #EQD pUe GTAD Passaldxaod
S189 40 %02 ‘+95AD ‘+8£AD ‘“+¥A-VIH ‘+££AD ‘+£T1AD ‘+4TTAD +GTAD :3|1yoid ankoouow
B Y)IM SIse|g "SIaxJew 911A20uUowW JO uoissaldxa UM SIAl YIM JUSISISU0d sBulpuly ‘ulrewosyd auty
1IN [0z]8+ ‘AX ‘¥ yum adueleadde ax11-1se|q pue alel oo)w YBiy B YIm S|[32 pazis wnipaw Jo uonesajijod asnyiq wnyo19s N/EL g
‘SIayJew [|99-L 10 -g JO uoissaldxa ou ‘s||92 aAnisod
1P paJianeds “LTTAD PuUe £7AD ‘OdIA J0 uoissaidxa Buons *eedd pue y£ad ‘(uabnue uowwod
81K003N3]) GO 104 BAINSOd "08FINl AV ‘SIAI UM JUBISISUOD ‘saisdolq Y1 inoybno.ys palou
[2IxX ‘ov/2]zz+ ‘wapr ‘2v/[1] $91A00[9AW 2111ydouIsoT "a2eLIns [eS04as 8y} 0] [eS0dNW 8y} Woly Buipuaixa ‘1j0ajanu Jusuiwold
dll-eLTd4oN (zzbreTd)(9T)AUI "X X ‘O Algerien ynm s|[29 1sejq pazis abse| 0} sjelpawidiul Ag [9MOQ |[eWS JO UOIRI} UL SAISURIXT [19moq |fews 4/8¢ ¥
uonenw TINdN
ON ‘@LI-€1T14 ON a|ge|leAe Jou ‘uoissaidxa /gD pue 95aD Juelage BuonS "SI YNM JUSISISUOD  SSeW [eullselpaw Niz4 €
'add
uoneinuw TINdN pue €a2 ‘02AD ‘SXVd ‘TI1L ‘00TS ‘VINT ‘2°S INVYD ‘€3V/TAV ‘Uless)01A0 1o aanebaN -y1ad
ON :dlI-€114 ON d|gejleAe Jjou -96d0 -¥€AD '+89AD ‘+Od ‘+E¥AD +£€AD ‘+GyD "UITRWOIYD JBINDISBA UNM SISe|q JO S13ays 30IN.D /07 4
"anreBau Q0 pue 0zdd Anamisod OdIN
palaneds yedD pue LTTAD 10 ANARIsod [eaoy yum swAzosA| pue 89@D 104 ANAnIRsI0UNWIWI
wuesaid Buons ‘+4Q@-vIH pue ‘+.ad ‘+S1AD '+LTTAD ‘+£€AD '€1AD ‘(jened) yeaD ‘(wip)
uoneInw TINAN G@D "uonenUalayIp d11A20UOWOIRAW/I1IAI0UOW UM SIAL UM JU]SISUOD 'sIS010au o1ydelfioab
‘ussaid LI-€114 a|ge[leAB JOU  JO punoifxoeq e ul 1j03j9aNu Jusuiwoid pue ‘ulrewolyd JenalsaA ‘oel O:N Ybiy yim sise|q Jo s19aus dwny ise31q Yo 4/19 T
suolreInw S9118UBH01AD [RUOIIUBAUOD ssewl ay} Jo Alsiweydosiyounwiwi pue A11ewoifo moy ‘ABojoyredorsiH  uoiedo| Jown]  xespEly  ased
Te|nasjow
pa1sa) A|eolul|D

Author Manuscript

“JUSWIBA|OAUI NG PUB gd INOYLIM SIA JO $ased XIS 1o} erep Alojeloge] pue ABojoyred ‘olydeibowap sjgejiene Jo Arewwns

T alqel

Author Manuscript Author Manuscript

Author Manuscript

Leukemia. Author manuscript; available in PMC 2016 April 01.



Page 7

Lietal.

ON SOA G505 ITHSIN d J<VTZ9Td 1

- SOA 8Ly x12910 d 1<06/870 AN

- SOA 50°2S M909Y d 1<D918T"0 TIXSVY 9 8sed

- SOA €0'GE 2TxS45088ZMd 99VOsUIF98 €980 TINdN

- SOA 98z Hsesa d <9052 €114 G ased
ON SOA 0Ly ITHSIN d J<VTZ9Td 1
SBA ON 6L'L€ Ysu10850 6/GA'd  DOWSUIgELT £€/T0 €114  8seD
ON SOA 185 ITHSA d J<VTZ9Td 11
SOA ON 6802 H86zy "d V<9E680 ZHZ3
SBA ON 692 y1.60d O<LTTLTD ZHZ3 € 8sed
ON SOA ST'ES ITHSIN d J<VTZ9Td 1

- SOA eTTY J829A d 9<Vv898T"0 19€4S zosed
SIA ON 2LSE GxS41088Yd dnpeTT0 TIM

- SOA 66'GC 2TxS3088ZAd dnpggg 0982 TINdAN

- SOA 1.0 GxSINZO9Md GZsuI908T G08T™D €14 T 8sed

VN@auljweb uljussqy  uoleInw umouy — Aduenbaujiueirep  uoireBlfe UBIO I Jue| fen a0uanbas ElVE10) al weired

Author Manuscript

¢ ?olgel

Author Manuscript

Author Manuscript

Buiouanbas uoieiauah 1xau Aq paiynuapl suoneiInw auab Jo Arewwng

Author Manuscript

Leukemia. Author manuscript; available in PMC 2016 April 01.



