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Most of essential thrombocythemia (ET) patients have the clone harboring a mutation in one of the
JAK2, CALR, or MPL gene, and these clones generally acquire additional mutations at transformation
to acute myeloid leukemia (AML). However, the proliferation of triple-negative clones has sometimes
been observed at AML transformation. To clarify the clonal evolution of ET to AML, we analyzed paired
samples at ET and AML transformation in eight patients. We identified that JAK2-unmutated AML
clones proliferated at AML transformation in three patients in whom the JAK2-mutated clone was
dominant at ET. In two patients, TET2-mutated, but not JAK2-mutated, clones might be common
initiating clones for ET and transformed AML. In a patient with JAK2-mutated ET, SMARCC2, UBR4,
and ZNF143, but not JAK2, -mutated clones proliferated at AML transformation. Precise analysis using
single-cell sorted CD34*/CD38" fractions suggested that ET clone with JAK2-mutated and AML clone
with TP53 mutation was derived from the common clone with these mutations. Although further
study is required to clarify the biological significance of SMARCC2, UBR4, and ZNF143 mutations
during disease progression of ET and AML transformation, the present results demonstrate the
possibility of a common initial clone involved in both ET and transformed AML.

Essential thrombocythemia (ET) is a chronic myeloproliferative neoplasm (MPN) characterized by megakaryo-
cyte hyperplasia, thrombocytosis, as well as thrombotic and hemorrhagic complications'=. Although the median
survival of ET patients is approximately 18 years, ET has the potential to transform into acute myeloid leukemia
(AML)*>. Since patients after transformation to AML have a dismal prognosis, it is necessary to clarify the bio-
logical mechanism for applying suitable therapeutic options.

Approximately 80% of ET patients have a mutation in one of the JAK2, CALR, or MPL gene, while these
mutations are not associated with the risk of AML transformation"*®. Furthermore, up to 20% of ET patients
are negative for all three mutations, referred to as triple-negative ET. It has been demonstrated that several addi-
tional genetic alterations, which are engaged in epigenetic regulation, cell-growth signaling, and RNA splicing
machinery, cooperate with JAK2, CALR, or MPL mutation for the transformation to AML from ET”~. The order
of mutation acquisition also influences clonal evolution in MPNSs, while it is not fully understood how clonal
evolution occurs during disease progression in ET patients”*!°.

On the other hand, both JAK2 mutated- and unmutated-AML clones have been identified in transformed
AML cells from JAK2-mutated MPNs, suggesting the presence of an initiating clone without JAK2 mutation for
ET and transformed AML”*!. Although several initiating mutations, such as TET2 and DNMT3A mutations,
have been identified in triple-negative ET patients, initiating clones without JAK2, CALR, and MPL mutations
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are not fully known. Moreover, the clonal evolution step from the initiating clone without JAK2, CALR, and
MPL mutations is poorly understood.

The latent period of transformation to AML from ET is so long that it is difficult to compare the genetic status
between transformed AML and ET at the initial diagnosis. In this study, we analyzed paired samples at the initial
diagnosis and transformation to AML in eight ET patients, and identified three patients in whom JAK2-unmu-
tated AML clones developed from JAK2-mutated ET in the chronic phase. We further investigated to identify
initiating clones without JAK2 mutation, and clarified the clonal evolution process during disease progression.

Methods
Patients and samples
Clinical characteristics of eight ET patients are shown in Tablel and Supplementary Table 3. The median dura-
tion from the diagnosis of ET until transformation to AML was 10.0 years (range: 1.5 - 20.0 years). Bone mar-
row (BM) or peripheral blood (PB) samples were obtained from each patient both at the ET phase and AML
phase, and they were cryopreserved before use except for UPN2. At the initial diagnosis of UPN2, only DNA
was available. From UPNS8, BM cells at complete remission (CR) after chemotherapy for transformed AML
and at relapse after achieving CR as well as a buccal swab were obtained. BM mononuclear cells at CR after
chemotherapy for transformed AML were incubated with following antibodies before being sorted into hemat-
opoietic stem cell (HSC) and hematopoietic progenitor cell (HPCs) fractions by a flow cytometer (FACSAria,
BD Biosciences, San Jose, CA, USA): Human Lineage Cocktail 4 (CD2, CD3, CD4, CD7, CD8, CD10, CD11b,
CD14, CD19, CD20, CD56, CD235a), anti-human CD34-APC (8G12), anti-human CD38-PE/Cy7 (HB7) (BD
Biosciences), anti-human CD45RA-PerCP/Cy5.5 (HI100), anti-human CD123-PE (6H6) (BioLegend, San Diego,
CA, USA) antibodies. HSCs were defined as lineage-marker (Lin) CD34*CD38 fraction, HPCs were defined as
Lin'"CD34*CD38*CD123*CD45RA" (common myeloid progenitor, CMP), Lin"CD34*CD38*CD123*CD45RA*
(granulocyte-macrophage progenitor, GMP), and Lin'CD34*CD38*CD123 CD45RA" (megakaryocytic/erythroid
progenitor, MEP) fractions.

In addition, we collected BM or peripheral blood mononuclear cells from 34 patients with ET in the chronic
phase.

High-molecular-weight DNA and total RNA were extracted from each sample using QIAamp DNA Blood
Mini Kit (QIAGEN, Hilden, Germany), QIAamp DNA Investigator Kit or QIAamp RNA Blood Mini Kit, and
subjected to further analysis.

Cytogenetic and molecular analyses
Cytogenetic G-banding analysis was performed using standard methods. Chimeric gene transcripts
(Major BCR::ABL1, Minor BCR::ABL1, PML::RARA, RUNX1::RUNXI1T1, CBFB::MYH11, DEK::NUP214,

UPN Sex

Age
(y-0.)

Treatment for ET | (years) Driver mutation in ET | ET AML

Duration Karyotype
to AML*

70

HU

44,XY,-7,-16,-17,+ mar|[2]/

K385fs*47
10.9 CALR 46,XY[20] 44idem,add(4)(q21)[18]

67

MCNU, BU

44,XX,-5,del(8)(q22),add(17)(p11),
10.0 CALRI67°43 46,XX,der(15) t(1;15)(q23:q12-13) +18,psudic(18;9)(q23:p21) x 2[38]/
46,XX,der(15)t(1;15)(q23:q12-13)[2]

92

HU

45,XY,del(1)(p?),der(16)t(16;17)(p13.1;q11.2),-
57 MPLWsIsL ND 17,add(21)(q22)[3]/ 45,
idem,add(1p34),del(1),del(1)(p?)[6]

70

HU

i 44,XX,add(3)(p13),-5,add(6)(p21)
15.6 JAK2VOTE 46,XX[20] ,-11,-13,-17,+ 2mar(2]
/45,idem, + mar[16]/46,XX[2]

75

HU

1.5 JAK2VOUTF 46,XX[20] 46,XX[20]

72

HU, MCNU

42,XX,-5,-7,i(11)(q10),-13,-14,-17
,add(17)(q25),-18,-19,+ 3mar[6]/
41,idem,X,add(2)(q?23)[4]/
46,XX, +1,dr(1;13)(q10;q10)[1]

20.0 JAK2V61TF 46,XX, +1,der(1;13)(q10;q10)[5] /46,XY([5]

86

HU

73 ~79,XXY, +Y, +1,add(2)(p?13),+8,
6.1 JAK2VOTE ND +9,+15,+16,-17,+19,+20,+22,
+0~3mar,inc[cp9]/46,XY[1]

74

HU

43,XX,del(5)(q?),add(11)(p15),
add(12)(p11.2),del(13)(q12q14),
del(14)(q22q24),-17,-18,

add(21)(q22),-22[1]/

9.9 JAK2VEVF 46,XX[20] 43, idem,-add(11), +add(11)(q23)[3)/
43,idem,-add(11), +der(11)r(11;?)(p15q23;?)[9]
/41 ~44,XX,del(5),-11,add(12)
,del(13),del(14),-17,-18,add(21),-22,
+1,+0~2mar[cp4]

Table 1. Patients’ characteristics. MCNU ranimustine, BU busulfan, HU hydroxyurea, ND not determined.
*Duration from diagnosis of ET to transformation to AML.
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NUP98::HOXA9, MLLT1::KMT2A, MLLT2:KMT2A, MLLT3::KMT2A, and MLLT4::KMT2A) were examined
at transformation of AML in all patients, as previously reported'%

Target sequencing of 54 genes, which are frequently identified in the presence of myeloid malignancies, was
performed using TruSight Myeloid Sequencing Panel and Illumina MiSeq sequencer according to the manu-
facturer’s instructions (Illumina, San Diego, CA, USA) (Supplementary Table 1)!*!* in paired ET and AML
samples of UPN1-8, CR and relapsed samples of UPN8. Sequence variation annotation was performed using
known polymorphism databases, followed by mutation characterization, as previously reported!®. Whole-exome
sequencing (WES) was also performed on ET and transformed AML cells as well as a buccal swab in UPNS, as
previously reported'®. The variants detected in ET and/or AML samples but not in buccal swab were selected for
further analysis. Each predicted variant sequence was confirmed by Sanger sequencing. The pathogenicity of vari-
ants were predicted with 5 pathogenicity tools: FATHMM?7, LRT'8, MutationTaster?, PolyPhen-2% and SIFT?'.

Copy-number abnormalities were identified using CNACS pipeline (https://github.com/OgawaLabTumPath/
CNACS); the data of allele frequencies and sequenced depth of SNPs were used as input data?.

Mutations in whole coding regions of ZNF143, UBR4, and SMARCC2 genes were analyzed in 40 patients with
ET including UPN1-5 and UPN7. Whole exon regions of ZNF143, UBR4, and SMARCC2 genes were amplified
by the primer pairs indicated in Supplementary Table 2. Amplified products were subjected to mutation analysis
using Nextera XT DNA Library Prep Kit and MiSeq sequencer according to the manufacturer’s instructions
(Illumina).

Single-cell mutation analysis

Lineage/CD34*/CD38 BM cells at CR after chemotherapy for transformed AML in UPN8 were sorted as single
cells in a well of a 96-well plate. All processed 96 wells contained a single cell as verified by visual inspection
under microscope.

Genomic DNA was extracted from each cell, and subsequently amplified by REPLI-g mini Kit (QIAGEN,
Hilden, Germany). The DNA was analyzed for six mutations; JAK2V®'’F in exon 14, TP53%24W, Tp53V173L,
SMARCC2P3IE, UBR4R™M and ZNF143%%%R, and also a SNP within the JAK2 ¢.2490G > A in exon 19, by direct
Sanger sequencing of a PCR amplified region surrounding the target site with primer pairs indicated in Sup-
plementary Table 2.

Patient-derived xenograft model

Mononuclear cells isolated from fresh BM samples of UPN1 and UPN8 at transformation to AML were intrave-
nously injected into 6-week-old NOD/Shi-scid, IL-2Rynull (NOG) mice (purchased from the Central Institute
for Experimental Animals, Tokyo, Japan) at 1 x 107 viable cells per mouse, as previously reported’®. T cells from
patient BM samples were depleted by intraperitoneally injecting an anti-human CD3 (OKT3) antibody (Exbio
Antibodies, Prague, Czech Republic). NOG mice were not pre-conditioned with irradiation. The engraftment
of primary AML cells was monitored every 3 weeks in PB from the tail vein followed by flow cytometric analy-
ses using FACSAria2 with anti-mouse CD45-PerCP (30-F11) (BioLegend), anti-human CD3-APC (UCHT1),
and anti-human CD45-PE (HI30) antibodies (BD Biosciences). Mice were sacrificed when PB human CD45*
reached >0.5% at 2 time-points, followed by flow cytometric assessment of BM for engrafted human cells with
the same antibodies. The human CD45" fraction was sorted from PDX BM by magnetic cell separation using
MACS MicroBeads (human CD45 MicroBeads; Miltenyi Biotec, Bergisch Gladbach, Germany). Genomic DNA
was extracted from unfractionated BM sample and subjected to targeted deep sequencing for 54 genes related to
myeloid malignancies and SMARCC2, UBR4, and ZNF143 as described in a previous section.

Ethics approval

Informed consent for banking and further studies including genetic analysis of samples was obtained from all
patients, and approval was obtained from the ethics committees of all participating institutions according to the
Declaration of Helsinki. All methods were performed in accordance with relevant regulations and guidelines.
All animal procedures were approved by the Institutional Animal Care and Use Committee of Nagoya Univer-
sity and carried out in accordance with the Regulations on Animal Experiments of Nagoya University and the
ARRIVE guidelines.

Results

Genetic analysis in paired samples

Cytogenetic and RT-PCR analyses confirmed that no patients’ samples had t(9;22)(q34;q11)/BCR::ABLI abnor-
mality. Mutation statuses of the patients at the initial diagnosis of ET and AML transformation are shown in
Table 2. At ET, two patients (UPN1 and UPN2) showed CALR mutations; MPLS*N mutations were also identi-
fied in one patient (UPN2), while both wild-type and mutant MPL mRNA were not expressed as previously
reported® Another patient (UPN3) had MPLW*'*L and other five patients (UPN4-8) had JAK2V¢!7F mutation at
ET. These driver mutations were detected at VAFs 18.4% to 75.1%. Additional mutations were identified at ET
in seven out of eight patients: TET2 or TP53 mutations, three patients; ASXLI mutations, two patients; EZH2 or
PHF6 mutation, one patient. These additional mutations were detected at a variety of VAFs (3.0—43.4%), most
which were lower than VAFs of driver mutations. A part of ET clones with CALR, JAK2 or MPL mutation or
other clones without these driver mutations seemed to have additional mutations.

At AML transformation, five patients (UPN1-5) had the same CALR, MPL, or JAK2 mutation as that of ET
along with new additional mutations: TP53, NRAS, U2AF1, RUNX1I, or CEBPA mutation. These results indicated
that ET and transformed AML cells developed from the same CALR, MPL, or JAK2-mutated initiating clone
acquiring additional mutations in UPN1-5 (Fig. 1).
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VAF (%)

UPN Mutation ET AML
CALR®®'47 22.8 |342

1 ASXL 16646 5.1 4.7
TP53C238S - 37.4
U2AF]U57R - 33.2
CALRV43 51.0 |47.0

) MPLSN 39.0 |[45.0
TP53C153Y 3.0 93.0
NRAS®IK - 2.0
MPLVWSL 75.1 | 88.0

3 TP53R248Q 14.1 |83.9
EZH26660R 18.1 |40.1
PHF6G¢ 27.8 |-

4 JAK2V617E 184 |957
TP531178? - 96.7
JAK2V67E 325 [50.1
TET2R103" 40.3 | 49.6

5 TET2¢12716 360 |47.6
ASXLI¥7 37.3 |53.1
RUNX186 - 46.6
CEBPA™» - 40.8
JAK2V6I7E 68.5 |-
TET2%%7% 10.3 | 483

6 TP53MI3K - 82.4
IDH2R10Q - 455
NRASG12S - 6.4
JAK2VO7E 840 [9.9
TET2R1262L 41.8 | 60.0

7 TET211380Y 434 | 342
TP53R2805 - 77.6
SRSF2P95R - 73.8
CBLS*13P - 67.1
JAK2VOTE 405 |27
TP53R48W 4.7 87.5

8 TP53V173L 44 3.5
SMARCC2P®'E | 507 | 47.9
UBR4R50H 47.7 | 485
ZNF1435%R 479 |60.6

Table 2. Mutation status in ET and transformed AML cells. - indicates not detected

Notably, three patients (UPN6-8) in whom the JAK2V®'”F-mutated clone was dominant at ET showed that the
dominant clones at AML transformation did not have the JAK2V6"”" mutation. In two patients with JAK2V!7F
and TET2 mutation(s) at ET (UPN6 and UPN7), JAK2V®'7F mutation was not detected or detected at low VAF
(9.9%) in transformed AML cells; instead VAFs of TET2 mutation were detected at almost same or increased level
compared with ET. Furthermore, TP53, IDH2, NRAS, SRSF2 and CBL mutations were additionally identified in
transformed AML cells. These results indicated that TET2-mutated, but not JAK2-mutated, clones were the com-
mon initiating clones in UPN6 and UPN7 (Fig. 1). However, in transformed AML of UPN8, VAF of TP53R24W
mutation increased to 87.5 from 4.7%, while JAK2V®'7¥ mutation decreased to 2.7 from 40.5% and TP53V173:
mutation was stable at VAF below 5%; no other mutations common to both ET and AML were detected. UPN8
at AML transformation had acquired a complex karyotype including numerical or structural abnormalities of
chromosome 5 and 7, which is supposed to be involved in the transformation (Table 1).

TP53 mutations were detected seven of eight patients at AML with a VAF 37.4% in one patient whose blast
rate was 10% in the sample and over 80% in other patients. The deletion of chromosome 17 resulting in the loss
of heterozygosity (LOH) at TP53 locus were detected in six of these patients (Table 1). TP53 mutations were
already detected in ET samples in three patients using target sequencing with 1.0% as cutoff VAFs for mutations;
whereas the possibility that the minor clones with TP53 mutations at VAF lower than 1.0% had existed in other
four patients at ET has not been ruled out.

We showed a model of clonal changes from ET to AML in each patient assumed by VAFs of analyzed genes
(Fig. 1); other models can be also drafted. Therefore, a single cell analysis was performed to identify detailed
clonal dynamics in UPN8 as described in a later section.

Search for initiating mutations by Whole-exome sequence

The UPNS patient received chemotherapy after AML transformation, and achieved complete remission (CR);
however, the patient subsequently showed relapsed AML. We also analyzed the mutation status at CR and relapse
using BM samples. Mutation statuses of JAK2V61”F, TP53R48W and TP53V173L in BM samples at CR and relapse
were almost the same as those at the initial diagnosis of ET and AML transformation, respectively (Table 3).
These results suggest that ET clones with JAK2V®'”F were dominant at CR and AML clones with TP53%24W re-
increased at relapse, and moreover that the initiating clone with genetic mutations other than these mutations
could exist. Therefore, we performed WES analysis to search for initiating mutations in samples at ET or AML
phase in UPNS.
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Figure 1. Serial mutational spectrum from ET to transformed AML. The serial mutational spectrum of each
patient in the clinical course from ET to transformed AML is shown in fish plot format. Although five patients
(UPN1-5) had the same CALR, MPL, or JAK2 mutation as that of ET at AML transformation, three patients
(UPN6-8) in whom the JAK2V67F-mutated clone was dominant at ET showed that the dominant clones at AML
transformation did not have JAK2V®'7F mutation.

VAF (%) karyotype
Mutation MPN sAML CR Rel CR Rel
JAK2 Vo17¥ 40.5 2.7 39.8 7.5
TP53RM8W 47 87.5 8.4 63.1
TP53V173L 4.4 35 8.4 7.1
TE 46,XX[20] complex*
SMARCC2 50.7 47.9 47.0 43.7
UBR4R50H 47.7 48.5 434 432
ZNF14358R 47.9 60.6 43.2 29.6

Table 3. Mutation status during the disease course in UPN8. VAF variant allele frequency, CR complete
response, Rel relapse. ¥43, XX, del(5)(q?), add(11)r(11;2)(p15q23;?), add(12)(p11.2), del(13)(q13q14), del(14)
(922q24), -17, -18, add(21)(q22), -22[11] /43, idem, + add(11)(q23), -der(11)r(11;?), -15,+ mar[1] /40 ~ 43, XX,
del(5), der(11)add(11)(p15)add(11)(q23), add(12), del(13), del(14), -17, -18, add(21), -22[cp6] /46, XX[1].

WES analysis revealed that ZNF1435%%R, UBR4****H, and SMARCC2P*!E mutations were commonly identi-
fied in both ET and transformed AML cells (Fig. 2a). These mutations were not identified in the buccal swab
sample indicating that these were somatic mutations (Supplementary Fig. 1a). These mutations were classified
as pathogenic in most of the in-silico prediction tools (Supplementary Table 4). We also interrogate The Cancer
Genome Atlas (TCGA) database, which comprises 10,967 samples across 32 different cancer types* for exploring
the possibility that these mutations are single nucleotide polymorphisms. UBR4*°* mutation had been detected
in one patient with endothelial cancer as single nucleotide variation with unknown significance and neither of
ZNF143%8R or SMARCC2P*'E mutation had been detected. WES showed VAFs of ZNF1435%¢R, UBR4***™, and
SMARCC2P3'E mutations at ET and AML were 47.9 and 60.6%, 47.7 and 48.5%, and 50.7 and 47.9%, respectively.
Furthermore, VAFs of ZNF143528R UBR4R*0H and SMARCC2P3*'E mutations at CR and relapse were similar
to those at ET or AML phase (Table 3). These results suggest that cells harboring these three somatic mutations
can be common ancestors of both ET and AML.

Mutation analysis in HSC and HPC fractions
We then analyzed the mutation status in HSC and HPCs (CMP, GMP, and MEP) fractions to clarify the pat-
tern of mutational acquisition throughout the ET- and AML-phase in UPN8. We used the BM sample at CR
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Figure 2. Clonal evolution in UPNS. (A) Comparison of VAFs of mutated genes detected by whole-exome
sequence analysis between ET and transformed AML cells. ZNF143%%R, UBR4R*™M, and SMARCC2P*!E
mutations were identified at the same VAF levels in ET and transformed AML cells. (B) Mutation analysis in
HSC and HPCs. Mutation statuses of JAK2V0'7F, TP53R248W 7NF]43528R  [JBR4R4OH and SMARCC2P3%!E in
HSC, CMP, GMP, and MEP fractions were analyzed. (C) Single-cell mutation analysis of BM samples at CR after
chemotherapy for transformed AML. CD34/CD38" cells were sorted as single cells, and we analyzed JAK2V'"F,
TP53R8W, Tp53VI73L ZNF143528R UBR4R45H and SMARCC2P3!E mutations. The closed square and triangle
indicate homozygous and heterozygous mutations, respectively.

after chemotherapy for transformed AML, which was thought to be composed of ET-, AML- and normal cells.
JAK2VSYE ZNF143%286R  UBR4R*5H and SMARCC2P3$'E mutations were identified in HSC and HPCs fractions
(Fig. 2b) at similar VAFs to whole mononuclear cells (MNC) (Table 4), suggesting that ET clones had already
acquired these mutations at hematopoietic stem cell stage and differentiated to progenitor cells. In contrast,
TP53R%W mutation was identified in the HSC fraction at a higher VAF compared to MNC and HPCs fraction.
Given that TP53%W mutation was detected in the AML sample at a much higher VAF compared to ET sam-
ple, these results suggest that AML clones, which were concentrated into the HSC fraction, did have acquired
TP53%24%W_ The failure to detect TP53%**" mutation in the CMP fraction may be attributed to an inability of the

VAF (%)
Mutation MNC HSC CMP GMP MEP
JAK2 V67 422 39.0 51.1 48.8 41.0
TP53R48W 8.8 18.5 0 13.0 12.9
TP53V173L 13.0 13.6 214 17.4 7.1
SMARCC2P¥1E 93 34.9 57.5 45.9 52.1
UBR4R*0H 43.4 442 69.7 56.1 42.4
ZNF1435256} 48.7 40.0 78.1 63.3 57.1

Table 4. Mutational status in HSC, HPC fractions at complete remission in UPN8. MNC mononuclear cells,
HSC hematopoietic stem cell, HPCs hematopoietic progenitor cell, CMP common myeloid progenitor, GMP
granulocyte-macrophage progenitor, MEP megakaryocytic/erythroid progenitor.
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current methods rather than to an actual absence of this mutation considering that the mutation was detected
in both GMP and MEP fractions.

Single-cell mutation analysis

We further explored the common initiating clone for ET and AML in UPN8 using single-cell mutation analysis.
The CD34*/CD38" cells in BM samples at CR after chemotherapy for transformed AML were sorted as single
cells and analyzed for JAK2VO!7F, TP53R*48W Tp53VI73L 7ZNF]4358R  UBR4R*M and SMARCC2P*¥'F mutations.
We analyzed 96 single-cells and obtained results in 26 single-cells (Fig. 2c). Contrary to expectations from the
VAF in the target sequencing and WES, JAK2V*'”F mutation was identified only in 13 of the 26 (50.0%) cells,
and 11 of them were homozygous. We investigated whether the cells with JAK2V¢'"F in exon 14 had LOH on
JAK2 locus even though copy number change or imbalance was not observed on JAK2 locus (Supplementary
Fig. 1b). Analysis of the SNP within the JAK2 exon 19, ¢.2490G > A, revealed that most of cells with homozygous
JAK2Y$'F had only ¢.2490G allele at the SNP site (2-6 and 11-13 in Fig. 1c) , most of cells with wild type JAK2
had c.2490A allele (14-15, 17-21 and 25 in Fig. 1c), and all two cells with heterozygous JAK2V®'’F (1 and 10 in
Fig. 1c) and some cells with homozygous JAK2V®'7F or JAK2WT had heterozygous SNP (7-9 or 22-25 in Fig. 1c).
These data support the view that homozygous JAK2V®'"F was caused by mitotic recombination leading to acquired
uniparental disomy (UPD) on chromosome 9p without copy number change on JAK2 locus, which had been
reported in MPNs?. The patterns of the JAK2 SNP in some cells, e.g. clone 16 in Fig. 1c, were not compatible
with the model. None of the cells with TP53%%W mutation harbored JAK2Y®'"F mutation, which suggests AML
clones with TP53%*W mutation are derived from cells without JAK2V¢!’F mutation as expected from the VAFs
in the bulk sequencing analyses. ZNF143%28R UBR4®*H and SMARCC2P**'F mutations were identified both
in JAK2V®'7F_mutated and -nonmutated cells and also in cells with TP53%**¥W mutation but not in the cell with
TP53V173L, These results suggest that ET clone with JAK2V®"7F and AML clone with TP53%*W could be derived
from the common initial clone with ZNF1435%%6}, UBR4**H and SMARCC2P*'® mutations, and clones with
TP53V173L could be derived from another clone without these three mutations. However, the mutational pattern
of ZNF143528R  UBR4R40H and SMARCC2P3'E was diverse both in JAK2V'7F-mutated and — unmutated cells;
only a part of the JAK2V*"F-mutated cells (nine of the 13) and un-mutated cells (11 of 13) were co-mutated with
ZNF143528R UBR4RH or SMARCC2P3¥E mutation, and the numbers of co-mutations also varied between
cells (Fig. 2¢).

Engrafted clone in patient-derived xenograft model

Our previous study had shown that AML-PDX models are useful for analyzing the clonal dynamics and that
chemotherapy-resistant clones dominantly engraft in AML-PDX models even when they are minor in primary
AML®. AML transformed from MPNs are often refractory to chemotherapy, and serial mutational analysis in
this study has shown that some transformed AML samples contain multiple clones. We then tried to identify the
clones which effectively graft and propagate in the PDX model. We inoculated NOG mice with transformed AML
cells of three patients (UPNT, -2 and -8) and established two AML-PDX models from UPN1 and -8. (Table 5). In
UPN1, engrafted cells harbored CALR¥*®547, TP53C238S and U2AF1¥R mutations, but not ASXL19%3® mutation.
Furthermore, VAFs of CALR®**%7 (40.2%) and U2AF1¥%R (49.5%) mutations in the engrafted cells were the
same as primary AML cells, while that of TP53 mutation increased to 99.9 from 37.4% in primary AML cells.
These results suggest that a major clone in AML with CALR®®57, TP53¢23% and U2AF1¥%R with TP53 LOH
which is attributed to deletion of chromosome 17 engrafted and propagated in PDX. In UPNS, the engrafted
cells harbored TP53%8W (VAF, 98.7%), ZNF1435%%R (VAF, 52.2%), UBR4*+**!! (VAF, 50.4%), and SMARCC2P3*1E
(VAF, 44.8%) mutations at the same VAFs as the primary AML cells, but not JAK2V®'"F or TP53V!7*L mutations.
These results suggest that a major clone in AML with TP53%48W, ZNF14352%R  UBR4®**H, and SMARCC2P3%1E
engrafted in PDX.

VAF (%)

UPN Mutation AML | PDX
CALRK'7 342 | 402
ASXL1Go#5 4.7

! TP53¢2388 374 1999
U2AF]¥57R 332 | 495
JAK2V617E 2.7
TP53R48W 875 |987
TP53V173L 3.5

$ SMARCC2P®¥'® 479 | 44.8
UBR4R4H 485 |50.4
ZNF1435286R 60.6 | 522

Table 5. Comparison of mutation status between AML and PDX cells. - indicates not detected
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Screening of ZNF143, UBR4, and SMARCC2 mutations in ET or other myeloid neoplasms
Lastly, we screened whole coding regions of ZNF143, UBR4, and SMARCC2 genes in 40 patients with ET includ-
ing UPN1-5 and UPN7. However, we did not find mutations in any of the patients. An additional interrogation
of Beat AML database(n=672)* and data from other 10 studies targeting myeloid neoplasms (n=9,889)*-3
using cBioPortal**** revealed that ZNF1435%%R mutation had been detected in one patient with ET as a somatic
mutation®’. Neither UBR4™*™ nor SMARCC2P*!E had been detected in the database.

Discussion

We found that five of the eight patients showed the proliferation of JAK2, CALR, or MPL-mutated clones with
additional mutations at AML transformation. Particularly, TP53 co-mutated clones dominantly proliferated
in four of the five patients. Although the transformed AML cells did not harbor TP53 mutation in one patient
(UPNS5), they had additional mutations in TET2, ASXL1, RUNX1I, and CEBPA genes. These results indicated
that the additional mutations, particularly TP53 mutation, drove the JAK2, CALR, or MPL-mutated clone in the
chronic phase of ET to AML transformation.

In contrast, the JAK2, CALR, or MPL-unmutated clone proliferated at AML transformation in three patients
(UPNG6-8). Notably, proliferated clones in transformed AML already existed at the initial diagnosis of ET in all
patients. In UPN6 and 7, TET2-mutated clones were identified both at the initial diagnosis and AML trans-
formation, while TP53, IDH2, and NRAS mutations in UPN6 and TP53, SRSF2, and CBL mutations in UPN7,
which were additionally identified in transformed AML, were not detected at the initial diagnosis. These results
indicated that TET2-mutated, but not JAK2-mutated, clones were common initiating clones for ET and trans-
formed AML. Interestingly, VAF of NRASS'?S mutation (6.4%) was much lower than the other mutations at AML
transformation in UPN6. The NRAS co-mutated minor clone was also observed in transformed AML cells of
UPN?2. We reported that the Marimo cell line, which harbors CALRY¢73, MPLS505N, TP53¢153Y and NRAS®'K
mutations, was established from the NRAS co-mutated clone in UPN2%%*. These results support the suggestion
that NRAS mutation provided further growth advantage to the transformed AML clone even with TP53 mutation.

In UPNS8, SMARCC2, UBR4, and ZNF143 mutations as well as JAK2 and TP53 mutations were identified at
the ET phase, while SMARCC2, UBR4, ZNF143, and TP53, but not JAK2, -mutated clones proliferated at trans-
formation to AML. Since VAF of TP53 mutation increased to 87.5% in transformed AML cells, transition from
heterozygosity to homozygosity in TP53 mutation might be associated with evolution to AML, as previously
reported”®*® However, the effect of the pathophysiology of SMARCC2, UBR4, and ZNF143 mutations on the
development and progression of ET is, to date, unclear. Each VAF of identified gene mutation was almost the
same among HSC and HPC fractions in the CR state after chemotherapy for transformed AML. Furthermore,
VAF of JAK2 mutation was the same as that of SMARCC2, UBR4, or ZNF143 mutation, and that of TP53 mutation
was lower than the other mutations. Mutation analysis in the single cells sorted from the CD34/CD38" fraction
revealed that both JAK2V%'F and JAK2 wild-type cells including TP53%**W-mutated cells had ZNF143, UBR4,
and SMARCC2 mutation. These results suggest that ET clone and AML clone could be derived from the com-
mon initial clone harboring ZNF143, UBR4, and SMARCC2 mutations, although their biological significance is
unclear. The further analysis of the SNP in JAK2 leaded us to surmise that most of cells in the fraction at CR had
UPD on chromosome 9p resulting in homozygous JAK2 mutation with LOH. One model for the clonal change
in UPNS can be as follows. A part of clone with ZNF143, UBR4, and SMARCC?2 gained JAK2V'"F, underwent
mitotic recombination on chromosome 9p and propagated as ET clones; and another clone harboring the three
mutations gained TP53%*W in ET phase and evolved into AML clones. On the other hand, this model is not
applicable to all cells. Some cells JAK2V6!’F had none of these three mutations and mutational pattern including
zygosity of each variant varied between cells. This is a limitation of the single-cell mutation analysis by Sanger
sequencing in this study, which warrant consideration.

PDX-model analysis of AML cells from UPN1 and UPNS clarified that the transformation-associated clone
had a growth advantage. In a NOG mouse inoculated with AML cells of UPNS, engrafted AML cells consisted
of ZNF143, SMARCC2, UBR4, and TP53-mutated clones, but not JAK2-mutated clones. ZNF143, SMARCC2,
and UBR4 mutations were not identified in 40 ET patients in this study; however, ZNF143528R mutation has
been reported in ET patients*?’. It is possible that these mutations are cooperatively involved in the mechanisms
of disease initiation and evolution in this patient based on their known biological functions. Further study is
required to clarify the biological mechanism of these mutations in the pathophysiology of ET.
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The authors will supply the relevant data in response to reasonable requests.

Received: 12 February 2024; Accepted: 1 July 2024
Published online: 10 July 2024

References

1. Arber, D. A. et al. The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leukemia.
Blood 127, 2391-2405. https://doi.org/10.1182/blood-2016-03-643544 (2016).

2. Barbui, T. et al. The 2016 WHO classification and diagnostic criteria for myeloproliferative neoplasms: Document summary and
in-depth discussion. Blood Cancer ] 8, 15. https://doi.org/10.1038/5s41408-018-0054-y (2018).

3. Tefferi, A. & Pardanani, A. Essential Thrombocythemia. N. Engl. J. Med. 381, 2135-2144. https://doi.org/10.1056/NEJMcp1816
082 (2019).

4. Tefferi, A. & Barbui, T. Polycythemia vera and essential thrombocythemia: 2021 update on diagnosis, risk-stratification and
management. Am. J. Hematol. 95, 1599-1613. https://doi.org/10.1002/ajh.26008 (2020).

Scientific Reports |

(2024) 14:15906 | https://doi.org/10.1038/s41598-024-66461-8 nature portfolio


https://doi.org/10.1182/blood-2016-03-643544
https://doi.org/10.1038/s41408-018-0054-y
https://doi.org/10.1056/NEJMcp1816082
https://doi.org/10.1056/NEJMcp1816082
https://doi.org/10.1002/ajh.26008

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

. Tefferi, A. et al. Long-term survival and blast transformation in molecularly annotated essential thrombocythemia, polycythemia

vera, and myelofibrosis. Blood 124, 2507-2513. https://doi.org/10.1182/blood-2014-05-579136 (2014).

. Li, B., Mascarenhas, J. O. & Rampal, R. K. Leukemic transformation of myeloproliferative neoplasms: Therapeutic and genomic

considerations. Curr. Hematol. Malig. Rep. 13, 588-595. https://doi.org/10.1007/s11899-018-0491-5 (2018).

. Rampal, R. et al. Genomic and functional analysis of leukemic transformation of myeloproliferative neoplasms. Proc. Natl. Acad.

Sci. U. S. A. 111, E5401-5410. https://doi.org/10.1073/pnas.1407792111 (2014).

. Lundberg, P. et al. Clonal evolution and clinical correlates of somatic mutations in myeloproliferative neoplasms. Blood 123,

2220-2228. https://doi.org/10.1182/blood-2013-11-537167 (2014).

. Pasca, S., Chifotides, H. T., Verstovsek, S. & Bose, P. Mutational landscape of blast phase myeloproliferative neoplasms (MPN-BP)

and antecedent MPN. Int. Rev. Cell Mol. Biol. 366, 83-124. https://doi.org/10.1016/bs.ircmb.2021.02.008 (2022).

Ortmann, C. A. et al. Effect of mutation order on myeloproliferative neoplasms. N. Engl. ]. Med. 372, 601-612. https://doi.org/10.
1056/NEJMoal412098 (2015).

Vainchenker, W. & Kralovics, R. Genetic basis and molecular pathophysiology of classical myeloproliferative neoplasms. Blood
129, 667-679. https://doi.org/10.1182/blood-2016-10-695940 (2017).

Osumi, K. et al. Rapid screening of leukemia fusion transcripts in acute leukemia by real-time PCR. Leuk. Lymphoma 43, 2291-
2299. https://doi.org/10.1080/1042819021000040206 (2002).

Ishikawa, Y. et al. Prospective evaluation of prognostic impact of KIT mutations on acute myeloid leukemia with RUNX1-
RUNXI1T1 and CBFB-MYH11. Blood Adv. 4, 66-75. https://doi.org/10.1182/bloodadvances.2019000709 (2020).

Kawashima, N. et al. Allogeneic hematopoietic stem cell transplantation at the first remission for younger adults with FLT3-internal
tandem duplication AML: The JALSG AML209-FLT3-SCT study. Cancer Sci. 111, 2472-2481. https://doi.org/10.1111/cas.14448
(2020).

Kawashima, N. et al. Comparison of clonal architecture between primary and immunodeficient mouse-engrafted acute myeloid
leukemia cells. Nat. Commun. 13, 1624. https://doi.org/10.1038/s41467-022-29304-6 (2022).

Yasuda, T. et al. Two novel high-risk adult B-cell acute lymphoblastic leukemia subtypes with high expression of CDX2 and IDH1/2
mutations. Blood 139, 1850-1862. https://doi.org/10.1182/blood.2021011921 (2022).

Shihab, H. A. et al. Predicting the functional, molecular, and phenotypic consequences of amino acid substitutions using hidden
Markov models. Hum. Mutat. 34, 57-65. https://doi.org/10.1002/humu.22225 (2013).

Doniger, S. W. et al. A catalog of neutral and deleterious polymorphism in yeast. PLoS Genet. 4, €1000183. https://doi.org/10.1371/
journal.pgen.1000183 (2008).

Schwarz, J. M., Cooper, D. N., Schuelke, M. & Seelow, D. MutationTaster2: Mutation prediction for the deep-sequencing age. Nat.
Methods 11, 361-362. https://doi.org/10.1038/nmeth.2890 (2014).

Adzhubei, I. A. et al. A method and server for predicting damaging missense mutations. Nat. Methods 7, 248-249. https://doi.org/
10.1038/nmeth0410-248 (2010).

Ng, P. C. & Henikoff, S. Predicting deleterious amino acid substitutions. Genom. Res. 11, 863-874. https://doi.org/10.1101/gr.
176601 (2001).

Yoshizato, T. et al. Genetic abnormalities in myelodysplasia and secondary acute myeloid leukemia: Impact on outcome of stem
cell transplantation. Blood 129, 2347-2358. https://doi.org/10.1182/blood-2016-12-754796 (2017).

Ushijima, Y. et al. Clonal evolution process from essential thrombocythemia to acute myeloid leukemia in the original patient from
whom the CALR-mutated Marimo cell line was established. Nagoya J. Med. Sci. 86, 326-332. https://doi.org/10.18999/nagjms.
86.2.326 (2024).

Hoadley, K. A. et al. Cell-of-origin patterns dominate the molecular classification of 10,000 tumors from 33 types of Cancer. Cell
173, 291-304.€296. https://doi.org/10.1016/j.cell.2018.03.022 (2018).

Wang, L. et al. The relationship of JAK2(V617F) and acquired UPD at chromosome 9p in polycythemia vera. Leukemia 28, 938-941.
https://doi.org/10.1038/leu.2014.20 (2014).

Tyner, J. W. et al. Functional genomic landscape of acute myeloid leukaemia. Nature 562, 526-531. https://doi.org/10.1038/s41586-
018-0623-z (2018).

Yoshida, K. et al. Frequent pathway mutations of splicing machinery in myelodysplasia. Nature 478, 64-69. https://doi.org/10.
1038/nature10496 (2011).

Diamond, E. L. et al. Diverse and targetable kinase alterations drive histiocytic neoplasms. Cancer Discov. 6, 154-165. https://doi.
org/10.1158/2159-8290.CD-15-0913 (2016).

Welch, J. S. et al. TP53 and decitabine in acute myeloid leukemia and myelodysplastic syndromes. N. Engl. J. Med. 375, 2023-2036.
https://doi.org/10.1056/NEJMo0al605949 (2016).

Papaemmanuil, E. et al. Genomic classification and prognosis in acute myeloid leukemia. N. Engl. J. Med. 374, 2209-2221. https://
doi.org/10.1056/NEJMoal516192 (2016).

Bottomly, D. et al. Integrative analysis of drug response and clinical outcome in acute myeloid leukemia. Cancer Cell. 40, 850-864.
€859. https://doi.org/10.1016/j.ccell.2022.07.002 (2022).

Nangalia, J. et al. Somatic CALR mutations in myeloproliferative neoplasms with nonmutated JAK2. N. Engl. . Med. 369, 2391-
2405. https://doi.org/10.1056/NEJMoal312542 (2013).

Cerami, E. et al. The cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer
Discov. 2, 401-404. https://doi.org/10.1158/2159-8290.CD-12-0095 (2012).

Gao, J. et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal https://doi.org/
10.1126/scisignal.2004088 (2013).

Yoshida, H. et al. A novel myeloid cell line, Marimo, derived from therapy-related acute myeloid leukemia during treatment of
essential thrombocythemia: Consistent chromosomal abnormalities and temporary C-MYC gene amplification. Cancer Genet.
Cytogenet. 100, 21-24. https://doi.org/10.1016/s0165-4608(97)00017-4 (1998).

Tsuruta-Kishino, T. et al. Loss of p53 induces leukemic transformation in a murine model of Jak2 V617F-driven polycythemia
vera. Oncogene 36, 3300-3311. https://doi.org/10.1038/0nc.2016.478 (2017).

Nangalia, J. et al. DNMT3A mutations occur early or late in patients with myeloproliferative neoplasms and mutation order influ-
ences phenotype. Haematologica 100, e438-442. https://doi.org/10.3324/haematol.2015.129510 (2015).

Author contributions

Y.U, S.N,, Y.I, and H.K. designed the study, interpreted the data, and wrote the manuscript; Y.U,, S.N., Y.I., N.K,,
M.S., M.N,, and J.H.K. performed molecular analyses; Y.U., S.N., Y.I, N.K.,, M.N,, and J.H.K. performed animal
studies; S.T., R.K., KW.,, T.N., K.K,, and T.M collected samples and clinical data; and all authors approved the
final version submitted for publication.

Funding
This study was supported by Grants-in-Aid from the Project for Development of Innovative Research on
Cancer Therapeutics (P-DIRECT) from the Japan Agency for Medical Research and Development, AMED

Scientific Reports |  (2024) 14:15906 | https://doi.org/10.1038/s41598-024-66461-8 nature portfolio


https://doi.org/10.1182/blood-2014-05-579136
https://doi.org/10.1007/s11899-018-0491-5
https://doi.org/10.1073/pnas.1407792111
https://doi.org/10.1182/blood-2013-11-537167
https://doi.org/10.1016/bs.ircmb.2021.02.008
https://doi.org/10.1056/NEJMoa1412098
https://doi.org/10.1056/NEJMoa1412098
https://doi.org/10.1182/blood-2016-10-695940
https://doi.org/10.1080/1042819021000040206
https://doi.org/10.1182/bloodadvances.2019000709
https://doi.org/10.1111/cas.14448
https://doi.org/10.1038/s41467-022-29304-6
https://doi.org/10.1182/blood.2021011921
https://doi.org/10.1002/humu.22225
https://doi.org/10.1371/journal.pgen.1000183
https://doi.org/10.1371/journal.pgen.1000183
https://doi.org/10.1038/nmeth.2890
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1101/gr.176601
https://doi.org/10.1101/gr.176601
https://doi.org/10.1182/blood-2016-12-754796
https://doi.org/10.18999/nagjms.86.2.326
https://doi.org/10.18999/nagjms.86.2.326
https://doi.org/10.1016/j.cell.2018.03.022
https://doi.org/10.1038/leu.2014.20
https://doi.org/10.1038/s41586-018-0623-z
https://doi.org/10.1038/s41586-018-0623-z
https://doi.org/10.1038/nature10496
https://doi.org/10.1038/nature10496
https://doi.org/10.1158/2159-8290.CD-15-0913
https://doi.org/10.1158/2159-8290.CD-15-0913
https://doi.org/10.1056/NEJMoa1605949
https://doi.org/10.1056/NEJMoa1516192
https://doi.org/10.1056/NEJMoa1516192
https://doi.org/10.1016/j.ccell.2022.07.002
https://doi.org/10.1056/NEJMoa1312542
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1016/s0165-4608(97)00017-4
https://doi.org/10.1038/onc.2016.478
https://doi.org/10.3324/haematol.2015.129510

www.nature.com/scientificreports/

(19¢cm0106562h0001, 20cm0106562h0002, 21cm0106581h0001, and 22cm0106581h0002 to H.K.), Prac-
tical Research for Innovative Cancer Control from AMED (20ck0106535h0001, 21ck0106535h0002,
22¢k0106535h0003, and 23¢ck0106788h0001 to H.K.), and the Japan Society for the Promotion of Science (JSPS)
KAKENHI (19K08835 to Y.U. and 23H02933 to H.K.).

Competing interests

H.K. received research funding from FUJIFILM, Kyowa-Kirin, Bristol-Myers Squibb, Otsuka, Perseus Proteomics,
Daiichi Sankyo, Abbvie, CURED, Astellas Pharma, Chugai, Zenyaku Kogyo, Nippon Shinyaku, Eisai, Takeda,
Sumitomo Pharma, and Sanofi, and honoraria from Abbvie, Chugai, Astellas Pharma, and Novartis. The remain-
ing authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-66461-8.

Correspondence and requests for materials should be addressed to Y.I. or H.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:15906 | https://doi.org/10.1038/s41598-024-66461-8 nature portfolio


https://doi.org/10.1038/s41598-024-66461-8
https://doi.org/10.1038/s41598-024-66461-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Initiating-clone analysis in patients with acute myeloid leukemia secondary to essential thrombocythemia
	Methods
	Patients and samples
	Cytogenetic and molecular analyses
	Single-cell mutation analysis
	Patient-derived xenograft model
	Ethics approval

	Results
	Genetic analysis in paired samples
	Search for initiating mutations by Whole-exome sequence
	Mutation analysis in HSC and HPC fractions
	Single-cell mutation analysis
	Engrafted clone in patient-derived xenograft model
	Screening of ZNF143, UBR4, and SMARCC2 mutations in ET or other myeloid neoplasms

	Discussion
	References


