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Preface

MicroRNAs (miRNAs) are endogenous noncoding small RNAs, which are highly

conserved during biological evolution and implicated in virtually all aspects of biology.

In addition to normal development and cellular function, they also involved in the

pathogenesis of many cancers. Acute lymphoblastic leukemia (ALL) is a special type of

cancer developed mostly in children. In collaboration with the NTU Microarray Core

facility we have applied miRNA profiling to childhood ALL patients and identified

several miRNAs correlated with various kinds of ALL subtypes. The thesis describes

two ALL-associated miRNA genes, MIR181A1 and MIR151A. The first part of the

thesis focuses on t(12;21)-positive ALL associated miRNA—MIR181AL. t(12;21) is the

most common chromosomal alteration which results in expression of ETV6/RUNX1

fusion oncogene. We demonstrated novel regulatory network comprising ETV6/RUNX1

and MIR181A1 in which ETV6/RUNX1 and MIR181A1 can regulate each other. We

further demonstrate that ectopic expression of miR-181a partially reversed the blockade

of B cell differentiation in ETV6/RUNX1-expressing leukemic cells. The second part of

the thesis focuses on MIR151A, which was identified to be differentially expressed in

B-ALL. We generated the Mirl51 conventional knockout mice using recombineering

technique and characterized their phenotypes.
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The First Part

Childhood Acute Lymphoblastic Leukemia
Associated MicroRNAs: I. A Double Negative Loop

Comprising of ETV6/RUNX1 and MIR181A1
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Abstract

Acute lymphoblastic leukemia is the most common pediatric cancer, and the
chromosomal translocation t(12;21), which resulting in expression of ETV6/RUNX1
fusion gene, is the most frequent chromosomal lesion in childhood B-cell precursor
(pre-B) ALL. MicroRNAs (miRNAs) are small noncoding RNAs with 18-23
nucleotides arisen from cleavage of 70-100 nucleotide precursors and mostly down
regulate gene expression at post-transcriptional level. They have been implicated in
virtually all aspects of biology including hematopoietic cell differentiation and some of
them are also known to participate in leukemogenesis. To investigate the miRNAs that
are associated with regulation of ETV6/RUNX1 expression, we performed miRNA
expression profiling on fifty leukemic samples from children with pre-BALL, including
10 cases positive for ETV6/RUNX1. We identified 17 miRNAs that were
down-regulated in ETV6/RUNX1-positive, compared with ETV6/RUNX1-negative
B-ALL. Of these miRNAs, miR-181a-1, one of the mature form derived from the 3" arm
of precursor hsa-mir-181a-1, gives the most significant fold-change (reduced by ~75%,
P<0.001). In addition, MIR181A1 contains a potential RUNX1 binding site (TGTGGT),
thus we selected MIR181A1 for further investigation.

In REH cells, an ETV6/RUNX1-positive B-ALL line, siRNA knockdown of

ETV6/RUNX1 resulted in increased miR-181a-1 expression, while overexpression of
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ETV6/RUNXL fusion protein in HEK-293FT cells resulted in reduction of miR-181a-1

level. The predicted RUNX1 binding site was also confirmed in REH cells by chromatin

Immunoprecipitation analysis, indicating MIR181A1 is a direct target of the

ETV6/RUNXL fusion protein. To search for downstream targets of miR-181a, the

functional counterpart of miR-181a-1, REH cells were transfected with miR-181a and

the expression of PLAGL, shown to be a target of miR-181a-1 in chronic lymphoblastic

leukemia (CLL) was examined. The PLAG1 protein level was decreased in miR-181a

over-expressed REH cells. In addition, the PLAG1 mRNA level was increased in

ETV6/RUNX1-positive clinical samples. This indicated that PLAG1 gene might be the

down-stream target of miR-181a in childhood ALL as in CLL. Furthermore, we found

ETV6/RUNXL protein was also decreased in miR-181a-transfected REH cells,

correlating with the existence of a miR-181a recognition sequence (UGAAUGU) at the

3’-untranslated region of RUNX1. Using REH cells, we showed ectopic expression of

miR-181a could enhance ETV6/RUNX1-expressing B-ALL cells differentiate from

pre-Bl stage to immature B cells. In addition, miR-181a could induce partial

differentiation of ETV6/RUNX1-positive clinical patient samples by diminishing CD10

expression.

Taken together, our results demonstrate that MIR181A1 and ETV6/RUNX1 regulate

each other, and we propose that a double negative loop involving MIR181A1 and

5



ETV6/RUNX1 may contribute to ETV6/RUNX1-driven differentiation arrest in B-ALL.

Key words : pre-B ALL > t(12;21) translocation> ETV6/RUNX1 > miR-181a-1>miR-181a
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Chapter 1. Introduction

1.1. Childhood B-cell precursor acute lymphoblastic leukemia

Acute lymphoblastic leukemia (ALL), characterized by excessive proliferation and
differentiation block of abnormal lymphoblast, is an a clinically and biologically
heterogeneous hematologic malignancy originating from a multipotent hematopoietic
stem cell (HSC). It is the most common childhood cancer, accounting for 31% of all
tumors (1), and the leading cause of cancer-related death in children and young adult (2).
According to the type of lymphocyte the leukemia cells come from, ALL has been
classified into B-cell and T-cell lineage ALL. At approximately 80% (1), the majority of
children with ALL have B-cell precursor ALL (B-ALL), which results from the
accumulation of genetic alterations in pre-B cells and demonstrates a pre-B cell-like
phenotype such as exhibiting cell surface markers of normal pre-B cells (CD19",
CD10"), and appears to be clonal expansion of normal pre-B cells stalled at a particular

stage of the differentiation process (3, 4).

1.2. Genetic aberrations in B-ALL

Recurrent genetic aberrations that block pre-B cell differentiation and direct

aberrant proliferation and cell survival is the hallmark of B-ALL and the driving force

11



of leukemogenesis. Using standard chromosomal and molecular genetic analysis, 75%

of B-ALL cases can be detected harboring a recurring chromosomal abnormalities (2),

which can be subdivide into numerical aberrations, such as hyperdiploidy (>50

chromosomes) and hypodiploidy (<44 chromosomes), and structural alteration like

chromosomal rearrangement. Chromosomal rearrangements resulting from translocation,

inversion, deletion, and duplication are common in B-ALL. These rearrangements often

affect genes encoding regulators of hematopoiesis, tumor suppressors, oncogenes or

tyrosine kinases. Four common translocations, t(12;21)(p13;922), t(1;19)(q23;p13),

t(9;22)(q34;911.2), and t(4;11)(q21;923), are most well-known and compart 30-35% of

childhood ALL (Appendix 1) (1, 5). These translocations disrupts the normal genes

involved in regulating hematopoiesis and cause the formation of new fusion genes

which are critical to leukemogenesis. Some of them, such as t(9;22) which results in a

kinase fusion gene—BCR/ABLL1, are powerful enough to induce leukemia individually

(6), but some others may require additional genetic hits to induce overt leukemia (7).

Standard methods can detect genetic abnormalities in most of the patients but still

have limitation. Recently, the aid of newly developed approaches including gene

expression microarray profiling, DNA copy number analysis, and next-generation

sequencing (NGS) technologies, have improved the number of lesions found in B-ALL

and virtually all cases can be detected harboring a genetic alteration (8). Numerous

12



mutations that targeted genes in key cellular pathways in B-ALL are identified and are

applied to characterize new subtypes or increase the new insights into known ALL

subtypes, such as BCR/ABL1-like ALL (~15%) (9, 10), intrachromosomal amplification

of chromosome 21 (IAMP21, ~2%) (11, 12), IGH- and CRLF2-rearrangement (5-7%)

(13), ERG-deregulated ALL (~7%) (14), PAX5-deletion (3%) /mutation (5-7%) /

rearrangement (2-3%) (5), and IKZF1-deregulated ALL (~15%) (9, 15).

1.3. ETV6/RUNX1-positive B-ALL

1.3.1. ETV6/RUNX1 fusion gene

The t(12;21) (p13;922) translocation, which results in ETV6/RUNX1 fusion gene,

was first reported by two different group in 1995 (16, 17). It is the most common

chromosomal rearrangement in childhood B-ALL cases but less prevalent in adult

patients (1, 18). The incidence of t(12;21) in B-ALL is approximately 15-25%, and

patients with this translocation usually have excellent outcome (19). This rearrangement

is not able to be detected by conventional cytogenetic analysis but is readily detected by

fluorescent in situ hybridization and molecular techniques, such as RT-PCR and

quantitative RT-PCR (20-22).

The ETV6 gene, which is very large (240 kb) and consists of eight exons coding for

an ETS-like putative transcription factor containing a helix-loop-helix (HLH) and a
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DNA-binding domain is on human chromosome 12p13 (23). The RUNX1 gene, which

belongs to the runt domain gene family of transcription factors, is on human

chromosome 21922 and spans 260 kb consisting of 12 exons (24). Both ETV6 and

RUNX1 genes demonstrated critical roles in hematopoiesis in knockout mice studies

(25-27), and they are also frequently targeted by rearrangements and mutations in

leukemia (28, 29).

The breakpoints on ETV6 gene are clustered in a 15 kb region between exon 5 and

6 (23), and the breakpoints on RUNX1 gene may occur either in the ~100 kb intron 1 or

intron 2 (Appendix I1A) (18, 30). Most of all, the ETV6/RUNX1 fusion transcript shows

a joining of exon 5 of ETV6 to the second exon of RUNX1, while the junction occurred

at the third exon of RUNX1 is less frequently seen (Appendix 11B) (30). Wherever the

breakpoints occurred, these all result in fusion of the 5’ portion of ETV6 and almost the

entire coding region of RUNX1 gene.

1.3.2. Structure and function of ETV6/RUNX1 fusion protein

The ETV6/RUNX1 fusion protein is composed of the N-terminal

non-DNA-binding region of ETV6 and nearly complete RUNX1 protein, including the

DNA-binding and activation region, which is responsible for the essential function of

the fusion protein (Appendix I11) (16, 18, 31). The ETV6 protein acts as a DNA-binding
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transcriptional repressor, while RUNX1 can be a DNA-binding transcriptional activator
or repressor depending on the promoter specificity or cell context (18). In contrast to
RUNXZ1, transiently expressed ETV6/RUNX1 fusion protein generally represses the
activities of reporter constructs driven by regulatory regions derived from
hematopoietic-specific genes (18). The ETV6/RUNX1 fusion protein acts as an aberrant
transcription factor that can interfere with the normal functions of wild-type ETV6 and
RUNX1 through multiple mechanisms. ETV6/RUNX1 can dimerize with wild-type
ETV6 through the HLH domain and disrupt the activity of ETV6 (31, 32).
ETV6/RUNX1 may also bind to RUNX1 target DNA sequences and recruit
transcriptional corepressors including mSinA, N-coR, and histone deacetylase-3
(HDAC3) via the fusion part of ETV6, resulting in dysregulated RUNX1-dependent

transcription (Appendix 1V) (31, 33, 34).

1.3.3. Role of ETV6/RUNX1 in leukemogenesis of B-ALL

Analysis of monozygotic twins with concordant leukemia and retrospective
screening of neonatal blood spots of patients with leukemia indicate that chromosomal
translocations characteristic of pediatric leukemia often arise prenatally (35). However,
in normal cord blood ETV6/RUNX1 is detected at a frequency that is 100-fold greater

than the risk of the corresponding leukemia (36). Mouse models demonstrate that
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expression of ETV6/RUNX1 in murine bone morrow stem cells impedes B cell

differentiation from the earliest stages of B cell development with a particular marked

impact at the transition from pro-B to pre-B cell stages. Although the accumulation of

both multipotent and B-cell progenitors in vivo, ETV6/RUNXL is insufficient to induce

leukemia by itself (37, 38). Collectively, these data suggests that ETV6/RUNX1 is a

frequent prenatal first hit in childhood leukemia which can initiate a preleukemic

phenotype remaining covert for up to 15 years but is insufficient for clinical leukemia.

1.4. MicroRNASs

1.4.1. Overview

MicroRNAs (miRNAs) are a group of single-stranded, endogenously initiated

non-coding RNAs which are first discovered in the early 1990s (39). They are

transcribed by RNA polymerase Il as part of capped and polyadenylated primary

transcripts (pri-miRNAS) that can be either protein-coding or non-coding. The primary

transcript is cleaved by the Drosha ribonuclease 11l enzyme to produce an

approximately 70 to 100- nucleotide stem-loop precursor miRNA (pre-miRNA), which

is exported to cytoplasm and is further cleaved by the Dicer ribonuclease to generate the

20-23 nucleotides mature miRNA products from 3’ and/or 5’ arms (40). When two

mature miRNAs originate from opposite arms of the same pre-miRNA and express
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similar amounts, they are represented as -3p and -5p (41). In human cells, the mature

miRNAs incorporate into a RNA-induced silencing complex (RISC) and then target

mRNAs for degradation or translational repression via partial or perfect

complementarity to the mRNA 3' untranslated region (3' UTR) through specific seed

sequences (Appendix V) (40, 42). By this way, miRNAs can downregulate gene

expression at the post-transcriptional level. In the recent years, there has been increasing

evidence that miRNAs also bind in the coding region to inhibit translation (43),

implying that miRNAs may flexibly tune the time-scale and magnitude of

post-transcriptional regulation through combination of multiple ways (44). Thus,

miRNAs have the ability to control fundamental cellular functions such as survival,

differentiation, apoptosis, and cell cycle.

1.4.2.  MicroRNAs in hematopoiesis and leukemogenesis

A variety of miRNAs have been identified as important regulators of

hematopoiesis (45). For instance, miR-221/222 inhibits the erythropoiesis (46),

miR-223 is essential to modulate myeloid differentiation (47), miR-181a and miR-150

are dynamically regulated during T-cell and B-cell development, respectively, and

premature expression of certain miRNAs in hematopoietic progenitors may impair T-

and B-cell development at the stage transition during maturation (48-50).
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MIiRNA expression in hematological malignancies has also been extensively

studied. Some information about factors that modulate miRNA expression is now

available. Dysregulation of miRNA expression is frequently associated with cytogenetic

abnormalities, and indeed certain abnormalities have direct impacts on aberrant

mIiRNAs expressions (45). RUNX1/ETO, the most common acute myeloid leukemia—

associated fusion protein resulting from t(8;21), was first reported to directly repress

miR-223 expression by triggering chromatin remodeling and epigenetic silencing,

which in turn blocks the differentiation of myeloid precursor cells (51).

1.43. MIR181A1 gene

MIR181A1 gene is located on human chromosome 1g32.1 and is only 62 bp distant

from MIR181B1 gene, they are considered sharing the same primary transcript. There is

only one exon in MIR181A1 gene and expressed a pre-miRNA with 110 bp in length

referred to hsa-mir-181a-1. Hsa-mir-181a-1 will further generate two mature miRNAs

including miR-181a-3p and -5p, which are referred to miR-181a-1 and miR-181a,

respectively (Figure 1A). MIR181A1 belongs to the miR-181 family which consists of

mir-181a/bl, mir-181a/b2 and mir-181c/d, producing four highly similar mature 5p

miRNAs (miR-181a, miR-181b, miR-181c and miR-181d, respectively) with identical

seed sequence and a slight difference in 1~4 bp from three polycistronic transcripts
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(Figure 1B).

Although both 3p and 5p of hsa-mir-181a can be detected in tissues, previous

reports only demonstrated that miR-181a targets various mMRNAs and has physiological

roles and pathological meanings (52-54), while the function of miR-181a-1 remains

unclear. In healthy cells, miR-181a regulates B-cell development, influences T-cell

sensitivity to antigens by modulating T-cell receptor signaling, and is involved in early

steps of hematopoiesis (55). A tumor suppressor activity of miR-181a is reported in

chronic lymphocytic leukemia (CLL) (56, 57), glioma (53), and astrocytoma (54). In

addition, ectopic expression of miR-181a has been shown to sensitizes acute myeloid

leukemia (AML) cell lines to chemotherapy (58), and enhance the effect of radiation

treatment on malignant glioma cells via down-regulation of the Bcl-2 protein (59).

1.4.4. MicroRNAs associated with ETV6/RUNX1

Recent studies have shown that aberrant miRNA expression also plays an

important role in malignant transformation of ETV6/RUNX1 ALL. A highly expressed

miR-125b-2 cluster was found in ETV6/RUNX1 ALL and may provide leukemic cells

with a survival advantage against growth inhibitory signals in a p53-independent

mechanism (60). In addition, ETV6/RUNX1 was shown to regulate the cellular level of

the Survivin protein and apoptosis via suppression of miR-494 and miR-320a
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expression by direct binding to the promoter regions of their encoding genes (61).

1.5. Research motive and the aim

It is believed that ETV6/RUNX1 expression may allow quiescent, preleukemic

cells to exist in the bone marrow via transcriptional deregulation of downstream genes.

There is ample evidence that leukemogenesis driven by ETV6/RUNXL is mediated in

part by conferring survival signals through direct modulation of multiple targets such as

EPOR, MDM2, and miRNA genes (61-63). However, miRNAs involved in the

ETV6/RUNX1-mediated B-cell differentiation arrest is not well understood. For this

purpose, we designed and performed the experiments to identify the miRNAs which are

regulated by ETV6/RUNX1 and elucidated the underlying regulatory mechanism.
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Chapter 2. Materials and Methods

2.1. Materials

2.1.1. Reagents

Product name Company
1 kb DNA Ladder Bertec
100 bp DNA Ladder Bertec
20x Human GAPDH VIC/MGB Applied Biosystems
2-Mercaptoethanol Sigma
2x TagMan Universal PCR Master Mix Applied Biosystems
Acrylamide Sigma
Agar, Bacteriological ALPHA biosciences
Agarose Invitrogen
Ammonium persulfate Sigma
Ampicillin Sigma
bis-Acrylamide Sigma
Boric acid J. T.Baker
Bovine serum albumin (BSA) Sigma
BPB Sigma
Calf Intestine Alkaline Phosphatase (CIP) Fermentus
Chlorofrom J. T.Baker
Dithiothreitol (DTT) Invitrogen
DMEM Hyclone
dNTPs GeneDirex
Dulbecco's phosphate buffered saline (DPBS) Gibco
EDTA J. T.Baker
EDTA-*Na, J.T.Baker
Ethanol Sigma
Ethidium Bromide (EtBr) Amersco
Fetal bovine serum (FBS) Biological Industries
Formaldehyde Sigma
Glucose Sigma
Glycerol Mallinckrodt
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Glycine

HEPES

Isopropanol

L-glutamine

Methnol

OPTI-MEM |

PageRugular Pre-Stained Protein Ladder
Penicillin/Streptomycin (P/S)
Phosphate buffered saline (PBS)
Polybrene

Protease inhibitor cocktails
Puromycin

RIPA buffer

RPMI-1640

Skimmed milk

Sodium bicarbonate

sodium dodecyl sulfate (SDS)
Sodium pyruvate

StemSpam'™ CC100
StemSpam™ SFEMII

TEMED

Tris base

Trypan blue

Trypsin

Tryptone

Tween 20

Valproic acid sodium salt (VPA)
Xylene

Yeast extract

J.T.Baker
Gibco
Fluka
Gibco
Sigma
Invitrogen
Fermentus
Gibco
Biowest
Sigma
Roche
Sigma
Thermo
Gibco

% i
Gibco
Pierce
Gibco

StemCell Technologies

StemCell Technologies

Sigma
J.T.Baker
Biowest
Gibco

ALPHA biosciences

Sigma
Sigma
Sigma

ALPHA biosciences

2.1.2. Kits

Product name Company
Bradford protein assay Bio-Rad
BrdU-FITC flow kit BD
Cell Proliferation Kit I (MTT) Roche
Chromatin Immunoprecipitation (ChlIP) Assay Kit Upstate
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Dual-Luciferase Reporter Assay

FastStart universal SYBR green master (ROX)
FavorPrep plasmid extraction midi kit
FavorPrep plasmid extraction mini kit

FITC Annexin V apoptosis detection kit
Immobiion Western Chemilum HRP substrate
Lipofectatime 2000

Neon™ transfection system 10 pL kit

PEG-it kit

Pre-miR™ miRNA Precursor Molecule (hsa-mir-181a)
Pre-miR™ Negative Control #1

Qiagen Plasmid Maxi kit

QuikChange Lightning Site-Directed Mutagenesis kit
RnaseQOut

siPORT™ NeoFX™ Transfection Agent
SiRNA

SuperScript 111 Reverse Transcriptase

T4 DNA Ligase

Taq DNA polymerase

TagMan miRNA expression assay

TagMan® MicroRNA Cells-to-CT™ Kit

Promega
Roche
FAVORGEN
FAVORGEN
BD

Millipore
Invitrogen
Invitrogen
SBI

Ambion
Ambion
Qiagen
Agilent
Invitrogen
Ambion
Invitrogen
Invitrogen
NEB
Geneaid
Applied Biosystems
Ambion

TagMan® miRNA RT kit Ambion
TransIT-LT1 Mirus Bio.
Trizol reagent Invitrogen
2.1.3.  Antibodies

Product name Company
mouse monoclonal anti-PLAG1 (H00005324-M02) Abnova
mouse polyclonal anti-B-actin (NB600-501) Novus
rabbit polyclonal anti-RUNX1 (ab50541) Abcam
HRP-conjugated Goat anti-mouse 1gG (AP124P) Millipore
HRP-conjugated Goat anti-rabbit IgG (AP132P) Millipore
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2.1.4. Vectors

Product name

Source

pGL3-SV40 Promoter Vector
pRL-SV40 Vector

pLKO.1.Null-T vector

pMD.G vector

pCMVARS.91 vector
pCMV-XL4-ETV6 (NM_001987.3)
pCMV-XL4-RUNX1 (NM_001754.3)

Promega

Promega

RNAI core facility, Acadamia Sinia
RNAI core facility, Acadamia Sinia
RNAI core facility, Acadamia Sinia
Origene

Origene

2.1.5. Instruments

Instrument name

Company

7300 Real-Time PCR machine
GeneAmp PCR machine

AllegraTM 21R centriguge

Avanti® J-E high speed centrifuge
KUBOTA 2420 centriguge

Eppendorf microcentriguge (F45-24-11)
Orbital shacking incubator (OSI500R)
Analytical balance (TE124s)

Ultrasound sonicator (UP200H)

LAB ROTATOR

Microporator MP-100

Cell cuture incubator (MCO-15AC)
Synergy"'" ELISA reader

SpectraMaxR M5 multi-detection reader

Appied Biosystems
Appied Biosystems
Beckman Coulter
Beckman Coulter
KUBOTA
Eppendorf

TKS

Sartorius

Hielscher
Digisystem

Digital Bio Tech.
SANYO

BioTek

Molecular Devices

FUSION-SOLO Chemiluminescence imaging system Vilber Lourmat

FACSCalibur
Nanodrop

BD
Thermo
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2.2. Methods

2.2.1. Patients

All of the B-cell precursor ALL patient samples were obtained at the time of diagnosis
and prior to treatment. Viable diagnostic bone marrow (BM) or peripheral blood (PB)
was obtained from 50 children who were diagnosed with B-ALL between July 1996 and
July 2014 at National Taiwan University Hospital (NTUH) and National Cheng Kung
University Hospital (NCKUH). The diagnosis of ALL was made based on the
morphologic findings of BM aspirates, as well as on immunophenotype analyses of
leukemic cells by flow cytometry. Conventional cytogenetics analyses were performed
as part of the routine workup. Patients were prospectively assigned to one of three risk
groups (standard, high, and very high) based on their presenting clinical features and the
biological features of their leukemic cells. Patients were considered to have
standard-risk (SR) ALL if they were between 1 and 9 years old with a presenting
leukocyte count less than 10x10° cells/L or were between 2 and 7 years old with a
presenting leukocyte count between 10x10° and 50x10° cells/L. Patients were
considered to have high-risk (HR) ALL if they were between 1 and 9 years old with a
presenting leukocyte count between 50x10° and 100x10° cells/L, or between 1 and 2 or

7 and 10 years old with a presenting leukocyte count between 10x10° and 50x10°
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cells/L. Patients with at least one of the following were assigned to the very-high-risk
(VHR) group: age younger than 1 year, initial leukocyte count greater than 100x10°
cells/L, or presence of BCR-ABL, MLL-AF4 or other MLL rearrangements in B-ALL.
The Institutional Review Board of National Taiwan University Hospital approved the
study. In accordance with the Declaration of Helsinki, we obtained written informed

consent from the parents of each patient before collection.

2.2.2. RNA preparation

Mononuclear cells from bone marrow or peripheral blood were Ficoll purified and
immediately stored in liquid nitrogen. Cryopreserved samples were thawed and washed
in 2% FBS-supplemented 1X PBS prior to RNA extraction. Total RNA was extracted

using Trizol reagent according to the manufacturer’s instructions.

2.2.3. Quantitative real-time PCR

Transcripts of human ETV6/RUNX1 were quantified by TagMan real-time PCR using
published primer probe combinations (22), and the TagMan endogenous control assay
for GAPDH was combined in the same reaction. Expression of PLAG1 and the
reference gene GAPDH was determined by SYBR Green real-time PCR and measured

in two independent assays. The primer and probe sequences used in this study were
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shown in Table 1. All of the assays were run in duplicate.

2.2.4. MicroRNA expression profile

MIRNA expression profiling was performed using the ABI PRISM 7900 Real
Time PCR System and stem-loop reverse transcription-quantitative PCR miRNA arrays
containing 397 mature human miRNAs. 365 miRNAs were assayed using TagMan
miRNA arrays with 100 ng of RNA as the input for each reverse transcriptase reaction
according to the manufacturer’s protocol. Each individual miRNA in primary ALL
blasts and cell line experiments was measured using TagMan miRNA assays. All
miRNA assays were run concurrently with a calibration control, U6 snRNA and were

run in triplicate.

2.2.5. Cell culture

The REH cell line (human B-cell precursor leukemia, ETV6/RUNX1-positive) from
American Type Culture Collection was grown in 6-well plates at 10° to 10° cells/mL,
depending on experimental conditions. REH cells were cultured in RPMI medium
supplemented with 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/L glucose, 1.5 g/L
sodium bicarbonate, and 10% FBS. HEK-293FT cells were cultured in 24-well plates

and 60-mm dishes for the luciferase reporter assay and lentivirus packaging,
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respectively. HEK-293FT cells were grown in DMEM supplemented with 6 mM

L-glutamine, 1 mM sodium pyruvate, and 10% FBS. Primary leukemic cells were

obtained from patients with active precursor B-ALL. Primary ALL blasts were isolated

from freshly harvested bone marrow aspirates by density centrifugation using

Ficoll-Paque followed by two washes with RPMI medium. After freezing-thawing,

primary ALL blasts were cultured in SFEMII supplemented with a cytokine cocktail

containing recombinant human FIt3 ligand, stem cell factor, and thrombopoietin to

support the proliferation of hematopoietic progenitors.

2.2.6. Cell viability

The viability of cultured cells was determined by assaying the reduction of MTT to

formazan using the Cell Proliferation Kit I. Briefly, 100 uL REH cells or primary ALL

blasts were plated in 96-well plates, and 50 ug MTT per 100 puL 1X DPBS was added to

each well at different times. Cells were then incubated at 37°C for 4 hours, and 100 uL

10% SDS in 0.01 M HCI was added to dissolve the formazan crystals. Absorbance was

measured at 550 nm and 690 nm with a Synergy HT multi-detection microplate reader.

2.2.7.  Proliferation and cell cycle

A BrdU flow kit was used to determine cell cycle kinetics and to measure BrdU

28



incorporation into DNA of proliferating cells. Briefly, cells (1.5 x 10° cells/mL) were
seeded in 6-well tissue culture plates and cultured for 48 hours followed by the addition
of 10 uM BrdU, and the incubation was continued for an additional 30 minutes. Cells
were fixed in a solution containing paraformaldehyde and the detergent saponin, and
then they were incubated for 1 hour at 37°C with DNase (30 ug per sample).
FITC-conjugated anti-BrdU (1:50 dilution in wash buffer) was added, and incubation
was continued for 20 minutes at room temperature. Cells were washed, and DNA was
stained using 7-AAD (20 uL per sample), followed by flow cytometric analysis. The
BrdU content (FITC) and total DNA content (7-AAD) were determined using FCS

Express software. All experiments were carried out three times.

2.2.8. Apoptosis assay

Apoptosis was evaluated by staining with annexin V/PI and flow cytometric
analysis. Briefly, REH cells were harvested, washed, and resuspended in annexin V
binding buffer. Then, the cells were stained with annexin V-FITC in the dark at room
temperature for 10 minutes, centrifuged, and gently resuspended in annexin V binding
buffer. Finally, 10 uL PI staining solution was added and gently mixed, and cells were
kept on ice in the dark and immediately subjected to flow cytometry. All experiments

were carried out three times.
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2.2.9. Flow cytometric analysis of lineage markers

To assess cell-surface markers, cells were suspended in 1% BSA/PBS and stained

with the appropriate dilution of the antibodies for 15 minutes at room temperature.

Before detection, cells were washed with 1% BSA/PBS and resuspended in 1%

paraformaldehyde/PBS. Monoclonal antibodies recognizing the following cell-surface

markers were used for flow cytometry: CD19, CD10, CD20, CD45, IgM, k-chain, and

A-chain. Marker analyses were performed by using flow cytometry.

2.2.10. Chromatin immunoprecipitation

We used the chromatin immunoprecipitation (ChIP) kit to perform the assays. Briefly,

cells were harvested, and chromatin was cross-linked with formaldehyde at a final

concentration of 1%. After lysis of the cells, samples were sonicated to an average DNA

length of 300 to 500 bp. The chromatin was immunoprecipitated overnight with

antibodies against RUNX1 and HDAC3. The HDAC inhibitor valproic acid (VPA) was

used to release the binding of HDAC3; REH cells were treated with 2 mM VPA for 24

hours before harvesting. Chromatin was also purified from cross-linked DNA that had

not been immunoprecipitated to serve as an input DNA control. A genomic region close

to the putative RUNXZ1-binding site (P1), which is 3 kb upstream of the MIR181A1

transcription start site predicted by CoreBoost_ HM
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(http://rulai.cshl.edu/tools/CoreBoost HM/) (64), and another MIR181A1 upstream

region (P2) was amplified by PCR. As a positive control, the primer set PC was used to

amplify the promoter region of MIR223 as previously described (51). All of the primers

used for PCR were listed in Table 1. The entire experiment was carried out three times

with similar results.

2.2.11. Western blotting

Cells were pelleted, washed with cold PBS, and lysed for 30 minutes on ice in RIPA

buffe with protease inhibitor cocktail. Lysates were cleared by centrifugation at 14,000

x g at 4°C for 15 minutes, and 35 pg total protein was separated by SDS-PAGE and

transferred to an PVDF membrane. The membrane was blocked and incubated

overnight with primary antibodies. After a final incubation with secondary antibodies

conjugated with HRP (1:5000 dilution), immune complexes were detected with HRP

chemiluminescent substrate. Antibodies and dilutions used were: anti-RUNX1 (1:1000),

anti-PLAG1 (1:500), and anti-p-actin (1:5000).

2.2.12. siRNA transfection

For ETV6/RUNX1 silencing with a siRNA, REH cells were transfected with a

mixture of siRNAs targeting the fusion region of ETV6/RUNX1 or a nonfunctional
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control, sSiRNA-S (65, 66). The siRNA sequences were shown in Table 2. The siRNAs
were transfected into REH cells via electroporation with a MP-100 microporator in a
100-uL gold tip under the following conditions: 1 x 10° cells/mL antibiotic-free culture
medium, 230 nM siRNA, one pulse of 1,150 V for 30 milliseconds. After 48 hours of

transfection, cells were harvested to assess target gene expression.

2.2.13. miRNA precursor transfection

The miRNA precursors hsa-mir-181a and negative control 1 are partially
double-stranded RNAs that mimic endogenous precursor miRNAs. Each miRNA
precursor was transfected into cells at a final concentration of 50 nM using
siPORT NeoFx transfection agent. Two rounds of transfection were performed with a
48-hour interval between the first and second round. The effects manifested by the
introduction of the precursor miRNAs into the cells were assayed after the second round

of transfection.

2.2.14. ETV6/RUNX1 and RUNXI1 protein overexpression

The pCMV6-XL4 vector expressing either ETV6/RUNX1 (pCMV-XL4-E/R) or
RUNX1 (pCMV-XL4-RUNX1) protein was transfected into HEK-293FT cells using

the transfection reagent TransIT-LT1 according to the manufacturer’s instructions. An
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empty pCMV6-XL4 vector without insert was used as a transfection control. Cells were

harvested after 72 hours of transfection and further analyzed the protein and

miR-181a-1 expression by Western blot and gRT-PCR, respectively. The entire

experiment was carried out three times with similar results.

2.2.15. Lentiviral construct and infection

The sequence of MIR181A1 was PCR amplified from human bone marrow mononuclear

cells and then cloned into vector pLKO_TRCO001, which contains a PGK-puromycin

acetyltransferase insert, and labeled as pLKO.1.181A1. An empty TRC1 vector,

pLKO.1.Null-T, was used as a negative control. Production and infection of lentivirus

followed the protocol from the National RNAIi Core facility. Briefly, lentivirus was

generated by transfection of HEK-293FT cells using the transfection reagent

TransIT-LT1. The vectors used were pLKO.l.null-T or pLKO.1.181A1, and the

packaging vectors were pMD.G and pCMVARS.91. Single infection of REH cells and

two sequential infections of primary ALL cells with concentrated lentiviral particles

were carried out in 24-well plates. Lentivirus-infected cells were selected by adding

puromycin (2 ug/mL) to the culture medium and collected after screening for a week.
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2.2.16. Luciferase reporter assay

The luciferase activity assay was performed using the Dual-Luciferase Reporter Assay

System (Promega). A 678-bp fragment of the RUNX1 3" UTR containing a binding site

for miR-181a (UGAAUGU) was cloned into the Xbal site at the distal end of the

luciferase reporter gene of pGL3-promoter vector. This construct was used to transiently

transfect HEK-293FT cells with Lipofectamine 2000 together with pRL-TK Renilla, a

transfection control used to calibrate the luciferase activity, and pLKO.1.181A1

(miR-181a-expressing  vector) or pLKO.L.Null-T  (negative  control  for

miR-181a-expressing vector). A mutated version of the binding sequence (AGAUCUG)

containing a Bgl II site was obtained by site directed mutagenesis and was used as the

target site control. Cells were lysed, and the luciferase activity was measured 48 hours

after transfection.

2.2.17. Statistical analyses

In miIRNA profiling analysis, to avoid low abundant expression issue, miRNA with

coefficient of variation (CV) < 0.2 was removed in the first step. In the second step, the

student’s t test was used to evaluate different miRNA expression between

ETV6/RUNX1-positive (n=10) and ETV6/RUNX1-positive (n=40) groups. Finally, in

order to control multiple testing issue, false discovery rate method was performed to
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adjust p value obtained from student’s t test (67). Data are represent the means £ SE or

+ SD as indicated in the figure legends. The two-tailed unpaired Student’s t test or

ANOVA were used to test the difference between groups for continuous variables. For

categorical data, Fisher’s exact was performed to test the difference between groups.

Calculation methods of P values were denoted in the figure legends or bottom of tables.

All tests were two-tailed and P values <0.05 were considered significant.
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Chapter 3. Results

3.1 ETV6/RUNX1 directly downregulates MIR181A1

3.1.1 ETV6/RUNX1-associated miRNA expressions in clinical samples

Extensive miRNA profiling was carried out on the diagnostic samples of a cohort
of 50 childhood B-ALL patients in the cooperation with National Taiwan University
microarray core facility (Figure 2). Ten ETV6/RUNX1-positive and forty
ETV6/RUNX1-negative cases were included in this cohort. The clinical features
including gender, onset age, WBC count at first diagnosis, and distribution of risk
groups showed no statistical difference between the ETV6/RUNX1-positive and
ETV6/RUNX1-negative samples (Table 3). Because ETV6/RUNXL retains the
DNA-binding ability of RUNX1, the fusion protein acts as a dominant-negative
repressor to downregulate RUNX1 target genes. Therefore, a reduction of specific
miRNAs in ETV6/RUNX1-positive samples compared with ETV6/RUNX1-negative
samples was evaluated. Seventeen miRNAs (let-7a, let-7b, miR-19a, miR-130b,
miR-155, miR-181a-1, miR-181c, miR-181d, miR-195, miR-221, miR-222,
miR-30e-3p, miR-342, miR-423, miR-425, miR-660, miR-92) were significantly
downregulated in ETV6/RUNX1-positive ALL samples (Table 4). According to

miRBase database (a searchable database of published mMiRNA sequences and
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annotation, http://mirbase.org/) these miRNASs can be classified into 13 miRNA clusters.

In the use of CoreBoost_ HM we predicted the transcriptional start site (TSS) of these

MiRNA clusters, moreover, we identified that 92% of the ETV6/RUNX1-associated

mIiRNA clusters (12/13) possess the potential RUNX1 binding sites (TGT/cGGT) in the

region between upstream 4 kb and downstream 1 kb of their TSS (Table 5).

Of these miR-181a-1, which is derived from the 3’ arm of its precursor miRNA,

hsa-mir-181a-1 (Figure 1), had the most significant P-value and showed a remarkable

4-fold reduction (Table 4). The decreased expression of miR-181a-1 in

ETV6/RUNX1-positive leukemias was validated in another cohort of B-ALL primary

blasts analyzed by real-time quantitative RT-PCR. The relative miR-181a-1 levels in

ETV6/RUNX1-positive and ETV6/RUNX1-negative samples of validation set were 0.14

+ 0.08 and 0.06 + 0.03, respectively (Figure 3A). We also measure miR-181a level,

which is derived from the 5’ arm of hsa-mir-181a-1 and was not included in the miRNA

expression profile. Expression level of miR-181a was not associated with ETV6/RUNX1

status (Figure 3B), however, was positive correlated with miR-181a-1 expression level

in patient samples (Figure 3C).

3.1.2 siRNA knockdown of ETV6/RUNX1 up-regulates miR-181a-1 expression

Whether ETV6/RUNX1 regulates miR-181a-1 expression was further assessed by
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knockdown of ETV6/RUNX1 and overexpression of ETV6/RUNXL in cell lines. We

conducted siRNA-mediated knockdown of ETV6/RUNX1 in t(12;21)-positive REH cells,

which express the ETV6/RUNX1 fusion protein (Figure 4). A mixture of two

ETV6/RUNX1-specific sSiRNAs (siE/R), which target the fusion region of ETV6/RUNX1,

was used to suppress ETV6/RUNX1 expression (65). As a transfection control, we used

a nonfunctional siRNA (siRNA-S) that had no effect on ETV6/RUNXL1 expression (66).

Compared with siRNA-S, both mRNA and protein of ETV6/RUNX1 were significantly

decreased by ~40% and ~35% after knockdown with SiE/R without interfering the

RUNX1 protein expression (Figure 5). Further examination showed that miR-181a-1

levels increased significantly in REH cells that were treated with siE/R (221 + 50.8%)

but not in those treated with sSiRNA-S (117 + 13%) (Figure 6).

3.1.3 Overexpression of ETV6/RUNX1 down-regulates miR-181a-1 expression

Overexpression of ETV6/RUNX1 or RUNX1 protein was carried out by

transfection of pCMV6-vectors expressing ETV6/RUNX1 or RUNX1 into HEK-293FT

cells in the use of an empty vector as a transfection control (Figure 7). Compared with

the empty vector, while expression of RUNX1 protein increased the miR-181a-1 level

(114 £ 8.1%), expression of ETV6/RUNX1 protein significantly resulted in mR-181a-1

reduction (75 + 14.6%) (Figure 8). This overexpression experiment confirmed that
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ETV6/RUNX1 may inhibit miR-181a-1 generation.

These studies with cell lines and clinical leukemic specimens indicated that

ETV6/RUNX1 negatively regulates miR-181a-1.

3.1.4 ETV6/RUNX1 binds the regulatory region of MIR181A1

To reveal the interaction between ETV6/RUNX1 and the regulatory region of

MIR181A1, we performed ChIP using the ETV6/RUNX1-positive REH cells and a

RUNX1-specific antibody. Bioinformatic analyses identified the predicted TSS of

MIR181A1 and a putative RUNX1-binding site with the sequence of TGTGGT located

3.8 kb upstream of the transcription start site (P1 site, Figure 9). Binding of RUNX1 at

P1 was demonstrated by specific precipitation of this DNA region, but not at an

irrelevant site (P2), with anti-RUNXL1 in the ChIP analysis (Figure 10).

3.1.5 Transcriptional co-repressor HDACS3 is recruited to the regulatory region of

MIR181A1

Previous reports have shown that the transcriptional repressor activity of

ETV6/RUNX1 is associated with its aberrant recruitment of the N-CoR/SMRT-HDAC3

complex (33, 34, 68), thus we performed ChIP on REH cells using anti-HDAC3. Our

data revealed that HDACS3 also binds at P1 but not the GAPDH coding region (Figure
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11). Valproic acid (VPA) is an aliphatic compound specifically targeting class |
(HDACL, 2, 3, 8), Il (HDAC4, 5, 6, 7, 9, 10) and class IV (HDAC11) HDACs by
binding to their zinc-containing catalytic domain.(69) Previous reports have shown that
VPA treatment might induce selective proteasomal degradation of HDAC2 (70) as well
as disrupt the assembly of the RUNX1/ETO-HDACL repressor complex on RUNX1
target gene promoters (71). In our study, we found that VPA treatment also could
remove HDAC3 from the P1 RUNX1 binding site and was used as a negative control
for HDAC3-ChIP (Figure 11, left).

Taken together, these results supported the idea that ETV6/RUNX1 may directly

suppress MIR181A1 expression.

3.2 MIR181A1 targets PLAG1 oncogene in B-ALL

3.2.1. Upregulation of PLAG1 mRNA in clinical samples

The consequence and mechanism(s) of hsa-mir-181a-1 downregulation in
ETV6/RUNX1-positive leukemia were further investigated. It has been shown that
miR-181a, a mature form of hsa-mir-181a-1 derived from the 5 arm (Figure 1),
functions by targeting several mMRNAs (54, 57, 72). To identify new miR-181a target

genes, we conducted a database search utilizing TargetScan (http://www.targetscan.org),

an online miRNA target prediction interface, and reviewed the literature associated with
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oncogene targeting by miR-181la. With miRNA target prediction programs, we

identified 1,194 potential miR-181a target genes, including PLAG1, which is a

transcription factor and proto-oncogene. Ectopic overexpression of PLAGL is

associated with tumorigenesis in humans and is negatively regulated by miR-181a in

CLL cells (57, 73). We found that the relative PLAG1 mRNA levels were higher in our

ETV6/RUNX1-positive clinical samples (8.47 + 5.29) than in the ETV6/RUNX1-negative

samples (1.85 £ 2.71) (Figure 12).

3.2.2. Overexpression of miR-181a inhibits PLAG1 expression in REH cells

This increase in PLAG1 mRNA may have been caused by downregulation of

miR-181a owing to ETV6/RUNX1. To investigate this hypothesis, we overexpressed

miR-181a in REH cells, which exhibited a low miR-181a background, and resulted in a

~300 fold increased in miR-181a level (Figure 13). We observed that PLAG1 mRNA

was not affected, while there was a near 50% reduction in PLAGL1 protein in cells

transfected with miR-181a mimics compared with those transfected with nonspecific

miRNA mimics or in untransfected cells (Figure 3B). Our results indicated that

miR-181a represses the oncogene— PLAGL in B-ALL as in CLL.

Together, these data showed that miR-181a-1 expression was reduced in

ETV6/RUNX1-positive leukemia; in contrast, the level of its target gene PLAG1 was
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increased, suggesting that ETV6/RUNX1 may upregulate oncogenic PLAG1 via

transcriptional repression of MIR181A1.

3.3 MIR181A1 negatively regulates ETV6/RUNX1

3.3.1. Overexpression of miR-181a downregulates ETV6/RUNX1 in REH cells

The presence of RUNX1 and ETV6/RUNX1 among the database-predicted target
genes implies an unknown mechanism of RUNX1 and ETV6/RUNX1 regulation by
miR-181a. To investigate this possibility, we overexpressed miR-181a in REH cells by
transfection of mMiIRNA mimics (Figure 13), which resulted in a decrease of
ETV6/RUNX1 protein by ~23% but not the ETV6/RUNX1 mRNA level (Figure 15),

indicating that miR-181a might negatively regulate ETV6/RUNX1.

3.3.2. miR-181a targets the miR-181a recognition sequence located in RUNX1-3'

UTR

The negative effect of miR181a on ETV6/RUNX1 expression was further assessed
with the luciferase reporter assay, which examined the interaction between miR181a
and ETV6/RUNXL in the RUNX1 3" UTR. We constructed wild-type and mutated
fragments containing the last 678 bp of the RUNX1 3" UTR (Figure 16A), which

contains an miR-181a recognition sequence, and inserted them immediately
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downstream of the luciferase reporter gene (Figure 16B). The miR-181a expression

vector or empty vector was co-transfected with the different luciferase 3' UTR

constructs into HEK-293FT cells. The results showed that miR-181a downregulated the

luciferase reporter gene activity when the luciferase gene was fused with wild-type (NC:

100 + 9.86%; 181a: 81.74 + 7.11%) but not mutated RUNX1 3' UTR (NC: 100 + 9.86%;

181a: 94.97 £ 4.26%) (Figure 16C). These experiments demonstrated that miR-181a

targets ETV6/RUNX1, and they suggested that the fusion gene and miR-181a can

regulate each other.

3.4 The cellular effects of MIR181A1 on B-ALL cells

3.4.1. Ectopic expression of MIR181A1 impedes REH cell growth

To elucidate the cellular function of MIR181Al1 in B-ALL and how MIR181A1

participates in the preleukemic events induced by ETV6/RUNX1, REH cells were

transduced by a lentiviral vector carrying MIR181A1 (181A1-LV) to express miR-181a

and miR-181a-1 stably and constitutively (Figure 17). We found that ectopic

overexpression of MIR181A1 resulted in growth retardation of the cells, and

181A1-LV-transduced REH cells showed a nearly 40% decrease in both MTT activity

(Figure 18A) and cell density after 72 hours of seeding (Figure18B-C).
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3.4.2.  Apoptotic cells increases in MIR181A1-lentivirus transduced REH cells

The growth retardation of 181A1-LV transduced cells might be caused by

increased cell death or decreased proliferation. To investigate the possible mechanism,

lentivirus-transduced cells were stained with annexin V and PI to detect the apoptotic

cells (Figure 19A). Compared with REH cells, the infection control (NC) did not show

difference in annexin V-positive (apoptotic) cell population, while 181A1-LV

transduction induced an nearly 8% increase in apoptosis (Figure 19B).

34.3. The percentage of GO/G1 phase population increases in

MIR181A1-lentivirus transduced REH cells

We further assessed the proliferation activity by biparametric BrdU/DNA flow

cytometry. The total DNA was stained by 7-AAD dye and proliferative cells were

labeled by BrdU incorporation and detected by anti-BrdU-FITC. GO0/1, S, or G2/M

phase was defined by 7-AAD staining intensities, and proliferative cells that were

actively synthesizing DNA were characterized by BrdU-positive (Figure 20A). We

found that MIR181A1 expression resulted in slightly decrease in the percentage of S and

G2/M phase cells without statistical significance, while the most obvious change was

the increase of the proportion of cells in GO/G1 phase (Figure 20B).
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3.4.4. Ectopic expression of MIR181A1 enhances REH cell differentiation

The oncogenic effect of ETV6/RUNX1 has been postulated to operate through

impairment of B-cell differentiation in a bone marrow transplantation model, and

consequently it results in the accumulation of pro-B-cells (38). We investigated whether

the greatly reduced MIR181A1 expression seen in ETV6/RUNX1-positive pro-B ALL

blasts plays a role in the ETV6/RUNX1-mediated blockade of B-cell differentiation.

The stages of B lymphocyte maturation are characterized by specific expression patterns

of immunoglobulins and other membrane proteins. To gain insight into the effect of

miR-181a overexpression on REH cell maturation, we stained cells for differentiation

markers and found an increase in CD10-negative (Figure 21), CD20-positive (Figure

22), surface IgM-positive (Figure 23), k-chain-positive (Figure 24), and A-chain-positive

(Figure 25) cell populations in 181Al1-LV-transduced cells compared with NC. In

normal progression of B cell differentiation, decreased CD10 expression and increased

CD20, IgM, «x-chain, and A-chain expression represent a gradual maturation of B

lymphoid cells from pre-B | cells to immature B cells (74), indicating MIR181A1

expression may induce REH cells toward partial differentiation.

3.4.5. MIR181A1 expression enhances apoptosis of differentiated cells

Because the decrease in CD10 expression was the most notable change of
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181A1-LV-transduced cells, we further stained cells for CD10 and annexin V (Figure

26A). As expected that there was no difference between REH cells and cells transduced

with NC. MIR181A1 transduction induced apoptosis in both CD10-positive and

CD10-negative population. Moreover, we found that most apoptotic 181A1-transduced

cells were CD10-negative (Figure 26B), implying a loss of survival ability in these

differentiated cell.

3.4.6. Ectopic expression of MIR181A1 induces partial differentiation of

ETV6/RUNX1-positive primary ALL blasts

Loss of the marker CD10 and a gain of CD20 have been associated with differentiation

of normal B-cell precursors from HSCs to naive mature B lymphocytes in the bone

marrow (75). The infection of primary blasts isolated from the bone marrow of B-ALL

patients with a lentiviral vector expressing miR-181a increased the level of

miR-181a/miR-181a-1 by an average of 2.5-fold (1.5 to 3-fold)/ 3-fold (1.3 to 5.2-fold)

in three ETV6/RUNX1-positive samples compared with the controls (Figure 27). We

have also confirmed that the ETV6/RUNX1-positive primary ALL blasts survived after

lentivirus infection and puromycin selection were ETV6/RUNX1-positive (Figure 28).

We observed that lentiviral infection may alter certain properties of primary ALL blasts,

thus we mainly compared the NC and 181A1-LV transduced cells. This induction
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altered the lymphocytic differentiation as shown by the decrease in the high expression

of CD10 in cells in two of three ETV6/RUNX1-positive samples, though the intensity of

CD20 were not changed in all three samples (Figure 29-31). We also explore the effect

of MIR181A1 transduction in one ETV6/RUNX1-negative sample, but no significant

change in surface CD10 and CD20 expression was found (Figure 32). We were also

determine the growth rate of lentivirus-infected primary ALL blasts, however, the

patient cells seemed just survived in our culture medium rather than proliferation and

the growth activity was gradually lost after thawing out (Figure 33), which may cause

the low induction of miR-181a expression and reduce the influence of miR-181a.

Taken together, our data suggests that the level of miR-181a expression may be

important for the perturbation of the lymphocytic differentiation program in

ETV6/RUNX1-expressing ALL.
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Chapter 4. Discussion

Despite having an extremely short sequence, miRNAs have diverse functions via
targeting of multiple genes simultaneously. They have been implicated in virtually all
aspects of biology, including cell proliferation, cell differentiation, cell cycle, apoptosis,
developmental timing, metabolism, and hematopoiesis. They participate in endogenous
transcriptional networks that control early development, lineage decision, and

differentiation in many cell types, including hematopoietic cells (76).

4.1 Selection of Mir181A1 to be investigated

Because miRNAs are critical to hematopoiesis and their dysregulation is a
ubiquitous feature of leukemia, we attempted to understand the driving force of this
abnormal phenomenon and the consequence of aberrant miRNA expression. By
applying miRNA profiling to 50 B-ALL patients, we determined the gene expression
signatures of specific ALL subtypes. Owing to ETV6/RUNX1 is the most frequent gene
fusion present in ALL and it acts as an aberrant transcription factor via its DNA-binding
domain to directly dysregulate RUNX1 targets, we presumed that ETV6/RUNX1 may
occupy the RUNX1-binding motif located in the regulatory regions of certain miRNAS
and disrupt their normal functions. The miRNA expression profile showed that most

miRNAs are downregulated in ETV6/RUNX1-positive samples, indicating that

48



ETV6/RUNX1 perturbs the activities of miRNAs primarily through gene repression.
We identified miR-181a-1 as the most differentially underexpressed miRNA in patients
carrying t(12;21). This is consistent with the expression profile of another cohort;
Schotte et al. measured 397 miRNAs in 81 pediatric ALL cases and also demonstrated
that miR-181a-1 expression is 5-fold lower in patients with t(12;21) than in patients
with other ALL subtypes (77). It was performed on the same technology platform,
meaning this result is replicable using the same platform even with different populations
of patients. A previous study has reported that miR-494 and miR-320a levels are
requlated by ETV6/RUNX1, as demonstrated by their expression profiles in
shRNA-knockdown REH cells (61). However, we did not find a decrease of these two
miRNAs in ETV6/RUNX1-positive samples in our data; this may be due to differences

in the experimental strategies.

4.2 The relationship between ETV6/RUNX1 and MIR181A1

To address how ETV6/RUNX1 regulates miR-181a-1, we over-expressed
ETV6/RUNXL in HEK-293FT cells, performed siRNA-mediated knockdown of the
ETV6/RUNX1 fusion gene and the ChIP assay in an ETV6/RUNX1-expressing
leukemic cell line. Our data revealed a downregulation of miR-181a-1 in

ETV6/RUNX1-overexpressed HEK-293FT cells and an upregulation of miR-181a-1 in
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ETV6/RUNX1-knockdown cells, and we further demonstrated a direct ETV6/RUNX1

binding to the regulatory region of MIR181A1. Evidence shows that aberrant

recruitment of chromatin repressors such as HDAC3 and N-CoR/SMRT—via

interaction with the ETV6 moiety of ETV6/RUNX1—correlates with the oncogenic

activities of ETV6/RUNXL1 (33, 34). We also found that HDAC3 was recruited to the

regulatory region of MIR181A1, whereas this binding disappeared after treatment with

HDAC inhibitor. Our results suggest that ETV6/RUNX1 acts as a negative regulator to

inhibit MIR181A1 expression directly.

The miR-181 family is highly conserved and comprises six miRNAs transcribed

from three separate gene loci and organized into three clusters including miR-181a/b-1,

miR-181a/b-2, and miR-181c/d. The finding that both miR-181a-1 and miR-181c/d are

significantly downregulated in ETV6/RUNX1 ALL (Table 4) and that all members of

the miR-181 family share the same seed sequence at their 5" arms and in targets led us

to investigate the downstream genes regulated by miR-181a. We confirmed that PLAG1

is under the control of miR-181a in REH cells and primary blasts, just as PLAG1 is

reported to be oncogenic and controlled by deregulated miR-181a in CLL (78). In

addition, not only was miR-181a suppressed by ETV6/RUNX1, but feedback inhibition

of miR-181a on ETV6/RUNX1 was observed in the cell line experiments, though the

suppression of ETV6/RUNX1 by miR-181a was rather mild. Our miRNA expression
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profile has demonstrated that not only miR-181a-1, but also other members of miR-181
family were down-regulated. These family members have the identical seed region
therefore it is possible that they target the ETV6/RUNX1 together which may exert
more powerful effect. Together, our results suggest that miR-181a-1 and ETV6/RUNX1

can regulate each other.

4.3 A double negative loop comprising ETV6/RUNX1 and MIR181A1

In fact, such a regulatory network between transcription factors and miRNAs has
been described before; for example, regulatory circuitry comprising miR-223 and
transcription factors NFI-A and C/EBPa has been shown to sustain the level of
miR-223, which may be important in granulopoiesis (79). Moreover, recently a ‘mutual
negative feedback loop’ involving MYC and miR-548m was described in non-Hodgkin
B-cell lymphomas, in that this regulatory loop is important for sustaining a high level of
MYC and low level of miR-548m during lymphomagenesis and drug resistance (80).
According to previous similar findings and our current data, we propose a we propose a
new mechanism of ETV6/RUNX1 action: a double negative loop in which
ETV6/RUNXL1 can bind to the regulatory region of MIR181A1 to keep hsa-mir-181a-1
expression low, which consequently reduces the miR-181a-mediated translational

repression of ETV6/RUNXL1. By doing so, ETV6/RUNXL1 can enhance its own
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oncogenic potential (Figure 34).

4.4 The effects of MIR181A1 on B-ALL cells

Differentiation arrest is a hallmark of acute leukemia. Indeed, ETV6/RUNX1 can

generate transformed HSCs and sustain the preleukemic clone (37, 38).

ETV6/RUNX1-positive B-ALL represents the clonal expansion of hematopoietic

precursors blocked at the pre-B cell stage of lymphoid differentiation. The transduction

of miR-181a into ETV6/RUNX1-expressing REH cells resulted in many phenotypic

alterations, including a retarded growth rate, an increase in apoptosis and GO0/G1

population, and a reduction in CD10 marker expression at the cell surface. Decreased

CD10 expression implies the differentiation of REH cells from pre B | to pre B Il stage,

and a small proportion of cells even expressed CD20, IgM, k-chain, and A-chain, which

represent an immunophenotype of immature B cells (74, 75). Furthermore, ectopic

expression of miR-181a in primary leukemia cells carrying t(12;21) also exhibited a

trend in decreased CD10 expression, though the effect of miR-181a was not consistent

in all clinical samples. We speculate that this inconsistence may be caused by the

sample variations in non-homogenous leukemic cell population, survival rate after

thawing out, and efficiency of lentiviral transduction. Taken together, our data implies a

previously undiscovered role for miR-181a in B-lymphoid maturation.
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The phenotypes of VPA-treated REH cells including moderate increase of

apoptosis and GO/G1 population, and differentiation antigen shift (81) are nearly

identical to those we observed that were induced by increased miR-181a level, and

those changes that resulted from HDAC inhibition may be partially explained by a relief

from MIR181A1 repression mediated by ETV6/RUNX1 through recruitment of

HDACS.

Previous studies have demonstrated the impact of miR-181 on the differentiation of

both the myeloid and lymphoid lineages (82-84). The expression of miR-181 family

members gradually decreases during granulocytic and macrophage-like differentiation,

and evidence shows that miR-181 is a negative regulator of this process (82, 83). In

murine bone marrow, the miR-181 family is preferentially expressed in B-lymphoid

cells, and ectopic expression of miR-181 in murine hematopoietic stem-progenitor cells

leads to an increase of B-lymphopoiesis both in vivo and in vitro (84). Among the

miR-181 family members, miR-181a is the most enriched throughout the murine B-cell

developmental stages and gradually increases from the pro-B cell stage and reaches

highest level at the immature B-cell stage in bone marrow (85). In the development

program of human blood cells, miR-181a expression level is high in hematopoietic

stem-progenitor cells but lower in mature B cells (83, 86). However, detail analysis of

miR-181a expression in each differentiation stage of human B cells is limited.
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In this study, we demonstrate a new regulatory network comprising ETV6/RUNX1
and MIR181A1 in which ETV6/RUNX1 and MIR181Al can regulate each other. We
further demonstrate that ectopic expression of miR-181a partially reversed the blockade
of B cell differentiation in ETV6/RUNX1-expressing leukemic cells. Our results
suggest a novel mechanism by which ETV6/RUNX1 might exert its preleukemic effect
by inhibiting its negative regulator, MIR181A1, to perturb the progression of early-stage

development of the B-cell lineage.
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Chapter 5. Conclusion and Prospective

Since MIR181A1 expression was suppressed in ETV6/RUNX1-positive ALL cells,
which were stalled at the pre-B stage and could be overcome by recovery of miR-181a
expression, we propose that miR-181a may have a role in promoting pre-B cell
differentiation. However, it needs more efforts to elucidate the function of miR-181a in
normal B cell development. In vivo strategies such as using B lineage-specific knockout
mice, or a xenograft mouse model using human HSCs with induction of miR-181a
expression at specific time point will be required.

In addition, the mature products miR-181a, miR-181b, miR-181c or miR-181d are
thought to have regulatory roles at post-transcriptional level through complementarity to
target mMRNAs. While these mature miRNAs have similar predicted target mRNA and
most of them are downregulated in ETV6/RUNX1 ALL, whether the members of
miR-181 family other than miR-181a also involved in such a double negative loop
would need further investigation.

In conclusion, our study enhances our understanding in the interaction of
ETV6/RUNX1 and miRNAs, increases the knowledge of MIR181A1 function in human
B-cell development, helps to unravel one of the molecular mechanism underlying

ETV6/RUNX1-mediated attenuation of B-cell differentiation, and offers the opportunity
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to identify new targets for development of therapeutic approaches to

ETV6/RUNX1-positive leukemia.
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Seed sequence

miR-181a agacauucaacgcugucggugagu
miR-181b agacauucauugcugucggugggu
miR-181¢c  alacauucakhc-cugucggugagu

miR-181d agacauucauuguugucggugggu

Figure 1. hsa-mir-181a-1 and 5p sequence of miR-181 family.

(A) Stem-loop sequence of hsa-mir-181a-1. Human precursor mir-181a-1 is in
length with 110 bp arisen from MIR181A1 primary transcript. Two mature forms
miR-181a (red) and miR181a-1 (blue) derived from 5" and 3’ arm of precursor,
respectively, are indicated. (B) The whole sequence of 5p and the seed sequence
of each member in human miR-181 family is represented as 5’ to 3 end.
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Figure 2. MicroRNA expression profile in childhood B-ALL patients.

50 childhood B-ALL patients were recruited including E/R-positive, n=10
(purple); E/R-negative, n=40 (gray). 365 miRNA were analyzed by ABI Tagman
gRT-PCR based miRNA arrays which were carried out by Microarray core
facility, Yu’s Lab, NTU.
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Figure 3. Validation of individual miRNA expression.

15 childhood B-ALL patients were included (E/R-positive, n = 7; E/R-negative, n
= 8). (A) miR-181a-1 (E/R-positive samples: 0.14 + 0.08; E/R -positive samples:
0.06 £ 0.03) and (B) miR-181a (E/R -positive samples: 6.15 + 5.49; E/R -positive
samples: 5.13 + 4.58) levels were measured by TagMan microRNA assays. = P <
0.05 (ANOVA) (C) Association between miR-181a-1 and miR-181a expression
level in primary B-ALL cells. Pearson correlation coefficient = 0.67, P = 0.0045.
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Figure 4. Expression of ETV6/RUNX1 fusion protein and wild type RUNX1
protein in B-ALL cell lines.

REH cells (left lane) are t(12;21)-positive which express both ETV6/RUNX1
fusion protein (predicted size: 100 kDa) and RUNXL1 protein (predicted size:
55kDa), and CCRF-SB cells (right lane) do not carry any common translocation
which only express RUNX1 protein. Protein expression was detected by Western
blot using anti-RUNX1 antibody and (-actin was used as an internal control. E/R:
ETV6/RUNX1.
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Figure 5. siRNA-mediated knockdown of ETV6/RUNX1 fusion gene.
ETV6/RUNX1-positive REH cells (transfection control) were transfected with
siRNAs. After 48 hours of transfection with functional SIETV6/RUNX1 (SiE/R)
or nonfunctional siRNA (siRNA-S, siRNA transfection control), (A)
ETV6/RUNX1 mRNA was detected by Tagman qRT-PCR, and GAPDH was used
as a calibration control for mRNA expression. (B) ETV6/RUNX1 protein was
analyzed by Western blotting with anti-RUNX1; anti-fB-actin was used as a
loading control. Quantification was conducted by densitometric analysis. Bars
represent the mean + SEM of at least three independent experiments. " P < 0.05,
“P<0.01 (ANOVA).
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Figure 6. Effect of siRNA knockdown of ETV6/RUNX1 on miR-18la-1
expression.
Expression of miR-181a-1 was determined by TagMan microRNA assay and
RNUGB was used as a calibration control for miRNA expression. Bars represent
the mean + SEM of at least three independent experiments. "P < 0.05, " P < 0.01
(ANOVA).
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Figure 7. Overexpression of RUNX1 or ETV6/RUNX1 in HEK-293FT cells.
HEK-293FT cells were transfected with CMV-XL4 vector expressing either
RUNX1 (RUNX1) or ETV6/RUNXL (E/R) protein. An empty vector (Empty)
was used as a transfection control. Protein expression was detected by Western
blot using anti-RUNX1 antibody and B-actin was used as an internal control. 30
ug protein per well was loaded.
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Figure 8. Effects of RUNX1 and ETV6/RUNX1 overexpression on
miR-181a-1 expression.

Expression of miR-181a-1 was determined by TagMan microRNA assay and
RNUGB was used as a calibration control for miRNA expression. Bars represent
the mean + SD of three independent experiments. P < 0.05, (ANOVA)).
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Figure 9. Schematic representation of the genomic structure of human
MIR181A1 gene.

MIR181A1 gene is located on human chromosome 1 in cluster with MIR181B1
gene, the distance between MIR181A1 and MIR181B1 is 62 bp. The location of
MIR181A1 gene and the RUNX1-binding site are numbered relative to the
Transcriptional start site (TSS, +1). Arrows indicate the locations of the primers
used in the ChlP assay. P1 primers (orange) were used to amplify the region close
to ETV6/RUNX1 binding site, and P2 primers (blue) were used to amplify the
region away from ETV6/RUNXL1 binding site as a negative control for ChIP
assay with anti-RUNX1.
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Figure 10. ETV6/RUNX1 binds to regulatory region of MIR181A1.

ChIP was carried out using anti-RUNX1 or in the absence of specific antibody
(Control) (left). DNA sequences surrounding the putative RUNX1-binding site
were amplified by PCR using P1 primers. To evaluate the specificity of RUNX1
binding, a positive control and a negative control were performed using PC and
P2, respectively, for the ChIP assay. Amplification of the upstream region near
the RUNX1-binding site on MIR223, which is a known direct target of RUNX1,
was performed using PC primers. P2 primers were designed to amplify a distal
region lacking the RUNX1-binding site. Input shows the amplification from
sonicated chromatin, and genomic DNA (gDNA) was used as a positive PCR
control. The PCR products were quantified by densitometry (right). Bars show
the mean + SD from three independent experiments. " P < 0.05 (ANOVA)).
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Figure 11. HDC3 binds to regulatory region of MIR181AL1.

ChIP was carried out using anti-HDACS3 or in the absence of specific antibody
(Control) (left). DNA sequences surrounding the putative RUNX1-binding site
were amplified by PCR using P1 primers. To evaluate the specificity of HDAC3
binding, treatment with valproic acid (VPA, a HDAC inhibitor) and amplification
of the promoter region of GAPDH were used as controls for the ChlIP assay. Input
shows the amplification from sonicated chromatin and was used as a positive
PCR control. The PCR products were quantified by densitometry (right). Bars
show the mean + SD from three independent experiments. ~ P < 0.01 (ANOVA).
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Figure 12. Expression of PLAG1 mRNA in B-ALL clinical samples.

19 childhood B-ALL patients were included (E/R-positive, n = 8; E/R-negative, n
= 11). PLAG1 mRNA level was assessed by SYBR green gRT-PCR. Each dot
represents an individual sample. ~ P < 0.01 (t-test).
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Figure 13. Overexpression of miR-181a in REH cells by transfection with
precursor miRNA.

A final 50 nM concentration of nontargeting-miR (NC) or pre-mir-181a (181a)
were transfected twice with a 48hr-interval and transfected cells were harvested
after 48hr of the second transfection for further examination. Expression level of
miR-181a was detected by TagMan microRNA assay. Bars represent the mean +
SD of three independent experiments. P < 0.001 (ANOVA)).
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Figure 14. PLAGL1 expression in miRNA precursor transfected REH cells.
Expression of (A) PLAG1 mRNA in REH cell (no transfection control),
NC-transfected REH cells (miRNA transfection control), and 181la-transfected
REH cells was determined by SYBR green gRT-PCR, and (B) PLAG1 protein
was analyzed by Western blot with anti-PLAG1 (left). Quantification was
conducted by densitometric analysis (right). GAPDH and anti-p-actin were used
as internal controls for mRNA and protein expression, respectively. Bars
represent the mean + SD of three independent experiments. = P < 0.001
(ANOVA).
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Figure 15. ETV6/RUNXL1 expression in miRNA mimics transfected REH
cells.

Expression of (A) ETV6/RUNX1 mRNA in REH cell (no transfection control),
NC-transfected REH cells (miRNA transfection control), and 181la-transfected
REH cells was determined by Tagman qRT-PCR, and (B) ETV6/RUNX1 fusion
protein was analyzed by Western blot with anti-RUNX1 (left). Quantification
was conducted by densitometric analysis (right). GAPDH and anti-p-actin were
used as internal controls for mRNA and protein expression, respectively. Bars
represent the mean + SD of three independent experiments. " P < 0.05 (ANOVA).
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Figure 16. miR-181a targets the 3'-UTR of RUNX and ETV6/RUNXL.

(A) The putative miR-181a binding site in the RUNX1 3" UTR, both wild type
and mutated version. (B) The last 678 bp of the human RUNX1 3' UTR
containing normal (WT) or mutated (mut) miR-181a targeting sequences were
cloned and inserted to the downstream of a pGL3-SV40Fluc vector in which a
Firefly reporter gene (FLuc) was driven by a SV40 promotor (SV40). A Bgl 1l
restriction enzyme site was added into the mutated version of miR-181a targeting
sequence for easy recognition by restriction enzyme mapping. (C)
pGL3-SV40FLuc-181WT/mut and pRLuc-TK (a Renilla luciferase control
reporter vector used as a calibration control for transfection efficiency) were
transfected into 293FT cells with expression vectors for miR-181a (181a) or
negative control ShRNA (NC). Luciferase activity was adjusted by FLuc/RLuc.
Bars represent the mean + SD of three independent experiments. =~ P < 0.01
(ANOVA).
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Figure 17. Stable expression of MIR181Al1 in REH cells via lentiviral
transduction.

REH cells were infected with lentiviral vector expressing the negative control
shRNA (NC) or miR-181a (181A1). Infected cells were undergone a week of
puromycin selection. Relative (A) miR-181a and (B) miR-181a-1 level were
determined by Tagman microRNA assays. Bars show the mean £ SD from three
independent experiments. ~~ P <0.001 (ANOVA).
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Figure 18. Assessment of cell growth of lentivirus transduced REH cell.

(A) Growth curve was determined as following: 10,000 cells per well were
seeding in a 96-well plate and cultured for 48, 96, and 144 hours, and then
assessed with the MTT assay. (B) Cells were seeded at a density of 1*10°
cells/ml and cultured. 72hr later, cells were stained with trypan blue and counted.
(C) Cell count at 72hr was demonstrated as percentage of infection control (NC).
Bars show the mean + SD from three independent experiments. 181A1 vs. NC " P
<0.05, "P<0.01, 7 P<0.001; NC vs. REH P < 0.01 (ANOVA).
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Figure 19. Apoptosis analysis of lentivirus transduced REH cell.
(A) Lentiviral transduced REH cells were seeded at a density of 1*10° cells/ml

and cultured. 72hr later, cells were collected and assessed the apoptotic cells by

flow cytometric analysis of annexin V/PI staining of lentivirus-transduced cells.

(B) Representative histograms demonstrate the proportion of annexin V-positive

cells. Bars show the mean + SD from three independent experiments. ~ P < 0.01

(ANOVA).
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Figure 20. Analysis of cell cycle and proliferation of lentivirus transduced
REH cells.

Cells were seeded at a density of 1*10° cells/ml and cultured for 72hr, and then
cell cycle and cell proliferation were assessed by Biparametric BrdU/DNA
analysis. (A) During the last 30 minutes of culture, 1 mM BrdU was added to the
cells, and then the cells were stained with anti-BrdU and 7-aminoactinomycin D
(7-AAD) and detected by flow cytometry. (B) The percentage of cells in each of
the cell-cycle phases (G0/G1, S, and G2+M) was quantified. Bars show the mean
+ SD from three independent experiments. ~ P < 0.05 (ANOVA).
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Figure 21. Analysis of CD10 expression on lentivirus-infected REH cells.
(A) Percentage of lentivirus-infected REH cells stained for cell-surface marker
CD10-PE/CD34-PerCP/CD19-APC as analyzed by flow cytometry. (B) The
results were quantified and are presented as the average + SD of three
independent evaluations. (REH: 13.1%; NC: 14.9 + 3.43%; 181A1: 37.9 = 3.35),
" P<0.01 (ANOVA).
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Figure 22. Analysis of CD20 expression on lentivirus-infected REH cells.
(A) Percentage of lentivirus-infected REH cells stained for cell-surface marker
CD20-FITC/CD45-PerCP as analyzed by flow cytometry. (B) The results were
quantified and are presented as the average + SD of three independent
evaluations. (REH: 2.2%; NC: 1.29 £ 0.51%; 181A1: 4.61 + 1.66), “P<0.05
(ANOVA).
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Figure 23. Analysis of surface IgM expression on lentivirus-infected REH
cells.

(A) Percentage of lentivirus-infected REH cells stained for cell-surface marker
IgM-FITC/CD19-PE/CD45-PerCP as analyzed by flow cytometry. (B) The
results were quantified and are presented as the average + SD of three
independent evaluations. (REH: 2.44%; NC: 1.55 + 0.49%; 181Al: 4.34 + 1.5),
“P<0.05 (ANOVA).
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Figure 24. Analysis of K-chain expression on lentivirus-infected REH cells.
(A) Percentage of lentivirus-infected REH cells stained for cell-surface marker
K-chain-FITC/CD19-PE/CD45-PerCP as analyzed by flow cytometry. (B) The
results were quantified and are presented as the average + SD of three
independent evaluations. (REH: 0.59%; NC: 1.3 £ 0.3%; 181Al: 4.2 + 0.58),
"7 P<0.001 (ANOVA).
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Figure 25. Analysis of A-chain expression on lentivirus-infected REH cells.
(A) Percentage of lentivirus-infected REH cells stained for cell-surface marker
A-chain-FITC/CD19-PE/CD45-PerCP as analyzed by flow cytometry. (B) The
results were quantified and are presented as the average + SD of three
independent evaluations. (REH: 0.74%; NC: 0.79 + 0.31%; 181Al1: 1.8 £ 0.5),
“P<0.05 (ANOVA).
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Figure 26. Analysis of CD10 expression on apoptotic REH cells.

(A) Percentage of lentivirus-infected REH cells stained for cell-surface marker
Annexin V-FITC/CD10-PE was analyzed by flow cytometry. (B) The results
were quantified and are presented as the average + SD of three independent
evaluations. Annexin V'CD10 : REH 0.99 + 0.15%: NC 1.05 + 0.19%; 181A1:
1.67 + 0.09; Annexin V'CD10 : REH 3.43 + 1.66%; NC 3.1 + 0.86%; 181A1:

8.74+1.62. 7 P<0.01 (ANOVA).
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Figure 27. Ectopic expression of MIR181Al in primary ALL cells via
lentiviral transduction.

Patient cells were infected with lentiviral vector expressing the negative control
shRNA (NC) or miR-181a (181A1). Infected cells were undergone a week of
puromycin selection. Relative (A) miR-181a and (B) miR-181a-1 level were
determined by Tagman microRNA assays. Bars show the mean £ SD from three
independent experiments. ~ P <0.001 (ANOVA).
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Figure 28. Detection of ETV6/RUNX1 mRNA in cultured primary ALL cells.
Patient cells infected with lentiviral vector and undergone a week of puromycin
selection were detected the ETV6/RUNXL1 (upper) and endogenous GAPDH
(lower) expression by qRT-PCR or RT-PCR. The Ct value was indicated below
each sample.
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Figure 29. Surface marker analysis of lentivirus-infected ETV6/RUNX1-

positive primary ALL cells derived from patient #747.

After puromycin selection, lentivirus-infected patient cells were stained for

cell-surface

markers

CD20-FITC/CD10-PE/CD34-PerCP/CD19-APC

and

analyzed by flow cytometry. Mean fluorescence intensity (MFI) of (A) CD10 and
(B) CD20 expression in CD45"CD19" cells were as indicated in the graphics. (C)
Detail analysis of the percentage of CD10™" and CD10"*" in CD45'CD19*
lentiviral-transduced cells.

98



Non-infected

NC

181A1
Count

T
I
Low

High: 467.14
Low: 2195.64

Low

111 High: 424.28

7{Low: 1929.88

4_

0 — "

10° 10 10 10° 10"

12 | : i

101 Low High

-{High: 444.24

S{Low: 1854.4

2_

0 0 ‘? I2 ‘3 4

10 10 10 10 10
CD10 PE

Non-infected

CD10M9" (9)

CD10""" (%)

42.77
54.17

NC 181A1
40.09 29.48
58.1 69.02

Figure 30. Surface marker analysis of lentivirus-infected ETV6/RUNX1-
positive primary ALL cells derived from patient #752.

After puromycin selection, lentivirus-infected patient cells were stained for
cell-surface markers CD10-PE/CD34-PerCP/CD19-APC and analyzed by flow
cytometry. Mean fluorescence intensity (MFI) of (A) CD10 expression in
CD10"9" and CD10"*" population of CD45"CD19" cells were as indicated in the
graphics. (B) Detail analysis of the percentage of CD10"9" and CD10“*" in
CD45'CD19" lentiviral-transduced cells.
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positive primary ALL cells derived from patient #745.
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Surface marker analysis of lentivirus-infected ETV6/RUNX1-

After puromycin selection, lentivirus-infected patient cells were stained for

cell-surface

markers

CD20-FITC/CD10-PE/CD34-PerCP/CD19-APC  and

analyzed by flow cytometry. Mean fluorescence intensity (MFI) of (B) CD10 and
(C) CD20 expression of CD45"CD19" cells were as indicated in the graphics.
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Figure 32. Surface marker analysis of lentivirus-infected ETV6/RUNX1-
negative primary ALL cells derived from patient #754.

After puromycin selection, lentivirus-infected patient cells were stained for
cell-surface  markers CD20-FITC/CD10-PE/CD34-PerCP/CD19-APC  and
analyzed by flow cytometry. Mean fluorescence intensity (MFI) of (A) CD10 and
(B) CD20 expression in CD45"'CD19" cells were as indicated in the graphics.
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Figure 33. Viability of lentivirus-infected primary ALL cells derived from
patient #745 (E/R-positive) and #752 (E/R-positive).

After puromycin selection, growth curve of lentivirus-infected primary ALL cells
derived from (A) patient #745 and (B) patient #752 were determined as
following: 10,000 cells per well were seeding in a 96-well plate and cultured for
48 and 96 hours, and then assessed with the MTT assay.

102



ETV6

prmm—
RUNX1 [ >

I  TGTGGT T |qq — MIR181A1 |

miR-181a
ETV6-RUNX1T mRNA TTTIRT
ETV6 RUNX1 poly A v
: ML
Translation | e
miR-181a

ETV6

m

Figure 34. Schematic representation of the double negative loop comprising
ETV6/RUNX1 and MIR181A1.

In leukemia cells with frequent chromosome rearrangement t(12;21)(p13;922),
ETV6/RUNX1 oncoprotein occupies the putative RUNX1-binding site upstream
of MIR181A1 and restricts transcription by recruiting co-repressors such as
HDAC3. This repression of MIR181A1 expression consequently upregulates the
target of miR-181a, ETV6/RUNX1—the oncoprotein itself, and enhances
ETV6/RUNX1’s oncogenic potential
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Table 1. Primer sequences

for ChIP assay

P1
Forward 5'-CACCATACACAAACCACTTG -3'
Reverse 5-GAGCTCTGTGTATGATTGTC-3'
P2
Forward 5-AG CTCAGTAGAGAGATGTTG-3'
Reverse 5-GGCACACAAGCTAAA ACTTG-3
GAPDH coding region
Forward 5-GAAGGTGAAGGTCGGAGT-3'
Reverse 5-ACCTTGAG CTCTCCTTGC-3'

for SYBR-green qRT-PCR

GAPDH
Forward 5'-GAAGGTGAAGGTCGGAGT-3'
Reverse 5'-GAAGATGGTGATGGGATTTC-3'
PLAG1
Forward 5-ACATGGCTACTCATTCTCCTGA-3'
Reverse 5-GTCGTGTGTATGGAGGTGATTC-3'

For ETV6/RUNX1 Taq

man qRT-PCR

ENF301

5'-CTCTGTCTCCCCGCCTGAA-3'

ENR361

5'-CGGCTCGTGCTGGCAT-3'

ENPr341 (ABI probe)

5'-6FAM-TCCCAATGGGCATGGCGTGC-MGBNFQ-3'
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Table 2. sSiRNA sequences

SIE/R-siRNA 1
Sense 5'-CCAUUGGGAGAAUAGCAGAAUGCAU-3'
Antisense  [5'-AUGCAUUCUGCUAUUCUCCCAAUGG-3'
SIE/R-siRNA 5
Sense 5'-UGGGAGAAUAGCAGAAUGCAUACUU-3'
Antisense  |5-AAGUAUGCAUUCUGCUAUUCUCCCA-3'

Scramble-siRNA S

Sense

5'-GAAGACGGUAAAUACGUUCGAUAAU-3'

Antisense

5'-AUUAUCGAACGUAUUUACCGUCUUC-3
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Table 3. Clinical features of the ALL patients included in miRNA

expression profiling study

Non t(12;21) t(12;21)
n % n % P
Gender
Female 20 50 4 40 0.728*
Male 20 50 6 60
Onset age
Mean + SD 6.15 + 3.23 577 +2.97 0.738%
Less than 10 36 90 9 90 1.000*
More than 10 4 10 1 10
WBC count x k/uL
Less than 100 32 80 90 0.665*
More than 100 8 20 1 10
t1(9;22)
Non 37 92.5 10 100 1.000*
With 3 7.5 0 0
Risk groups
SR 20 50 6 60 0.899*
HR 9 22.5 2 20
VHR 11 27.5 2 20

SR: standard risk; HR: high risk; VHR: very high risk

*Calculated by Fisher's Exact test
tCalculated by Student's t-test
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Table 4. The statistic signature of 17 miRNAs

Expression level,

MIiRNA* P
t(12;21)/non t(12;21)

hsa-miR-181a-1 0.254 <.00005
hsa-miR-92 0.327 0.002
hsa-miR-222 0.194 0.004
hsa-miR-342 0.461 0.004
hsa-miR-181d 0.524 0.004
hsa-miR-155 0.353 0.005
hsa-miR-423 0.371 0.005
hsa-miR-195 0.391 0.012
hsa-miR-130b 0.472 0.019
hsa-miR-221 0.098 0.024
hsa-let-7b 0.505 0.037
hsa-let-7a 0.527 0.037
hsa-miR-30e-3p 0.443 0.039
hsa-miR-19a 0.456 0.039
hsa-miR-660 0.525 0.045
hsa-miR-181c 0.385 0.046
hsa-miR-425 0.465 0.050

* Selected by differential expression in patients with or without t(12;21)
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Table 5. The signature of 13 miRNAs/miRNA clusters and the locations of RUNX1 binding sites

109

MiRNA/MIRNA cluster Location Input (NCBI36) TSS* (+1) RUNX1 binding site’
hsa-miR-181a-1 1932.1 chrl 197094905 197144905 — 197138675 -3845

hsa-miR-30e-3p 1p34.2 chrl 40942614 40992614 + 40947610 -3749, -3185, -2321
hsa-miR-425 3p21.31 chr3 49033146 49083146 — 49041875 -3879, -3488, -2863, -1349
hsa-miR-19a/92a-1 139g31.3 chrl3 90750860 90800860 + 90798075% -242

hsa-miR-342 14932.2 chrl4 99595745 99645745 + 99601480 -1909, -1322, -548, +31
hsa-miR-195 17p13.1 chrl7 6862065 6912065 — 6919137% -2916, -889

hsa-miR-423 17911.2 chrl7 25418223 25468223 + 25468010 -3293, -2389
hsa-miR-181c/d 19p13.13 chrl19 13796513 13846513 + 13837455 158

hsa-miR-155 21g21.3 chr21 25818163 25868163 + 26934221% no binding site is found
hsa-miR-130b 220911.21 chr22 20287270 20337270 + 20326560 -1999, -545
hsa-let-7a-3/7b 22013.31 chr22 44837293 44887293 + 44846680 -3453, -1882
hsa-miR-221/222 Xpl1l.3 chrX 45490638 45540638 — 45518410 -3561, -675

hsa-miR-660 Xp11.23 chrX 49604494 49654494 + 49613885 -3396, -3320, +708

TSS, transcriptional start site. *TSS is predicted by CoreBoost_HM.
TRUNX1 binding site in the upstream 4kb and downstream 1kb of TSS.
*TSS of host gene
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Appendix I. Frequency of cytogenetic subtypes of childhood ALL. Blue part:
B-ALL; red part: T-ALL

Adapted from Teachey DT, Hunger SP. Predicting relapse risk in childhood acute
lymphoblastic leukaemia. British journal of haematology 2013 Sep; 162(5): 606-620.

111



A

ETV6 (12p13)

1a 2 3 5 6 7 8
— i ] i ] H+
[ [ L L1
<+ tel _ cen—»
breakpoint region
~15 kb
RUNX1 (21g22)
1 2 3 Va3 6 7a 7b 8
T ] M N M D,/CI‘
L I I LI
«tel —f—— cen—»
breakpoint region
~150 kb
B
$4 5 4 5 |e2
488 796 953 1058
$a 5 4 5 |s2
—
100 bp

Appendix Il. Schematic diagram of the exon/intron structure of the ETV6 and

RUNX1 genes involved in t(12;21)(p13;922).

Modified and adapted from van Dongen JJ, Macintyre EA, Gabert JA, Delabesse E,

Rossi V, Saglio G, et al. Standardized RT-PCR analysis of fusion gene transcripts from

chromosome aberrations in acute leukemia for detection of minimal residual disease.

Report of the BIOMED-1 Concerted Action: investigation of minimal residual disease

in acute leukemia. Leukemia : official journal of the Leukemia Society of America,
Leukemia Research Fund, UK 1999 Dec; 13(12): 1901-1928.
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Appendix I11. A schematic representation of the full-length ETV6, RUNX1 and
ETV6/RUNX1 proteins. (PD: oligomerisation pointed domain, Repression:
central repression domain, ETS: ETS DNA binding domain, RUNT: RUNT
DNA binding domain, SID: mSin3A interaction domain, p300ID: a region
reported to interact with the p300 HAT, Activation: transcriptional activation
domain)

Modified and adapted from Zelent A, Greaves M, Enver T. Role of the TEL-AML1
fusion gene in the molecular pathogenesis of childhood acute lymphoblastic leukaemia.
Oncogene 2004 May 24; 23(24): 4275-4283.
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Appendix V. A hypothetical model for the molecular mechanism of
ETV6/RUNX1 action.

Modified and adapted from Zelent A, Greaves M, Enver T. Role of the TEL-AML1
fusion gene in the molecular pathogenesis of childhood acute lymphoblastic leukaemia.
Oncogene 2004 May 24; 23(24): 4275-4283.
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Appendix V. The canonical pathway of microRNA biosynthesis.
Adapted from Winter J, Jung S, Keller S, Gregory RI, Diederichs S. Many roads to

maturity: microRNA biogenesis pathways and their regulation. Nature cell biology 2009
Mar; 11(3): 228-234.
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Abstract

MicroRNAs (miRNAs) are the major key players to negatively regulate the
expression of coding genes in post-transcriptional level and control almost all aspects of
biology of the cells. MIR151A expresses a miRNA that co-expresses with PTK2 gene
and has been reported to be involved in cancers and cardiac hypertrophy. The
description about MIR151A in previous reports is rare. Although several target mMRNAs
including RhoGDIA, CCNE1, and ATP2A2 have been identified, the physiological
function and pathological role of MIR151A1 remains a puzzle. We have performed a
miRNA expression profiling on 60 childhood ALL patients and identified miR-151 to
be differentially expressed in B-ALL. To elucidate the role of miR-151 involved in this
phenomenon, we generated and the Mirl51 conventional knockout mice using
recombineering technology and confirmed the deficiency of Mirl51 gene on both DNA
and RNA level. We further characterized phenotypes of Mirl51 knockout mice and
found in young mice (< lyear) an increased erythropoiesis concordant with the elevated
renal Epo transcription, which was more prominent under hypoxic and may associate
with a Hif-a-regulated mechanism. In elder mice (>1.5 year), we found that Mirl51
deficiency did not affect the long-term survival, whereas spontaneous lung tumors were

developed in 33% Mir151*"" and 23% Mir151" mice. We further performed a
Y
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urethane-induced lung cancer model on young N10F2 mice, however, an unexpected
protective effect of was exerted in young mice deficient in Mirl151.
Taken together, our results reveal the undiscovered physiological and pathological

role of MIR151A, which may provide new aspects for future research.

Key words : miR-151 » genetic knockout mice - erythropoietin » chronic hypoxia,

spontaneous developed lung cancer
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Chapter 6. Introduction

6.1. MicroRNAs

MiRNAs are the major key players to negatively regulate the expression of coding
genes in post-transcriptional level (1). These small non-coding RNA with 18-23
nucleotides in length arisen from cleavage of 70-100 nucleotide precursors are
phylogenetically conserved and essential. Up to date more than 1,000 miRNA genes in
the human genome have been validated (2). Besides, tissue-specific expression of
miRNA was also observed (3). MiRNAs are estimated to regulate more than one third
of all mRNA transcripts. RNA-induced silencing complex (RISC) directs miRNAs to
hybridize with the 3’-UTR or coding domain sequence (CDS) of specific mRNA targets
to enhance mRNA destabilization, degradation and/or inhibit translation for protein
synthesis (4, 5). Most miRNA-mRNA targeting occurs through base pairing between a
short sequence located at the 5’ end of the miRNA, called the seed sequence, and its
MRNA target. This seed sequence, ranging from nucleotide positions 2—8 in the miRNA,
largely defines the its downstream targets and hence is the basis of most target
prediction programs (6).

In contrast to the promoter-based regulation of mMRNA synthesis, miRNAs are

regarded as moderate modulators of the transcriptional response, fine-tuning gene
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expression largely by negative regulation in a process that requires stoichiometric

binding to mMRNA targets (2). Since one individual mMRNAs can be targeted by multiple

miRNAs, and a single miRNA can target hundreds of mRNAs, it also making these

small RNAs powerful regulators of cell fate decisions. In addition, aberrant expression

of miRNAs has emerged to be a common feature of cancers, as their roles in cancers

can be either tumor suppressors or oncomirs dependent on cancer types (7-10).

6.2. microRNA 151a

microRNA 151a is a miRNA that co-expresses with focal adhesion kinase (FAK,

official gene name: PTK2) and has been reported to be involved in cancer (10-13) and

cardiac hypertrophy (14). Research reports focusing on this miRNA are rare in relative

to other well-studied miRNAsS, such as miR-221 and miR-222, miR-125h, and miR-181.

6.2.1. Human MIR151A gene

Human MIR151A gene is located on chromosome 8g24.3, residing within intron-22

of the host gene encoding protein tyrosine kinase 2 (PTK2), also known as focal

adhesion kinase (FAK), a key signaling molecule involved in the regulation of cell

motility (Figure 1; Appendix VI). Only one exon existed in MIR151A gene and

expressed a pre-miRNA with 90 bp in length referred to hsa-mir-151. According to

124



Sanger miRBase database, hsa-mir-181a-1 is further processed into two mature products

including miR-151a-3p and -5p (Figure 1A).

6.2.2.  Clinical association and target mRNAs of MIR151A

A previous report and our unpublished data, which used the different microarray
platform, have shown that in patients with T-cell ALL compared to B-cell ALL,
miR-151 was identified as discriminative (15). In cancer associated studies, down
regulation of miR-151 was seen in the abnormal miRNA expression profile in
mononuclear and CD34" cells from patients with chronic myeloid leukemia (CML)
compared with healthy controls (16). It has been reported that chromosome 8g24.3 is a
common recurrent amplification region in hepatocellular carcinoma (HCC). Previous
study showed that increasing MIR151A expression was correlated with intrahepatic
metastasis and MIR151A exerted this function through directly targeting RhoGDIA by
miR-151-5p, a putative metastasis suppressor in HCC (10). Also in prostate cancer,
copy number gain of the MIR151A gene in the primary tumor may indicate the presence
of metastatic disease (17). Another target mMRNA Cyclin E1 (CCNE1) gene, was
demonstrated to be regulated by miR-151-5p in nasopharyngeal carcinoma, and a
miR-151-5p binding site polymorphism in the 3'-UTR of CCNE1 gene was involved in

susceptibility and stage of nasopharyngeal carcinoma (18). Although both of
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miR-151-5p and 3p can be detected in tissues, the function of miR-151-3p remained
unclear for a long time. Until recently the first target mRNA of miR-151-3p was
published. miR-151-3p was shown to directly target ATP2A2, a gene encoding for a
slow skeletal and cardiac muscle specific Ca’* ATPase (SERCAZ2) thus downregulating

slow muscle gene expression in skeletal muscle cells (19).

6.2.3. Mouse Mirl151 gene

Mouse Mirl51 gene, which is located on chromosome 15 and resides within
intron-22 of the host gene (PTK2), is highly homologous to human MIR151 gene. It also
generates two mature miRNA products, miR-151-5p and 3p (Figure 1B). The seed
sequences are highly conserved in human and mouse, although there is a little difference

in 3p sequence outside the seed region (Figure 1C).

6.3. Research motive and the strategy

The discovery of miRNAs as modifiers of disease processes can help identify
cellular effectors and define molecular mechanisms of disease processes. Unlike the
widely studied miRNAs, miR-151-associated reports is limited thus the physiological
and pathological role of MIR151 remains extremely unclear, and a genetic knockout

mice may provide an opportunity to investigate the function of MIR151. In this study,
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we established the conventional knockout mice lack of Mirl51 in the attempt to

investigate the physiological function of Mirl51, and whether Mirl51 participates in

cancer biology.
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Chapter 7. Materials and Methods

7.1. Materials

7.1.1. Reagents

Product name

Company

1 kb DNA Ladder
100 bp DNA Ladder

2x TagMan Universal PCR Master Mix

Agar, Bacteriological
Agarose

Ampicillin

Boric acid

BPB

Calf Intestine Alkaline Phosphatase (CIP)

Chlorofrom

CoCl,

Dithiothreitol (DTT)
dNTPs

EDTA

EDTAK,

Ethanol

Ethidium Bromide (EtBr)
Formalin

Glycerol

Isopropanol

Phosphate buffered saline (PBS)
T-PER buffer

Tris base

Tryptone

Urethane

Yeast extract

Bertec

Bertec

Applied Biosystems
ALPHA biosciences
Invitrogen

Sigma

J.T.Baker

Sigma

Fermentus
J.T.Baker

Sigma

Invitrogen
GeneDirex
J.T.Baker

J.T.Baker

Sigma

Amersco

Sigma

Mallinckrodt

Fluka

Biowest

Thermo

J.T.Baker

ALPHA biosciences
Sigma

ALPHA biosciences
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7.1.2. Kits

Kit Company
FastStart universal SYBR green master (ROX) Roche
FavorPrep plasmid extraction midi kit FAVORGEN
FavorPrep plasmid extraction mini kit FAVORGEN
Qiagen Plasmid Maxi kit Qiagen
RnaseOut Invitrogen
SuperScript 111 Reverse Transcriptase Invitrogen
T4 DNA Ligase NEB
Taq DNA polymerase Geneaid

TagMan miRNA expression assay
TagMan® miRNA RT kit

Applied Biosystems
Ambion

Trizol reagent Invitrogen
7.1.3. Vectors
Vector Source

pL253 TMMC, NTU
pL451 TMMC, NTU
pL452 TMMC, NTU
7.1.4. Equipment

Instrument name Company
7300 Real-Time PCR machine Appied Biosystems
Abbott Cell-Dyn 3700 GMI
AllegraTM 21R centriguge Beckman Coulter
Analytical balance (TE124s) Sartorius
Avanti® J-E high speed centrifuge Beckman Coulter
Eppendorf microcentriguge (F45-24-11) Eppendorf
GeneAmp PCR machine Appied Biosystems
Hitachi 7170A Automatic Analyzer HITACHI
hypoxia chamber homemade
LAB ROTATOR Digisystem
Nanodrop Thermo
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Orbital shacking incubator (OSI1500R) TKS

7.2. Methods

7.2.1. Targeting vector construction

The recombineering technology (20) was used in the construction of targeting vector for
Mirl51 deletion (Appendix VII). BAC (Bacterial artificial clone) carrying isogenic
genomic DNA of Mir151 (bMQ-355P20) under the 129sv/J genetic background was
purchased from Source BioScience LifeSciences. The sequences used for homologous
recombination were amplified from the BAC using PCR (AB and YZ fragment, see
Appendix VIII) and then clone into pL253 vector, called “Vector A”. Vector A was
linearized by restriction enzyme digestion and co-transformed with bMQ-355P20 BAC
into EL350 E.coli by electroporation. Vector A which retrieved the chromosomal
fragment from BAC through homologous recombination was called “Retrieve A”. To
insert the loxP sequences into the flanked regions of Mirl51 gene, homologous DNA
fragment CD/EF and GH/1J were cloned into pL452 and pL451 vector, called “Vector B”
and “Vector C”, respectively (Appendix VIII). “A+B” was produced by transforming
the “Retrieve A” and “Vector B” together into EL350 E.coli and the loxP-Neo'-loxP
sequence originated form Vector B would integrate into the 3’ end of Mirl51 through

homologous recombination. Next, the addiction of Arabinose induced Cre recombinase
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expression in EL350 E.coli and deleted one of the loxP site and Neo', called “A+B-B”.
With similar principle, the introduction of Frt-PGK-Neor-Frt-loxP sequence from
“Vector C” into 5’ end which called “A+B-B+C” was performed in the next. Finally,
after linearized the “retrieve A+B-B+C” with Not | restriction enzyme, the targeting
vector containing neomycin resistance gene and thymidine kinase for positive and
negative selection in ES cell culture was ready for ES cell targeting. The primer

sequences used for targeting vector construction were shown in Table 1.

7.2.2. Gene targeting of ES cells and generation of Mirl51 conventional

knockout (KO) mice

The E14TG2a (HPRT-) ES cell line was cultured, propagated, and transfected with the
targeting construct by electroporation. HAT (0.1mM hypoxanthine, 4uM aminopterin,
and 0.16 mM thymidine) and ganciclovir (10 uM) was used to select for ES cell
colonies grown from electroporation. Surviving cell colonies were isolated, established
as clones, and genotyped by Southern blotting to ensure homologous recombination.
Southern blotting and genomic DNA isolation were performed following standard
procedures to identify the desired ES cell clones. The correct clones were subsequently
introduced into blastocysts of C57BL/6J mice by microinjection. Chimeric mice were

bred with wild-type (WT) C57BL/6J mice to obtain heterozygous first generation
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(B6129-N1F1) mice, which were intercrossed to generate homozygous N1F2 mice.

Mirl51 heterozygous N1F1 male mice were also backcrossed with C57BL/6JNarl

female mice for ten generations and performed speed congenic at N4 to obtained

Mirl51 conventional knockout mice on a C57BL/6JNarl background. Genotyping of

N1F2 mice was performed by Southern blotting and by PCR. The PCR reaction mixture

contained 0.3- to 1-pg tail DNA, 200 uM dNTPs, 200 nM each of the primers, and 1 U

Tag DNA polymerase in 25 pL reaction buffers supplied by the manufacturer. The

primer sequences used for genotyping were shown in Table 1. ES cell gene targeting,

excision of neomycin resistance gene, blastocyst injection, and chimera production were

supported by the Transgenic Mouse Model Core Facility of the National Research

Program for Genomic Medicine, the National Science Council of Taiwan.

7.2.3.  Animals

N1F2 male and female mice were used in all of the experiments in this study. N10F2

male mice (6~8 weeks) were only used in urethane induced model. All mice were

housed and bred in the Laboratory Animal Center of the Department of Bioscience

Technology of Chung Yuan Christian University (CYCU). The mice (n = 5/cage) were

maintained in a room with a constant temperature of 22 + 1°C, relative humidity of 55 +

10% and 12-h light/dark cycle, and fed standard rodent chow and purified distilled
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water ad libitum. Mice for long-term observation were kept and weighed every month

until the end of their life. The dead bodies of mice were collected, dissected, taken

pictures, and major organs including liver, heart, spleen, lung, kidney were preserved in

10% formalin. All animal experiments were approved by the Institutional Animal Care

and Use Committee of CYCU.

7.2.4.  RNA preparation and reverse transcription

Tissues including lung, heart, brain, kidney, spleen, liver, thymus, and lymph node were

collected, washed with cold 1X PBS, and homogenized in T-PER buffer. Total RNA

was extracted using Trizol reagent according to the manufacturer’s instructions. For

MRNA gRT-PCR, 5Sug total RNA was first reverse transcribed into cDNA by reverse

transcriptase using oligo dT and random hexamer as primers. For miRNA detection, the

TagMan® miRNA RT kit and RT primers from Tagman miRNA assay were used

following the manufacturer’s instructions.

7.2.5. Quantitative real-time PCR

Expression of miR-151-3p and 5p were determined by TagMan real-time PCR using

Tagman microRNA assays. All miRNA assays were run concurrently with a calibration

control, snoRNA-202, and were run in triplicate. Transcript of Ptk2, Epo, Phd3, Pgk,
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Vegf A and the reference gene Gapdh was determined by SYBR Green real-time PCR

and measured in two independent assays. The primer sequences used for qRT-PCR were

shown in Table 1.

7.2.6. Complete blood counts and differential counts

Whole blood was collected by puncture of the retro-orbital plexus of mice using

capillary tubes with anticoagulant. Complete blood counts (CBCs) and Differential

counts (DCs) was performed on EDTA « K,-anticoagulated blood using an automated

counting device with the aid of Taiwan Mouse Clinc’s service.

7.2.7.  Clinical chemistry

Whole blood was collected by puncture of the retro-orbital plexus of mice using

capillary tubes without an anticoagulant. Serum was diluted five times with distilled

water and serum blood chemistry was analyzed by an automated device. Parameters

analyzed included levels of total protein , albumin (ALB), globulin, total bilirubin

(BUN), aspartate aminotransferase (GOT), alanine aminotransferase (GPT), alkaline

phosphatase  (ALP), amylase, lactate dehydrogenase (LDH), and 7y

-glutamyltransferase, triglyceride (TG), total cholesterol (T-CHO), high density

lipoprotein-cholesterol (HDL-C), Na, K, Cl, Mg, P, Ca, Uric acid (UA), Fe, UIBC, and
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TIBC

7.2.8.  Chronic hypoxia

N1F2 male mice of each genotype (18-20 weeks, weighing 33-54 g) were

separated into two groups. One group (hypoxic mice) was exposed to 10% O, in a

well-ventilated, temperature-controlled hypoxia chamber for 6 hours. The other control

group (normoxic mice, control) which exposed to 10% O, for 0 hour was maintained

under ambient normoxic conditions. At the end of exposure, mice were sacrificed, the

kidneys were quickly removed and then performed RNA extraction immediately or

rapidly frozen in liquid nitrogen. The frozen organs were stored at —80°C.

7.2.9. CoCl, treatment

N1F2 male mice of each genotype (34-36 weeks, weighing 34-57 g) were

separated into two groups and injected i.p. with 60 mg/kg cobaltous chloride (CoCly)

solution in 1X PBS or 1X PBS as control group. Animals were sacrificed 6 hours after

CoCl, injection. The kidneys were quickly removed and performed RNA extraction

immediately or rapidly frozen in liquid nitrogen. The frozen organs were stored at —

80°C.
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7.2.10. Tumor analysis

Lung tissues were fixed in 10% formalin followed by 70% EtOH. Tumors were
counted and measured. The individual tumor size was measured. Tumors were graded
on a 4-stage grading system: macroscopic normal and on hematoxylin and eosin (H&E)
slides with typical adenomatous hyperplasia as grade I; nodule = 2 (smaller than 1/4
lobe), normal part is still remained in the same lobe as grade Il; nodule > 2 or larger

than 1/4 lobe, normal part is still remained in the same lobe as grade I1l; Completely

loss of normal tissue in the same lobe as grade IV.

7.2.11. Urethane-induced lung cancer model

The Mir151*"*, Mir151"", and Mir151 "~ mice (N1F2 n=7 for each group, N10F2
n = 12 for each genotype), matched by age (N1F2 23 weeks, N10F2 6-8 weeks old)
and weight (N1F2 31-47 g, N10F2 16-19 g) were used. These mice were injected i.p.
with 1 mg/g body weight urethane in normal saline once weekly for 6 (N1F2) or 4
(N10F2) consecutive weeks. At the end of the experiments, mice were sacrificed and
dissected their lungs. Lung tumor numbers and sizes were evaluated under a dissecting
microscope. Tumors were isolated from the normal part and quickly frozen in liquid

nitrogen for further analysis.

136



7.2.12. Histological analysis

All tissues were fixed in 10% buffered formalin for 24 h, embedded in paraffin, cut
into 5-7-um sections, and stored at 4°C in the dark. For histological analysis, the
sections were dewaxed before staining with hematoxylin and eosin (21). All kidney
sections were examined by Dr. SL Lin (Nephrology, Department of Medicine, National
Taiwan University Hospital), and lung sections were examined by Dr. WC Lin

(Department of Pathology, National Taiwan University Hospital)

7.2.13. Statistical analyses

Statistical analysis was performed by using ANOVA or Mann-Whitney test of Prism
software (GraphPad, California, USA). Data are expressed as mean with SDs. A value

of p<0.05 was considered significant.
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Chapter 8. Results

8.1. Generation and identification of Mirl51 conventional knockout

mice

8.1.1. Generation of Mir151 conventional knockout mice

Targeting vector replaced a ~15.2 kb genomic DNA sequence covering part intron
22 of Ptk2 gene and Mirl51 by homologous recombination. To generate Mirl51
conventional knockout (KO) allele, the targeted ES cells were transfected with plasmid
encoding Cre recombinase (Figure 2). The ES cells carrying KO allele were injected to
E3.5 blastocysts from 129sv/J strain. Chimera mice bearing over 90% coat color
chimerism were obtained. The male chimera mice were bred with C57BL/6JNarl female
mice to yield N1F1 pups with germline transmission. Heterozygous N1F1 mice were
then intercrossing to generate N1F2 mice with each genotype (Mir151**, Mir151*", and
Mir1517) for characterization. To obtain Mir151 conventional knockout mice on a
C57/BL6JNarl background, we also backcrossed the NI1F1 male mice with

C57/BL6JNarl female mice for ten generation.

8.1.2. ldentification of gene status in DNA and RNA level

We have designed a multiplex PCR method to identify three genotype

138



simultaneously in one reaction (Figure 3A). Three primers including a forward primer
specific to wild type (WT) allele (m151F2), a forward primer specific to KO allele
(m151F3), and a common reverse primer (m151R) were used. The amplicon size of WT
and KO allele was 393 bp and 494 bp, respectively. The genotype was confirmed by
Southern blotting (Figure 3B) and PCR method was used in routine (Figure 3C).

To determine the expression of Mirl51 in major organs, the tissues derived from
N1F2 mice and a Tagman qRT-PCR was applied. We found that both miR-151-5p and
3p were enriched in heart and lung, while the hematopoiesis-associated organs
including liver, spleen, thymus, and lymph node expressed relative low level of Mirl51
(Figure 4A). We also confirmed the ablation of mature miR-151 expression, including
3p and 5p (Figure 4B). Undisrupted Ptk2 transcription after deletion of Mirl51 was
demonstrated by SYBR green gRT-PCR using the primer set specific to the exon

flanked to Mirl151 (Figure 4C).

8.2. Characterization of Mirl151 conventional knockout mice

8.2.1. Mirl51 is not essential to survival

We have collected 361 N1F2 pups and recorded their survival at day 10 after birth.
The distribution of three genotype was Mir151**: Mir151"" : Mir151" =1:1.91:0.92

(Table 2), that was nearly identical to Mendel’s first law (1 : 2 : 1). Our result indicates
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that Mirl151 loss has no significant deleterious effects on survival. We also found that

Mir151" knockout mice were viable, developed well, and fertile.

8.2.2.  Akinetic change of erythropoiesis

We have generated a cohort including 10 MiR151*"* and 9 MiR151" male N1F2
mice, the body weight was measured twice a week, and examined the complete blood
count (CBC) every months. We found that MiR151"" mice showed a significantly higher
RBC count, hemoglobin concentration, and hematocrit during the age between 4 to 8

+/+

months, compared with their MiR151™" littermates (Figure 5). This alteration was not
continuously persisted in MiR1517 mice and disappeared after 9 months. We also
examined the clinical chemistry (age: 6~8 months), however, we did not found any
significant alteration in MiR1517 mice (Table 3). Overall, we observed that the RBC

+/+

count, hemoglobin, and hematocrit kept homeostasis in MiR151™" mice, but were

induced and kept in higher value between the age of 4-8 months and accompanied by
gradually decline in MiR151" mice until the last time point of the experiment

(1-year-old).

8.2.3. Elevated renal Epo mRNA level in young MiR151" mice

Erythropoiesis is regulated by erythropoietin (Epo), a 30.4 kDa glycoprotein
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hormone known as the master regulator of red blood cell production through promoting
erythroid progenitor cell viability, proliferation, and differentiation (22). Production of
Epo is tightly regulated by development, tissue-specific, and physiological signals. It is
produced by hepatocytes in the embryonic stage, and during the late gestation the site
responsible to Epo production switches form the fetal liver to the kidney (23). Because
the erythropoietin synthesis is dependent on the transcriptional activity of Epo gene (24),
we analyzed the transcript level of renal and hepatic Epo in mice with age
corresponding to 3, 6, and 9 months (Figure 6). In agreement with the CBC result, an
expected up-regulation of renal Epo transcription was detected in MiR151"" mice at 6
months old but not in MiR151** littermates, whereas the hepatic Epo mRNA remained

at low level.

8.2.4. Induction of renal Epo by chronic hypoxia

Epo is highly sensitive to the balance between oxygen supply and demand. A
previous study using isolated rat kidneys with hypoxic perfusate has demonstrated the
increased renal Epo secretion (25). To enhance Epo expression, we performed chronic
hypoxia using the hypoxia chamber (Fig. 7) and evaluated the induction of Epo
transcription (Fig. 8). Mice were exposed to 10% O, for 0 and 6 hours. At this age, Epo

transcripts at basal level were already elevated in MiR151*" and MiR151" mice
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(MiR151*"*, MiR151*", and MiR151" were 1, 2, and 3.5 fold, respectively). Low
oxygen level significantly enhanced Epo transcription in all genotypes after 6 hours
exposure to hypoxia (by ~20-fold). It is interesting that hypoxia-induced increase of
Epo mRNA in all genotypes demonstrated a relative high and regular manner which was
identical to normoxic condition (0 hour) (MiR151**, MiR151*", and MiR151" were 1, 2,

and 3.5 fold, respectively).

8.2.5. No increase in renal Epo-producing cells in MiR151" mice

The understanding of which cells produce Epo in kidneys was not clarified until
the use of genetically modified mice which help to identify that interstitial fibroblasts in
the cortex and outer medulla are renal Epo-producing cells (26). In the progression of
renal fibrosis, a common feature of chronic kidney disease (CKD), interstitial
fibroblasts will differentiate into myofibroblasts which are the major collagen producing
cells. During the initial stage of renal fibrosis, interstitial fibroblasts will proliferate
concordant with increased Epo expression, and then lost the Epo producing ability when
become myofibroblasts, resulting in renal anemia at the end stage of the disease. To
elucidate whether the kinetic change of Epo level in MiR1517 mice was duo to undergo
renal fibrosis, the histological analysis of kidney section was performed (Figure 9).

However, the proliferation of interstitial fibroblasts at 6 months was not observed and

142



mice were free from renal fibrosis when 9 months
Taken together, our data suggests that MiR151 may have a role in regulating renal

Epo transcription through an unknown mechanism.

8.2.6. Increase of Hif-a target gene expressions in young MiR151" mice

The mechanisms controlling the expression of the Epo gene is oxygen-dependent.
Increase of Epo synthesis in response to hypoxic stimuli is also based on enhanced
transcriptional activity of the Epo gene, and hypoxia-inducible factors (HIFs) are
responsible for the linkage between changes in tissue oxygenation and altered Epo
transcription (23). Data from animal studies (27, 28) and clinical investigations (29, 30)
showed that hypoxia-inducible factor-2a. (HIF-2a) is the critical regulator of Epo under
physiologic and stress conditions in adults. We speculated that MiR151" mice may
undergo mild hypoxia because of the up-regulated Epo in kidney but not in liver. To
address whether this alteration in MiR1517 mice was mediated by Hif-a, we determined
the expression of Hif-a target genes including Epo, Phd3, Pgk, and Vegf A, in kidney of
6-month-old mice (Figure 8). In comparison with MiR151""* littermates, Epo and Phd3
expression were significantly increased in MiR151" mice, while no difference was
shown in Pgk and Vegf A gene. We also observed that the upregulated Epo mRNA level

was most obvious and reversely correlated with the MiR151 gene dosage. However, it is
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unexpected that MiR151*" has physiological higher Pgk and Vegf A mRNA levels.

8.2.7.  Induction of Epo expression by CoCl, treatment

Under normoxic conditions, HIF-o subunits are degraded rapidly by the
ubiquitin-proteasome pathway (31). To evaluate whether the high Epo transcription in
MiR151" mice was associated with Hif-a expression in the kidney, we injected i.p. with
CoCly, which is a chemical reagent that can stabilize Hif-a. Renal Epo expression was
significantly increased in MiR151" mice after CoCl, treatment, while the induction in
MiR151""* was moderate (Figure 11).

Our data indicates that Hif-a may participate in the phenotype of increasing

erythropoiesis observed in MiR151™ mice.

8.3. Long-term observation of Mir151 conventional knockout mice

8.3.1. No difference in survival

We generated a cohort of 124 N1F2 mice for long-term observation, including 58
males (MiR151"*, MiR151"", and MiR151" were 18, 17, 23) and 66 females
(MiR151*"*, MiR151"", and MiR151" were 21, 19, 26). These mice were kept without
any invasive experiment and weighed every month until death. In the comparison with

wild type littermate, the life span and survival in MiR151*", and MiR151™ mice were no
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significant difference (Figure 12).

8.3.2.  Spontaneous developed lung cancer in old Mir151 knockout mice

The deaths of all of the N1F2 mice recruited in the long-term observation were
naturally occurred. To elucidate the cause of death, we collected the dead bodies for
dissection and further histological analysis as more as we could. The data from total 58
mice whose bodies remained intact were obtained. While some of the mice dead in
infection, some were looked normal, we found that lung cancer was developed in 33%
MiR151*" (6/18) and 23% MiR151" mice (6/26) but not in wild type littermates (0/14)
(Figure 13). The histological analysis showed that the subtype of lung cancer developed
in Mirl51 knockout mice was adenocarcinoma. Tumors were further subdivided

according to the severity (Table 4).

8.3.3. Increase number of urethane-induced lung tumors in elder Mirl51

knockout mice

The death of mice developed spontaneous lung cancer often occurred after 1.5
years. To speed up the development of cancer, we conducted a carcinogen-inducible
lung tumorigenesis model with the i.p. injection of urethane, a known carcinogen

(Figure 14). Urethane administration is shown to be reliably reproducible and
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subsequent tumorigenesis develops in a time-dependent manner (32). N1F2 mice were
used to performed this experiment. After 20 weeks of first injection, mice were
sacrificed. All of the tumors were observed, measured, and dissected under dissecting
microscopy (Figure 15). As expected, number of urethane-induced tumors in Mirl51

knockout mice were more than wild type littermates (Figure 16).

8.4. Depletion of Mirl51 protected young mice from urethane-induced

lung cancer

To enhance the understanding of the role of Mirl51 in the initial stage of
tumorigenesis, and to prevent from the disturbance duo to B6129 mixed genetic
background, we performed the he urethane-induced lung cancer model on N10F2 mice
(6~8 weeks) (Figure 17). After 36 weeks of first injection, mice were sacrificed and
removed the lung quickly after heart perfusion. Tumors were subdivided according to
the size, dissected, and separated from the normal part of the lung. Unexpectedly, we
found the result was opposite to elder mice that the urethane-induced tumors in Mir151
knockout mice were ameliorated compared to wild type littermates, and were

demonstrated a decreasing manner associated with gene dosage (Figure 18).
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Chapter 9. Discussion

9.1. Increased erythropoiesis in young mice

This study was initiated by the data of miRNA array profiling that we found
miR-151 was differentially expressed in B-ALL rather than in T-ALL, thus we proposed
that Mirl51 may have roles in hematopoiesis and performed continuous CBC/DC
analysis on N1F2 mice. Mirl51 knockout mice were observed the increased
erythropoiesis concordant with elevated renal Epo mRNA level without hepatic Epo
expression. Besides, the clinical chemistry of Mir151 knockout mice were normal in the
comparison with littermate controls, indicating the transient increase of erythropoiesis
was not caused by anemia. These finding let us hypothesized that Mirl51 knockout
mice may undergo mild hypoxia and the phenomenon described above was the results
of compensation. To address whether this alteration was mediated by Hif-o, known to
regulate gene expression under hypoxic condition, we detected expression of Hif-a
protein and Hif-a target genes in kidney under normoxia, hypoxia, and CoCl, treatment.
Although Epo and Phd3 were elevated in normoxia and the induction of Epo was robust
in all conditions, we could not identify the increased of Hif-a protein duo to the

unresolved trouble in methodology. Besides, the unexpected up-regulated Pgk and Vegf
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A mRNA were seen in heterozygous but not homozygous knockout mice may duo to the
sample size was too small.
Together, we speculate Hif-a and other underlying mechanism may participate in

the phenotype of increasing erythropoiesis observed in young MiR151 knockout mice.

9.2. Spontaneous developed and urethane-induced lung cancer in elder

mice Vv.s. the protective effect of Mir151 loss in young mice.

The different results of spontaneous and induced lung cancer developed in elder
and young mice may be caused by many reasons. First, the age. As we speculate that
MiR151 knockout mice may undergo mild hypoxia inside their body, there may be more
physiological damages such as hypoxia-induced reactive oxygen species (ROS)
accumulated with time in elder mice. Second, Mirl51 may express in a space- and
time-scale dependent manner. Although we have identified that Mirl51 is enriched in
lung, we did not measure the dynamic expression of Mirl151 in lung tissue across their
life. Third, multiple genes with opposite function can be regulated by Mirl51. For
instance, miR-151-5p regulates RhoGDIA, a putative metastasis suppressor in HCC (10).
Another miR-151-5p target CCNE1, which encodes a G1 phase cyclin (Cyclin E)
essential for S-phase entry, has been shown to trigger hyperplasia and lung

adenocarcinoma in transgenic mice (18, 33). Besides, there must be more Mir151 target
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genes waiting for identifying. Forth, the difference in genetic background. Spontaneous
developed and more serious carcinogen-induced lung cancer were observed in elder
N1F2 mice which had mixed genetic background (50% C57BL/6J and 50% 129sv/J)
and modifier genes may interfere the real impact of Mir151 deficiency on phenotypes of

these mice.

9.3. The potential application of Mir151 knockout mice

The recent discovery of a miR-151-3p target gene ATP2A2 (19), which encodes for
a slow skeletal and cardiac muscle specific Ca®* ATPase (SERCAZ2) has provide a new
insight into the understanding of MIR151A. SERCAZ is essential for Ca** uptake during
excitation—contraction coupling in cardiomyocytes. Impaired Ca** uptake resulting from
decreased expression and reduced activity of SERCAZ2a is a hallmark of heart failure
(34), and the efficacy of SERCAZ2a restoration has been proven in improving the disease
(35-37). Due to the important role of SERCA2 in both healthy and disease hearts, and
Mirl51 depletion in whole body has no significant deleterious effects on organogenesis

and survival, it could be a future therapeutics.
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Chapter 10. Conclusion and Prospective

In conclusion, our preliminary data obtained from N1F2 mice has revealed that
Mirl51 is not essential to survival, the physiological effect of Mir151 deficiency is mild,
and has showed the inconsistent results of urethane-induced lung tumorigenesis
compared with N10F2 mice. Using the Mir151 conventional knockout mice with pure
C57BL/6J genetic background, increasing the sample size, and giving appropriate
stimulus to mice such as chronic hypoxia, carcinogen-, or oncogene-induced cancer
model may contribute to understand the physiological function and pathological role of
Mirl51 gene in the future.

In addition to conventional knockout mice, we have also generated the Mirl51
conditional knockout mice which can be used to specific deplete Mirl51 in the use of
Cre recombinase driven by myocardial-specific promoter. It may provide an opportunity
to confirm whether the Mir151 regulates heart expressed SERCA2 in vivo and evaluate

the therapeutic potential of miR-151 in heart failure.
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Figure 1. miR-151

Precursor structure and sequence of (A) human mir-151a and (B) mouse mir-151.
(C) Sequence of mature miR-151. blue: seed region, red: the difference between

human and mouse miR-151-3p.
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Figure 2. Knockout strategy of Mirl51 gene.

Schematic strategy for introduction of the loxP sites flanked the region
containing the mmu-mir-151 sequence. Mouse Mirl51 gene is located in a large
intron between exon 20 and exon 21 of Ptk2 gene. Two loxP sequences (indicated
by black triangle), two Frt sequences, and a neomycin-resistant gene (indicated
by green arrow) were inserted to the flanked region of Mirl51 using a targeting
vector. The wild type allele was replaced by the targeting allele through
homologous recombination. The ES cells undergone neomycin selection could be
transfected with either the Cre recombinase or the Flippase to delete the region
between the two loxP or Frt sequences, respectively. The former became a
Mirl51 conventional knockout allele, while the latter became a conditional
knockout allele.
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Figure 3. Genotyping results.

(A) The primer design for genotyping. A multiplex PCR strategy using two
forward primers (m151F2 and m151F3) and one reverse primer (m151R) was
applied to detect wild type (WT) allele (393 bp) and knockout (KO) allele (494
bp) simultaneously. (B) Validation of the successful recombination was
conducted by Southern blotting, the DNA fragment size of WT and KO allele
was 10.8 kb and 9.3 kb, respectively. (C) Genotyping PCR was used as a routine
method. The amplicon size of each genotype is as followed: Mir151** 393 bp,
Mir1517 494 bp, and Mir151*" 393 and 494 bp.
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Figure 4. Expression of Mirl51 and Ptk2 (host gene).
Relative expression of 5p and 3p of mmu-mir-151 (A) in major organs of wild

type mice (n=2) and (B) in heart tissue of each genotype (n=2) were detected by
Tagman microRNA assays. (C) Ptk2 (Mirl51 host gene) mRNA level was
assessed in heart and thymus tissue, which expressed highest and lowest Mir151
level, by SYBR green gRT-PCR (n=2 for each genotype). snoRNA-202 and
Gapdh gene were used as internal controls for miRNA and mRNA, respectively.
Bars represent the mean + SD.
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Figure 5. CBCs and DCs analysis

The CBCs and DCs of Mirl51 wild type and knockout mice were monitored
every month for more than one year. CBCs and DCs analysis were carried out
with whole blood collected by puncture of the retro-orbital plexus of mice using
capillary tubes with EDTA+K, as anticoagulant. The (A) RBC count, (B)
hemoglobin, and (C) hematocrit of knockout mice were increased from 4 to 6
months and then gradually decreased, while these in wild type mice remained
stable though out the long-term observation. (Mirl51** n=8, Mir151" n=9)
KO v.sWT *P <0.05, ** P<0.01 (ANOVA)
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Figure 6. Epo mRNA level in mouse kidney and liver.

Mir151 N1F2 wild type and knockout mice were sacrificed at the age of 3, 6, and
9 months and then extracted the total RNA from kidney and liver. (A) Renal Epo
MRNA level in 3-, 6-, and 9-months-aged mice (n=4 per group at each time-point)
and (B) liver Epo mRNA level in 6-months-aged mice (n=2) were determined by
SYBR green gRT-PCR. Epo transcript was detected by SYBR green gRT-PCR,
and Gapdh gene was used as an internal control. Gene expression was shown in
relative to 3 months-aged wild type mice. Bars represent the mean = SD. *** P <
0.001 (ANOVA)
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Figure 7. The hypoxia chamber for in vivo study.

With an oxygen sensor and continuous nitrogen supply, this system can reduce
oxygen concentration in hypoxia chamber and maintained the oxygen level at
10+0.5%. The exhaust fan excludes the atmospheric air in the chamber, and the
circulation fan makes uniform distribution of nitrogen and residual air in the
chamber. In the control of timer, the exhaust fan turns around 30 seconds in every
five minutes. Three capped cages can be put into the chamber simultaneously.
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Figure 8. Chronic hypoxia induced the renal Epo mRNA level

N1F2 male mice (5 months old) were exposed to 10£0.5% O, in the hypoxia
chamber under the well control of oxygen sensor. After 0 and 6 hour exposure to
chronic hypoxia, the mice were sacrificed and collected the kidney. Renal Epo
MRNA was measured by SYBR green qRT-PCR and normalized by Gapdh. Bars
represent the mean = SD. (n=3 for each group) * P <0.05, ** P<0.01 (ANOVA)
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Figure 9. Kidney section stained with hematoxylin and eosin.

(A) 5-month-old mice and (B) 9-month-old N1F2 mice did not revealed the
increase of interstitial fibroblasts and renal fibrosis. (A) and (B) top x50 ; bottom
x200. RC: renal corpuscle; PCT: proximal convoluted tubule; DCT: distal
tubule; Red arrow: interstitial fibroblast
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Figure 10. Expression of Hif-a target genes in the kidney

Total RNA was extracted from whole kidney lysate from N1F2 male mice (6
months). Expression of Hif-a target gene including (A) Epo, (B) Phd3, (C) Pgk,
and (D) Vegf A was determined by SYBR green gRT-PCR. Gapdh gene was used
as an internal control, and the gene expression in wild type mice was used as a
calibrator. Bars represent the mean £ SD. (n=3 for each genotype) * P < 0.05, **
P<0.01, *** P <0.001 (ANOVA)
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Figure 11. CoCl, treatment increased the expression of renal Epo mRNA.
9-month-aged N1F2 male mice were injected i.p with 60mg/kg of CoCl, (n=7).
Control mice were injected with PBS (n=5). After 6 hour of injection, the mice
were sacrificed and collected the kidney. Renal Epo mRNA was measured by
SYBR green qRT-PCR and normalized by Gapdh.
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Figure 12. Survival curve.

A cohort including 124 N1F2 mice (58 male and 66 female) were kept and
monitored for more than two years. No difference in survival of these three

genotype was found.
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Grade 2

Figure 13. Examination of the lung in dead mice.

Lung cancer was spontaneously occurred in 23% homozygous and 33%
heterozygous N1F2 Mirl51 knockout mice at their end stage. (A) The disease
progression was subdivided according to the tumor size. [0: macro- and
microscopic normal; 1: macroscopic normal, but tumor lesion can be observed in
lung section under microscope; 2: nodule = 2 (smaller than 1/4 lobe), normal
part is still remained in the same lobe; 3: nodule > 2 or larger than 1/4 lobe,
normal part is still remained in the same lobe; 4: Completely loss of normal
tissue in the same lobe.] (B) Lung section stained with hematoxylin and eosin.
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Figure 14. Urethane induction protocol for elder mice.

Mirl51 N1F2 knockout mice (23 weeks old) as well as their littermate controls
started to inject I.P. with 1 mg/g body weight urethane once weekly for 6
consecutive weeks. 20 weeks after the first urethane injection, mice were
sacrificed, dissected their lungs, and examined the tumor size.
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Figure 15. Lung cancer induced by urethane injection.

(A) After open the chest of urethane-treated mice, the developing nodules can be
observed on the lung surface. (B) Tumor size larger than 1 mm. (C) More than
one nodule developed in one lobe. (C) Tumor size smaller than 1mm.
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Figure 16. Quantification of tumor numbers induced by urethane in elder
mice.
Tumor numbers were observed and counted under dissecting microscope. (WT

n=5, Het n=6, and KO n=5) Het v.s WT, P=0.068 (Mann-Whitney test).
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Figure 17. Urethane induction protocol for young mice.

Mirl151 N10F2 knockout mice as well as their littermate controls started to inject
I.P. at 6-8 weeks of age with 1 mg/g body weight urethane once weekly for 4
consecutive weeks. 36 weeks after the first urethane injection, mice were
sacrificed, dissected their lungs, and examined the tumor size.
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Figure 18. Quantification of tumor numbers induced by urethane in young
mice.

Tumor numbers were subdivided according to the size: 0.5 mm (small), 0.8-1.2
mm (medium), and > 1.2 mm (large). Mir151 N10F2 knockout mice showed a
significant decreased in small and medium size. (n=12 for each genotype) ** KO
v.s WT, P<0.01; *KO v.s Het, P < 0.05; * Het v.s WT, P < 0.05; * Het v.s WT, P
<0.01 (Mann-Whitney test)
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Table 2. N1F2 Pup number of each genotype at day 10 post

birth

Mir151** | Mir151*" | Mir151” | Total number
Expected 90 181 90 361
Observed 94 180 87 361
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Table 3. Clinical biochemistry of Mirl51 Conventional KO female mice *

Item Unit +/+ (n=4) -/- (n =5) p-value
Body weight befrore fasting g 29.18 £ 3.9 30.80 £ 5.61 0.6395
Body weight after fasting g 28.45 +4.05 29.72 £5.71 0.7195
GOT U/L 77.5+22.55 56.25 + 8.54 0.0732
GPT U/L 475+ 28.72 27.5 + 8.66 0.1827
Total protiein g/dL 5.88 £ 0.48 5.60 £ 0.22 0.2874
Globulin g/dL 3.13+£0.25 3.13+0.25 0.8786
Albumin/Globulin - e 4.00+£041 0.7156
Amylase U/L 4605.0 + 654.5 3937.5 £ 619.07 0.1362
TG mg/dL 121.25+19.74 1425+ 35.0 0.2256
T-CHO mg/dL 135.0 £ 7.07 1175+ 35.0 0.2497
HDL-C mg/dL 46.25 + 8.54 40.00 + 15.81 0.3934
Na mmol/L 133.72+25 133.72+25 0.6845
K mmol/L 55+0.91 5.38 £ 0.63 1.0000
Cl mmol/L 133.75+25 133.75+25 0.8786
UA mg/dL 3.0+0 3.25+0.29 0.6517
Mg mmol/L 1.05+0.11 0.88 £ 0.09 0.0952
P mg/dL 7.63 £ 0.63 6.75 £ 0.65 0.0780
Ca mmole/L 2.24 £ 0.06 2.15+0.11 0.2093
ALP UL 215.00 £ 43.01 198.75 + 51.05 0.6983
CRP mg/dL 0.1 0.1 ND
LDH UL 591.25 + 262.47 536.25 *+ 256.66 0.5605
BUN mg/dL 29.75+4.13 26.38 + 4.57 0.2433
UIBC pg/dL 210.00 £ 40.21 246.25 + 25.94 0.0994
Fe pg/dL 216.25 + 47.68 187.5+40.1 0.2711
TIBC pg/dL 426.25 +11.09 433.75 + 23.23 0.3316

* Age: 26-30 weeks
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Appendix VI. Proposed model illustrating the expression, function and
mechanism of miR-151 in HCC invasion and metastasis.

Adapted from Ding J, Huang S, Wu S, Zhao Y, Liang L, Yan M, et al. Gain of miR-151
on chromosome 8qg24.3 facilitates tumour cell migration and spreading through
downregulating RhoGDIA. Nature cell biology 2010 Apr; 12(4): 390-399.
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BAC DNA Step 1: Target LoxP cassette onto BAC

Cre

‘ Step 2: ‘Pop out’ cassette with transient

Cre expression
PGK - Neo/Kan'

Step 3: Target LoxP/FRT selection cassette

Al PGK - Neo/Kan
‘ N « 7/ Step 4: ‘Capture’ fragment from BAC into

plasmid vector

l PGK - Neo/Kan

‘ <l||PGK - NeolKan"lq ‘ /\‘@gtep 5: Linearize targeting vector for

transfection.

Appendix VII. Recombineering technology.

Contemporary approaches for modifying the mouse genome. Physiol Genomics. 2008
Aug 15;34(3):225-38.
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Appendix VIII. Design of targeting vector for Mir151.
Data source: Transgenic Mouse Model Core Facility, NTU.
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Abstract

Childhood acute lymphoblastic leukemia (ALL) with t(12;21), which results in
expression of the ETV6/RUNX1 fusion gene, is the most common chromosomal lesion
in precursor-B (pre-B) ALL. We identified 17 microRNAs that were downregulated in
ETV6/RUNX1" compared with ETV6/RUNX1 clinical samples. Among these
microRNAs, miR-181a-1 was the most significantly reduced (by ~75%; P < 0.001).
Using chromatin immunoprecipitation, we demonstrated that ETV6/RUNX1 directly
binds the regulatory region of MIR181A1, and knockdown of ETV6/RUNX1 increased
miR-181a-1 level. We further showed that miR-181a (functional counterpart of
miR-181a-1) could target ETV6/RUNX1 and cause a reduction in the level of the
oncoprotein ETV6/RUNX1, cell growth arrest, an increase in apoptosis, and induction
of cell differentiation in ETV6/RUNXL1" cell line. Moreover, ectopic expression of
miR-181a also resulted in decreased CD10 hyperexpression in ETV6/RUNX1"
primary patient samples. Taken together, our results demonstrate that MIR181A1 and
ETV6/RUNXL regulate each other, and we propose that a double negative loop
involving MIR181A1 and ETV6/RUNX1 may contribute to ETV6/RUNX1-driven
arrest of differentiation in pre-B ALL.



Introduction

The t(12;21) translocation, which fuses ETV6 and RUNXZ, is the most common
chromosomal alteration in childhood precursor B-cell (pre-B) acute lymphoblastic
leukemia (ALL) [1]. The initial fusion of ETV6/RUNXL1 is believed to allow quiescent,
preleukemic cells to exist in the bone marrow, and the disease-promoting changes in
the ETV6/RUNX1-positive preleukemic stage usually take place through second hits
that arise in the late pro-B cell stage [2]. The oncogenic property of ETV6/RUNX1 is
related to its aberrant function as a rogue transcription factor that can interfere with
the normal functions of wild-type ETV6 and RUNX1 through multiple mechanisms.
For example, ETV6/RUNX1 can dimerize with wild-type ETV6 via the
helix-loop-helix domain of ETV6, thereby disrupting ETV6 function [3, 4].
ETV6/RUNXL also can bind to RUNX1 target DNA sequences and recruit
transcriptional corepressors including mSinA, N-coR, and histone deacetylase-3
(HDAC3) via the ETV6 portion of the fusion protein, resulting in dysregulated
RUNX1-dependent transcription [3, 5, 6]. Evidence has revealed that aberrant
recruitment of transcriptional repressors correlates with the oncogenic activities of
ETV6/RUNXL1 so as to constitutively repress a number of genes required for
hematopoiesis, including JunD, ACK1, PDGFRB, and TCF4, which are involved in
cell cycle regulation [7, 8]. The leukemogenic consequences of ETV6/RUNX1
through the aforementioned mechanisms are induction of survival signals and
inhibition of cell differentiation by ETV6/RUNX1’s direct modulation of multiple
targets such as EPOR, MDM2, and certain miRNA genes [9-11].

MicroRNAs (miRNAs) execute diverse functions by targeting the mRNAs of
multiple genes simultaneously. Recent advances have indicated that miRNAs are
important regulators of hematopoiesis; moreover, miRNA-mediated control of gene
dosage is critical for lineage fate determination of hematopoietic cells, and disruption
of this regulation may lead to malignant transformation [12, 13]. Moreover,
dysregulation of miRNA expression is frequently associated with cytogenetic
abnormalities, and in turn certain of these abnormalities have a direct impact on
aberrant expression of miRNAs [13]. For instance, miR-155 is essential to B-cell
development and is aberrantly upregulated in B-cell malignancies including diffuse
large B cell lymphoma (DLBCL), follicular lymphoma (FL), and chronic lymphocytic
leukemia (CLL) [14-16]. In patients expressing the aberrant fusion protein
AMLI1/ETO, the most common acute myeloid leukemia—associated fusion resulting
from 1(8;21), the fusion oncoprotein was the first ever reported to directly repress
miR-223 expression by triggering chromatin remodeling and epigenetic silencing,
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which in turn block myeloid precursor cell differentiation [17]. Emerging evidence
from research on miRNAs and hematological malignancy has provided deeper insight
into the relation between miRNAs and their target genes. In addition to the simple
negative regulation of target mMRNAs by miRNAs, miRNA-target relationships may
also involve complex feedback and feed-forward loops. These loops help to maintain
a desired protein inhibition/activation state and often participate in lineage
determination in hematopoiesis and lymphomagenesis [12].

It is presumed that ETV6/RUNX1 may occupy the RUNX1-binding motif
located in the regulatory regions of certain miRNA genes and thereby disrupt their
transcription. Recent studies have shown that aberrant miRNA expression plays an
important role in malignant transformation of ETV6/RUNX1 ALL. A highly
expressed miR-125b-2 cluster was found in ETV6/RUNX1 ALL, which may provide
leukemic cells with a survival advantage against growth inhibitory signals [18]. In
addition, downregulation of two miRNAs i.e, miR-494 and miR-320a, by
ETV6/RUNX1 via direct binding to the regulatory regions of miRNA genes has been
shown to support ETV6/RUNX1-positive leukemic cell survival through the loss of
inhibition of survivin, an anti-apoptotic protein and the target of miR-494 and
miR-320a [11]. Although much is known about these miRNASs and their dysregulation
in ETV6/RUNX1 ALL, it remains unclear how and which other miRNAs are
involved in ETV6/RUNX1-mediated leukemogenesis.

In an attempt to understand the driving force and the consequence of aberrant
mIiRNA expression in ETV6/RUNX1 ALL, we performed miRNA profiling and
lentiviral delivery of miRNAs into pre-B ALL blasts from patients. We identified
MIR-181A1 as the most prominent target of ETV6/RUNX1, and we demonstrate that
ETV6/RUNX1 and MIR-181A1 form a novel regulatory double negative loop. Our
results suggest a mechanism by which ETV6/RUNX1 might exert its preleukemic
effect by perturbing the early-stage progression of the B-cell lineage.

Materials and Methods

Patients

All of the patient samples were obtained at the time of diagnosis and prior to
treatment. The study was approved by the Institutional Review Board of National
Taiwan University Hospital. In accordance with the Declaration of Helsinki, we
obtained written informed consent from the parents of each patient before collection.



Cell culture

The REH cells (ETV6/RUNX1-positive human pre-B ALL, from ATCC) and human
embryonic kidney 293FT cells were cultured in RPMI (Invitrogen) and DMEM
(HyClone) medium, respectively, and supplemented with 10% fetal bovine serum
(Biological Industries). Human primary pre-B ALL blasts were grown in SFEMII
(StemCell Technologies) supplemented with a cytokine cocktail supporting cell
growth (StemSpan CC100, StemCell Technologies).

RNA preparation and gene expression analysis

Total RNA was extracted by Trizol (Invitrogen) and used for reverse transcription (RT)
as described [19]. Quantitative real-time PCR (qPCR) was performed on an ABI
PRISM 7300. ETV6/RUNX1 transcripts were detected by TagMan gPCR using
published primer probe combinations [20], and the TagMan endogenous control assay
for GAPDH (Applied Biosystems) was used.

MicroRNA expression profiling was performed using the ABI PRISM 7900 and
stem-loop RT-gPCR miRNA arrays containing 397 mature human miRNAs (Applied
Biosystems) as described [21]. For quantifying individual miRNA each was measured
using TagMan miRNA assays (Applied Biosystems). All miRNA assays were run
concurrently with a calibration control, U6 sSnRNA.

ChlP

We used the chromatin immunoprecipitation (ChlIP) kit (Upstate) to perform the
assays. The chromatin was immunoprecipitated with antibodies against RUNX1 and
HDAC3 (Abcam). The HDAC inhibitor valproic acid (VPA) was used to release the
binding of HDAC3; REH cells were treated with 2 mM VPA for 24 hours before
harvesting. Chromatin was also purified from cross-linked DNA that had not been
immunoprecipitated to serve as an input control. A genomic region containing the
putative RUNX1-binding site located at 3.8 kb upstream of the MIR181A1
transcription start site (TSS) predicted by CoreBoost HM
(http://rulai.cshl.edu/tools/CoreBoost HM/) [22], and another MIR181A1 upstream
region which does not contain the RUNX1-binding site were amplified by PCR. As a
positive control for RUNX1 ChlP, the primer set PC amplifying the MIR223 promoter
was used as previously described [17]. PCR for the GAPDH coding region was
carried out as a negative control for HDAC3 ChlIP. Primers were listed in Table A in
S1 file, available on the PLOS ONE Web site.
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Western blotting

Cells were pelleted, washed with cold PBS, and lysed in RIPA buffer (Thermo) with
protease inhibitor cocktail (Roche). 35 pg total protein was separated by SDS-PAGE
and transferred to an Immobilon PVDF membrane (Pall). The membrane was blocked
and incubated overnight with primary antibodies. After a final incubation with
secondary antibodies conjugated with horseradish peroxidase (1:5000 dilution;
Millipore), immune complexes were detected with HRP chemiluminescent substrate
(Millipore). Antibodies and dilutions used were: anti-RUNX1 (1:1000, Abcam) and
anti-B-actin (1:5000, Novus).

Lentiviral construct and infection

The sequence of MIR181A1 was PCR amplified from human bone marrow
mononuclear cells and then cloned into vector pLKO_TRCO001 (National RNAI core,
Taiwan), which contains a PGK-puromycin acetyltransferase insert, and labeled as
pLKO.1.181A1. An empty TRC1 vector, pLKO.1.Null-T (National RNAi Core,
Taiwan), which  expresses a negative control shRNA  (sequence:
TCAGTTAACCACTTTTT) was used as an infection control. Production,
concentration, and infection of lentivirus followed the protocol from the National
RNAI Core, Taiwan. Single infection of REH cells and two sequential infections of
primary pre-B ALL blasts with lentiviral particles were carried out. Infected cells
were selected by adding puromycin (2 pg/mL) to the culture medium and collected
after screening for a week.

MiRNA precursors and siRNA transfection

The two miRNA precursors hsa-mir-181a and negative control 1 (Ambion) are
partially double-stranded RNAs that mimic endogenous precursor miRNAs. Each was
transfected into cells at a final concentration of 50 nM using SiPORT NeoFx
transfection agent (Ambion). Two rounds of transfection were performed with a
48-hour interval between the first and second round.

For ETV6/RUNX1 silencing with a short interfering RNA (siRNA), REH cells were
transfected with a mixture of siRNAs targeting the fusion region of ETV6/RUNX1
(Stealth siRNAs, Invitrogen) or a nonfunctional control, sSiRNA-S (Stealth siRNAs,
Invitrogen) [23, 24]. The siRNAs were transfected into REH cells via electroporation
with a MP-100 microporator (Labtech) in a 100-uL gold tip under the following
conditions: 1 x 10° cells/mL antibiotic-free culture medium, 230 nM siRNA, one
pulse of 1,150 V for 30 milliseconds.



Luciferase reporter assay

The luciferase activity assay was performed using the Dual-Luciferase Reporter Assay
System (Promega). A 678-bp fragment of the RUNX1 3’ UTR containing a binding
site for miR-181a (UGAAUGU) was cloned into the Xbal site at the distal end of the
luciferase reporter gene of pGL3-promoter vector (Promega). This construct was used
to transiently transfect 293FT cells with Lipofectamine 2000 (Invitrogen) together
with pRL-TK Renilla (Promega), a transfection control used to calibrate the luciferase
activity, and pLKO.1.181A1 (miR-181la-expressing vector) or pLKO.1.Null-T
(negative control for miR-181a-expressing vector). A mutated version of the binding
sequence (AGAUCUG) containing a Bgl II site was used as the target site control.
Cells were lysed, and the luciferase activity was measured 48 hours after transfection.

Cell viability, cell cycle, proliferation, and apoptosis assays

The cell viability was determined by Cell Proliferation Kit I (MTT) (Roche). A BrdU
flow kit (BD) was used to determine cell cycle and proliferating cells. Apoptosis was
evaluated by annexin V: FITC apoptosis detection kit (BD).

Flow cytometry analysis of lineage markers

Monoclonal antibodies recognizing the following cell-surface markers were used for
flow cytometry: CD10, CD19, CD20, CD45, IgM, k-chain, and A-chain (BD). Flow
cytometry was performed using FACScalibur (BD). Data were analyzed using FCS
Express software (De Novo Software).

Statistical analyses

In miRNA profiling analysis, to avoid low abundant expression issue, miRNA with
coefficient of variation (CV) < 0.2 was removed in the first step. In the second step,
the student’s t test was used to evaluate different miRNA expression between
ETV6/RUNX1-positive (n=10) and ETV6/RUNX1-negative (n=40) groups. Finally, in
order to control multiple testing issues, false discovery rate method was performed to
adjust p value obtained from student’s t test [25]. Data are represented the means + SE
or £ SD as indicated in the figure legends. The Student’s t test or ANOVA were used
to test the difference between groups for continuous variables. For categorical data,
Fisher’s exact was performed to test the difference between groups. Calculation
methods of P values were denoted in the figure legends or bottom of tables. All tests
were two-tailed and P values <0.05 were considered significant.



Results

miR-181a-1 is downregulated in ETV6/RUNX1-positive leukemias, and the
regulatory region of MIR181A1 is bound by ETV6/RUNX1 and HDAC3

Extensive miRNA profiling was carried out on the diagnostic samples of a cohort of
50 pre-B  ALL patients, including 10 ETV6/RUNX1-positive and 40
ETV6/RUNX1-negative cases (clinical feature of patients see Table B in S1 file).
Because ETV6/RUNX1 retains the DNA-binding ability of RUNX1, the fusion
protein acts as a dominant-negative repressor to downregulate RUNX1 target genes.
Therefore, a reduction of specific miRNAs in ETV6/RUNX1-positive samples
compared with ETV6/RUNX1-negative samples was evaluated. Seventeen miRNAS
were significantly downregulated in ETV6/RUNX1-positive ALL samples (Table 1),
and of these, miR-181a-1, which is derived from the 3’ arm of precursor
hsa-mir-181a-1 (Fig 1A), had the most significant P-value and showed a remarkable
4-fold decrease (Table 1). The decreased expression of miR-181a-1 in
ETV6/RUNX1-positive leukemias was validated in another cohort of pre-B ALL cases
analyzed by real-time gRT-PCR (Fig 1B).

Table 1. The statistic signature of 17 miRNAs

) Expression level,
MiRNA* " = P
ETV6/RUNX1"/ ETV6/RUNX1

hsa-miR-181a-1 0.254 <.00005
hsa-miR-92 0.327 .002
hsa-miR-222 0.194 .004
hsa-miR-342 0.461 .004
hsa-miR-181d 0.524 .004
hsa-miR-155 0.353 .005
hsa-miR-423 0.371 .005
hsa-miR-195 0.391 .012
hsa-miR-130b 0.472 .019
hsa-miR-221 0.098 024
hsa-let-7b 0.505 .037
hsa-let-7a 0.527 .037
hsa-miR-30e-3p 0.443 .039
hsa-miR-19a 0.456 .039
hsa-miR-660 0.525 .045
hsa-miR-181c 0.385 .046




hsa-miR-425 0.465 .050
* Selected by differential expression in patients with or without ETV6/RUNX1 fusion gene.

Whether ETV6/RUNX1 regulates miR-181a-1 expression was further assessed
by siRNA-mediated knockdown of ETV6/RUNXL1 in REH cells, which express the
ETV6/RUNX1 fusion protein (Figs 1C and 1D). A mixture of two
ETV6/RUNX1-specific siRNAs (siE/R), which target the fusion region of
ETV6/RUNX1, was used to suppress ETV6/RUNX1 expression [23]. As a transfection
control, we used a nonfunctional siRNA (siRNA-S) that had no effect on
ETV6/RUNXL expression [24]. Compared with siRNA-S, both mRNA and protein of
ETV6/RUNX1 were significantly reduced by ~40% and ~35% after knockdown with
SiE/R (Figs 1C and 1D). Further examination showed that miR-181la-1 levels
increased significantly in REH cells that were treated with SiE/R but not in those
treated with siRNA-S (Fig 1E). These studies with REH cells and clinical leukemic
specimens indicated that ETV6/RUNX1 negatively regulates miR-181a-1 level.

To reveal the interaction between ETV6/RUNXL1 and the regulatory region of
MIR181A1, we performed ChIP using the REH cells and a RUNX1-specific antibody.
Bioinformatic analyses identified the predicted transcription start site (TSS) of
MIR181A1 and a putative RUNXZ1-binding site with the sequence of TGT/cGGT
located 3.8 kb upstream of the TSS (P1 site, Fig 2A; Table C in S1 file). Binding of
RUNX1 and ETV6/RUNX1 at P1 was demonstrated by specific precipitation of this
DNA region, but not at an irrelevant site (P2), with anti-RUNXL1 in the ChIP analysis
(Fig 2B). Moreover, ChlIP with anti-HDAC3 also revealed the binding of HDAC3 at
P1 (Fig 2C). These results are in agreement with previous reports that the
transcriptional repressor activity of ETV6/RUNX1 is associated with its aberrant
recruitment of the N-CoR/SMRT-HDAC3 complex [5-7]. Taken together, these
results supported the idea that ETV6/RUNX1 directly regulates MIR181A1
expression.

miR-181a targets ETV6/RUNX1

The consequence and mechanism(s) of MIR181A1 downregulation in
ETV6/RUNX1 ALL were further investigated. It has been shown that miR-181a, a
mature form derived from the 5’ arm of precursor hsa-mir-181a-1 (Fig 1A), functions
by targeting several mRNAs [26-28]. To identify new miR-181a target genes, we
conducted a database search utilizing TargetScan (http://www.targetscan.org), an
online miRNA target prediction interface, and searched for oncogenes targeting by
miR-181a. With miRNA target prediction programs, we identified 1,194 potential
miR-181a target genes. The presence of RUNX1 among the database-predicted target
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genes implies an unknown mechanism of ETV6/RUNX1 regulation by miR-181a. To
investigate this hypothesis, we first overexpressed miR-181a in REH cells by
transfection of mMiIRNA mimics (Fig 3A), which resulted in a decrease of
ETV6/RUNX1 (Fig 3B). The negative effect of miR-181a on ETV6/RUNX1
expression was further assessed with the luciferase reporter assay, which examined
the interaction between miR-181a and the 3' UTR of RUNX1 and ETV6/RUNX1 (Fig
3C). We constructed fragments containing the last 678 bp of the RUNX1 3" UTR,
which contains wild-type or mutated miR-181a recognition sequence, and inserted
them immediately downstream of the luciferase reporter gene. The miR-181la
expression vector or empty vector was co-transfected with the different luciferase 3'
UTR constructs into 293FT cells. The results showed that miR-181a downregulated
the luciferase reporter gene activity when the luciferase gene was fused with
wild-type but not mutated RUNX1 3' UTR (Fig 3D). These experiments demonstrated
that miR-181a targets ETV6/RUNX1, and they suggested that the fusion gene and
MIR181A1 can regulate each other.

Ectopic expression of miR-181a in REH cells impedes cell growth and enhances
cell differentiation

The oncogenic effect of ETV6/RUNXL has been postulated to operate through
impairment of B-cell differentiation in a bone marrow transplantation model, and
consequently it results in the accumulation of pro-B cells [29]. We investigated
whether the greatly reduced MIR181A1 expression in ETV6/RUNX1-positive pre-B
ALL blasts plays a role in the ETV6/RUNX1-mediated blockade of B-cell
differentiation and in the preleukemic events induced by ETV6/RUNX1. First, REH
cells were transduced by a lentiviral vector carrying MIR181A1 (181A1-LV) to
express miR-181a stably and constitutively (Fig 4A). We found that ectopic
overexpression of miR-181a resulted in growth retardation of the cells, and
181A1-LV-transduced REH cells showed a nearly 40% decrease in both MTT activity
and cell density after 72 hours of seeding (Figs 4B and 4C). Moreover, 181A1-LV
transduction increased the annexin V—positive (apoptotic) cell population (Fig 4D).
Further assessment of the proliferation activity by biparametric BrdU/DNA flow
cytometry showed that miR-181a expression did not affect the percentage of
BrdU-positive cells but rather increased the proportion of cells in GO/G1 phase (Fig
4E).

The stages of B cell maturation are characterized by specific expression patterns
of immunoglobulins and other membrane proteins. To gain insight into the effect of
miR-181a overexpression on REH cell maturation, we stained cells for differentiation
markers and found an increase in CD10-negative, CD20-positive, surface
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IgM-positive, «k-chain-positive, and A-chain-positive cell populations in
181A1-LV-transduced cells compared with infection control cells (Fig 5A and S1
Fig). Decreased CD10 expression and increased CD20, IgM, k-chain, and A-chain
expression may represent a gradual progression of B lymphoid cells from pre-BI cells
to immature B cells [30]. Because the decrease in CD10 expression was the most
notable change of 181A1-LV-transduced cells, we further stained cells for CD10 and
annexin V and found that most apoptotic cells were CD10-negative (Fig 5B).

miR-181a induces partial differentiation by diminishing CD10 expression in
ETV6/RUNX1-positive pre-B ALL blasts

Loss of the marker CD10 and a gain of CD20 have been associated with
differentiation of normal B-cell precursors from hematopoietic stem cells to naive
mature B cell in the bone marrow [31]. The infection of primary blasts isolated from
the bone marrow of pre-B ALL patients with a lentiviral vector expressing miR-181a
increased the level of miR-181a by an average of 2.5-fold (range from 1.5- to 3-fold)
in three ETV6/RUNX1-positive samples compared with the controls (Fig 5C). This
induction partially altered the lymphocytic differentiation as shown by the CD10
hyperexpression decrease in cells from two of three ETV6/RUNX1-positive samples
(Fig 5D and S2 Fig), suggesting that the level of miR-181a expression is important for
the perturbation of the lymphocytic differentiation program in ETV6/RUNX1 ALL.

Discussion

The critical roles of miRNASs in hematopoiesis and their ubiquitous dysregulation in
leukemia allow us an opportunity to understand the driving force of leukemogenesis
and the consequences of aberrant miRNA expression. By applying miRNA profiling
to samples from 50 pre-B ALL patients, we determined the gene expression
signatures of specific ALL subtypes. The miRNA expression profile showed that most
miRNAs are downregulated in ETV6/RUNX1-positive samples, indicating that
ETV6/RUNXL1 affects the functions of miRNAs primarily by downregulating their
expression. We identified miR-181a-1 as the most differentially underexpressed
miRNA in patients carrying t(12;21). This is consistent with the expression profile of
another patient cohort; Schotte et al. measured 397 miRNAs in 81 pediatric ALL
cases and also demonstrated that miR-181a-1 expression is 5-fold lower in patients
with t(12;21) than in patients with other ALL subtypes [32]. To address how
ETV6/RUNXL regulates miR-181a-1 level, we performed SiRNA-mediated
knockdown of ETV6/RUNX1 followed by ChIP in an ETV6/RUNX1-expressing
leukemic cell line. Our data reveal the upregulation of miR-181a-1 in
ETV6/RUNX1-knockdown cells and direct ETV6/RUNX1 binding and recruitment of
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HDAC3 to the regulatory region of MIR181A1, suggesting that ETV6/RUNX1
negatively regulates MIR181A1 expression.

The miR-181 family is highly conserved and comprises six miRNAs transcribed
from three separate gene loci and organized into three clusters including
miR-181a/b-1, miR-181a/b-2, and miR-181c/d. The finding that both miR-181a-1 and
miR-181c/d are significantly downregulated in ETV6/RUNX1 ALL (Table 1) and that
all members of the miR-181 family share the same seed sequence within their 5’ arms
and in targets led us to investigate which downstream genes are regulated by
miR-181a. We found not only was miR-181a-1 suppressed by ETV6/RUNX1, but
feedback inhibition of miR-181a on ETV6/RUNX1 was observed in the cell line
experiments, suggesting that MIR181A1 and ETV6/RUNX1 can regulate each other.

In fact, such a regulatory network between transcription factors and miRNAs has
been described before; for example, regulatory circuitry comprising miR-223 and
transcription factors NFI-A and C/EBPa has been shown to sustain the level of
miR-223, which may be important in granulopoiesis [33]. Moreover, recently a
‘mutual negative feedback loop’ involving MYC and miR-548m was described in
non-Hodgkin B-cell lymphomas, in that this regulatory loop is important for
sustaining a high level of MYC and low level of miR-548m during lymphomagenesis
and drug resistance [34]. According to previous findings and our current data, we
propose a new mechanism of ETV6/RUNX1 action: a double negative loop in which
ETV6/RUNXL1 can bind to the regulatory region of MIR181A1 keeps hsa-mir-181a-1
expression low, which consequently reduces the miR-181a-mediated translational
repression of ETV6/RUNXL. By doing so, ETV6/RUNX1 can enhance its own
oncogenic potential (S3 Fig).

In conclusion, our study enhances the understanding of the molecular mechanism
underlying ETV6/RUNX1-mediated attenuation of B-cell differentiation and offers
the opportunity to identify new targets for development of therapeutic approaches to
leukemia.
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Supporting information

S1 file. Primer sequences (Table A). Clinical features of the ALL patients included in
expression profiling study (Table B). The signature of 13 miRNAs/mIRNA cluster
and the location of RUNX1 binding sites (Table C).

S1 Fig. Surface antigen of lymphoid lineage expressed on lentivirus-infected
REH cells. Expression of (A) CD20, (B) IgM, (C) x-chain, and (D) A-chain were
detected by flow cytometric analysis (left). The results were quantified and
represented as the average of three independent evaluations = SD (right). *P < 0.05,
*¥*P <0.01, ***P <0.001 (ANOVA)

S2 Fig. Surface CD10 expression of lentivirus infected CD45" CD19"
ETV6/RUNX1-positive pre-B ALL blasts. Flow cytometric analysis of CD10
expression on CD45""or+ CD19" ETV6/RUNX1-positive pre-B ALL blasts derived
from patient #3. The MFI of CD10 in each groups were: NC 49.62, 181A1 51.68.

S3 Fig. Schematic representation of the reciprocal downregulation of
ETV6/RUNX1 and MIR181A1. In leukemia cells with frequent chromosome
rearrangement t(12;21)(p13;922), ETV6/RUNXL1 oncoprotein occupies the putative
RUNX1-binding site upstream of MIR181A1 and restricts transcription by recruiting
co-repressors such as HDACS3. This repression of MIR181A1 expression consequently
upregulates the target of miR-181a, ETV6/RUNXZ1, the oncoprotein itself.

Figure Legends

Fig 1. siRNA-mediated silencing of ETV6/RUNX1 increases the level of mature
miR-181a-1.

(A) Stem-loop sequence of human precursor mir-181a-1. Mature miR-181a (red) and
miR181a-1 (blue) are indicated. (B) Validation of miR-181a-1 expression in primary
pre-B ALL samples (ETV6/RUNX1-positive, n = 7; ETV6/RUNX1-negative, n = 8)
using TagMan gRT-PCR. ETV6/RUNX1-expressing REH cells (control) were
transfected with sSiRNAs. After 48 hours of transfection with functional
SIETV6/RUNX1 (siE/R) or nonfunctional siRNA (siRNA-S), (C) ETV6/RUNX1
MRNA was detected by gRT-PCR, and (D) protein was analyzed by Western blotting
with anti-RUNX1; anti-p-actin was used as a loading control. Relative expression as
determined by densitometry is indicated below the blots. (E) Mature miR-181a-1 was
measured by gRT-PCR. Bars represent the mean + SE of at least three independent
experiments. GAPDH and RNUG6B were used as calibration controls for mRNA and
miRNA expression, respectively. *P < 0.05, **P <0.01 (ANOVA).
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Fig 2. ETV6/RUNXL inhibits MIR181A1l transcription via binding to the
endogenous RUNX1 site.

(A) Schematic representation of the genomic structure of human MIR181Al1. The
location of the MIR181A1 gene and the RUNX1-binding site are numbered relative to
the TSS (+1). Arrows indicate the locations of the primers used in the ChIP assay. (B)
ChlIP was carried out using anti-RUNXL1 or in the absence of specific antibody
(Control) (left). DNA sequences surrounding the putative RUNXZ1-binding site were
amplified by PCR using P1 primers. To evaluate the specificity of RUNX1 binding, a
positive control and a negative control were performed using PC and P2, respectively,
for the ChIP assay. Amplification of the upstream region near the RUNX1-binding
site on MIR223, which is a known direct target of RUNX1, was performed using PC
primers. P2 primers were designed to amplify a distal region lacking the
RUNX1-binding site. Input shows the amplification from sonicated chromatin, and
genomic DNA (gDNA) was used as a positive PCR control. The PCR products were
quantified by densitometry (right). (C) The ChIP assay was performed using
anti-HDAC3 (left). Treatment with valproic acid and amplification of the promoter
region of GAPDH were used as controls. The PCR products were quantified by
densitometry (right). Bars show the mean + SD from three independent experiments.
*P <0.05, **P < 0.01 (ANOVA).

Fig 3. miR-181a regulates the level of ETV6/RUNX1.

Overexpression of miR-181a in REH cells was performed by transfection with
precursor miRNA. A final 50 nM concentration of nontargeting-miR (NC) or
pre-mir-181a (181a) were transfected twice and cells were harvested after 48 hours of
the second transfection for further examination. (A) miR-181a level was detected by
TagMan gRT-PCR. (B) Regulation of ETV6/RUNX1 by miR-181a was confirmed by
Western blotting with RUNX1-specific (E/R) antibody. Relative expression as
determined by densitometry is indicated below the blots. (C) The putative miR-181a
binding site in the RUNX1 3' UTR. nt, nucleotides. (D) The last 678 bp of the human
RUNX1 3" UTR containing normal (WT) or mutated (mut) miR-181a targeting
sequences were cloned downstream of a pGL3-luciferase vector and transfected into
293FT cells with expression vectors for miR-181a (181a) or negative control ShRNA
(NC). All experiment was conducted in triplicate. Bars represent the mean + SD of
three independent experiments. *P < 0.05, **P < 0.01, ***P <0.001 (ANOVA).

Fig 4. Ectopic expression of miR-181a suppresses growth and induces apoptosis
of REH cells.

REH cells were infected with lentiviral vector expressing the negative control sShRNA
18
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(NC) or miR-181a (181A1). (A) Relative miR-181a levels were determined by
gRT-PCR. (B) Growth curve was determined as following: Cells were cultured for 48,
96, and 144 hours and then assessed with the MTT assay. (C) Cells were seeded at a
density of 1 x 10> cells/mL and cultured. After 72 hours, cells were stained with
trypan blue, and viable cells were counted. (D) Apoptosis was assessed by flow
cytometric analysis of annexin V/propidium iodide (Pl) staining of
lentivirus-transduced cells (left). Representative histograms demonstrate the
proportion of annexin V-positive cells (right). (E) Biparametric BrdU/DNA analysis:
During the last 30 minutes of culture, 1 mM BrdU was added to the cells, and then the
cells were stained with anti-BrdU and 7-aminoactinomycin D (7-AAD) and detected
by flow cytometry (left). The percentage of cells in each of the cell-cycle phases
GO0/G1, S, and G2+M was quantified (right). Bars show the mean £ SD from three
independent experiments. 181A1 vs. NC *P < 0.05, **P < 0.01, ***P < 0.001
(ANOVA); NC vs. REH P <0.01.

Fig 5. Ectopic expression of miR-181a enhances lymphoid differentiation in the
ETV6/RUNX1-positive cell line and primary ALL blasts.

(A) Percentage of lentivirus-infected REH cells stained for cell-surface marker CD10
as analyzed by flow cytometry (left). The results were quantified and are presented as
the average £ SD of three independent evaluations (right). (B) 181A1-LV-infected
REH cells were co-stained for annexin V and CD10 and measured by flow cytometry
(left). The percentage of each of CD10-positive and -negative annexin V-positive cells
was quantified, and the average + SD of three independent evaluations is shown
(right). (C) Primary ALL blasts were infected with NC- or 181A1-LV. Mature
miR-181a expression level in lentivirus-infected primary pre-B ALL blasts from three
ETV6/RUNX1-positive patients was determined by gRT-PCR. The results are shown
as average + SD. (D) CD10 expression in CD45""°" CD19" ETV6/RUNX1-positive
pre-B ALL blasts was analyzed by flow cytometry. In the comparison with the
infection control (NC), 181A1-LV-transduced cells derived from patient #1 and #2
both showed a decrease in CD10™%" cells (Patient #1: NC 10.1% / MFI 40.92,
181A1 6.95% / MFI 39.51; Patient #2: NC 40.1% / MFI 424.28, 181A1 29.5% / MFI
444.24 ) and a relative increase in CD10"*" cells (Patient #1: NC 87.98% / MFI
165.49, 181A1 91.05% / MFI 156.68; Patient #2: NC 58.1% / MFI 1929.88, 181A1
69 % / 1854.4). *P < 0.05, **P < 0.01 (ANOVA)).
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S1 file.
1. Supplemental table : 3 tables

Table A. Primer sequences

Primers for ChlP assays

P1-forward

5'-CACCATACACAAACCACTTG -3'

P1-reverse 5-GAGCTCTGTGTATGATTGTC-3'
P2-forward 5'-AG CTCAGTAGAGAGATGTTG-3
P2-reverse 5'-GGCACACAAGCTAAA ACTTG-3'

GAPDH coding region forward

5'-GAAGGTGAAGGTCGGAGT-3'

GAPDH coding region reverse

5'-ACCTTGAG CTCTCCTTGC-3'

Table B. Clinical features of the ALL patients included in

expression profiling study

ETV6/RUNX1  ETV6/RUNX1"
n % n % P
Gender
Female 20 50 4 40  .728*
Male 20 50 6 60
Onset age
Mean = SD 6.15 + 3.23 5.77 £ 2.97 7381
Less than 10 36 90 9 90 1.000*
More than 10 4 10 1 10
WBC count x k/uL
Less than 100 32 80 9 90 .665*
More than 100 8 20 1 10
1(9;22)
Non 37 92.5 10 100 1.000*
With 3 7.5 0 0
Risk groups
SR 20 50 6 60 .899*
HR 9 22.5 2 20
VHR 11 27.5 2 20

SR: standard risk; HR: high risk; VHR: very high risk

*Calculated by Fisher's Exact test
tCalculated by Student's t-test




Table C. The signature of 13 miRNAs/miRNA clusters and the locations of RUNX1 binding sites

mMiRNA/mMiRNA cluster Location Input (NCBI36) TSS* (+1) RUNX1 binding site’
hsa-miR-181a-1 1g32.1 chrl 197094905 197144905 — 197138675 -3845

hsa-miR-30e-3p 1p34.2 chrl 40942614 40992614 + 40947610 -3749, -3185, -2321
hsa-miR-425 3p21.31 chr3 49033146 49083146 — 49041875 -3879, -3488, -2863, -1349
hsa-miR-19a/92a-1 13g31.3 chr13 90750860 90800860 + 90798075F -242

hsa-miR-342 14932.2 chrl4 99595745 99645745 + 99601480 -1909, -1322, -548, +31
hsa-miR-195 17p13.1 chrl7 6862065 6912065 — 6919137F -2916, -889

hsa-miR-423 17q11.2 chrl7 25418223 25468223 + 25468010 -3293, -2389
hsa-miR-181c/d 19p13.13 chr19 13796513 13846513 + 13837455 158

hsa-miR-155 21g21.3 chr21 25818163 25868163 + 26934221% no binding site is found
hsa-miR-130b 22011.21 chr22 20287270 20337270 + 20326560 -1999, -545
hsa-let-7a-3/7b 22q13.31 chr22 44837293 44887293 + 44846680 -3453, -1882
hsa-miR-221/222 Xp11.3 chrX 45490638 45540638 — 45518410 -3561, -675

hsa-miR-660 Xp11.23 chrX 49604494 49654494 + 49613885 -3396, -3320, +708

TSS, transcriptional start site. *TSS is predicted by CoreBoost_HM.
TRUNXL binding site in the upstream 4kb and downstream 1kb of TSS.
#TSS of host gene
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ARTICLE INFO ABSTRACT

Background: Apolipoprotein A5 (APOA5) over-expression enhances lipolysis of triglyceride (TG) through
stimulation of lipoprotein lipase (LPL) activity; however, an APOA5 G185C variant was found associated
with hypertriglyceridemia. The aim of this study was, therefore, to explore the importance of APOA5
185GG in the activation of LPL.

Methods: A fragment containing mature human APOA5 ¢cDNA was obtained by RT-PCR and subcloned into
pET-15b vector. Site-directed mutagenesis was performed to generate 19 variants. Recombinant human
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A;Jg;\i/;;]:rotein A5 APOAS5 wild type and variants were produced in Escherichia coli, and then activation of LPL was measured.
Triglyceride Results: Activity of APOAS5 variants on LPL-mediated 1,2-dimyristoyl-sn-glycero-3-phosphocholine hydrolysis

was reduced by 17 to 74% in comparison to wild type APOA5 (P<0.0001). All variants also showed reduced
activation (P<0.0001) of LPL-mediated hydrolysis of very low-density lipoprotein (VLDL); activation abilities
of APOAS5 variants ranged from 31 to 81% of wild-type APOA5.

Conclusions: APOA5 residue 185G is very important in LPL-mediated VLDL hydrolysis, and any mutation at

Mutagenesis
Lipoprotein lipase
Mutant

this residue will decrease LPL activation and concomitant TG modulation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The role of increased triglyceride (TG) in the pathogenesis of coro-
nary heart disease remains controversial, however, increasing evidence
indicates an association between increased plasma TG and the disease
[1-3]. Hypertriglyceridemia is a metabolic disorder common in the gen-
eral population. Although it can be caused by many factors, a relatively
large number of individuals have a genetic tendency to manifest this
disorder. Transgenic mice over-expressing human apolipoprotein A5
(APOAS5) decreased plasma triglyceride concentrations to one-third of
those in control mice; conversely, knockout mice lacking apoa5 had
four times as much plasma TG as controls [4], suggesting that APOA5
plays a role in hypertriglyceridemia.

Human APOAS5 protein has been detected at very low concentrations
(24 to 406 pg/1) in serum as a component of high-density lipoprotein
(HDL), very low-density lipoprotein (VLDL), and chylomicron particles
[5]. Moreover, plasma APOA5 levels have been negatively associated
with plasma TG and positively associated with HDL-C concentration
[5,6] indicating the importance of APOA5 in lipid metabolism and ho-
meostasis. APOA5 over-expression enhances lipolysis of triglyceride-

* Corresponding author at: Department of Clinical Laboratory Sciences and Medical
Biotechnology, College of Medicine, National Taiwan University, Taiwan. Tel.: +886 2
23123456x66904; fax: +886 2 23711574.

E-mail address: jtkao@ntu.edu.tw (J.-T. Kao).

0009-8981/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cca.2011.09.045

rich lipoproteins through stimulation of lipoprotein lipase (LPL) activity
[7,8]. Fruchart-Najib et al. reported increased VLDL hydrolysis by free
LPL in vitro in the presence of very high concentrations of recombinant
APOAS [9].

Our previous report described an APOA5 variant, ¢.553G>T (a
substitution of a cysteine for a glycine at residue 185) that is associ-
ated with hypertriglyceridemia [10]. Individuals carrying the 553T
allele were found to have odds of 11.73 of developing hypertrigly-
ceridemia in comparison with individuals without the allele. More-
over, the minor T allele at this residue was significantly associated
with increased risk of coronary artery disease after adjustment for
common cardiovascular risk factors [11]. By using case control de-
sign, Yamada et al. demonstrated that ¢.553G>T (Gly185Cys) was
significantly associated with the prevalence of metabolic syndrome
in a large-scale study [12]. Furthermore the minor T allele remained
a risk factor for metabolic syndrome using multivariable logistic re-
gression analysis.

The aim of the present study was to explore the importance of
APOA5 185G in the activation of LPL.

2. Materials and methods
2.1. Construction of vector

A fragment containing the mature human APOA5 cDNA (nt 77-11009,
accession number AF202889) was obtained by RT-PCR from HepG2 cell
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total RNA by using the forward primer 5-CGGAGTTCATATGCG-
GAAAGGCTTCTGGGACT-3’ and the reverse primer 5'-CGGAATTCATA
TGCTCAGGGGTCCCCCAGATG-3'. The PCR product was subcloned into
pET-15b vector (Novagen, Madison, WI, USA) by use of Ndel. A 6-
amino acid HHHHHH tag was added to the N terminus to facilitate
purification by nickel affinity chromatography. Site-directed muta-
genesis was performed with the QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA, USA) employing the mismatch
primers (Table 1) to create 19 variants at residue 185 of human
APOA5. The correctness of the mutagenesis was verified by DNA
sequencing (Supplementary file).

2.2. Expression and purification of recombinant APOA5

Recombinant human APOA5 wild type and variants were pro-
duced in Escherichia coli BL21 (DE3) pLysS (Yeastern Biotech Co.,
Ltd., Taipei, Taiwan) by transformation with plasmids, and isolated
as described by Beckstead et al. [13]. The expressed protein contained
343 amino acids plus a vector encoded N-terminal His tag extension.
Recombinant APOA5 was purified with nickel magnetic beads
(Millipore, Billerica, MA) [14]. Protein concentrations were deter-
mined by the BCA™ protein assay kit (Pierce Biotechnology Inc.,
Rockford, IL).

2.3. Enzyme-linked immunosorbent assay for APOA5

APOA5 concentrations were measured using a sandwich enzyme-
linked immunosorbent assay (ELISA) as described previously with
some modification [6]. Briefly, microtiter plates were coated over-
night with 100 pl of 100 ng/ul anti-human APOA5 polyclonal antibody
(Genesis Biotech Inc., Taipei, Taiwan) diluted in TPBSA (PBS contain-
ing 0.5% BSA and 0.05% Triton 20) in each well at 25 °C. After washing
with TPBS, wells were blocked for 1 h at 37 °C with 3% BSA-TPBS.
After washing, wells were incubated for 2 h at 37 °C with 100 pl sam-
ples (1:100 dilution in PBS). Next, wells were washed and incubated
with 100 pl of 100 ng/ul mouse anti-APOA5 monoclonal antibody 2-
11H-3E (Oncoprobe Biotech Inc., Taipei, Taiwan) for 2 h at 37 °C.
After washing, wells were incubated with alkaline phosphatase con-
jugated anti-mouse IgG (MP Biomedicals, Irvine, CA, USA) diluted
1:3000 dilution in TPBSA for 1 h. After extensive washing, the plates
were incubated with p-nitrophenylphosphate disodium (Sigma, Am-
herst, NJ). The color reaction was stopped after exactly 30 min with
50 ul of 1 mol/l NaOH, and the absorbance was read at 410 nm with
M5 microplate reader (Kelowna Scientific, Inc, Taiwan).

Table 1
Primers used for site-directed mutagenesis.

Primer Sequences

ApoA5-185ADV-F
ApoA5-185ADV-R
ApoA5-185RHLP-F
ApoA5-185RHLP-R
ApoA5-185EQK-F
ApoA5-185EQK-R
ApoA5-185CFY-F
ApoA5-185CFY-R
ApoA5-185SNIT-F
ApoA5-185SNIT-R
ApoA5-185W-F
ApoA5-185W-R
ApoA5-185M-F
ApoA5-185M-R

5/'-GGTGCACCACACCGNCCGCTTCAAAGA-3’
5/'-TCTTTGAAGCGGnCGGTGTGGTGCACC-3
5/'-GGTGCACCACACCCRCCGCTTCAAAGA-3'
5'-TCTTTGAAGCGGRGGGTGTGGTGCACC-3
5'-GGTGCACCACACCVAGCGCTTCAAAGA-3'
5'-TCTTTGAAGCGCTBGGTGTGGTGCACC-3’
5/'-GGTGCACCACACCTDCCGCTTCAAAGA-3’
5'-TCTTTGAAGCGGHAGGTGTGGTGCACC-3'
5'-GGTGCACCACACCANCCGCTTCAAAGA-3'
5'-TCTTTGAAGCGGRTGGTGTGGTGCACC-3
5'-GGTGCACCACACCTGGCGCTTCAAAGA-3'
5'-TCTTTGAAGCGCCAGGTGTGGTGCACC-3'
5/'-GGTGCACCACACCATGCGCTTCAAAGA-3/
5'-TCTTTGAAGCGCATGGTGTGGTGCACC-3'

Mixed bases: R(A,G):;Y(C.T);M(A,C):K(GT):S(C,G);W(AT);H(ACT);B(C.G.T);V(ACG);
D(AGT):NX(ACG]T).

2.4. Immunoblotting

For immunoblotting, recombinant purified proteins were separated
through a 10% SDS-PAGE gel. The proteins were electrophoretically
transferred to a 0.2-um polyvinylidene difluoride membrane at a con-
stant current of 100 mA for 1 h. Nonspecific binding sites on the mem-
brane were blocked with PBS (containing 5% skim milk) overnight at
4 °C with rotation. Mouse anti-APOA5 monoclonal antibody (1:10,000
dilution in 1% BSA-TPBS) was incubated with the membrane for 1 h
with rotation. The membrane was washed 3 times in TPBS, and then
goat anti-mouse IRDye 680 (Li-Cor Biosciences, Lincoln NE) secondary
antibody was incubated with the membrane for 1 h. After washing,
the membrane was read by Li-Cor Odyssey.

2.5. Apolipoprotein  AV-1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) disks

APOA5-DMPC disks were prepared by dissolving 10 mg of DMPC
(Sigma, Ambherst, NJ) in chloroform:methanol (3:1 v/v). Solvent was
evaporated under a stream of Ny, and the DMPC was subsequently
dispersed in 1 ml of 50 mmol/l sodium citrate (pH 3.0), and DMPC
vesicles were generated by extrusion through a 0.22 um filter. The
concentration of lipid was determined by the Phospholipids B kit
(Wako, Pure Chemical Industries, Ltd., Japan). 1.5 pug of APOA5 wild-
type or variants was added to 20 ul of the DMPC vesicle preparation,
and the sample was gently vortexed for 3 h at 24 °C until homoge-
neous mixture was obtained.

2.6. Incubation of APOA5-DMPC with LPL

Twenty-five microliters of APOA5-DMPC vesicles was added to
3ul of LPL working solution. It was then incubated for 10 min at
37 °C. After addition of 12.5 ul of stop reagent, the amount of free
fatty acids liberated was determined with a Clinimate NEFA kit (Daii-
chi Pure Chemicals Co., Ltd, Tokyo, Japan).

2.7. Isolation of VLDL

Blood from apoa5-deficient mice (Mutant Mouse Regional Resource
Centers, The Jackson Laboratory, Bar Harbor, ME) was collected. After
centrifugation at 2000 x g for 10 min at 4 °C, the serum was removed,
pooled, and stored at 4 °C. VLDL was isolated from pooled serum by se-
quential ultracentrifugation as described by Lindgren et al. [15].

2.8. Incubation of APOA5 with VLDL

Ten micrograms of APOA5 was added to 12.5 pg of VLDL, and the
sample was gently vortexed until it was homogeneous. It was then in-
cubated for 1 h at 37 °C. LPL working solution (1.5 pl) was added then
incubated for 1 h at 37 °C. After addition of 15 pl of stop reagent, the
amount of free fatty acids liberated was determined with a Clinimate
NEFA kit (Daiichi).

2.9. Assay of lipoprotein lipase activity

LPL activity was determined by measuring the amount of free fatty
acids released from a predetermined amount of DMPC vesicles or
VLDL isolated from apoa5 knockout mice. The amount of free fatty
acids was determined with a free fatty acid Clinimate NEFA kit (Daii-
chi Pure Chemicals Co., Ltd, Tokyo, Japan). Briefly, 45 pl of reagent I
was added into either APOA5-DMPC with LPL or APOA5-VLDL with
LPL solution then incubated for 5 min at 37 °C. After addition of
90 pl of reagent I and incubation for another 5 min at 37 °C, the ab-
sorbance was measured at 546 nm and 660 nm. The amount of free
fatty acids was obtained from the standard calibration curves.
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Fig. 1. Inmunoblotting of APOA5 proteins. The left lane represents protein low molecular
mass marker; other lanes represent wild-type APOA5 and other variants. WT: wild type;
glycine, C: cysteine, N: asparagine, S: serine, Q: glutamine, Y: tyrosine, T: threonine,
M: methionine, I: isoleucine, P: proline, V: valine, A: alanine, F: phenylalanine, L: leucine,
W: tryptophan, R: arginine, H: histidine, E: glutamic acid. D: aspartic acid, K: lysine.

2.10. Statistical analysis

Data are expressed as mean 4 SD. Statistical analyses were per-
formed using SPSS (ver. 12.0, Chicago, IL). Comparisons between

Free fatty acid release
(mmol/L)
*

0control wT (o] N S Q Y T
Amino acid at residue 185 of APOAV

Free fatty acid release
(mmol/L)
*

0 control WT (o} A F L w
Amino acid at residue 185 of APOAV

groups were performed using two-tailed Student's t test. A P<0.05
was considered statistically significant.

3. Results
3.1. Expression of recombinant APOA5 proteins

In order to investigate the importance of APOAS5 185G, site-
directed mutagenesis was performed to replace the glycine with the
19 possible substitute amino acids. Mismatch primers were used to
create the 19 variants at residue 185 of human APOAS5. Introduction
of the desired variants was verified by DNA sequencing (Supplemen-
tary file). Recombinant human APOA5 wild type and 19 variants were
then produced in E. coli BL21 (DE3) pLysS. After purification, the con-
centrations of recombinant APOA5 were measured with ELISA. Wild
type and variants of APOA5 purified from the E. coli system were
equally recognized by anti-APOA5 monoclonal antibody 2-11H-3E.
The calculated molecular weights were as expected (Fig. 1).

3.2. Decreased hydrolysis of APOA5 variant-DMPC vesicles by LPL

DMPC hydrolysis by LPL was used to assess whether APOA5 variants
were able to activate LPL hydrolysis. Analysis of variants revealed that
the ability of APOAS5 variants to generate free fatty acids was reduced
to between 26% and 83% of that of wild type APOA5 (P<0.0001) (Fig. 2).

3.3. APOAS5 variants show reduced activation of LPL

To confirm whether APOA5 variants also reduced LPL-mediated
hydrolysis of VLDL, apoa5-deficient VLDL was incubated with wild-
type APOA5 and variant proteins. After mixing with LPL solution,
the free fatty acids released were measured to evaluate the extent
of LPL hydrolysis. All variants showed reduced LPL activation
(Fig. 3). LPL activations by APOAS5 variants were between 31% (lysine)
and 81% (glutamine) of that of wild type APOA5. Most variants
retained some activation activity, however, arginine, threonine, and
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Fig. 2. Activation of lipoprotein lipase by recombinant wild-type APOA5 and variants. Purified DMPC vesicles containing wild-type APOA5 or variants were incubated with LPL
(2.2 pmol) in a total volume of 28 pl assay mixture. The control contained no APOA5 protein. (A) Hydrophilic amino acids at residue 185; (B) hydrophobic amino acids at residue
185; (C) hydrophobic amino acids at residue 185; (D) acidic or basic amino acids at residue 185. Each bar is the mean of three independent determinations. Data are mean + SD.
* P<0.0001 vs. wild-type APOA5 by Student's ¢ test.
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proline variants showed only approximately one third of the activa-
tion of the wild type.

4. Discussion

Apolipoprotein A5 185C has been reported to be associated with
plasma triglyceride concentrations [16,17]. In the current study we
explored the importance of glycine at residue 185 of APOA5 by
using site-directed mutagenesis to produce a panel of variant pro-
teins. We found that all variants tested had reduced LPL activation
thus verifying that residue 185G of human APOAS5 is indispensable
for LPL activation.

Loss of activation was not caused by the hydrophilic nature of
the variants, as both glycine and cysteine hydrophilic uncharged polar
amino acid, but substitution of glycine with cysteine at residue 185 of
APOAS5 resulted in hypertriglyceridemia. In addition, neither acidic nor
basic characteristics can explain this loss of activation as glutamine
retained 81% of its LPL activation; even though, its molecular weight is
larger than that of cysteine and almost 2-fold that of glycine. Size differ-
ence could also not explain the loss of LPL activation either. Due to the
multimers of APOA5 185C protein in vitro [18], a change in tertiary
structure might affect LPL activation ability. This hypothesis is sup-
ported by the fact that glycine at residue 185 was absolutely required
for LPL activation. However, the exact mechanism will need further
study.

A highly hydrophobic and amphipathic domain at APOA5 residues
171 to 188 has a potentially significant lipid binding ability [19]. By engi-
neering a panel of deletion mutants, Sun et al. showed that the domain
between residues 192 and 238 is critical for APOA5 both to bind lipids
and to activate LPL [20]. In contrast, deletion of residues 132-188 resulted
in about 2-fold higher lipid turbidity clearance ability. However, APOAS5
mutant without residues 132-188 reduced activation of LPL by 46%, find-
ing that agrees with the results of the current study. Dorfmeister et al.
expressed APOA5 185C in BL21 (DES) cells with a C-terminal His-tag
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sequence; reporting that compared to wild-type APOA5 activation of
LPL; APOAS5 185C reduced LPL activation by 23% [18].

Lookene et al. suggested that residues 186-242 of APOA5 are
responsible for the heparin binding ability of APOA5 [21]. As residue
185 lies next to this domain, this heparin binding might affect its LPL
activation ability. Merkel et al. [8] demonstrated that LPL bound to
heparan sulfate proteoglycan hydrolyzed VLDL TG much more efficient-
ly in the presence of APOA5. APOAS5 also served as a ligand for members
of the low-density lipoprotein receptor family. The association resulted
in binding of human chylomicrons to receptor-covered sensor chips
[22]. However, APOA5 185C showed normal binding to receptors LR8
and LRP1 [18], indicating that residue 185 is more likely to be important
in LPL activation than receptor binding.

While APOAS5 bound to glycosylphosphatidylinositol high-density
lipoprotein binding protein 1 which is important in lipolytic proces-
sing of triglycerides within chylomicrons [23], whether APOA5 185C
has decreased binding affinity needs further study.

In addition to the association between APOA5 185C and plasma
triglyceride concentration, this variant has been reported to be signif-
icantly associated with other diseases. Comparisons of genotype dis-
tributions revealed that APOA5 185C was significantly associated
with prevalence of metabolic syndrome in a Japanese population [12].

Genetic variation at the APOAS5 locus has also been implicated in
the modulation of the effects of drugs that raise or lower blood lipids.
Fenofibrate therapy had a greater triglyceride-lowering effect in car-
riers of the APOA5 56G than in those who were homozygous for the
56C allele [24]. Fortunately similar gene-drug interactions were not
observed for the APOA5 185C polymorphism [25].

In summary, the data presented in the current study suggest that
APOAS residue 185G is very important in LPL-mediated VLDL hydrolysis.
Any mutation at this residue will decrease its LPL activation and result in
loss of TG modulation.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.cca.2011.09.045.
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Fig. 3. Hydrolysis of VLDL from apoa5-deficient mice incubated with recombinant wild-type APOA5 and variants by lipoprotein lipase. Ten micrograms of APOA5 wild-type or var-
iants was incubated with 12.5 pg of apoa5-deficient VLDL, then LPL (2.2 pmol) was added in a total volume of 31.5 pl assay mixture. The control contained no APOA5 protein. (A)
Hydrophilic amino acids at residue 185; (B) hydrophobic amino acids at residue 185; (C) hydrophobic amino acids at residue 185; (D) acidic or basic amino acids at residue 185.
Each bar is the mean of three independent determinations. Data are mean 4= SD. ¥, P<0.0001 vs. wild-type APOA5 by Student's ¢ test.
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Improved treatment of childhood acute lymphoblastic leukemia (ALL) depends on the identification of
new molecular markers that are able to predict treatment response and clinical outcome. The develop-
ment of impaired apoptosis in leukemic cells is one factor that may influence their response to treatment.
We investigated the expression of three apoptosis related genes, BCL2L13, CASPS8AP2, and Livin, as well as

their prognostic significance, in a retrospective study of 90 pediatric ALL patients diagnosed between 1996

and 2007 in Taiwan. Univariant analysis revealed that high expression of BCL2L13 was associated with

Ié;i];zgﬁfd acute lymphoblastic leukemia inferior event-free survival and overall survival (p <0.001 and 0.005, respectively). Multivariate analysis
(ALL) for EFS and OS demonstrated that high expression of BCL2L13 was an independent prognostic factor for
BCI2L13 childhood ALL in this ethnic group.

Livin © 2009 Elsevier Ltd. All rights reserved.
CASP8AP2

1. Introduction

Recent progress in the use of DNA microarrays has identified
genes that regulate cell cycle control, DNA repair, and apoptosis
which may also participate in disordered cell proliferation and can-
cer progression in leukemia [1,2]. Alterations in the basal level of
expression of these genes may also affect the drug response and
clinical outcome of leukemic patients. The cure rate of childhood
acute lymphoblastic leukemia (ALL) has increased from 10 to 80% in
the developed countries, a fact which may largely be a consequence
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of the stringent application of prognostic factors for risk-factor-
directed therapy [3,4]. The identification of new such gene markers
is therefore important not only to gain a basic understanding of
the signaling pathways that operate in leukemogenesis, but also to
implement enhancements to disease classification systems and to
productively target disease with novel therapies.

It has been shown that decreased apoptosis may be an impor-
tant step in the acquisition of cellular drug resistance in pediatric
acute leukemia. Holleman et al. used microarrays to investigate
the expression of 70 apoptosis genes, and revealed that BCL2L13
expression was an independent prognostic factor [5]. Flotho et al.
analyzed gene expression in diagnostic lymphoblasts, and com-
pared the findings to minimal residual disease (MRD) levels on days
19 and 46 of remission induction therapy. They identified 17 genes
that were significantly associated with MRD level. Among these,
the gene coding for caspase 8-associated protein 2 (CASP8AP2)
was studied further and showed a strong correlation with prog-
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nosis [6]. Chio et al. studied the expression of Livin, a member of
the IAP family of childhood ALL [7]. Unexpectedly, Livin expres-
sion was an independent prognostic factor in their cohort. These
studies demonstrated an association between dysregulated apop-
tosis pathways and treatment prognosis, and suggested that the
identified genes might serve as functionally defined risk factors for
treatment stratification, in addition to those factors currently used.

If specific patterns of gene expression can be correlated
with clinical features in childhood ALL, a refinement of current
prognosis-based stratification systems might be possible. Thus,
we analyzed BCL2L13, CASP8AP2, and Livin gene expression in the
childhood ALL of a specific ethnic group, and investigated their
correlation with treatment outcomes.

2. Design and methods
2.1. Patients

Viable diagnostic bone marrow (BM) or peripheral blood (PB) was obtained
from 90 children who were diagnosed with ALL between July 1996 and August
2007 at National Taiwan University Hospital (NTUH) and National Cheng Kung Uni-
versity Hospital (NCKUH). Of these, 78 patients had been newly diagnosed with
B-precursor ALL, and 12 patients with T-cell ALL. Forty-seven patients were treated
with TPOG-93-ALL protocols and 43 patients were treated with TPOG-2002-ALL pro-
tocols, which are described in detail elsewhere [8,9]. The diagnosis of ALL was made
based on the morphologic findings of BM aspirates, as well as on immunophenotype
analyses of leukemic cells by flow cytometry. Conventional cytogenetics analyses
were performed as part of the routine workup.

Patients were prospectively assigned to one of three risk groups (standard, high,
and very high) based on their presenting clinical features and the biological features
of their leukemic cells. Patients were considered to have standard-risk (SR) ALL if
they were between 1 and 9 years old with a presenting leukocyte count less than
10 x 10° (cells/L) or were between 2 and 7 years old with a presenting leukocyte
count between 10 x 10° and 50 x 10°. Patients were considered to have high-risk
(HR) ALL if they were between 1 and 9 years old with a presenting leukocyte count
between 50 x 10%and 100 x 10°, or between 1 and 2 or 7 and 10 years old with a
presenting leukocyte count between 10 x 10° and 50 x 10°. Patients with at least
one of the following were assigned to the very-high-risk (VHR) group: age younger
than 1 year, initial leukocyte count greater than 100 x 10°, T-cell ALL, or presence of
BCR-ABL, MLL-AF4 or other MLL rearrangements in pre-B ALL.

The risk-directed Taiwan Pediatric Oncology Group (TPOG) protocols consisted
of multiple chemotherapeutic agents of different intensities. The treatment protocol
was upgraded if complete remission was not achieved after initial induction therapy.
Events were defined as any relapse, death, or secondary malignancy. This study was
approved by the Medical Ethics Committee of National Taiwan University Hospital.
Informed consent was obtained from the patients or their parents before sample
collection.

2.2. Methods

2.2.1. RNA isolation

Mononuclear cells from bone marrow (BM) or peripheral blood (PB) were Ficoll-
purified and immediately stored in liquid nitrogen. Cryopreserved samples were
thawed and washed in FBS-supplemented RPMI 1640 medium prior to RNA extrac-
tion. Total RNA was extracted using Trizol reagent according to the manufacturer’s
instructions (Invitrogen, Paisley, United Kingdom).

2.2.2. Determination of BCL2L13, Livin and CASP8AP2 expression by comparative
real-time quantitative-reverse transcriptase polymerase chain reaction (Q-RT-PCR)

The mRNA expression levels of BCL2L13, Livin, CASP8AP2 and glyceraldehydes-3-
phosphate dehydrogenase (GAPDH) were measured by Q-RT-PCR using an ABI 7300
real-time PCR system (Applied Biosystems, Foster City, CA). Mature mRNAs were
reverse-transcribed into cDNA using oligo-dT and random hexamers as primers by
standard methods as described previously [10]. Quantitative PCR amplification of
individual cDNAs was performed using the pre-developed Tagman gene expres-
sion assay for BCL2L13 (Hs00209789.m1), Livin (Hs00223384.m1) and CASP8AP2
(Hs01594281_m1)(Applied Biosystems, Foster City, CA). TagMan endogenous con-
trol assay for the GAPDH was combined with the assay for target gene in the same
reaction (Applied Biosystems). All reactions were performed in duplicate at a min-
imum. The 20 I PCR reaction mixture contained 12.5ng cDNA, 900 nM primers,
250 nM probe, and 1x Tagman universal master mix, combining AmpliTaq Gold®
DNA Polymerase, AmpErase® UNG, dNTPs with dUTP, and optimized buffer compo-
nents. After an initial incubation at 50°C for 2 min, and a denaturing step at 95°C
for 10 min, a 2-step PCR (95 °C for 15 s followed by 60°C for 1 min) was performed
for 45 cycles to amplify and detect the target sequence.

The expression levels of the target genes in unknown samples were normal-
ized standardized for expression of GAPDH and analyzed by the AACt method

[ A ACt=(Cttarget gene — Ctappr) Sample — (Ctiarget gene — Ctgappn) calibrator]. The aver-
age of ACt (Ctrarget gene — Ctgappy) from all samples combined was defined as 0, as
the calibrator. The amplification efficiencies for target genes and GAPDH were cal-
culated and showed the same slopes. A negative control without the templates was
also included in each experiment.

2.2.3. Statistical methods

Comparison of baseline clinical variables across groups was made using the
Fisher's exact test for categorical data. The nonparametric Mann-Whitney U-test
was applied for continuous variables. A p-value <0.05 (two-sided) was considered
significant.

Patients analyzed for BCL2L13 expression were initially divided into two groups
according to their median level of BCL2L13 (median=5.91 as cut-off point). We
divided the patients into three groups of 30 patients each according to the CASPS8AP2
expression levels (5.5 and 10.5 as cut-off point). The patients were categorized into
two groups according to the presence or absence of the Livin expression.

0S was calculated using the Kaplan-Meier method, and the log-rank test was
used to compare differences between survival curves. OS was measured from the
protocol commencement date until the date of death regardless of cause, excluding
patients who were alive at last follow-up. EFS was defined only for patients who
achieved complete remission, and was measured from the date of attaining CR until
the date of relapse. Patients with no report of relapse by the end of the follow-up
observation were censored on the date of last follow-up.

Cox proportional hazard models were constructed for EFS and OS. The following
covariates were included in the full model of OS and EFS: BCL2L13 expression (low
vs. high), CASPS8AP2 expression (low, median and high), Livin expression (presence
or absence), sex, WBC (<100,000/p.L vs. 100,000/p.L), age (<10 years vs. >10 years),
immunophenotypes (B or T), hospital, and genetic subtypes. Stepwise backward
selection was performed. All calculations were performed using the SAS software
package, version 9 (SAS Inc.).

3. Results
3.1. Patient characteristics (Table 1)

The clinical characteristics of patients at the time of diagnosis are
presented in Table 1. The median age among 90 patients (46 boys
and 44 girls) was 4.3 years (range: 0-17 years), and their median
leukocyte count was 20.0 (range: 0.2-1826). The number of SR, HR,
and VHR patients was 24, 31, and 35 respectively.

3.2. The association of BCL2L13, CASP8AP2 and Livin expression
level with clinical outcomes

Patients were defined as low and high BCL2L13 as described in
Section 2. The BCL2L13 expression level did not differ among the dif-
ferent risk groups (Table 1). Patients with lower BCL2L13 expression
had better EFS (p <0.001), and better OS (p=0.005) (Fig. 1).

Patients were defined as low, median and high CASP8AP2 as
described above. The CASP8AP2 expression level did not differ
among the different risk groups (Table 1). The prognosis did not
differ between different CASP8AP2 expression groups (Fig. 2).

As expected, approximately 21.1% of patients expressed Livin,
as was reported by Choi et al. In our series, 20 patients expressed
Livin and 70 patients did not. We compared EFS and OS between
patients who did and did not express Livin. There was no statistically
significant difference between these two groups of patients (Fig. 3).

3.3. Multiple variable (Cox regression) analysis reveals that
BCL2L13 was an independent prognostic factor

We performed multivariable Cox regression analyses examining
the correlation between EFS or OS and BCL2L13, CAP8AP2and Livin
status, other known prognostic factors, and age and white count
listed in Table 1. When other significant predictors of EFS were con-
trolled for in the final model, MLL gene rearrangement, initial white
counts more than 100,000/ L, risk groups and the expression level
of BCL2L13 were correlated with EFS (hazard ratio for BCL2L13 =4.11,
p=0.0025) (Table 2). When other significant predictors of OS were
controlled for in the final model, MLL gene rearrangement, initial
white counts more than 100,000/uL, and the expression level of
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Table 1
The clinical features of patients at diagnosis and their association with three genes studied.
BCL2L13 CASPSAP2 Livin
Low High p-value’ Low Median High p-value’ Positive Negative p-value’
number number number number number number number
WBC
<100,000/pL 36 12 0.462 24 21 23 0.749 16 52 0.771
>100,000/pL 9 13 6 9 7 18
Immunophenotype
B 36 42 0.118 23 24 27 0.578 18 16 1.000
T
Age
<10 years 33 32 1.000 21 22 22 1.000 16 49 0.572
>10 years 12 13 9 8 8 4 21
Risk groups
Standard risk 14 10 0.335 9 7 8 0.929 7 17 0.592
High risk 17 14 11 11 9 7 24
Very high risk 14 21 10 12 13 6 29
Hyperdiplopid
Negative 36 41 0.230 23 28 26 0.217 58 19 0.283
Positive 9 4 7 2 4 12 1
£(9;22)
Negative 45 43 0.494 30 28 30 0.326 20 69 1.000
Positive 0 2 2 0 2 0 4
MLL gene
Negative 45 41 0.117 28 30 28 0.54 20 66 0.572
Positive 0 4 2 0 2 0 4
Hospital
NTUH 29 38 0.052 24 20 23 0.565 52 15 1.000
MCKUH 16 7 6 10 7 18 5
* Fisher exact test.
BCL2L13 were correlated with OS (hazard ratio for BCL2L13=3.41,  Table3 ) )
p= 0‘0244) (Table 3)' Multivariate Cox regression analysis for OS.
Variables Hazard ratio (HR) 95% HR Cl p-value
3.4. Three gene signature as a predictor as outcome Livin 0.49 0.11-2.29 0.365
CASPSAP2 1.12 0.58-2.17 0.738
s . o BCL2L13 245 0.67-9.04 0.178
We attempted to d_evelop a rl_sk signature using the combination WEC > 100,000/ A9 D545 DGR
of three markers studied. The signature was CASPSAP2 x 0.03869 + Bvs. T 0.43 0.07-2.89 0.388
BCL2L13 x 0.02747 + Livin code (0 or 1) — 0.59135. The patients with Age>10 1.39 0.36-5.35 0.630
high-risk signature had inferior EFS than patients with low-risk Risk groups 1.85 0.61-5.57 0.277
signature (p=0.0084, median=0.463 as cut-off point) (Fig. 4). 2;’?;;?‘“01”‘1 ?38 0 2(5) 67 g'g?é
We performed multivariable Cox regression analyses examining /301 e e 628 138-28.56 0.017
the correlation between EFS and other known prognostic factors, i
genetic types, age and white count listed in Table 1. The results SBtgfzsLegmo" - 117993 0.0244
were shown in Tablg 4. When other significant predictors of EFS e 100,000/pL 595 2.05-13.44 0.0005
were controlled for in the final model, MLL gene rearrangement, MLL gene rearrangements 8.05 1.99-32.54 0.0034

Table 2

Multivariate Cox regression analysis for EFS.

Variables Hazard ratio (HR) 95% HR Cl p-value
Livin 0.73 0.24-2.25 0.587
CASP8AP2 1.12 0.53-2.00 0.695
BCL2L13 3.25 1.09-9.72 0.035
WBC >100,000/p.L 2.77 0.89-8.60 0.079
Bvs. T 0.74 0.18-3.03 0.679
Age>10 1.39 0.49-3.95 0.537
Risk groups 2.02 0.82-4.98 0.127
Hyperdiplopid 0.44 0.06-3.52 0.44
t(9;22) 2.65 0.48-14.52 0.261
MLL gene rearrangements 5.75 1.42-23.23 0.014
Step selection

BCL2L13 411 1.64-10.30 0.0025
WBC >100,000/p.L 2.72 1.02-7.26 0.0452
Risk groups 2.28 1.04-4.97 0.0386
MLL gene rearrangements 5.75 1.45-17.55 0.0110

Table 4

Multivariate Cox regression analysis for EFS using three gene signature as a
parameter.

Variables Hazard ratio (HR) 95% HR Cl p-value
Three gene signature 2.68 1.07-6.70 0.035
WBC>100,000/pL 0.78-6.83 0.129
Bvs.T 0.54 0.15-1.99 0.356
Age>10 1.47 0.53-4.07 0.461
Risk groups 242 1.00-5.88 0.051
Hyperdiplopid 0.47 0.06-3.77 0.478
t(9;22) 2.89 0.53-15.72 0.220
MLL gene rearrangements 6.98 1.78-27.30 0.005
Step selection

Three gene signature 2.85 1.21-6.70 0.0163
WBC>100,000/pL 6.36 1.83-22.08 0.0036
MLL gene rearrangements 3.51 1.82-6.76 0.0002
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Fig. 1. Patients with lower BCL2L13 expression had better EFS (p <0.001), and better
0S (p=0.005).

risk groups and the three gene signature were correlated with EFS
(hazard ratio for three gene signature=2.85, p=0.0163).

4. Discussion

The principal goal of this study was to measure the expression,
in pediatric ALL patients, of three genes involved in apoptotic path-
ways, and to determine whether these showed any correlation with
clinical outcomes. In our study, higher expression of BCL2L13 was
associated with inferior EFS and OS. The expressions of CASPSAP2
and Livin were not associated with clinical outcomes in our cohort.
We also attempted to develop a three gene signature to predict the
clinical outcome in this study cohort.

BCL2L13 is a member of the BCL-2 family, and has pro-apoptotic
activity [11]. Our results were consistent with those of Holleman
et al.,, who reported that high expression of BCL2L13 was associ-
ated with inferior outcome, a finding that was validated by another
cohort [5]. In theory, impaired apoptosis of leukemia cells might
allow them to resist chemotherapy, and thus low expression of
BCL2L13 would be expected to indicate a better prognosis follow-
ing cancer treatment. These apparently conflicting results suggest
that BCL2L13 may have a different apoptotic role in childhood ALL
in comparison to its behavior in the cell lines that were used to
characterize its apoptotic functions. One possible mechanism to
explain this difference is alternative splicing, which is known to
generate both anti- and pro-apoptic variants of apoptosis genes

such as Apaf-1and Livin [12-14]. The explanation for the finding that
high expression of BCL2L13 was associated with inferior treatment
response will thus require further study.

We attempted to develop a risk signature by the combination of
three genes studied. We can use this signature to predict the clinical
outcome in this cohort. After multivariate regression including this
signature and other known risk factor, this signature can predict
the EFS but not OS. However, the p-value and hazard ratio were
less powerful than the expression of BCL2L13 alone (HR: 2.81 and
p=0.0163 vs. HR: 4.11 and p=0.0025 for EFS). This may be due to
the clinical significance of the expression BCL2L13 but not Livin and
CASP8AP2 in this ethical group. A larger prospective study cohort
may be needed to validate this finding.

Genome-wide, gene-expression profiling offers a powerful new
approach to the study of leukemia cell biology and potentially pro-
vides a new molecular classification of leukemia [15-19]. Although
our sample size was small, the results differed in some respects
from those previously reported. First, we found BCL2L13 expression
to predict survival in the same way as previously reported. We did
not find any clinical significance of CASPSAP2 and Livin individually.
Several recent studies attempted to identify prognostically relevant
genes in ALL by correlating in vitro drug sensitivities or treatment
outcomes to chemotherapy drugs with gene expression profiles
on microarrays [2,20,21]. Although several genes were identified,
and were subsequently confirmed independently in patient popu-
lations, there was little overlap between gene expression signatures
and established subgroups of patients, such as t(12;21), hyper-
diploid BP-ALL, or T-cell ALL, or with established drug resistance
genes. Catchpoole and colleagues [22] examined the set of 14
genes that Floth et al. [23] recently identified. The results were not

CASP8AP2
1.01
‘h_r Low expression
L — (n=30)
08 — e b — — e e — —
Middle expression
—H— — — - — —+ (n=30)

High expression
0.41 0=30)

Probability
o
()]

0.21
p-value=0.237

0.0 T T T T T T T |
0 20 40 60 80 100 120 140 160

Event-Free Survival (months)

CASP8AP2
1.07
Middle expression
P T e — (n=30)

0.8 — -‘-I-—;:-"—-!-I-I-ﬁ s
E e ———+
E Low expression
© . . (n=30)
2 0.67 High expression
g (n=30)
o

0.41

0.21

p-value=0.396
0.0

0 20 40 60 80 100 120 140 160
Overall Survival (months)

Fig. 2. The EFS and OS did not differ between different CASP8AP2 expression groups.
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Fig. 3. There was no statistically significant difference for EFS and OS between these
two groups of patients with Livin expression or not.

in agreement with the original report, suggesting that treatment
outcome may be influenced by the other factors, such as pharmaco-
genentics, the intensity of chemotherapy, and the gene expression
of primary leukemia cells. The value of gene expression profiles as
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Fig. 4. The patients with high-risk signature had inferior EFS than patients with
low-risk signature.

prognostic indicators depends on the treatment regimen. In fact,
this caveat applies to any prognostic factor.

Over the past 10-20 years, chromosomal translocation has also
emerged as an extremely important prognostic factor and means
to assign patients to protocols. However, the importance of even
the £(12;21) event remains under debate. For example, two large
prospective studies focused on the prognosticimpact of t(12;21) but
reached different conclusions [24,25]. If more molecular prognos-
tic factors can be found, it might be possible to provide accurately
tailored individualized chemotherapy regimens. Despite this, the
number of genes identified as being able to predict clinical outcome
in ALL remains small. For examples, Cario et al. reported that expres-
sion of MADL2 was associated with MRD on week 12 in the BFM2000
study [26]. MADL2 was one of 14 genes identified by Flotho et al. [2].
Low expression of TTK (a gene encoding a kinase involved in cell-
cycle regulation) was identified by two groups [26,27]. Searching
for genes related to treatment response across different regimens
might provide clues about general mechanisms that regulate drug
sensitivity in leukemic cells.

In summary, in our retrospective studies, BCL2L13 expression
was an independent prognostic factor in childhood ALL. Upon con-
firmation of their prognostic significance in a larger ALL population,
BCL2L13 may be incorporated into a new classification system. Fur-
thermore, these genes, or other genes related to treatment failure,
might themselves represent molecular targets allowing ALL cells to
be sensitized to chemotherapy drugs.
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Improved treatment of childhood acute lymphoblastic leukemia (ALL) depends on the identification of
new molecular markers that are able to predict treatment response and clinical outcome. The develop-
ment of impaired apoptosis in leukemic cells is one factor that may influence their response to treatment.
We investigated the expression of three apoptosis related genes, BCL2L13, CASPS8AP2, and Livin, as well as

their prognostic significance, in a retrospective study of 90 pediatric ALL patients diagnosed between 1996

and 2007 in Taiwan. Univariant analysis revealed that high expression of BCL2L13 was associated with

Ié;i];zgﬁfd acute lymphoblastic leukemia inferior event-free survival and overall survival (p <0.001 and 0.005, respectively). Multivariate analysis
(ALL) for EFS and OS demonstrated that high expression of BCL2L13 was an independent prognostic factor for
BCI2L13 childhood ALL in this ethnic group.

Livin © 2009 Elsevier Ltd. All rights reserved.
CASP8AP2

1. Introduction

Recent progress in the use of DNA microarrays has identified
genes that regulate cell cycle control, DNA repair, and apoptosis
which may also participate in disordered cell proliferation and can-
cer progression in leukemia [1,2]. Alterations in the basal level of
expression of these genes may also affect the drug response and
clinical outcome of leukemic patients. The cure rate of childhood
acute lymphoblastic leukemia (ALL) has increased from 10 to 80% in
the developed countries, a fact which may largely be a consequence
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of the stringent application of prognostic factors for risk-factor-
directed therapy [3,4]. The identification of new such gene markers
is therefore important not only to gain a basic understanding of
the signaling pathways that operate in leukemogenesis, but also to
implement enhancements to disease classification systems and to
productively target disease with novel therapies.

It has been shown that decreased apoptosis may be an impor-
tant step in the acquisition of cellular drug resistance in pediatric
acute leukemia. Holleman et al. used microarrays to investigate
the expression of 70 apoptosis genes, and revealed that BCL2L13
expression was an independent prognostic factor [5]. Flotho et al.
analyzed gene expression in diagnostic lymphoblasts, and com-
pared the findings to minimal residual disease (MRD) levels on days
19 and 46 of remission induction therapy. They identified 17 genes
that were significantly associated with MRD level. Among these,
the gene coding for caspase 8-associated protein 2 (CASP8AP2)
was studied further and showed a strong correlation with prog-
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nosis [6]. Chio et al. studied the expression of Livin, a member of
the IAP family of childhood ALL [7]. Unexpectedly, Livin expres-
sion was an independent prognostic factor in their cohort. These
studies demonstrated an association between dysregulated apop-
tosis pathways and treatment prognosis, and suggested that the
identified genes might serve as functionally defined risk factors for
treatment stratification, in addition to those factors currently used.

If specific patterns of gene expression can be correlated
with clinical features in childhood ALL, a refinement of current
prognosis-based stratification systems might be possible. Thus,
we analyzed BCL2L13, CASP8AP2, and Livin gene expression in the
childhood ALL of a specific ethnic group, and investigated their
correlation with treatment outcomes.

2. Design and methods
2.1. Patients

Viable diagnostic bone marrow (BM) or peripheral blood (PB) was obtained
from 90 children who were diagnosed with ALL between July 1996 and August
2007 at National Taiwan University Hospital (NTUH) and National Cheng Kung Uni-
versity Hospital (NCKUH). Of these, 78 patients had been newly diagnosed with
B-precursor ALL, and 12 patients with T-cell ALL. Forty-seven patients were treated
with TPOG-93-ALL protocols and 43 patients were treated with TPOG-2002-ALL pro-
tocols, which are described in detail elsewhere [8,9]. The diagnosis of ALL was made
based on the morphologic findings of BM aspirates, as well as on immunophenotype
analyses of leukemic cells by flow cytometry. Conventional cytogenetics analyses
were performed as part of the routine workup.

Patients were prospectively assigned to one of three risk groups (standard, high,
and very high) based on their presenting clinical features and the biological features
of their leukemic cells. Patients were considered to have standard-risk (SR) ALL if
they were between 1 and 9 years old with a presenting leukocyte count less than
10 x 10° (cells/L) or were between 2 and 7 years old with a presenting leukocyte
count between 10 x 10° and 50 x 10°. Patients were considered to have high-risk
(HR) ALL if they were between 1 and 9 years old with a presenting leukocyte count
between 50 x 10%and 100 x 10°, or between 1 and 2 or 7 and 10 years old with a
presenting leukocyte count between 10 x 10° and 50 x 10°. Patients with at least
one of the following were assigned to the very-high-risk (VHR) group: age younger
than 1 year, initial leukocyte count greater than 100 x 10°, T-cell ALL, or presence of
BCR-ABL, MLL-AF4 or other MLL rearrangements in pre-B ALL.

The risk-directed Taiwan Pediatric Oncology Group (TPOG) protocols consisted
of multiple chemotherapeutic agents of different intensities. The treatment protocol
was upgraded if complete remission was not achieved after initial induction therapy.
Events were defined as any relapse, death, or secondary malignancy. This study was
approved by the Medical Ethics Committee of National Taiwan University Hospital.
Informed consent was obtained from the patients or their parents before sample
collection.

2.2. Methods

2.2.1. RNA isolation

Mononuclear cells from bone marrow (BM) or peripheral blood (PB) were Ficoll-
purified and immediately stored in liquid nitrogen. Cryopreserved samples were
thawed and washed in FBS-supplemented RPMI 1640 medium prior to RNA extrac-
tion. Total RNA was extracted using Trizol reagent according to the manufacturer’s
instructions (Invitrogen, Paisley, United Kingdom).

2.2.2. Determination of BCL2L13, Livin and CASP8AP2 expression by comparative
real-time quantitative-reverse transcriptase polymerase chain reaction (Q-RT-PCR)

The mRNA expression levels of BCL2L13, Livin, CASP8AP2 and glyceraldehydes-3-
phosphate dehydrogenase (GAPDH) were measured by Q-RT-PCR using an ABI 7300
real-time PCR system (Applied Biosystems, Foster City, CA). Mature mRNAs were
reverse-transcribed into cDNA using oligo-dT and random hexamers as primers by
standard methods as described previously [10]. Quantitative PCR amplification of
individual cDNAs was performed using the pre-developed Tagman gene expres-
sion assay for BCL2L13 (Hs00209789.m1), Livin (Hs00223384.m1) and CASP8AP2
(Hs01594281_m1)(Applied Biosystems, Foster City, CA). TagMan endogenous con-
trol assay for the GAPDH was combined with the assay for target gene in the same
reaction (Applied Biosystems). All reactions were performed in duplicate at a min-
imum. The 20 I PCR reaction mixture contained 12.5ng cDNA, 900 nM primers,
250 nM probe, and 1x Tagman universal master mix, combining AmpliTaq Gold®
DNA Polymerase, AmpErase® UNG, dNTPs with dUTP, and optimized buffer compo-
nents. After an initial incubation at 50°C for 2 min, and a denaturing step at 95°C
for 10 min, a 2-step PCR (95 °C for 15 s followed by 60°C for 1 min) was performed
for 45 cycles to amplify and detect the target sequence.

The expression levels of the target genes in unknown samples were normal-
ized standardized for expression of GAPDH and analyzed by the AACt method

[ A ACt=(Cttarget gene — Ctappr) Sample — (Ctiarget gene — Ctgappn) calibrator]. The aver-
age of ACt (Ctrarget gene — Ctgappy) from all samples combined was defined as 0, as
the calibrator. The amplification efficiencies for target genes and GAPDH were cal-
culated and showed the same slopes. A negative control without the templates was
also included in each experiment.

2.2.3. Statistical methods

Comparison of baseline clinical variables across groups was made using the
Fisher's exact test for categorical data. The nonparametric Mann-Whitney U-test
was applied for continuous variables. A p-value <0.05 (two-sided) was considered
significant.

Patients analyzed for BCL2L13 expression were initially divided into two groups
according to their median level of BCL2L13 (median=5.91 as cut-off point). We
divided the patients into three groups of 30 patients each according to the CASPS8AP2
expression levels (5.5 and 10.5 as cut-off point). The patients were categorized into
two groups according to the presence or absence of the Livin expression.

0S was calculated using the Kaplan-Meier method, and the log-rank test was
used to compare differences between survival curves. OS was measured from the
protocol commencement date until the date of death regardless of cause, excluding
patients who were alive at last follow-up. EFS was defined only for patients who
achieved complete remission, and was measured from the date of attaining CR until
the date of relapse. Patients with no report of relapse by the end of the follow-up
observation were censored on the date of last follow-up.

Cox proportional hazard models were constructed for EFS and OS. The following
covariates were included in the full model of OS and EFS: BCL2L13 expression (low
vs. high), CASPS8AP2 expression (low, median and high), Livin expression (presence
or absence), sex, WBC (<100,000/p.L vs. 100,000/p.L), age (<10 years vs. >10 years),
immunophenotypes (B or T), hospital, and genetic subtypes. Stepwise backward
selection was performed. All calculations were performed using the SAS software
package, version 9 (SAS Inc.).

3. Results
3.1. Patient characteristics (Table 1)

The clinical characteristics of patients at the time of diagnosis are
presented in Table 1. The median age among 90 patients (46 boys
and 44 girls) was 4.3 years (range: 0-17 years), and their median
leukocyte count was 20.0 (range: 0.2-1826). The number of SR, HR,
and VHR patients was 24, 31, and 35 respectively.

3.2. The association of BCL2L13, CASP8AP2 and Livin expression
level with clinical outcomes

Patients were defined as low and high BCL2L13 as described in
Section 2. The BCL2L13 expression level did not differ among the dif-
ferent risk groups (Table 1). Patients with lower BCL2L13 expression
had better EFS (p <0.001), and better OS (p=0.005) (Fig. 1).

Patients were defined as low, median and high CASP8AP2 as
described above. The CASP8AP2 expression level did not differ
among the different risk groups (Table 1). The prognosis did not
differ between different CASP8AP2 expression groups (Fig. 2).

As expected, approximately 21.1% of patients expressed Livin,
as was reported by Choi et al. In our series, 20 patients expressed
Livin and 70 patients did not. We compared EFS and OS between
patients who did and did not express Livin. There was no statistically
significant difference between these two groups of patients (Fig. 3).

3.3. Multiple variable (Cox regression) analysis reveals that
BCL2L13 was an independent prognostic factor

We performed multivariable Cox regression analyses examining
the correlation between EFS or OS and BCL2L13, CAP8AP2and Livin
status, other known prognostic factors, and age and white count
listed in Table 1. When other significant predictors of EFS were con-
trolled for in the final model, MLL gene rearrangement, initial white
counts more than 100,000/ L, risk groups and the expression level
of BCL2L13 were correlated with EFS (hazard ratio for BCL2L13 =4.11,
p=0.0025) (Table 2). When other significant predictors of OS were
controlled for in the final model, MLL gene rearrangement, initial
white counts more than 100,000/uL, and the expression level of



20 Y.--L. Yang et al. / Leukemia Research 34 (2010) 18-23

Table 1
The clinical features of patients at diagnosis and their association with three genes studied.
BCL2L13 CASPSAP2 Livin
Low High p-value’ Low Median High p-value’ Positive Negative p-value’
number number number number number number number
WBC
<100,000/pL 36 12 0.462 24 21 23 0.749 16 52 0.771
>100,000/pL 9 13 6 9 7 18
Immunophenotype
B 36 42 0.118 23 24 27 0.578 18 16 1.000
T
Age
<10 years 33 32 1.000 21 22 22 1.000 16 49 0.572
>10 years 12 13 9 8 8 4 21
Risk groups
Standard risk 14 10 0.335 9 7 8 0.929 7 17 0.592
High risk 17 14 11 11 9 7 24
Very high risk 14 21 10 12 13 6 29
Hyperdiplopid
Negative 36 41 0.230 23 28 26 0.217 58 19 0.283
Positive 9 4 7 2 4 12 1
£(9;22)
Negative 45 43 0.494 30 28 30 0.326 20 69 1.000
Positive 0 2 2 0 2 0 4
MLL gene
Negative 45 41 0.117 28 30 28 0.54 20 66 0.572
Positive 0 4 2 0 2 0 4
Hospital
NTUH 29 38 0.052 24 20 23 0.565 52 15 1.000
MCKUH 16 7 6 10 7 18 5
* Fisher exact test.
BCL2L13 were correlated with OS (hazard ratio for BCL2L13=3.41,  Table3 ) )
p= 0‘0244) (Table 3)' Multivariate Cox regression analysis for OS.
Variables Hazard ratio (HR) 95% HR Cl p-value
3.4. Three gene signature as a predictor as outcome Livin 0.49 0.11-2.29 0.365
CASPSAP2 1.12 0.58-2.17 0.738
s . o BCL2L13 245 0.67-9.04 0.178
We attempted to d_evelop a rl_sk signature using the combination WEC > 100,000/ A9 D545 DGR
of three markers studied. The signature was CASPSAP2 x 0.03869 + Bvs. T 0.43 0.07-2.89 0.388
BCL2L13 x 0.02747 + Livin code (0 or 1) — 0.59135. The patients with Age>10 1.39 0.36-5.35 0.630
high-risk signature had inferior EFS than patients with low-risk Risk groups 1.85 0.61-5.57 0.277
signature (p=0.0084, median=0.463 as cut-off point) (Fig. 4). 2;’?;;?‘“01”‘1 ?38 0 2(5) 67 g'g?é
We performed multivariable Cox regression analyses examining /301 e e 628 138-28.56 0.017
the correlation between EFS and other known prognostic factors, i
genetic types, age and white count listed in Table 1. The results SBtgfzsLegmo" - 117993 0.0244
were shown in Tablg 4. When other significant predictors of EFS e 100,000/pL 595 2.05-13.44 0.0005
were controlled for in the final model, MLL gene rearrangement, MLL gene rearrangements 8.05 1.99-32.54 0.0034

Table 2

Multivariate Cox regression analysis for EFS.

Variables Hazard ratio (HR) 95% HR Cl p-value
Livin 0.73 0.24-2.25 0.587
CASP8AP2 1.12 0.53-2.00 0.695
BCL2L13 3.25 1.09-9.72 0.035
WBC >100,000/p.L 2.77 0.89-8.60 0.079
Bvs. T 0.74 0.18-3.03 0.679
Age>10 1.39 0.49-3.95 0.537
Risk groups 2.02 0.82-4.98 0.127
Hyperdiplopid 0.44 0.06-3.52 0.44
t(9;22) 2.65 0.48-14.52 0.261
MLL gene rearrangements 5.75 1.42-23.23 0.014
Step selection

BCL2L13 411 1.64-10.30 0.0025
WBC >100,000/p.L 2.72 1.02-7.26 0.0452
Risk groups 2.28 1.04-4.97 0.0386
MLL gene rearrangements 5.75 1.45-17.55 0.0110

Table 4

Multivariate Cox regression analysis for EFS using three gene signature as a
parameter.

Variables Hazard ratio (HR) 95% HR Cl p-value
Three gene signature 2.68 1.07-6.70 0.035
WBC>100,000/pL 0.78-6.83 0.129
Bvs.T 0.54 0.15-1.99 0.356
Age>10 1.47 0.53-4.07 0.461
Risk groups 242 1.00-5.88 0.051
Hyperdiplopid 0.47 0.06-3.77 0.478
t(9;22) 2.89 0.53-15.72 0.220
MLL gene rearrangements 6.98 1.78-27.30 0.005
Step selection

Three gene signature 2.85 1.21-6.70 0.0163
WBC>100,000/pL 6.36 1.83-22.08 0.0036
MLL gene rearrangements 3.51 1.82-6.76 0.0002




Y.-L. Yang et al. / Leukemia Research 34 (2010) 18-23 21

10 Bcl2L13
' il T Low expression
My (n=45)
+H+ +HH—+HH + - 4+ —
0.8 1
T 06
@
(‘__’ -+
2
0.4 1 High expression
(n=45)
0.2 1
p-value<.001
0.0 T T T : - T - :
0 20 40 60 80 100 120 140 160
Event-Free Survival (months)
| Bcl2L13
1.0 T —y +_\+
GiE H“-i—ﬁ-'ﬂ-ﬂ-l'l-ﬂ-ﬂ-l—f —t— ===+
0.8 1 Low expression
(n=45)
-
=
8 o6 ) )
o High expression
e (n=45)
0.4 1
0.2 1
p-value=0.005
0.0 T T T T T T T 1

0 20 40 60 80 100 120 140 160
Overall Survival (months)

Fig. 1. Patients with lower BCL2L13 expression had better EFS (p <0.001), and better
0S (p=0.005).

risk groups and the three gene signature were correlated with EFS
(hazard ratio for three gene signature=2.85, p=0.0163).

4. Discussion

The principal goal of this study was to measure the expression,
in pediatric ALL patients, of three genes involved in apoptotic path-
ways, and to determine whether these showed any correlation with
clinical outcomes. In our study, higher expression of BCL2L13 was
associated with inferior EFS and OS. The expressions of CASPSAP2
and Livin were not associated with clinical outcomes in our cohort.
We also attempted to develop a three gene signature to predict the
clinical outcome in this study cohort.

BCL2L13 is a member of the BCL-2 family, and has pro-apoptotic
activity [11]. Our results were consistent with those of Holleman
et al.,, who reported that high expression of BCL2L13 was associ-
ated with inferior outcome, a finding that was validated by another
cohort [5]. In theory, impaired apoptosis of leukemia cells might
allow them to resist chemotherapy, and thus low expression of
BCL2L13 would be expected to indicate a better prognosis follow-
ing cancer treatment. These apparently conflicting results suggest
that BCL2L13 may have a different apoptotic role in childhood ALL
in comparison to its behavior in the cell lines that were used to
characterize its apoptotic functions. One possible mechanism to
explain this difference is alternative splicing, which is known to
generate both anti- and pro-apoptic variants of apoptosis genes

such as Apaf-1and Livin [12-14]. The explanation for the finding that
high expression of BCL2L13 was associated with inferior treatment
response will thus require further study.

We attempted to develop a risk signature by the combination of
three genes studied. We can use this signature to predict the clinical
outcome in this cohort. After multivariate regression including this
signature and other known risk factor, this signature can predict
the EFS but not OS. However, the p-value and hazard ratio were
less powerful than the expression of BCL2L13 alone (HR: 2.81 and
p=0.0163 vs. HR: 4.11 and p=0.0025 for EFS). This may be due to
the clinical significance of the expression BCL2L13 but not Livin and
CASP8AP2 in this ethical group. A larger prospective study cohort
may be needed to validate this finding.

Genome-wide, gene-expression profiling offers a powerful new
approach to the study of leukemia cell biology and potentially pro-
vides a new molecular classification of leukemia [15-19]. Although
our sample size was small, the results differed in some respects
from those previously reported. First, we found BCL2L13 expression
to predict survival in the same way as previously reported. We did
not find any clinical significance of CASPSAP2 and Livin individually.
Several recent studies attempted to identify prognostically relevant
genes in ALL by correlating in vitro drug sensitivities or treatment
outcomes to chemotherapy drugs with gene expression profiles
on microarrays [2,20,21]. Although several genes were identified,
and were subsequently confirmed independently in patient popu-
lations, there was little overlap between gene expression signatures
and established subgroups of patients, such as t(12;21), hyper-
diploid BP-ALL, or T-cell ALL, or with established drug resistance
genes. Catchpoole and colleagues [22] examined the set of 14
genes that Floth et al. [23] recently identified. The results were not
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Fig. 2. The EFS and OS did not differ between different CASP8AP2 expression groups.
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Fig. 3. There was no statistically significant difference for EFS and OS between these
two groups of patients with Livin expression or not.

in agreement with the original report, suggesting that treatment
outcome may be influenced by the other factors, such as pharmaco-
genentics, the intensity of chemotherapy, and the gene expression
of primary leukemia cells. The value of gene expression profiles as
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Fig. 4. The patients with high-risk signature had inferior EFS than patients with
low-risk signature.

prognostic indicators depends on the treatment regimen. In fact,
this caveat applies to any prognostic factor.

Over the past 10-20 years, chromosomal translocation has also
emerged as an extremely important prognostic factor and means
to assign patients to protocols. However, the importance of even
the £(12;21) event remains under debate. For example, two large
prospective studies focused on the prognosticimpact of t(12;21) but
reached different conclusions [24,25]. If more molecular prognos-
tic factors can be found, it might be possible to provide accurately
tailored individualized chemotherapy regimens. Despite this, the
number of genes identified as being able to predict clinical outcome
in ALL remains small. For examples, Cario et al. reported that expres-
sion of MADL2 was associated with MRD on week 12 in the BFM2000
study [26]. MADL2 was one of 14 genes identified by Flotho et al. [2].
Low expression of TTK (a gene encoding a kinase involved in cell-
cycle regulation) was identified by two groups [26,27]. Searching
for genes related to treatment response across different regimens
might provide clues about general mechanisms that regulate drug
sensitivity in leukemic cells.

In summary, in our retrospective studies, BCL2L13 expression
was an independent prognostic factor in childhood ALL. Upon con-
firmation of their prognostic significance in a larger ALL population,
BCL2L13 may be incorporated into a new classification system. Fur-
thermore, these genes, or other genes related to treatment failure,
might themselves represent molecular targets allowing ALL cells to
be sensitized to chemotherapy drugs.
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