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specimens rather than BM fluid in AML patients for whom standard treatment has
not been established. The purpose of this study is to evaluate the presence of po-
tentially therapeutic target gene mutations in patients with newly diagnosed unfit
AML and relapsed/refractory AML (R/R-AML) using BM clot specimens. In this study,
188 patients were enrolled and targeted sequencing was undertaken on DNA from
437 genes and RNA from 265 genes. High-quality DNA and RNA were obtained
using BM clot specimens, with genetic alterations successfully detected in 177 pa-
tients (97.3%), and fusion transcripts in 41 patients (23.2%). The median turnaround
time was 13days. In the detection of fusion genes, not only common fusion prod-
ucts such as RUNX1-RUX1T1 and KMT2A rearrangements, but also NUP98 rearrange-
ments and rare fusion genes were observed. Among 177 patients (72 with unfit AML,
105 with R/R-AML), mutations in KIT and WT1 were independent factors for overall
survival (hazard ratio = 12.6 and 8.88, respectively), and patients with high variant
allele frequency (240%) of TP53 mutations had a poor prognosis. As for the detec-
tion of actionable mutations, 38% (n = 69) of patients had useful genetic mutation
(FLT3-ITD/TKD, IDH1/2, and DNMT3AR®??) for treatment selection. Comprehensive

genomic profiling using paraffin-embedded BM clot specimens successfully identified

KEYWORDS

1 | INTRODUCTION

Genomic and chromosomal abnormalities are known to be crucial
factors in predicting prognosis and determining the WHO classi-
fication in patients with AML.1"3 Recently, novel agents targeting
specific gene mutations, such as FLT3 and IDH1/IDH2, as well as
BCL-2 inhibitors have made significant contributions to AML treat-
ment strategies.*” The iconic Beat AML basket trial suggested
that comprehensive genomic screening and subsequent genomic
alteration-specific treatment could improve the prognosis of pa-
tients with AML.®

With these successes in newly diagnosed AML, therapeutic
strategies using precision medicine with a similar genetic approach
are becoming more important in unfit AML or R/R-AML, for which
standard treatment has not been established. In R/R-AML, it is es-
pecially important to identify the genetic mutation(s) to be treated,
as leukemic clones are selected by previous therapy and might
have different genetic backgrounds at the time of initial diagnosis.
However, reassessment of genomic abnormalities in AML patients
who are not eligible for standard treatment in real-world practice is
limited, and there are few comprehensive genomic studies that iden-
tify associations between these abnormalities and clinical outcomes.

We undertook a multicenter study of prospective genomic
profiling in patients with AML named the HM-SCREEN-Japan 01
(UMINO00035233) using a hybrid capture-based comprehen-
sive genomic profiling assay, FoundationOne Heme (Foundation

leukemic-associated genes that can be used as therapeutic targets.

actionable mutation, AML, FoundationOne Heme, ineligible for standard chemotherapy,
paraffin-embedded bone marrow clot

Medicine Inc.). This study aimed to evaluate genomic abnormalities
in relation to clinical characteristics and outcome using paraffin-
embedded BM clot specimens in patients with R/R-AML or newly
diagnosed unfit AML who were ineligible for standard therapy.
Detection of gene mutations and/or fusion transcripts using archival
paraffin-embedded BM clot specimens is expected to reveal genetic
characteristics in R/R-AML and newly diagnosed unfit AML and to
identify molecular abnormalities that could be targets or candidates
for novel therapeutic options.

2 | METHOD
2.1 | Study overview

A total of 17 institutions in Japan participated in this study, of which
the National Cancer Center East was the authorized representative.
The protocol was approved by each institutional review board and
carried out in accordance with the Declaration of Helsinki. All pa-
tients provided written informed consent.

2.2 | Study design

The HM-SCREEN-JAPAN 01 is a multicenter genomic profiling study
with next-generation sequencing by F1H. The inclusion criteria were
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patients with R/R-AML or previously untreated AML who are ineligi-
ble for standard therapy (unfit AML). The available specimens were
paraffin-embedded BM clots, and submission of archival specimens
was also allowed. Patients with FLT3 mutation were allowed to sub-
mit specimens at multiple time points. After submission, annotated
genomic reports were returned to the participants. Clinical informa-
tion such as age, sex, treatment technique, response, stem cell trans-

plantation status, and survival information were collected.

2.3 | Comprehensive genome profiling assay

FoundationOne Heme is a comprehensive genomic profile de-
veloped by Foundation Medicine Inc. to identify somatic genomic
alterations in genes known to be clear drivers of hematologic ma-
lignancies using formalin-fixed paraffin-embedded specimens.
Next-generation sequencing was applied to a hybrid capture-based
target enrichment approach. Each profile simultaneously sequences
the complete coding region of 406 genes and selected introns of 31
genes involved in rearrangements (Figure S1). FoundationOne Heme
also examines RNA sequences of 265 commonly rearranged genes
to better identify rare gene fusions. FoundationOne Heme can de-
tect genomic alterations such as base substitutions, insertions/de-
letions, copy number changes, as well as TMB status. The TMB is
determined by measuring the number of somatic mutations occur-
ring in the sequenced genes on the F1H profile and extrapolating to

the genome as a whole.

2.4 | Statistical analysis

Clinical information was summarized as descriptive statistics. Overall
survival, defined as the time from the date the patients enrolled in
this study, was determined by the Kaplan-Meier method. Prognostic
effects of basic characteristics (e.g., age, sex, and transplant status)
and genomic alterations status were statistically calculated using the

Cox regression model and summarized as HR of death.

3 | RESULTS

31 |
results

Baseline patient characteristics and FIH

From January 2019 to April 2021, 182 patients with AML across
17 clinical sites consented to enrolment in HM-SCREEN-Japan 01.
High-quality DNA was obtained from 177 of 182 (97.3%) patients
and high-quality RNA suitable for further applications was obtained
from 165 of 182 (90.6%) patients (Figure 1A). The main cause of
insufficient DNA/RNA vyields was a lack of leukemic cells in BM
specimens. Mutation event was successfully obtained for all 177 pa-
tients and fusion transcripts were detected in 41 patients (23.2%).
The mean number of mutations was approximately four, with no

difference in the number of mutations among newly diagnosed unfit
AML, R/R-AML, and therapy-related AML, or between groups with
recurrent genetic abnormalities (Figure 1B). The median turnaround
time from sample submission to results reporting was 13days (25th
to 75th percentile, 11-18days) (Figure S2). Of the 177 samples, 72
(40.7%) were newly diagnosed and 105 (59.3%) were relapsed or re-
fractory. The characteristics of the 177 eligible patients are shown
in Table 1. The median age of the 72 patients with newly diagnosed
unfit AML was 73 (61-78) years, and the median age of the 105 pa-
tients with R/R-AML was 51 (40-69) years.

3.2 | Mutation and rearrangement analysis

In the entire cohort, the most common genetic alterations observed
were FLT3 (27.7%), TP53 (20.9%), and RUNX1 (20.3%). Mutations in
ASXL1 and TET2 were frequently observed in newly diagnosed unfit
AML (Figure 2A), while mutations in FLT3, NPM1, and DNMT3A were
observed more frequently in R/R-AML (Figure 2B). Mutations in
NPM1, which is known to be associated with a favorable prognosis,
were detected in 24/109 (22%) in R/R-AML. Compared to the more
than 2000 AML patients who underwent F1H analysis in the United
States and Europe, the Japanese cohort was similar except for a
higher frequency of FLT3 and KIT mutations and a lower frequency
of SRSF2 mutations (Figure 2C).

3.3 | RNA-based fusion transcript analysis

The F1H analysis using BM clot samples successfully detected fusion
gene transcripts in 41 patients. The concordance rate between the
fusion gene from the extracted RNA and the karyotypic aberration
from the clinical data was extremely high at 0.96 (x = 0.86, Cohen's
kappa) (Figure S3). The detected fusion genes transcripts are shown
in Table 2. RUNX1-RUNX1T1 fusion was most frequently observed
(n = 12), followed by KMT2A rearrangement (n = 10), MYH11-CBFB
fusion (n = 5), and NUP98 rearrangement (n = 5). In addition to re-
current genetic abnormalities, rare fusion transcripts such as BCR-
ABL1, JAK3-SYMPK, and NTRK3-ETV1 were also detected. Among
the fusion partners of the KMT2A rearrangement, AF9 and AFé6 were
frequently observed, but fusions with AF1Q, SEPT9, and ENL were
also observed, indicating that the translocation partners are diverse
(Table 2, Figure S4). In addition, HOXA9 and NSD1 were also de-

tected as fusion partners of the NUP98 rearrangement.

3.4 | Patient survival and impact of genetic
alterations

The median follow-up of all 177 eligible patients was 7.4 months
(range, 0.03-73.6 months), and the estimated median OS was
17.3 months (95% Cl, 12.0-NR) in R/R-AML and 10.6 months (95%
Cl, 6.9-NR) in newly diagnosed unfit AML (Figure 3A). In R/R-AML,
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n Median 25-75 percentile Min—max

R/RAML withRGA 87 4.0 2.5-5.0 1-10
R/R AML-MRC 18 45 3.0-6.75 1-8
R/R t-AML 4 4.0 3.5-4.25 2-5
Unfit AML with RGA 38 4.0 2.0-5.0 1-9
Unfit AML-MRC 24 35 3.0-5.25 1-10
Unfit t-AML 6 4.0 2.25-6.25 2-7
Total 177 4.0 2.0-5.0 1-10

FIGURE 1 Extraction of DNA and RNA from bone marrow (BM) clot specimens from AML patients and mutation analysis. (A) Consort
diagram and success rate of DNA and RNA yielded from BM clot samples. (B) Distribution of tumor mutation burden according to the WHO
2017 classification in relapsed refractory (R/R)-AML and newly diagnosed unfit AML. HSCT, hematopoietic stem cell transplantation; MRC,
myelodysplasia-related changes; RGA, recurrent genetic abnormality; t-AML, therapy-related AML
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TABLE 1 Characteristics of 177 patients with AML

Total
n 177 Patients
Age (years) 63 46-74
Sex
F 62 35.0%
M 115 65.0%
Dx
Acute megakaryoblastic leukemia 1 1.0%
Acute monoblastic/monocytic 22 12.0%
leukemia
Acute myelomonocytic leukemia 13 7.0%
Acute panmyelosis with 1 1.0%
myelofibrosis
Acute promyelocytic leukemia with 1 1.0%
PML-RARA
AML (megakaryoblastic) with t(1; 22) 3 2.0%
(p13.3; q13.3); RBM15-MKL1
AML with biallelic mutations of 3 2.0%
CEBPA
AML with inv (16)(p13.1922) or t(16; 7 4.0%
16)(p13.1; q22); CBFB-MYH11
AML with inv (3)(q21.3g26.2)or 3 2.0%
t(3; 3)(q21.3; q26.2); GATA2,
MECOM(EVI1)
AML with maturation 25 14.0%
AML with minimal differentiation 6 3.0%
AML with mutated NPM1 9 5.0%
AML with myelodysplasia-related 42 24.0%
changes
AML with t(8; 21)(q22; q22.1); 15 8.0%
RUNX1-RUNX1T1
AML with t(9; 11)(p21.3; q23.3); 1 1.0%
MLLT3-KMT2A
AML without maturation 13 7.0%
Provisional entity: AML with mutated 1 1.0%
RUNX1
Pure erythroid leukemia 1 1.0%
Therapy-related myeloid neoplasms 10 6.0%
Allo.SCT
N 108 61.0%
Y 69 39.0%

ND unfit R/R
72 Patients 105 Patients
73 61-78 51 40-69
23 31.9% 39 37.1%
49 68.1% 66 62.9%
0 0.0% 1 1.0%
5 6.9% 17 16.2%
5 6.9% 8 7.6%
1 1.4% 0 0.0%
1 1.4% 0 0.0%
2 2.8% 1 1.0%
0 0.0% 3 2.9%
4 5.6% 3 2.9%
0 0.0% 3 2.9%
8 11.1% 17 16.2%
3 4.2% 3 2.9%
2 2.8% 7 6.7%
26 36.1% 16 15.2%
5 6.9% 10 9.5%
0 0.0% 1 1.0%
4 5.6% 9 8.6%
0.0% 1 1.0%
0 0.0% 1 1.0%
8.3% 4 3.8%
61 84.7% 47 44.8%
11 15.3% 58 55.2%

Abbreviations: Allo.SCT, allogeneic stem cell transplantation; Dx, diagnosis; F, female; M, male; N, no; ND, newly diagnosed; R/R, relapsed/refractory;

Y, yes.

allogeneic stem cell transplantation was carried out in 58 patients
(55%), and OS was significantly longer in transplant recipients
(p<0.001) (Figure 3B). Multivariate analysis of the impact on survival
showed that clinical information indicated worse OS in age (HR 1.04;
95% Cl, 1.03-1.06) and female patients (HR 1.92; 95% Cl, 1.41-2.61).
Multivariate analysis of the effect of each gene mutation on survival
showed that patients with KIT, WT1, PHF6, and TP53 mutations had

significantly inferior OS with HRs of 12.6 (95% Cl, 6.89-23.11), 8.88
(95% Cl, 5.11-15.44), 5.07 (95% Cl, 2.02-6.32), and 3.14 (95% Cl,
2.44-4.98) for death, respectively (Figure 3C). Of the 49 patients
with FLT3 mutations, 18 (36.7%) received FLT3 inhibitors and had an
improved risk of death. The group with a high VAF (240%) of TP53
clearly had a worse prognosis, suggesting that residual normal alleles
correlate with prognosis (Figure 3D). In the comparison of single-hit
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FIGURE 2 Landscape of mutations and mutational spectrum of the cohort of AML patients. (A) Gene mutation profile in newly diagnosed
unfit AML. (B) Gene mutation profile in relapsed or refractory AML (R/R-AML). (C) Differences in the prevalence of gene mutations.
Comparison of mutation analysis using FoundationOne Heme between the 177 patient Japanese cohort and the 2247 patients in the cohort
from the United States and Europe. The symbol size represents the number of cases. SNV, single nucleotide variation
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TABLE 2 Detected fusion genes

Translocation Number
Fusion transcript partner (N =41)
RUNX1-RUNX1T1 12
KMT2A rearrangement 10

AF9 @)

AF6 (2)

AF1Q (1)

AF10 1)

SEPT9 (1)

ENL 1)

SEPTé (1)
MYH11-CBFB 5
NUP98-rearrangement 5

HOXA9 @)

NSD1 (1)

TNRC18 1)
PML-RARA 1
BCR-ABL1 1
JAK3-SYMPK 1
NTRK3-ETV1 1

versus multi-hit TP53 mutations, 31 cases were single-hit and six
cases were multi-hit, with no difference in prognosis between the

single-hit and multi-hit groups (Figure S5).

3.5 | Detection of actionable mutation

Finally, we evaluated the extent to which we could detect action-
able mutations that might be candidates for treatment in a group
of AML patients for whom standard treatment has not been estab-
lished. Overall, 38% (n = 69) of the cases possessed usable genetic
alteration for selecting treatment options (Figure 4A). The detection
rate of actionable mutations, FLT3-ITD and FLT3-TKD mutations, for
which FLT3 inhibitors are therapeutic candidates, were found in
18% (n = 32) of all cases. The detection rate of IDH1or IDH2 mu-
tations for which IDH inhibitors or venetoclax are therapeutic can-
didates was 17% in both newly diagnosed unfit AML (n = 12) and
R/R-AML (n = 18). The DNMT3AR22 mutation, which has been re-
ported to be associated with anthracycline sensitivity,” was found
in 11.8% (n = 21) of cases. When drugs in development (currently in
clinical trials) targeting mutations in TP53, KITP%16, KRAS®2¢, NPM1,
and KMT2A rearrangements become available, an additional 31.1%
(n = 55) of cases are expected to receive selective treatment based
on genetic information (Figure 4B). KRAS mutations were found in
12 cases, but no KRAS®'?¢ mutations were found to be therapeu-
tic indications. In summary, our results suggest that genetic analysis
of BM clot specimens can detect genetic abnormalities associated
with leukemia and could provide useful information for determining

treatment strategies for unfit AML and R/R-AML patients who are
ineligible for standard therapy.

4 | DISCUSSION

The HM-SCREEN-Japan 01 is a multicenter study focusing on ac-
tionable mutation profiling using paraffin-embedded BM clot speci-
mens from patients with newly diagnosed unfit AML or R/R-AML
who cannot be treated with intensive chemotherapy. This study
demonstrates the utility and reliability of our approach in detecting
genetic alterations and fusion genes derived from leukemia cells, as
well as new possibilities for precision treatment of AML based on
genetic profiling from BM clot specimens.

The purpose of this project was to: (i) assess the effectiveness
of detection of genetic events (including fusion transcripts) using
paraffin-embedded clot samples, (ii) investigate the relationship be-
tween genetic alterations and prognosis in newly diagnosed unfit
AML or R/R-AML for which standard treatment has not been estab-
lished, and (iii) evaluate the feasibility of selective treatment based
on the results of genetic alterations. While most targeted sequenc-
ing protocols for gene panels have been analyzed using fresh BM as-
piration liquid or peripheral blood, recently there have been reports
on the utility of genetic analysis using fragmented DNA extracted
from BM clot samples.’®!! In this study, using the BM clot speci-
mens, we were also able to obtain sufficient quality and quantity of
DNA for sequencing in 97.3% (177/182) of patients and sufficient
RNA samples for fusion gene detection in 90.1% (163/182) of pa-
tients. Furthermore, the average turnaround time was 13days, in-
dicating its utility in clinical practice. In general, genetic alterations
in leukemia are examined in BM aspiration liquid, but this is diffi-
cult to perform on the initial examination, and is often omitted in
elderly patients or those who have relapsed. The genetic analysis
using paraffin-embedded specimens that we have demonstrated is
expected to be a very useful tool that can detect omitted cases, even
during treatment and after remission, as long as the clots are avail-
able. Despite the convenience of being able to examine both DNA
and RNA at any point in the clinical course of leukemia, there is a
concern that the DNA is extracted from the BM clot sample, which
contains whole blood components other than leukemic cells, result-
ing in lower VAF than conventional sequencing methods.

The genetic landscape of the AML cohort in Japan was almost
the same as in the United States, except for the low frequency of
SRSF2 mutations. The data from the United States and Europe were
provided by the companies that undertook the FIH analysis, and
although detailed clinical information is missing, the results were
interesting for information on genetic alteration in AML in each re-
gion. The genetic events of newly diagnosed unfit AML and R/R-
AML appeared to differ, with the NPM1 mutation highly observed in
R/R-AML (22.2%), suggesting the presence of genetic abnormalities
that affect outcomes other than FLT3-ITD in NPM1 mutated AML.
Neither unfit AML nor R/R-AML are indicated for standard induc-
tion chemotherapy (so-called 3+7), but have different mutation
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FIGURE 3 Overall survival (OS) and impact for death of the analysis cohort of AML patients. (A) Survival curves for newly diagnosed unfit
AML and relapsed or refractory (R/R) AML. (B) Survival analysis with or without stem cell transplantation (SCT) in relapsed or refractory
AML. Log-rank test was used in survival time analysis. (C) OS, hazard ratio (HR) of death by each mutation. Multivariable Cox proportional
hazards regression model was used to estimate the effect of various predictor variables. *p <0.05; **p <0.01; ***p <0.001. (D) Survival
analysis according to TP53 valiant allele frequency (VAF). Log-rank test was used in survival time analysis. Cl, confidence interval; mo,

months; mOS, median overall survival; NR, not reached.

profiles and require different treatment strategies. At a minimum,
patients who received SCT showed better prognosis, indicating that
SCT is an effective option for R/R-AML (Figure 3B), and younger
patients have a better prognosis (Figure Sé). Notably, this study
was able to detect fusion transcripts and various partner genes in

KMT2A-related or NUP98-related fusion transcripts using paraffin-
embedded clot specimens. The detection of various partner genes
in KMT2A translocations indicates that chimeric screening of fusion
genes is insufficient. However, F1H does not complement chromo-
some abnormality result from G-banding. Because F1H uses probes
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that recognize specific sequences of extracted RNA, detection is
limited by sequence variation, and the G-banding is conversely more
useful for detecting complex karyotypes. Regarding the relationship
between gene mutations and prognosis, mutations in KIT, TP53, or
WT1 were poor prognostic factors (Figure 3C). In our F1H cohort,
TP53 mutations were more prevalent (21.4% overall, 20% in R/R-
AML, and 23.6% in newly diagnosed unfit AML) because the analy-
sis was carried out in R/R-AML or newly diagnosed unfit cases (i.e.,
older patients). Associations between VAF or allelic state and prog-
nosis in TP53 mutations have been reported,12 and in our cohort,
survival was clearly inferior with VAF 240% compared to VAF <40%
(Figure 3D). Unfortunately, our analysis did not provide information
on the status of the TP53 allele, only the VAF of the TP53 muta-
tion. Most of the WT1 mutations were loss-of-function mutations
(Figure S7), but in our study, WT1 expression tended to be higher
in the WT1 mutant group (Figure S8). WT1 is known to act as an

L,13'14

oncogene in AM and it was of interest that loss-of-function

mutations were associated with WT1 expression, which is consistent
with poor prognosis.t>*¢

The purpose of this study was to evaluate the feasibility of se-
lective treatment based on the results of genetic events. The newly
diagnosed unfit AML and R/R-AML that were the subject of our F1H
analysis in this study are not eligible for standard 3+ 7 therapy, and

it would be very useful to predict the possibility of novel therapy

based on these genetic analyses. In our cohort, 17.1% (n = 18) of
R/R-AML cases were treated with selective inhibitors as FLT3
mutation-positive AML because, at the time of analysis, venetoclax
was not approved. The selective inhibitors currently available in-
clude FLT3 inhibitors, BCL2 inhibitors, IDH inhibitors (United States/
Europe), and clinical trials are ongoing for new drugs such as APR-
246, a mutant p53 reactivator, menin-MLL inhibitors, and anti-CD47
Ab.>%17-20 When these drugs become available, 31.1% of cases will
have the opportunity to receive selective inhibitors, and it is strongly
expected that these agents will be approved in the near future.

The HM-SCREEN-Japan 01 study successfully detected both
the mutation profile and fusion transcripts of AML patients using
paraffin-embedded clot specimens. This is highly advantageous in
that specimens can be examined retrospectively when fresh sam-
ples are not available. Mutation profiles differed between newly
diagnosed unfit AML and R/R-AML patients, and specific treatment
strategies based on mutation profiles can be expected to yield bet-
ter results. This study revealed the future applicability of genetic
panels and the potential for targeted treatment of AML by genetic
testing.
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