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ABSTRACT

herapy-related myelodysplastic syndrome is a long-term compli-

cation of cancer treatment in patients receiving cytotoxic therapy;,

characterized by high-risk genetics and poor outcomes. Allogeneic
hematopoietic cell transplantation is the only potential cure for this dis-
ease, but the prognostic impact of pre-transplant genetics and clinical fea-
tures has not yet been fully characterized. We report here the genetic and
clinical characteristics and outcomes of a relatively large cohort of
patients with therapy-related myelodysplastic syndrome (n=67) who
underwent allogeneic transplantation, comparing these patients to simi-
larly treated patients with de novo disease (n=199). The 5-year overall sur-
vival was not different between patients with therapy-related and de
novo disease (49.9% versus 53.9%; P=0.61) despite a higher proportion of
individuals with an Intermediate-2/High International Prognostic Scoring
System classification (59.7 % versus 43.7 %; P=0.003) and high-risk kary-
otypes (61.2% versus 30.7 %; P<0.01) among the patients with therapy-
related disease. In mutational analysis, TP53 alteration was the most
common abnormality in patients with therapy-related disease (n=18:
30%). Interestingly, the presence of mutations in 7P53 or in any other of
the high-risk genes (EZH2, ETV6, RUNX1, ASXL1: n=29: 48%) did not
significantly affect either overall survival or relapse-free survival.
Allogeneic stem-cell transplantation is, therefore, a curative treatment for
patients with therapy-related myelodysplastic syndrome, conferring a
similar long-term survival to that of patients with de novo disease despite
higher-risk features. While TP53 alteration was the most common muta-
tion in therapy-related myelodysplastic syndrome, the finding was not
detrimental in our case-series.

Introduction

Therapy-related myelodysplastic syndrome (t-MDS) is a well-recognized clonal
hematopoietic disorder occurring as a late complication following exposure to
genotoxic chemotherapy and/or radiation therapy.' Based on the 2016 World
Health Organization (WHO) classification of myeloid neoplasms and acute
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leukemia, t-MDS is recognized as part of therapy-related
myeloid neoplasms.”® With recent advances in the man-
agement of early malignancies and prevalent use of adju-
vant chemotherapy, the incidence of t-MDS seems to be
increasing and the condition is becoming an increasing
concern for cancer survivors.

t-MDS has an aggressive clinical course with generally
dismal outcomes often accompanied by high-risk genetic
features.”” Patients with t-MDS are usually elderly, have
a poor performance status, and frequently manifest
residual toxicity from prior therapies. Limiting factors,
including adverse disease biology and poor clinical phe-
notype, commonly result in suboptimal responses to
conventional chemotherapy, which consequently lead to
low median survival rates for these patients.***
Allogeneic hematopoietic cell transplantation (HCT) is
the only curative option for t-MDS; but to date, the long-
term survival rate following this strategy has been rela-
tively low with an excess of treatment-related mortali-
t .9—12

With regards to pathogenesis, t-MDS is thought to be
either secondary to genomic alterations induced by cyto-
toxic therapy, or to arise via outgrowth of pre-existing
pre-leukemic myeloid clones after exposure to cytotoxic
therapy.”" Patients with t-MDS usually present with a
TP53 mutation,”" which is known to be associated
with the aggressive disease course. While this mutation
is less common in patients with de novo MDS and acute
myeloid leukemia,”"*'** the post-transplant relapse rate
has been noted to be higher among patients with acute
myeloid leukemia/MDS carrying the mutation.””** Bejar
et al. reported no survivors beyond 5 years after allogene-
ic HCT among 18 patients with a 7P53 mutation.”

In cohorts of mixed therapy-related and de novo MDS,
correlations between several other mutations (ASXL1,
RUNX1, EZH2, ETV6, TET2, and DNMT3A) and inferior
transplant outcomes have been demonstrated.””' In one
study, mutations in any of the five high-risk genes (7P53,
EZH2, ETV6, RUNX1 or ASXL1) predicted lower overall
survival for MDS patients, independent of other clinical
factors.” However, it is largely unknown whether the
presence or absence of these mutations has a similar
adverse predictive or prognostic impact when only
patients with t-MDS who undergo allogeneic HCT are
considered. Here, we report the outcome of one of the
largest molecularly characterized cohorts of t-MDS
patients who underwent allogeneic HCT.

Methods

Study population

A total of 266 consecutive patients with a diagnosis of MDS
who received an allogeneic transplant from a matched sibling or
unrelated donor at the City of Hope between January 2000 and
October 2014 were analyzed. Patients with chronic
myelomonocytic leukemia, pancytopenia and/or dysplasia
associated with paroxysmal nocturnal hemoglobinuria or aplas-
tic anemia, and those who underwent cord blood or haploiden-
tical transplantation were excluded. The diagnosis of t-MDS
was based solely on a patient’s medical history of prior expo-
sure to any cytotoxic chemotherapy and/or radiotherapy
administered for prior malignant or non-malignant conditions.
The study was approved by the City of Hope Institutional
Review Board.

Data collection

Prior medical history, the patient’s demographic information,
cytogenetic and molecular data, prior treatments including
hypomethylating agents and transplant outcomes were collected
through the institution’s electronic medical records, chart reviews
and the blood and marrow transplant program database. An
International Prognostic Scoring System (IPSS) score was generat-
ed for each patient, based on the percentage of myeloblasts in the
marrow at the time of diagnosis, number of cytopenias, and risk
classification of cytogenetics.

DNA samples for next-generation sequencing and
microarrays

To include granulocytes, DNA was extracted from whole blood
samples, following the manufacturer’s recommendations (Qiagen,
Germantown, MD, USA). DNA samples were submitted for ini-
tial HLA-typing after the diagnosis of MDS and before HCT,
based on the assumption that circulating myeloid cells in MDS
patients are clonal and carry the same mutational profile of MDS.
All patients had =20% circulating myeloid lineage cells at the time
of the sample collection.

Next-generation sequencing library preparation and
bioinformatics analysis

Next-generation sequencing (NGS) libraries were prepared from
genomic DNA (40 ng) using the SureSelect target enrichment sys-
tem (Agilent Technologies Inc.) after transposase-based fragmenta-
tion and adapter ligation. The adapter-ligated library was amplified
by polymerase chain reaction and quality control was performed
for sizing and concentration. Target regions were captured using a
customized SureSelect library (Agilent Technologies) for all coding
exons plus ten flanking bases of 72 genes (Online Supplementary
Table S1). After hybridization of 750 ng of adapter-ligated library
with biotin-labeled probes that are specific to target regions, the
dual-index tag was added during post-capture polymerase chain
reaction amplification. The amplified captured libraries were qual-
ity-controlled using a high sensitivity DNA Bioanalyzer kit
(Agilent Technologies Inc.) then pooled and sequenced using
Miseq V2 Reagent Kit/300 cycles with 150 bp paired-end sequenc-
ing. Alignment of sequence reads to the human genome
(GRCh37/hg19), variant calling and annotation were performed
independently using two software applications — CLCBiomedical
Workbench (CLC Bio, Aarhus, Denmark) and NextGENE
(Softgenetics, State Collage, PA, USA). Annotated variants were
processed using previously published criteria.® Synonymous
variants, variants located >2 bp outside protein-coding regions,
polymorphisms present in >1% in population databases including
ExaC, Exome Variant Server and the 1000 Genomes Project, and
variants with <30X coverage were filtered. The remaining variants
were evaluated using tumor-specific databases (COSMIC,
cBioportal), information retrieved from literature, sequence conser-
vation, and in silico prediction algorithms, including SIFT,
Polyphen-2, and FATHMM, for clinical significance.

Microarray methods

Cytogenomic microarray analysis was performed using the
Affymetrix CytoScan HD platform, which consists of more than
2.6 million oligonucleotide probes across the genome including
~1.9 million unique non-polymorphic probes and 750,000 single
nucleotide polymorphisms. Genomic linear positions in this
microarray are given relative to GRCh37/hgl9. The data were
Initially analyzed with the Affymetrix Chromosome Analysis
Suite. All pathogenic, likely pathogenic, large regions of copy neu-
tral loss/absence of heterozygosity (LOH/AOH) and variants of
uncertain significance are reported in Online Supplementary Table
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S2. Common copy number variations (CNV) or regions of
LOH/AOH observed in the general population were deemed
benign. Truly balanced rearrangements, some forms of poly-
ploidy, low-level mosaicism, and point mutations were not
detectable using this assay.

Definitions of outcomes

Overall survival was defined as the time from the day of trans-
plantation to death from any cause. Patients who were alive at
their last follow-up were censored. Death from causes other than
relapse was considered non-relapse mortality. Relapse was
defined as the time to onset of recurrent t-MDS, determined by
morphological evidence in bone marrow or extramedullary sites.
Relapse-free survival was defined as the time to relapse or death
from any cause, whichever came first. Acute and chronic graft-ver-
sus-host disease were graded according to previously published
criteria.

Statistical analysis

The patients’ characteristics and disease- and transplant-related
variables were summarized with descriptive statistics. Overall sur-
vival was computed using the Kaplan-Meier method. When calcu-
lating non-relapse mortality, relapse was counted as a competing
risk, i.e. only patients who did not relapse and died were counted
as an event. For patients who relapsed but were alive, the last con-
tact was used as the latest follow-up. Similarly, the cumulative
incidence of relapse was calculated with death before relapse as a
competing risk factor. Gray method was used when calculating
cumulative incidence of relapse and non-relapse mortality. Cox
proportional hazard models were used for univariate and multi-
variate analyses and the hazard ratios are reported with a 95%
confidence interval (CI). Stepwise variable selection with a back-
ward Akaika information criterion was used for selecting vari-
ables. The full set of variables included age at transplant, sex com-
bination of the donor and recipient, race, period of transplanta-
tion, time from diagnosis to transplantation, conditioning regi-
men, HLA transplant match, graft type, cytomegalovirus status for
the donor and recipient and MDS classification. Due to correla-
tions among t-MDS karyotype, marrow blast percentage before
HCT and IPSS score (<1 versus >1), these features were included in
the model one at a time after model selection.

Results

Patients’ characteristics

Of the 266 patients included in this analysis, 67 were
classified as having t-MDS and 199 as having de novo
MDS. The clinical characteristics of all included patients,
and differences between t-MDS and de novo MDS are
reported in Table 1. When compared to the de novo MDS
cohort, t-MDS cases less frequently presented with refrac-
tory anemia with excess blasts-1/2 (39.1% versus 47.0%;
P=0.004), had higher cytogenetic risk (P=0.00003), lower
percentage of blasts at the time of HCT (P=0.03), higher
IPSS score at diagnosis (P=0.03) and more frequently
received reduced intensity conditioning (94.0% versus
70.4%; P=0.00003). There was no significant difference in
median age at the time of HCT (P=0.80), gender (P=0.06),
transplant era (P=0.14), time from diagnosis to HCT
(P=0.49), donor type (P=0.72), graft source (P=0.17), graft-
versus-host disease prophylaxis regimen (P=0.10) or donor-
recipient cytomegalovirus status (P=0.10) between
patients with t-MDS and those with de novo MDS.

Table 1. Characteristics of the patients and their transplants.

Characteristics of patients t-MDS de novo MDS  P-value

Number of patients 67 199

Median age at transplantation 56.03 54.51 0.80

Gender
Female 35 (52.24%) 77 (38.70%) 0.06
Male 32 (47.76%) 122 (61.31%)

Oncologic history
Hematologic 43 (64.18%) NA N/A
Carcinoma 18 (26.87%)
Sarcoma 2 (2.99%)
Other 4 (5.97%)

Treatment history
Chemotherapy alone 37 (55.22%) NA N/A
Radiation alone 4 (5.97%)
Chemotherapy/radiation 26 (38.81%)

Period of the transplant
2000-2004 14 (20.90%) 42 (21.11%) 0.14
2005-2009 18 (26.87%) 78 (39.20%)
2010-2014 35 (50.24%) 79 (39.70%)

Time from diagnosis to transplant
<l year 45 (67.16%) 126 (63.32%) 0.49
1-3 years 10 (14.93%) 45(22.61%)  (missing
3 + years 6 (8.96%) 22 (11.06%)  excluded)
Missing 6 (8.96%) 6 (3.02%)

MDS classification
RCUD/RARS/RCMD/5q-syndrome 14 (21.88%) 63 (30.00%) 0.004*
RAEB-1/RAEB-2 23 (39.06%) 89 (47.00%)  (unknown/
MDS-U 20 (26.56%) 23 (12.00%) missing
Other 4 (4.69%) 10 (5.00%)  excluded)
Missing 6 (7.81%) 14 (6.00%)

MDS cytogenetics
Good 15 (22.39%) 99 (49.75%)  2.84e-05%***
Intermediate 11 (16.42%) 32 (16.08%)  (unknown/
Poor 41 (61.19%) 61 (30.65%) missing
Unknown 0 (0.00%) 2 (1.01%) excluded)
Missing 0 (0.00%) 5 (2.51%)

Blast percentage before HCT
<% 48 (71.64%) 108 (50.24%) 0.03*
5%-10% 11 (16.42%) 40 (20.10%)
>10% 8 (11.94%) 51 (25.63%)

IPSS score at diagnosis
Oorl 26 (38.81%) 106 (53.27%) 0.03
>1 40 (59.70%) 87 (43.12%)  (missing
Missing 1 (1.49%) 6 (3.02%) excluded)

Conditioning regimen

Myeloablative 4 (5.97%) 59 (29.65%)  2.55e-05%***
Total body irradiation-based 1 12
Chemotherapy-based 3 47

Reduced intensity 63 (94.03%) 140 (70.35%)
Fludarabine/melphalan 61 126
Others 2 14

Donor source
Identical sibling 25 (37.31%) 84 (42.21%) 0.72
Matched unrelated 25 (37.31%) 67 (33.67%) (HLA
Mismatched sibling 1 (1.49%) 1(0.50%)  mismatched
Mismatched unrelated 16 (23.88%) 47 (23.62%) sibling

excluded)

Graft source
Bone marrow 4 (5.97%) 25 (12.56%) 0.17
Peripheral stem cells 63 (94.03%) 174 (87.44%)

continued on the next page
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for surviving patients, the 5-year overall survival for the
entire cohort was 52.8% (95% CI: 46.2-59.4%). There
were no significant differences in the 5-year overall sur-
vival (49.9% versus 53.9%; P=0.61), relapse-free survival
(47.2% versus 49.5%; P=0.68), non-relapse mortality
(30.2% versus 26.8%; P=0.48) and relapse rate (22.6% ver-
sus 23.7%; P=0.81) between patients with t-MDS and
those with de novo MDS (Figure 1A-C). There was also no
significant difference in the incidence and severity of acute
graft-versus-host disease between t-MDS and de novo MDS
patients (grade II-IV: 38.8% versus 47.8%; P=0.28).

Prognostic factors for survival

On univariate analysis for patients with t-MDS, more
recent era of HCT (2005-2009 and 2010-2014) was predic-
tive of longer survival (HR=0.41; P=0.05) when compared
with transplantation in the earlier era (2000-2004)
(HR=0.32; P=0.01), while blast percentage at the time of
HCT predicted inferior survival (HR=2.78; P=0.05).
Within the group with de novo MDS, male patients and
younger patients showed improved survival, whereas
those with a poor-risk karyotype and those receiving stem
cells from an unrelated donor had a worse survival.

In the multivariate model, prior cytotoxic therapy
before MDS diagnosis (t-MDS) did not affect survival
(P=0.7) in the whole cohort. For t-MDS (n=67), older age
was associated with a trend toward a lower overall sur-
vival (HR: 1.04 for each year; P=0.06). Among t-MDS
patients who underwent allogeneic HCT, compared with
patients transplanted between 2000-2004, those trans-
planted during more recent periods had statistically supe-
rior overall survival (for 2005-2009: HR=0.27; P=0.02 and
for 2010-2014: HR=0.21; P=0.002) and relapse-free sur-
vival (for 2005-2009: HR=0.28; P=0.16 and for 2010-2014:
HR=0.20; P=0.002). Karyotypes, IPSS score and percent-
age of marrow blasts before allogeneic HCT were not

t-MDS: HCT outcomes and molecular features
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Figure 1. Transplant outcomes for patients with therapy-related (solid line) and
de novo myelodysplastic syndrome (dotted line) following allogeneic
hematopoietic cell transplantation. (A) Overall survival, (B) relapse free survival,
(C) cumulative incidence of relapse and non-relapse mortality (NRM).

independently associated with overall survival or relapse-
free survival (Table 2).

For de novo MDS (n=199), older age (HR=1.03 for each
year; P=0.002), unrelated donor (HR=1.84; P=0.01) and
IPSS Intermediate-2/High classification (HR=1.51; P=0.06)
were the only independent predictors of overall survival
(Table 2). Younger age (HR=1.02 for each year; P=0.006),
bone marrow as the graft source (HR=2.03; P=0.02) and
Intermediate-2/High IPSS score (HR=1.56; P=0.03) were
independently associated with shorter relapse-free sur-
vival.
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Somatic mutations in therapy-related myelodysplasia

We focused our molecular analysis on t-MDS patients
only. Of the 67 t-MDS patients, 60 had available pre-HCT
DNA samples, of which 43 (72%) had at least one
detectable gene mutation. Among patients with
detectable mutations, the median number of mutations
per case was 2 (range, 1-6) (Figure 2). The most common
mutated gene was P53, which was present in 18 (30%)
cases. Other more common mutations (observed in =24
cases) were RUNX1 (12%), TET2 (8%), U2AF1 (8%),
ASXL1 (8%), DNMT3A (7%) and SETBP1 (7%). Of 18
cases with somatic mutations involving the TP53 gene,
five (28%) had multiple distinct 7P53 mutations (two
mutations: n=4; three mutations: n=1). Most TP53 muta-
tions were localized at the DNA binding domain (Online
Supplementary Figure S1). Additionally, non-TP53 muta-
tions (U2AF1, RUNX1, ASXL1, TET2, and STAG2) were
observed in 33% of TP53-mutated cases (Ounline
Supplementary Table S2).

TP53 mutations were more frequently associated with
complex and/or monosomal karyotype compared to
TP53-wild type cases (78% versus 38%; P=0.02). No statis-
tically significant differences in age, sex, prior therapy;,
prior malignancies, latency from prior diagnosis to MDS
diagnosis, marrow blasts, number of cytopenias or IPSS
score were observed between patients with mutated TP53
and those with the wild-type gene (Table 3). There was

Table 2. Multivariate analysis for overall survival and relapse-free survival.

HR(95%Cl)  P-value  HR(95%CI)  P-value
Overall survival Relapse-free survival

t-MDS (n=67)
Age at transplantation 1.04 (1.00, 1.07) 0.060 1.04 (1.00, 1.08) 0.045

Period of the transplant
2000-2004 1.00 1.00

2005-2009 027 (0.09,0.77)  0.015*  0.28 (0.10,0.79)  0.16
2010-2014 0.21 (0.08,0.58)  0.002**  0.20 (0.07,0.55)  0.002**
Time of diagnosis to transplant
<l year 1.00 1.00
1-3 years 0.31(0.07,1.48)  0.143 042 (0.11,1.61)  0.207
3 + years 2.26 (0.66,7.76)  0.197  2.05 (0.60,6.98)  0.250
IPSS score at diagnosis
<1 (Low, Int-1) 1.00 0.233 1.00 0.255
>1 (Int-2, High) 0.57 (0.22, 1.44) 0.59 (0.23, 1.47)
De novo (n=199)
Age at transplantation  1.03 (1.01, 1.05) ~ 0.002**  1.02 (1.01, 1.04)  0.006**
Donor source
Identical sibling 1.00 NA NA
Matched unrelated ~ 1.84 (1.13,3.00)  0.014*
Mismatched unrelated 1.36 (0.76, 2.45) 0.300
Graft source
Peripheral stem cells 1.00 0.053 1.00 0.018*
Bone marrow 1.81 (0.99, 3.32) 2.03 (1.13, 3.66)
IPSS score at diagnosis
<l (Low, Int-1) 1.00 0.055 1.00 0.031*
>1 (Int-2, High) 1.51 (0.99, 2.30) 1.56 (1.04, 2.33)
CMV status: donor->recipient
Negative-> negative N/A NA 1.00
Negative-> positive L11(0.57,217)  0.754
Positive-> negative 0.64 (0.28,1.45)  0.284
Positive-> positive 0.76 (0.40,1.46)  0.408

System; CMV: cytomegalovirus.

t-MDS: therapy-related myelodysplastic syndrome; IPSS: International Prognostic Scoring
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also no difference in the number of patients who had
received hypomethylating agents before allogeneic HCT
between the TP53-mutated and TP53 wild-type groups
(39% versus 36%). Interestingly, a TP53 mutation did not
adversely affect post-transplant overall survival (HR=1.12;
P=0.79) or relapse-free survival (HR=1.42; P=0.37) (Figure
3A,B). The 3-year overall survival and relapse-free survival
rates for TP53-mutated t-MDS cases were 51.3% and
41.2%, respectively. The presence of more than one 7P53
mutation also did not affect either overall survival or
relapse-free survival (Online Supplementary Figure S2A,B).
Investigating previously proposed high-risk genes
(IP53, EZH2, ETV6, RUNX1 and ASXL1) in MDS,” we
identified that at least one of these genes was mutated in
29 (48%) of our t-MDS cases. t-MDS cases with high-risk
mutations were more common after hematologic malig-
nancies (P=0.005) and had additional mutations (55% ver-
sus 28%; P=0.02) compared to t-MDS with non-high-risk
mutations, but no differences were observed in cytogenet-
ics (P=0.15) or other features (Table 3). Contrary to previ-
ous reports,” the presence of one of the high-risk muta-
tions did not adversely influence overall survival

TP53 30%umuNNNRRER NN EEEE

RUNX1 12% T [ L] 1]]

SETBP1 7% 111

U2AF1 8% 'l | ] n [ 1]

TET2 8% [ 'm mlnn

ASXL1 8% g ] | I | |

DNMT3A 7% ] [ 1]

PTPN11 5% N | |
ZRSR2 2% | |

STAG2 3% g |
SRSF2 3% ] n
EZH2 3% | | | |
ETVé6 3% n | |

CBL 3% [ ] [ |
SF3B1 2% [ ]
PHF6 2% u
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KMT2D 2% |
KMT2A 2% ]
JAK2 2% &

GATA2 2% | |

CDKKN2A 2% | |
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W Missense Mutation

Figure 2. The distribution and frequency of mutations detected by next-genera-
tion sequencing in 43 out of 60 patients with therapy-related myelodysplastic
syndrome with detected mutation(s).
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(HR=1.29; P=0.52) or relapse-free survival (HR=1.58;
P=0.22) among t-MDS patients who underwent allogeneic
HCT in our cohort (Figure 4A,B). While there was a trend
toward worse relapse-free survival in patients carrying
high-risk genes, this trend did not reach statistical signifi-
cance, possibly due to the lack of power of the study.

Cytogenomic studies in therapy-related myelodysplasia

Of 34 cases with t-MDS with available pre-HCT
genomic DNA, cytogenomic microarray analysis provided
novel CNV/LOH findings in 24 cases (71%) (Ounline
Supplementary Table S3). These novel findings included the
identification of additional abnormalities or modified/clar-
ified previously reported observations. More precisely,
15/34 cases (44%) had LOH not otherwise detectable by
conventional cytogenetics or fluorescence in situ
hybridization (FISH). The most common CNV occurred in

t-MDS: HCT outcomes and molecular features -

chromosomes 5, 7, 12, 13 and 17, consistent with typical
cytogenetic changes reported in MDS. Additional CNV
were detected in chromosomes 2, 6, 11, and 18, which
were not detectable by standard MDS FISH panels.
Importantly, we found four cases of MDS in which TP53
alterations were found only by cytogenomic microarray
or FISH and not by NGS. The overall survival of the TP53
mutated and TP53 wild-type groups remained similar
when these additional del17p cases were re-classified into
the TP53 mutated group (data not shown).

Discussion

Here we report one of the largest single center series of
t-MDS patients undergoing allogeneic HCT. Our results,
in agreement with previous reports,”” indicated that allo-

Table 3. Characteristics of t-MDS based on TP53 and high-risk mutations.

TP53 mutation High risk mutations
No (n=42) Yes (n=18) P-value No (n=31) Yes (n=29) P-value

Sex

Female 25 (60) 7 (39) 0.17 20 (65) 12 (41) 0.12
Male 17 (40) 11 (61) 11 (35) 17 (59)
Age, years 53.25[15.41,70.95]  59.02[32.16,62.14] 0.13 53.91[15.41,70.95] 53.40 [17.27, 65.67] 0.62
Karyotype

MK 3 (M 1 (6) 0.02* 1 (3 3 (10) 0.15
Complex 13 (31) 13 (72) 10 (32) 16 (55)

With MK 9 @21 9 (50) 7 (23) 11 (38)

Without MK 4 (10) 4 (22) 3 (10 5 (17

Others 26 (62) 4 (22) 20 (65) 10 (34)
Prior therapy

Chemotherapy 22 (52) 14 (78) 0.11 15 (48) 21(72) 0.14
Radiation 2 (5 1 (6) 2 (6) 1 3
Chemotherapy/radiation 18 (43) 3 (17 14 (45) 7 (24
Prior cancer

Hematologic 25 (60) 12 (67) 0.13 16 (52) 22 (76) 0.005%*
Solid 15 (36) 3 (7 14 (45) 3 (10)

Benign 2 (5 3 (7 1 3 4 (14)
Latency 4241048, 33.3] 6.90 [2.13, 18.44] 047 4.15[0.48, 33.3] 6.35 [2.13, 18.44] 0.86
Blast % at diagnosis

>5% 29 (69) 12 (67) 0.90 21 (68) 20 (69) 1.00
5-10% 9 (2D 5 (28) 7 (23) 7 (24)

>10% 4 (10) 1 (6) 3 (10 2 (M
Cytopenia

0 0 (0 1 (6) 0.16 0 (0) 13 0.08
1 7 (7 4 (22) 4 (13) 7 (24)

2 16 (38) 3 (17 14 (45) 5 (17)

3 18 (43) 10 (56) 13 (42) 15 (52)

Unknown 1 (2 0 (0) 0 (0 1 3
IPSS score 0.44
<1 18 (43) 6 (33) 0.57 11 (35) 13 (45)

=15 23 (55) 12 (67) 20 (65) 15 (52)

Unknown 1 2 0 (0) 0 (0) 1 (3
Pre-HCT HMA 043
Yes 15 (36) 7 (39) 1.00 13 (42) 9 3D

No 27 (64) 11 (61) 18 (58) 20 (69)
Additional mutations

Yes 13 (31) 6 (33) 1.00 7 (23) 16 (55) 0.02
No 29 (69) 12 (66) 24 (77) 13 (45)

MK: monosomal karyotype; IPSS: International Prognostic Scoring System; HCT:

hematopoietic cell transplantation; HMA: hypomethylating agents.
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geneic HCT is a curative therapeutic option for patients
with t-MDS, and approximately half of transplanted
patients could achieve long-term survival and perhaps a
cure. Importantly, our study illustrates comparable out-
comes between patients with t-MDS and those with de
novo MDS despite the former having a greater prevalence
of high-risk cytogenetic features and higher IPSS scores.
Hence, having been previously exposed to cytotoxic ther-
apy was not associated with worse survival (P=0.7) in our
cohort. Interestingly, the non-relapse mortality rate was
also not higher in t-MDS patients than in de novo MDS
ones, despite the former having a history of prior exposure
to cytotoxic therapy. The significance of these results also
validated the feasibility of reduced intensity conditioning,
which is a critical finding as patients with t-MDS are fre-
quently ineligible for myeloablative conditioning regi-
mens due to comorbidities and prior exposure to cytotox-
ic therapy:.

In our cohort, we found that cytogenetics, IPSS score
and marrow blast percentage at the time of transplanta-
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Figure 3. Transplant outcomes for patients with therapy-related myelodysplas-
tic syndrome with (dashed line) and without (solid line) TP53 mutation who
underwent allogeneic hematopoietic cell transplantation. (A) Overall survival,
and (B) relapse-free survival.

tion did not adversely affect survival following allogeneic
HCT in t-MDS patients, suggesting that allogeneic HCT
may attenuate or abrogate the adverse prognostic impact
that these factors were found to have in non-transplanted
and/or mixed cohorts of MDS patients. Nonetheless, we
acknowledge that our cohort may not have had the statis-
tical power to rule out this prognostic association. In our
multivariate models for t-MDS patients, younger age and
more recent era of allogeneic HCT were independently
associated with longer overall survival and longer relapse-
free survival. The positive impact of younger age and a
more recent transplant were consistent with prior publica-
tions.”"

Using NGS, we showed that the majority of t-MDS
cases in our cohort carried somatic mutations involved in
multiple mechanisms and pathways including transcrip-
tion factors (TP53, RUNX1, GATA, ETV6), splicing
(U2AF1, SF3B1, ZRSR2), epigenetics (TET2, ASXLA,
DNMT3A, EZH2, IDH), kinase signaling (PTPN11, NRAS,
CBL) and others (AT, STAGZ2), in accordance with pre-
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Figure 4. Transplant outcomes for patients with therapy-related myelodysplas-
tic syndrome with (dashed line) and without (solid line) one of high-risk muta-
tions who underwent allogeneic hematopoietic cell transplantation. (A) Overall
survival, and (B) relapse-free survival.
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vious reports.”** Furthermore, a TP53 mutation was the
most common molecular alteration among t-MDS
patients in this cohort, consistent with prior reports.”'*"
Comprehensive analysis of TP53 function requires char-
acterization of single nucleotide variations, small indels,
copy number alterations and LOH of the 17p locus. Our
results demonstrated that 27% of t-MDS cases positive
by NGS for TP53 alterations had more than one muta-
tion. Although we could not confirm whether these
mutations were present in cis or trans, it is likely that they
were compound heterozygotes. CNV/LOH was exam-
ined by cytogenomic microarray and FISH in 76% of
cases assessed by NGS. We found that 10% of cases that
were negative for TP53 alterations by NGS were positive
for CNV/LOH by cytogenomic microarray or FISH stud-
ies and that 11% of cases with 7P53 mutations detected
by NGS had concurrent CNV/LOH TP53 abnormalities.
In our study, however, TP53 mutation did not adversely
affect the overall survival of transplanted t-MDS patients,
regardless of whether they had received hypomethylat-
ing agents prior to allogeneic HCT, or had more than one
TP53 mutation. These findings are clinically very rele-
vant, since previous reports showed a very limited sur-
vival (3-year overall survival of 20%)’ for TP53-mutated
MDS patients, including those undergoing transplanta-
tion.”"****** In these studies, the majority of 7P53-mutat-
ed patients succumbed to either relapse or non-relapse
mortality following allogeneic HCT,*** thereby leading to
the conclusion that alternative therapies other than such
transplants should be explored. Furthermore, while we
did observe the occurrence of 7P53 mutations and/or at
least one other mutated gene among those incorporated
in a recent high-risk five-gene panel for MDS" in at least
half of our patients, these molecular aberrations did not
adversely affect transplant outcomes. Thus, we conclud-
ed that allogeneic HCT should be considered as the pri-
mary approach for t-MDS, regardless of the patient’s
genetic features including, but not limited to, 7P53 muta-
tion.

While we could not identify definitive factors explain-
ing the difference between the outcomes of our cohort
and patients in previous studies, it is possible that the dif-
ference in conditioning regimen may have played a role.
In a recent study reported by the Dana Farber Cancer
Institute,” the majority of TP53 cases were conditioned
with a busulfan/fludarabine reduced intensity condition-
ing regimen (14/18), while the majority of our TP53
mutated patients (16/18) received fludarabine/melphalan
as their reduced intensity conditioning in combination
with tacrolimus/sirolimus-based graft-versus-host disease
prophylaxis”* In fact recent retrospective studies com-
paring busulfan/fludarabine with fludarabine/melphalan
as reduced intensity conditioning for HCT in patients
with acute leukemia and MDS have demonstrated an
association between busulfan/fludarabine and higher
cumulative incidence of relapse and lower progression-
free survival;** while a large MDS study analyzing 1514
patients enrolled in the Center for International Blood
and Marrow Transplant Research Repository found that
the survival rates of patients with TP53 mutations were
similar between those conditioned with myeloablative
regimens or reduced intensity regimens.’ In addition,
CV/LOH was not assessed in the Dana Farber Cancer

Institute study, which may have affected their analysis.

Conventional cytogenetics remains the leading prog-
nostic factor across different prognostic scores in MDS.
However, the limitations of classical cytogenetics lie in
the difficulty of identifying cryptic structural abnormali-
ties and the inability to identify copy neutral LOH. These
abnormalities could consequently lead to inactivation of
tumor suppressor genes and activation of oncogenes,
which are encountered not uncommonly in myeloid
malignancies. Therefore, detection of these abnormalities
could potentially be used as prognostic tools, which may
improve the classification of MDS scores. In our study,
microarray analysis identified additional CNV abnormal-
ities and LOH regions in addition to those that could be
found by conventional cytogenetic analysis in 24/34
cases. Of note, several LOH regions detected solely by
single nucleotide polymorphism array contained genes
previously reported to be mutated in MDS, including
FLT3, ASXL1, CBL1, FANCC and TP53. In addition, single
nucleotide polymorphism array analysis helped to clarify
observations from metaphase cytogenetics in several
cases. These findings underscore the significant advan-
tage of using genome-wide single nucleotide polymor-
phism microarray analyses to identify cryptic pathogenic
changes in t-MDS. Abnormalities missed by cytogenomic
microarray were either below the detection limit of this
assay, or could be attributed to the fact that cytogenomic
microarray was conducted on peripheral blood specimens
and not the corresponding bone marrow, due to lack of
availability.

In conclusion, despite limitations inherent to the retro-
spective nature of the analysis and potential for selection
bias related to the decisions regarding prior transplant
treatment and timing of transplantation, which were not
made uniformly for all t-MDS patients, our study shows
that allogeneic HCT is curative for patients with t-MDS.
These transplanted patients have outcomes similar to
those of transplanted patients with de novo MDS, despite
more frequently having cytogenetic, molecular and clini-
cal higher-risk features prior to allogeneic HCT.
Furthermore, we demonstrated that there was no
increase in non-relapse mortality in t-MDS patients
despite prior exposure to cytotoxic therapy. Importantly,
although TP53 mutations were highly prevalent in t-MDS
patients, they did not adversely affect transplant out-
come, leading us to conclude, in contrast to prior reports,
that TP53-mutated t-MDS can also be cured with allo-
geneic HCT. Our study is limited by the lack of TP53
mutation analysis in patients with de novo MDS to serve
as a control cohort for genomic comparison; however,
this analysis has been conducted by other groups, show-
ing lower rates of TP53 mutations overall in de novo
MDS.>'® The present findings warrant future prospective
studies focusing on the heterogeneity of TP53 mutated t-
MDS cases to identify which subsets could potentially be
cured with allogeneic HCT and which cases require alter-
native novel therapies.
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