Detectable mutations precede
neoplasia in aplastic anemia

late myeloid

Aplastic anemia (AA) is bone marrow failure character-
ized by a hypocellular marrow and peripheral pancytope-
nia. Immunosuppressive therapy (IST) results in hemato-
logic recovery in the majority, decreased short term
cytopenia related complications, and increased survival.
However, clonal evolution to a secondary myeloid malig-
nancy is a major complication in long-term survivors.'
Clonal evolution occurs in 10-15% of severe aplastic ane-
mia (SAA) patients after IST.> Most high risk clonal evo-
lution is associated with complete or partial loss of chro-
mosome 7, which is also frequent in other marrow failure
syndromes.® Previous studies have found older age, mul-
tiple rounds of IST, and severity of cytopenia as risk fac-
tors for clonal evolution.”®

Shorter telomere length at diagnosis of AA and acceler-
ated telomere attrition preceding the malignant transfor-
mation are associated with chromosome 7 clonal evolu-
tion, suggesting genomic instability as a possible mecha-
nism." Frank myelodysplastic syndrome (MDS) and acute
myeloid leukemia (AML) without chromosome 7
involvement is much less common.*® Mutations in
myeloid neoplasia related genes are present in 20-30% of
patients with SAA.”” Excluding PIGA mutations, the
most frequently affected genes are epigenetic regulators:
ASXL1, DNMT3A and BCOR. The presence of unfavor-
able somatic mutations as a group is associated with a
higher risk of clonal evolution and poorer survival.*
Surprisingly, somatic mutations were not frequently
detected in clonal evolution to monosomy 7, including
in patients treated with eltrombopag (EPAG)."

We retrospectively assessed all subjects with SAA
treated at the NIH Clinical Center on Hematology Branch
protocols, with either horse- anti thymocyte globulin
(ATG), rabbit-ATG or alemtuzumab based regimens for
treatment-naive or relapsed/refractory disease from 1989
to 2019. A total of 666 subjects were identified, of whom
96 had clonal evolution. The definition of clonal evolu-
tion was consistent across protocols. Clonal evolution
was defined as an acquisition of new cytogenetic abnor-
malities with or without morphologic evidence of a
myeloid malignancy. It was considered a high-risk clonal
evolution when there was a diagnosis of a myeloid malig-
nancy, an isolated acquisition of chromosome 7 abnor-
mality or complex karyotype. High-risk evolution was
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noted in 58 of 96 subjects (Figure 1). Fifteen of these 58
subjects had evolved at 5 years or later after initial IST
treatment. Among these 15 patients, eight subjects
evolved with cytogenetic abnormalities and seven had
MDS/AML with normal karyotype. We further investi-
gated whether the late evolution to MDS/AML in the
absence of cytogenetic changes was associated with
somatic mutations in myeloid genes. Three subjects
evolved at outside institutions and were excluded from
the analysis due to insufficient data. One subject with
loss of Y, a common age-related cytogenetic abnormality,
was included.

In this case series, we report four cases of late occurring
MDS/AML  without chromosome 7 abnormalities.
Patients were screened for mutations in genes recurrently
mutated in myeloid malignancies by next generation
sequencing (NGS) at the time of clonal evolution.
Detected variants were confirmed and tracked back in
earlier serial samples by digital droplet PCR (ddPCR).

All patients were evaluated with clinic visits, bone mar-
row examinations, and cytogenetics, as dictated by treat-
ment protocols No NCT number: Rosenfeld, Blood.
1995: NCT00001964 and NCT01623167. All patients
gave written informed consent to inclusion in the respec-
tive studies. Telomere length (TL) was measured by flow-
fluorescence in situ hybridization (FISH) at a commercial
laboratory (Repeat Diagnostics) or by Southern blotting
at the time of SAA diagnosis. The details about NGS
methods are included in the Ounline Supplementary
Appendix.

The median age of SAA diagnosis in the four included
subjects was 38 years (range: 29-59; Table 1). All four
subjects had normal TL at SAA diagnosis. At 6 months,
three subjects had achieved partial response and one a
complete response (CR) to IST. Only unique patient
number (UPN)-4 relapsed 7 months after treatment and
required 2 years of additional cyclosporine and EPAG
until CR was achieved. This subject also received
eculizumab treatment for a large glycosylphosphatidyli-
nositol (GPI) deficient granulocyte clone.

At evolution to myeloid malignancy, median time from
initial IST was 5.7 years (range: 5-7.3 years). UPN-1 had
pancytopenia and UPN-2 had progressive thrombocy-
topenia at clonal evolution, but UPN-3 and UPN-4 were
diagnosed on protocol-mandated bone marrow evalua-
tions with minimal to no change in their blood counts.
Cytogenetics were normal in all except UPN-4, who had
loss of chromosome Y present a year prior to evolution.
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Figure 1. Cytogenetic abnormalities in high-risk clonal evolution stratified by time to evolution from initial immunosuppressive treatment for severe aplastic
anemia. There were 58 high-risk clonal evolutions in this large cohort of 666 subjects with severe aplastic anemia (SAA) diagnosis treated with immunosup-
pressive treatment (IST). Majority occurred before 5 years and the most common cytogenetic abnormalities were in chromosome 7 including aneuploidy, partial
loss/deletion, or inversion. Chr7: chromosome 7; NA: not available.
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Except for UPN-2, all subjects had less than 10% blasts ~ (PBMC) at clonal evolution demonstrated mutations in
at evolution. In order to determine the presence of muta-  NPA1 (Type A insertion) and NRAS. A custom ddPCR
tions within the malignant clone, we performed NGS on  assay for the NPM1 mutation detected the variant in
UPN-1, UPN-2, and UPN-4 samples from the time of unsorted bone marrow taken 128 and 864 days prior to
myeloid malignancy diagnosis that had been enriched by  clonal evolution but not from samples collected prior to
flow cytometry sorting based on blast immunopheno-  that (Figure 2A). In UPN-2, two variants in RUNX1 and
type (Table 1; Online Supplementary Table S1A). For UPN-  one in ASXL1 were detected in sorted CD117" from bone
1, NGS of CD117" peripheral blood mononuclear cells  marrow mononuclear cells at clonal evolution. A custom

Table 1. Patient characteristics and details of clonal evolution.

Patient UPN-1 UPN-2 UPN-3 UPN-4
Age at SAA diagnosis 35 years 29 years 41 years 59 years
Severity of SAA VSAA SAA SAA SAA
Sex Female Male Male Male
Ethnicity White Hispanic White White
Initial Treatment h-ATG/CsA/MMF h-ATG/CsA h-ATG/CsA/EPAG h-ATG/CsA/EPAG
IST response at 6 months Partial Partial Complete Partial
Relapse No No No Yes
PNH Clone* - No No Yes
Telomere length Normal Normal Normal Normal
Time to clonal evolution 7.3 years 6.3 years 5.0 years 5.1 years
Diagnosis MDS EB-1 AML MDS/MPN MDS EB-1
Blood counts
ANC (/mL) 4450 510 9,360 1,920
Platelet (/mL) 49,000 28,000 175,000 115,000
Hemoglobin (g/dL) 10.6 13.2 14.7 12.5
ARC (/mL) 21,700 43,900 182,100 116,100
Bone marrow
Cellularity (%) 90-100 40-60 60-70 40-50
Blasts (%) 8 31 3-4 5-6
Dysplasia Megakaryocyte No Megakaryocyte Megakaryocyte
and erythrocyte
Immunophenotype by NA; IHC (CD34 neg, CD117+, CD34+, CD117+, CD34+, CD117-, CD34+, CD117+,
flow cytometry MPO*, TdT, rare CD14%) MPO*, TdT* HLADRY, CD33", HLADR*, CD33",
CD13* CD13*, TDT*, MPO*
Cytogenetics 46, XY [20] 46, XY [20] 46, XY [20] 45X,-Y[20]
Treatment MSD BMT MSD BMT Observation MUD BMT
Outcomes molecular Alive Alive Alive Alive
testing
RUNXI - ¢.292del; p.L98SfsTer24 ¢.319C>T, p.R107C c.768del; p.T257LfsTer54
c.374del; p.P125QfsTer8 ¢.507_508+5dup
NRAS ¢.35G>C; p.G12A - - -
NPMI ¢.860_863dup; - - -
p.W288CfsTer12
ASXLI - ¢.2067dup; ¢.1900_1922del; -
p.D690RfsTer28 p.E635RfsTerl5
SETBPI - - ¢.2602G>A; D868N -
PHF6 - - ¢.821G>A; p.R274Q -

SAA: severe plastic anemia; IST: immunosuppressive treatment; PNH: paroxysmal nocturnal hemoglobinuria; ANC: absolute neutrophil count; ARC: absolute reticulocyte
count; h-ATG: horse anti-thymocyte globulin; CsA: cyclosporine; EPAG: eltrombopag; MMF: Mycophenolate mofetil; UPN: unique patient number; IHC: immunohistochem-
istry; MDS EB-1: myelodysplastic syndrome excess blast 1; AML: acute myeloid leukemia; MPN: myeloproliferative neoplasm; MSD: matched sibling donor; MUD: matched
unrelated donor; BMT: bone marrow transplantation. VSAA (very severe aplastic anemia) was defined as ANC <200/uL. Complete response was defined as absolute
ANC =1,000/uL, platelet=100,000/uL, hemoglobin =10 g/dL. Partial response was defined as blood counts no longer meeting the standard “Camitta” criteria — ANC =500/uL,
platelet = 20,000/uL, absolute reticulocyte count = 60,000/uL. *PNH clones >1% in granulocytes.
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ddPCR assay for the RUNX1 ¢.292del mutation detected
the mutation in unsorted bone marrow from clonal evo-
lution at variant allele frequency (VAF) of 7% and also
497 days prior to clonal evolution at VAF <1%, but not in
a bone marrow sample 2163 days prior to clonal evolu-
tion (Figure 2B).

UPN-3 and UPN-4 had clinical NGS testing at clonal
evolution. For UPN-3, clinical NGS reported an ASXL1
variant at 6 months post-IST with successive acquisition
of RUNX1, SETBP1, and PHF6 variants at 2, 5, and 7
years post-IST respectively (Ouline Supplementary Table
S1B). In order to elucidate the clonal architecture in this
subject, we employed a microfluidics-based, single-cell
DNA sequencing assay on a sample from the time of
malignancy diagnosis which demonstrated that these
mutations were all present within the same clone derived
from an initial ASXL1 mutated clonal population (Figure
2C). While no somatic variants were reported by clinical
NGS analysis in UPN-4 at the time of clonal evolution,
research NGS of CD34" sorted PBMC from this timepoint
demonstrated two RUNX1 mutations (Table 1). A custom
ddPCR  assay for one of these variants
(p-Thr257LeufsTer54) confirmed detection at VAF <2%
in unsorted bone marrow collected at the time of clonal
evolution but not in a marrow sample from 1 year prior.
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UPN-1, UPN-2 and UPN-4 underwent allogeneic bone
marrow transplantation and all three were alive and dis-
ease-free at last follow-up. UPN-3 was followed expec-
tantly with stable counts but a repeat bone marrow 2
years after clonal evolution and 7 years from initial IST
revealed morphologic progression with increased dyspla-
sia, presence of trisomy 21, and acquisition of PHF6
somatic mutation.

Clonal evolution after IST for SAA has a varied clinical
course. Although high risk evolution with chromosome 7
aneuploidy with or without morphologic evidence of
myeloid malignancy is the most common, fewer SAA
patients evolve to MDS/AML with normal cytogenetics
or without chromosome 7 abnormalities. Isolated chro-
mosome abnormalities, such as deletion 13q and trisomy
8, are considered low risk because patients appear to
have better overall survival and less progression to
AML." Late clonal evolution to MDS/AML without typ-
ical cytogenetic abnormalities after IST for SAA occurs in
a very small proportion of patients.

Much investigation has been done to understand the
underlying etiology of clonal evolution associated with
monosomy 7 but a deeper understanding of other forms
of high-risk evolution is lacking. We report here the first
case series to our knowledge describing clinical and
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Figure 2. Detection of mutations in three severe aplastic anemia subjects prior to clonal evolution. (A) Presence of NPM1 mutation detected by digital droplet
PCR (ddPCR) at, and 2 years prior to, the diagnosis of clonal evolution in unique patient number (UPN)-1; (B) RUNX1 variant was found using ddPCR at, and 1
year before, the diagnosis of clonal evolution in UPN-2; (C) single-cell DNA sequencing at the time of clonal evolution in UPN-3 demonstrates that the successive
acquisition of mutations over a 7-year period, including 2 years after the diagnosis of clonal evolution to a myeloid malignancy were all within the same clonal
population. SAA: severe aplastic anemia; VAF: variant allele frequency.
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genetic features of SAA patients developing MDS/AML
without chromosome 7 abnormalities, arising more than
5 years after IST. In all four patients, we identified molec-
ular alterations in genes recurrently mutated in myeloid
malignancies: RUNX1, NRAS, NPM1, ASXL1, SETBP1,
PHF6.” Three subjects had at least one RUNX1 variant,
for which the reported prevalence is 10% in de novo
AML/MDS or therapy related myeloid neoplasm.”
Somatic RUNX1 mutations have also been described in
myeloid malignancies arising from inherited marrow fail-
ure including Fanconi anemia (20%) and congenital neu-
tropenia (64%)."'* Accelerated telomere attrition corre-
lates with monosomy 7 transformation,’ but acquisition
of somatic mutations, specifically RUNX7, may be impli-
cated in late high risk clonal evolution without chromo-
some 7 aberration. Previously, ASXL1 has been associat-
ed with higher risk of myeloid malignancy with abnor-
mal cytogenetics.’

Whether clonal evolution to MDS/AML is a result of

genomic instability present at diagnosis or developing
after IST has not been elucidated. We were able to detect
somatic variants present in bone marrow samples from
1-2 years prior to clonal evolution but not at initial SAA
diagnosis. Given the rare nature of late evolution to
myeloid malignancy without chromosomal abnormali-
ties, and the current limitations of NGS for de novo dis-
covery of MDS/AML variants, “it is not known if sequen-
tial molecular monitoring would be clinically useful for
early detection of evolving myeloid malignancy. The util-
ity of early interventions designed to prevent develop-
ment of myeloid malignancy in high-risk individuals is
currently unknown. Approximately 10% of SAA patients
treated with IST in this large cohort developed high-risk
clonal evolution, supporting the importance of regular
long-term clinical follow-up.
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