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Abstract
Mitochondria can govern local concentrations of second messengers, such as reactive oxygen
species (ROS), and mitochondrial translocation to discrete subcellular regions may contribute to
this signaling function. Here, we report that exposure of pulmonary artery endothelial cells to
hypoxia triggered a retrograde mitochondrial movement that required microtubules and the
microtubule motor protein dynein and resulted in the perinuclear clustering of mitochondria. This
subcellular redistribution of mitochondria was accompanied by the accumulation of ROS in the
nucleus, which was attenuated by suppressing perinuclear clustering of mitochondria with
nocodazole to destabilize microtubules or with small interfering RNA–mediated knockdown of
dynein. Although suppression of perinuclear mitochondrial clustering did not affect the hypoxia-
induced increase in the nuclear abundance of hypoxia-inducible factor 1α (HIF-1α) or the binding
of HIF-1α to an oligonucleotide corresponding to a hypoxia response element (HRE), it
eliminated oxidative modifications of the VEGF (vascular endothelial growth factor) promoter.
Furthermore, suppression of perinuclear mitochondrial clustering reduced HIF-1α binding to the
VEGF promoter and decreased VEGF mRNA accumulation. These findings support a model for
hypoxia-induced transcriptional regulation in which perinuclear mitochondrial clustering results in
ROS accumulation in the nucleus and causes oxidative base modifications in the VEGF HRE that
are important for transcriptional complex assembly and VEGF mRNA expression.

INTRODUCTION
Hypoxia (low oxygen) is a fundamental pathophysiological stimulus, serving as a critical
determinant of organogenesis in the developing fetus as well as an inciting factor in normal
and tumor angiogenesis and in hypertensive pulmonary vascular remodeling, for example
(1). Not surprisingly, considerable effort has been directed toward understanding
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mechanisms of hypoxia-related signal transduction. Studies in multiple cell types suggest
that hypoxia-induced generation of reactive oxygen species (ROS) by mitochondria plays a
key role in this process (2, 3). Details of the pathway have yet to be elucidated, but complex
III of the mitochondrial electron transport chain is a probable source of the enhanced
generation of ROS (4), which have been linked to calcium mobilization and contraction of
pulmonary vascular smooth muscle cells and to stabilization of hypoxia-inducible factor 1α
(HIF-1α), the master transcriptional regulator of hypoxic responses (5–7). There are also
several reports that hypoxia-generated ROS oxidize specific bases in hypoxia response
elements (HREs) of hypoxia-inducible genes (8–10). On the basis of multiple lines of
indirect evidence (10–12), it has been speculated that hypoxia-induced base modifications
might contribute to transcriptional regulation (13, 14). However, direct support for this
concept has been difficult to obtain because current antioxidant strategies fail to discriminate
between ROS-mediated accumulation of HIF-1α and the oxidative modifications of critical
bases within HREs to which HIF-1α binds to initiate transcription.

Mitochondria are motile organelles (15). Differential distribution of mitochondria in various
cell types under defined conditions suggests a functional role for mitochondrial motility
(16). Mitochondrial redeployment can be subplasmalemmal, pan-cytoplasmic, or perinuclear
(17–19). Subplasmalemmal translocation in immunologically stimulated T lymphocytes
enables mitochondria to function as a local calcium sink that modulates calcium channel
activity in the cell membrane (20). In the cytoplasm, mitochondrial proximity to the
endoplasmic reticulum (ER) governs the dynamics of calcium release from the ER (21).
Axonal transport of mitochondria enriches nodes of Ranvier in adenosine 5′-triphosphate
(ATP) and other messengers required for neuronal function (22). Finally, perinuclear
mitochondrial clustering, which is sometimes asymmetric in nature (23), has been observed
during herpes simplex virus infection (24), oocyte fertilization, and embryonic development
(17–19). Specific patterns of perinuclear mitochondrial aggregation and microtubule
disposition in the cells of the early embryo are related, and asymmetrical mitochondrial
distributions at the pronuclear stage can result in some proportion of blastomeres with
reduced mitochondrial inheritance and diminished capacity to generate ATP (25). However,
little is known about the physiological role of perinuclear mitochondrial clustering.

In light of the possibility that mitochondrial translocation is physiologically important and
that mitochondria may serve an important signaling role in hypoxia, we determined whether
hypoxia altered subcellular mitochondrial distribution in intact, perfused lungs and in main
pulmonary artery endothelial cells (PAECs). After finding that hypoxia caused substantial
perinuclear mitochondrial clustering, we next explored the biological relevance of this
directed mitochondrial movement. Our results point to previously unappreciated aspects of
hypoxic signaling in which the directed translocation of mitochondria to perinuclear regions
enriches the nucleus in ROS, which cause targeted base modifications in the VEGF
(vascular endothelial growth factor) HRE that are important for activation of VEGF mRNA
transcription.

RESULTS
Hypoxia-initiated and microtubule- and dynein-dependent perinuclear clustering of
mitochondria

Initial experiments determined whether hypoxia caused mitochondrial redistribution in the
intact lung. In subpleural capillary endothelial cells in the isolated, perfused rat lung
ventilated under normoxic conditions, MitoTracker staining showed a diffuse mitochondrial
distribution without prominent localization in any subcellular domain (Fig. 1A). However, 3
hours of hypoxic ventilation caused bipolar perinuclear mitochondrial clustering in capillary
endothelium.
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To develop a model system suitable for exploring the functional importance of hypoxia-
induced mitochondrial movement, we evaluated the distribution of mitochondria in
normoxic and hypoxic rat cultured PAECs. In normoxic cells, mitochondria were distributed
diffusely throughout the cytosol (Fig. 1B). After hypoxic exposure, a perinuclear ring of
mitochondria was evident. Mitochondrial translocation to the perinuclear region was evident
within 1 hour of hypoxia, more prominent at 3 hours of hypoxic exposure, and sustained for
6 hours of continued hypoxia (Fig. 1C). To determine whether hypoxia altered the
pancytoplasmic distribution of mitochondria, we quantified MitoTracker fluorescence in
concentric rings radiating outward from the nucleus in normoxic and hypoxic PAECs and
calculated the proportion of fluorescence signals as a percentage of the total. The hypoxia-
induced increase in the proportion of mitochondrial fluorescence in regions closest to the
nucleus was accompanied by a decrease in peripheral mitochondrial deposition (Fig. 1D).
Finally, to ascertain whether these effects of hypoxia on mitochondrial distribution were cell
type–specific, we applied the same analytical strategy to rat cultured pulmonary artery
smooth muscle cells (PASMCs), another important effector cell population in the pulmonary
arterialwall that responds to hypoxia with transcriptional activation of critical adaptive
genes. In this cell type, hypoxia also caused a prominent redistribution of mitochondria from
the peripheral cytosol to the perinuclear region (Fig. 1E). These alterations in the
distribution of mitochondria in PAECs and PASMCs were unrelated to changes in
cytoskeletal integrity because microtubule morphologies in normoxic and hypoxic cells
appeared to be indistinguishable, although there was mitochondrial fragmentation in hypoxic
cells, as has been previously reported (26) (fig. S1A).

Because mitochondria are transported along microtubule tracks, we next determined whether
destabilization of microtubules with nocodazole would prevent redistribution of
mitochondria initiated by hypoxia. Fluorescence microscopic assessment of normoxic and
hypoxic cells treated with nocodazole revealed loss of microtubule integrity, in contrast to
the netlike pattern seen in control cells (fig. S1B). Although it did not alter the pan-cellular
deposition of mitochondria in normoxic cells, nocodazole prevented hypoxia-induced
redistribution of mitochondria from the peripheral cytoplasm to the perinuclear region (Fig.
1F).

To isolate the role of retrograde mitochondrial movement in hypoxia-induced perinuclear
clustering, we transfected PAECs with a small interfering RNA (siRNA) directed against the
heavy chain of dynein (fig. S1C) to inhibit the dynein molecular motor that drives
mitochondria toward microtubule organizing centers (16). The microtubule morphology of
dynein-deficient cells was indistinguishable from that of controls (fig. S1D). Dynein
deficiency in normoxic cells was associated with increased mitochondrial density in the
peripheral cytoplasm and reduced mitochondrial localization in the perinuclear region (Fig.
1G). Such a perinuclear-to- peripheral cytosolic shift could be due to the unopposed action
of the kinesin motor system in transporting mitochondria on intact microtubule tracks
toward the peripheral cytoplasm. Moreover, dynein deficiency inhibited hypoxia-induced
perinuclear mitochondrial clustering. Transfection with a scrambled siRNA did not appear
to affect mitochondrial distribution in normoxic or hypoxic PAECs. Collectively, these
observations in nocodazole-treated and dynein-knockdown cells indicate that hypoxia
activates a microtubule- and dynein-dependent pathway directing mitochondria to cluster in
close proximity to the nucleus.

ROS originating in part from mitochondrial complex III play a central role in hypoxic signal
transduction by triggering calcium mobilization, HIF-1α stabilization, and other effects
relevant to adaptation to a low-oxygen environment (2, 27–29). To determine whether
perinuclear mitochondrial clustering was a ROS-mediated signaling event in hypoxic cells,
we used the complex III inhibitor myxothiazol. Myxothiazol prevented hypoxia-induced
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perinuclear mitochondrial clustering (fig. S2A) and did not appear to affect microtubule
morphology (fig. S2B). To confirm these findings, we used a nonselective antioxidant, N-
acetylcysteine. Like myxothiazol, N-acetylcysteine also suppressed hypoxia-induced
perinuclear mitochondrial clustering (fig. S2C) but did not appear to affect microtubule
integrity (fig. S2D). In contrast, antimycin A, which enhances ROS production from
complex III (30), failed to alter the distribution of mitochondria (fig. S2E). Collectively,
these observations suggest that ROS generation, probably by complex III, is necessary but
not sufficient to initiate perinuclear mitochondrial clustering in hypoxic PAECs.

Impact of mitochondrial distribution on hypoxia-induced pan-cellular and nuclear ROS
stress

Because mitochondria have been implicated as an important source of ROS in hypoxic
signaling, perinuclear clustering of mitochondria in response to hypoxia could be associated
with changes in the cellular distribution of ROS. To address this possibility, we transfected
cells with nontargeted redox-sensitive green fluorescent protein (roGFP) (31, 32). roGFP
contains double-cysteine substitutions that generate a disulfide bond that reacts to oxidants
and reductants in a manner similar to that of glutathione disulfide and alters the emission
intensity at 510 nm when the probe is excited at 400 and 480 nm (31). The 400-nm
excitation/510-nm emission of roGFP increases with increasing oxidant concentrations, and
the 480-nm excitation/510-nm emission decreases with increasing oxidant concentrations.
The ratiometric fluorescence from two excitation wavelengths enables time-dependent
quantitative determinations of ROS in any part of the cell irrespective of local concentration
heterogeneity and has been used to detect ROS in vascular smooth muscle and other cells (3,
33). Our initial studies demonstrated that the probe distributes diffusely throughout
cytoplasmic and nuclear domains (fig. S3A) and that its dynamic range can be verified with
the oxidant tert-butyl hydroperoxide and the reducing agent dithiothreitol (DTT) (fig. S3B),
as previously described (3).

Next, we examined the actions of hypoxia on spatiotemporal changes in redox state in
control PAECs and cells with mitochondrial movement disrupted with nocodazole or dynein
knockdown. In normoxic cells, the nucleus was slightly less oxidized compared with the
cytosol. Hypoxia increased the accumulation of ROS in both the nuclear and the
cytoplasmic regions (Fig. 2, A to C). Inhibition of perinuclear mitochondrial clustering with
either nocodazole (Fig. 2, A and B) or dynein silencing (Fig. 2, A and C) exerted identical
effects on the hypoxia-induced changes in ROS generation: The roGFP signal was enhanced
in the cytosol but suppressed in the nuclear domain (Fig. 2, A to C). Thus, blocking the
perinuclear clustering of mitochondria attenuated the accumulation of ROS in the nucleus
but not in the cytosol.

The disposition of ROS generation in hypoxia as revealed by roGFP resembled in general
aspects the intensity plot analyses of dichlorofluorescein diacetate (DCF-DA) fluorescence
(fig. S4A). The fluorescence of DCF increases with increasing oxidant concentration in an
irreversible and cumulative manner. DCF fluorescence was detectable in the perinuclear and
cytosolic regions in normoxic cells but absent in the nuclear domain. In contrast, PAECs
cultured under hypoxic conditions for 60 min displayed increased DCF fluorescence in the
cytoplasm but more prominently in the perinuclear and nuclear regions. In addition,
myxothiazol abolished the increased ROS abundance in both the nucleus and the cytoplasm,
thus confirming previous observations that complex III is an important source of ROS
production in hypoxic cells (28). In hypoxic cells, disruption of perinuclear mitochondrial
clustering with nocodazole treatment or dynein-specific siRNA abrogated the strong nuclear
DCF signal but did not affect DCF fluorescence in the cytoplasm. Indeed, quantification of
the pan-cellular DCF signal revealed that neither intervention to suppress perinuclear
mitochondrial clustering significantly diminished the hypoxia-induced pan-cellular ROS
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production (fig. S4, B and C). Collectively, these findings with roGFP and DCF indicate that
the ability of hypoxia to initiate ROS production in the cytosol remained intact when
perinuclear mitochondrial clustering was blocked.

These observations suggested that perinuclear mitochondrial clustering in hypoxia is linked
to formation of an oxidant-rich nuclear signaling environment. To explore this idea, we used
three different approaches to define the actions of nocodazole and dynein knockdown on
compartmentalized nuclear oxidative stress in hypoxia. The first method used PAECs that
were transfected with an adenoviral construct encoding nuclear-targeted roGFP (fig. S5A).
Oxidative or reductive stresses induced by tert-butyl hydroperoxide or DTT, respectively,
caused spatially similar changes in roGFP signals in the nuclei of PAECs, with changes
from baseline more prominent in the nuclear periphery than in the central nucleus (fig. S5B).
Hypoxia increased ROS production more prominently in the nuclear periphery than in
central nuclear regions (Fig. 3A). Quantification of the hypoxia-induced nuclear roGFP
signal demonstrated that the increase in ROS production was evident after 30 min of
hypoxic exposure, peaked at 90 min, and persisted for at least 3 hours (Fig. 3B). Suppression
of perinuclear mitochondrial clustering with nocodazole (Fig. 3C) or dynein knockdown
(Fig. 3D) blocked the increased ROS production in hypoxic PAECs but did not affect ROS
production in normoxic PAECs.

Previous studies demonstrated that the ROS production associated with hypoxia caused
oxidative base modifications in HREs of hypoxia-inducible genes but not in functionally
irrelevant promoter sequences or in promoters of genes whose expression was decreased or
not altered by hypoxia (8–11). Accordingly, as a second means to determine whether
perinuclear mitochondrial clustering created an oxidant-rich nuclear environment, we
measured changes in the density of oxidative base modifications in HRE sequences of the
VEGF, NOS2, and NFKB2 promoters in control PAECs and in cells treated with nocodazole
or transfected with dynein siRNAs to disrupt the mitochondrial movement. The VEGF gene
was of particular interest because it is a prototypical activation marker of the hypoxia-
inducible transcriptional program and because deficient VEGF expression alters organ and
vascular structure (34). Lesion densities assessed by polymerase chain reaction (PCR)
amplification of the VEGF HRE in the absence and presence of pretreatment with the
bacterial DNA repair enzyme formamidopyrimidine DNA glycosylase (Fpg) confirmed that
hypoxia caused oxidative base modifications in the VEGF HRE (8, 9) (Fig. 4). Nocodazole
treatment (Fig. 4A) or dynein knockdown (Fig. 4B) inhibited the increase in VEGF HRE
lesion density in hypoxic PAECs. HREs of the NOS2 and NFKB2 promoters also displayed
Fpg-sensitive oxidative base modifications in hypoxia that were abrogated when perinuclear
mitochondrial clustering was blocked by either nocodazole treatment or dynein knockdown
(fig. S6).

As a third strategy, chromatin immunoprecipitation (ChIP) analysis was used to quantify
VEGF HRE sequences harboring the common base oxidation product 8-oxoguanine in
normoxic and hypoxic PAECs. The outcome of these analyses mirrored those of the Fpg-
based DNA damage assay. The increase in VEGF HRE sequences with 8-oxoguanine in
hypoxic PAECs was inhibited by suppression of perinuclear mitochondrial clustering with
nocodazole (Fig. 4C) or dynein knockdown (Fig. 4D). 8-Oxoguanine was not detected in a
functionally irrelevant VEGF promoter sequence located downstream of the HRE under any
experimental condition.

Role of nuclear ROS stress in governing HIF-1α –DNA binding and VEGF mRNA
expression

Because blockade of perinuclear mitochondrial clustering selectively inhibited the hypoxia-
induced increase in nuclear ROS without affecting the increase in cytosolic ROS, we
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explored the importance of the oxidant-enriched nuclear domain in hypoxic signaling. We
first determined whether disruption of hypoxia-induced mitochondrial clustering and the
resulting inhibition of the increase in nuclear ROS affected the distribution of the master
transcriptional regulator in hypoxia, HIF-1α. Hypoxia-induced increase in the nuclear
abundance of HIF-1α was unaffected by inhibition of perinuclear mitochondrial clustering
with nocodazole or dynein knockdown (Fig. 5A). Similarly, the association of nuclear
HIF-1α with a 65-mer oligonucleotide fragment of the VEGF HRE was insensitive to
inhibition of perinuclear mitochondrial clustering (Fig. 5B). However, ChIP analyses
indicated that nocodazole treatment (Fig. 5C) or dynein knockdown (Fig. 5D) inhibited the
incorporation of HIF-1α into the transcriptional complex forming on the endogenous VEGF
HRE. This reduction in HIF-1α association with the VEGF HRE in hypoxic PAECs was
accompanied by inhibition of hypoxia-induced VEGF mRNA accumulation (Fig. 5, E and
F).

DISCUSSION
The data reported in this paper point to several new, interrelated concepts in hypoxic
signaling. First, hypoxia activates a microtubule-dependent and dynein motor-driven
mechanism that redistributes mitochondria from the central cytoplasm to the perinuclear
region in PAECs. Second, perinuclear mitochondrial clustering in hypoxia is associated with
accumulation of nuclear ROS. Finally, the increased nuclear ROS causes oxidative
modification in bases in the HRE sequences of the VEGF and other gene promoters that, for
the VEGF HRE, are important for HIF-1α incorporation into the transcriptional complex
and VEGF mRNA expression.

Because hypoxia causes ROS generation by mitochondrial complex III (2), which leads to
oxidative DNA modifications in HREs of transcriptionally active, hypoxia-inducible genes
(11), we assessed whether perinuclear mitochondrial clustering was responsible for creation
of an oxidant-rich nuclear signaling domain. In support of this idea, hypoxia failed to
increase the signal from a nuclear-targeted, redox-sensitive roGFP probe, and nuclear DCF
fluorescence was absent when clustering was suppressed by dynein deficiency or
microtubule destabilization with nocodazole. Oxidative base modifications evoked by
hypoxia in VEGF, NOS2, and NFKB2 HREs were also abrogated when perinuclear
clustering was suppressed. We did not identify the specific DNA-modifying reactive species
generated by mitochondria clustered in the perinuclear region, but only hydrogen peroxide,
which is released from mitochondria (35), has a sufficiently long diffusion distance to
permit its permeation into the nuclear compartment. Collectively, these observations support
the notion that hypoxia-induced perinuclear mitochondrial clustering in PAECs creates a
nuclear signaling environment enriched in ROS, which results in the introduction of
oxidative base modification in HRE sequences of hypoxia-inducible promoters.

Blockade of the hypoxia-induced increase in nuclear ROS by preventing perinuclear
mitochondrial clustering did not suppress ROS generation in the cytosol, nor did it affect the
nuclear accumulation or DNA binding activity of HIF-1α. These findings are consistent
with the cytoplasmic localization of the ROS-sensitive prolyl hydroxylases responsible for
HIF-1α degradation during normoxia (36, 37) and provided an opportunity to discriminate
between the cytoplasmic and the nuclear roles of ROS generated during hypoxic signaling.
We found that suppression of perinuclear mitochondrial clustering inhibited oxidative base
damage in HRE sequences in the VEGF and other genes. Moreover, when base damage was
prevented, HIF-1α failed to associate with VEGF HRE, and VEGF mRNA expression was
reduced. These observations are important for two general reasons. First, multiple emerging
lines of evidence suggest that hypoxia causes mutagenesis (38–40), and the finding that
hypoxia-induced perinuclear mitochondrial clustering is accompanied by oxidative
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modification of genomic DNA suggests a previously unappreciated mechanism by which
mitochondria may contribute to hypoxia-related mutations. Second, the current findings
support a new model of hypoxia-induced transcription in which formation of oxidative base
modifications at key nucleotides within or near the HRE initiated by ROS produced from
perinuclear mitochondria is required for incorporation of HIF-1α into the hypoxia-inducible
transcriptional complex forming on the HRE and for mRNA expression.

In some respects, this model is similar to that described for activation of the pS2, BCL-2,
and c-MYC genes by estrogen receptor-α in MCF-7 cells. Ligation and DNA binding of the
estrogen receptor-α to estrogen-responsive elements (EREs) recruits lysine-specific
demethylase-1 (LSD-1). Local hydrogen peroxide generation by chromatin-bound LSD-1
causes oxidative base damage, which in turn leads to transient strand cleavage because of
base excision repair of the lesion (41–43) or recruitment of the strand-cleaving
topoisomerase IIβ (44). Formation and repair of strand breaks is thus associated with
chromatin remodeling and results in transient changes in DNA conformation required for
transcriptional activation (42, 43, 45). Although less information is available concerning the
role of oxidative DNA modifications in hypoxic transcription, studies using an
oligonucleotide model of the VEGF HRE show that incorporation of an abasic site at the
guanine modified in hypoxia increases HIF-1α–DNA binding and elicits more robust
reporter gene expression (10). In addition, the presence of an apurinic/apyrimidinic site in a
model VEGF HRE leads to APE1/Ref-1–dependent strand cleavage and increased flexibility
of the otherwise rigid HRE sequence (12). Collectively, these observations suggest that
sequence-specific base oxidation is important for transcription, at least in part, because the
process of lesion repair alters the mechanical properties of DNA.

How sequence-specific lesion formation interacts with transcription factor binding is less
clear. In transformed cells, binding of liganded estrogen receptor-α to the ERE triggers the
recruitment of LSD-1 and subsequent base modifications (42, 43). By contrast, in hypoxic
PAECs, persistent incorporation of HIF-1α into the transcriptional complex forming on the
VEGF HRE appears to be a consequence rather than a cause of lesion formation. The basis
and meaning of these differences are unknown, but one possibility is that pathways leading
to increased nuclear ROS, base oxidation and repair, and transcriptional complex assembly
may be cell- and stimulus-specific. It should also be noted that discrete ROS sources may
interact and that ROS derived from perinuclear mitochondria may activate enzymatic (for
example, LSD-1) and nonenzymatic pathways (for example, iron mobilization) that serve as
direct causes of sequence-specific base modifications.

The observation that suppression of hypoxia-induced ROS generation by two disparate
pharmacologic agents—myxothiazol, which inhibits ROS production by complex III, and
the nonselective ROS scavenger, N-acetylcysteine—attenuated perinuclear mitochondrial
clustering raises the possibility that mitochondria-generated ROS initiate movement of the
organelle to the perinuclear region. In support of this idea, some endogenous modulators of
dynein- and kinesin-dependent mitochondrial movement contain redox-sensitive sulfhydryl
groups (46) through which hypoxia-derived ROS could modulate mitochondrial distribution
(47). However, antimycin A, which increases ROS formation by complex III in the absence
of hypoxia, did not initiate mitochondrial perinuclear clustering, indicating that hypoxia-
induced ROS production from complex III is necessary but not sufficient for the clustering
response. Hypoxia caused mitochondrial fragmentation, as reported previously (26). The
demonstration that drp1-mediated mitochondrial fragmentation or fission is associated with
perinuclear clustering (48) raises the intriguing prospect that hypoxia or other physiologic
signals initiate retrograde movement through interactive processes using both mitochondria-
generated ROS and fission of mitochondria. Additional experiments will be required to
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elucidate the mechanism by which mitochondrial-derived ROS contributes to hypoxia-
induced perinuclear mitochondrial clustering.

In summary, we show that hypoxia causes perinuclear mitochondrial clustering in intact
lungs and cultured PAECs. Experiments in cultured cells revealed that the dynein motor
system operating in concert with microtubules played a critical role in the hypoxia-directed
perinuclear clustering of mitochondria. Disruption of the clustering response did not affect
cytosolicROS but suppressed the increase in nuclear ROS and oxidative base modifications
in the VEGFHRE. Under these conditions, HIF-1α accumulated in the nucleus but failed to
associate with the endogenous VEGF HRE or to initiate VEGF mRNA expression.
Collectively, these findings support a new paradigm for hypoxic signaling in which
controlled oxidative base modifications in HREs of hypoxia-inducible genes, initiated
byROS generated frommitochondria clustering in close proximity to the nucleus, play an
important role in transcriptional activation.

MATERIALS AND METHODS
Isolated, perfused rat lung

To study mitochondrial disposition in endothelial cells in situ, we used an established intact
lung microscopy method (49, 50). Briefly, after isolation, the lung was perfused with
MitoTracker Deep Red 633 (100 nM) by a pump through the pulmonary artery with Krebs-
Ringer bicarbonate solution with 5% dextran and 10 mM glucose at pH 7.4 for 30 min with
normoxic ventilation. After dye washout for 5 min, the lungs were placed in a specially
designed Plexiglas chamber with a coverslip window at the bottom so that the posterior
surface of the lung gently touched the coverslip. Lungs were then ventilated for 3 hours with
either 5% CO2+ 95% air (normoxia) or 5% CO2 + 93% N2 + 2%O2 (hypoxia). For three-
dimensional (3D) reconstruction, cells in vessels were imaged by optical slicing along 40
μm of z axis at 0.5-μm intervals. The PSF-deconvolved stacks of images were used to create
noise-free 3D reconstructions to determine the distribution pattern of mitochondria in the
endothelial cells.

Pulmonary artery endothelial cell culture, hypoxic exposure, and VEGF mRNA expression
Rat PAECs and PASMCs, isolated and cultured as described previously (8, 51, 52), were
used between passages 9 and 18. For culture in normoxia or hypoxia, 60-mm petri plates
were placed in an incubator purged with either 21 or 2% O2, respectively. VEGF mRNA
expression, used as a prototypical activation marker of the hypoxia-induced transcriptional
program in PAECs, was determined by quantitative real-time PCR, also as described
previously (9). Briefly, total RNAwas isolated from PAECs with the PrepEase RNA Spin
Kit (USB) according to the manufacturer’s protocol. Quantitative real-time PCR was then
performed with the HotStart-IT SYBR Green One-Step qRT-PCRKit (USB), also according
to themanufacturer’s protocol. Primers used in the quantitative reverse transcription–PCR
(qRT-PCR) analyses of VEGF mRNA expression were 5′-ATCTCTTGCTCTTTCTTA-3′
(forward) and 5′-AATATCTTCTCAGGACAA-3′ (reverse). For normalization
ofVEGFmRNAexpression, 28S ribosomalRNA(rRNA)was amplified with the following
primers: 5′-CTCAACCTATTCTCAAAC-3′ (forward) and 5′-
GTCTATATCAACCAACAC-3′ (reverse).

Analysis and modulation of mitochondrial distribution in PAECs
Rat PAECs labeled with MitoTracker Deep Red 633 (100 nM) were placed in a chamber
controlled for partial pressure of oxygen (PO2), partial pressure of CO2 (PCO2), and
temperature (53). Time-lapse pictures at intervals of 15 min for up to 3 hours were acquired
in both the fluorescence and differential interference contrast (DIC) channels. The DIC
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pictures were used to calculate the distance of peripheral mitochondria from the edge of the
cell and for determination of the effect of possible cell shrinkage on the mitochondrial
translocation. Nuclear labeling was done at the end of the experiment with Hoechst 33342
(10 μM). Adding the nuclear dye at the beginning and imaging the nucleus at each
mitochondrial acquisition was unnecessary because the shape and volume of nuclei did not
appear to substantially change with hypoxia. Addition of Hoechst 33342 at the end of the
experiment prevented the potential cytotoxicity and phototoxicity associated with its DNA-
intercalating properties and the requirement of ultraviolet exposure for imaging.

For analysis of clustering, the MitoTracker signal in pictures from each time point was
segmented into nucleocentric rings of equal width from the margin of the nucleus toward the
periphery of the cells and inside the nucleus. Average pixel intensity within each ring
indicated the abundance of mitochondrial signal in that ring, and these values were plotted
as a function of distance. Initially, the images were calibrated for real-world distance
measurements by applying calibration for the objective and other optics by imaging a
micrometer. For image segmentation, a binary mask for the nucleus was created by edge
detection and thresholding. The edge of the nucleus was converted into the outline of a
region of interest. This line was progressively and symmetrically dilated at defined intervals
by means of the mathematical transformation “Dilate” of the MetaMorph (Molecular
Devices) program. Average intensity values and distances and other parameters were
generated by morphometric analysis and data logging functions available in MetaMorph
commands. The numerical data files thus generated were subjected to statistical analysis
with SigmaStat and SigmaPlot (Systat Inc.). The potential photobleaching effect from
repeated exposures for time lapse was eliminated because the total intensity of
mitochondrial signal for each image from each time point was taken as 100% and the signal
distribution among perinuclear segments was normalized to the total cellular signal. For
graphical presentation, the percentage of total cellular mitochondrial signal located in the
nuclear ring and its two most proximate concentric zones were pooled, termed the “%
mitochondria in perinuclear region,” and depicted as a function of time in hypoxia.

To disrupt microtubule-based mitochondrial movement, we incubated PAECs with the
microtubule-destabilizing agent nocodazole at a concentration of 50 nM for 30 min before
culture under either normoxic or hypoxic conditions for the indicated durations. Retrograde
mitochondrial movement (movement toward the microtubule organizing centers) was
suppressed by siRNA-mediated knockdown of the dynein heavy chain, a component of the
molecular motor driving this movement. PAECs were transfected with Dharmafect I
(Thermo Fisher Scientific) following the manufacturer’s instructions. In brief, cells were
seeded at 400,000 per well in six-well plates and transfected the next day with 100 nM
siRNA and 2 μl of Dharmafect. Cells were exposed to hypoxia 24 hours after transfection,
after which nuclear DNA and RNA were isolated. The efficiency of the siRNA strategy to
knock down dynein was confirmed by Western immunoblot analysis with an antibody to
DYNC1H1 and quantified by normalizing dynein heavy chain abundance to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Santa Cruz Biotechnology).
Knockdown efficiency was also confirmed by qRT-PCR analysis of DYNC1H1 mRNA with
the following primers: 5′-CCATCGTCAACTTCTCAG-3′ (forward) and 5′-
CTCCACTCGCTTTAACAT-3′ (reverse). Expression was normalized to 28S rRNA with
the primers noted above.

To determine the effects of nocodazole and dynein knockdown on microtubule morphology,
we stained microtubules with Oregon Green paclitaxel. Nuclei were labeled by staining with
Hoechst 33342.
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Fluorescence microscopic detection of pan-cellular and nuclear oxidative stress
Pan-cellular oxidative stress was monitored by means of two strategies. First, we generated
two versions of a redox-sensitive roGFP probe (31, 32): one without a targeting sequence for
assessment of pan-cellular ROS stress and the other encoding the nuclear localizing
sequence from Minibrain kinase/dual-specificity tyrosine phosphorylation–regulated kinase
1A (54). The nontargeted and nuclear-targeted roGFPs were stably and transiently
transfected, respectively, into rat PAECs by standard methods. As a second method of ROS
detection, we used DCF-DA–based quantitative fluorescence imaging (55). PAECs were
incubated with 5 μM DCF-DA for 30 min to enable dye uptake.

Cells transfected with either nontargeted or nuclear-targeted roGFP constructs or loaded
with DCF were subjected to hypoxia (2% oxygen or 30 ± 2.5 mmHg) or normoxia in a
temperature-, PO2-, and P CO2-controlled chamber for the indicated periods. Time-lapse
imaging at 15-min intervals for up to 3 hours was performed for both ROS-detecting probes.
For assessment of roGFP signals, we followed a protocol similar to that previously
described byWaypa and co-workers (3) in their studies on hypoxia-induced mitochondrial
ROS production. PAECs were cultured in normoxia or hypoxia for the indicated periods
with ratiometric imaging of roGFP at the indicated times. After hypoxic or normoxic
exposure, cells were subsequently challenged with tert-butyl hydroperoxide followed by
DTT to define the dynamic range of the probe. Because the ratio of fluorescence emissions
at 400 and 480 nm, respectively, in normoxic and hypoxic cells was always within the
dynamic range of the probe, redox stress evoked by hypoxia was quantified by image
segmentation and ratiometric analysis. In some experiments, ratiometric and DIC images
were overlaid to demarcate nuclear boundaries, thus enabling discrete quantification of
roGFP signals in nuclear and cytoplasmic compartments. For DCF fluorescence, signals
were quantified in terms of the change in fluorescence intensity per cell. For visual
representation of roGFP and DCF fluorescence, an intensity plot method was used. This
method creates pixel-based 3D bar graphs of signal intensity along the z axis using the x and
y axes of the dimension of the bottom of the cell itself. The height as well as the pseudo-
color of the intensity lines representing each pixel of the cell creates a visual map of ROS
distribution throughout the cell.

Detection of oxidative modifications in the VEGF, NOS2, and NFKB2 HREs
Hypoxia-induced oxidative base modifications in selected HRE sequences were detected
with a previously described PCR-based technique wherein the bacterial DNA glycosylase
Fpg (New England Biolabs) was applied to recognize and cleave 8-oxoguanine and related
oxidized base products (9, 56). Treatment of DNA with Fpg results in strand cleavage at
sites of oxidized purines, thereby creating single-strand breaks that block PCR amplification.
Differences in PCR amplification between Fpg-treated and untreated DNA are thus a
specific indicator of the presence of oxidative base damage. Aliquot parts containing 10 ng
of genomic DNAwith or without pretreatment with Fpg were then subjected to PCR with the
following primers to amplify ~200 base pairs (bp) of the following gene promoters
harboring HRE sequences: VEGF, 5′-GCTCTGCCAGACTCCACAGT-3′ (forward) and
5′-GGCTACGTGGAAGGCAAGTA-3′ (reverse); NOS2, 5′-
TAACCTGCTGAACTATCT-3′ (forward) and 5′-TACACCAAGTAAGAGTCA- 3′
(reverse); and NFKB2, 5′-TGCGCACAGGAACAGAACACTT-3′ (forward) and 5′-
TTCATCCCTAATGTCTTGTGTG-3′ (reverse). Data are presented as the percentage of
intact DNA; a decrease in the percentage reflects an increase in the number of sequences
harboring oxidized base products recognized and cleaved by Fpg.

ChIP analyses were also used to search for VEGF HRE sequences harboring the commonly
occurring base oxidation product 8-oxoguanine. Commercially available ChIP-IT Express or

Al-Mehdi et al. Page 10

Sci Signal. Author manuscript; available in PMC 2013 February 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ChIP-IT Express Enzymatic kits were used, depending on the specific experiment (Active
Motif). Briefly, ~2 × 107 PAECs were fixed with 1% formaldehyde (Sigma) for 10 min and
washed with ice-cold 1× phosphate-buffered saline. The fixation reaction was terminated by
the addition of Glycine Stop-Fix solution for 5 min. PAECs were washed and collected in
Cell Scraping Solution supplemented with 0.5 mM phenylmethylsulfonyl fluoride.
Chromatin, sheared to ~500-nucleotide fragments by sonication or by enzymatic shearing,
was then immunoprecipitated with specific antibody per manufacturer’s instructions.
Immunoprecipitated DNA and input DNA controls were amplified by qPCR with HotStart-
IT SYBR Green qPCR Kit (USB) and primers specific for the VEGF HRE. As a negative
control, an ~200-bp sequence 3′ to the HRE, in close proximity to the transcription start site,
was amplified after immunoprecipitation.

Determination of nuclear HIF-1α abundance and DNA binding
Nuclear proteins were isolated from normoxic and hypoxic PAECs and divided into two
aliquots. Western immunoblot analysis applied to one of the samples was used to determine
the abundance of nuclear HIF-1α and the nuclear marker lamin A/C in normoxic and
hypoxic PAECs as a function of perinuclear mitochondrial disposition. The abundance of
HIF-1α was normalized to that of lamin A/C. The second aliquot was used in DNA affinity
precipitation analyses in which nuclear proteins were incubated with a 65-mer sequence of
the rat VEGF HRE including the HIF-1α DNA recognition site. Subsequently, Western
immunoblots were used to determine whether prevention of hypoxia-induced perinuclear
mitochondrial clustering altered the ability of HIF-1α to associate with an oligonucleotide
model of the VEGF HRE. All procedures were performed as described previously (12, 57).
ChIP assays, executed as described above, were used to determine the impact of hypoxia-
induced changes in perinuclear mitochondrial distribution on HIF-1α association with the
endogenous VEGF HRE and with a functionally irrelevant promoter sequence closer to the
transcription start site.

Statistical analysis
Quantitative data are presented as the means ± SE. Because the data were normally
distributed, differences between experimental groups were determined with either a one-way
or a two-way analysis of variance (ANOVA), depending on the experimental design, and
with Newman-Keuls post hoc test when appropriate. Differences were considered
statistically significant when P < 0.05.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Perinuclear mitochondrial clustering in hypoxia: role of microtubules and the dynein motor
system. (A) Left image: The arrow points to the nucleus of a capillary endothelial cell in a
perfused rat lung. Mitochondrial labeling is green. Right image: Arrows point to clustered
mitochondria after 3 hours of hypoxia. Scale bar, 20 μm. (B) Rat PAECs stained with
MitoTracker Red, Oregon Green paclitaxel (microtubules), and Hoechst 33342 (nuclei, blue)
were cultured under normoxia or hypoxia for 3 hours. Yellow circle denotes perinuclear
region. Scale bar, 30 μm. (C) Quantification of perinuclear mitochondrial distribution in
normoxic (NORM) and hypoxic PAECs. (D) Distribution of mitochondria in concentric
rings radiating from the nucleus outward in normoxic and hypoxic PAECs. (E)
Mitochondrial distribution in normoxic and hypoxic PASMCs. (F) Impact of the
microtubule-destabilizing agent nocodazole (Noc) on mitochondrial distribution in normoxic
and hypoxic PAECs. (G) Impact of siRNA knockdown of the dynein heavy chain (siDYN)
on mitochondrial distribution in normoxic and hypoxic PAECs. n = 6 different culture
dishes with three to six cells analyzed per dish. *P < 0.05, different from normoxia.
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Fig. 2.
Impact of perinuclear mitochondrial clustering on hypoxia-induced pan-cellular ROS
generation. (A) Pseudo-colored intensity plots of roGFP signal in normoxic PAECs and
PAECs cultured in hypoxia (H) or cultured in hypoxia in the presence of nocodazole or after
siRNA-mediated dynein knockdown (siDYN). roGFP signal intensity (indicated by the color
bar) correlates with ROS concentrations. Scale bar, 15 μm. (B) Quantitative assessment of
nuclear and cytoplasmic roGFP signals in the absence and presence of nocodazole (Noc) in
normoxic (N) and hypoxic (H) PAECs. (C) Effect of dynein heavy chain–specific siRNA
(siDYN) or scrambled siRNA (Scram) on hypoxia-induced changes in nuclear and
cytoplasmic roGFP signals. n = 3 to 5 different culture dishes with three to six cells analyzed
per dish for all panels. *P < 0.05, increased from normoxia.
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Fig. 3.
Hypoxia induces a redistribution of nuclear ROS that requires microtubule- and dynein-
dependent perinuclear mitochondrial clustering. (A) Time-dependent effects of hypoxia on
nuclear-targeted roGFP signals as depicted by pseudo-colored, ratiometric images of a
PAEC nucleus. roGFP signal intensity (indicated by the color bar) correlates with ROS
concentrations. Scale bar, 15 μm. (B) Time-dependent effects of hypoxia on nuclear roGFP
fluorescence ratio in PAECs. (C) Effect of nocodazole on hypoxia-induced changes in
roGFP fluorescence ratio in normoxic (NORM, N) PAECs and in PAECs cultured in
hypoxia (HYP, H) for 60 min. (D) Effect of dynein-specific siRNA (siDYN) or scrambled
siRNA (Scram) on roGFP fluorescence ratio in normoxic and hypoxic PAECs. n = 3 to 5
different culture dishes with 3 to 6 cells analyzed per dish for all panels. *P < 0.05,
increased from normoxia.
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Fig. 4.
Hypoxia causes oxidative base modifications in the HRE of the VEGF promoter that require
perinuclear mitochondrial clustering. (A) Effect of nocodazole on Fpg-detectable oxidative
base damage in the VEGF HRE in PAECS cultured in normoxia (NORM, N) or hypoxia
(HYP, H). (B) Effect of dynein-specific siRNA (siDYN) or scrambled siRNA (Scram) on
Fpg-detectable oxidative base damage in the VEGF HRE in normoxic and hypoxic PAECS.
(C) ChIP analysis of 8-oxoguanine–containing VEGF HRE sequences in PAECs treated
with nocodazole. (D) ChIP analysis of 8-oxoguanine–containing HRE sequences in PAECs
transfected with dynein-specific siRNA or scrambled siRNA. n = 4 to 6 different culture
dishes for all panels. *P < 0.05, increased from normoxia.
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Fig. 5.
Base modifications in the VEGF HRE that occur after perinuclear clustering mitochondria
are required for HIF-1α binding and VEGF mRNA expression. (A) Top: Western analyses
of HIF-1α and the nuclear marker lamin A/C in PAECs cultured for 3 hours under normoxia
(NORM) or hypoxia (HYP) in the presence of nocodazole (Noc) or after transfection with
dynein-specific siRNA (siDYN). Representative of four experiments. Bottom:
Quantification of HIF-1α abundance normalized to lamin A/C calculated as a percentage of
the normoxic control. n = 4 separate culture dishes per experimental group. *P < 0.05,
increased from normoxia. (B) Western blot analysis of HIF-1α associating with a 65-mer
oligonucleotide model of the VEGF HRE (DNA affinity precipitation analysis).
Oligonucleotide-associated HIF-1α was derived from nuclear extracts isolated from
normoxic and hypoxic control PAECs or PAECs treated with nocodazole or transfected with
dynein-specific siRNA. Data are representative of three separate experiments. (C) ChIP
analysis of VEGF HRE sequences immunoprecipitating with HIF-1α recovered from
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PAECs incubated under normoxia or hypoxia in the presence of nocodazole. (D) ChIP
assays for VEGF HRE sequences immunoprecipitating with HIF-1α from PAECs
transfected with dynein-specific (siDYN) or scrambled siRNA (Scram). (E) Quantitative
RT-PCR analysis of VEGF mRNA expression by PAECs in the presence of nocodazole. (F)
Quantitative RT-PCR analysis of VEGF mRNA expression in PAECs transfected with
dynein-specific or scrambled siRNA. n = 4 to 6 separate culture dishes per experimental
group. *P < 0.05, increased from normoxia. **P < 0.05, different from normoxia and
hypoxia alone.
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