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Remission clone in acute myeloid le
ukemia shows growth advantage after

chemotherapy but is distinct from leukemic clone

Jae-Sook Ahna,b,c,1, TaeHyung Kimc,d,1, Yeo-Kyeoung Kime, Young-Chang Chof, SaYeon Chog,
Sung-Hoon Junga, Seo-Yeon Ahna, Seung-Yeon Jungh, Deok-Hwan Yanga, Je-Jung Leea,
SeungHyun Choib, Ja-Yeon Leeb, Myung-Geun Shini, Kenichi Yoshidaj, Seishi Ogawaj,
Il-Chul Kimk, Zhaolei Zhangc,d,l, Hyeoung-Joon Kima,b, and Dennis Dong Hwan Kimm

aDepartment of Internal Medicine, Chonnam National University Hwasun Hospital, Chonnam National University, Gwangju, Republic of Korea;
bGenomic Research Center for Hematopoietic Diseases, Chonnam National University Hwasun Hospital, Jeollanam-do, Republic of Korea; cThe

Donnelly Centre for Cellular and Biomolecular Research, University of Toronto, Toronto, ON, Canada; dDepartment of Computer Science,

University of Toronto, Toronto, ON, Canada; eGwangju Veterans Hospital, Gwangju, Republic of Korea; fCollege of Pharmacy, Chonnam

National University, Gwangju, Republic of Korea; gCollege of Pharmacy, Chung-Ang University, Seoul, Republic of Korea; hSt. Carollo General

Hospital, Jeollanam-do, Republic of Korea; iDepartment of Laboratory Medicine, Chonnam National University Hwasun Hospital, Jeollanam-do,

Republic of Korea; jDepartment of Pathology and Tumour Biology, Kyoto University Kyoto, Japan; kDepartment of Biological Sciences,

Chonnam National University, Gwangju, Republic of Korea; lDepartment of Molecular Genetics, University of Toronto, Toronto, ON, Canada;
mDepartment of Medical Oncology and Hematology, Princess Margaret Cancer Centre, University of Toronto, Toronto, Canada
(Received 2 April 2019; revised 24 May 2019; accepted 5 June 2019)
Offprint requests

Medicine, Chonnam

Seoyang-ro, Hwasun

Korea 58128; E-mai
1Both authors con

Supplementary mat

in the online versi

001.

0301-472X/© 2019 IS

https://doi.org/10.101
In a previously published case study of acute myeloid leukemia, we tracked the dynam-

ics of somatic mutations over 9 years. Interestingly, we observed a group of mutations

that expanded during remission, which we named the “remission clone.” To determine

the nature of the remission clones, we performed flow cytometry-based cell sorting fol-

lowed by ultradeep sequencing. The remission clone repeatedly expanded after chemo-

therapeutic cycles and was suppressed during relapse in the myeloid lineage

(multipotent hematopoietic stem, progenitor, and myeloid cells). On the other hand,

the remission clone was consistently observed in lymphoid lineages (B and T cells)

regardless of the disease state. When transfected into the HEK-293 cell line, the

NR2C2(A93V) mutant exhibited a growth advantage (all p values < 0.05). The results

indicate that the remission clone seems to be another form of clonal hematopoiesis, but

without a clear association with leukemia. As the remission clone is present in both

myeloid and lymphoid lineages, it likely originates from ancestral hematopoietic cell

lineages. More importantly, the remission clone is distinct from the leukemic clone;

therefore, mutations expanded during remission require special interpretation when

performing next-generation sequencing-based measurable residual disease assessment.
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Acute myeloid leukemia (AML) is a genetically and

morphologically heterogenous disease [1,2]. In The

Cancer Genome Atlas project, the average number of

mutations per patient was 13, and 23 significant gene

mutations were frequently found with a complex inter-

play of genetic mutations at diagnosis [3]. Many stud-

ies have investigated the functional roles of these

mutations [4−7]. For example, DNMT3A-R882H is one

of the most common mutations. Several studies have
by Elsevier Inc. All rights reserved.
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suggested that it likely arises in the preleukemic

hematopoietic stem cell compartment; leads to inacti-

vation of apoptosis, induction of stem cell expansion,

and inhibition of differentiation; and has been shown

to have reduced DNA methylation activity [5,6,8].

We previously reported on clonal dynamics in a sin-

gle AML patient over a 9-year period [9]. Interestingly,

we also observed a clone, which we called the

“remission clone,” that expanded after chemotherapy

treatments during remission, but was suppressed by the

leukemic clone and exhibited distinct dynamics com-

pared with the leukemic clone [9]. Mutations following

a pattern similar to that of the remission clone also

have been reported by Wong et al. [10], who described

expansion of mutations unrelated to the initial AML

after induction chemotherapy while mutations associ-

ated with the founding clone were cleared. To identify

the distribution in cell lineages and dynamics of the

remission clone, we performed amplicon sequencing of

each cell fraction by sorting bulk cells in a single

AML patient. In addition, we also examined the growth

potential of mutations in the remission clone using a

cell viability assay.
Methods

A 36-year-old male patient was diagnosed with normal kar-

yotype AML, designated as M5b by the French−American

−British classification. Intensive induction chemotherapy was

administered (two cycles of 3 days of idarubicin 12 mg/m2/

day and 7 days of cytarabine 100 mg/m2/day) with granulo-

cyte colony-stimulating factor priming) to achieve the first

complete remission (1CR) [11]. This was followed by two

courses of consolidation therapy (cytarabine 3 g/m2 every

12 hours on days 1, 3, and 5). After 23 months, the patient

relapsed (first relapse: 1R), and the second CR (2CR) was

achieved after re-induction therapy and maintained for 31

months. After the second relapse (2R), the patient achieved

the third CR (3CR) after induction chemotherapy. After 19

months, the patient relapsed (third relapse: 3R), and a fourth

CR (4CR) was achieved. The fourth relapse (4R) occurred 20

months after 4CR, and he received three courses of re-induc-

tion therapy. However, the patient failed to achieve CR and

died of active AML 9 months after 4R (Supplementary Table

E1, online only, available at www.exphem.org).

We selected samples taken at eight representative time

points (diagnosis [Dx]; 1CR−4CR; and 1R, 2R, and 4R; the

sample collected at 3R was excluded from the analysis

because of an insufficient number of sorted cells) that appro-

priately cover the clinical event [9]. Mononuclear cells from

all cryopreserved bone marrow samples were sorted into

each cell fraction using a BD FACS ARIA III (BD biosci-

ence, California, USA) cell sorter. The leukemic blasts in

this patient were immunophenotypically CD34 negative at

diagnosis and until the third relapse (Supplementary Table

E2, online only, available at www.exphem.org). Therefore,

multipotent hematopoietic stem cells (CD34+/CD38−), mye-

loid progenitor cells (CD34+/CD38+), leukemic/myeloid cells
(CD33+), B cells (CD19+), and T cells (CD3+) were iso-

lated. We performed whole-exome sequencing on this patient

tracked over 9 years in the previous study [9]. Overall, 14

mutations were targeted for amplicon sequencing (DNMT3A,

NDC80, RBM5, GAS2L3, NR2C2, SF3B2, IDH1, DNAH9,

SLC34A2, KIF17, C1orf158, U2AF2, OR2T12, and NPM1),

which represent the preleukemic, leukemic, and remission

clones described in the previous study [9]. The 48 samples

from eight time points (six fractions per each bone marrow

sample collected [bulk cells, multipotent hematopoietic stem

cells, myeloid progenitor cells, leukemic/myeloid cells, B

cells, and T cells)] were sequenced using an Ion Proton

sequencer with a 2358£mean amplicon on-target coverage

(Supplementary Table E3 and Figure E1, online only, avail-

able at www.exphem.org).

We chose the mutations, identified the remission clone, and

conducted the cell growth study to examine the viability of the

mutations. Each mutation of NDC80(L43S), NR2C2(A93V),

GAS2L3(S487Y), and RBM5(N417K) was generated by site-

directed mutagenesis. After DNA transfection into human embry-

onic kidney (HEK)-293 cells, the relative cell viability of each

group was compared with that of the mock group in triplicate.

Details of the treatment method, mutation calling, and experi-

mental methods are described in the Supplementary Material

(online only, available at www.exphem.org).

Results and discussion

Previously we identified clusters based on the pattern

of clonal dynamics of this AML patient over 9 years

[9]. The first cluster represents a preleukemic clone

(DNMT3A mutation (DNMT3Amut]). It was detected at

all time points with a higher allelic burden than

other clusters. The second clone is a remission clone

and includes mutations in NDC80, RBM5, GAS2L3,

NR2C2, and SF3B2. Unlike the other clusters, this

remission clone expanded during remission after the

chemotherapy treatments and collapsed during relapse,

exhibiting a pattern opposite that of the leukemic

clone. The third clone is a leukemic clone. The repre-

sentative variants in the leukemic clone were IDH1,

DNAH9, SLC34A2, KIF17, C1orf158, U2AF2, OR2T12,

and NPM1. The leukemic clone exhibited mutation

dynamics opposite those of the remission clone, and

expanded at diagnosis and relapsed. Overall, 14 muta-

tions were subjected to amplicon sequencing; these

were representative subsets (preleukemic, leukemic,

and remission clones) of mutation clusters defined in

our previous study [9].

As shown in Figure 1 and Supplementary Figures E2

and E3 (online only, available at www.exphem.org),

we observed that the dynamics in the mutant burden of

bulk cells, multipotent hematopoietic stem cells, mye-

loid progenitor cells, and myeloid cells had a similar

pattern. Thus, myeloid cells were selected in Figure 1

on behalf of the above group. The dynamics of

DNMT3Amut, the leukemic clone, and the remission

clone in each cell fraction are illustrated in Figure 1.
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Figure 1. Clonal dynamics of somatic mutations in multiple cell lineages throughout the course of the disease. Bubble plot depicts allelic bur-

dens of clonal mutations. Lines represent the ratios of the allelic burden of the remission clone (blue line) and the leukemic clone (red line) to

that of the DNMT3A mutant (DNMT3Amut) in each cell fraction during the clinical course. Bubble size represents the allelic burden of each

clone. In our previous study on bulk cells, we identified somatic mutations using whole-exome sequencing and clustered identified mutations

based on the pattern of clonal dynamics [9]. The first cluster represents a preleukemic clone (DNMT3A mutation [DNMT3Amut]). The second

clone is a remission clone (includes mutations in NDC80, RBM5, GAS2L3, NR2C2, and SF3B2). The third clone is a leukemic clone (includes

mutations in IDH1, DNAH9, SLC34A2, KIF17, C1orf158, U2AF2, OR2T12, and NPM1). In myeloid cells (A), the remission clone was observed
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Figure 2. Growth potential of mutations in the remission clone determined using the cell viability assay. Each mutant of NDC80(L43S), NR2C2

(A93V), GAS2L3(S487Y), and RBM5(N417K) was generated by site-directed mutagenesis. After DNA transfection into HEK-293 cells, the rela-

tive cell viability of each group was compared with that of the non-transfected group. After 48 hours of culture in 1% fetal bovine serum (A)

and 10% fetal bovine serum (B), NR2C2(A93V) mutant-transfected HEK-293 cells (red) exhibited significantly increased viability (approxi-

mately 1.6-fold) compared with wild-type and other mutant-transfected cells (all p values < 0.05).
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DNMT3Amut was observed at all time points, except in

the T-cell fraction of the CR1 sample. The allelic bur-

den of DNMT3Amut was significantly lower in the T-

cell fractions than in other fractions (vs. myeloid, p <
0.001, vs. B cell, p = 0.035; Supplementary Figure E4,

online only, available at www.exphem.org). DNMT3A-
mut was observed in the nonmyeloid lineage with a low

allelic burden, which is consistent with other studies in

which DNMT3Amut occurred in preleukemic hematopoi-

etic stem cells as clonal hematopoiesis of indeterminate

potential [12,13].

The remission clone was observed in myeloid cells at

1CR with very low allelic burden (0.12%), followed by fur-

ther clonal expansion after chemotherapeutic cycles. The

allelic burden of the remission clone in myeloid cells was

increased to 6.11%−43.44%. However, the allelic burden

was reduced to 0%−0.64% at the time of each leukemic

relapse. Opposing ratios of remission clone/DNMT3Amut

and leukemic clone/DNMT3Amut were observed in myeloid

cells (Figure 1A). The remission clone expanded after che-

motherapy in myeloid cell fractions, but decreased when

the leukemic clone expanded. However, the dynamics of

the remission clone in the lymphoid lineage were distinct

from the pattern observed in the bulk cells [9]. Leukemic

clones were rarely observed (maximum: 0.54%) in B- and

T-cell fractions, but remission clones were continuously
to expand further after chemotherapy cycles, and its allelic burdens were s

DNMT3Amut and leukemic clone/DNMT3Amut ratios exhibit opposite patt

observed (maximum = 0.54%) in the B-cell and T-cell fractions, but remissi

den as DNMT3Amut (blue lines in B and C).
detected at an allelic burden ration similar to that of

DNMT3Amut (Figure 1B, C). These data suggest that the

remission clone is not associated with active leukemic sta-

tus. The remission clone was observed to expand after che-

motherapy and collapsed at AML relapses in the myeloid

cell fraction, whereas it was stable in the lymphoid lineage

regardless of disease status. This characteristic of the

remission clone differs from the general concepts of muta-

tions in AML. Our results suggested that the remission

clone has a growth advantage over normal hematopoietic

cells. To test this hypothesis, we conducted a cell growth

study to examine the viability of each mutant observed in

the remission clone. Each mutant of NDC80, NR2C2,

GAS2L3, and RBM5 was generated by site-directed muta-

genesis and transfected into HEK293 cells. After 48 hours

of culture, the NR2C2(A93V) mutant-transfected HEK 293

cells showed significantly increased viability, approxi-

mately 1.6-fold compared with wild-type and other mutant-

transfected cells (all p values < 0.05; Figure 2). Mutations

in NR2C2 were observed in other tumors at a frequency of

1%−3%, but NR2C2(A93V) has not been reported in AML

[14]. Based on the results of the cell growth study, it is pos-

sible that NR2C2(A93V) expression contributes to the

growth advantage of the remission clone. Investigation of

this possibility will require long-term growth assays using

hematopoietic cells. We propose that the other mutations
ignificantly reduced at every leukemic relapse. The remission clone/

erns. In the lymphoid lineage (B, C), leukemic clones were rarely

on clones were continuously observed at almost the same allelic bur-
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identified in the remission clone are most likely passenger

mutations.

Several recent studies have suggested that genetic

mutations that remain after chemotherapy can be used

to detect measurable residual disease (MRD) in AML

[15−19]. However, our data and analyses revealed that

MRD monitoring using mutations following a pattern

to that of the remission clone may result in false MRD

positives, and MRD assessment should be limited to

mutations detected in leukemia that show significant

reduction during remission. Wong and colleagues

reported similar observations in 5 of 15 cases, which

indicates that the presence of a remission clone may

not be uncommon [10].

Overall, our study indicates recurrent expansion of the

remission clone with lineage-specific dynamics in serial

samples collected at multiple remissions and relapses.

Whole-exome/genome sequencing of remission samples in

a larger AML cohort is required to confirm the repertoire

and clinical relevance of remission clones.
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