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PART 1

NADPH oxidase NOX 2 is responsible for mediated EMT

signaling in HeLa cells



1. ABSTRACT

Epithelium-to-mesenchyme transitions (EMTs) are characterized by morphological and
behavioral changes in cells. During an EMT, E-cadherin is down-regulated while snail, slug
and vimentin are up-regulated. The goal of this study was to understand the role ROS plays
in EMT using a Hela-p40phox model system: ROS mediated EMT in mammary epithelial
cells. We showed that mRNA of NOX 2 and NOX 5 are increased, and with the increased
expression of several matrix metalloproteinase (MMPs) in response to ROS. Moreover, these
changes were reversible upon removal of ROS. Down-regulation of E-cadherin and up-
regulation of snail, slug and vimentin occurred in transcriptional level. Interestingly, TGF-
Bl-induced EMT in HeLa cells was significantly increased ROS. Together, these data sug-
gest that ROS switching is necessary for increased EMT but is not required for the morpho-

logical changes that accompany EMT.

Key words: TGF-p1, NADPH oxidase 2 (NOX 2), ROS, EMT



2. INTRODUCTION

Superoxide production by the phagocyte NADPH oxidase during the respiratory burst is

an essential component of the innate immune response. The active enzyme is assembled

from a membrane-bound flavocytochrome b, a heterodimer composed of gp91phox and

p22phox subunits, and cytosolic regulatory components p47phox, p67phox, p40phox, and

the Rac GTPase. p40phox is the last NADPH oxidase subunit to be discovered, and although

there is evidence of both positive and negative effects on oxidase function, its exact role re-

mains poorly defined. This protein was reported by Wientjes et al.,(1) as a 40 kDa protein

which co-purified in a 250 kDa complex with p67phox and p47phox and whose primary as-

sociation appeared to be with p67phox; furthermore, the amount of this protein was reduced

in patients with CGD lacking p67phox. Although the role of p40phox in the NADPH oxidase

has been poorly understood (2), recent studies in p40phox-deficient cell lines and in gene

targeted mice established that p40phox stimulates. In mice either lacking p40phox or ex-

pressing p40phox R58A, a PX domain mutant that prevents binding to PtdIns(3)P, in vitro

killing of Staphylococcus aureus by neutrophils was reduced to an extent similar to that seen

in the complete absence of NADPH oxidase activity, and elimination of S aureus after intra-

peritoneal injection was impaired (3, 4, 5). In contrast, PtdIns(3)P binding to p40phox plays

a minimal, if any, role in regulating superoxide release elicited by the chemoattractant

-3-



formyl-methionyl-leucyl-phenylalanine (fMLF) or phorbol ester (6).

The p40phox polypeptide is encoded by NCF4 (Neutrophil Cytosolic Factor 4) gene on

22q13.1 chromosome (7). It is predominantly expressed in bone marrow cells: neutrophils,

monocytes, basophils, eosinophils, mast cells, megakaryocytes, B and T cells (8, 9). North-

ern and western blot analyses in bone marrow cells or in HL-60 differentiated to neutrophils

and eosinophils revealed that mRNA and protein for p40phox were expressed by the pro-

myelocyte stage together with p22phox and Rac2, whereas mRNA and proteins for

gp91phox, p67phox and p47phox were expressed after the myelocyte stage (10). This find-

ing suggests that, although in mature neutrophils p40phox needs p67phox for stable expres-

sion, based on studies of CGD patients lacking p67phox, in other cells, p40phox can be sta-

bly present alone (11). Northern blot analysis has revealed that two sizes of p40phox

mRNAs are present in human promyelocytic HL-60 and bone marrow cells. One is identical

to the originally described p40phox cDNA. The other alternatively spliced variant cDNA

(1299 bp) contains an additional 245 bp intron 8 sequence in the open reading frame and en-

codes a protein of 348 residues (39 kDa). The C-terminal 254— 348 residues of the variant

protein shares a low homology with p40phox, and, interestingly, this variant protein lacks

the PB1 domain (Phagocyte oxidase and Bem 1p). The variant protein was not detected in

HL-60 cells and neutrophils (12). Later, it was found that a cytosolic prolyl-endopeptidase is

involved in the degradation of p40phox variant protein in myeloid cells (13). NAPDH oxi-

dase (NOX) enzymes are a family of heme-containing proteins with primary function being

transporting electrons from NADPH to oxygen, forming ROS. Seven members have been
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identified in the NOX family including Nox1, Nox2, Nox3, Nox4, Nox5, Dual oxidasel
(Duox1), and Dual oxidase 2 (Duox?2), with different NOX family members being expressed
in different cell types and tissues/organs. Emerging evidence suggests that Nox/ Duox family
members are important ROS producers not only for phagocytic but also for nonphagocytic
cells although the biological functions of Nox/Duox in non-phagocyes are still mostly un-
known.

Epithelial-mesenchymal transition (EMT) is a cellular mechanism long recognized as a
central feature of normal development. Several developmental milestones, including gastru-
lation, neural crest formation and heart morphogenesis, rely on the plastic transition between
epithelium and mesenchyme. More recent studies have revealed that similar but physio-
pathological transitions occur during the progression of epithelial tumors, endowing cancer
cells with increased motility and invasiveness. Multiple oncogenic pathways mediated by
peptide growth factors, Src, Ras, integrin, Wnt/b-catenin and Notch signaling, induce EMT.
A critical molecular feature of EMT is the down-regulation of E-cadherin, a cell adhesion
molecule present in the plasma membrane of most normal epithelial cells. E-cadherin acts de
facto as a tumor suppressor inhibiting invasion and metastasis, and it is frequently repressed
or degraded during transformation (14).

Recent experimental evidence has shown that the generated reactive oxygen species
(ROS) can also induce EMT. Emerging evidence has also implicated the critical role of sev-
eral microRNAs (miRNAs) in the processes of EMT. Recently, ROS signaling pathway has

been reported to be intimately involved with EMT in both physiological conditions and

-5-



pathological processes; however the functions of ROS in the processes of EMT remain un-
clear. Many excellent reviews have documented the cross crosstalk between ROS and signal-
ing pathways in cancer (15, 16, 17); however, the role of ROS in the processes of EMT or in
cancer stem cells remains unclear. Therefore, in this study, we studied the effect of ROS in

the acquisition of EMT and its biological significance in tumor progression.



3. Materials and methods

3.1. Cell culture and transfection

HeLa (ATCC CCL-2, Manassas, VA, USA) cells were cultures in DMEM with 10% fetal

bovine serum (GIBCO Inc., Grand Island, NY, USA). HeLa cells transfected with pEGFP

N1- p40phox or pCDNA 3.0-p40phox were selected by G418 (AG Scientific, San Diego, CA,

USA) after transfection using Lipofectamin-2000 (Invitrogen, Carlsbad, CA, USA) accord-

ing to manufacturer’s protocols.

3.2. Western blot and antibodies

Plasmid transfected cells were twice washed with PBS and harvested in RIPA buffer (50

mM Tris-HCI pH 8.1, 150 mM NaCl, 1 % NP-40, 0.5 % sodium deoxycholate, 0.1% SDS,

and protease inhibitors). Total protein amounts were measured using the biocinchoninc acid

(BCA) assay (Pierce, Rockford, IL, USA). Proteins in samples were separated in SDS-

polyacrylamide gels, transferred to PVDF membrane (Whatman International, Ltd., Maid-

stone, UK), probed with specific primary antibodies, washed, and probed with secondary

antibody. Signals were detected using an enhanced chemiluminescent substrate (WEST-ZOL,

iNtRON Biotechnology Inc, Seoul, Korea). The primary antibodies used include anti-

p40phox, p22phox, p67phox (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Slug, anti-

Snail, anti-Vimentin, anti-Ecadherin, anti-GAPDH (Cell Signaling Technology, Beverly, MA,

USA), NOX 2 (BD Bioscience, San Diego, CA, USA), anti-YB 1 (Millipore, Bedford, MA,
-7 -



USA).

3.3. RT-PCR analysis

Total RNA was isolated from cells using Trizole reagent (Invitogen, Carlsbad, CA, USA),

according to the manufacturer's instructions. Reverse transcription was carried out using Re-

verse transcription system (Promega, Madison, WI, USA). Table 1 primers used in this study.

After PCR, the samples were analyzed by electrophoresis in 1% agarose gels containing

0.002 % nucleic acid staining solution (RedSafe, iNtRON Biotechnology Inc., Seoul, Korea).

3.4. Plasmid construction

The full-length cDNA encoding the human p40phox was subcloned in-frame with GFP in

pEGFP-N1 vector (Clontech, Palo Alto, CA) to produce a p40phox protein fused to the ter-

minus of GFP. A recombinant plasmid was made by inserting the human p40phox gene into

the pEGFP - N1 plasmid vector (Clontech, California, USA). The insert was amplified by

PCR using a HL-60 cDNA template with addition of Xho I and Hind III restriction sites to

primers matching those found in the pEGFP -N1 vector and Hind III and EcoR I restriction

sites to primers matching those found in the pcDNA3.0 vector. The following primers (In-

tegrsted DNA technologies) were used: p4ophox-Xho I Forward 5°- CCCCTCGA-

GATGGCTGTGGC-3", p40phox-Hind III T Reverse 5°- CAAGCTTTCATGGCATCGTGT-

3" and p40phox-Hind III Forward 5’ -AAGCTTATGGCTGTGGCCCAG-3", p40phox-EcoR I

Reverse 5 -GAATTCCTAGACTTCTCTCCG-3". Restriction digest with Xho I and Hind III

-8 -



enzymes (New England Bio labs, Ipswich, MA, USA) was performed for both the insert and
vector, followed by ligation with T4 DNA ligase (Promega, Madison, WI, USA). . Stably
transfected cells were selected with 800ng/ml G418. After transfection with a plasmid con-
taining the neo gene, cells are incubated in their regular growth medium containing G418 to
select for stable transfectants. 48 hours post-transfection, pass cells (direct or diluted) in

fresh medium containing G418 at the appropriate concentration.

3.5. NADPH Oxidase Assay.

Intracellular ROS were determined by using a DCF-DA assay. DCF-DA enters cells pas-
sively and is deacetylated by esterase to nonfluorescent DCF. DCF reacts with ROS to form
DCF; the fluorescent product DCF-DA was dissolved in methanol at 10 mM and was diluted
500-fold in HBSS to give DCF-DA at 20 uM. DCF-DA solutions were always handled
under dim lighting. Approximately 1 x 10° cells were incubated in the dark for 30 min at
37°C with 20 uM DCF-DA, harvested, and resuspended in the medium without DCF-DA.
Fluorescence was recorded on the FL-1 channel of flow cytometry (FACSCalibur, BD Bio-
sciences, San Jose, CA), and data were analyzed with the Cell Quest program.

Superoxide generation was assessed in live cells with MitoSOX Red (Invitro-
gen/Molecular Probes), which is a fluorogenic dye that is taken up, where it is readily oxi-
dized by superoxide, but not by other reactive oxygen species (ROS) or reactive nitrogen
species. Cells were loaded with 1 uM MitoSOX Red in phenol-free DMEM for 10 min at

37 °C. Cells were washed with prewarm buffer. MitoSOX Red fluorescent intensity was de-

-9-



termined by fluorescence microscopy.

3.6. Gelatin Zymography

Samples were applied to nondenaturing 10% polyacrylamide gels containing 1 mg/mL
gelatin. After electrophoresis, the gels were washed with 2.5% Triton X-100, incubated
overnight at 37°C in zymography buffer, and stained with Coomassie brilliant blue. Gelati-

nolytic activity was visualized as clear areas of lysis in the gel.

3.7. In vitro wound healing assay

Migration was assessed using a wound healing assay. Cells were plated in 6-well plates
and allowed to grow for 3 days to confluences. At time 0, media was removed and cells were
wounded with a 10-uL pipet tip. Cells were washed to remove debris, media was replaced,
and plates were returned to a culture incubator. Photographs were taken at time points indi-
cated in Results. Each condition was photographed in three separate fields and the same field
at each time point was used, allowing the percent of wound closed by infiltration of migrato-
ry cells to be quantitated from the photographs using Image J software (National Institutes of

Health).

-10 -



Table 1. Primers used in the study.

Primer Forward (5°->3%)

Reverse (5'->3%)

E-cadherin | CCTGGGACTCCACCTACAGA

GGATGACACAGCGTGAGAGA

Vimentin AATGGCTCGTCACCTTCGTGAAT

CAGATTAGTTTTCCCTCAGGTTCAG

Snail CCCAAGCCCAGCCGATGAG CTTGGCCACGGAGAGCCC

Slug AGCAGTTGCACTGTGATGCC ACACAGCAGCCAGATTCCTC

MMP 2 AGGCCAAGTGGTCCGTGTGAA ACAGTGGACATGGCGGTCTCA

MMP 3 CCT GCTTTGTCCTTT GAT GC TGA GTC AAT CCC TGG AAA GTC

MMP 7 TACAGTGGGAACAGGCTCAGG GGCACTCCACATCTGGGCT

MMP 13 CTTCACGATGGCATTGCTGA AACTCATGCGCAGCAACAAG

p21 AGCAGAGGAAGACCATGTGGA | GCGGATTAGGGCTTCCTCTT

p27 TAACCCGGGACTTGGAGAAG GCTTCTTGGGCGTCTGCTC

p33 TGCGTGTGGAGTATTTGGATG TGGTACAGTCAGAGCCAACCAG

NOX'1 GTACAAATTCCAGTGTGCAGAC- CAGACTGCAATATCGGTGACAGCA
CAC

NOX 2 GGAGTTTCAAGATGCGTGGAAAC- | GCCAGACTCAGAGTTGGAGATGCT
TA

NOX 3 GGATCGGAGTCACTCCCTTCGCTG | ATGAACACCTCTGGGGTCAGCTGA

NOX 4 CTCAGCGGAATCAATCAGCTGTG AGAGGAACAC-

GACAATCAGCCTTAG
NOX 5 ATCAAGCGGCCCCCTTTTTTTCAC CTCATTGTCACACTCCTCGACAGC

p22phox ATGGGGCAGATCGAGTGGGC

TCACAGACCTCGTCGGTCA

p67phox GTGCTCATGGAGACGCGGCTT

CTAGACTTCTCTGGGAATGCCTTCC

P40phox ATGGCTGTGGCCCAGCAGCT

GCCCTCCAGCCAGTCTTTGT

AAGAGAT-

GPX1 TCTGAATTCCCTCAAGTAC

ACCAGGAACTTCTCAAAGTTCCAGG

-11 -




XBP1 AAACAGAGTAGCAGCTCAGACTGC | TCCTTCTGGGTAGACCTCTGGGAG

SOD1 GGATGAAGAGAGGCATGTTGGA- GTCTTTGTACTTTCTTCATTTCCACC
GAC
Catalasel TCGAGTGGCCAACTACCAGCGTG GTACTTGTCCAGAAGAGCCTGGATG

GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC

-12 -




4. RESULTS

4.1. p40phox Expression and ROS generation during TGF-p1-induced EMT

Transforming growth factor f1 (TGF-B1) is a multifunctional cytokine that controls

proliferation, differentiation, migration, and apoptosis of various cell types. In tubular epithe-

lial cells in the kidney, EMT can be induced by TGF-B1, leading to increased collagen depo-

sition and disruption of the epithelial integrity (18). And a treatment with antioxidants NAC

(5mM) and DPI (5uM) effectively suppressed TGF-B1 induced Snail, Slug and vimentin in

HeLa cells (Fig. 1A, B). TGF-B1 induced down regulation of E-cadherin mRNA levels was

effectively prevented by pretreatment with antioxidants NAC (5mM) and DPI (5uM) but up-

regulation of cleaved form of E-cadherin protein levels (Fig. 5 A, B). Both NAC (5mM) and

DPI (5uM) effectively inhibited TGF-B1 induced up-regulation of Snail, Slug and vimentin

expression in HeLa cells (Fig. 1A, B). Statistically significant changes were observed at

5ng/ml and from day 1 after TGF-B1. An E-cadherin fragment of approximately 72 kDa was

detected in the treated with TGF-B1. Several studies identified NADPH oxidase as a major

source of ROS production in endothelial cells (19).

Next, we measured cellular ROS after stimulation with TGF-f1. Treatment of TGF-p1

at 5 ng/ml increased DCF-sensitive cellular ROS in HeLa cells for 30 min. Inhibitor NADPH

oxidase (SuM DPI) and antioxidant (3mM NAC) was significantly reduced TGF-B1 induced

DCF-sensitive cellular ROS (Fig. 5B). Results from the previous-data, we suggested that

-13 -



EMT gene changes by TGF-B1 were mediated by ROS in HelLa cells (Fig. 1 A, C). Interest-
ingly, TGF-B1 has been found to stimulate ROS production in a variety of cell types, includ-
ing endothelial cells (19, 20). The expressions of different membranes of NOX family were
examined. TGF-B1 treatment was up-regulated NOX 2 and NOX 5. The induction of NOX 2
was confirmed by inducting other subunit of NOX 2 system such as, p67phox, p47phox and
p40phox in both mRNA and protein level. These result tests demonstrate the involvement of

NOX 2 in EMT in non-phagocytic cells.

-14 -
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Figure 1. NOX 2 is involved in ROS production in EMT by TGF-p1.

Effects of ROS on EMT were investigated by examining expressions of EMT-related genes

by RT-PCR (A) or western blot analysis (B). Cells were treated with TGF-B1 (5 ng/ml) for

24 hr and antioxidants were administered 1 hr before the addition of TGF-f1. GAPDH was

used for loading control. (C) Cellular ROS changes upon TGF-B1 treatment were detected by

dichlorofluorescein (DCF) with or without antioxidants (NAC, 3mM). HeLa cells were treat-

ed with DCF for 30 min and DCF-sensitive cellular ROS were measured as described in ma-

terials and methods. Antioxidant was administered 1 hr before the addition of TGF-B1. Mean

fluorescence Intensity (MFI) were expressed ad mean = SD of least three experiments (left).

(D) Expression of NADPH oxidase subunit in HeLa cells. Cells were incubated with TGF-$1

(5 ng/ml) at 24 hr. Total RNA was extracted, and Expression NOXs was evaluated by RT-

PCR analysis using primers (Table 1) specific for each membrane subunit (left) or cytosolic

factor (right). Results were reproduced three times and representative data are shown. (E)

NADPH oxidase NOX 2 subunits were detection by western blot analysis in HeLa cells after

incubated with TGF-B1 for 24 hr. Results were reproduced three times and representative

data are shown. The RT-PCR and western blot were GAPDH to control for loading.
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4.2. Localization of the full-length p40phox in transfected cells

Recently it was reported that ROS stimulate the expression of the transcription factor

Snail and EMT (21)(26). Here, we investigate the effect of p40phox induced EMT in the

epitheial carcinoma HeLa cell line. This HeLa cell was trasiently transfected with the expres-

sion plasmid pEGFP-N1 or pEGFP-N1-p40phox, which ensures strong and sustained expres-

sion of p40phox (Fig. 2). As was observed in the HelLa cells, p40phox transfected with

pEGFP-N1 showed diffuse cytoplasmic fluorescence (Fig 2A). Cellular expression of the

fusion proteins was verified by Western blot using an anti-p40phox and p40phox primer by

RT-PCR (Fig. 2B). When transduced cells are put under selection with the antibiotic G418,

cell lines can be obtained at high frequency that stably maintain the expression and exhibit

stable, high-level expression of the reporter gene. To investigate the stability of GFP expres-

sion, transfected HeLa cells were placed in selective media until colonies of G418-resistant

cells were visible. Resistant colonies were obtained by cell produced GFP. Five randomly

chosen clones maintained GFP expression after culture for at least 10 passages in G418-

supplemented medium. To analyze the DNA derived from recombinant DNA maintained in

HeLa stable derivatives, cellular DNA was isolated from the pooled G418-resistant HelLa

cells described above and subjected to RT-PCR analysis. The NADPH oxidase complex is a

major source of intracellular ROS generation and ROS has been implicated in multiple phys-

iological and pathological processes as a secondary messenger in cell signaling. To deter-

mine whether NADPH oxidase mediated ROS generation is involved induced by p40phox,
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we stained live cells with MitoSox Red, a fluorogenic dye that is selective for the detection

of superoxide in HeLa-p40phox cells. The MitoSox Red reagent is chemically targeted oxi-

dized by superoxide exhibits red fluorescence in the cells and cells were pre-incubated with

the NADPH oxidase inhibitor DPI or antioxidant NAC for lhr. It is noteworthy that in-

creased in superoxide accumulation was observed in the presence of p40phox and a similar

results of DCF fluorescence was assessed (Fig. 2C). As shown in Fig. 2C, p40phox stimulat-

ed a sustained increase in MitoSox fluorescence. But, DPI and NAC slightly lowered the

MitoSox fluorescence compared with untreated cells (Fig. 2C). These observations are con-

sistent with DCF, indicating ROS generation as the source of p40phox-induced ROS. DPI

and NAC of antioxidant positive controls, inhibited the generation of superoxide anions. To

measure intracellular ROS concentration, HeLa cells were incubated with the fluorophore

DCFDA. The level of DCFDA fluorescence has been previously used as a sensitive, albeit

indirect, measure of intracellular ROS (22). We found that the p40phox expression also pro-

duced ROS in these cells when analyzed by the DCF-DA fluorescence assay (Fig. 2D). To

confirm that the increase in DCFDA fluorescence observed after expression of p40phox was

actually due to a rise in ROS, cells were treated for 4 hr with two chemically related cell-

permeant antioxidants (N-acetylcysteine (NAC, 3 mM), Diphenyliodonium (DPI, 5 uM)). As

shown in Fig. 1D, generation of ROS was suppressed by treatment with DPI and NAC. The-

se results represented superoxide generation of nonphagocytic HeLa cells by introduced of

p40phox gene.
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Figure 2. p40phox expression and ROS generation in HeLa and HEK 293T cells.
(A) GFP-p40phox proteins were transiently expressed in HeLa cells for 24 hr. Nucleus

stained with Hoechst 33342. Subcellular localization of p40phox proteins (green) and nucle-
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us (blue) were examined under a fluorescent microscope. Panel for merge and phase images
are also shown. (B) p40phox was transiently expressed in Hela cells and expression of
p40phox was analyzed by RT-PCR and western blot. GAPDH was used as a loading control.
(C) Effect of p40phox and selective antioxidants on superoxide production. HeLa-p40phox
cells were preincubated with DPI (5u M) and NAC (3mM) for 2hr, and the presence of with
mitoSox red (5 uM) the DMEM media (contained 1% FBS). Cells were washed thrice gently
with PBS to remove excess unbound dye and replaced with fresh 5% phenol-red free DMEM.
Digital images of mitoSox fluorescence were obtained by microscopy and overlaid. This
construct was expressed with p40phox or control plasmid pEGFP-N1 in HeLa cells. (D) De-
tection of superoxide anion by DCF-DA in HeLa-p40phox stable cells. HeLL.a-p40phox cells
were preincubated with DPI (5u M) and NAC (3mM) for 2hr. The index of oxidation was
calculated as percentage of mean fluorescence intensity (MFI) compared with vector cells.

Typical results were shown from independent experiments performed at least three times.
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4.3. Introduction of p40phox gene induced NADPH oxidase 2 (NOX 2) subunits and

enzymes involved in homeosis of creative oxygen sepsis (ROS)

The transgenic HeLa-p40phox cells were capable of up-regulation of ROS generation

by p40phox expression (Fig. 2D). The flavocytochrome is catalytically inactive in resting

cells, but the surface receptors trigger the assembly of the multicomponent NADPH oxidase

(19). p40phox is the last NADPH oxidase subunit to be discovered, and although there is

evidence of both positive and negative effects on oxidase function, its exact role remains

poorly defined. Primary association of p40phox is appeared to be with p67phox; furthermore,

the amount of p40phox protein was reduced in patients with CGD lacking p67phox. This

finding suggests that, in HeLa cell, p40phox may need p67phox for stable expression. The

changed in expression NOX 2 subunits of RT-PCR and western blot in the presence or ab-

sence of p40phox (Fig. 3). As expected, HeLa-p40phox cell showed high expression of

p67phox, p22phox and Nox2 in mRNA and protein level in HeLa-p40phox cells (Fig. 2A).

We also investigated the gene expression levels of expression antioxidant enzymes by

RT-PCR in HeLa-p40phox cells (Fig. 3B). We observed increases in the mRNA levels of

Sod 1, Catalase, Gpx 1 (glutathione peroxidase), SOD (superoxide dismutase) and Xbp 1 (X

box binding protein 1, antioxidant proteins) (Fig. 3B). The generation of superoxide results

from one-electron reduction of oxygen by a variety of oxidases. Superoxide is rapidly dis-

muted by Sod to the more stable ROS, H,O,. Both Cat and Gpx catalyze the dismutation of

H,0, to H,O, and molecular O2. Gpx additionally uses reduced glutathione as a substrate
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(23, 24). The following results of observation; the increased level of intracellular ROS in-

duces antioxidant enzyme gene expression via a p40phox overexpression.
A)

Mock p40phox Mock p40phox

p40phox
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p47phox

p22phox

NOX 2

GAPDH
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Figure 3. NADPH oxidase 2 subunits and antioxidant enzymes expressed in HeLa-

p40phox cells.



(A) Expression of p40phox transfected in HeLa cell line. Expressions of NOX 2, p67phox

and p22phox in HeLa-p40phox and in control HeLa cells, analyzed by RT-PCR and western

blot. GAPDH was used as a loading control. (B) Effects of p40phox introduction on expres-

sion of the antioxidant enzymes. Superoxide dismutase (SOD), glutathione peroxidase (GPx),

catalase (CAT), targeting X box-binding protein 1 (Xbp-1).
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4.4. Overexpression of p40phox induced cell growth rate increase and reduced of p21

and p27

ROS play signaling roles in physiologic or pathophysiologic processes of cell prolifera-

tion, adhesion, and atherosclerosis. Moreover, ROS emerge as important intracellular signal-

ing molecules, which act as mediators or second messengers at nontoxic concentrations

through receptor-transducing pathways (19). In particular, growth factor—induced ROS gen-

eration is considered to be important in the mitogenic process of cell cycle of neoplastic pro-

liferation. An excessive production of ROS beyond the antioxidant capacities of the cell

leads to oxidative stresses that result in metabolic disturbances and cell senescence. In the

cancer cell system, ROS exert a paradoxical effect. ROS can promote tumor growth by trans-

forming normal cells through activation of transcription factors or inhibition of tumor-

suppressor genes, whereas its elevated levels would inhibit tumor cells through the stimula-

tion of proapoptotic signals. The excess ROS generate cell cycle arrest and apoptotic cell

death or even necrosis in severe cases (25). Therefore, the maintenance of ROS homeostasis

is extremely important to cell signaling and the regulation of cell death. In this study we in-

vestigated the differential effect of tumor cell proliferation by p40phox expressed in HelLa

cells. ROS might act as modulators of intracellular signaling cascade that use hydrogen per-

oxide as a principal second mesenger molecule, and thus involved in the modulation if can-

cer cell proliferation (19).

Here we examined the proliferative effect of ROS in the p40phox transfected stable cells.
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For growth curves, 1x10° cells were plated in 6-mm dishes and were counted in triplicates

after 3 days. As shown Fig. 4A, p40phox expressed Hela cells increased cell growth rate
more than mock (only pEGFP-N1 vector) transfected cells. To determine the mechanism by
which p40phox regulates HeLa cell proliferation. The roles of p21 and p27 in the prolifera-
tion effect HeLa-p40phox stable cells were tested. As seen in Figure 4B, the p40phox ex-
pression results in a significant down-regulation of both p21 and p27 mRNA and proteins

levels. Increased ROS level may induce cell proliferation via down-regulation of CDKIs.
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Figure 4. The effects of p40phox on proliferation of HeLa cell

(A) The proliferation rate of HeLa-p40phox cells. HeLa-control and HeLa-p40phox cells
were seeded at a density of 1x10* cell/ml in 6-well plates. Cells numbers at the count start of
3 days after and cells were measured by counting the cells after 3, 4, 5 and 6 days of plating.
(B) mRNA and protein expression levels of p21 and p27 were estimated by RT-PCR and
western blot analysis in HeLa-p40phox cells. Used GAPDH to control for loading. Typical
results were shown from independent experiments performed at least three times. Data are

represented as mean + SEM (n = 3). No error bar in (A) (B) do not need+SEM.
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4.5. Activation of matrix metalloproteinase by over-expression of p40phox in HeLa cells

involved reactive oxygen species

In a previous study, we showed increased ROS levels were responsible for increased

growth rate in HeLa cells. We next studied whether ROS levels correlated with the migration

in HeLa-p40phox cells. To examine whether ROS induce migration, cells were incubated

with N-acetyl cysteine (NAC, an ROS scavenger) or diphenylene iodium (DPI, and NADPH

oxidase inhibitor). Increase of ROS production via p40phox induce the migration which was

blocked by treatment with NAC and DPI, suggesting that ROS play a critical role in up-

regulation of migration in p40phox expressed HeLa cells (Fig. 5A). Matrix metalloproteinase

family is known to play a key role in the tumor invasion of various human cancers (26). It

was reported that MMP-1 expression was associated with portal invasion (27). Increased

expression of MMP-2, MMP-7, and MT1-MMP had a strong association with dedifferentia-

tion, portal invasion, intrahepatic metastasis, and recurrence (28, 29).

To investigate whether p40phox affect the expression of MMPs, mRNA level of various

MMPs in HeLa cells were quantified by PCR. As shown Figure 5B, RT-PCR analysis

showed that MMP-2, MMP-7 and MMP-13 mRNA expression was increased in HeLa-

p40phox stable cells. And MMP-2, MMP-7 and MMP-13 mRNA level in HeLa-p40phox cell

was significantly higher than MMP-3 and MMP-7 (Fig. 5B). To confirm that ROS generated

by p40phox is one of the main factors that contributes to increased expression of MMP-2 in

HelLa cells (Fig. 5B). In addition, we examined MMP-2 (72 kDa) protein levels in HelLa-
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p40phox cells. Zymography analysis showed that with the MMP-2 expression in p40phox
transient transfectant and stable HeLa cells (Fig. 5C). Over expression of p40phox cause the
significant induction of MMP2 (Fig. 5C), and this result of gelatin zymography was con-
sistent with RT-PCR. We found that gene expression level of MMPs can also be regulated by
ROS, and MMPs mRNA is increased in an NADPH oxidase derived, ROS-sensitive manner.

Thus ROS modulate matrix remodeling at multiple levels.
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Figure 5. Regulation of matrix metalloproteinase expression in HeLa-p40phox cells.
p40phox induced migration in HeLa cells. Vector transfect (Mock) or p40phox stably trans-
fected HeLa cells cultured for 24 hr followed by NAC (5mM) or DPI (10uM) treatment. Cell
migration assays was carried out in material and methods. The migrated cells were pictured
under phase contrast image. The graph represents the percent of migration. (B) mRNA levels
of MMP genes were measured by RT-PCR in HeLa cells with or without p40phox transfec-
tion. RT-PCR analysis using the expression loading control GAPDH. (C) MMP-2 activity by
gelatin zymography in Mock and p40phox HeLa cell. Typical results were shown from inde-
pendent experiments performed at least three times. This construct was expressed with
p40phox or control plasmid pEGFP-N1 in HeLa cells. The graph represents the quantifica-

tion of MMP 2.
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4.6. ROS mediate p40phox induced EMT

Induction of these signaling (ROS generation by p40phox expression) cascades leads to

HeLa cell growth rate increase, migration expression and up regulated MMPs. Previously,

elevated oxidative status has been found in many types of cancer cells, which contribute to

carcinogenesis (30, 21). Recently, the involvement of ROS signaling in tumor metastasis was

highlighted. ROS signaling pathway has been reported to be intimately involved with EMT

in both physiological conditions and pathological processes, however the functions of ROS

in the processes of EMT remain unclear (31, 32, 33).

Since the p40phox transfected cell showed the characteristic of EMT. Increase of pro-

liferation, cell migration, up-regulation of MMPs, we described to examine the relationship

between the ROS increased and EMT. In RT-PCR and western blot analysis, the mRNA and

protein levels of epithelial genes like E-cadherin decreased; on the other hand, the mesen-

chymal gene snail, slug, fibronectin, Coronin 1C and vimentin were up regulated (Fig. 6A).

Interestingly, in HeLa cell only the short form (cleaved form) of E-cadherin is detected in

reverse manner of full size. This result suggests that Coronin 1C may be a up regulated by

ROS generation via p40phox expression. Antioxidants effectively inhibits upregulation of

snail, slug and vimentin of mesenchymal gene; on the other hand, the epithelial genes like E-

cadherin was up-regulation (Fig. 6B, C). These data show that p40phox mediate ROS in-

duced activation of EMT transcripton factors and antioxidants N-acetylcysteine (NAC) and

diphenyliodonium (DPI) both block ROS mediated cell EMT.

33



(A)

Mock p40phox Mock p40phox

Snail -_—

Vimentin i —

E-cadherin | " 72kDa

GAPDH Q é

p40phox

Slug

Snail

Vimentin

E-cadherin

Fibronectin

Coronin C

E-cadherin ]
HeLa  MCF 7 )

“ 120kDa (full length)

X I | 72kDa (cleaved form) |

GAPDH

(B)

Mock p40phox
Control DPI(5uM) NAC@GmM) Control DPI(5uM) NACGmM)

34



©

Mock p40phox

Control DPI (5SuM) NAC 3mM) Control DPI (5SuM) NAC 3mM)

Figure 6. ROS generation by p40phox induced EMT in HeLa-p40phox cells.

(A) The expression levels of EMT-associated factors analysis by RT-PCR and western-blot

in HeLa-p40phox cells. RNAs and proteins were perpared from p40phox stable cell.

GAPDH was used as a control for equal loading of mRNAs and proteins. (B, C) Effect of

antioxidants on ROS induced EMT in HeLa-p4ophox stable cell lines. Cells were preincu-

bated with NAC (3mM) and DPI (5uM). mRNA expression of each gene was anlalyzed us-

ing specific primers, as explained in Table 1.
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4.7. p40phox mediated YB-1 increase through ROS generation

Recently, reactive oxygen species (ROS) has been shown to activate latent TGF-B1 in rat

MCs (rMCS). As a key regulator of gene transcription, YB-1 mediates expression of genes

that are involved in ECM turnover matrix metalloproteinase-2 (MMP-2). Transcription regu-

latory complex including YB-1 controls expression of mouse matrix metalloproteinase-2

Gene in NIH3T3 Cells (34). Microarray gene analysis revealed that YB-1 increases TWIST1

expression on the transcriptional and translational levels and directly activates cap-

independent translation of Snaill mRNA. /n vivo, YB-1 expression was associated with po-

tentially metastatic breast cancer cells (35). These data suggest that YB-1 might positively

involve in NOX 2 mediated EMT.

Next, to confirm whether the function of YB-1 is involved in our p40phox induced ROS

overexpression model, we analyzed mRNA levels of YB-1 and Twist by RT-PCR (Fig. 7).

Twist, another transcription factor, has also been shown to possibly induce EMT, and is also

implicated in the regulation of metastasis. Shown as the figure 6A, YB-1 and Twist were

increased HeLa-p40phox cells compare mock transfected Hela cells and snail mRNA levels

were up-regulated (Fig. 7A). The protein expression level of YB-1 also up-regulated by

p40phox expression and with antioxidant (NAC) or NADPH oxidase inhibitor (DPI) signifi-

cantly reduced YB-1 protein expression (Fig. 7B).

Next, we demonstrate that YB-1 was clearly up regulated by TGF-§ treated in HeLa cells

(Fig. 7C). Our results shown above suggested that HeLa cells can undergo transition into a
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mesenchymal-like phenotype upon TGF-f treatment and NOX 2 mediated intracellular ROS

production control YB-1, snail, slug and twist expression.
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Figure 7. Over-expression of superoxide in HeLa cells increased YB-1 expression.

(A) RT-PCR assays were performed to measure mRNA level of YB-1, Twist and Snail in
HeLa-p40phox cells. (B) YB-1 expression was measured by western blotting with antioxi-
dant or NOX inhibitor. (C) Cells were treated with TGF-B1 for 24. And the RT-PCR and

western blot were GAPDH to control for loading.
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4.8. ROS generation induced EMT blocked by inhibitors

The above results show that the expression of genes implicated in EMT may be regulated

by ROS and up-regulated by TGF-B1 that trigger ROS-dependent EMT progression in HeLa

cells. TGF-B1 signaling pathway occupies a central position in the signaling networks that

control EMT including MEK/ERK, INK/p38MAP kinases, Rho GTPase and PI3K/Akt sig-

naling pathways (36). On the other hands, there is much evidence that mitogen-activated pro-

tein kinases (MAPK) such as p38 MAPK and extracellular response kinase (ERK) also regu-

late the activation of NADPH oxidase, because SB203580, an inhibitor of p38 MAPK, and

PD98059, an inhibitor of ERK, partially attenuate the superoxide (37).

Next, we wanted to elucidate which intracellular signals are implicated in the events in-

duced upon low serum condition (1% FBS). The effects of inhibiting EMT using metabolic

inhibitors MEK inhibitor (U0126), p38 MAPK inhibitor (SB203580), PI3K inhibitor

(LY94002), ERK inhibitor (PD98050) and JNK inhibitor (SP600125), we found that de-

creased snail and vimentin expression by JNK/p38 MAP kinases inhibitor or by PI3K/Akt

inhibitor (Fig. 8). Both activities JNK/p38 MAP kinases inhibitor and PI3K/Akt inhibitor

effectively inhibited ROS induced EMT. ROS induced EMT was effectively inhibited by

SB203580 and LY94002 but not by ERK/MEK inhibitor that inhibited the effect of p40phox

on snail and vimentin (Fig. 7).
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Figure 8. Inhibition of MEK/ERK, JNK/p38 MAP kinases and PI3K/AKT pathways

ROS induced EMT. Hela-p40phox cells were incubated in presence of MEK inhibitor

U0126 (5 pm), PI3K inhibitor (10 pm) LY 294002 (10 um), p38 MAPK inhibitor SB203580

(10 pm), ERK inhibitor PD98059 (10 um) and JNK inhibitor SP600125 (10 pm) for 2h. The

expression of GAPDH was used to control equal protein loading. This construct was ex-

pressed with p40phox or control plasmid in HeLa cells.



S. DISCUSSION

The low levels of ROS may modulate protein structure and function in a physiologically

relevant manner resulting in activation of signal transduction pathway leading to modulation

of gene expression. The recent discovery of the involvement of ROS production in a multi-

tude of normal biological processes defines a new role of ROS in normal cell homeostasis

rather than just toxic damage to cellular macromolecules (38, 39). The low amounts of ROS

produced by nonphagocytic NADPH oxidase may function as second messengers to influ-

ence redox-sensitive signal transduction pathways.

In present study, TGF-fl-induced EMT in HeLa cells was significantly increased

NADPH oxidase systems and induced non-SMAD signaling pathway. And we showed that

ROS induced by NOX 2 in non-phagocytic cell, HeLa cells can modulate EMT by regulating

Snail, Slug and YB-1. NOX 2 activated model systems conformed EMT like changes.

TGFP1 has been reported to induce EMT in the epithelial cell line and primary cells (40,

41). We showed that TGF-B1 treatment increased both EMT markers and ROS generation by

up-regulated of two isoforms (NOX 2 and NOX 5) and cytosolic components (p47phox,

p67phox and p40phox) of NADPH oxidase 2 (Fig. 1). It has been reported that transforming

growth factor-p1 induces NOX 4 NAD (P) H oxidase and reactive oxygen species-dependent

proliferation in human pulmonary artery smooth muscle cells (42) and in lung cancer cells,

the TGF may trigger EMT through ROS mediated, the non-smad pathway (37). Also, Hecker

et al., (43) reported NADPH oxidase-4 mediated myofibroblast activation and fibrogenic
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responses to lung injury. There are many evidences of physiological roles of ROS in non-

phagocytic cells and main source of ROS is believed to be a NADPH oxidase (42). However,

our results strongly suggested that ROS is involved in the EMT induced by TGF- 1 and the

NADPH oxidase-2 is the main system for generation of ROS (Fig. 1C). Since strong genera-

tion of ROS and complex orchestration of subunits for activation, it is believed that NOX2

system is for the phagocytic cells. And subunits of NADPH oxidase-2 were not detected in

many of non-phagocytic cells such as Hela cells. However, our results revealed that upon

treatment of TGF- B 1, subunits of NADPH oxidase-2 were induced. TGF B1 treatment in

Hela cells up-regulated NOX2 and NOXS5 (Fig. 1). In other cells such as MCF-7 (Breast

cancer cells) and Huh-7 (hepatocarcinoma cells), we also observed increase of NOX2 and 5

(S 4). NOX 1, 2, 3 and 4 systems commonly requires p22phox subunit for action but not in

NOX 5 system. The roles of NOX 5 in TGF induced EMT is under investigation.

There are several components of NADPH oxidase: of these the cytochrome-b558 hetero-

dimer is located in the membrane and consists of the gp91phox and p22phox units (44) and

cytosolic regulatory components p47phox, p67phox, p40phox, and the Rac GTPase.

p40phox is the last NADPH oxidase subunit to be discovered, and although there is evidence

of both positive and negative effects on oxidase function, its exact role remains poorly de-

fined. In HeLa cells the mRNAs of subunits for NADPH oxidase 2 were detected in the ab-

sence of TGF B1 except p40phox mRNA. In order to study the NOX 2 mediated EMT, NOX

2 over-expressed cell line was made by introducing p40phox gene into HeLa cells. NADPH

oxidase 2 activated by p40phox overexpression in HeLa cells was associated with increased
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production of ROS, decreased epithelial marker and increased of mesechymal markers (Fig.

6). In transient transfection of p40phox, the amount of gene was critical. In our experimental

condition, transfecting above Sng DNA showed slow cell growth and apoptosis. However,

less then 3ng DNA promoted cell growth. In stable cell selection, the cells with proper con-

dition in which favorable level of ROS for cell proliferation may be selected.

In our stable cell model, faster cell proliferation rate seems to be contributed by decreased

expressions of p21 and p27. The cell cycle observation also conformed the short G1 phase in

those cells. This is first finding that enzymatic overexpression of ROS promotes cell prolif-

eration via p21 and p27 suppression in non-phagocytic cells (Fig. 4).

ROS production by NADPH oxidase 2 systems induced up-regulation of MMP-2 (gelati-

nase), MMP-7 and MMP-13 (collagenase) (Fig. 5B). Increased expression of MMPs and fast

cell migration are general phenomena in EMT. Other previous study showed that Snail-

dependent EMT accompanied with increased MMP-2 (45), MMP-7 could also cleave E-

cadherin allowing tracheal epithelial cells (46) and MMP-13 was frequently upregulated to

drive the invasion of the phenotypically altered cells (47, 48). Radisky et al., (49) reported

that MMP-3 treatment to mouse mammary epitherial cells induced EMT. MMP-3 treatment

induced highly active Raclb and ROS production and stimulated production of ROS caused

genetic instability. However, our results showed that there was no significant change of

MMP 3 expression in NOX 2 activated systems. Even though they did not explain how the

MMP-3 induces ROS, we suspect that Raclb induction may activate NOX 2 system to gen-

erate ROS because Racl is one of component for NOX 2 activation.
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Recently, ROS signaling pathway has been reported to be intimately involved with EMT

in both physiological conditions and pathological processes (50, 51) ; however the functions

of ROS in the processes of EMT remain unclear. In this study, we have demonstrated that

expression of mesenchymal markers (including fibronectin, slug, snail, vimentin and coronin

C) were up-regulated by noble NADPH oxidase 2 activated systems. Using our system, we

discovered that expression of Coronin C and YB-1 was affected by ROS. Moreno-Bueno G

et al.,(52) suggests that Coronin C may be a strong candidate as both a biomarker for inva-

sive cancer and functionally important for disease progression. We found that the expression

of p40phox in epithelial cells induced an YB-1 up-regulation by ROS (Fig. 7). Recent study

identified YB-1 as a new player in the regulation of EMT through a novel mechanism in

MCEF 7 adenocarcinoma cells (33). Interestingly, YB-1 was inhibited by shSLUG in HeLa-

p40phox cells (Fig. supplemental data 1) and it suggested that YB-1 is downstream target in

ROS induced EMT system. These results support a hypothesis that ROS mediated expression

of slug and downstream YB-1, however, inducible YB-1 only is not sufficient to induce

EMT; other factors need with ROS to orchestrate this process.

We also tested whether specific inhibitors can block the effect of EMT on the signaling

pathway (Fig. 8). It is well established that ROS signals through MAP Kinase cascade. Inhi-

bition of PI3K, p38MAPK and JNK, effectively blocked ROS induced EMT (Fig. 8). But,

our results suggested that ROS-PI3K-p38MAPK pathway is the molecular signaling mecha-

nism in ROS induced EMT in HeLa cells. Since Smad-independent pathway is the JNK and
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p38MAPK signaling cascades, TGF-f1-NOX2-ROS-EMT might be more important in Non-
Smad pathway.

This study shows for the first time that NADPH oxidase 2 can regulate ROS-mediated
EMT regulated in part by PI3K-p38 Map kinase activation in nonphagocytic cell. Therefore,
NOX 2 may be an attractive molecule for therapeutic targeting to prevent tumor progression

in human EMT
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Supplementary data 1. YB-1 expressed blocked by ShRSLUG

To determine the molecules downstream of slug, we shSLUG plasmid were transiently tans-

fected in HeLa-p40phox cell. These results show that the knockdown of Slug in HelLa-

p40phox cells resulted responsible for repression of YB-1 and mesenchymal protein vi-

mentin and activation of other mesenchymal protein snail. The another study reported that

overexpression of YB-1 in H-Ras-transformed MCF-10A cells induces EMT accompanied

by enhanced metastatic potential (35). We suggest that the YB-1 gene is a novel upstream

regulator of snail, and downstream regulator of slug.
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S1. Down-regulation of YB-1 by shSLUG.

The empty/shSLUG transiently transfected (1 pg, 24 h) in HeLa-p40phox stable cells. YB-1
expresion of with shSLUG or without shSLUG in HeLa-p40phox cell were examined by
western blot. Western blot were GAPDH to control for loading. This construct was expressed
with 40phox or control plasmid pEGFP-N1 in HeLa cells.
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S2. 1Invitro transfection efficiencies

We determined that the effects of p40phox overexpression in HeLa cells. Difference

p40phox DNA concentration efficiencies in vitro varied depending on the protocol and

p40phox plasmid transfection by methods with lipofectamin. We hypothesized that exposure

to ROS might lead to cell death through the induction of apoptosis in HeLa cells. Because,

previous studied of the low levels is reactive oxygen species (ROS) can function as redox-

active signaling messengers, whereas high levels of ROS induce cellular damage (53). The

GFP positive cell number were significantly decreased in p40phox plasmid (>3 ng) trans-

fectants when compared to the GFP vector transfectants. In these results suggest that HeLa-

p40phox cells death pathways are activated by high level ROS. Indeed, p40phox induces cell

death through the generation of oxidant stress in HeLa cells.
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S2. ROS generation at different DNA concentrations in HeLa-p40phox cells.

HeLa cells were transiently transfected with different DNA concentrations between 1 ~ 50
pg of DNA for 24 hr. Generation of ROS was assessed by DCF-DA fluorescent. And ex-
pressed of GFP was visualized by fluorescence microscopy. Flow cytometric analysis of
EGFP expression in transfectants. Typical results were shown from independent experiments

performed at least three times.
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S3. NADPH oxidase activation mediated ROS generation by arachidonic acid (AA)

Arachidonic acid (AA, known activators of NADPH oxidase) has been used frequently
as an activator of NOX 2 in cell-free assay systems (54). Recent studies have shown that the
orchestration of low concentrations of AA produced by PLA2 together with protein kinase C
(PKC)-dependent phosphorylation promotes translocation of p40phox and enhances ROS
production by Nox2 (55). Therefore we expected that AA of the regulators of NADPH oxi-
dase activity may be high level ROS production. Results of AA stimulated showed a concen-
tration-dependent ROS generation via NADPH oxidase activation and AA-stimulated ROS
was blocked by NAC (antioxidant). We suggest that these results of was significantly higher
level ROS generation by AA-stimulated and ROS production was not enhanced by AA non-

stimulated.

600

High

500

400 A

= 300 4

MFI (%)

Low 100
0 ‘

control AA  AALNAC control AA AA+NAC

Vector p40phox

S3. Activation of NADPH oxidase stimulates AA.

Arachidonic acid stimulated ROS generation was examined using DCFDA fluorescence.

AA (1 pM)-stimulated superoxide anion production in HeLa-p40phox cells. And this AA
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induced ROS generation was blocked by inhibitors of ROS (NAC, 5 mM). Error bars indi-

cate SD, n = 3.

S4. TGF-B1-induced expression of NOX 2

Fibroblast MCF 7(VTCL) Huh 7 HelLa

TGF-p1 - +

: + - - - +

S 4. TGF-B1-induced expression of Nox-2 in different nonphagocytic cells.
Cells were treated with TGF-B1 for 24. And the western blot was GAPDH to control for

loading.
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PART 11

Genetic Analysis of 10 Unrelated Korean Families with p22-
phoxdeficient Chronic Granulomatous Disease: An Unusu-
ally Identical Mutation of the CYBA Gene on Jeju Island,

Korea

Footnote : This chapter was accepted in J. Korean Med Sci. and published in internet version in

January 2009.
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1. ABSTRACT

Chronic granulomatous disease (CGD) is a rare hereditary disorder characterized by re-
current life-threatening bacterial and fungal infections. The underlying defect in CGD is an
inability of phagocytes to produce reactive oxygen species as a result of defects in NADPH
oxidase. Considering that CGD generally affects about 3-4 in 1,000,000 individuals, it is
surprising that the prevalence of CGD on Jeju Island is 20.7 in 1,000,000 individuals. We
performed genetic analysis on 12 patients from 10 unrelated families and found that all pa-
tients had an identical homozygous single-base substitution of C to T in exon 1 (c.7C>T) of
the CYBA gene, which was expected to result in a nonsense mutation (p.Q3X). Because Jeju
Island has long been a geologically isolated region, the high prevalence of CGD on Jeju Is-
land is presumably associated with an identical mutation inherited from a common ancestor

or proband.

Key words : p22phox, CGD, Jeju Island
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2. INTRODUCTION

Chronic granulomatous disease (CGD) is a rare hereditary disorder characterized by re-

current life-threatening bacterial and fungal infections (1). The underlying defect in CGD is

an inability of phagocytes to produce reactive oxygen species (ROS) as a result of defects in

NADPH oxidase (2). NADPH oxidase is composed of several structural and regulatory pro-

teins. Two of these, gp91-phox and p22-phox, are integral membrane proteins that form

flavocytochromeb558, the electron- transport center of the oxidase. The cytosolic proteins,

p40-phox, p47-phox, and p67-phox, exist as a tight complex in the cytosol of resting phag-

ocytes (3, 4). After ingestion of microbes into phagosomes, the cytosolic proteins translo-

cate to the membrane to complex with the flavocytochrome to form activated NADPH oxi-

dase, which generates ROS (5). CGD is a genetically heterogeneous disease caused by de-

fects in the genes encoding any of the NADPH oxidase components. Approximately 60% of

CGD patients showed an X-linked inheritance, which is caused by mutations in the CYBB

gene encoding gp91-phox. Autosomal recessive forms of CGD are caused by mutations in

one of three genes: the CYBA (p22-phox) gene, the NCFI (p47-phox) gene, and the NCF2

(p67-phox) gene. Mutations in these three genes collectively account for about 30-40% of

CGD patients (6). Mutations in the p67-phox and p22-phox genes are less common, and to

date no patients have been reported with defects in p40-phox (6). Although the prevalence

of CGD may actually be higher than reported because of the under-diagnosis of milder phe-
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notypes, the estimated prevalence of CGD is between 1 in 200,000 and 1 in 250,000 indi-
viduals, with variable occurrence in different countries (6-11). According to a collation by
the Korean College of Pediatric Clinical Immunology, the prevalence of CGD from 2001 to
2005 in Korea was 0.9 in 1,000,000 individuals. Most regions of Korea had similar preva-
lence of CGD (from 0.4 to 1.7). The prevalence of CGD on Jeju Island was a surprising
20.7, showing 10-50 times higher than that in other regions of Korea (paper in preparation).

The aim of this study was to examine the genotype of CGD patients on Jeju Island.
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3. MATERIALS AND METHODS

3.1. Patients

Between January 1993 and December 2007, the available data for CGD patients on Jeju

Island were obtained from the medical records of Jeju National University Hospital. The di-

agnosis of CGD was based on a history of recurrent infections and previously affected fami-

ly members. The diagnosis was confirmed by an impaired phorbol myristate acetate (PMA)-

stimulated nitroblue tetrazolium (NBT) test and/or dihydrorhodamine-1,2,3 (DHR) flow cy-

tometry assay. Twelve patients with CGD (3 males and 9 females) from 10 unrelated fami-

lies were enrolled for Western blot and mutation analysis. All available family members

were analyzed for confirming the heterozygous status. This study was approved by the Insti-

tutional Review Board of Jeju National University Hospital (2006-14), and informed consent

for genetic analysis was obtained from all patients and/or their parents.

3.2. DHR flow cytometry

DHR flow cytometry was used to evaluate the generation of ROS by phagocytic cells as

previously described (12). Red blood cells were lysed by mixing 400 uL. of whole blood with

4 mL of lysis buffer (174 mM ammonium chloride, 20 Mm sodium bicarbonate, and 1 mM

EDTA). White blood cells (WBCs) suspended in Hank’s buffered salt solution containing

0.1% bovine serum albumin were loaded with 1 mM EDTA, followed by 1 unit/uL catalase

(Roche Diagnostic Cooperation, Indianapolis, IN, U.S.A.) and 100 mM DHR (Molecular
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Probes, Eugene, OR, U.S.A.). PMA (Sigma-Aldrich, St. Louis, MO, U.S.A.) was added to
the cells at a final concentration of 20 ng/mL, and the cells were incubated for 15 min. After
incubation, the cells that had formed rhodamine by oxidizing DHR were counted with an

EPICS® XL flow cytometer (Coulter, Miami, FL, U.S.A.).

3.3. Western blot analysis of the NADPH oxidase components

WBCs were solubilized in a lysis buffer containing 100 Mm KCI, 10 mM NaCl, 10 mM
HEPES, 1 mM EDTA (pH 7.4), 0.1 mM DTT, 1 mM PMSF, 10 pg/mL chymostatin, 1
pg/mL protease inhibitor cocktail (Sigma-Aldrich), 1% Triton X-100, 1% deoxycholic acid,
1% NP-40, and 0.05% SDS. The protein content of the cell lysate was resolved by 5-20%
SDS-PAGE and electroblotted onto nitrocellulose membranes. Following a blocking step,
the membranes were incubated for 2 hr with the following primary antibodies diluted
1:1,000: polyclonal anti-p22-phox (FL-195), anti-p47-phox (H-195), anti-p67-phox (H-300),
and anti-p40-phox (D-8) (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.); and anti-
gp91-phox (Upstate, Lake Placid, NY, U.S.A.). After multiple washing steps, the membranes
were incubated with HRP-conjugated anti-rabbit or anti-mouse IgG (1:10,000 dilution; Vec-
tor, Burlingame, CA, U.S.A.). Immunoblot signals were visualized with an Enhanced Chem-

iluminescence Detection System (Pierce Biotechnology, Rockford, IL, U.S.A.).

3.4. Isolation of total RNA and RT-RCR

Total RNA was extracted from WBCs using an RNeasy® mini kit (QIAGEN, Valencia,
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CA, U.S.A.), following the manufacturer’s instructions. First-strand cDNA was synthesized
from 2 pg of RNA with 25 ng/mL Oligo dT (Promega, Madison, WI, U.S.A.), 0.5 mM dNTP
mix, 0.2 unit/pL Omniscript (QIAGEN), and 0.5 unit/uL. RNase inhibitor. The reaction was
incubated at 37 C for 60 min. The synthesized cDNA was amplified using primers (Forward,
5-ATG GGG CAG ATC GAG TGG GC-3'and Reverse, 5-TCA CAC GAC CTC GTC
GGT CA-3"; CYBA accession number, NM_000101) in a 50-uL. PCR reaction containing 0.2
mM dNTP mix, 0.4 uM primer, and 1.25 units of Tag polymerase (Promega). The PCR con-
ditions were 35 cycles of denaturation at 94°C for 15 sec, annealing at 62°C for 30 sec, and
extension at 72°C for 1 min. The RT-PCR products were separated in a 2% agarose gel and

stained with ethidium bromide for visualization.

3.5. Isolation and amplification of genomic DNA of CYBA

Genomic DNA was extracted from peripheral blood using a Wizard® genomic DNA puri-
fication kit (Promega) according to the manufacture’s protocol. The six exons of CYBA and
the exon-intron junctions were amplified by PCR as previously described (13). Primers used
for 5'and 3'untranslated region are as follow; 5'untranslated region: forward 5'-AAA CCA
CCA AGT GCC TCG GAT G-3'and reverse 5'-TGA GCC AAT GTG GGG TTT GAG G-3/,
3'untranslated region: forward 5'-CAG GCC GAC CCA GGT CCT GGC -3'and reverse 5'-
CGG CCC CAG GCA GAG GCT CA-3'. PCR was performed in a 50-pL reaction mixture
containing 10 pM of each primer, 0.2 mM dNTPs, 100 mM Tris-HCI, pH 8.3, 1.5 mM

MgCI2, and 2.0 units of Taq polymerase (Promega). The amplification conditions were 35
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cycles of 95°C for 1 min, 59°C for 1 min, and 72°C for 1 min; followed by a final extension
time of 5 min at 72°C. The PCR products were separated in a 1.5% agarose gel and stained

with ethidium bromide for visualization.

3.6. Sequence analysis

PCR-amplified products were purified using a QIAquick PCR purification kit (QIAGEN,
Hilden, Germany) and analyzed by direct sequencing in both directions using an ABIPrism
BigDye Terminator Cycle Sequencing Ready Reaction kit and an ABI Prism 3130 XL Ge-
netic Analyzer (Applied Identical Mutation of the CYBA Gene in Korean Families 1047 Bi-
osystems, Foster City, CA, U.S.A.). Primers for the sequencing reactions were the same as
those used for PCR. The sequences obtained from CGD patients and healthy controls were
compared with GenBank data (GenBank accession number, NM_000101) and submitted for

BLAST analysis.
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4. RESULTS

Between 1993 and 2007, 17 patients from 11 unrelated families on Jeju Island were

identified as having CGD. There were 7 males and 10 females, and 5 families (45%) had

multiple affected siblings. The diagnosis of CGD was made at a mean age of 2.1 yr (median,

0.5 yr; range 0.1-5.4 yr). Four patients (24%) died during the period, at a mean age of 4.7 yr

(range, 0.9 to 14.3 yr). Judging from this study, the prevalence of CGD on Jeju Island is 23.1

in 1,000,000 individuals Among the CGD patients, 12 patients from 10 families were ana-

lyzed by DHR flow cytometric assay and Western blot analysis (Table 2). The ages of the

patients at the time of genetic analysis ranged from 3.3 to 28.2 yr. With the DHR flow cy-

tometric assay, all of the patients showed an absence of ROS production, but all other family

members with normal phenotype did not show any impairment compared with healthy con-

trols (Fig. 9). Western blot analysis demonstrated the absence of p22-phox expression in all

patients, while the expression of gp91-phox, p47-phox, p67phox, and p40- phox was normal

in all patients (Fig. 10). Thus, all the patients exhibited the A22° biochemical phenotype of

the disease.

The mRNA of CYBA gene was reverse transcribed as described above. The cDNA for

p22-phox in all patients and family members did not differ in size from that in healthy con-

trols (Fig. 11). Sequence analysis of genomic DNA for CYBA gene revealed that all patients
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had an identical, homozygous, single-base substitution of C to T in exon 1 (c¢.7C>T), which

was expected to result in a nonsense mutation (p.Q3X). The genomic DNA sequencing re-

sults for both parents of all the patients showed a double signal at the same position, which

indicated they were heterozygous for the mutation in the CYBA gene (Fig. 12). This mutation

has been previously reported at the same position in Japanese patients (14, 15). In addition to

the mutation described above, six different single nucleotide substitutions (SNP) within the

CYBA gene were detected in all patients in the same manner during the

course of genetic analysis (Table 3).

Table 2. Characteristics of CGD patients in Jeju, Korea.

Family Patient Age A Lia at' Gender HEHBES o
(yr) diagnosis test (%) gpo1 p22 p47 p67 p40
| 1 28+ 5% F 0 Normal Null Normal Normal Normal
Il 2 14 5% M 0 ND ND ND ND ND
3 20 3t F 0 Normal Null Normal Normal Normal
1] 4 19 7 F 0 Normal Null Normal Normal Normal
5 14+ 28 F 0 Normal Null Normal Normal Normal
v 6 [ b ND F ND ND ND ND ND ND
74 8l (0 M 0' ND ND ND ND ND
8 12+ 0 e F 0 Normal Null Normal Normal Normal
Vv 9 j2s 0 F 0 Normal Null Normal Normal Normal
10 21 [0 M 0' ND ND ND ND ND
VI 11 10 9 M 0 Normal Null Normal Normal Normal
VI 12 9 0" F 0 Normal Null Normal Normal Normal
13 4+ [0 M 0 Normal Null Normal Normal Normal
Vil 14 9+ 4" M 0 Normal Null Normal Normal Normal
IX 15 8+ 4% F 0 Normal Null Normal Normal Normal
X 16 3% 0 F 0 Normal Null Normal Normal Normal

*age at death; confirmed by NBT test.

CGD, Chronic granulomatous disease;NBT, Nitroblue tetrazolium; DHR, Dihydrohodamine-

1,2,3;Phox, Phagocyte oxidase;ND, Not determines.
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Figure. 9. Dihydrorhodamine-1,2,3 (DHR) flow cytometric analysis of granulocyte oxi-
dative activity in family III. There was no difference in phagocyte oxidative activity be-
tween the parents of patient 4 and healthy controls after no stimulation (black) or stimulation
with PMA (red). A lack of phagocyte oxidative activity after stimulation with PMA was ob-

served in patient 4.
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p22-phox

p40-phox

Figure. 10. Western blot analysis of NADPH oxidase components in family III. Western
blot analysis demonstrated the absence of p22-phox expression in patients 4 and 5, but the
expression of gp91phox, p47phox, p67phox, and p40-phox were normal. There was no ab-
normal expression of any NADPH oxidase components in other family members. F, Father
of patients 4 and 5; M, Mother of patients 4 and 5; P4, Patient 4; S, Elder sister of patient 5;

PS5, Patient 5; B, Younger brother of patient 5.
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CYBA

GAPDH

Figure 11. RT-PCR of CYBA c¢DNA from family III. The mRNA of p22-phox was reverse

transcribed as described above. There was no difference in size between the p22-phox

cDNAs in family III and those in healthy controls. F, Father of patients 4 and 5; M, Mother

of patients 4 and 5; P4, Patient 4; S, Elder sister of patient 5; P5, Patient 5; B, Younger

brother of patient 5.

Table 3. Single nucleotide substitution within the CYBA gene in CGD patients.

Nucleotide changes Amino acid changes  References
-930 A>G (5" UT region) NA 16

36 G>A 13 Q > Q (silent) NR
214C>T 72H>Y 16

521 C>T 174A>V 16
612 A>G (+24 of 3" UT region) NA 16, 21
646 C>T (+49 of 3" UT region) NA NR

CGD, Chronic granulomatous disease; UT region, Untranslated region; NA, Not applicable; NR, Not

registered.
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Figure 12. Sequence analysis of the CYBA gene from family III. (A) Pedigree of family

1. (B) Sequence analysis of the CYBA gene from family III. Patients 4 and 5 had an identi-

cal, homozygous, singlebase substitution of C- to T in exon 1 (c.7C>T), which was expected

to result in a nonsense mutation (p.Q3X). The sequencing results for other family members

showed a double signal at the same position, indicating that they were heterozygous for the

mutation. *site of mutation. F, Father of patients 4 and 5; M, Mother of patients 4 and 5; P4,

Patient 4; S, Elder sister of patient 5; P5, Patient 5; B, Younger brother of patient 5.
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S. DISCUSSION

Jeju is a large island off southwest of Korean peninsula. The total population of Jeju Is-

land is 563,388 (Statistics of Jeju Special Self-Governing Province, 2007). Mt. Halla rises in

the center of Jeju Island, dividing it into two geographically separated regions, Jeju City and

Seogwipo City. In this study, 17 patients from 11 unrelated families on Jeju Island were

identified as having CGD; 14 patients were from Seogwipo City and three from Jeju City.

The overall prevalence of CGD on Jeju Island is 23.1 in 1,000,000 individuals. Although we

tried to identify as many patients as possible, this may be an underestimation of the actual

prevalence of CGD on Jeju Island. We hypothesized that the high prevalence of CGD on

Jeju Island is associated with an identical mutation inherited from a common ancestor or

proband. According to the studies carried out to date, the most common form of CGD is the

Xlinked form. The approximately 30-40% of CGD are inherited in an autosomal recessive

traits. One of the rarest forms of CGD is caused by mutations in CYBA gene, accounting for

only 5% of CGD patients (6). Up to the date, 27 mutations in CYBA gene are listed in the

Human Gene Mutation Database (HGMD; http://www.hgmd.cf.ac.uk/ac/all.php) and all 27

mutations reported for CYBA gene showed the allelic heterogeneity with no preponderance

of common affected alleles or hot spots (16). However, all CGD patients on Jeju Island had

an identical, homozygous mutation in the CYBA gene and six different SNPs within the

CYBA gene in the same manner. Moreover, one of the reported Japanese patients with p22-
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phox-deficient CGD, sharing the same mutation with CGD patients on Jeju Island, has con-

sanguineous parents (14). In regions with a higher incidence of consanguinity in the popula-

tion, there is an increase in the prevalence of autosomal recessive genetic disorders, includ-

ing CGD, as a direct result of a higher rate of inbreeding (10, 11). Altogether, these results

strongly suggest that there might have been unique marriage patterns similar to endogamy or

consanguineous marriage on Jeju Island. In contrast to previous reports (13-16), a normal

level of gp91-phox protein expression was detected in all CGD patients on Jeju Island. By

using transgenic expression of gp9l-phox and p22-phox in monkey kidney COS7 cells,

which lack endogenous p22-phox and gp91-phox expression, gp91-phox was expressed on

the cell surface in the absence of p22-phox expression. However, co-expression of gp91-

phox and p22-phox were required to support the generation of oxygen radicals in a cell-free

NADPH oxidase assay (17). This implies that the association of p22-phox with gp91-phox

may be essential for regulation of electron transfer in the redox cycle, but p22-phox may not

be necessary for the expression of gp91-phox protein. Further studies are required to under-

stand the expression of gp91-phox in p22-phox-deficient CGD. Based on different clinical

parameters, X-linked CGD has a different, more severe, clinical phenotype than the autoso-

mal recessive CGD (6). The prognosis of X-linked CGD and p22-phox-deficient CGD was

not better than that of p47-phox-deficient CGD (10), and p22-phox-deficient CGD with the

young age at diagnosis appears to be as severe as X-linked CGD (16). Although genetic

study has not been performed, X-linked CGD had a significantly earlier age of symptom on-

set and age at diagnosis than autosomal recessive CGD in Korea (18). To our knowledge,

66



there were only 2 reports about the genetic analysis of X-linked CGD in Korea (19, 20). It is

hard to evaluate the clinical course of CGD patients on Jeju Island in comparison with the

different genotype. However, the clinical course of CGD patients on Jeju Island seems to be

considered mild in that 30% of the living patients are 20 yr of age or older. There is an in-

crease in the prevalence of autosomal recessive genetic disorders in regions with a higher

incidence of consanguinity in the population, as a result of a higher rate of inbreeding. All

the CGD patients tested on Jeju Island had an identical and homozygous mutation in the

CYBA gene. This result is specific to our cohort, as the most common form of CGD in other

reports is the X-linked form of CGD. Even though this study is not a nationwide survey of

CGD in Korea, the finding of an identical mutation in a single region with a highly prevalent

rate is quite unique. This is not consistent with the generally accepted principle of recessive-

ly inherited rare diseases. In Korea, there is a law prohibiting marriage between people with

the same surname and the same family origin. However, since Jeju Island has been a geolog-

ically isolated region for a long time, there might have been unique marriage patterns similar

to endogamy or consanguineous marriage. This may explain the unusual identical mutation

of the CYBA gene and the high prevalence of autosomal recessive forms of CGD on Jeju Is-

land. We are preparing to investigate the genotyping further by using microsatellite markers.

This approach may help to elucidate the genetic characteristics of the population by reveal-

ing a particular familial structure on Jeju Island. In this study, six SNPs within the CYBA4

gene were detected in the course of genetic analysis. Although we did not check for these

SNP sites in a larger scale population, two SNPs in the CYBA gene have not yet been regis-
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tered as a polymorphism in the database of SNPs (http://www.ncbi.nih.gov/ SNP/): one lo-

cated at nucleotide position G-36>A, which changes 13 Q codon GGG into the alternative Q
codon GGA; and the other at nucleotide position 646 C>T in the 3'untranslated region of the
CYBA gene. In conclusion, we demonstrate all patients of CGD in Jeju Island have an identi-

cal, homozygous mutation in the CYB gene.
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PART III

Survey on the present condition of heterozygote carriers

with p22-phox-deficient CGD on Jeju Island, Korea
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1. ABSTRACT

Chronic granulomatous disease (CGD) is a genetically heterogeneous disease caused by

defects in the genes encoding any of the NADPH oxidase components. The estimated preva-

lence of CGD is between 1 in 200,000 and 1 in 250,000 individuals, with variable occur-

rence in different countries. According to a collation by the Korean College of Pediatric

Clinical Immunology, the prevalence of CGD in Korea was 0.9 in 1,000,000 individuals.

However, it is surprising the prevalence of CGD on Jeju Island is 20.7 in 1,000,000 individ-

uals. We found that 12 patients from 10 unrelated families on Jeju Island had an identical

homozygous single-base substitution of C to T in exon 1 (c.7C>T) of the CYBA gene. We

hypothesized that the high prevalence of CGD on Jeju Island is associated with an identical

mutation inherited from a common ancestor or proband. The aim of this study was to inves-

tigate the present condition of heterozygote carriers with p22-phox-deficient CGD on Jeju

Island. Seven hundred four subjects were enrolled from residents on Jeju Island. To detect-

ing a heterozygote carrier with specific genotype on Jeju Island, nested PCR was employed

with using specific primers, using whole blood samples as a source of genomic DNA. The

number of detected carrier was nine and the expectable number of carrier is 1.3 in 100 indi-

viduals. The heterozygote frequencies for p22phox in higher of the p22phox heterozygote

carrier were observed among differently regions. The heterozygote carriers were found in

whole regions on Jeju Island and there was unrelated between the detected carriers. Alto-
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gether, these results strongly suggest that there might have been unique marriage patterns

similar to endogamy or consanguineous marriage on Jeju Island.

Keywords; Chronic granulomatous disease, p22phox, Carrier, Survey
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2. INTRODUCTION

Chronic granulomatous disease (CGD) is a genetically heterogeneous disease caused by

defects in the genes encoding any of the NADPH oxidase components (1-3). The estimated

prevalence of CGD is between 1 in 200,000 and 1 in 250,000 individuals, with variable oc-

currence in different countries (1, 4-7). According to a collation by the Korean College of

Pediatric Clinical Immunology, the prevalence of CGD in Korea was 0.9 in 1,000,000 indi-

viduals. Most regions of Korea had similar prevalence of CGD (from 0.4 to 1.7), but the

prevalence of CGD on Jeju Island was a surprising 20.7, showing 10-50 times higher than

that in other regions of Korea .

Jeju is a large isolated island located to the southeast of Korea. Mt. Halla rises in the cen-

ter of Jeju Island, dividing it into two geographically separated regions, Jeju City and Seog-

wipo City. We demonstrated that the overall prevalence of CGD on Jeju Island is 23.1 in

1,000,000 individuals, with a prevalence of 7.4 in 1,000,000 individuals in Jeju City, and a

surprising 64.6 in 1,000,000 individuals in Seogwipo City (8). Moreover, all CGD patients on

Jeju Island had an identical mutation in the CYBA gene.

The polymerase chain reaction (PCR) is ideally suited to providing numerous DNA tem-

plates for mutation screening, because of its rapid and versatile method for amplifying de-

fined target DNA become an individually technique for the detection (4, 9-11). We hypothe-

sized that the high prevalence of CGD in Seogwipo City is associated with an identical muta-
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tion inherited from a common ancestor or proband. The application describes a novel method
for detection of a heterozygote carrier, e.g., the 7 C/T nonsense mutation, in the p22phox
gene using nested PCR. Thus, we expected that based on the results carrier detected in
p22phox heterozygote analysis, the present invention provides specific, efficient, reproduci-

ble, and accurate detection of such heterozygote carrier in genomic DNA.
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3. MATERIALS AND METHODS

3.1. Study population

Seven hundred four unrelated subjects (0.5% of the population of Seogwipo City) were en-
rolled from Seogwipo City (Table 1). Age and district distribution of subjects were similar to
the population of Seogwipo City. Blood samples were taken from between January 2008 and
December 2008. This study was approved by the Institutional Review Board of Jeju National
University Hospital, and informed consent was obtained from all enrolled subjects and/or

their parents.

3.2. Nested PCR amplification of a specific region on p22phox exon 1

Isolation and amplification of genomic DNA of p22phox Genomic DNA was extracted
from peripheral blood using QIAamp Blood kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. To detect a specific region on p22phox exon 1, we used a nested
PCR amplification method. The first PCR for a specific region on p22phox exon 1 was car-
ried out with the primers (Forward, 5’- TAT GCC TCG GCG TGG CTA GAG A -3’ and
Reverse, 5’- TCA GAA CTC CTC CTT CCA GCC -3’) in a a 50-pL reaction mixture con-
taining 10 pM of each primer, 0.2 mM dNTPs, 100 mM Tris-HCI, pH 8.3, 1.5 mM MgCl2,
and 0.25 units of Taq polymerase (EF Taq, Solgent, Korea). The amplification conditions

were 25 cycles of 95°C for 1 minute, 64 C for 30 seconds, and 72°C for 1 minute; followed
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by a final extension time of 5 minute at 72°C. The second PCR was performed with primers

(Forward, 5’- GGT TCG TGT CGC CAT GCT GT - 3’ and Reverse, 5’- GGT TCG TGT

CGC CAT GGT GT - 3°). The second PCR condition was initial denaturation for 5 minute at

957, 30 cycles of amplification with denaturation at 94°C for 50 seconds, primer annealing

at 68 C for 59 seconds, extension of primer at 72°C for 2 minute.

3.3. Sequence analysis for precision test of heterozygote-specific primers

In order to test the specificity of mutation-specific primers, one hundred PCR prod-
ucts randomly selected from subjects presumptively without carrying the mutation in the
CYBA gene. PCR products were purified using a QIAquick PCR purification kit (QAIGEN,
Hilden, Germany) and analyzed by direct sequencing in both directions using an ABI-Prism
BigDye Terminator Cycle Sequencing Ready Reaction kit and an ABI Prism 3130 XL Genet-
ic Analyzer (Applied Biosystems, Applied Biosystems/Life Technologies Corporation, USA).
Primers for the sequencing reactions were the same as those used for PCR, but at 2 pM con-
centration. The sequencing reaction was performed under conditions of 25 cycles of denatur-

ation at 96°C for 10 seconds, annealing at 50 C for 5 seconds and extension at 60 C for

240 seconds. The sequences were compared with GenBank data (GenBank accession number,

NM_000101) and submitted for BLAST analysis.
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3.4. Data analysis
Data are expressed as the mean £ SD. Statistical analyses were performed using SPSS
ver.13.0 (SPSS Inc., Chicago, IL, USA). All statistical comparisons were made with t-test

and y* test. A P value of less than 0.05 (P<0.05) was considered to be statistically significant.
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4. RUSULTS

In a previous study we found that 12 patients from 10 unrelated families on Jeju Island
had an identical homozygous single-base substitution of C to T in exon 1 (c.7C>T) of the
CYBA gene (8). We hypothesized that the high prevalence of CGD on Jeju Island is associ-
ated with an identical mutation inherited from a common ancestor or proband. We used the
nested PCR assay to detected heterozygote carrier for 704 populations (Table 4). However,
heterozygote specific primers were designed to the desire region of p22phox gene. The sen-
sitivity of the nested PCR assay was detection using gDNA templates prepared from subjects.
In this study, total 704 subjects comprised of the between age range >20 and 65< years (347

males and 357 females) by detection of the specific genotype on Jeju Island (Table 4).
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Table 4. Characteristics of study population

No. of subjects (%)

P value
Total male female
704(100.0) 347(49.3) 357(50.7)
Age(meantS.D, years)  50.20+24.39  50.20+24.99  50.19+23.84 0.996"
<20 138(19.6) 70(20.2) 68(19.0) 0.772"
21-30 35(5.0) 17(4.9) 18(5.0)
31-40 46(6.5) 22(6.3) 24(6.7)
41-50 73(10.4) 34(9.8) 39(10.9)
51-60 90(12.8) 41(11.8) 49(13.7)
61-70 155(22.0) 74(21.3) 81(22.7)
> 71 167(23.7) 89(25.6) 78(21.8)
area
Namwon 186(26.4) 86(24.8) 100(28.0) 0.441"
Daejeong 67(9.5) 37(10.7) 30(8.4)
Seogwiposi 249(35.4) 121(34.9) 128(35.9)
Seongsan 106(15.1) 50(14.4) 56(15.7)
Andeok 39(5.5) 24(6.9) 15(4.2)
Pyoseon 57(8.1) 29(8.4) 28(7.8)

* using t-test.; **; using x° test
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When specific primers for nested PCR amplifications were used, the nested PCR assay

amplified a specific 264 bp product with DNA template prepared from blood of subjects.

Figure 13A, illustrates nested PCR reactions for the p22pox gene. For this technique, an oli-

gonucleotide primer is designed for the detected of heterozygous site. Various combinations

of the primers listed in Table 5 were used to identify the optimal set of host and nested PCR.

We also observed a reduction in sensitivity compared with nested PCR amplifications when

the two primer pairs (f 4 and f 7) were sets used. Also, we found that five primers (f1, {2, {3,

5 and f6) were increased of detection sensitivity in a nested PCR amplification. Because of

the f2 and 3 primers were much more efficient at higher than the other primers (Fig. 13B).

In this study, we used f2 and f3 primer for the detected of heterozygote carrier.

In this study, the heterozygote samples compared with the wild-type control samples.

The interactions among the primers in nested PCR, reactions were performed with different

sets of the seven primers on genomic DNA template. Nested PCR in experiments to optimize

the sensitivity of detection, and amplified products was observed on agarose gels (Fig 13C).

When the oligonucleotide primers were used in PCR amplification, as opposed to nested re-

actions, the sensitivity of detection was drastically increased. And then, the heterozygote

samples showed positive results by the nested PCR. And, the positive samples were analyzed

by sequencing,
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Figure 13. Identification of the mutant site by nested PCR for the determination of the
p22phox heterozygous carrier. (A) Mutant site gDNA from human blood was subjected to
nested PCR. The first-host PCR was performed using the primer F1 and R1 p22phox gene-
specific primer, whose positions are illustrated in (A). The nested PCR was performed using
the heterozygote-specific primer, whose positions are also illustrated in (A). The resulting
nested PCR product was analyzed by 1.2% agarose gel electrophoresis and visualized by
ethidium bromide staining. (B) Analysis of specificity for representative heterozygote specif-
ic primer pairs. Identification of normal and p22phox heterozygote by PCR amplification:
gDNA isolated from normal, heterozygous and homozygous individuals for the p22phox.
Lanes 1 and 2, normal control (N1 and N2); lanes 3 and 4, heterozygote carrier (C1 and C2);
lane 5 and 6, CGD p22phox defective patients (P1 and p2)

(C) Detection of normal and heterozygote by nested PCR assay. And positive samples ana-
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lyzed by sequencing analysis. gDNA isolated from 704 subjects.
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Table 5. List of primers used in this study.

Primers sequence
Host PCR primers
p22phox F1 5' = TATGCCTCGGCGTGGCTAGAGA
p22phox R1

5'- TCAGAACTCCTCCTTCCAGCC

Nested PCR primers

(sensitivity primer)

5'= GGTTCGTGTCGCCATGCTGT

fl1

f 5'- GGTTCGTGTCGCCATGGTCT
£3 5'-GGTTCGTGTCGCCATGGTGT

£5 5'= GGTTCGTGTCGCCATGGTCTA
fo 5'- GGTTCGTGTCGCCATGCTGTA

Nested PCR primers set

(nonsensitivity primer)

f4 5'= GGTTCGTGTCGCCATGGTGTA

£7
5'- GGTTCGTGTCGCCATGGGTTA

R 5' - TCAGAACTCCTCCTTCCAGCC CG

A total of 704 samples were screened using by nested PCR. And, the heterozygous
gene determined by the nested PCR using the specific primers. The finding from our study,
we found that 9 samples were positive by nested PCR (Table 3), and the samples were reana-

lyzed by sequencing analysis.
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Table 6. District distribution of heterozygote carriers and CGD patients

Heterozygote
Area subjects _ CGD patients P-value
carriers
Namwon 186(26.4) 1(11.1) 1(7.1) 0.441
Daejeong 67(9.5) 2(22.2) 1(7.1)
Seogwiposi 249(35.4) 2(22.2) 5(35.7)
Seongsan 106(15.1) 1(11.1) 3(21.4)
Andeok 39(5.5) 0(0) 0(0)
Pyoseon 57(8.1) 3(33.3) 4(28.6)
704 9 14

* using x° test

We were reported the geographic and age distribution of carrier detected by nested PCR.
Geographic distribution of the p22phox heterozygous carrier using by nested PCR. In our
study obtained results for the Seogipo (4 people), Pyoseon (3 people), Namwon (1 people),
and Daejeong (1 people) as compared to the overall subjects. In contrast, the heterozygous
carrier could not be found in Seongsan and Andeok (Table 6).

In case of age distribution of carriers is shown in Table 7. The heterozygote carrier of

p22phox in the different age subjects were estimated to be 1.2% (> 60 age, 4/329), 0.7%

(<20 age, 1/144), 1.3% (40-59 age, 2/152) and 1.3% (20-39 age, 2/79).
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Table 7. Age distribution of heterozygote carriers.

Age Heterozygote carriers Carrier (%)

>60 4/329 1.2%(1:83)

40 - 59 2/152 1.3%(1:76)

20 -39 2/79 1.3%(2:79)

<20 1/144 0.7%(1:144)
9/704
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S. DISCUSSION

In this study, we have described a nested PCR assay that has a sensitivity of detection

of heterozygote carrier in p22pox gene. Jeju is a large isolated island located to the southeast

of South Korea. Mt. Halla rises in the center of Jeju Island, dividing it into two geograph-

ically separated regions, Jeju City and Seogwipo City. The overall prevalence of CGD on

Jeju Island is 23.1 in 1,000,000 individuals, with a prevalence of 7.4 in 1,000,000 individu-

als in Jeju City, and a surprising 64.6 in 1,000,000 individuals in Seogwipo City, almost nine

times that in Jeju City (11). We hypothesized that the high prevalence of CGD on Jeju Island

is associated with an identical mutation inherited from a common ancestor or proband. How-

ever, the finding from our study suggest that out of the 704 subjects, 9 (1.3%) were found to

be heterozygous carrier for p22pox gene. Indeed, out of 704 subjects 9 had heterozygous

gene (7 C/T) and the expectable number of heterozygote carriers in the population of Seog-

wipo City by extrapolation is 2,013.6 (154,895, Statistics of Jeju Special Self-Governing

Province, 2007).

To test the sensitivity of nested PCR amplification using seven designed primers. Result-

ed in five primers successive and two primers failed to amplify a specific products in all 704

individuals tested. To test the sensitivity as specific of nested PCR, under actual screening

conditions a randomly analysis of the p22phox gene in 704 subjects. The sensitivity and

specificity were 98 %, respectively; the two failed positive subjects not detection by nested
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PCR. The data also suggest that the failure to detection of heterozygous carrier in the nested

PCR assay might be due to experiment error. Results indicate that when both primer sets (f2

and R, f3 and R) were used in nested PCR to amplify the 704 subjects, showed 98 % agree-

ment between the heterozygous amplified by the two primer sets f2 and R or 3 and R. These

results suggesting that these primer sets had amplified the target loci correctly and thus are

reliable. However, reactions were designed successfully to detect sequence changes in the

p22phox genes. Furthermore, we suggest that for future studies prenatal diagnosis, it is rec-

ommended that the new techniques be used to improve the sensitivity of detection of

p22phox heterozygous carrier by the nested PCR.

In conclusion, nested PCR is an efficient method for detecting known mutant gene. This

technique could also be used to detect small deletions and insertions. It is particularly useful

for determining the zygosity of common sequence changes in which heterozygotes are likely

to be common. Nested PCR can be used to perform population screening, patient screening

and carrier testing. This is rapid and inexpensive to automation.
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PART IV

Development of Lentiviral vector and efficient infection

method for the gene therapy of p22phox defective CGD
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1. ABSTRACT

Chronic granulomatous diseases (CGD) are caused by impaired antimicrobial activity in
phagocytes, due to the absence or malfunction of the respiratory burst NADPH oxidase. In a
previous study we found that 12 patients from 10 unrelated families on Jeju Island had an
identical homozygous single-base substitution of C to T in exon 1 (c.7C>T) of the CYBA4
gene. Lentivirus vectors expressing gp91phox can’t be used in the patients with p22-phox
gene defects. Indeed, twelve of the patients have mutations in their autosomal recessive CGD
gene encoding p22phox, the largest subunit of the NADPH oxidase. The autosomal recessive
p22phox defective CGD carrier derived WBCs were efficiently transduced by the EFla
lentviirus constructs up to 90 % eGFP positive cells at least 3 days post transduction).
pLL3.7 driven eGFP expression was stable at least 4 weeks after transduction and persisted
after CGD carrier derived cells immotalized by hTERT and Bmi-1. Upon macrophagy (like)
differentiation of the transduced HL 60 cells with Dimethyl sulfoxide (DMSO), up to 28 %
of the cells were found to be functionally with mean levels of superoxide production of 30 %
compared to non-differentiated cells. This study reported the lentivirus efficiently transduced

and express genes for extended periods of time.

Key words : p22phox, lentiviral
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2. INTRODUCTION

Chronic granulomatous disease is a rare inherited disorder in which superoxide ge-

nearation by the leukocyte NADPH oxidase is absent or markedly deficient. Because the su-

peroxide generating enzyme is essential for microbicidal activity in phagocytes, patients with

CGD who lack the functional oxidase suffer from recurrent and often life-threatening bacte-

rial and fungal infections. The disorder, which has an incidence of approximately 1 in

500,000 individuals, results from mutations in any one of four essential subunits of the

NADPH oxidase complexes (1, 2).

Approximately two thirds of cases are caused by defects in the X-linked gene encoding

the larger subunit (gp91phox) of flavocytochrome b558, a plasma membrane heterodimer

that is the redox center of the oxidase. A rare autosomal recessive from of CGD is caused by

mutations in the gene encoding p22phox, the smaller subunit of flavocytochrome b558 (3, 4).

In myeloid cells, the absence of p22phox protein because of genetic defects also results in

the loss of gp91phox expression and vice versa, indicating that each of these proteins re-

quires the other for mutual stability. However, this is apparently not true of all cell types, as

gp91phox and p22phox are stably expressed in the absence of their partners in COS7 cells

(5). The primary structure of p22phox suggests it contains 4 membrane-spanning domains in

the N-terminal two-thirds of the molecule, and a proline-rich domain in the C-terminal cyto-

plasmic tail. Such proline-rich regions can mediate protein-protein association by binding to
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SH3 domains that are found in a variety of proteins involved in signal transduction, includ-

ing the cytosolic phox proteins. The proline-rich domain of p22phox binds the N-terminal

SH3 domain of p47phox, and this interaction is believed to play a dominant role in promot-

ing the association of the cytosolic complex, containing p40phox, p47phox, and p67phox,

with flavocytochrome b558 (6). Autosomal recessive CGD, seen in the remaining 35% cases,

arise due to mutations of the other components of the NADPH oxidase (except p40phox and

Rac which are yet to be associated with any CGD phenotype ); these include-p22phox,

p67phox and p47phox. Of these, the dominant mutations observed is of the p22phox gene

which accounts for almost 25 % cases (7-10). But, recently reported the first CGD case with

mutations in the NCF-4 (p40phox subunit) gene (11).

Although almost all patients with CGD died in childhood at the time the disorder was

first described in the 1950s the outlook has improved in the past two decades. Currently, in

order to prevent microbial infections, conventional management of CGD patients consists of

lifelong prophylaxis with antibiotics such as cotrimoxazole, antimycotis such as itraconazole,

and interferon- y (12, 13). However, morbidity caused by infection or granulomatous com-

plications remains significant for many patients, particularly patients with X-CGD, and the

overall mortality rate has recently been estimated to be about 2% per year (14). According to

a collection by the Korean College of Pediatric Clinical Immunology, the prevalence of

CGD from 2001 to 2005 in Korea was 0.9 in 1,000,000 individuals. Most regions of Korea

had similar prevalence if CGD (from 0.4 to 1.7). The prevalence of CGD on Jeju Island was

a surprising 20.7, showing 10-50 times higher than that in other regions of Korea (15). In the
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Prevalence, We performed genetic analysis on 14 patients from 12 unrelated families and

found that all patients had identical homozygous single base substitution of C to T in exon

I(c. 7C>T) of the CYBA gene, which was result of nonsense mutation (p. Q3X) (Fig. 14.).

Recombinant retroviral vectors were first shown in the early 1980s to be capable of trans-

ferring a functional gene into murine BM cells (16). However, the application of this tech-

nology to the treatment of CGD and other hematologic disease in patients has been more

difficult than origin all anticipated. Notably, recent work has shown that RV-based HSC

gene therapy can provide significant clinical benefits in patients with severe combined im-

mune deficiency (SCID) (17, 18). Unfortunately, RV therapy in both X-linked SCID and

chronic granulaomatous disease has led to unanticipated adverse events due to LTR-

mediated, protooncogene transcriptional activation (19, 20). Thus, activating RV insertions

can lead to emergence of clonal dominance, as well as clonal fluctuation that may also elim-

inate or reduce ongoing clinical benefit. These events have focused attention on self-

inactivation (SIN) lentiviral vectors as potential alternative delivery platforms for hemato-

poietic disorder. LV offer the advantage of targeting non-dividing cells and can efficiency

target multipotent, nonhuman primate or human HSC at low viral copy number (21, 22). The

self-inactivation design abolishes the transcriptional activity of the viral long terminal repeat

(LTR) in target cells and minimizes the risk of emergence of replication-competent recombi-

nants (RCRs) in the vector producer and target cells. In more recent third generations of

HIV-1-based vectors HIV 5° LTR sequences were replaced by functionally homologous re-

gions from either Rous sarcoma virus (RSV) or CMV. Further, there is less evidence for

92



transcriptional silencing of internal promoters within integrated L'V, and no bias for integra-
tion within transcription start sites (23). Most work with lentivectors has been performed
with nontherapeutic marker genes such as eGFP (24-28). It is important to demonstrate that
EF1a lentivector efficiently transduced primitive cells with each therapeutic gene of interest,
such as the p22phox required for correction AS-CGD.

The privies study, sought to analyze the clinical features and to investigate the molecular
genetic defects leading to CGD in Jeju Island (Fig. 14) (15). Also, all CGD patients on Jeju
Island had an identical mutation in the CYBA gene. Here we develop new lentiviral vector
for CYBA gene defected CGD. The transductor efficiency of new vector in various myeloid
cells of CGD carrier derived WBC "FRT™B™1 and differentiated HL-60 (macrophagy like)
cells were determined. The expression of p22phox via HLV-1 based lentiviral delivery sys-

tems efficiently increase the production of superoxide upon stimuli.
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3. MATERIALS AND METHODS

3.1. Construction of vectors encoding p22phox

Lentiviral vector pLL3.7-EF 1a-p22phox was constructed by replacing the U6 promoter
in pLL37 with elongation-factor-1-alpha (EF1a) promoter by using the Xba I and Xho I, and
then human 22phox was inserted in the Hpa I and Xho I to down-stream of the EF 1a promot-

er (Fig. 2).

3.2. Maintenance of cell culture and transfection

The human embrionic kidney HEK 293T and human cervical adenocarcinoma cell line
HeLa cell lines were maintained in DMEM (Gibco, life Technologies Gmbh, Karlsruhe,
Germany) supplemented with 10% heat-inactivated FBS (Gibco), penicillin (100units/ml,
Gibco), and streptomycin (100ug/ml, Gibco). The human premyeloid leukemia cell line
HL60 was culture RPMI 1640 (containing 10% FBS, Gibco), penicillin (100units/ml, Gibco),

and streptomycin (100ug/ml, Gibco).

3.3. Vector production

Lentviral generation procedure; 1.2 x 107 293 T cells grown in complete DMEM were

seeded in 175 cm?2 tissue culture flasks on the day before transfection. Lentiviral vector

DNA (45png) and packaging plasmids pMDG.2, carrying the envelope transgene (VSV-G)
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(11pg) and pCMVAS.74, carrying the lentiviral transgene (gag-pol) (32ug) were added to 5
mls OPTI-MEM, filtered through a 0.22pum filter, and combined with 5 ml filtered OPTI-
MEM supplemented with 1 pl 10mM polyethylenimine (PEI; Sigma, St. Louis, MO) trans-
fection reagent. The transfection reaction was carried at room temperature for 20 minutes
during which time the 293T cells were washed once with OPTI-MEM media. The 10 mls of
DNA/PEI complexes were subsequently added to the cells and they were then incubated at
37°C/5%CO, for 4 hours, then which the media was replaced with 14 mls of complete
DMEM. Viral supernatant was harvested at 48 and 72 hours post transfection, filtered
through a 0.22pm filter and concentrated by ultracentrifugation at 23,000 rpm for 2 hours.
Lentiviral pellets were resuspended in 100plm serum free media (OPTI-MEM), stored on ice

for 20 minutes and then snap frozen in aliquots at -70°C.

3.4. Virus titration

HeLa cells and HEK 293T cells were plated at 8x10* per well in 6-well plates in DMEM
medium. The following day, 2ul of 8mg/ml polybrene (Sigma, St. Louis, MO,. USA) was
added per well (1:1000 final dilution) and supernatant virus containing added at 1:10 to
1:10000 dilutions in a final volume of 2 ml. After 48h incubation, virus titier was quantified

by flow cytometric (FACS, BD bioscience) analysis of the eGFP reporter gene.

3.5. Transduction and calculation of the titer in transducing units
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For transduction assays, HeLa or HEK 293T cells were seeded at 1 x 10° to 3 x 10° per
well in 12-well plates the day before transduction. At day 1, the medium was removed and
replaced with transduction medium made of 100 pl of vector, 300 pl of serum-free medium,
and polybrene at 4 pg/ml. After 3 h of incubation, 1 ml of complete medium was added. At
day 1, cells from three nontransduced wells were trypsinized and fixed to allow calculation
of the rate of cell division. At day 3, cells were trypsinized and GFP expression was ana-
lyzed by flow cytometry (FACScalibur; Becton-Dickinson). Transduction titers (in transduc-
ing units per milliliter) were calculated using the percentage of GFP-positive cells, the rate of
cell division between the day of transduction and the day of analysis, and the flow of the
FACScalibur (21). Multiple serial dilutions of vector-containing medium (1/10, 1/100, and
1/1,000) were used for the transduction assays, and titers were calculated for linearly corre-

lated values.

3.6. Infection of hTERT and Bmi-1 constructs

The full-length human hTERT cDNA was cloned by RT-PCR using RNA extracted from
HeLa cells by RT-PCR using RNA extracted from K562 cells. Thermoscript RT-PCR (Invi-
trogen) and KOD polymerase (TOYOBO) were used for the RT and PCR reactions, respec-
tively. The forward primer, 5’-GGAATTCGCCGCGCGCTCCCCGCTGCCGAGCC-3", and
reverse primer, 5'-GCTCTAGATTAGTCCAGGATGGTCTTGAAGTCT-3", were designed
to obtain the coding sequence of human hTERT flanked. PCR product was cloned between

the multicloning sites of pCLXSN to generate pPCLXSN-ACC- hTERT.
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Also, the full-length human dmi-1 cDNA was cloned by RT-PCR using RNA extracted

from K562 cells. Thermoscript RT-PCR (Invitrogen) and KOD polymerase (TOYOBO)

were used for the RT and PCR reactions, respectively. The forward primer, 5°-

ACGCGTCGACCGCCATGCATCGAACAACGAGAAT-3", and reverse primer, 5'-

CGGATCCTCAACCAGAAGAAGTTGCTG-3", were designed to obtain the coding se-

quence of human bmi-1 flanked by a Sal/l site (underlined), a Kozak consensus sequence at

the 5°-end, and a BamHI site (underlined) at the 3"-end. The Sal/l - BamHI segment of the

PCR product was cloned between the Xhol and Bg/Il sites of pMVSCV-puro to generate

pCMV-puro-hBmi-1. Production of pCLXSN-ACC-hTERT and pCMV-puro-hBmi-1 retro-

viruses were obtained from Kyu-Kye Hwang Laboratories (College of Veterinary Medicine,

Jeju National University). One milliliter of producer cell culture fluid was added isolated

monocyte in the presence of polybrene (8 ug/ml). For combination retroviral infection, cells

were sequentially transduced with LXSN-Bmi-1 and then with LXSH-hTERT (29, 30). Sta-

bly transduced cells were maintained in the RPMI (10 % FBS contained).

3.7. Induction of differentiation

HL-60 cells were suspended in growth media containing 1.3% DMSO (Sigma., St. Louis,

MO,. USA), for periods of up to 6 days, whereupon >96% of cells are viable, and >90% of

the cells have the appearance of mature granulocytes (31, 32).
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3.8. Dihydrorhodamine 123 FACS quantitation of superoxide production
The NADPH oxidase activity was quantified by dihydrorhodamine 123 (DHR 123, Sigma)
flow cytometry (FACS) (33, 34). Differentiated granulocytic cells were washed twice and

resuspended in 500l x HBSS (without Ca2+ and Mg2+, Sigma) in duplicate: one sample

was stimulated with PMA and second sample was unstimulated. All samples were pre-

incubated for 5 mi n a 37°C culture incubator in the presence or absence of 20 uM PMA.

Afterwards, 7.5 ul DHR 123(Sigma) was added to each sample and incubated for a further

15 min at 37 C. Samples were then immediately put on ice and analyzed by flow cytometry.

Unstimulated cells incubated with DHR 123 served as negative controls. Superoxide produc-
tion in positive cells was determined by measuring the shift in FL-1 (green light) relative to
the corresponding negative control, and the percentage of superoxide-producing cells could
be assessed by analyzing single histograms. The relative percentage of functionally corrected
cells compared to cells was calculated as the ratio (PMA-stimulated transduced cells)/(PMA-
stimulated cells) of the respective geometric mean fluorescence

intensities.

3.9. Isolated WBC (white blood cell)

Human WBC were isolated from buffy coats (from healthy donor blood). Buffy coats
were diluted 1:1 with sterile PBS, layered onto a Ficoll Plaque Paque™Plus (GE Healthcare

Bio-Sciences AB, Uppsala, S) cushion at a ratio of 2:3 and centrifuged at 2000xg for 30
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minutes with no braking. White blood cells were harvested from the Ficoll interface, diluted
1:1 with sterile PBS and and centrifuged at 1,500 x g for 5 minutes to pellet cells. The pellet
was resuspended in PBS and centrifuged at 1,000 x g for 5 minutes. This step was repeated
until the supernatant was clear, indicating removal of platelets. After the final wash, the cell
pellet was resuspended in RPMI 1640 with 20 % FBS and counted. 1x10° cells per ml were
added to tissue culture flasks and incubated at 37 °C in a humidified atmosphere of 5 % CO,.
After 1 hour, adherent cells were removed by washing with warm PBS and RPMI 1640 with

20 % FBS.
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4. RESULTS
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Figure 14. We found that the CGD patients the results of sequence analysis of two pa-
tients with p22-phox-deficient CGD.

(A) Uppercase letters Coding sequences (exons 1), lower-case letters intron 1 sequence,
hatched boxes exonl sequence in the p22phox mRNA of the patient, underlined ATG se-
quence for transcription site responsible for the p22phox mRNA of the patient. The se-
quence and position of primers used are as described in the methods. (B) The WBC soluble
extract from neutrophils of the patient (lane 1), his mother (lane 2) and control neutrophils
(lane 3) were subjected to SDS-PAGE and blotted onto a PVDF sheet. Western blot showing
p22phoxphox protein, gp91phox and p40phox in the granulocyte fraction of patient (P) com-
pared with a normal control (N) subject. (C) Dihydrorhodamine (DHR) analysis of oxidation
in peripheral blood neutrophils. In brief, after red blood cell lysis, neutrophils are loaded
with DHR. After DHR loading, cells were stimulated for 15 mins with phorbol myristate
acetate (PMA) and immediately analyzed by flow cytometry. DHR is a fluorescent dye taken
up by neutrophils. When the neutrophils are stimulated and undergo respiratory burst the dye
is oxidised with a shift of fluorescence to the right. Shown are (c) normal with right shift of
fluorescence after PMA stimulation; (a) the patient who has virtually absent shift in stimulat-
ed neutrophils consistent with AR-linked (autosomal recessive) CGD; (b) the mother of the
patient demonstrating dual population of neutrophils

in peripheral blood of AR-linked CGD carriers (C).
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4.1. Generation of a EF1a lentiviral vector carrying the therapeutic p22phox gene

HIV-1 based p22phox vectors generated in this study was illustratded in Fig. 2. For the
generation of lentivirus particles we used the PEI-transfection procedure described in the
method. The packaging cell line was derived from 293T cells. The advantages of the 293T
host cell are the human origin, good transfectability and good adaptation to growth in sus-
pension and a safe track record in the production of lentiviral vectors. 293T cells were plated

at 6 x 10° cells per. The transfer plasmid (pLL3.7 EFla) represents a further development of

the formerly described parental HIV-1-based vector pLL3.7. pLL3.7 EFla plasmid was re-
placed by a Hpal - Xhol 590bp p22phox cDNA fragment there by generating the pLL3.7
EFla-p22phox plasmid (Fig. 15A). In this vector, the therapeutic p22phox gene is exclusive-
ly expressed from an internal EFla promoter. Transcription of the p22phox coding se-
quence is regulated by the human elongation factor la (EFla) gene promoter (29), except
that the immediate early promoter of the cytomegalovirus (CMV) regulates expression of
which is GFP in here. In target cells, transcription of the p22phox-coding sequence is regu-
lated by the LTR. Lentiviral particles were generated by transient co-transfection of the three
plasmids into human embryonic kidney 293T cells. The figure 15B following procedure
steps for lentivirus production in 293T packaging cells. pLL3.7EF 1a-p22phox lentiviral par-
ticles were generated by transient cotransfection of the specific transfer vector plasmid with

the 3 packaging plasmids(pMDG2 and pCMV-AS. into HEK 293T cells with PEI (Fig. 15B).
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Figure 15. Schematic diagram of lentiviral vector construction and transduction.

(A) Linear map of the vectors used in this study. The recombinant lentiviral vector was re-

placing the U6 promoter in pLL37 with elongation-factor-1-alpha (EF1a) promoter, and then

human p22phox was inserted in the Hpa I and Xho I to down-stream of the EF1a promoter.

(B) Lentiviral vectors produced by transient cotransfection Lentiviral vectors were produced

by transient cotransfection of HEK293T cells with 3 plasmids (the lentiviral vector, pMD.G2

[envelop plasmid], and pCMV8.91 [packaging plasmid, both produced by Plasmid Factory,

Bielefeld, Germany]), employing polyethylenimine (PEI; Sigma-Aldrich) as previously de-

scribed.
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4.2. Transduction of p22phox to cells by pLL3.7 EFla

The pLL3.7 EF1la can drive reproducible, stable, and long-term eGFP transgene expres-
sion in cell lines in the absence of drug-selective pressure. We therefore assessed the effi-
ciency and efficacy of the expression in HeLa and HEK 293T cells. Efficiency of viral vec-
tor were determined by transducing HeLa and HEK293T cells. The initial transduction effi-
ciency was assessed by then serial 10 fold dilutions of virus and monitoring eGFP gene ex-
pression after 3 days by FACS analysis (Fig. 16). As a control for transduction efficiency we
used a lentiviral vector expressing green fuorescent protein (eGFP). On day 3, all the trans-
duction with different dilution lentiviral vector showed eGFP-positive cells by microscopic
examination (Fig. 16A). In addition flow cytometric analysis carried out on day 3 showed a
peak shift in histograms corresponding to the presence of eGFP-positive cells for all trans-
duced cultures compared with non-transduced control cells (Fig. 16B). These findings corre-
lated with the qualitative results found by direct visualization of the cells with the fluores-
cence microscope. These results show that 10" dilution transductions in HeLa cells were
highly efficient with values between 70 % and 96 % of cells showing eGFP fluorescence

(Fig. 16C).
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Figure 16. Transducing efficiency in HeLa cells.

(A) An expression plasmid for eGFP was added to verify transduction efficiency and expres-
sion was visualized by fluorescence microscopy. 10" (MOI=10). (B) Relative cell infection
by lentiviral vectors preparations transducing eGFP were used to infected cells by flowcy-
tometry. Percentages of eGFP positive cells. (C) The graph indicate percentage of infections

assayed by flow cytometry.. The results are means +SD of three independent experiments.
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4.3. Transduction of promyelocytic HL-60 by spin and polybrene infection

To increase efficiency of infection in suspension cells. We modified simultaneous seed-
ing and infection followed by spin method. The spin infection method and conditions used
were modified in the present study (35). Six days post-transduction, cells were analyzed by
flow cytometry (Fig. 17A). In all transduced cultures a peak shift corresponding to the pres-
ence of eGFP-positive cells was found (Fig. 17B). Taken together, these results in levels of
gene transfer of 20~30% eGFP-positive cells detected 6 days post-transduction and indicate
that the pLL3.7 EFla vector allows for efficient gene transduction into HL. 60 cells using

spin infection method presence of polybrene (Fig. 17B).
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Figure 17. Transduction efficiency of pLL3.7 EFla and pLL3.7 EFla p22phox lenti-
viral vector in promyelocytic HL60 cells. HL 60 cells were transduced by spin-infection
in the presence of 8 ug/ml polybrene with eGFP lentiviral vectors. (A) Cells were analyzed
for eGFP (green fluorescence) using a fluorescence microscope. (B) Representative flow
cytometric analysis of lentiviral vector-mediated transduction of HL. 60. (C) represent rela-
tive transduction efficiencies using HL 60 transduced 6 days after plating. Quantitative anal-
ysis of HL 60 transduction using eGFP-positive cells. The graphs shown The results repre-

sent a mean = SD of three experiments.
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4.4. hrTERT/Bmi-1 infected CGD carrier derived WBC cells

Human primary cells are easy to isolate but difficult to study because of their limited
life span. We attempted to extend the life span of WBC, first by using a retrovirus expressing
Bmi-1 and hTERT. WBC cells were obtained from buffy coats from CGD carrier donors.
Mononuclear cells and granulocytes were isolated by Ficoll paque method. Freshly isolated
WBC were prepared for infection with recombinant retroviruses carrying the Bmi-1 and
hTERT genes, andthen transductiond by spin method presence of polybrene. The cells trans-
duced with Bmi-1 and hTERT escaped replication crisis and proliferated continuously. Dur-
ing the following culture, proliferation rate accelerated and the cells became bigger (Fig.
18A). Also, CGD carrier WBC and immortalized (by Bmi-1/ hTERT) WBC were transduct-
ed by EFla and EFla-p22phox lentiviral vector. Six days after transduction transduction ef-
ficiency were compared with FACS (Fig. 18B). Transduction efficiencies of high level WBC
Bmi-ThTERT was >40 % higher than non-immortalized WBC (Fig. 18B). Next, decide to meas-
ure the duration of expression of time course. The eGFP expression was detectable at day 3
after tansductions (Fig. 18B). The eGFP expression continued for up to 3 weeks and the ex-
pression were search to peak at day 16 (Fig. 18B). Since GFP is the indicator for transfec-
tion, we tested the augmentation of superoxide production by EFla-p22phox22 infection.
EFla-p22phox transduced WBC "R at day 6 were analyzed by DHR 123 assay after

PMA stimulation. As shown in Figure 18C, CGD carrier derived WBC "**TB™ showed a

significant difference between PMA stimulated and unstiumulated samples; cells showed a
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significant shift in fluorescence peak upon stimulation. Upon PMA stimulator number of

DHR positive cells in crease up to 2-fold (Fig. 18D).
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Figure 18. Comparison of transgene expression in WBC (white bood cell) and WBC
MTERT+BmI-L cells, The transduction efficiency of each reaction was determined using fluores-
cence microscopy or FACS analysis and is typically carried out six days after transduction.
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high density. (B) pLL3.7 EFla or pLL3.7 EFla p22phox lentiviral vector in WBC and WBC
MTERTBmI-1 The WBC are shown compared with tansduction efficiency analyzed of flow cy-
tometry. The WBC were transduced using the spin infection method in the presence of
polybrene, in combination with the hTERT-Bmi 1 virus. The FACS histogram of the trans-
duced WBC and hTERT-Bmi 1 virus infected WBC. (C) EGFP expression was regularly
determined by FACS until 26 days after transduction. All the experiments were repeated
three times and average values are shown. (D) Dihydrorhodamine (DHR) analysis of oxida-
tion in pLL3.7 EFla p22phox lentiviral vector transduced WBC "FRTB™1 cells. After DHR
loading, cells were stimulated for 15 mins with phorbol myristate acetate (PMA) and imme-

diately analyzed by flow cytometry. The results are means + SD.

112



4.5. Analysis of superoxide generation before and after differentiation HL 60

with a pLL3.7 EFla and pLL3.7 EFla —p22phox

In a previous studies report on dHL 60 cells, whose differentiation is generally associated
with the acquisition of NADPH oxidase, demonstrated much higher levels than ndHL 60
cells, in which small amounts of mRNA transcripts for the gp91phox and p47phox compo-
nent. NADPH oxidase activation of p22pbhox require the interaction of the p47phox SH3
domains and with the partner of gp91phox (34).

We wanted to determine changes in superoxide release level profiles of these granulo-
cyte like cells. HL60 cells were transduced by spin infection (in presence polybrene) with the
GFP- expressing vector pLL37 EFla and were subsequently differentiated for 6 — 7 days in
RPMI supplemented with 1.3 % DMSO. As expected, the exposure to DMSO induced dif-
ferentiation from cells in suspension into attached cultures forming clumps and adherent (Fig.
19A). Also, the expression persisted in differentiating cells at high levels of about 40 ~ 50 %
at least for the observation period of 3 weeks. Taken together, these results indicate that the
pLL3.7 EFla vector allows for efficient gene transfer into ndHL60 and dHL 60 cells using
spin infection method, and the EF1a promoter is functional in ndHL60 and dHL60 cells (Fig.
19B). As for the eGFP reporter gene, GFP positive cells were compared to achive the possi-
ble transduction efficiency of ndHL 60 and dHL 60 cells. This cells were transduced by spin
method (in presence polybrene) using unconcentrated lentiviral supernatant. Fig. 19C

demonstrates PMA-triggered superoxide release of ndHL 60 cells in comparison to dHL 60
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cells at a 6 days after transduction. Mean Fluorescence intensity (MFI) of p22phox trans-

duced differentiated HL 60 increased about 10 % than when it was stimulate by PMA (Fig.

19C).
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Figure 19. Analysis of superoxide generation before and after differentiation HL 60

with a pLL3.7 EFla and pLL3.7 EFla —p22phox. (A) Morphology of ndHL60 and

dHL60 cells. Morphological Changes in HL-60 cells induced by DMSO. (B) NADPH oxi-

dase activity measured by intracellular superoxide production in ndHL60 and dHL60 cells in

response to 20uM PMA. (C) Average MFI (%) of ndHL 60 and dHL 60 in response to 20 uM

PMA. All the experiments were repeated three times and average values are shown. The re-

sults are means + SD.
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S. DISCUSSION

Lentiviral technology represents a powerful method to genetically modify. We chose to

use a viral expression backbone driven by the pLL3.7 lentiviral vector (Fig.14A). Lentivi-

ruses have been developed for gene transfer, particularly for applications in gene therapy.

These vector systems have also been used of gene function. The popularity of these vectors

is in part due to the simplicity of design, ease of production, and efficiency of delivery to

various cell types (36-39).

In this study, we choose pLL3.7 (HIV-1) based vector to transduce p22phox gene.

pLL3.7 vector is attenuated, self—inactivating (SIN) lentivectors based in human deficiency

virus-1 (HIV-1) contained the enhanced green fluorescent protein (eGFP) gene under the

transcriptional control of the cytomegalovirus (CMV) immediate-early enhancer/promoter

and elongation factor 1-a (EF1a) promoter for target gene (40) (Fig. 16). The U6 promoter in

pLL3.7 (HLV-1 based) replaced by elongation-factor-1-alpha (EF1a) promoter. Activity of

the EFla promoter was also shown to be high in primary human T lymphocytes isolated

from adult peripheral blood. Using the CD34+ hematopoietic precursor cell line KGla (41),

Ramezani and colleagues found that the greatest levels of expression were directed by the

EFla promoters. The study results showed that HIV-1-derived pLL3.7 EFla vectors effi-

ciently transduced HeLa cell lines, reaching up to 90% of cells expressing the transgene. .

When lentiviral vectors were added at MOI of 10, the percentage of eGFP expressing cells

were >90% (Fig. 15A). With regard to transgene expression in general, it has been proposed
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that lentiviral vectors, because of their biological property to induce life-long infections, may

be less prone to transgene silencing (26). So, lentivirus vectors may have further advantages

over other viral vectors in addition to their likely benefit for transduction of more primitive

nondividing HSC.

After 6 days incubation with DMSO, 90% of the HL-60 cells became adherent macro-

phages (fig. 19A). The data in Fig. 6B show that results of DHR 123 assays from oxidation

of transcduced cells was increased further by 10% upon stimulation of attached cultures with

DMSO for 6 days. This result suggests that differentiated macrophagy-like cells have been

found to be more permissive than undifferentiated cells for the replication of viruses. Granu-

locytic differentiation of the HL60 myelocytic cell line provides a useful in vitro model

transducted cells efficiency detection and superoxide generation. Because, previous studies

report on dHL 60 cells, whose differentiation is generally associated with the acquisition of

NADPH oxidase, demonstrated much higher levels than ndHL 60 cells, in which small

amounts of mRNA transcripts for the gp91phox and p47phox component. NADPH oxidase

activation of p22pbhox requires the interaction of the p47phox SH3 domains and with the

partner of gp91phox (34).

Recent reports have revealed that bmi-1 and hTERT have immortalized BDFCs (bovine

dental follicle cells) without affecting their differentiation potential and help to successfully

establish a cementoblast progenitor cell line from the immortalized cells (30). To overcome

this problem, we attempted to prolong the life span of primary cells and CGD carrier derived

WBC immortalized with hTERT and Bmi-1. hTERT and Bmi-1 retrovirus were first used to
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transduce granulocyte cells. CGD carrier derived WBC and WBC "™ "™"ERT cells transduc-
tion by pLL3.7EF1a lentiviral vector (Fig. 18). Compared of transduction efficiency higher
eGFP expression WBC™ "™ RT than WBC. Furthermore, the eGFP was expressed by more
than 60% of the WBC"™ "™ T cells as measured by flow cytometry and WBC™*TERT
cells were increase in superoxide production by PMA stimulated. These results show that the
eGFP expression at high levels over close to 4 weeks in transduced immoratalized CGD car-
rier drved cells and persistant of EF1a driven p22phox expression level up to at least 4 weeks
after transduction. We found that the lentiviral transduction high efficiency achieved on the
immortalized cell lines. However, the results of the present study establish that lentivirus
vectors can be used to superoxide up regulation in CGD carrier derived WBC cells after im-
mortalized indicate that therapeutically sufficient reconstitution of NADPH oxidase activity
may be feasible.

This study describes the lentiviral-mediated transduction of CGD carrier drived WBCs in
an experimental setting designed to increase gene transfer efficiency and compatibility with
clinical constraints. Our results indicate that highly efficient transduction can be achived
nonconcentrated eGFP expressing lentiviral vector stocks following modifications of previ-
ously described techniques. Lentiviral vectors efficiently deliver and express eGFP genes for
extended periods of 30days.

Indeed, silencing of p22phox transgene expression in the CGD cell line has been report-
ed after gene transfer using a recombinant pLL3.7EF1a lentiviral vector. Studies have there-

fore been initiated to replace the EF1a promoter by physiologic myeloid-specific regulatory
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elements. Further studies in vitro and in animal models will be needed to develop and test the
best tailored lentiviral vector for CGD gene therapy and a potential system for p22phox gene.
Although gene therapy has not yet cured patients with CGD, the field has made significant

progress with the demonstration that gene therapy can provide clinical benefit to patients.
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