
Biology of Human Tumors

Identification of CD25 as STAT5-Dependent

Growth Regulator of Leukemic Stem Cells

in Phþ CML

Irina Sadovnik1, Andrea Hoelbl-Kovacic2, Harald Herrmann3,4, Gregor Eisenwort1,3,
Sabine Cerny-Reiterer1,3,†, Wolfgang Warsch2,5, Gregor Hoermann6, Georg Greiner6,
Katharina Blatt1,3, Barbara Peter1,3, Gabriele Stefanzl1, Daniela Berger1, Martin Bilban6,
Susanne Herndlhofer1,3, Heinz Sill7, Wolfgang R. Sperr1,3, Berthold Streubel8,
Christine Mannhalter6, Tessa L. Holyoake9, Veronika Sexl2, and Peter Valent1,3

Abstract

Purpose: In chronic myelogenous leukemia (CML), leukemic

stem cells (LSC) represent a critical target of therapy. However,

little is known about markers and targets expressed by LSCs. The

aim of this project was to identify novel relevant markers of CML

LSCs.

Experimental Design: CML LSCs were examined by flow

cytometry, qPCR, and various bioassays. In addition, we exam-

ined the multipotent CD25þ CML cell line KU812.

Results: In contrast to normal hematopoietic stem cells,

CD34þ/CD38� CML LSCs expressed the IL-2 receptor alpha

chain, IL-2RA (CD25). STAT5 was found to induce expression

of CD25 in Lin�/Sca-1þ/Kitþ stem cells in C57Bl/6 mice. Corre-

spondingly, shRNA-induced STAT5 depletion resulted in

decreased CD25 expression in KU812 cells. Moreover, the

BCR/ABL1 inhibitors nilotinib and ponatinib were found to

decrease STAT5 activity and CD25 expression in KU812 cells and

primary CML LSCs. A CD25-targeting shRNA was found to

augment proliferation of KU812 cells in vitro and their engraft-

ment in vivo in NOD/SCID-IL-2Rg�/� mice. In drug-screening

experiments, the PI3K/mTOR blocker BEZ235 promoted the

expression of STAT5 and CD25 in CML cells. Finally, we found

that BEZ235 produces synergistic antineoplastic effects on CML

cells when applied in combination with nilotinib or ponatinib.

Conclusions: CD25 is a novel STAT5-dependent marker of

CML LSCs andmay be useful for LSC detection and LSC isolation

in clinical practice and basic science. Moreover, CD25 serves as a

growth regulator of CML LSCs, which may have biologic and

clinical implications and may pave the way for the development

of new more effective LSC-eradicating treatment strategies in

CML. Clin Cancer Res; 22(8); 2051–61. �2015 AACR.

Introduction

Chronic myelogenous leukemia (CML) is a hematopoietic

stem cell (SC) disorder defined by the reciprocal translocation

t(9;22) and the related oncoprotein, BCR/ABL1 (1–3). It is gen-

erally appreciated that BCR/ABL1 is amajor driver responsible for

initiation and evolution of CML (2–4). Correspondingly, the

BCR/ABL1-targeting tyrosine kinase inhibitor (TKI) imatinib

induces major cytogenetic and molecular responses in a majority

of patients with chronic phase (CP) CML (4, 5). However,

although long-term disease control can be achieved in many

patients, imatinib is usually unable to eliminate CML. This

phenomenon is best explained by intrinsic and acquired drug

resistance in leukemic stem cells, LSC (6–12). The intrinsic form

of resistance is common to all LSC fractions and is considered to

be independent of BCR/ABL1. By contrast, the acquired form of

TKI resistance is caused by newly acquired, subclone-specific

defects, including BCR/ABL1 mutations (7–13).

The 'LSC hypothesis' is based on the observation that only a

subset of leukemic progenitors exhibits long-term disease-prop-

agating capacity (14–16). This concept hasmajor implications for

the development of curative treatment approaches (7–19). LSC

research is currently focusing on LSC-specific targets and drugs

capable of attacking LSCs (17–19). In CML and other leukemias,

the development of such LSC-targeting concepts is a major chal-

lenge (17–19). Notably, many different factors, including mul-

tiple signaling cascades and the so-called SC niche, regulate the

development and expansion of LSCs in CML (9–11, 17–19).

One important regulator of survival and growth of CML LSCs

appears tobe the transcription factor STAT5 (20–23). Anumber of
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previous and more recent studies have shown that BCR/ABL1

triggers STAT5 activity in CML cells (20–23). In addition, how-

ever, STAT5 expression and activation may be regulated indepen-

dently of BCR/ABL1 in CML cells (11, 24). Especially in LSCs,

STAT5 expression may be induced by BCR/ABL1-independent

mechanisms. Recent data suggest that STAT5 triggers production

of reactive oxygen species and clonal instability and thereby

promotes the occurrence of BCR/ABL1 mutations (24).

CML LSCs are considered to represent a small subset of CD34þ/

CD38� cells in the leukemic clone (7–10, 25–27). However, since

normal bone marrow stem cells (BM SCs) also display this

phenotype, additional markers need to be applied to differentiate

normal BM SCs from CML LSCs. Recent studies have shown that

CML LSCs specifically express IL-1RAP and dipeptidyl-peptidase

IV, DPPIV ¼ CD26 (28–30). As assessed by gene array analyses,

CML LSCs may express additional markers (30–32). One of these

aberrant markers appears to be the low-affinity receptor for IL-2,

CD25 (30–32).However, little is known about the functional role

of CD25 in human CML LSCs and the mechanisms contributing

to abnormal CD25 expression.

In this study, we show that expression of CD25 on CML LSCs is

triggered by STAT5 and that CD25 acts as a negative regulator of

LSC growth in CML. In addition, we show that BCR/ABL1 TKIs

downregulate STAT5- and CD25 expression in LSCs, whereas the

PI3K/mTOR blocker BEZ235 promotes CD25 expression.

Materials and Methods

Reagents

A detailed description of reagents used in this study is provided

in the Supplement. Monoclonal antibodies (mAb) used in this

study are described in Supplementary Table S1.

Cell lines

The multipotent human BCR/ABL1þ cell line KU812 was

kindly provided by Dr. K. Kishi (Niigata University, Niigata,

Japan) in 1989; K562 cells and murine Ba/F3 cells expressing

various BCR/ABL1 mutants (M244V, G250E, Q252H, Y253H,

E255K, E255V, T315I, F317L, F317V, F359V, andH396P) orwild-

type BCR/ABL1were kindly provided byDr.M.Deininger (Hunts-

man Cancer Institute, University of Utah, Salt Lake City, UT) in

2013; and imatinib-resistant K562 cells (K562-R) were kindly

provided byDr. J. D. Griffin (Dana-Farber Cancer Center, Harvard

Medical School, Boston, MA) in 1999. KCL-22 cells were pur-

chased from the German Collection of Microorganism and Cell

Culture (DSMZ) in 2010. The identity of KU812, K562, andK562-

R cells was confirmed by DSMZ using nonaplex-PCR in 2010. All

experiments were performed from these stocks, and cells were

thawed from these stocks (or secondary stocks) every 1 to 3

months. Cell lines were maintained in RPMI 1640 medium,

10% fetal calf serum (FCS), and antibiotics at 37�C. K562-R cells

were cultured in the presence of 1 mmol/L imatinib. Mouse M2-

10B4 feeder cells were purchased from the American Type Culture

Collection. Ecotropic retroviral packaging cell lines GPþ/E86

encoding for STAT5A-IRES-GFP, STAT5B-IRES-GFP (33), or the

empty vector, andGPþ/E86 cells encoding for p210BCR-ABL1-IRES-

dsRED (23)weremaintained in completemedium supplemented

with 10% FCS as described (23, 33).

Patients and cell sampling

Sixty-three patients with BCR/ABL1þ CML (32 females, 31

males) were examined for expression of CD25 onCD34þ/CD38�

CML LSCs and CD34þ/CD38þCML progenitor cells. Themedian

age was 54 years (range, 18–86 years). Most patients were exam-

ined at diagnosis (before treated with BCR/ABL1 TKI). The

patients' characteristics are shown in Supplementary Table S2.

Peripheral blood (PB) and/or BM cells (iliac crest or sternum)

were collected at diagnosis and in the follow-up. Control samples

included normal/reactive BM and other myeloid neoplasms

(Supplementary Table S3). All donors gave written informed

consent, and all studies were approved by the ethics committees

of the Medical University of Vienna and the University of Veter-

inary Medicine Vienna.

Flow cytometry experiments

Phenotyping of CD34þ/CD45þ/CD38� (L)SCs and CD34þ/

CD45þ/CD38þ progenitor cells was performed on BM or PB cells

(unseparated or Ficoll-isolated) by multicolor flow cytometry as

described (34, 35) usingfluorochrome-conjugatedmAb shown in

Supplementary Table S1. Flow cytometry was performed on a

FACSCalibur (Becton Dickinson). A detailed description of the

staining techniques is provided in the Supplement.

Retroviral infection of murine BM cells

Retroviral packaging GPþ/E86 cells encoding for STAT5A-IRES-

GFP, STAT5B-IRES-GFP (33), or empty vector weremixed 1:1with

GPþ/E86 cells encoding p210BCR/ABL1-IRES-dsRED (23) and seed-

ed on gelatine (0.2%) precoated dishes. Single-cell suspensions

from total wild-type BM cells of C57Bl/6N mice were prepared,

and 3 � 106 cells/mL were cocultured with GPþ/E86 cells in

DMEM supplemented with murine IL-3 (25 ng/mL), IL-6

(50 ng/mL), stem cell factor, SCF (50 ng/mL), and polybrene

(7 mg/mL) for 72 hours. Thereafter, BM cells were stained with

mAb PC61 directed against CD25 and analyzed by flow cytometry

using a BD FACS-Canto II FACS device and BD FACS Diva soft-

ware (Becton Dickinson). Six-to-eight–week-old male C57Bl/6N

mice (20 g) were purchased from the Jackson Laboratory.

Gene array analyses

KU812 cells transduced with a random (RDM) shRNA or a

CD25 shRNA were subjected to RNA isolation and gene array

Translational Relevance

Although chronic myelogenous leukemia (CML) is a stem

cell disease, little is known about the expression and function

of specific markers and targets in CML LSCs. We here describe

that CD25 serves as a novel robust marker of CML LSCs that

can be used for detection, enumeration, and isolation of LSCs

in these patients. Moreover, CD25 was found to serve as a

drug-inducible suppressor of LSC expansion, which may be

relevant clinically and may pave the way for the development

of new treatment strategies. Based on our work, a straightfor-

ward approach might be to combine BCR/ABL1 tyrosine

kinase inhibitors that downregulate CD25 expression with

targeted drugs promoting CD25 expression, such as the PI3K/

mTOR blocker BEZ235. Indeed, these drug combinations

produced highly synergistic antiproliferative effects on KU812

cells in the present study.

Sadovnik et al.
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analysis using Affymetrix technology. Details are provided in the

Supplement. A complete set of mRNA data is available at Gene

ExpressionOmnibus, accessionnumber: http://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?token¼orotekeollgdduf&acc¼GSE60315.

Quantitative PCR and cytogenetics

RNA was isolated from CML cell lines, primary CML (stem)

cells, and pooled colony-derived cells. CD25-, CD122-, CD132-,

and BCR/ABL1 mRNA expression levels were measured by

qPCR as reported (29, 35). Conventional cytogenetics and

FISH were performed according to published protocols (36). A

detailed description of the methods applied is provided in the

Supplement.

Transfection studies

Knockdown studies with shRNAs were performed following

published techniques (37, 38). In CD25 knockdown studies, 3

shRNAs against human CD25 (clone #1: 50-AAATCTGTTGTTGT-

GACGAGG-30; clone #2: 50-TTTCTGTTCTTCAGGTTGAGG-30;

clone #5: 50-TACTCTGTTGTAAATATGGAC-30; Open Biosystems)

expressed in pLKO.1 lentiviral vector containing the puromycine-

resistance genewere applied. In select experiments (CD34þ cells),

the puromycine-resistance gene was replaced by mCherry. For

knockdown of STAT5, an shRNA targeting STAT5A and STAT5B

(50-GCAGCAGACCATCATCCTG-30; ref. 37) expressed in pLKO.1

containing the puromycine-resistance gene was used. The shRNA-

mediated knockdown of CD25 was induced in KU812 cells and

primaryCD34þCML cells, and knockdownof STAT5A/STAT5B in

KU812 cells. Transfected KU812 cells were selected by exposure to

puromycin (2 mg/mL), and transduced primary CD34þCML cells

by sorting for mCherry. Knockdown was confirmed by flow

cytometry (CD25) or Western blotting (STAT5) according to

published techniques (39). To evaluate the functional conse-

quence of the CD25 knockdown, CD25 shRNA (clones #1, #2,

and #5)-transduced KU812 cells and KU812 transduced with

random (RDM) shRNA were mixed at 1:1 and cultured. Cell

mixtures were periodically examined for CD25 expression by

flow cytometry using phycoerythrin (PE)-conjugated mAb 2A3

against CD25. To study proliferation of KU812 cells and primary

CD34þ CML cells transduced with CD25 shRNA (clone #2) or

RDM shRNA, 3H-thymidine uptake experiments were performed.

In a separate set of experiments, CD25 was lentivirally expressed

in K562, K562-R, and KCL-22 cells. A precision LentiORF IL-2RA

(CD25) gene construct (GFP tag) and a control construct was

obtained from GE Dharmacon. Virus production and transduc-

tion of cells were performed as described above, and GFPþ cells

were selected by cell sorting. Purified cells were applied in mixing

experiments (1:1 of empty vector control-transduced cells and

CD25-transduced cells) as described above and analyzed 3 times/

week using APC-conjugated CD25 mAb BC96.

Xenotransplantation assay

To investigate the functional role of CD25 in CML cells in vivo,

KU812 cells transduced with shRNA against CD25 (clone #2) or

with RDM shRNA were injected intravenously into nonirradiated

nonobese diabetic NOD/SCID-IL-2Rg�/� (NSG) mice (5 per

group). Ten-to-twelve-week-old, female NSG mice (20–30 g)

were purchased from the Jackson Laboratory. Cells were resus-

pended in 0.15 mL RPMI with 10% FCS and antibiotics and

injected into the tail vein ofNSGmice (1�106 cells/mouse). After

6 weeks, blood was drawn to analyze engraftment. Then, mice

were sacrificed andBMcells (tibia, femur, pelvis) and spleenswere

isolated and prepared for immunohistochemistry and flow cyto-

metry. The size and weight of spleens were measured in each

animal. Then, splenic samples were prepared as follows: each

spleen was cut into small pieces with a scalpel and mashed

through a small-sized filter to obtain single-cell suspensions.

Long bones were flushed to recover BM cells for flow cytometry

in order to document engraftment.Multicolor flow cytometrywas

performed using mAb 515 against CD44 for detection of KU812

cells. TO-PRO-3 (Invitrogen) was used to exclude nonviable cells.

Long-term culture-initiating cell assay

To investigate the long-term growth of sorted CD34þ/CD38�/

CD25þ LSCs and CD34þ/CD38�/CD25� (presumably normal)

SCs obtained from 2 patients with CP CML, a long-term culture-

initiating cell (LTC-IC) assay was performed as described (29).

A detailed description of the method applied is provided in the

Supplement.

Statistical evaluations

To determine the level of significance in differences in CD25

expression and pSTAT5 levels in LSCs in various donor-groups or

before and after drug exposure, the Student t test was applied.

Results were considered to be significantly different, when P <

0.05. Drug combination experiments were performed following

published guidelines (40). Drug interactions were determined

by calculating combination index (CI) values using Calcusyn

software (Calcusyn; Biosoft) as described previously (40, 41).

A CI of less than 1 indicates synergy, a CI of 1 an additive effect,

and a CI of more than 1 an antagonistic effect.

Results

Human CML LSCs express IL-2RA (CD25)

As assessed by flow cytometry, CD34þ/CD38� LSCs expressed

CD25 in50of 54patientswithCML (92.6%; Fig. 1A andB). CD25

was detected on LSCs in patients with CP (40/43), accelerated

phase (AP, 2/3), and blast phase (BP, 8/8). As expected, highly

enriched CML LSCs expressed CD25 mRNA in all samples tested

(Fig. 1C). CD34þ/CD38þ CML progenitor cells expressed only

trace amounts or no detectable CD25 (Fig. 1C and D). During

treatment with imatinib (14 patients) or other TKIs (3 patients),

the numbers of CD25þ LSCs decreased in the BM compared to

pretreatment values (Fig. 1E). CML LSCs did not express IL-2RB

(CD122) or IL-2RG (CD132) at the mRNA level (Fig. 1C) or

protein level (Table 1). In the normal/reactive BM, CD34þ/

CD38� SCs did not express CD25 (Fig. 1B). Moreover, CD25

was not detectable on CD34þ/CD38� SCs in various control

groups, including 13 of 14 patients with idiopathic cytopenia of

unknown significance (ICUS), other classical myeloproliferative

neoplasms (MPN), or mastocytosis (Fig. 1B).

Aberrant expression of CD25 on CML cells is restricted to LSCs

As assessed by multicolor flow cytometry, CD25þ CML LSCs

coexpressed two other well-established LSC antigens, IL-1RAP

and DPPIV (CD26). In addition, CD25þ CML LSCs coexpressed

Siglec-3/CD33, CD44, CD52, and KIT/CD117 (Table 1; Supple-

mentary Fig. S1). Among more mature myeloid cells in the CML

clone, only basophils were found to express CD25, with slightly

higher expression levels observed in CML basophils compared

CML LSCs Express CD25
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Figure 1.

CD34
þ
/CD38

�
stem cells in CML express CD25. A, CD25 expression onCD34

þ
/CD38

�
LSCs in 3patientswith CPCML, 3 inAP, and 3 inBP. Black histograms represent

isotype-matched control antibodies, and red histograms represent CD25 expression. Patient numbers (#) refer to Supplementary Table S2. B, CD25 expression

on CD34
þ
/CD38

�
LSCs in patients with CML (CP, n¼ 43; AP, n¼ 3; BP, n¼ 8), SCs in normal/reactive BM (n¼ 24), idiopathic cytopenia (ICUS, n¼ 14), JAK2 V617F

þ

MPNs (n ¼ 6), and indolent mastocytosis (ISM, n ¼ 7). Results show the percentage of CD25
þ
SCs. Horizontal bars indicate median values in each group.

C, qPCR analysis of CD25� (left), CD122� (middle), and CD132� (right) mRNA expression in sorted CD34
þ
/CD38

�
LSCs, CD34

þ
/CD38

þ
progenitors, CD34

�
cells,

and total mononuclear cells (MNC) obtained from 3 patients with CML. mRNA levels are expressed as a percentage of ABL1 and represent the mean � SD

from three experiments. D, expression of CD25 onCD34
þ
/CD38

�
LSCs (left) and CD34

þ
/CD38

þ
cells (right) in 3 patientswith CML. Black open histograms represent

isotype-matched control antibodies, red histograms CD25 expression on CD34
þ
/CD38

�
LSCs (left), and blue histograms CD25 expression on CD34

þ
/CD38

þ

progenitors (right). E, percentage of CD25
þ
SCs at diagnosis, after therapy for at least 9 months in all patients (n ¼ 17, top), and at the time of major molecular

response (MMR) and complete cytogenetic response (CCyR) (n ¼ 12, bottom). Patients were treated with imatinib (400 mg/day, n ¼ 14), dasatinib (100 mg/day,

n ¼ 1), or nilotinib (2 � 400 mg/day; n ¼ 2).

Sadovnik et al.
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with normal basophils (Table 2). In all other myeloid lineages

examined, including monocytes and mast cells, CD25 was not

detectable in our CML patients. These data suggest that aberrant

expression of CD25 in the CML clone is restricted to LSCs. In a

subset of patients, we separated the CD25þ and the CD25� SC

fractions from the same samples to near homogeneity (>95%

purity) by cell sorting. In these experiments, all CD25þ LSCs

(100%) contained BCR/ABL1 by FISH, whereas only 45% of the

CD25� SCs expressed BCR/ABL1 (Supplementary Fig. S2; Sup-

plementary Table S4). The long-term proliferative (LTC-IC) capa-

bilities of CD25þ CML LSCs and normal CD25� SCs obtained

from the same patients are shown in Supplementary Fig. S3.

STAT5 activity contributes to the expression of CD25 in LSCs

Because CD25 is a STAT5 target gene, we applied shRNA

against STAT5, which led to a substantial knockdown of STAT5

expression in KU812 cells (Supplementary Fig. S4). The STAT5

knockdown resulted in a decreased expression of CD25 at the

mRNA and protein level (Fig. 2A). A STAT5-targeting drug,

pimozide, was also found to downregulate CD25 expression in

KU812 cells (Fig. 2B). A similar effect was seen with the MEK

inhibitors PD0325901 and RDEA119 (Fig. 2C), whereas the

PI3K/mTOR blocker BEZ235 did not inhibit CD25 expression.

Rather, BEZ235, the mTOR-targeting drug RAD001, and the

PI3K inhibitor LY294002, were found to upregulate expression

of CD25 in KU812 cells (Fig. 2D) as well as in the other CML

cell lines examined (Supplementary Fig. S5A). Similar results

were obtained with primary CML LSCs. Again, the STAT5

blocker pimozide decreased CD25 expression (Fig. 3A), and

BEZ235 and RAD001 were found to augment CD25 expression

on CD34þ/CD38� CML LSCs (Fig. 3B). Finally, BEZ235 was

found to upregulate CD25 expression on Ba/F3 cells containing

various BCR/ABL1 mutants, including E255K, F317L, and

T315I (Supplementary Fig. S5B). As expected, BEZ235 was also

found to inhibit proliferation in these cells (Supplementary Fig.

S5C). Together, these data suggest that expression of CD25 on

CML LSCs is regulated by a signaling cascade involving STAT5,

PI3K, and mTOR.

Effects of BCR/ABL1-targeting TKIs on expression of pSTAT5

and CD25 in CML cells

All three BCR/ABL1 TKIs tested (imatinib, nilotinib, and pona-

tinib) were found to inhibit the expression of pSTAT5 and of

CD25 in KU812 cells (Fig. 3C). Nilotinib and ponatinib were also

found to block CD25 expression in primary CML LSCs (Fig. 3D).

However, the weaker BCR/ABL1 blocker imatinib showed no

significant effect on expression of CD25 on primary CML LSCs

(Fig. 3D). All three TKIswere found to downregulate expression of

pSTAT5 in primary CML LSCs (Fig. 3E). Finally, we found that

imatinib, nilotinib, and ponatinib downregulate the expression

of CD25 in Ba/F3 cells expressing various mutant forms of BCR/

ABL1, including E255K, G250E, F317V, and F317L (Supplemen-

tary Fig. S6).

Retroviral infection of murine SCs with STAT5 is followed by

upregulation of CD25

Infection of BM stem cells of C57Bl/6 mice with a retroviral

vector encoding either STAT5A or STAT5B, or coinfection of BCR/

ABL1-p210 and STAT5, resulted in an enhanced expression of

CD25 on Lin�/Sca-1þ/Kitþ (LSK) cells (Fig. 4). There was no

difference in expression of CD25 on LSK cells when comparing

cells infected with STAT5 alone with cells infected with both,

STAT5 and BCR/ABL1 (Fig. 4). Interestingly, infection of BM cells

with BCR/ABL1 alone was not followed by a major increase in

expression of CD25 on LSK cells (Fig. 4). In line with this

observation, infection with BCR/ABL1 alone also failed to sub-

stantially increase the expression of STAT5 in LSK cells (not

shown). These data suggest that expression of CD25 in LSK cells

Table 1. Expression of surface antigens on CD34þ/CD38� and CD34þ/CD38þ cells in patients with CML and in normal/reactive BM

CP CML AP CML BP CML Normal/reactive BM

CD Antigen CD34þ/CD38� CD34þ/CD38þ CD34þ/CD38� CD34þ/CD38þ CD34þ/CD38� CD34þ/CD38þ CD34þ/CD38� CD34þ/CD38þ

CD25 IL-2RA þþ þ/� þþ þ þþ þþ � þ/�

CD26 DPPIV þþ þ/� þþ þ/� þ þ/� � �

CD33 Siglec-3 þþ þþ þþ þþ þ þ þ þþ

CD44 Pgp1 þþ þþ þþ þþ þþ þþ þþ þþ

CD52 Campath-1 þ þ/� n.t. n.t. þ þ þ þ

CD122 IL-2RB � � n.t. n.t. � � � �

CD132 IL-2RG � � n.t. n.t. n.t. n.t. � �

CD117 KIT/SCFR þþ þþ þþ þþ n.t. n.t. þþ þþ

n.c. IL-1RAP þ þ n.t. n.t. þþ þþ � þ/�

Abbreviations: IL-1RAP, IL1 receptor accessory protein; IL-2RB, IL-2 receptor beta; IL-2RG, IL-2 receptor gamma; n.c., not yet clustered; n.t., not tested; SCFR, stem cell

factor receptor; þþ, strongly expressed in a majority of cases; þ, clear expression in majority of cases; þ/�, expression in minority of cases or weak expression

in majority of cases; �, no expression in a vast majority of cases.

Table 2. Expression of CD25, CD122, and CD132 on various cell types in CML and

comparison with cells obtained from healthy donorsa

Expression of

Types of cell CD25 CD122 CD132

Control

CD3þ T cells þ/� þ/� þ

CD19þ B cells þ/� � þ/�

CD14þ Monocytes � � þ/�

CD123þ Basophils þ � þ/�

CML

CD3þ T cells þ/� þ/� þ/�

CD19þ B cells þ/� � þ/�

CD14þ Monocytes � � �

CD123þ Basophils þþ � þ/�

Abbreviation: CML, chronic myeloid leukemia.
aExpression of CD25, CD122, and CD132 was examined on PB or BM cell subsets

by multicolor flow cytometry using monoclonal antibodies shown in Supple-

mentary Table S1. Cells were analyzed in freshly obtained PB or BM samples

(CML, n ¼ 5; healthy controls, n ¼ 5). Expression of CD25, CD122, and CD132

was determined as median fluorescence intensity (MFI) and is expressed as

staining-index (SI), according to the formula: SI¼MFI (test mAb)/MFI (isotype-

control mAb). Results were scored as follows:
SI 0–1.3, �

SI 1.3–3, þ/�

SI 3–10, þ

SI >10, þþ.
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is triggered by STAT5 activity in the absence and presence of BCR/

ABL1 in C57Bl/6 mice.

Identification of CD25 as a regulator of growth of CML cells

We next examined the potential biologic function of CD25 on

CML LSCs. In initial experiments, we were unable to demonstrate

any effects of IL-2 ongrowthof KU812 cells, K562 cells, or primary

CML cells (Supplementary Fig. S7). In addition, preincubation

with IL-2 did not alter responses of primary CML cells to the PI3K/

mTOR inhibitor BEZ235 (Supplementary Fig. S7). Finally, we

applied a random (RDM) shRNA and 3 different CD25-specific

shRNAs (clone #1, #2, and #5) on KU812 cells. In these experi-

ments, the knockdown of CD25 resulted in an increased prolif-

erative capacity compared with cells transduced with an RDM

shRNA (Fig. 5A). We also confirmed the growth advantage of

CD25-negative KU812 cells in vivo in anNSGxenotransplantation

model. NSG mice injected with CD25 shRNA–transfected (clone

#2) KU812 cells showed significantly higher engraftment levels in

the BM, PB, and spleen when compared with mice injected with

control cells (Fig. 5B). In a next step, we transduced CD34þ SC

from 2 patients with CML CP (23%–30% of the CD34þ cells

expressed CD25; and >80% of the CD34þ/CD38� cells expressed

CD25)with a specific CD25 shRNA (clone #2) or an RDMcontrol

shRNA. The knockdown of CD25 resulted in an enhanced pro-

liferation of these CD34þ CML cells (Fig. 5C). Finally, we

expressed CD25 in the CD25-negative (or weakly CD25-positive)

CML cell lines K562, K562-R, and KCL-22 by lentivirus-mediated

transduction. In all three cell lines tested, transductionwith CD25

resulted in decreased proliferation (Supplementary Fig. S8).

Together, these data strongly suggest that CD25 acts as a "leuke-

mia-suppressing" molecule in CML (stem) cells.

Identification of CD25-regulated target genes in KU812 cells

In an attempt to define the mechanism of CD25-induced

growth inhibition in CML cells, we performed gene array analyses

using KU812 cells transfected with RDM shRNA or CD25

shRNA (clone #2). In these analyses, a number of up- and down-

regulated mRNA species were identified in CD25-depleted cells

Figure 2.

Expression of CD25 on CML cells is dependent on STAT5 activity. A, KU812 cells transduced with shRNA against STAT5 or a random control (RDM) shRNA were

analyzed for CD25 expression by qPCR (left) and flow cytometry (right). Results are expressed as a percentage of RDM control and represent mean � SD

from three (qPCR) or five (flow cytometry) experiments. Asterisk (�): P < 0.05 compared with RDM control. B, expression of CD25 mRNA levels (left)

and CD25 surface levels (right) in KU812 cells after incubation in medium (control) or pimozide (1, 5, and 10 mmol/L) at 37�C for 24 hours. mRNA levels were

quantified by qPCR, and surface expression by flow cytometry. Results are expressed as a percentage of ABL (qPCR) or percentage of medium control (flow

cytometry), and represent the mean� SD from five (qPCR) and four (flow cytometry) experiments. Asterisk (�): P < 0.05 compared with untreated cells (control).

C, flow cytometric evaluation of CD25 expression on KU812 cells after incubation in control medium or with the MEK inhibitors PD0325901 or RDEA119

(each 0.1–3 mmol/L) at 37�C for 24 hours. Results are expressed as a percentage of control and represent the mean� SD from 3 experiments. Asterisk (�): P < 0.05

comparedwith untreated cells (control). D, CD25 expression onKU812 cells after incubation in controlmedium,BEZ235, RAD001, or LY294002 (each0.03–3mmol/L)

at 37�C for 24 hours. Results represent the mean � SD from three independent experiments. Asterisk (�): P < 0.05 compared with untreated cells (control).
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(Supplementary Table S5). Among the top upregulated gene

products, a number of mediators of cell growth, proliferation,

or survivalwere identified, including severalmembers of theDAZ-

family, RAB27B, IGFBP7, SSX2, RASGEF1A, or IGF-1 (Supple-

mentary Table S5A). Downregulated genes included several

"tumor-suppressor" genes, genes involved in lymphocyte activa-

tion, inflammatory response, and cell signalling (Supplementary

Table S5B). Together, these data suggest thatmultiple target genes

may contribute to CD25-induced growth inhibition in CML cells.

In a next step, we performed pathway analyses in order to detect

additional genes or gene patterns relevant to CD25-induced

growth inhibition. However, no additional genes or pathways

potentially involved in CD25-induced suppression of SC growth

could be identified (Supplementary Fig. S9). We also compared

cell-cycle progression, mitosis, and apoptosis in shRNA-trans-

duced versus RDM control shRNA-transduced KU812 cells. In

these experiments, we were able to show that the shRNA-induced

knockdown of CD25 resulted in a slightly increased number of

mitotic cells compared with RDM-transduced cells (Supplemen-

tary Fig. S10). By contrast, wewere unable to detect any changes in

the percentage of apoptotic cells after CD25 shRNA transduction

(Supplementary Fig. S10). Finally, shRNA-induced knockdownof

CD25 did not alter cell-cycle progression in KU812 cells (Sup-

plementary Fig. S10).

Identification of CD25 as a BEZ235-induced growth

inhibitor: a rationale for the design of drug combinations

with synergistic effects

In a final step, we asked whether CD25 can serve as a secondary

"drug effector" blocking the growth of CML cells. The shRNA-

induced knockdown of CD25 in KU812 cells was not followed by

any changes in their responses to imatinib, nilotinib, or ponatinib

(comparable IC50 values; Supplementary Fig. S11A). However,

the shRNA-induced knockdown of CD25 resulted in a decreased

response of KU812 cells to BEZ235 (Supplementary Fig. S11A).

Since BEZ235 upregulates CD25 in KU812 cells, these data

suggest that CD25 may serve as a secondary target mediating

BEZ235-induced growth inhibition. Because we also noted that

BCR/ABL1 TKIs decrease CD25 expression, we asked whether

combined application of BEZ235 and BCR/ABL1 TKIs would

result in cooperative growth-inhibitory effects. Indeed, combina-

tions of BEZ235andnilotinib andBEZ235 andponatinib resulted

in strong synergistic growth-inhibitory effects in KU812 cells

(Supplementary Fig. S11B).

Figure 3.

Expression of CD25 on LSCs is dependent on

STAT5 activity. A, CD25 expression on CD34
þ
/

CD38
�
LSCs was analyzed by flow cytometry

after incubation in controlmedium, pimozide (10 or

50 mmol/L), or DMSO at 37�C for 24 hours. Results

show CD25 expression (median fluorescence

intensity) on CD34
þ
/CD38

�
LSCs as a percentage

of control and represent themean� SD from three

independent experiments. Asterisk (�): P < 0.05

compared with untreated cells (control). B, CD25

expression on CD34
þ
/CD38

�
LSCs after

incubation in control medium, BEZ235, or RAD001

(each 1 mmol/L) at 37�C for 24 hours. Results show

CD25 expression on CD34
þ
/CD38

�
LSCs as a

percentage of control and represent the mean �

SD from five independent experiments.

C, expression of pSTAT5 (top) and CD25 (bottom)

in KU812 cells after incubation in control mediumor

TKIs (imatinib, nilotinib, ponatinib, each 0.01–1

mmol/L) at 37�C for 4 hours (pSTAT5) or 24 hours

(CD25). Results are expressed as staining index

(SI; pSTAT5) or as a percentage of control (CD25),

and represent the mean � SD from at least three

independent experiments. Asterisk (�): P < 0.05

compared with untreated cells (control). D, CD25

expression on CD34
þ
/CD38

�
LSCs after

incubation in control medium or TKIs (imatinib,

nilotinib, or ponatinib, each 1mmol/L) at 37�C for 24

hours. Results show CD25 expression on CD34
þ
/

CD38
�
LSCs as a percentage of medium control

and represent the mean � SD of five independent

experiments. Asterisk (�): P < 0.05 compared with

untreated cells. E, expression of pSTAT5 in CD34
þ
/

CD38
�
LSCs after incubation in control medium,

BEZ235, RAD001 (left), or TKIs (imatinib, nilotinib,

ponatinib, 1 mmol/L each; right) at 37�C for 4 hours.

Results represent the mean � SD from five

independent experiments.
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Discussion

Although LSCs are an emerging new target of therapy, little is

known about disease-specific markers and targets expressed in

CML LSCs.We here show that CML LSCs aberrantly express CD25

and that STAT5 triggers the expression of CD25 on LSCs. More-

over, we show that shRNA-induced CD25-depletion in CML cells

is associated with enhanced proliferation in vitro and enhanced

engraftment of KU812 cells in NSG mice. These data suggest that

CD25 is a novel biomarker of CML LSCs and that it acts as a

'leukemia-suppressing' molecule, which may have clinical and

diagnostic implications.

Recently, gene array studies have shown that CML LSCs

express CD25 mRNA in excess over normal SCs (30–32). In

the current study, we confirmed these results at the mRNA and

protein level. In particular, CD25 was found to be expressed on

CML LSCs in almost all patients tested, independent of the

phase of disease. The levels of CD25 on LSCs varied from donor

to donor, but CD25 was detectable in >90% of all patients with

CML. By contrast, in most control samples tested, normal

CD34þ/CD38� BM SCs did not express CD25. After successful

treatment with imatinib, the numbers of CD25þ SCs in the BM

decreased substantially in our CML patients. However, in a few

patients entering a major molecular response (BCR/ABL1

<0.1%), CD34þ/CD38� SCs still expressed CD25, even when

CD26 and IL-1RAP were no longer detectable. This phenom-

enon may have several explanations. First, these cells may

represent an early (BCR/ABL1-negative) phase of LSC evolution

(42, 43). An alternative explanation would be that normal SCs

in these patients were in an activated state and therefore

expressed CD25.

Recent data suggest that LSCs in patients with acute myeloid

leukemia express CD25 (44). In the present study, we asked

whether CD25 is specifically expressed on CML LSCs among

MPNs. However, we were neither able to detect CD25 on SCs in

patients with JAK2-mutated MPNs nor in patients with systemic

mastocytosis, which was an unexpected result, because STAT5

activation occurs downstream of JAK2 V617F and KIT D816V.

One explanationmay be that additional (disease- or cell-specific)

factors, apart from STAT5, are required for induction of CD25

expression in LSCs. We therefore asked whether aberrant expres-

sion of CD25 is detectable in various lineages in the CML clone.

However, we were unable to detect substantial amounts of CD25

in other cell types in our CML patients, including CD34þ/CD38þ

progenitor cells andmorematuremyeloid cells in the CML clone.

These data suggest that aberrant expression of CD25 is confined to

the LSC fraction in CML.

A number of previous studies have shown that CD25 is a

STAT5 target gene (45, 46). Other studies have shown that BCR/

ABL1 directly triggers STAT5 activation (20–23). In the present

study, we were able to show that expression of CD25 on CML

LSCs is dependent on STAT5 activity. First, the shRNA-induced

knockdown of STAT5 resulted in a decreased expression of

CD25. Furthermore, the STAT5-targeting drug pimozide was

found to inhibit expression of CD25 in KU812 cells and

primary CML LSCs. Finally, infection of murine BM SCs with

STAT5A or STAT5B resulted in an enhanced expression of

CD25. An interesting observation was that CD25 expression

on murine CML LSCs (LSK cells) was induced by STAT5 rather

than by BCR/ABL1, contrasting recently published results (32).

One explanation for these discrepant data would be differences

in the transfection assay or transfection efficacy. Another expla-

nation may be that BCR/ABL1 triggers STAT5 activation rather

than STAT5 production in LSK cells.

Imatinib and other BCR/ABL1 TKIs remain the standard of

treatment in patients with Phþ CML (4, 5, 47). However, the

potency of nilotinib and ponatinib against BCR/ABL1 clearly

exceeds the potency of imatinib (48–50). We asked whether

exposure to TKIs would result in a decreased expression of

activated STAT5 and CD25. In KU812 cells, all three TKIs were

found to inhibit the expression of pSTAT5 and expression of

CD25, without major differences in IC50 values. In primary

patient-derived LSCs, however, ponatinib was the most potent

compound, followed by nilotinib, whereas imatinib showed only

little if any effect. These data may be explained by the fact that

ponatinib and nilotinib are more potent inhibitors of BCR/ABL1.

Alternatively, CD25 expression in LSCs is dependent not only on

BCR/ABL1 and STAT5 but also on other targets recognized by

ponatinib and nilotinib, but not imatinib.

Figure 4.

Infection of STAT5A/B is followed by upregulation of CD25 in mouse LSK cells. CD25 expression in Lin
�
/Sca-1

þ
/Kit

þ
LSK cells after infection of murine

C57Bl/6 BM cells with retroviral constructs encoding p210
BCR/ABL1

(red bars), STAT5A/GFP (left, green bar) or STAT5B/GFP (right, green bar), or combinations

of p210
BCR/ABL1

and STAT5/GFP isoforms (blue bars). BM cells were infected as described in the text. Expression of CD25 on LSK cells was analyzed by

multicolor flow cytometry using an antibody against CD25. Results are expressed as median fluorescence intensity (CD25 expression) and represent the

mean � SD from five independent experiments. Asterisk (�) indicates P < 0.05 compared with p210
BCR/ABL1

-infected cells.
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Next, we explored the functional role of CD25 in CML LSCs. In

a proliferation assay, IL-2 did not modulate growth of CML cells

even when applied at high concentrations. In line with this

observation, CML LSCs and KU812 cells stained negative for

IL-2RB (CD122) and IL-2RG (CD132). Recent data suggest that

CD25 expression on LSK cells correlates with their proliferative

capacity in vivo (32). By contrast, weobserved a growth-promoting

effect of various CD25 shRNAs in KU812 cells. In fact, the shRNA-

induced knockdown of CD25 was found to be associated with an

enhanced proliferation in vitro and with a significantly increased

Figure 5.

Evaluation of CD25 as a functional target on CML cells. A, CD25 shRNA–transduced cells (shRNA clones #2, #1, #5 as indicated) were mixed 1:1 with KU812

cells transduced with an RDM shRNA and cultured at 37�C. Expression of CD25
þ
cells was analyzed 3 times a week by flow cytometry using the PE-conjugated

mAB 2A3 against CD25. Results are expressed as a percentage of CD25
þ
cells and represent the mean � SD from at least 4 independent experiments.

Asterisk (�) indicates P < 0.05 compared with CD25 expression on day 0. B, NSG mice were injected with CD25 shRNA (clone #2) or RDM shRNA–transduced

KU812 cells (5 mice/group). After 6 weeks, NSG mice were analyzed for engraftment of CD44
þ
cells (expressed as %) in the BM, PB, and spleen by flow cytometry

using an antibody against CD44 (top). The spleenweight, spleen size, andwhite blood count (WBC) are shown in the bottomplots. Results represent themean� SD

from five mice per group. Asterisk (�): P < 0.05 compared with control mice. The images in the very right plots show the spleen size of NSG mice (#1–5: NSG mice

injected with KU812 cells transduced with RDM shRNA; #6–9: NSGmice injected with KU812 cells transducedwith CD25 shRNA). C, primary CD34
þ
stem/progenitor

cells from2patientswith CMLCPwere transducedwith a CD25 shRNA (clone#2) or anRDMcontrol shRNA. After 24 hours (recovery time),
3
H-thymidine uptakewas

measured in highly enriched (sorted for mCherry) transduced cells. Results are expressed as a percentage of control (
3
H-thymidine uptake in RDM shRNA–

transduced cells ¼ 100%) in three independent experiments (one experiment with cells from patient #51 and two experiments with cells from patient #50).
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engraftment of KU812 cells in NSG mice. These data suggest that

CD25 is involved in the regulation of growth of KU812 cells.

Moreover, we were able to show that lentivirus-mediated expres-

sion of CD25 in the CD25-negative cell lines K562, K562-R, and

KCL-22 leads to reduced proliferation. Finally, we were able to

show that a knockdown of CD25 in primary CD34þ CML stem-

and progenitor cells is associatedwith enhanced growth. All in all,

these data suggest that CD25 is a negative regulator of growth of

CML stem cells.

We next attempted to explore mechanisms underlying the

CD25-mediated growth inhibition. In these analyses, slightly

different numbers in mitotic KU812 cells were found, whereas

we were unable to detect any major differences in cell-cycle

distribution when comparing CD25 shRNA-transduced cells

with RDM shRNA–transduced cells. Alternatively, CD25 may

serve as a receptor for an as yet unknown negative regulator of

stem cell survival or proliferation. In order to address these

questions, we performed gene array studies on shRNA-trans-

duced KU812 cells. In these studies, we were able to identify a

number of regulated genes that might be responsible for the

different growth kinetics (mitotic rate) in KU812 cells. These

genes include several members of the DAZ family, RAB27B,

IGFBP7, SSX2, RASGEF1A, and IGF-1.We hypothesize that these

genes act together to promote growth in CD25-depleted CML

cells. In fact, no other critical genes or pathways that could

explain the CD25-mediated growth inhibition in KU812 cells

were identified in this study.

Because CD25 expression in CML cells may be associated with

reduced growth, we screened for drugs that would upregulate

CD25 expression in CML cells. Whereasmost drugs were found to

downregulate the expressionof STAT5 andCD25 inCML cells, the

PI3K/mTOR blocker BEZ235, the mTOR-targeting drug RAD001

(everolimus), and the PI3K inhibitor LY924002 were found to

upregulateCD25 expression.Wewere therefore interested to learn

whether drug-induced upregulation of CD25 contributes to the

antineoplastic effects of these two agents. Indeed, we found that

shRNAs against CD25 reduce the sensitivity ofKU812 cells against

BEZ235, suggesting that CD25may act as secondary drug effector

of BEZ235. Based on these observations, we were interested to

know whether BEZ235-induced upregulation of CD25 may

enhance the effects of BCR/ABL1 TKIs that were found to down-

regulateCD25expression. To address this question,weperformed

drug combination experiments and found that BCR/ABL1 TKIs

synergize with BEZ235 in producing growth inhibition in CML

cells. Although it remains unknown whether CD25 is indeed a

critical target mediating drug synergy, our data suggest that these

two types of drugs utilize different mechanisms of action, which

may explain synergistic effects. A related hypothesis would be that

TKI-induced CD25 downregulation in CML LSCs is part of an

escape mechanism, and that this escape is disrupted by addition

of PI3K/mTOR blockers.

Together, our data show that CML LSCs aberrantly express

CD25 and that STAT5 triggers expression of CD25 in CML LSCs.

Moreover, our data show that CD25 expression in LSCs is func-

tionally relevant and associated with decreased proliferative

capacity. These data may have implications for the biology of

CML and should facilitate LSC detection and isolation. Moreover,

CD25may serve as a potential indirect drug target of drug therapy.

Disclosure of Potential Conflicts of Interest
T.L. Holyoake reports receiving speakers bureau honoraria from Ariad and

Novartis, and commercial research grants from Bristol-Myers Squibb, Constel-

lation Pharmaceuticals, Novartis, and Roche. P. Valent is a consultant/advisory

boardmember for Ariad, Bristol-Myers Squibb, Novartis and Pfizer, and reports

receiving commercial research support from Ariad and Novartis. No potential

conflicts of interest were disclosed by the other authors.

Authors' Contributions
Conception and design: I. Sadovnik, P. Valent

Development of methodology: I. Sadovnik, S. Cerny-Reiterer, G. Greiner

Acquisition of data (provided animals, acquired and managed patients,

provided facilities, etc.): I. Sadovnik, A. Hoelbl-Kovacic, G. Eisenwort,

S. Cerny-Reiterer, W. Warsch, G. Hoermann, G. Greiner, B. Peter, G. Stefanzl,

D. Berger, M. Bilban, H. Sill, W.R. Sperr, B. Streubel, T.L. Holyoake, V. Sexl

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,

computational analysis): I. Sadovnik, H. Herrmann, G. Eisenwort, S. Cerny-

Reiterer, G. Hoermann, K. Blatt, B. Peter, G. Stefanzl, D. Berger, M. Bilban,

B. Streubel, V. Sexl

Writing, review, and/or revision of themanuscript: I. Sadovnik, H. Herrmann,

G. Hoermann, H. Sill, W.R. Sperr, C. Mannhalter, T.L. Holyoake, V. Sexl,

P. Valent

Administrative, technical, or material support (i.e., reporting or organizing

data, constructing databases): M. Bilban, C. Mannhalter, T.L. Holyoake,

P. Valent

Study supervision: P. Valent

Acknowledgments
The authors thank G€unther Hofbauer and Andreas Spittler (both at the

Core Facility Flow Cytometry, Medical University of Vienna) as well as

Verena Suppan, Gerlinde Mitterbauer-Hohendanner, Markus Jeitler, Tina,

Alan Hair, and Erika Marton for excellent technical assistance. They also

acknowledge the SPIRIT Trials Management Group for access to CML

samples. Lastly, they thank all CML patients and UK hematology depart-

ments who contributed samples.

Grant Support
This study was supported by Austrian Science Fund (FWF): F 4704-B20 and F

4706-B20, by a Stem Cell Grant of the Medical University of Vienna, and by the

Glasgow Experimental Cancer Medicine Centre (ECMC), which is funded by

Cancer Research-UK and the Chief Scientist's Office (Scotland).

The costs of publication of this articlewere defrayed inpart by the payment of

page charges. This article must therefore be hereby marked advertisement in

accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received April 3, 2015; revised November 2, 2015; accepted November 17,

2015; published OnlineFirst November 25, 2015.

References
1. Rowley JD. A new consistent chromosomal abnormality in chronic mye-

logenous leukaemia identified by quinacrine fluorescence and Giemsa

staining. Nature 1973;243:290–3.

2. Faderl S, Talpaz M, Estrov Z, O'Brien S, Kurzrock R, Kantarjian HM.

The biology of chronic myeloid leukemia. N Engl J Med 1999;341:

164–72.

3. Melo JV, Barnes DJ. Chronic myeloid leukaemia as a model of disease

evolution in human cancer. Nat Rev Cancer 2007;7:441–53.

4. Druker BJ. Perspectives on the development of a molecularly targeted

agent. Cancer Cell 2002;1:31–6.

5. Druker BJ, Guilhot F, O'Brien SG, Gathmann I, Kantarjian H, Gattermann

N; IRIS Investigators. Five-year follow-up of patients receiving imatinib for

chronic myeloid leukemia. N Engl J Med 2006;355:2408–17.

6. Copland M, Jørgensen HG, Holyoake TL. Evolving molecular therapy for

chronic myeloid leukaemia–are we on target? Hematology 2005;10:

349–59.

Clin Cancer Res; 22(8) April 15, 2016 Clinical Cancer Research2060

Sadovnik et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

2
/8

/2
0
5
1
/2

0
3
5
8
0
1
/2

0
5
1
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u

s
t 2

0
2
2



7. Jiang X, Zhao Y, Smith C, Gasparetto M, Turhan A, Eaves A, et al. Chronic

myeloid leukemia stem cells possess multiple unique features of resistance

to BCR-ABL targeted therapies. Leukemia 2007;21:926–35.

8. Valent P. Emerging stem cell concepts for imatinib-resistant chronic mye-

loid leukaemia: implications for the biology, management, and therapy of

the disease. Br J Haematol 2008;142:361–78.

9. Kavalerchik E, Goff D, Jamieson CH. Chronicmyeloid leukemia stem cells.

J Clin Oncol 2008;26:2911–5.

10. Corbin AS, Agarwal A, Loriaux M, Cortes J, Deininger MW, Druker BJ.

Human chronic myeloid leukemia stem cells are insensitive to imatinib

despite inhibition of BCR-ABL activity. J Clin Invest 2011;121:396–409.

11. Hamilton A, Helgason GV, Schemionek M, Zhang B, Myssina S, Allan EK,

et al. Chronic myeloid leukemia stem cells are not dependent on Bcr-Abl

kinase activity for their survival. Blood 2012;119:1501–10.

12. Jiang X, Forrest D, Nicolini F, Turhan A, Guilhot J, Yip C, et al. Properties of

CD34þ CML stem/progenitor cells that correlate with different clinical

responses to imatinib mesylate. Blood 2010;116:2112–21.

13. La Ros�ee P, DeiningerMW. Resistance to imatinib: mutations and beyond.

Semin Hematol 2010;47:335–43.

14. Lapidot T, Sirard C, Vormoor J,MurdochB,Hoang T, Caceres-Cortes J, et al.

A cell initiating human acute myeloid leukaemia after transplantation into

SCID mice. Nature 1994;367:645–8.

15. Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a

hierarchy that originates from a primitive hematopoietic cell. Nat Med

1997;3:730–7.

16. Dick JE. Stem cell concepts renew cancer research. Blood 2008;112:

4793–807.

17. Misaghian N, Ligresti G, Steelman LS, Bertrand FE, B€asecke J, Libra M, et al.

Targeting the leukemic stem cell: the Holy Grail of leukemia therapy.

Leukemia 2009;23:25–42.

18. Essers MA, Trumpp A. Targeting leukemic stem cells by breaking their

dormancy. Mol Oncol 2010;4:443–50.

19. Valent P. Targeting of leukemia-initiating cells to develop curative drug

therapies: straightforward but nontrivial concept. Curr CancerDrug Targets

2011;11:56–71.

20. Shuai K, Halpern J, ten Hoeve J, Rao X, Sawyers CL. Constitutive activation

of STAT5 by the BCR-ABL oncogene in chronic myelogenous leukemia.

Oncogene 1996;13:247–54.

21. Nieborowska-SkorskaM,WasikMA, Slupianek A, Salomoni P, Kitamura T,

Calabretta B, et al. Signal transducer and activator of transcription (STAT)5

activation by BCR/ABL1 is dependent on intact Src homology (SH)3 and

SH2 domains of BCR/ABL1 and is required for leukemogenesis. J Exp Med

1999;189:1229–42.

22. Sillaber C, Gesbert F, Frank DA, Sattler M, Griffin JD. STAT5 activation

contributes to growth and viability in Bcr/Abl-transformed cells. Blood

2000;95:2118–25.

23. Hoelbl A, Schuster C, Kovacic B, Zhu B, WickreM, Hoelzl MA, et al. Stat5 is

indispensable for the maintenance of bcr/abl-positive leukaemia. EMBO

Mol Med 2010;2:98–110.

24. Warsch W, Grundschober E, Berger A, Gille L, Cerny-Reiterer S, Tigan AS,

et al. STAT5 triggers BCR-ABL1 mutation by mediating ROS production in

chronic myeloid leukaemia. Oncotarget 2012;3:1669–87.

25. Petzer AL, Eaves CJ, Lansdorp PM, Ponchio L, Barnett MJ, Eaves AC.

Characterization of primitive subpopulations of normal and leukemic

cells present in the blood of patients with newly diagnosed as well as

established chronic myeloid leukemia. Blood 1996;88:2162–71.

26. Eisterer W, Jiang X, Christ O, Glimm H, Lee KH, Pang E, et al. Different

subsets of primary chronic myeloid leukemia stem cells engraft immuno-

deficient mice and produce a model of the human disease. Leukemia

2005;19:435–41.

27. Heaney NB, Pellicano F, Zhang B, Crawford L, Chu S, Kazmi SM, et al.

Bortezomib induces apoptosis in primitive chronicmyeloid leukemia cells

including LTC-IC and NOD/SCID repopulating cells. Blood 2010;115:

2241–50.

28. J€ara
�

s M, Johnels P, Hansen N, Agerstam H, Tsapogas P, Rissler M, et al.

Isolation and killing of candidate chronic myeloid leukemia stem cells by

antibody targeting of IL-1 receptor accessory protein. Proc Natl Acad Sci

2010;107:16280–5.

29. HerrmannH, Sadovnik I, Cerny-Reiterer S, R€ulicke T, Stefanzl G,Willmann

M, et al. Dipeptidylpeptidase IV (CD26) defines leukemic stem cells (LSC)

in chronic myeloid leukemia. Blood 2014;123:3951–62.

30. Gerber JM, Gucwa JL, Esopi D, Gurel M, Haffner MC, Vala M, et al.

Genome-wide comparison of the transcriptomes of highly enriched nor-

mal and chronic myeloid leukemia stem and progenitor cell populations.

Oncotarget 2013;4:715–28.

31. Bruns I, Czibere A, Fischer JC, Roels F, Cadeddu RP, Buest S, et al. The

hematopoietic stem cell in chronic phase CML is characterized by a

transcriptional profile resembling normal myeloid progenitor cells and

reflecting loss of quiescence. Leukemia 2009;23:892–9.

32. Kobayashi CI, Takubo K, Kobayashi H, Nakamura-Ishizu A, Honda H,

Kataoka K, et al. The IL-2/CD25 axis maintains distinct subsets of chronic

myeloid leukemia-initiating cells. Blood 2014;123:2540–9.

33. WarschW, Kollmann K, Eckelhart E, Fajmann S, Cerny-Reiterer S, H€olbl A,

et al. High STAT5 levels mediate imatinib resistance and indicate disease

progression in chronic myeloid leukemia. Blood 2011;117:3409–20.

34. Florian S, Sonneck K, Hauswirth AW, Krauth MT, Schernthaner GH, Sperr

WR, et al. Detection of molecular targets on the surface of CD34þ/CD38�

stem cells in various myeloid malignancies. Leuk Lymphoma 2006;47:

207–22.

35. Herrmann H, Cerny-Reiterer S, Gleixner KV, Blatt K, Herndlhofer S,

Rabitsch W, et al. CD34(þ)/CD38(�) stem cells in chronic myeloid

leukemia express Siglec-3 (CD33) and are responsive to the CD33-target-

ing drug gemtuzumab/ozogamicin. Haematologica 2012;97:219–26.

36. BrothmanAR, PersonsDL, Shaffer LG.Nomenclature evolution: changes in

the ISCN from the 2005 to the 2009 edition. Cytogenet Genome Res

2009;127:1–4.

37. Scheeren FA,NaspettiM,Diehl S, Schotte R,NagasawaM,Wijnands E, et al.

STAT5 regulates the self-renewal capacity and differentiation of human

memory B cells and controls Bcl-6 expression. Nat Immunol 2005;6:

303–13.

38. Hoermann G, Cerny-Reiterer S, Pern�e A, Klauser M, Hoetzenecker K, Klein

K, et al. Identification of oncostatin M as a STAT5-dependent mediator of

bone marrow remodeling in KIT D816V-positive systemic mastocytosis.

Am J Pathol 2011;178:2344–56.

39. Peter B, Cerny-Reiterer S,Hadzijusufovic E, SchuchK, StefanzlG, Eisenwort

G, et al. The pan-Bcl-2 blocker obatoclax promotes the expression of Puma,

Noxa, and Bim mRNA and induces apoptosis in neoplastic mast cells.

J Leukoc Biol 2014;9:95–104.

40. Chou TC, Talalay P. Quantitative analysis of dose-effect relationships: the

combined effects of multiple drugs or enzyme inhibitors. Adv Enzyme

Regul 1984;22:27–55.

41. Gleixner KV, Ferenc V, Peter B, Gruze A, Meyer RA, Hadzijusufovic E, et al.

Polo-like kinase 1 (Plk1) as a novel drug target in chronic myeloid

leukemia: overriding imatinib resistance with the Plk1 inhibitor BI

2536. Cancer Res 2010;70:1513–23.

42. Valent P, Bonnet D, De Maria R, Lapidot T, Copland M, Melo JV, et al.

Cancer stem cell definitions and terminology: the devil is in the details. Nat

Rev Cancer 2012;12:767–75.

43. Valent P, BonnetD,W€ohrer S, AndreeffM,CoplandM,ChomienneC, et al.

Heterogeneity of neoplastic stem cells: theoretical, functional, and clinical

implications. Cancer Res 2013;73:1037–45.

44. Saito Y, Kitamura H, Hijikata A, Tomizawa-Murasawa M, Tanaka S, Takagi

S, et al. Identification of therapeutic targets for quiescent, chemotherapy-

resistant human leukemia stem cells. Sci Transl Med 2010;2:17ra9.

45. Lin JX, LeonardWJ. The role of Stat5a and Stat5b in signaling by IL-2 family

cytokines. Oncogene 2000;19:2566–76.

46. Cohen AC, Nadeau KC, Tu W, Hwa V, Dionis K, Bezrodnik L, et al.

Cutting edge: decreased accumulation and regulatory function of CD4þ

CD25(high) T cells in human STAT5b deficiency. J Immunol 2006;

177:2770–4.

47. Mahon FX. Is going for cure in chronic myeloid leukemia possible and

justifiable? Hematology Am Soc Hematol Educ Program 2012;2012:

122–8.

48. Cortes JE, Kantarjian H, Shah NP, Bixby D, Mauro MJ, Flinn I, et al.

Ponatinib in refractory Philadelphia chromosome-positive leukemias.

N Engl J Med 2012;367:2075–88.

49. Kantarjian H, Giles F, Wunderle L, Bhalla K, O'Brien S, Wassmann B, et al.

Nilotinib in imatinib-resistant CML and Philadelphia chromosome-pos-

itive ALL. N Engl J Med 2006;354:2542–51.

50. Saglio G, Kim DW, Issaragrisil S, le Coutre P, Etienne G, Lobo C, et al.

ENESTnd Investigators. Nilotinib versus imatinib for newly diagnosed

chronic myeloid leukemia. N Engl J Med 2010;362:2251–9.

www.aacrjournals.org Clin Cancer Res; 22(8) April 15, 2016 2061

CML LSCs Express CD25

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

2
/8

/2
0
5
1
/2

0
3
5
8
0
1
/2

0
5
1
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u

s
t 2

0
2
2


