
Stem Cell Reports

Article
ADAM8 Is an Antigen of Tyrosine Kinase Inhibitor-Resistant Chronic Myeloid
Leukemia Cells Identified by Patient-Derived Induced Pluripotent Stem Cells

Masashi Miyauchi,1 Junji Koya,1 Shunya Arai,1 Sho Yamazaki,1 Akira Honda,1 Keisuke Kataoka,1

Akihide Yoshimi,1 Kazuki Taoka,1 Keiki Kumano,1 and Mineo Kurokawa1,*
1Department of Hematology and Oncology, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-Ku, Tokyo 113-8655, Japan

*Correspondence: kurokawa-tky@umin.ac.jp

https://doi.org/10.1016/j.stemcr.2018.01.015
SUMMARY
Properties of cancer stem cells involved in drug resistance and relapse have significant effects on clinical outcome. Although tyrosine

kinase inhibitors (TKIs) have dramatically improved survival of patients with chronicmyeloid leukemia (CML), TKIs have not fully cured

CMLdue to TKI-resistant CML stem cells.Moreover, relapse after discontinuation of TKIs has not beenpredicted inCMLpatientswith the

best TKI response. In our study, a model of CML stem cells derived from CML induced pluripotent stem cells identified ADAM8 as an

antigen of TKI-resistant CML cells. The inhibition of expression or metalloproteinase activity of ADAM8 restored TKI sensitivity in

primary samples. In addition, residual CML cells in patients with optimal TKI response were concentrated in the ADAM8+ population.

Our study demonstrates that ADAM8 is a marker of residual CML cells even in patients with optimal TKI response and would be a

predictor of relapse and a therapeutic target of TKI-resistant CML cells.
INTRODUCTION

Cancer stem cells (CSCs) have a significant effect on

clinical outcome due to the properties of drug resistance

and relapse (Valent et al., 2012). Despite recent advances

in cancer therapies, conventional treatments fail to eradi-

cate drug-resistant CSCs in some types of cancers, which

requires permanent drug intakes to control diseases and

could be a hotbed of relapse (Nguyen et al., 2012).

Chronic myeloid leukemia (CML) is a myeloproliferative

neoplasm that originates in hematopoietic stem cells

(HSCs) by the BCR-ABL chimeric oncogene arising from

t(9;22) (q34;q11) chromosomal translocation. BCR-ABL

causes increased proliferation of myeloid cells with the

capacity for differentiation and progresses CML from the

chronic phase (CML-CP), controllable by tyrosine kinase

inhibitors (TKIs), into the lethal phase (accelerated phase

[AP] and blast crisis [BC]) if untreated (O’Hare et al., 2012).

Although imatinib and other TKIs targeting the resultant

protein of BCR-ABL have dramatically improved survival

(Druker et al., 2001), these drugs do not kill leukemic stem

cells (LSCs), the CSCs in leukemia (Graham et al., 2002).

Of the best 10%–20% of TKI responders with undetectable

expression of BCR-ABL in blood samples by RT-PCR, half

of the responders facedmolecular relapseafter thediscontin-

uation of TKIs (Mahon et al., 2010; Imagawa et al., 2015),

meaning that currently established tests for CML could not

predict the relapse after the discontinuation of TKIs. The an-

tigen, which marks residual CML cells after treatment with

TKIs,wouldbe a therapeutic target andapredictor of relapse.

Although many studies have reported TKI-resistant CML

stem cells, CML stem cells were hard to analyze, mainly

due to their paucity and heterogeneity. The population in
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primaryCMLsamples,whichweredefinedasCMLstemcells

by immunophenotype, was still heterogeneous and the size

of the population was, in some cases, not enough for robust

and repeated analysis. One of the potent models would be

hematopoietic cells (HCs) derived from induced pluripotent

stem cells (iPSCs) of CML patient’s samples (CML-iPSCs)

(Carette et al., 2010;Huet al., 2011; Bedel et al., 2013),which

were more homogeneous than primary samples and

were able to expandat the stageof iPSCs.Wehavepreviously

reported that HCs derived fromCML-iPSCs contained a TKI-

resistant population (Kumano et al., 2012). Although a sur-

vival factor forCMLcells has been reportedusingCML-iPSCs

from single patients, the CML-iPSCs had complex chromo-

somal aberration of four-way translocation (Suknuntha

et al., 2015), which was a potential bias in the analysis.

To find out which antigen marked TKI-resistant CML

cells, we took advantage of HCs derived from integration-

free CML-iPSCs with solo chromosomal translocation of

t(9;22) (q34;q11) from two CML-CP patients. Using CML-

iPSCs, we revealed that ADAM metallopeptidase domain

8 (ADAM8), also known as CD156, marked TKI-resistant

cells, which remained after the treatment with TKIs even

in good responders. ADAM8 would be an effective predic-

tor of relapse after TKI discontinuation and a potential

therapeutic target of TKI-resistant cells.
RESULTS

Establishment of Integration-free iPSCs from Two

CML-CP Patients

To overcome the paucity and heterogeneity of CML stem

cells, we established integration-free iPSCs from the bone
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marrow (BM) of two CML-CP patients and used hemato-

poietic differentiated cells (DCs) from CML-iPSCs as a

model of TKI-resistant CML stem cells. After the induction

of reprograming factors in the CD34+ primary samples of

two patients with newly diagnosed CML-CP, we obtained

embryonic stem cell (ESC)-like colonies (Figure 1A) in

which the expression of stem cell genes and BCR-ABL

was confirmed by RT-PCR (Figure 1B), the expression of

stem cell marker by immunofluorescence microscopy (Fig-

ure 1C), and the pluripotency by teratoma formation

(Figure 1D).

To minimize the bias due to the reprograming process,

we confirmed the silence of exogenous expression by

episomal vectors, which do not integrate genomes (Fig-

ure 1E), and selected the clones with none other than the

t(9;22) (q34;q11) chromosomal translocation, the same

karyotype as primary samples by G-banded chromosomal

analysis (Figure 1F).

Several clones of iPSCs with normal chromosomal karyo-

type were established from CML-CP patient no. 2, which

were considered to be derived from normal CD34+ cells

in BM of the CML-CP patient and we used the clones as

normal controls. We also established iPSCs from CD34+

cells in BM of a healthy donor as normal controls. All

iPSC clones obtained were listed in Table S1. Finally, we

selected three normal-iPSC clones (two from a healthy

donor and one from a CML-CP patient) and three CML-

iPSC clones (two from CML-CP patient no. 1 and one

from CML-CP patient no. 2) and performed further anal-

ysis (Figure 1G).

Definition of Pre-HPCs from CML-iPSCs as Immature,

Multi-potent, and TKI-Resistant Subpopulations

To analyze HCs derived from CML-iPSCs, CML-iPSCs

were cultured with C3H10T1/2 stromal cells with vascular

endothelial growth factor (VEGF) and then we obtained

pre-hematopoietic progenitor cell (HPCs), immature

hematopoietic DCs phenotypically defined by CD34+/

CD45� and DCs (CD34+/CD45�), more DCs than pre-

HPCs among CD43+ HCs (Figure 2A) (Nakajima-Takagi

et al., 2013). Colony-forming cell (CFC) assay showed pre-
Figure 1. Establishment of Integration-free iPSCs from Two Patie
(A) Morphology of iPSCs from CML-CP patients. Scale bars, 200 mm.
(B) RT-PCR for the expression of endogenous stem cell genes and BC
(C) Immunofluorescence microscopy of CML-iPSCs. TRA-1-60 and SSE
cells, are expressed in CML-iPSCs. Scale bars, 200 mm.
(D) Teratoma formation assays of CML-iPSCs. CML-iPSCs showed the r
(E) RT-PCR for the expression of transgenes in iPSCs from CML-CP pat
(F) G-banded chromosomal analysis of iPSCs from CML-CP patients. C
Moreover, iPSCs with normal karyotypes are obtained from CML-CP pa
(G) Experimental scheme for establishment of iPSCs from CML-CP pat
normal-iPSCs derived from a healthy donor and CML-CP patient no. 2
HPCs from CML-iPSCs (CML-pre-HPCs) gave rise to

numbers of myeloid and erythroid colonies comparable

with those from normal iPSCs (Figure 2B). Flow cytometry

(FCM) analysis showed that the myeloid and erythroid

colonies from CML-pre-HPCs expressed myeloid and

erythroid surface markers including CD13, CD33, and

CD71 (Figure 2C).

Proliferation assay in the liquid culture demonstrated

that CML-pre-HPCs exhibited increased cell proliferation

compared with pre-HPCs from normal iPSCs (normal-pre-

HPCs) (Figure 2D), which was canceled by imatinib. Even

in the presence of imatinib, however, CML-pre-HPCs kept

on growing (Figure 2E) and did not undergo apoptosis (Fig-

ure 2F), in marked contrast with DCs from CML-iPSCs

(CML-DCs). These findings indicate that CML-pre-HPCs

not only recapitulate CML disease phenotype but also

show multi-potent capacity and resistance against imati-

nib, principal features of CML stem cells.

Gene Expression Profiling of Pre-HPCs from CML-

iPSCs as a Comparable Model of CML Stem Cells

To investigate the genes involved in imatinib resistance, we

performed gene expression profiling of CML-pre-HPCs

(Figure 3A). qRT-PCR revealed that CML-pre-HPCs showed

elevated expression levels of BCR-ABL compared with

those of CML-DCs (Figure S1A). Clustering analysis divided

two major clusters, one including pre-HPCs from normal-

iPSCs and CML-iPSCs and another including DCs from

CML-iPSCs, indicating that the expression profiling was

reasonable (Figure S1B, Table S2).

ComparedwithCML-DCs, gene sets enrichment analysis

(GSEA) for CML-pre-HPCs demonstrated that 23 gene sets

enriched from 3,267 curated gene sets (false-discovery

rate q value < 0.05) included the gene set upregulated by

inactivation of p53 and targets of NUP98-HOXA9, both

of which were known to be involved in TKI resistance of

CML (Figures 3B and S1C; Table S3) (Yamamoto et al.,

2000; Dash et al., 2002; Li et al., 2012; Abraham et al.,

2016). As the candidates of the genes involved in imatinib

resistance, we selected 166 genes, which had elevated

expression levels in CML-pre-HPCs by the treatment with
nts with CML-CP

R-ABL in iPSCs from CML-CP patients.
A-4, both of which are surface marker proteins of embryonic stem

econstitution of multiple lineages. Scale bars, 50 mm.
ients. The expression of transgenes is undetectable.
ML-iPSCs have solo chromosomal aberration of t(9;22) (q34;q11).
tient no. 2.
ients. Three CML-iPSCs derived from two CML-CP patients and three
are used for further analysis.
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Figure 2. Definition of CD34+/CD43+/CD45� Pre-HPCs from CML-iPSCs as Immature, Multi-Potent, and TKI-Resistant
Subpopulations
(A) Experimental scheme of hematopoietic differentiation. On day 17, pre-HPCs and differentiated cells (DCs) are obtained.
(B) CFC assay of CML-pre-HPCs. CFC assay revealed the differentiation capacity of CML-pre-HPCs into erythroid and myeloid lineages.
Data show means ± SD, n = 3 independent experiments. BFU, burst-forming unit; CFU, colony-forming unit.
(C) Representative FCM data are shown. Analysis for total colonies derived from normal and CML-pre-HPCs on CFC assay. The expression of
CD13 and CD33 (myeloid markers), and CD235 (erythroid marker) is detected.

(legend continued on next page)
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imatinib. Among the 166 candidates, IL1RL1, reported as a

gene associated with imatinib resistance (Levescot et al.,

2014), was the gene of which expression level was elevated

most. Both MEIS1, critical targets of NUP98-HOXA9, and

IL1RL1 were validated by qRT-PCR, suggesting that CML-

pre-HPCs are also a comparable model of TKI-resistant

CML cells in terms of gene expression profiling and that

the candidate genes are potent (Figure 3C).

The analysis for CML stem cells in published array data

for patients with CML (GEO: GSE40721) narrowed down

the 166 candidates to six genes, based on enhanced expres-

sion levels in TKI-resistant CML stem cell fractions

(CD34+/CD38�) more than in TKI-sensitive CML progen-

itor fractions (CD34+/CD38+) (Figure 3D). In six genes,

the expression levels of ADMA8 and OLFM2 were elevated

by the treatment with imatinib among all clones of

CML-pre-HPCs (Figure 3E) and purified ADAM8+ cells in

CML-pre-HPCs showed TKI resistance compared with

ADAM8� cells in CML-pre-HPCs (Figure 3F), suggesting

that the mechanism of upregulation of ADAM8 in CML-

pre-HPCs by imatinib reflected the enhanced accumula-

tion of imatinib-resistant ADAM8+ cells. These findings

indicate that ADAM8 would be a potent marker of TKI-

resistant CML cells. We then performed further analyses

to address the significance of ADAM8.

Gene induction of ADAM8 in CML-BC cell lines by a

retroviral vector demonstrated no significant difference in

TKI sensitivity (Figure S2). Moreover, in a mouse CML

model using retroviral induction of BCR-ABL andBM trans-

plantation, immunofluorescence microscopy revealed that

Adam8 was not involved in TKI resistance (Figure S3).

These findings suggest that the CML-BC cell line and

mouse models might be unsuitable for the evaluation of

ADAM8. We then evaluated the significance of ADAM8 as

a marker in CML-CP primary samples.

ADAM8 as an Antigen of TKI-Resistant CML Cells in

Newly Diagnosed CML-CP Patients

To address the significance of ADAM8 in CMP-CP patients,

we evaluated purified ADAM8+ cells by fluorescence-

activated cell sorting (FACS) inprimary samples (Figure 4A).

Morphologically, CD34+/ADAM8� and CD34+/ADAM8+

cells looked similar: round HCs (Figure S4A). Fluorescent
(D) Proliferation assay of CML-pre-HPCs and CML-DCs at the absence of
proliferation, compared with normal counterparts. Data show means ±
t test; *p < 0.05).
(E) Proliferation assay of CML-pre-HPCs in the presence of 2.5 mM ima
with CML-DCs. Data show means ± SD, n = 3 independent experiment
(F) Apoptosis assay of CML-pre-HPCs. Representative FCM data are sh
cantly induces apoptosis in CML-DCs, does not induce apoptosis in CM
(p values: two-tailed Student’s t test; *p < 0.05). E, erythroid; G, granu
GM, granulocyte/macrophage; M, macrophage.
in situ hybridization (FISH) revealed that there was

no difference in positivity of BCR-ABL between CD34+/

ADAM8� and CD34+/ADAM8+ cells (Figure S4B), whereas

the expression of BCR-ABL in both mRNA and protein

levels was suppressed more in CD34+/ADAM8+ cells than

CD34+/ADAM8� cells (Figures S4C and S4D). In addition,

CD34+/ADAM8+ cells had higher colony-forming capacity

than CD34+/ADAM8� cells (Figure S4E) and accumulated

in theG1 phase of the cell cycle (Figure S4F). These findings

suggest that CD34+/ADAM8+ cell would be CML cells that

had a distinct feature from CD34+/ADAM8� cells.

Among the CD34+ stem/progenitor fraction, FCM anal-

ysis found that ADAM8+ cells were enriched more in BM

samples of patients with newly diagnosed CML-CP than

normal controls and other types of leukemias (Figure S4G).

Cell viability assays showed that ADAM8+ CML cells in a

newly diagnosed CML-CP patient exhibited imatinib resis-

tance (Figures 4B and S6) and imatinib-induced apoptosis

was suppressed in ADAM8+ CML cells compared with

ADAM8� cells (Figure 4C), indicating that ADAM8 is

specific for CML-CP and ADMA8+ cells are involved in

TKI resistance of CML-CP patients.

Even in the CD34+/CD38+ progenitor fraction, which

was previously known as TKI-sensitive fraction, ADAM8+

cells exhibited TKI resistance in both cell viability and

apoptosis assay (Figures 4D–4G and S7A), indicating that

ADAM8 would be a useful marker of TKI-resistant CML

cells.

To investigate the association between the disease

progression of CML and the expression of ADAM8, we

analyzed the published datasets. The analysis for the

expression of ADAM8 in the published array data for

patients with CML-CP, CML-AP, and CML-BC (GEO:

GSE47927) demonstrated that primary samples from

CML-BC statistically significantly expressed ADAM8 in

HSCs, common myeloid progenitors, and granulocyte

monocyte progenitors (Figure S5A). This finding indicates

that primary samples from CML-BC patients may express

ADAM8 at the elevated levels.

To address the functional role of ADAM8 in TKI resis-

tance, knockdown of ADAM8 expression was performed

in primary samples by lentiviral transduction of short

hairpin RNA (shRNA) for ADAM8. The efficacy of
imatinib for 96 hr. Both CML-pre-HPCs and CML-DCs show increased
SD, n = 3 independent experiments (p values: two-tailed Student’s

tinib for 96 hr. CML-pre-HPCs show resistance to imatinib compared
s (p values: two-tailed Student’s t test; *p < 0.05).
own on the left. Five micromolar imatinib for 48 hr, which signifi-
L-pre-HPCs. Data show means ± SD, n = 3 independent experiments
locyte; GEMM, granulocyte/erythroid/macrophage/megakaryocyte;
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Figure 3. Gene Expression Profiling of CML Pre-HPCs as a Comparable Model of CML Stem Cells Identifies ADAM8 as a Candidate of
Antigen for TKI-Resistant CML Cells
(A) A scheme of gene expression profiling. Normal pre-HPCs, CML-pre-HPCs, and CML-DCs are cultured under the same conditions as
proliferation assay for 6 hr in the presence or absence of 2.5 mM imatinib.

(legend continued on next page)
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knockdown for ADAM8 was confirmed in HL60 acute

myeloid leukemia (AML) cell lines (Figure 5A). After the

lentiviral transduction of CD34+/ADAM8+ cells in primary

samples, transfected cells were selected by puromycin for

60 hr (Figure 5B). Viability assay showed that knockdown

of ADAM8 canceled the TKI resistance in CD34+/

ADAM8+ cells (Figure 5C). Pharmacological inhibition of

metalloproteinase activity, one of the critical functions of

ADAM8, with GM6001 demonstrated that 2.5 mM

GM6001, which had no effect on viability in both

CD34+/ADAM8� and CD34+/ADAM8+ cells (Figure 5D),

fully canceled the TKI resistance in CD34+/ADAM8+ cells

(Figures 5E and 5F). These findings suggest that ADAM8

has a functional role in TKI resistance, mainly via the

metalloproteinase activity.
ADAM8 as an Antigen of Residual CML Cells in

CML-CP Patients with Optimal TKI Response

To evaluate the significance of ADAM8 as a marker of TKI-

resistantCMLcells inCML-CP patients under the treatment

with TKIs, we measured the frequency of CML cells in BM

samples of CML-CP patients who had achieved major mo-

lecular response (MMR; n = 2) or molecular undetectable

leukemia (MUL; n = 1) after the administration of TKIs by

limiting dilution analysis (Figures 6A, 6B, and S6A).

In CML patients with MMR, CML cells remained in

CD34+/CD38+/ADAM8+ cells at higher frequency in spite

of steep decline of CML cells in CD34+/CD38+/ADAM8�
cells. The frequency of CML cells was as high in the

CD34+/CD38+/ADAM8+ fraction as in the CD34+/38�
CML stem cell fraction. Even in a patient with MUL, resid-

ual CML cells were detected in the ADAM8+ population

among the CD34+/CD38+ fraction, whereas CML cells

were undetectable in the ADAM8� population (Figures

6C and 6D). In the CD34+/38� fraction, the ADAM8+ pop-

ulation had no significant difference in the frequency of

CML cells compared with the ADAM8� population, which

was compatible with the results of the viability assay of

newly diagnosed CML-CP primary samples (Figures S6B

and S6C). These findings indicate that ADAM8 works as a
(B) GSEA for CML-pre-HPCs compared with CML-DCs in the absence of i
NUP98 HOXA9 are enriched in CML-pre-HPCs (false-discovery rate (F
curated gene sets in CML-pre-HPCs (FDR q value < 0.05) are listed in
(C) Validation of genes involved in TKI resistance. Expression levels o
reported to be involved in TKI resistance of CML cells. Data show m
Student’s t test; **p < 0.01).
(D) Investigation of candidate genes involved in TKI resistance of CM
(E) Validation of candidate genes. qRT-PCR demonstrates that expre
imatinib in all CML-pre-HPCs; CML-pre-HPCs1 from CML-iPSCs Pt.1_1
CML-iPSCs Pt.2. Data for each clone show n = 1.
(F) Viability assay for purified ADAM8+ cells in CML-pre-HPCs from Pt
n = 3 independent experiments (p values: two-tailed Student’s t test
marker of TKI-resistant residual CML cells even in CML-

CP patients with favorable response of TKIs.
DISCUSSION

By using CML-iPSCs, the present study identifies a signifi-

cance of ADAM8 as a marker of residual CML cells even

in patients with CML-CPwho have achieved favorablemo-

lecular response. In the CD34+/CD38+ fraction, which was

previously known as the TKI-sensitive fraction, ADAM8+

cells showed significantly higher frequency of residual

CML cells than ADAM8� cells in CML-CP patients with

favorable molecular response. These results were compat-

ible with the result of the viability assay of newly diagnosed

CML-CP primary samples, indicating that ADAM8 marks

TKI-resistant CML cells even in CML-CP patients under

treatment with TKIs.

Several possible explanations could account for the fact

that CD34+/ADAM8+ CML cells exhibit TKI resistance.

One possibility is that CD34+/ADAM8+ CML cells suppress

the expression levels of BCR-ABL, which leads CD34+/

ADAM8+ cells to be less dependent on BCR-ABL. The

possible explanation is compatible for single-cell analysis

of CML stem cells in BC, previously reported (Nukina et al.,

2014). However, the relationship between the expression

levels of BCR-ABL and TKI sensitivity is still controversial.

Moreover, although ADAM8 plays a role in leukocyte

recruitment in terminally differentiated HCs, the func-

tional role of ADAM8 in TKI resistance of CML has re-

mained unknown (Xia et al., 2002; Zarbock et al., 2007;

Yago et al., 2010; Domı́nguez-Luis et al., 2011). The present

study showed that both knockdown of ADAM8 by

shRNA and pharmacological inhibition of the function of

ADAM8 by GM6001, a matrix metalloproteinase inhibitor,

canceled the TKI resistance in primary samples. These find-

ings suggest that ADAM8 has a functional role in TKI resis-

tance, mainly via the metalloproteinase activity. One

possible reason that ADAM8 overexpression did not affect

TKI resistance in CML-BC cell lines is that numerous addi-

tional gene alterations accumulated in the cell lines have
matinib. Gene set upregulated by inactivation of p53 and targets of
DR) q value < 0.05). Twenty-three gene sets enriched from 3,267
Table S3.
f Meis1 and IL1RL1 are elevated in CML-pre-HPCs, both of which are
eans ± SD, n = 3 independent experiments (p values: two-tailed

L cells.
ssion levels of ADAM8 and OLFM2 are enhanced by treatment with
, CML-pre-HPCs2 from CML-iPSCs Pt.1_2, and CML-pre-HPCs3 from

.1_1. ADAM8+ cells showed TKI resistance. Data show means ± SD,
; *p < 0.05).
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prevented ADAM8 overexpression from conferring

apparent gain of TKI resistance. In other malignancies, pre-

vious studies for ADAM8 have reported that ADAM8 is

involved in resistance against chemotherapies through

the mitogen-activated protein kinase (MAPK)/extracellular

signal-regulated kinase pathway (Dong et al., 2015;

Schlomann et al., 2015). Further studies of the function

in TKI resistance are needed for the assessment of the

potential of ADAM8 as a therapeutic target.

The present study demonstrates that, even in CML-CP

patients who have achieved optimal TKI response under

treatment with TKIs, ADAM8 enhances the sensitivity of

PCR specific for BCR-ABL, a well-established test for the

clinical assessment of CML-CP patients. However, it is

also unclear whether ADAM8+ residual CML cells caused

relapse after discontinuation of TKIs. In addition, it re-

mained uncertain whether CD34+/ADAM8+ CML cells

exist in the peripheral blood of CML-CP patients with

MMR or CMR during treatment with TKIs. Although

several studies focusing on the surface marker proteins of

CML stem cells have been reported, including CD25

(Kobayashi et al., 2014; Sadovnik et al., 2016), CD26

(Herrmann et al., 2014; Culen et al., 2016) and Tcell immu-

noglobulin mucin-3 (Kikushige et al., 2015), so far, there

are no antigens that have significance as a predictor of

relapse after discontinuation of TKIs in CML-CP patients

with favorable TKI response. Further examination of pre-

dictive impact and clinical applicability of these antigens,

including ADAM8, are needed.

Using reprograming technology, the present study pro-

vides a platform to analyze TKI-resistant CML stem cells

as a model of chemo-resistant CSCs. Although CML-iPSCs

overcome the heterogeneity and paucity of CML stem cells

to some degree, limitations specific for cancer-derived

iPSCs still remain. At first, samples obtained are still limited

mainly due to the efficiency of tissue-specific differentia-
Figure 4. ADAM8 Marks TKI-Resistant CML Cells in BM Samples o
(A) A scheme of viability and apoptosis assay for ADAM8+ cells in CD
(B) Viability assay for CD34+/ADAM8+ cells in BM of newly diagnosed
two-tailed Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001).
(C) Apoptosis assay for CD34+/ADAM8+ cells in BM of newly diagnose
2.5 mM imatinib for 48 hr, which significantly induces apoptosis in AD
means ± SEM, n = 4 patients (p values: two-tailed Student’s t test; *
(D) Frequency of ADAM8+ cells in CD34+/CD38+ progenitor fraction a
frequency of ADAM8+ cells is significantly higher in CML-CP patien
hematological malignancies (AML, n = 1; acute lymphocytic leukemia
leukemia, n = 3). Data show means ± SEM, n = shown above patients
(E) A scheme of viability and apoptosis assay for ADAM8+ cells in CD
(F) Viability assay for CD34+/CD38+/ADAM8+ cells in BM of newly di
(p values: two-tailed Student’s t test; *p < 0.05).
(G) Apoptosis assay for CD34+/CD38+/ADAM8+ cells in BM of newly d
the left; 2.5 mM imatinib for 48 hr, which significantly induces apopt
Data show means ± SEM, n = 6 patients (p values: two-tailed Studen
tion. For example, several protocols refined for hematopoi-

etic differentiation have been reported; however, more

accessible and efficient protocols for differentiation are

necessary for robust analysis, such as multi-omics studies.

Secondly, cancer-derived iPSCs are difficult to establish.

To generalize the present approach to CSCs, further studies

are needed to clarify the mechanism by which cancers

interrupt the reprograming process to iPSCs. Finally, the

degree to which the present strategy of CSCs through can-

cer-derived iPSCs is applicable to other cancers also remains

elusive but warrants examination.

In conclusion, this study identifies ADAM8 as an antigen

of TKI-resistant CML cells, which remains after TKI treat-

ment even in CML-CP patients with favorable molecular

response from using CML-iPSCs. This study also provides

a powerful platform with CML-iPSCs to investigate the

pathophysiology of TKI-resistant CML stem cells. The de-

gree to which these results can be generalized to analysis

for chemo-resistance of other CSCs is unclear but warrants

examination. ADAM8 would be a promising predictor of

relapse after discontinuation of TKIs and a potential thera-

peutic target against residual CML cells in CML-CP patients

with favorable molecular response.
EXPERIMENTAL PROCEDURES

Patient Samples
All the samples from patients with CML-CP that were chosen

were determined to have no more than t(9;22) (q34;q11) chro-

mosomal translocation on G-banded chromosomal analysis and

were preserved in two or more aliquots from January 2010 to

September 2017. Mononuclear cells (MNCs) were isolated by

centrifugation through a Ficoll gradient. Frozen samples were

incubated overnight in an adequate amount of pre-culturing me-

dium (minimal essential medium [a-MEM] containing 20% fetal

calf serum [FCS] supplemented with 50 ng/mL stem cell factor
f Patients with Newly Diagnosed CML-CP
34 + stem/progenitor fraction.
CML-CP patients. Data show means ± SEM, n = 6 patients (p values:

d CML-CP patients. Representative FCM data are shown on the left;
AM8� cells, does not induces apoptosis in ADAM8+ cells. Data show
p < 0.05).
nd CD34+/CD38�stem cell fraction. In the progenitor fraction, the
ts (n = 18) than in non-Hodgkin lymphoma (n = 3) and other
, n = 1; myelodysplastic syndrome, n = 1; chronic myelomonocytic
(p values: two-tailed Student’s t test; *p < 0.05).
34+/CD38+ stem/progenitor fraction.
agnosed CML-CP patients. Data show means ± SEM, n = 4 patients

iagnosed CML-CP patients. Representative FCM data are shown on
osis in ADAM8� cells, does not induce apoptosis in ADAM8+ cells.
t’s t test; *p < 0.05).
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[SCF] and 50 ng/mL thrombopoietin [TPO]) and subsequently

were used for further analyses. Characteristics of all patients are

described in Table S4.

Animals
C57BL/6 and NOD.Cg-PrkdcscidIl2rgtm1Wjl/Szj (NSG) mice were

purchased from Japan SLC and Charles River Laboratories Japan,

respectively. All mice we used were aged 8–12 weeks.

Cell Lines
CML cell line K562was purchased fromRIKENBRC andNCO2was

purchased from JCRB Cell Bank. Imatinib-resistant CML cell lines,

KCL22/SR andKU812/SR, were kindly gifted byDr. Nagai (Ohmine

et al., 2003;Miyoshi et al., 2005). ThemouseC3H10T1/2 cells were

cultured as previously descried (Takayama et al., 2008).

Flow Cytometry
Isolation of each fraction from HCs derived from iPSCs, BM cells

from mice, and primary samples from patients with leukemia

was performed using FACSAria II and FACSAria III cell sorter

(BD Biosciences). Data were analyzed with FlowJo (TreeStar,

Ashland, OR). Antibodies are listed in Table S5.

Generation of iPSCs from CML-CP Samples with

Episomal Vectors
To establish iPSCs from CML patient samples with optimal TKI

response, purified CD34+ cells from BM of patients with newly

diagnosed CML-CP, whohad achievedMMRafter 2-year treatment

with TKIs, were expanded for 2 days in a-MEM supplemented with

20% FCS, SCF, ligand for fms-like tyrosine kinase 3 (FL3L), inter-

leukin (IL)-3, IL-6, and TPO, as previously described (Kumano

et al., 2012). The plasmid mixture containing pCXLE-hOCT3/

4-shp53-F, pCXLE-hSK, pCXLE-hUL, and pCXWB-EBNA1 was

electroporated into 23 105 CD34+ cells, as described in the litera-

ture (Okita et al., 2013). The cells were then cultured with mouse

embryonic fibroblast for 20–30 days and we obtained ESC-like

colonies from two patients with CML-CP.

RNA Extraction, qRT-PCR, One-Step RT-PCR Analysis
After extraction of total RNA with RNAeasy reagents (QIAGEN),

reverse transcription was performed with ReverTra Ace qPCR RT

Master Mix (TOYOBO). Primer sequences used for PCR are listed

in Table S6. qRT-PCRs were carried out in the LightCycler480 sys-
Figure 5. Functional Role of ADAM8 in Resistance against TKI
(A) Efficiency of knockdown of ADAM8 by shRNAs in the HL60 AML ce
shRNAs. Data show means ± SD, n = 3 independent experiments.
(B) Experimental scheme for the transduction of shRNAs and viabilit
(C) Viability assay for vector-transduced CD34+/ADAM8+ cells with
targeting ADAM8. Data show means ± SD, n = 3 technical replicates.
(D) Viability assay for CD34+/ADAM8� and CD34+/ADAM8+ cells with
cells. Data show means ± SD, n = 3 technical replicates.
(E) Experimental scheme for the combination of imatinib with GM600
(F) Viability assay with imatinib and GM6001. Combination of imatini
Data show means ± SD, n = 3 technical replicates.
tem (Roche) with THUNDERBIRD SYBR qPCR Mix according to

the manufacturer’s instructions (TOYOBO). Each assay was per-

formed in triplicate and the results were normalized to 18S. Primer

sequences are listed in Table S6.
Characterization of CML-iPSCs Clones
Semi-quantitative RT-PCR for stem cell genes was performed with

the primers described in the literature (Okita et al., 2011). Immu-

nofluorescence microscopy for SSEA-4 and TRA-1-60 was conduct-

ed as previously described (Kumano et al., 2012). Cells were

observed with a FLUOVIEW FV10i (Olympus). Teratoma forma-

tion assay was performed by the injection of 1.0 3 106 cells in

the testis capsule of NSC mice. Ten weeks after injection, devel-

oped tumors were harvested and fixed with 3.8% formaldehyde.

The fixed tumors embedded in paraffin were stained with

H&E for histological analysis. Karyotype was determined by the

G-banding method (Nihon Gene Research Laboratories).
Hematopoietic Differentiation from iPSCs
For hematopoietic differentiation from iPSCs,we adopted the proto-

cols described in the literature (Takayama et al., 2010). In brief,

clusters of iPSCs were transferred onto C3H10T1/2 cells treated

withmitomycinC and co-cultured in themedium for hematopoiet-

ic differentiation, which consisted of Iscove’s modified Dulbecco

medium containing a cocktail of 10 mg/mL human insulin,

5.5 mg/mL human transferrin, 5 ng/mL sodium selenite, 2 mmol/

L L-glutamine, 0.45mmol/L monothioglycerol, 50 mg/mL ascorbic

acid, and 15% highly filtered fetal bovine serum in the presence of

20 ng/mLhumanVEGF. Culturemediumwas replaced on days 4, 7,

10, 12, 14, and 16. After 17 to 18 days of culture, the iPSC sacs

crushed with pipette tips were filtered with a cell strainer, and

among the CD43+ HCs, CD34+/CD45� pre-HPCs and CD34-/

CD45+ DCs were isolated by FACS, as described above.
Colony-Forming Assay
In each experiment, 10,000 pre-HPCs from iPSCs or 300 primary

cells were plated onto MethoCult GF M4434 medium (STEMCELL

Technologies). Numbers of colonies in each experiments were

scored on day 14 following manufacturer’s instructions.
Proliferation Assay
In each experiment, 5,000 pre-HPCs and DCs from iPSCs were

cultured in the a-MEM containing 20% FCS supplemented with
ll line. qRT-PCR showed the effective knockdown of ADAM8 by two

y assay.
or without 1 mM imatinib. TKI resistance was canceled by shRNAs

GM6001; 2.5 mM GM6001 had little effect on the viability of both

1.
b with GM6001 canceled the TKI resistance in CD34+/ADAM8+ cells.
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100 ng/mL SCF, 10 ng/mL TPO, 100 ng/mL FL3L, 10 ng/mL IL-3,

and 100 ng/mL IL-6 in the presence or the absence of imatinib,

as previously described (Kumano et al., 2012). Each assay was per-

formed in duplicate.

Microarray Analysis
Gene expression analysis was carried out with the use of the

SurePrint G3 Human GE 8x60K v2 Microarray (Agilent). The

preparation of amplified cDNA was performed with the Ovation

Pico WTA System V2 (NuGEN) according to manufacturer’s

protocol. We also analyzed publicly available gene expression

microarray data on human samples from the Gene Expression

Omnibus (GEO) database (GEO: GSE40721, GSE47927)

(Cramer-Morales et al., 2013; Herrmann et al., 2014). Raw data

were normalized using CLC Genomics Workbench and clus-

tering analysis was performed using the heatmap.2 function in

the gplots R package. Clustering analysis was supervised in the

top 1,000 genes, which were differentially expressed among

samples. To compare expression profiles of pre-HPCs and DCs

from iPSCs, normalized data were tested for GSEA using curated

gene sets. For screening of genes with elevated expression levels

in pre-HPCs compared with DCs from CML-iPSC, the expression

values of individual genes were compared between groups.

Genes significantly elevated in pre-HPCs from CML-iPSCs

compared with DCs as determined by an unpaired Student’s

t test (p < 0.05) were selected.

Apoptosis Assay
For HCs from iPSCs, culture medium of hematopoietic differentia-

tion in the presence or the absence of 5 mM imatinib was replaced

on day 16. For primary samples of patients with newly diagnosed

CML-CP, purified CMP-CP samples were cultured in a-MEM con-

taining 20% FCS supplemented with 100 ng/mL SCF, 100 ng/mL

granulocyte colony-stimulating factor (G-CSF), 20 ng/mL FL3L,

20 ng/mL IL-3, and 20 ng/mL IL-6 in the presence or the absence

of 5 mM imatinib, as previously described (Ma et al., 2014). Forty-

eight hours after the exposure of imatinib, cells were stained by

the antibody for annexin-V and 4,6-diamidino-2-phenylindole

following manufacturer’s protocol.

ATP-Luciferase Viability Assay
Purified HCs derived from iPSCs were suspended in the same me-

dium as in the proliferation assay. Purified samples of patients

with CML-CP were suspended in the same medium as in the

apoptosis assay. The suspensions of each cell were placed into a

384-well plate (Greiner Bio-One) and were incubated at 37�C in a

5% CO2 incubator for 48 to 60 hr in the presence of imatinib
Figure 6. ADAM8 Marks TKI-Resistant Residual CML Cells in BM o
with TKI
(A) A scheme of limiting dilution assay.
(B) Characteristics of CML-CP patients with optimal TKI response und
(C) Limiting dilution assay for CML-CP patients with optimal TKI respo
more in the ADAM8+ subpopulation than in the ADAM8� subpopulat
(D) Frequency of residual CML cells in CML-CP patients with optimal T
Error bars represent 95% CI. p values: chi-square test. *p < 0.05, **p
and GM6001 (Merck Millipore) at the concentration described.

Subsequently, ATP-luciferase (TOYO INK) was added in each well

following manufacturer’s protocol and the luminescence from

each well was measured in triplicate in relative light units (RLU)

on a TriSter2 LB942 (BEERTHOLD). The cell viability was calculated

by the formula as follows: cell viability (%) = 1003 (RLU from each

well – RLU from background)/(RLU from control (DMSO) – RLU

from background).

FISH
FISH staining was performed (BIO MEDICAL LABORATORIES).

Briefly, FISH analysis for t(9;22) translocation was performed on

interphase, using the LSI-BCR-ABL dual color extra signal probe

(Vysis) (Primo et al., 2003). LSI-ES probe for ABL (red) hybridizes

fusion der(22), der(9), and nonrearranged 9. LSI-ES probe for BCR

(green) hybridizes fusion der(22) and nonrearranged 22.

Plasmids
Plasmids containing the sequence of flag-tagged human ADAM8

was kindly gifted by Dr. Jörg W. Bartsch (Schlomann et al., 2015).

Plasmids encoding proteins of flag-tagged human ADAM8 were

subcloned into the EcoR1/BamH1 site of pBleuscript II. To produce

protein-expressing retrovirus, we used the following plasmids:

pMXs-ADAM8-flag-neo. All of the PCR products were verified by

DNA sequencing.

Lentivirus Production and Knockdown of ADAM8

Expression by shRNA
To obtain lentivirus supernatants, HEK293T cells were transiently

transfected with pLKO.1-puro-CMV-tGFP containing shRNA

sequences (Sigma-Aldrich Japan), pMISSION GAG POL (Sigma-

Aldrich Japan), and pMISSION VSV-G (Sigma-Aldrich Japan).

Forty-eight hours later, the viral supernatant was collected and

utilized for infection. The vector-transduced cells were selected

by medium containing puromycin (1.0 mg/mL for HL60 and

2.5 mg/mL for primary samples) and subjected to assays in vitro.

Non-target shRNA was a nonfunctional construct purchased

from Sigma-Aldrich Japan. The target sequences, from 50 to 30,
were GGGCCTGGAGATTTGGAATAG (ADAM8sh_1) and GGAAT

AGTCAGGACAGGTTCC (ADAM8sh_2).

Limiting Dilution Analysis
In the subpopulation of CD34+ andCD34+/CD38+, ADAM8+ cells

were plated on a 96-well plate at 300, 100, 33, and 11 cells/well and

ADAM8� cells at 900, 300, 100, 33 cells/well with eight replicates.

Then we performed one-step RT-PCR for BCR-ABL and b-actin in

each well (Chu et al., 2014) following the pre-amplification of
f CML-CP Patients with Optimal TKI Response under Treatment

er treatment with TKIs.
nse under treatment with TKIs. Residual CML cells are concentrated
ion. Data for each patient show n = 1. CI, confidence interval.
KI response. Data for each patient show n = 1.
< 0.01, ***p < 0.001.
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target genes and calculated the absolute frequency of BCR-ABL-

expressing cells using ELDA software (Hu and Smyth, 2009).

Primers for pre-amplification and one-step RT-PCR are described

in the literature (Chu et al., 2014; Sato et al., 2014).

Statistics
The estimated frequency of CML cells was generated using

the ELDA software (http://bioinf.wehi.edu.au/software/elda/index.

html). Statistical significance of differences between groups was

assessed with chi-square test in limiting dilution assay. Except for

limitingdilutionassay, statistical significanceofdifferencesbetween

differentgroupswasassessedwitha two-tailedunpairedt test.Differ-

ences were considered statistically significant at a p value < 0.05.

Study Approval
Primary samples from BM of all patients were obtained after

informed consent. All studies using human cells were reviewed

and approved by the institutional review boards of the University

of Tokyo. All animal experiments adhered to the guidelines for

animal experiments of the University of Tokyo.

ACCESSION NUMBERS

All microarray data have been deposited in the NCBI’s Gene

Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under

the accession number GEO: GSE92624.
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Urzainqui, A. (2011). The metalloprotease ADAM8 is associated

with and regulates the function of the adhesion receptor PSGL-1

through ERM proteins. Eur. J. Immunol. 41, 3436–3442.

Dong, F., Eibach, M., Bartsch, J.W., Dolga, M.A., Schlomann, U.,

Conrad, C., Schieber, S., Schilling, O., Biniossek, M.L., Culmsee,

C., et al. (2015). The metalloprotease-disintegrin ADAM8 contrib-

utes to temozolomide chemoresistance and enhanced invasive-

ness of human glioblastoma cells. Neuro Oncol. 17, 1474–1485.

Druker, B.J., Sawyers, C.L., Kantarjian, H., Resta, D.J., Reese, S.F.,

Ford, J.M., Capdeville, R., and Talpaz, M. (2001). Activity of a

specific inhibitor of the BCR-ABL tyrosine kinase in the blast crisis

of chronic myeloid leukemia and acute lymphoblastic leukemia

with the Philadelphia chromosome. N. Engl. J. Med. 344, 1038–

1042.

http://bioinf.wehi.edu.au/software/elda/index.html
http://bioinf.wehi.edu.au/software/elda/index.html
http://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1016/j.stemcr.2018.01.015
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref1
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref1
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref1
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref1
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref2
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref2
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref2
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref2
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref2
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref3
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref3
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref3
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref3
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref4
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref4
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref4
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref4
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref5
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref5
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref5
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref5
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref5
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref6
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref6
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref6
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref6
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref6
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref6
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref7
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref7
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref7
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref7
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref7
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref8
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref8
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref8
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref8
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref8
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref9
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref9
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref9
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref9
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref9
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref10
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref10
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref10
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref10
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref10
http://refhub.elsevier.com/S2213-6711(18)30041-9/sref10


Graham, S.M., Jørgensen, H.G., Allan, E., Pearson, C., Alcorn, M.J.,

Richmond, L., and Holyoake, T.L. (2002). Primitive, quiescent,

Philadelphia-positive stem cells from patients with chronic

myeloid leukemia are insensitive to STI571 in vitro. Blood 99,

319–325.

Herrmann, H., Sadovnik, I., Cerny-Reiterer, S., Rülicke, T., Stefanzl,
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Experimental Procedures 1 

 2 
Transduction of CML cell lines 3 

To obtain retrovirus supernatants, Plat-A packaging cells were transiently transfected with 4 
pMXs-ADAM8-flag-neo. 48 hr later, the viral supernatant was collected and utilized for infection. The 5 
vector-transduced cells were selected by medium containing G418 (0.8 mg/ml for K562 and 1.2 mg/ml for NCO2). 6 

Immunoblotting 7 

Cell lysates were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 8 
and immunoblotting. Membranes were probed with the following antibodies: anti-flag (Sigma), anti–c-Abl  (Cell 9 
Signaling Technology) and anti–β-actin (Cell Signaling Technology). Blots were detected using an ImmunoStar 10 
Zeta (Wako Pure Chemical Industries) and an LAS-3000 image analyzer (Fujifilm), as recommended by the 11 
manufacturers.  12 

Immunofluorescence analysis 13 
Lin-/c-Kit+/BCR-ABL+ cells were purified from BM of a murine model of CML. A total of 2 × 104 to 5 14 

× 104 cells were cytospun onto glass slides. The cells were fixed with 3.7% formaldehyde in PBS for 30 minutes, 15 
permeabilized by treatment with 0.2% Triton X in PBS for 10 minutes, and blocked with 1% BSA in PBS for 60 16 
minutes. Then, the slides were incubated with rabbit anti–ADAM8 polyclonal antibody (bs-4195R; 1:100 dilution; 17 
Bioss ANTIBODIES) overnight at 4°C, followed by incubation with Alexa Fluor 555 goat anti-rabbit IgG (1:250 18 
dilution; Thermo Fisher SCIENTIFIC) for 3 hr. After the cells were washed, they were treated with ProLong Gold 19 
Antifade Reagent with DAPI (Thermo Fisher SCIENTIFIC). Fluorescence images were captured with BZ-X710 20 
All-in-One Fluorescence Microscope (KEYENCE). 21 

Retrovirus production and a murine model of CML 22 

To obtain retrovirus supernatants, Plat-E packaging cells were transiently transfected with 23 
pGCDNsam-BCR–ABL-IRES-GFP. c-Kit+ sorted C57/B6 mouse BM cells were purified and incubated in α-MEM 24 
with 20% FCS, 1% PS and cytokines (50 ng/ml SCF, 50 ng/ml TPO, 10 ng/ml IL-6) at 37 °C in a 5% CO2 incubator 25 
for 24 hr, as previously described (Sato et al., 2014). Subsequently, cultured cells were infected with retrovirus in 26 
the presence of RetroNectin (Takara Bio Inc.). The infected cells were collected 48 h after retrovirus infection, and 27 
vector-transduced cells were injected into lethally irradiated (9.5 Gy) recipient mice. 28 

Cell-cycle analysis 29 

For cell-cycle analyses with anti-Ki67 antibody and Hoechst 33342, we followed the protocol described 30 
earlier with minor modification (Wilson et al., 2008). 31 

  32 
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K562�

Flag-ADAM8�

M
O

C
K
�

A
D

A
M

8-flag
�

M
O

C
K
�

A
D

A
M

8-flag
�

NCO2�

β-actin�

A�

B�

c�

Vi
ab

ili
ty

 %
 o

f D
M

S
O
�

Vi
ab

ili
ty

 %
 o

f D
M

S
O
�

Vi
ab

ili
ty

 %
 o

f D
M

S
O
�

Vi
ab

ili
ty

 %
 o

f D
M

S
O
�



 5 

  1 
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CML-CP16 BM at MMR  

Lo
g 

fra
ct

io
n 

B
C

R
-A

B
L 

(-
)�

0�

-0.5�

-1.0�

-1.5�

-2.0�

Dose (number of cells)�
200�0� 400� 600� 800�

CD34+/CD38 (+)�

CD34+/CD38 (-)�

-2.5�

-3.0�

CML-CP25 BM at MUL  

Lo
g 

fra
ct

io
n 

B
C

R
-A

B
L 

(-
)�

0�

-0.2�

-0.3�

-0.4�

-0.5�

Dose (number of cells)�

50�0� 100� 150� 300�

CD34+/CD38-/ADAM8(-)�

CD34+/CD38-/ADAM8(+)�

-0.1�

200� 250�

B�

A�

Number of  
cells per well 

Number of  
BCR-ABL  

positive well 

300 6/6 
100 2/6 
33 1/6 

Estimated 
frequency 
(95% CI) 

�
1/142 

(1/285-1/70.7) 

Number of  
cells per well 

Number of  
BCR-ABL  

positive well 

900 4/6 
300 1/6 
100 1/6 

Estimated 
frequency 
(95% CI) 

�
1/917 

(1/2078-1/405.2) 

Number of  
cells per well 

Number of  
BCR-ABL  

positive well 

2700 0/6 
900 1/6 
300 1/6 

Estimated 
frequency 
(95% CI) 

�
1/11397 

(1/47762-1/2719.9) 

CD34+/CD38(+) CD34+/CD38(-) 1.0% K562� 0.1% K562� 0.01% K562�

Number of  
cells per well 

Number of  
BCR-ABL  

positive well 

900 6/8 
300 7/8 
100 6/8 
33 7/8 

Estimated 
frequency 
(95% CI) 

�
1/172.8 

(1/310.4-1/96.3) 

Number of  
cells per well 

Number of  
BCR-ABL  

positive well 

300 6/8 
100 8/8 
33 8/8 
11 8/8 

Estimated 
frequency 
(95% CI) 

�
1/42.6 

(1/76.7-1/23.8) 

CD34+/CD38-/ 
ADAM8(-) 

CD34+/CD38(-)/ 
ADAM8(+) 

Number of  
cells per well 

Number of  
BCR-ABL  

positive well 

300 1/8 
100 0/8 
33 0/8 
11 1/7 

Estimated 
frequency 
(95% CI) 

�
1/1691 

(1/6864-1/417) 

Number of  
cells per well 

Number of  
BCR-ABL  

positive well 

300 2/8 
100 1/8 
33 0/8 
11 1/8 

Estimated 
frequency 
(95% CI) 

�
1/795 

(1/2152-1/294) 

*** �
*** � *** �

K562 (CML cell line) in HL60 (AML cell line)  

Lo
g 

fra
ct

io
n 

B
C

R
-A

B
L 

(-
)�

0�

-0.5�

-1.0�

-1.5�

-2.0�

Dose (number of cells)�
500�0� 1000� 1500� 2500�

1.0%   K562�
0.1%   K562�

2000�

-2.5�

0.01% K562�

CML-CP1 

C�

Vi
ab

ili
ty

 %
 o

f D
M

S
O
�

CD34+/CD38- progenitors fractions 



 9 

Figure S1. Gene expression profiling of CML-pre-HPCs. Related to Figure 3 1 
(A) The expression of mRNA levels of BCR-ABL in CML-pre-HPCs and CML-DCs. Real-time 2 
quantitative PCR revealed that CML-pre-HPCs showed distinct expression levels of BCR-ABL 3 
from CMP-DCs. Data show means ± s.d., n = 3 independent experiments. (P values: two-tailed 4 
Student’s t-test; * P < 0.05) 5 
(B) Hierarchical Clustering analysis of gene expression. Samples are included two major clusters, 6 
one consists of pre-HPCs and another consists of DCs. All samples are listed in Supplemental 7 
Table 2. 8 
(C) GSEA analysis of CML-pre-HPCs. 20 of all 23 gene sets enriched from 3267 curated gene 9 
sets (false discovery rate q-value < 0.05) are shown. All 23 gene sets enriched from 3267 curated 10 
gene sets are descbed in Supplemental Table 3.  11 
 12 
Figure S2. Overexpression of ADAM8 in CML cell lines. Related to Figure 4 13 
(A) Overexpression of ADAM8-flag in CML cell line. Expression of ADAM8 is confirmed in 14 
two CML cell lines. 15 
(B) Viability assay of TKI-resistant cell lines which was previously reported. Viability assay 16 
distinguish TKI-resistant cell lines from sensitive cell lines. Data show means ± s.d., n = 3 17 
independent experiments. 18 
(C) Viability assay of CML cell lines which express ADAM8. Overexpression of ADAM8 has 19 
no effect on TKI-sensitivity in CML cell lines. Data show means ± s.d., n = 3 independent 20 
experiments. 21 
 22 
Figure S3. The expression of Adam8 in a murine CML model. Related to Figure 4 23 
(A) Experimental scheme for analysis of Adam8 in a murine CML model. 24 
(B) Immunofluorescence microscopy of Adam8 in Lin-/c-Kit+/BCR-ABL+ BM of a murine 25 
CML model. Scale bars: 50 µm (left), 10 µm (right). 26 
(C) The frequency of Adam8+ cells does not show significant difference between DDW cohort 27 
and imatinib cohort. Data show means ± s.e.m. n = 2 mice. 28 
 29 
Figure S4. Characterization of ADAM8+/CD34+ cells in primary samples of newly 30 
diagnosed CML-CP patients. Related to Figure 4 31 
(A) Microscopy of CD34+/ADAM8+ cells in BM of CML-CP patients at diagnosis. Scale bars: 32 
10 µm. 33 
(B) FISH analysis of CD34+/ADAM8+ cells. The frequency of BCR-ABL+ cells does not show 34 
significant difference between CD34+/ADAM8+ cells and CD34+/ADAM8- cells. 35 
(C) The expression of mRNA levels of BCR-ABL in CD34+/ADAM8+ cells. CD34+/ADAM8+ 36 
cells had lower expression levels of BCR-ABL than CD34+/ADAM8-. Data show means ± 37 
s.e.m., n = 2 patients. (P values: two-tailed Student’s t-test; * P < 0.05) 38 
(D) The expression of protein levels of BCR-ABL in CD34+/ADAM8+ cells. CD34+/ADAM8+ 39 
cells had lower expression levels of BCR-ABL than CD34+/ADAM8-. 40 
(E) CFC assay of CD34+/ADAM8+ cells. CFC assay revealed the distinct colony-forming 41 
capacity of CD34+/ADAM8+ cells. Data show means, n = 2, technical replicates.  42 
(F) Cell-cycle analysis of CD34+/ADAM8+ cells. CD34+/ADAM8+ cells accumulated in G1 43 
phase of cell cycle. Data show means, n = 2, technical replicates. 44 
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(G) ADAM8 expression in BM of patients with CML-CP (n = 18), NHL (n = 3) and other 1 
hematological malignancies (AML: n = 1, ALL; n = 1, MDS; n = 1, CMML; n = 3) on FCM 2 
analysis. The frequency of ADAM8+ cells is significantly higher in CD34+. 3 
Data show means ± s.e.m. n = shown above, patients. (P values: two-tailed Student’s t-test; * P < 4 
0.05) 5 
 6 
Figure S5. ADAM8 expression in patients with the progressive phase of CML. Related to 7 
Figure 5 8 
(A) The expression of ADAM8 in primary sample with progressive phase of CML. Published 9 
array data (GSE47927) showed that primary samples from CML-BC highly expressed ADAM8 10 
in the subpopulations. HSC: hematopoietic stem cell, CMP: common myeloid progenitor, GMP: 11 
granulocyte monocyte progenitor, MEP: megakaryocyte erythroid progenitor. Data show means 12 
± s.d. CML-CP; n = 6, CML-AP; n = 4, CML-BC; n = 2 patients. 13 
 14 
Figure S6. The frequency of residual CML cells in ADAM8+/CD34+/CD38+ subpopulation 15 
of CML-CP patients with optimal TKI response under the treatment of TKI. Related to 16 
Figure 6 17 
(A) Limiting dilution assay of CML cell lines and CD34+/CD38- fractions as controls. Data of 18 

cell line and a patient show n = 1. (CI: confidential interval). 19 
(P values: chi-square test; * P < 0.05, ** P < 0.01, *** P < 0.001) 20 

(B) The frequency of residual CML cells in ADAM8- and ADAM8+ subpopulation among 21 
CD34+/CD38- fraction. Data of a patient show n = 1. 22 

(C) TKI-sensitivity of ADAM8+/CD34+/CD38- cells in a patient with newly diagnosed 23 
CML-CP. Data show means ± s.d. n = 3 technical replicates. 24 

  25 
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SUPPLEMENTAL TABLES 1 
 2 
Table S1. List of all ES-like clones obtained 3 

 

Clone 
No. 

Stem cell 
gene 

expression 
Integration 

check 
Teratoma 
formation 

G-banded 
BCR-ABL 
expression 

chromosomal 
analysis 

Healthy 12 �� �� �� 46 XY �  
donor 14 �� �� �� 46 XY �  
�  17 �� �� �� 46 XY �  
CML-CP 1 �� �  �  �  �  
patient No.1 2 �  �  �  �  �  
�  3 �� �� �� 46 XY t(9;22) ��

�  4 �� �  �  �  ��

�  5 �� �� �� 46 XY t(9;22) ��

�  6 �� �  �  �  �  
�  7 �� �  �  �  �  

�  8 �� �� �  46 XY t(9;22) ��

�  9 to 14 �� �  �  �  ��

CML-CP 1 �� �  �  46 XY × 
patient No. 
2 2 �� �� �  �  × 

�  3 �� �� �� 46 XY × 

�  4 �� �� �� 46 XY t(9;22) ��

�  5 �  �  �  �  × 

�  6 �� �  �  �  × 

�  7 �  �  �  �  × 

�  8 �� �  �  46 XY t(9;22) ��
  4 
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Table S2. Hierarchical Clustering analysis of gene expression profiles  1 
 2 

Sample No. Sample Subpopulation Treatment 
1 Normal-iPSCs H_1 pre-HPCs imatinib 2.5 µM 
2 CML-iPSCs Pt 1_2 pre-HPCs imatinib 2.5 µM 
3 Normal-iPSCs H_2 pre-HPCs imatinib 2.5 µM 
4 Normal-iPSCs H_2 pre-HPCs DMSO 
5 CML-iPSCs Pt 1_2 pre-HPCs DMSO 
6 Normal-iPSCs H_1 pre-HPCs DMSO 
7 CML-iPSCs Pt 2 pre-HPCs DMSO 
8 CML-iPSCs Pt 2 pre-HPCs imatinib 2.5 µM 
9 Normal-iPSCs P t2 pre-HPCs DMSO 
10 Normal-iPSCs Pt 2 pre-HPCs imatinib 2.5 µM 
11 CML-iPSCs Pt 1_1 pre-HPCs DMSO 
12 CML-iPSCs Pt 1_1 pre-HPCs imatinib 2.5 µM 
13 CML-iPSCs Pt 1_1 DCs DMSO 
14 CML-iPSCs Pt 1_1 DCs imatinib 2.5 µM 
15 CML-iPSCs Pt 1_2 DCs DMSO 
16 CML-iPSCs Pt 1_2 DCs imatinib 2.5 µM 
17 CML-iPSCs Pt 2 DCs DMSO 
18 CML-iPSCs Pt 2 DCs imatinib 2.5 µM 

  3 
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Table S3. GSEA analysis for CML-pre-HPCs compared to CML-DCs in the absence of 1 
imatinib. 23 gene sets enriched from 3267 curated gene sets (C2) are listed (FDR q-value < 2 
0.05). 3 
 4 

No. of gene 
sets Names of gene sets 

FDR 
q-value 

1 REACTOME_ABACAVIR_TRANSPORT_AND_METABOLISM 0.041 
2 TANG_SENESCENCE_TP53_TARGETS_UP 0.041 
3 BIOCARTA_NEUROTRANSMITTERS_PATHWAY 0.041 
4 WANG_RESPONSE_TO_PACLITAXEL_VIA_MAPK8_UP 0.041 
5 NAKAJIMA_MAST_CELL 0.041 
6 VERHAAK_AML_WITH_NPM1_MUTATED_DN 0.041 
7 WILLIAMS_ESR2_TARGETS_UP 0.041 

8 
REACTOME_NITRIC_OXIDE_STIMULATES_GUANYLATE_CYCL
ASE 0.041 

9 TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_8D_UP 0.041 
10 YAGUE_PRETUMOR_DRUG_RESISTANCE_UP 0.041 
11 SUMI_HNF4A_TARGETS 0.041 
12 LOPEZ_EPITHELIOID_MESOTHELIOMA 0.041 
13 HOEGERKORP_CD44_TARGETS_TEMPORAL_DN 0.045 
14 PEPPER_CHRONIC_LYMPHOCYTIC_LEUKEMIA_DN 0.045 
15 TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_16D_UP 0.045 

16 
REACTOME_GLUCAGON_SIGNALING_IN_METABOLIC_REGUL
ATION 0.044 

17 TAKEDA_TARGETS_OF_NUP98_HOXA9_FUSION_3D_UP 0.044 
18 WINTER_HYPOXIA_DN 0.046 
19 WAMUNYOKOLI_OVARIAN_CANCER_GRADES_1_2_DN 0.046 
20 NEWMAN_ERCC6_TARGETS_UP 0.046 
21 CHEN_NEUROBLASTOMA_COPY_NUMBER_GAINS 0.046 
22 WIERENGA_STAT5A_TARGETS_DN 0.048 
23 OUILLETTE_CLL_13Q14_DELETION_UP 0.048 
 5 
  6 
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Table S4. Characteristics of patients 1 
Table shows information of patients at the time of diagnosis, whose samples were used in the 2 
present study. 3 
Samples used for the establishment of CML-iPSCs. 4 

Case No. Use Age Gender Ph1 (G-band) FISH 
BCR-ABL BCR-ABL type 

CML-CP 1 FCM 66 Male 20/20 (100%) N/A p210 

CML-CP 2 FCM 59 Female 20/20 (100%) 180/200 (90%) p210 (b3a2) 

CML-CP 3 FCM 66 Male 20/20 (100%) 193/200 (96.5%) p210 (b3a2) 

CML-CP 4 FCM 
Establishment of CML-iPSCs Pt.2 22 Male 20/20 (100%) 171/200 (85.5%) p210 (b3a2) 

CML-CP 5 FCM 54 Female 20/20 (100%) 194/200 (97%) p210 (b3a2) 

CML-CP 6 FCM 40 Male 20/20 (100%) N/A p210 (b3a2) 

CML-CP 7 FCM 66 Male 20/20 (100%) 188/200 (94%) p210 (b2a2) 

CML-CP 8 FCM 62 Female 19/20 (95%) N/A p210 (b3a2) 

CML-CP 9 FCM 56 Male 20/20 (100%) N/A p210 (b2a2) 

CML-CP 10 FCM 65 Male 20/20 (100%) 192/200 (96%) p210 (b2a2) 

CML-CP 11 FCM 61 Female 20/20 (100%) 196/200 (98%) p210 (b3a2) 

CML-CP 12 FCM 58 Male 19/20 (95%) N/A p210 (b3a2) 

CML-CP 13 FCM 33 Male 16/20 (80%) N/A p210 (b3a2) 

CML-CP 14 FCM 51 Female 17/20 (85%) N/A p210 (b2a2) 

CML-CP 15 FCM 65 Male 20/20 (100%) N/A p210 (b3a2) 

CML-CP 16 FCM 
Limiting dilution assay 42 Male 20/20 (100%) N/A p210 (b2a2) 

CML-CP 17 FCM 75 Female 20/20 (100%) 192/200 (96%) p210 (b2a2) 

CML-CP 18 FCM 54 Female 20/20 (100%) N/A p210 (b3a2) 

CML-CP 19 FCM 63 Female 20/20 (100%) 186/200 (93%) p210 (b3a2) 

CML-CP 20 FCM 51 Female 19/20 (95%) 192/200 (96%) p210 (b3a2) 

CML-CP 21 FCM 35 Male 20/20 (100%) N/A p210 

CML-CP 22 FCM 86 Male 20/20 (100%) 193/200 (96.5%) p210 (b2a2) 

CML-CP 23 FCM 23 Female 20/20 (100%) N/A p210 (b3a2) 

CML-CP 24 Limiting dilution assay 67 Female 20/20 (100%) N/A p210 (b3a2) 

CML-CP 25 Limiting dilution assay 49 Female 20/20 (100%) N/A p210 (b3a2) 

CML-CP 26 Establishment of CML-iPSCs Pt.1 44 Male 20/20 (100%) N/A p210 (b3a2) 
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Table S5. List of antibodies for flow cytometery 1 
Each table shows antibodies used for mouse cells and human cells. 2 
Mouse 3 

Epitope Clone Fluorophore Supplier 
Gr-1 RB6-8C5 Biotin BioLegend 
Mac-1 M1/70 Biotin BioLegend 
B220 RA3-6B2 Biotin BioLegend 
TER-119 TER-119 Biotin BioLegend 
CD3ε 145-2C11 Biotin BioLegend 
CD4 GK1.5 Biotin BioLegend 
CD8a 53-6.7 Biotin BioLegend 
CD127 A7R34 Biotin BioLegend 
Sca-1 E13-161.7 APC-Cy7 BioLegend 
c-Kit 2B8 PE-Cy7 BioLegend 
 4 
Human 5 

Epitope Clone Fluorophore Supplier 
CD34 581 PE-Cy7 Biolegend 

 4H11 APC eBioscience 
CD38 HIT2 FITC Biolegend 

CD43 DFT1 PE BECKMAN 
COULTER 

 4-29-5-10-21 PerCP-eFluor 710 eBioscience 
CD45 H130 APC Biolegend 
CD90 5E10 Alexa Fluor 647 Biolegend 
ADAM8 REA331 PE Miltenyi Biotec 

 REA331 APC Miltenyi Biotec 
IgG isotype MOPC-21 Alexa Fluor 647 Biolegend 

IgG isotype 679.1Mc7 PE BECKMAbN 
COULTER 

  6 
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Table S6. List of primers 1 
Gene Use Forward Reverse 

IL1RL1 real-time qPCR ATGGGGTTTTGGATCTTAGCAAT CACGGTGTAACTAGGTTTTCCTT 

MEIS1 real-time qPCR GATATAGCCGTGTTCGCCAAA CGGTGGCAGAAATTGTCACAT 

ADAM8 real-time qPCR CGATGATGCTGCCTGCGATTG CGCAGGTGGAGGGTGAAGTT 

BCR-ABL real-time qPCR AACTCCAGACTGTCCACAGCA AACGAGCGGCTTCACTCA 

18s RNA real-time qPCR GTAACCCGTTGAACCCCATT  CCATCCAATCGGTAGTAGCG  

OCT3/4 RT-PCR CCCCAGGGCCCCATTTTGGTACC ACCTCAGTTTGAATGCATGGGAGAGC 

OCT3/4 (transgene) RT-PCR CATTCAAACTGAGGTAAGGG TAGCGTAAAAGGAGCAACATAG 

KLF4 RT-PCR ACCCATCCTTCCTGCCCGATCAGA TTGGTAATGGAGCGGCGGGACTTG 

KLF4 (transgene) RT-PCR CCACCTCGCCTTACACATGAAGA TAGCGTAAAAGGAGCAACATAG 

SOX2 RT-PCR TTCACATGTCCCAGCACTACCAGA TCACATGTGTGAGAGGGGCAGTGTGC 

SOX2 (transgene) RT-PCR TTCACATGTCCCAGCACTACCAGA TTTGTTTGACAGGAGCGACAAT 

L-MYC RT-PCR GCGAACCCAAGACCCAGGCCTGCTCC CAGGGGGTCTGCTCGCACCGTGATG 

L-MYC (transgene) RT-PCR GGCTGAGAAGAGGATGGCTAC TTTGTTTGACAGGAGCGACAAT 

LIN28 RT-PCR AGCCATATGGTAGCCTCATGTCCGC TCAATTCTGTGCCTCCGGGAGCAGGGTAGG 

LIN28 (transgene) RT-PCR AGCCATATGGTAGCCTCATGTCCGC TAGCGTAAAAGGAGCAACATAG 

EBNA-1 (transgene) RT-PCR ATCAGGGCCAAGACATAGAGATG GCCAATGCAACTTGGACGTT 

GAPDH RT-PCR ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 

BCR-ABL Pre-amplification AGAAGCTTCTCCCTGACATCCG GGTACCAGGAGTGTTTCTCCAGACTG 

 
one-step RT-PCR TGAAACTCCAGACTGTCC TCAGACCCTGAGGCTCAAAG 

ACTINB Pre-amplification CCAACCGCGAGAAGATGAC  TAGCACAGCCTGGATAGCAA  

 
one-step RT-PCR CGCGAGAAGATGACCCAGAT  CACAGCCTGGATAGCAACGT  

 2 
  3 
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