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The effect of desferoxamine (DFO)-induced hypoxia on neuronal human mu-opioid receptor (hMOR) gene
expression was investigated using NMB cells. DFO decreased cell viability and increased cellular glutathi-
one levels in a dose- and time-dependent manner. Confocal analysis using annexin-V-fluorescein and
propidium iodide staining revealed that surviving/attached cells under DFO challenge were morpholog-

Keywords: ) ically similar to control (vehicle-treated) cells. RT-PCR analysis demonstrated that the hypoxia inducible
Efslferoxamme factor-1ot (HIF-10) mRNA level was augmented in these surviving neurons. DFO treatment for 8 h or
-ol

longer down-regulated the hMOR message, but not that of the delta-opioid receptor. Functional analysis
using luciferase reporter assay showed that the hMOR 5’-regulatory region, from —357 bp to translational
initiation site (+1), contains the active promoter with an inhibitory region located in the —422 to —357 bp
region. DFO decreased hMOR promoter activity as compared to control. Mutation analysis suggested the
existence of both dsDNA and ssDNA elements, located in a CT-rich region of hMOR, mediating the DFO-
response. RT-PCR further revealed that DFO exhibited no effect on hMOR mRNA stability. In conclusion,
DFO-induced hypoxia specifically affects neuronal hMOR gene expression at the transcriptional, not post-

hMOR promoter
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transcriptional, level.
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1. Introduction

Hypoxia (low oxygen condition), often caused by such condi-
tions as physical trauma, cardiac arrest, or stroke [1], increases
the expression of hypoxia inducible factor-1 (HIF-1) transcription
factor. HIF-1, in turn, can up- and down-regulate expressions of
various genes against insult [2]. It contains HIF-1oc and 1B subunits.
Under hypoxic condition, only HIF-1oo mRNA is upregulated and it
can be used as a cellular hypoxic marker.

Among different cell types, neurons are particularly sensitive to
low levels of oxygen. With the reduction of oxygen availability
and a subsequent decrease of ATP, neurons are unable to efficiently
maintain membrane potential (required ATP), resulting in depolar-
ization, calcium influx, and finally cell death [3]. However, some
neurons still survive under the same hypoxic condition, suggesting
the development of adaptation processes to overcome the insult [2].

Pain sensation can be triggered in patients suffering from hy-
poxia. Opioids, such as morphine, are used clinically to treat pain
from surgery, trauma or myocardial infarction [4]. Three types of
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opioid receptors, mu (MOR), delta (DOR) and kappa (KOR), have
been reported [5]. Among these, MOR is the key mediator for mor-
phine-induced analgesia, and it is mainly expressed in the central
nervous system (CNS) [6]. Therefore, it is important to determine
whether hypoxia affects neuronal human MOR (hMOR) gene
expression.

Regulation of hMOR gene expression in the neuronal system is
not as well understood as that of the mouse MOR (mMOR) gene at
the transcriptional level. Three different promoters (proximal, dis-
tal, and far upstream) of mMOR gene initiate neuronal mMOR gene
expression at different transcriptional initiation sites were re-
ported [7-9]. The proximal promoter, close to the translation initi-
ation site, dominantly drives mMOR transcription in the CNS [10].
However, only one transcription initiation site, also close to the
translational initiation site, has been documented for the hMOR
gene [11].

Previous analysis [12,13] reported that the mMOR proximal
core promoter contains a 26 bp CT-rich region (also known as
PPy/u region) with an overlapping double-stranded (ds) and sin-
gle-stranded (ss) DNA element. Based on sequence comparisons,
the hMOR gene also possesses a similar CT-rich element located
closely to the transcription initiation site.

Here we investigated the effect of deferoxamine (DFO) on neu-
ronal hMOR gene expression at the transcriptional or post-tran-
scriptional level using human neuronal cells, NMB, endogenously
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expressing hMOR. DFO creates hypoxia by chelating irons [14] and
altering the iron status of iron- and O,-dependent hydroxylases,
from which HIF receives the cellular O, level information. DFO
has also been shown to increase HIF-1 gene expression in cells
and brains from animal models. Thus, we reported the mechanism
underlying DFO-induced hypoxia on hMOR gene expression in
neuronal cells, which survived under DFO-induced hypoxic stress.

2. Materials and methods
2.1. Cell culture and counting

Human neuroblastoma NMB [15] were cultivated in RPMI 1640
medium with 10% heat-inactivated fetal calf serum in an atmo-
sphere of 5% CO, and 95% air at 37 °C. Cells treated with deferoxa-
mine (DFO) were rinsed gently with PBS, and detached with PBS/
EDTA for cell counting using trypan blue staining (Sigma).

2.2. Glutathione assay

Cellular glutathione level was determined using GSH-Glo Gluta-
thione Assay (Promega). Briefly, cells were incubated with GSH-Glo
reagent for 30 min at RT, and then incubated with luciferin detec-
tion reagent for 15 min at RT. Light signal from the reaction was
measured using a luminometer (Berthold).

2.3. RNA extraction and RT-PCR

Total RNA from cells was isolated using TriReagent (Molecular
Research Center). RT-PCR was performed as previously described
[16] using human-specific primers: HIF-1ot 5'-CCAGCAGACTCAAAT
ACAAGAACC-3’ and 5-GTATGTGGGTAGGAGATGGAGAT-3'; B-actin
5-CCTTCCTGGGCATGGAGTCCTG-3' and 5'-TACAGCGAGGCCAGGA
TGG-3’; DOR 5-GTTCACCAGCATCTTCACGCTC-3' and 5-CGGTCCT
TCTCCTTGGAGCCC-3'; MOR 5'-CTGGAAGGGCAGGGTACTGGTG-3'
and 5'-CTGCCCCCACGAACGCCAGCAAT-3'.

2.4. Cell staining and confocal microscopy

Cells grown on coverslips were washed with PBS, and then were
stained using annexin-V-FLUOS Staining Kit following the com-
pany’s instructions (Roche). Cell image was taken using a laser
scanning confocal microscope (Fluoview 1000, Olympus).

2.5. Isolation of genomic DNA from NMB cells and PCR amplification of
5'-regulatory region of hMOR gene

NMB genomic DNA was prepared by following the manufac-
turer’s procedure (Molecular Research Center). Briefly, cells were
lysed using TriReagent and then incubated with chloroform. The
mixture was then subjected to centrifugation at 12,000 rpm at
4 °C. DNA was precipitated using ethanol from interphase and or-
ganic phase. To amplify hMOR 5'-regulatory region (—422 to
+1 bp and —357 to +1 bp, respectively) by PCR, two sense primers
and one antisense primer were used: —422, 5'-CTCTCTCCCCAACCC
TTCTCTCCATCTCC-3'; —357, 5'-GAAGAGACCTACTCCTTGGATCGCTT
TG-3’; antisense, 5'-CCATGGTACTGACGGCCGGG-3'.

2.6. Plasmid construction

Plasmids, containing various lengths of hMOR 5’-regulatory re-
gion, were made using a promoterless vector, pGL3-basic (Prome-
ga), containing luciferase gene. The pRh285/325 plasmid contained
the reverse orientation of the —325 to —285 bp region. To prepare
plasmids containing mutated ss or ds element, the wild type plas-

mid, ph325/285, was used as the template and PCR reaction was
performed with mutant oligonucleotides. ph325/285-ds, 5'-CTTTT
CCCTGGACGGGGCGGGGCAGCC-3, ph325/285-ss 5-CTTTTCCCTCC
TGGTTCCCTTCCA-3'. All inserts were examined by sequencing.

2.7. Transient transfection and reporter gene assay

Cells were transfected using lipofection method, as described
previously [16]. Forty-eight hours after transfection, cells were
harvest and lysed with lysis buffer (Promega). Normalization of
samples followed the method described previously [16]. Luciferase
activity was determined following the manufacturer procedure
(Promega) using a luminometer (Berthold).

3. Results

3.1. Dose-dependent effects of DFO-induced hypoxia on human NMB
neuronal cells

Human NMB cells, endogenously expressing mu-opioid recep-
tors (MOR), were treated with deferoxamine (DFO), to create a
DFO-induced hypoxic cell model. DFO can cause various degree
of cell death; therefore, cell survival rate under different concen-
trations (50, 100, 200 and 400 pM) of DFO treatment for 24 h
was determined first. Total number of surviving/attached cells
was counted using non-DFO-treated group (control) as 100%. As
shown in Fig. 1A (open circles), the percentage of surviving cells
decreased significantly as DFO concentration increased (50 and
100 uM, respectively). The slope of the linear line (% surviving vs.
DFO concentration) was —0.42 initially, falling off to —0.09 at the
higher concentrations (using 100, 200, and 400 pM data points).

Cells surviving DFO challenge may develop adaptive processes.
To examine if this adaptation was developed in surviving/attached
cells, glutathione level was measured using the average amount of
glutathione per cell obtained from control as 100%. As shown in
Fig. 1A (close squares), as DFO concentration increased to 50 and
100 uM, the level of cellular glutathione increased sharply (slope
of 1.0), though the rate of increase was less at concentrations up
to 200 and 400 uM DFO (0.26 slope).

Collectively, these results showed that the increase of DFO con-
centration caused a decrease of cell viability and an increase of cel-
lular glutathione level in neurons surviving DFO-induced hypoxia,
with the effect near maximum at 200 pM DFO. Therefore, this con-
centration was chosen for further experiments.

Impact of DFO exposure time on cell survival rate was then
examined by treating cells with DFO for a short (2 and 4 h) or long-
er (24 h) time. As shown in Fig. 1B, left panel, cell viability did not
change significantly at 2- or 4 h-DFO treatment as compared to
that of control (as 100%). Only 24 h treatment displayed a signifi-
cant difference. Concomitantly, as shown in Fig. 1B, right panel, a
minor increase of cellular glutathione level was observed at 2 or
4 h treatment as compared to control (100%), but again only 24 h
treatment generated a substantial increase. Thus long-term
(24 h), but not short-term, DFO exposure produced extensive
changes on cell viability and cellular glutathione level.

We next examined if these surviving/attached cells, under 24 h-
DFO challenge, were morphologically different from that of control
at the stage of apoptosis or necrosis, using annexin-V-FLUOS and
propidium iodide (PI) staining method. Annexin-V-FLUOS (green
color), interacting with phosphatidylserine on the outer plasma
membrane, was used to stain the plasma membrane of an apopto-
tic cell. PI (red color), entering the cell and interacting with nuclear
DNA and RNA molecules in nucleus and cytosol regions, was used
to stain nucleus and cytosol of necrotic cells or cells in the late
phase of apoptosis. As shown in Fig. 1C, under a low magnification,
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Fig. 1. Effect of DFO on NMB cells. (A, B) Cells were treated without (control) or with different concentrations of DFO for 24 h (A), or 200 uM DFO for 2, 4 or 24 h (B). Total
number of attached cells was determined. Cell viability (open circles in A; gray bars in B) is presented as a percentage of total cell number from DFO-treated group divided by
the number from control (as 100%). Cellular glutathione level (closed squares in A; black bars in B) is present as the percentage of the average amount of glutathione per cell
from DFO-treated group divided by control (as 100%). Data is present as mean * SE. “ ” indicates p < 0.01 (student paired t-test). (C, D) Surviving/attached cells under DFO, no
treatment (control), or H,0, treatment (positive control) were stained using annexin-V-FLUOS (as FITC in green color) and propidium iodide (as PI in red color). Cells were
imaged using confocal microscope under 10x in C or 40x magnification of object lens in D. Merged images are overlapped images of transmitted light (TL) with FITC and PI
images, or an overlapped image (panel f in D) of FITC and PI images. An arrow indicates the cell staining by both annexin-V and PL

no significant green fluorescence or PI staining (red color) was ob-
served in control and DFO-treated groups. Merged images (TL/
FITC/PI) obtained from the transmitted light (TL) with FITC and PI
images are also shown.

In addition, a positive control using NMB treated with 100 pM
hydrogen peroxide for 4 h was also imaged. Fluorescence-reactive
cells are shown in Fig. 1C. These fluorescence-reactive cells were
further viewed using higher magnification (Fig. 1D). Annexin-V-
FLUOS (green color) labeled the plasma membrane in panels a
and d, suggesting fluorescence-reactive cells (panels a-c) were at
the apoptotic stage. In panels d-g, one cell was at the apoptotic
stage, and the other cell (with green and red labeling; indicated
by an arrow) was at the necrosis or the late stage of apoptosis.
Again, in both control (panels h-j) and DFO-treated groups (panels
k-m), no fluorescence-reactive cells were observed, suggesting
that the majority of attached neuronal cells were not at the apop-
totic or necrotic stage. In summary, upon DFO challenge, the sur-
viving/attached neurons displayed no apoptosis or necrosis.

3.2. Increase of HIF1o levels in survival cells under DFO challenge

To determine if surviving/attached neuronal cells actually
developed the cellular hypoxic response, hypoxia-induced factor-
1o, (HIF-1ot) mRNA level was examined. RNA from NMB cells trea-
ted without (control, C) or with DFO for 24 h was subjected to
semiquantitative RT-PCR. As shown in Fig. 2A, a significant DFO-in-

duced increase of HIF-1ae mRNA level was observed as compared to
that of control (C), while B-actin levels (as an internal standard)
were similar in both C and DFO groups. This augmentation of
HIF-1a in surviving cells established that these surviving/attached
neurons did develop the adaptation upon DFO treatment.

3.3. Reduction of neuronal hMOR gene expression under DFO challenge

Influence of DFO on hMOR gene expression was then investi-
gated using semiquantitative RT-PCR with RNAs from cells treated
without (control, C) or with DFO for 24 h. As shown in Fig. 2B, a sig-
nificant decrease of hMOR mRNA level (MOR) was observed as
compared to control, while B-actin messages (B-actin) remained
unaffected. Quantitative data of normalized hMOR message was
also shown with normalized hMOR messages from control as
100%. Surviving neurons produced approximately 45% of hMOR
messages as compared to control.

3.4. Effect of DFO on hDOR gene expression

To investigate if DFO-induced change was specific to hMOR
mRNA, human $-opioid receptor (hDOR) mRNA was also investi-
gated using NMB. Semiquantitative RT-PCR showed (Fig. 2C) that
DFO resulted in no significant change of hDOR message as com-
pared to control (C), suggesting that DFO had no effect on hDOR
gene expression.
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Fig. 2. DFO alters endogenous HIF-1oe and hMOR message levels. RNA was extracted from cells treated without (control, C) or with DFO (A-C) for 24 h, or with DFO for 0, 2, 4,
8,12 or 24 h (D, E). RT-PCR was performed using human HIF-1a (A, D), MOR (B, E) or DOR (C)-specific primers. Human p-actin specific primers were included in every PCR
reaction (added at the cycle 19) as an internal control for normalization purpose. The normalized message from control, or from cells at time zero, was arbitrarily defined as
100%. Quantitative analysis of message levels are presented as mean + SE “ ” indicates p < 0.01 (student paired t-test).

3.5. DFO-induced alterations of hMOR and hHIF-1o gene expressions
in a time-dependent manner

To determine the time course of DFO effect on hMOR gene
expression, RNA from cells treated with DFO for 2, 4, 8, 12 and
24 h was examined using semiquantitative RT-PCR. As shown in
Fig. 2E, a significant decrease of hMOR mRNA level was observed
at 8, 12 and 24 h treatment as compared to control (0h; as
100%). In addition, DFO also resulted in an increase of HIF-1a
expression (Fig. 2D) in a time-dependent manner in these surviv-
ing/attached neurons.

3.6. Analysis of hMOR gene promoter region

To further examine if the mechanism controlling DFO-induced
reduction of hMOR gene expression occurred at the transcription
level, we proceeded to analyze hMOR promoter. Since hMOR pro-
moter is not as well understood, the active hMOR promoter region
was first determined.

Only one transcriptional initiation site of hMOR gene has been
reported [11], implicating the existence of an active promoter. An
active promoter region is commonly composed of a region of
approximately 200 bp above the transcriptional initiation site
(TIS), which is at —216 bp for the hMOR gene with the translation
initiation site ATG designated as +1. We therefore generated
sequences of approximately 200 and 150 bp of hMOR 5’-flanking
region, encompassing of the TIS, by PCR using NMB genomic
DNA as the template. PCR products with correct DNA sequences
were cloned into the pGL3-basic plasmid (B), containing the lucif-

erase reporter gene. Two resulting plasmids, p422 (—422 to +1 bp)
and p357 (—357 to +1 bp), were made (Fig. 3A).

These plasmids along with pGL3-basic vector were transfected
into NMB cells. The hMOR promoter activity was determined via
luciferase reporter activity. As shown in Fig. 3A, the p422 and
p357 plasmids displayed significant promoter activities (7.4- and
11.6-fold induction, respectively) as compared to that of pGL3-ba-
sic (B; defined as 1), suggesting that the p357 plasmid contained
hMOR active promoter region and a possible inhibitory site in
the —422 to —357 bp region.

The p357 plasmid possesses a —325 to —285 bp region of hMOR
promoter, containing 83% of DNA sequence homology to that of
mMOR proximal core promoter. A 26 bp CT-rich region (indicated
by a box) with five nucleotides C/T transition (underlined) is de-
picted in Fig. 3B. The PCR product corresponding to the —325 to
—285 bp region was generated, sequenced and cloned into pGL3-
basic plasmid. The pRh285/325 plasmid containing a reversed ori-
entation was also made. As shown in Fig. 3C, ph325/285 plasmid
showed a significant activity (2.5-fold), whereas pRh285/325, re-
versed orientation, displayed no promoter activity as compared
to that of pGL3-basic vector (B). These results suggested that the
—325 to —285 bp region of hMOR gene possessed the promoter
activity in an orientation-dependent manner.

3.7. DFO affected hMOR gene expression at transcriptional level
Having identified the hMOR active promoter region, the effect

of DFO on this region was tested. As shown in Fig. 3D, upon DFO
treatment (gray bars), a significant decrease of the promoter activ-
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Fig. 3. Identification of hMOR gene promoter and DFO effect on promoter activity. Various lengths of hMOR 5'-regulatory regions were cloned into the promoterless
luciferase vector, pGL3-basic (B). Numbers on the left and right of each plasmid refer to the nucleotide number at the 5'- and 3’-ends, of each inserted fragment with its
orientation indicated by the arrow. Reverse orientation is shown by an arrow pointing toward left. A deletion is indicated by a dashed line. Translation initiation site is
designated as +1, and the transcription initiation site (TIS) is —216 bp. Transient transfection and luciferase assays were performed. (A, C) Promoter activity of each construct
was expressed as n-fold activation of pGL3-basic plasmid activity. Histograms represent mean values of fold activation. Error bars indicate SE “ ” indicates p < 0.01 (student
paired t-test). (B) Sequence comparison of hMOR 5’-regulatory and mMOR proximal promoter regions. Open box represents the CT-rich region, with C/T transition underlined.
(D, E) “X” indicates the mutated ss or ds element. DNA sequences of wild type (h325/285) and mutant (h325/285-ds with GGT mutation; h325/285-ss with the GC box
substitution underlined) are shown. Cells, transfected with plasmid, were treated without (control) or with DFO for 24 h. Luciferase activity from control was defined as 100%.

Data are presented as mean + SE “x” indicates p < 0.01.

ity (p422 or p357 plasmid) was observed as compared to control
(open bars; arbitrarily defined as 100%).

We further examined if the —325 to —285 bp region of hMOR
was involved in mediating the DFO effect. As shown in Fig. 3E,
there was a significant decrease of the promoter activity of
ph325/285 plasmid upon DFO challenge (gray bar) as compared
to control (open bar; as 100%). In contrast, the reverse orientation
pRh285/325 displayed no significant difference between DFO-trea-
ted group and control.

This —325 to —285 bp (CT-rich) region is known to encompass
the overlapping ss and ds DNA element [12-13]. A GGT mutation
is known to ablate the dsDNA cis-element only (Fig. 3E, upper pa-
nel). Conversely, replacing the right-half of the CT-rich region with
a consensus GC box is known to abolish only the ssDNA cis-ele-
ment. Accordingly, these mutations were constructed, in the form
of ph325/285-ds and ph325/285-ss plasmids, containing the intact
ds and ss DNA element, respectively. Promoter activities of mutant
hMOR were then examined. The ph325/285-ds plasmid (ds ele-
ment intact) retained 63.6 + 9% of promoter activity as compared
to that of the WT control (100%), and ph325/285-ss plasmid (ss ele-
ment intact) possessed 60.3 + 8.8% activity.

The contribution of ds and/or ssDNA elements on DFO-medi-
ated effect was then examined. As shown in Fig. 3E, lower panel,
DFO (gray bar) resulted in a significant decrease of the promoter
activities of ph325/285-ds and ph325/285-ss plasmids, as com-
pared to control (open bar; as 100%). These results thus suggested
that both ds and ss elements, located at the —325 to —285 bp re-
gion, participated in DFO-induced response.

3.8. Effect of hypoxia on hMOR message at the post-transcriptional
level

Data above showed that DFO-induced reduction of neuronal
hMOR gene expression occurred at transcriptional level. To further

determine if DFO also affected the stability of hMOR messages, the
influence of DFO on hMOR mRNA degradation rate was investi-
gated using actinomycin D (ActD), which inhibits mRNA synthesis
[16]. RNA, extracted from cells treated with ActD (Fig. 4) for
various time periods along with or without DFO treatment, was
subjected to semiquantitative RT-PCR. As shown in Fig. 4, the deg-
radation rate of hMOR mRNA displayed no significant difference
between ActD (circles) and ActD plus DFO (squares) treatment,
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Fig. 4. Effect of DFO on hMOR mRNA stability. RT-PCR was performed using hMOR-
specific primers with RNA from cells treated with Actinomycin D (ActD) or DFO plus
ActD for 0, 2, 4, 8, 12 or 24 h. The B-actin was used as an internal control. PCR
products were resolved using electrophoresis. Sizes of DNA markers are indicated.
Quantitative analysis of hMOR message levels are presented as mean + SE, with

normalized hMOR message at time zero as 100%. “+” indicates p <0.01 (student
paired t-test).
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suggesting that DFO did not affect the stability of hMOR mRNA in
neuronal cells.

4. Discussion

Using a DFO-induced hypoxia model, we found (Figs. 1A and B)
that the enhancement of cellular glutathione levels was more sen-
sitive to increasing DFO concentration than to the decrease of cell
viability. The faster onset and stronger response of increasing cel-
lular glutathione may provide the neuroprotection and reduce cell
death [17], explaining why some neuronal cells can still survive
under DFO-induced hypoxia.

Although these surviving/attached neurons appeared morpho-
logically similar to non-DFO-treated cells (Fig. 1C and D), they
developed a cellular adaptive response by increasing the HIF-1o
mRNA level (Fig. 2A and D), in addition to the increase of the cel-
lular glutathione amount.

Interestingly, DFO-induced hypoxia affected opioid receptor
gene expressions differentially in these survival/attached neurons
(Fig. 2C-E). DFO treatment resulted in approximately 50% decrease
of hMOR message only as compared to controls, while levels of
hDOR were not altered. In fact DOR has been suggested to provide
neuroprotection under hypoxia in animal model [19].

Functional analysis with plasmids containing a hMOR pro-
moter-luciferase fusion gene (Fig. 3) demonstrated that the active
hMOR promoter, consisting of a region of approximately 150 bp
upstream from the transcription initiation site, was involved in
DFO-induced response. Furthermore, both ss and dsDNA elements,
located in the CT-rich region (—318 to —293 bp), participated in the
DFO-induced response (Fig. 3E), contributing to about 30% of this
reduction. Moreover, MOR mRNA stability was not altered via
DFO treatment (Fig. 4), suggesting that no contribution of DFO-in-
duced hMOR message reduction is from the post-transcriptional
level. Taken together, these results suggest that another region of
hMOR promoter (outside the CT-rich region) and an additional
mechanism, such as epigenetic regulation [18], may also contrib-
ute to the DFO-mediated reduction of hMOR gene expression.

It is interesting to note that the contribution of the hMOR CT-
rich region to hMOR promoter activity was not as vital as that of
the mouse CT-rich region to the mMOR proximal promoter. The
mMOR CT-rich region is known to be a vital element for mMOR
core proximal promoter [12,13], whereas hMOR CT-rich region
contributes only about 20% of total hMOR promoter activity
(Fig. 3A and C). However, we cannot ignore the involvement of
the hMOR CT-rich region in hMOR promoter activity; especially
it alone exhibits independent promoter activity in an orientation-
dependent manner (Fig. 3C).

DFO-induced hypoxia is a complicated event, which may affect
various cellular pathways and gene expressions. Although HIF-1
can influence gene expressions, there is no HIF-1 DNA binding site

(hypoxia response element) located in the hMOR CT-rich region,
suggesting no direct HIF-1 involvement in the DFO-mediated re-
sponse in this promoter region.
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