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Mitochondrial respiration reduces exposure of the nucleus to
oxygen
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The endosymbiotic theory posits that ancient eukaryotic
cells engulfed O2-consuming prokaryotes, which protected
them against O2 toxicity. Previous studies have shown that cells
lacking cytochrome c oxidase (COX), required for respiration,
have increased DNA damage and reduced proliferation, which
could be improved by reducing O2 exposure. With recently
developed fluorescence lifetime microscopy–based probes
demonstrating that the mitochondrion has lower [O2] than the
cytosol, we hypothesized that the perinuclear distribution of
mitochondria in cells may create a barrier for O2 to access the
nuclear core, potentially affecting cellular physiology and
maintaining genomic integrity. To test this hypothesis, we
utilized myoglobin-mCherry fluorescence lifetime microscopy
O2 sensors without subcellular targeting (“cytosol”) or with
targeting to the mitochondrion or nucleus for measuring their
localized O2 homeostasis. Our results showed that, similar to
the mitochondria, the nuclear [O2] was reduced by �20 to 40%
compared with the cytosol under imposed O2 levels of �0.5 to
18.6%. Pharmacologically inhibiting respiration increased nu-
clear O2 levels, and reconstituting O2 consumption by COX
reversed this increase. Similarly, genetic disruption of respira-
tion by deleting SCO2, a gene essential for COX assembly, or
restoring COX activity in SCO2−/− cells by transducing with
SCO2 cDNA replicated these changes in nuclear O2 levels. The
results were further supported by the expression of genes
known to be affected by cellular O2 availability. Our study re-
veals the potential for dynamic regulation of nuclear O2 levels
by mitochondrial respiratory activity, which in turn could
affect oxidative stress and cellular processes such as neuro-
degeneration and aging.

Molecular oxygen (O2) has a dual nature. Its oxidative
potential permits efficient aerobic metabolism for beneficial
cellular energy production, whereas its unstable nature can
result in the generation of toxic reactive oxygen species
(ROS) that cause oxidative damage and serve as the basis
for the free radical theory on aging (1–3). In developing a
‡ These authors contributed equally to this work.
* For correspondence: Paul M. Hwang, hwangp@mail.nih.gov.
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mechanistic explanation for this original theory of aging,
mitochondria were proposed to be the major source of ROS
responsible for oxidative damage, although ROS can also
serve important signaling functions (4, 5). This theory,
however, has been beset with some inconsistent results in
models ranging from yeast to human, and the concept of
the mitochondrion as the major source of ROS has been
questioned (6–8).

Mitochondria have multiple sites from which ROS may be
generated, but its production in vivo is dependent on a number
of important factors, such as the substrate, mitochondrial
membrane potential, matrix pH, and intracellular O2 avail-
ability (9). These factors, which may be interdependent in vivo,
are difficult to control under experimental conditions to
permit an accurate assessment of in vivo mitochondrial ROS
production. Even the increase in ROS production associated
with hypoxia has been suggested to be an experimental phe-
nomenon (9). From another perspective, the mitochondria
could have net antioxidant effects by consuming O2, the
essential substrate for ROS production, and thereby preventing
its genotoxicity (10). We previously showed that disrupting
SCO2 (SCO2−/−), a gene regulated by tumor suppressor p53
and essential for respiration, results in higher intracellular
levels of O2, increased oxidative DNA damage, and decreased
proliferation under normal ambient O2 levels (�20% O2) (11).
Exposing these nonrespiring SCO2−/− cells to lower O2 levels
(≤5%) decreased DNA damage and improved their growth; but
other factors such as their propensity for regenerating NAD+

as also contributing to this improvement cannot be ruled out
(11). Cellular O2 is mostly consumed by mitochondria;
therefore, their dysfunction could result in elevated tissue O2

levels. In accord with this notion, more recent studies have
shown increased brain tissue O2 levels in a mouse model of
mitochondrial disease, and the neurodegeneration and short-
ened life span of these mice were ameliorated by decreasing
ambient O2 exposure (12, 13).

The development of various probes and techniques for
measuring O2 levels in cultured cells and tissues have
contributed to understanding O2 homeostasis under normal
and abnormal conditions (14–17). Previous O2 homeostasis
studies suggested the existence of substantial intracellular
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Mitochondrial respiration decreases nuclear oxygen
gradients under some O2-limited conditions (18). Consistent
with the view of mitochondria as O2 sinks capable of creating
intracellular O2 gradients (19, 20), recent advances in fluo-
rescence lifetime microscopy (FLIM) probes have permitted
the measurement of O2 concentration ([O2]) within the
mitochondria and confirmed that it is lower relative to the rest
of the cytosol (21). Notably, this phenomenon was observed to
be dependent on active respiration. Because mitochondria are
observed to have a perinuclear localization, we hypothesized
that the nucleus would also have low [O2] relative to the
cytosol, secondary to the hypoxic microenvironment of the
surrounding mitochondria. In the current study, we report that
the subcellular compartment of the nucleus is indeed capable
of being maintained at lower O2 levels by mitochondrial
respiration. This dependence of nuclear [O2] on the functional
state of the mitochondria may have important implications,
such as adding another dimension to the metabolic control of
epigenetics or genomic stability in cancer.
Figure 1. Schematic outline of fluorescence lifetime imaging (FLIM) for int
fluorescent protein mCherry to create an intracellular O2 sensor (MB-mCherry).
O2-bound state of MB, respectively, changes the duration of fluorescence lifetim
deoxy- (τd) and oxy- (τo) MB form.
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Results

Respiring mitochondria surround the nucleus and decrease its
O2 exposure

The red fluorescent protein mCherry was fused to the
O2-binding protein myoglobin (MB) to create the O2 sensor
MB-mCherry as previously described (21). The FRET-induced
changes in the lifetime of MB-mCherry have been shown to be
dependent on the O2-bound or O2-free (oxy/deoxy) state of
MB and carefully validated as reflecting intracellular O2 levels
(Fig. 1) (21–23). To test the idea that the perinuclear locali-
zation of mitochondria may deplete nuclear O2 levels, we
transiently transfected human HCT116 cells with MB-
mCherry constructs targeted to the different subcellular
compartments: cytosol, nontargeted MB-mCherry; mitochon-
drion, mtMB-mCherry; or nucleus, nMB-mCherry. Generally,
these three constructs revealed mCherry red fluorescence
signals in their respective subcellular compartments by
confocal fluorescence microscopy (Fig. 2A).
racellular O2 mapping. A, diagram of O2-binding myoglobin (MB) fused to
Strong or weak FRET between mCherry and MB, depending on the O2-free or
e as shown (21). B, amplitude of components (ao); lifetime of MB-mCherry in
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Figure 2. Respiring mitochondria surround the nucleus and decrease nuclear O2 levels. The O2 sensor myoglobin (MB)-mCherry was expressed in
different subcellular compartments of the HCT116 cell line by transfecting with nontargeted MB-mCherry or MB-mCherry fused to either the mitochondrial
targeting sequence of TFAM (transcription factor A, mitochondrial; mtMB-mCherry, Mito) or SV40 nuclear localization signal (nMB-mCherry, Nuc).
A, HCT116 cells were transfected with the three different MB-mCherry (red) constructs and stained with the mitochondrial dye MitoTracker Green (green)
and nuclear DNA dye DAPI (blue) to confirm their specific subcellular localization. Note that the diffuse red fluorescence in the nuclei of nontargeted
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Mitochondrial respiration decreases nuclear oxygen
The nontargeted MB-mCherry showed a diffuse pattern of
red fluorescence throughout the cell, which contrasted with
the more prominent perinuclear appearance of the mito-
chondrial targeted mtMB-mCherry construct nontargeted
versus mito (Fig. 2A). The mtMB-mCherry red colocalized
with the mitochondrial-specific dye MitoTracker Green to
produce yellow merge signals, whereas the nuclear nMB-
mCherry colocalized with the blue Hoechst DNA dye to
result in purple merge color (mito versus nuc, Fig. 2A).
Notably, the nontargeted MB-mCherry-transfected cells dis-
played some red mCherry fluorescence in their nuclei although
immunoblotting of their subcellular fractions using anti-
mCherry antibody showed nontargeted probe only in the
cytosolic fraction but not nuclear fraction (Fig. 2, A and B). On
the other hand, nMB-mCherry-transfected cells showed
mCherry immunoreactivity only in the nuclear fraction con-
firming the specific targeting of this probe (Fig. 2B). Further
investigation of nontargeted MB-mCherry-transfected cells
revealed the presence of two mCherry immunoreactive bands
in their whole cell lysates, a �44 kDa band corresponding to
the predicted size of the fusion protein and a smaller fragment
at �15 kDa (Fig. 2C). The mCherry sequence containing
fragment derived from the nontargeted MB-mCherry
construct may be able to diffuse into the nuclear compart-
ment of intact cells but wash out during subcellular fraction-
ation, potentially explaining our current observation. However,
the mCherry fragment is too small to contain MB; therefore, it
would not result in O2-sensitive FLIM measurements.

Two-dimensional fluorescence images of HCT116 cells
transfected with nMB-mCherry and stained with MitoTracker
Green revealed that the mitochondria are localized around the
nucleus in a perinuclear pattern. Confocal fluorescence im-
aging using Z-stack technique in a single cell further revealed
that the mitochondria form a 3-dimensional network encasing
the nucleus, similar to a shell. This configuration may serve as
a protective barrier for the nucleus by preventing exposure to
high levels of oxygen (Fig. 2D).

FLIM measurements of cells transfected with these three
MB-mCherry O2 probes were performed under different
imposed O2 levels to demonstrate the dependence of O2 on its
availability and consumption by mitochondria. The lifetime
MB-mCherry-transfected cells does not result in significant purple color compar
Hoechst. Scale bar reprsents 5 μm. B, HCT116 cells were transfected with plas
isolate the cytosolic and nuclear compartments, and the resulting samples we
subcellular compartment markers for the cytosol and nucleus, respectively; all
HCT116 cells transfected with the indicated plasmids were immunoblotted us
construct is �44 kDa, but a smaller immunoreactive fragment at �15 kDa is
nontransfected control cells. All molecular weight markers are indicated in kilo
costained with MitoTracker Green from top (height �25 μm) to bottom (heig
around the nucleus. Scale bar represents 5 μm. E, representative pseudocolo
mitochondrial mtMB-mCherry, and nuclear nMB-mCherry. The cells were incu
to 18.6% (�130 mm Hg) for lifetime measurements. Shorter lifetime values ind
blue). Note that for E and F, a threshold was introduced during the data analy
around cells to indicate those with higher levels of probe expression and exclud
provide scale bars. F, corresponding pseudo-color images of apparent cytosol
images shown in C and the calibration curve (obtained for nonrespiring rote
compartmental [O2]. The summary of data used in E and F is provided in Table
indicates higher values. Except at the lowest imposed [O2] (�2.8 mm Hg), Man
nontargeted versus mitochondria- or nuclear-localized probes. The differences
(n = 33–53). Statistical difference by two-way ANOVA with Tukey’s post-test
partments. Values are mean ± SD. *p < 0.01. DAPI, 40 ,6-diamidino-2-phenylind
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values of MB-mCherry were examined for any refractive index
(or possible pH) changes in the intracellular environment by
transfecting with control sensors: nontargeted, mitochondrial-
targeted, or nuclear-targeted mCherry (alone, without an
O2-responsive MB component) (Fig. S1). Lifetime measure-
ments of all three MB-containing probes showed the charac-
teristic hyperbolic O2-binding curve of MB when the
transfected cells were exposed to controlled ambient O2 levels
in tissue culture slide wells from �0.5% to 18.6% (taking into
account water vapor and 5% CO2), corresponding to media
[O2] of �2.8 mm Hg to 130 mm Hg (Fig. 2E). The shorter
lifetimes observed for the mitochondrial- and nuclear-targeted
probes across the range of imposed [O2] were consistent with
“cytosolic” [O2] being higher compared with that of the
mitochondrial and nuclear compartments. The overlapping
FLIM values for the mtMB-mCherry and nMB-mCherry
probes indicated that the mitochondrion and nucleus have
similarly low [O2] levels and supported an association between
these two compartments, as initially hypothesized (Fig. 2E).
The subcellular FLIM measurements were converted to
apparent compartmental [O2] (mm Hg) by using OxyLite Pro
1 point measurements of [O2] in the chamber culture medium
exposed to 5% CO2 and appropriate N2 to decrease O2 levels as
previously described (21). Likely because of diffusion limita-
tions of O2 above the cell layer, even within low confluency cell
culture conditions (24), the apparent [O2] levels of all three
subcellular compartments were lower than that of the culture
medium determined by the imposed ambient O2 level (Fig. 2F).
To ensure that these findings were not limited to the
HCT116 cell line, FLIM measurements were repeated in hu-
man embryonic kidney 293T (HEK293T) cells transfected with
the three O2 sensor constructs, and similar results were
observed (Fig. S2A). Taken together, these results supported
the hypothesis that mitochondria act as O2 sinks within the
cell, and that their perinuclear localization may secondarily
result in the reduction of nuclear [O2].
Nuclear O2 level is dependent on mitochondrial respiration

We next tested whether mitochondrial respiratory activity
can directly affect nuclear [O2] as previously shown for
ed with that of nuclear nMB-mCherry when merged with the blue of nuclear
mids containing the indicated probes for 24 h, subcellularly fractionated to
re immunoblotted using anti-mCherry antibody. Tubulin and lamin serve as
molecular weight markers indicated in kilodalton. C, the total cell lysates of
ing mCherry antibody. The predicted size of the nontargeted MB-mCherry
evident. Note the presence of a nonspecific band at �48 kDa present in
dalton. D, Z-stack images of a single cell transfected with nMB-mCherry and
ht �5 μm) of the well slide reveals a 3-dimensional shell of mitochondria
r FLIM images of HCT116 cells transfected with nontargeted MB-mCherry,
bated under different O2 concentrations ranging from 0.5% (�2.8 mm Hg)
icate lower [O2] (red), whereas longer lifetime indicates higher [O2] (green–
ses to remove the background noise. Dashed white lines have been placed
ed background debris. Also, note that the FLIM SPCImage software does not
ic, mitochondrial, and nuclear [O2]. The lifetime value for each pixel in FLIM
none/antimycin treated or SCO2−/− cells) were used to estimate apparent
s S1 and S2. In the color bars, red indicates lower values, whereas green–blue
n–Whitney tests showed a significant difference between [O2] obtained for
between the mitochondrial and nuclear [O2] were not statistically significant
. Comparison was performed between mean values of the different com-
ole; FLIM, fluorescence lifetime microscopy.



Mitochondrial respiration decreases nuclear oxygen
mitochondria (21). The pharmacologic inhibition of mito-
chondrial respiratory complex I by rotenone (Rot) or complex
III by myxothiazol (Myxo) resulted in increased subcellular
[O2] both in the mitochondrial and nuclear compartments of
HCT116 and HEK293T cells (Figs. 3A and S2B). Notably, there
was also a pattern of significantly increased [O2] even in the
cytosol, consistent with a previous study utilizing a
C
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Because cytochrome c oxidase (COX) (complex IV) is the
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Mitochondrial respiration decreases nuclear oxygen
COX by using the reductant ascorbate (Asc) and redox
mediator N,N,N0,N0-tetramethyl-p-phenylenediamine (TMPD)
resulted in decreased mitochondrial and nuclear O2 levels
(Fig. 3B). In contrast to the observation with respiratory in-
hibitors, stimulating mitochondrial O2 consumption with the
uncoupling agent 2,4-dinitrophenol resulted in a further
lowering of [O2] in all three subcellular compartments as ex-
pected in our proposed model (Fig. 3C).

To further confirm the effects of these pharmacologic
agents on mitochondrial and nuclear [O2], we utilized a non-
respiring HCT116 cell line that had been created previously by
homozygous disruption of SCO2 (SCO2−/−), a metal-
lochaperone gene involved in cellular copper homeostasis and
essential for COX assembly (25–27). Measurements of O2

consumption using mitochondrial inhibitors and uncoupler
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP) revealed the complete absence of respiration in
SCO2−/− cells in comparison with isogenic wildtype cells
(Fig. 4A). Furthermore, the absence of O2 consumption upon
treatment with TMPD and Asc was consistent with the
essential role that SCO2 plays in the assembly and stabilization
of the COX complex, whereas the reintroduction of SCO2
complementary DNA (cDNA) (transgene, Tg) into SCO2−/−

cells (SCO2−/− Tg) rescued COX3 subunit protein levels,
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respiratory activity, and the effects of TMPD/Asc on O2 con-
sumption (Fig. 4, A and B). Importantly, the genetic disruption
of respiration in SCO2−/− cells increased [O2] levels in both the
mitochondrial and nuclear compartments, whereas the
respiration-rescued SCO2−/− Tg cells showed reversal of these
changes (Fig. 4C). These observations confirmed the specificity
of the pharmacologic inhibitors of mitochondrial respiration
used in our current and previous FLIM O2 studies (21).
Mitochondrial respiration modulates the expression of genes
sensitive to intracellular O2 levels

The protein levels of nuclear transcription factor hypoxia-
inducible factor 1-alpha (HIF-1α) are sensitive to intracel-
lular [O2] as its hydroxylation by HIF prolyl hydroxylase for
subsequent degradation requires O2 as substrate. Because
inhibiting respiration increases intracellular O2 levels, we
examined whether the levels of HIF-1α could serve as a sen-
sitive biologic read out of changes in [O2]. Treating wildtype
HCT116 cells with mitochondrial inhibitors targeting the
different respiratory complexes all prevented the stabilization
of HIF-1α under both 5% and 0.5% O2, which normally in-
crease its levels, suggesting a state of increased intracellular O2

availability confirmed by our FLIM measurements (Fig. 5A).
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wildtype HCT116 SCO2+/+ cells exposed to hypoxia (0.5% or 5% O2) and the indicated mitochondrial complex inhibitor rotenone (Rot, CI), myxothiazol
(Myxo, CIII), antimycin A (AA, CIII), azide (N3

−, CIV), or oligomycin (Oligo, CV) for 3 h. No inhibitor treatment control (CTL). β-actin serves as protein loading
control; all molecular weight markers are indicated in kilodalton. B, HIF-1α and HIF-2α immunoblots of SCO2+/+ cells exposed to hypoxia (0.5% O2) and the
indicated complex III inhibitor (Myxo or AA) or bypass of this inhibition with redox mediator TMPD and ascorbate (Asc) for 3 h. C, immunoblot of HIF-1α and
HIF-2α stabilization in SCO2+/+ cells upon 5% O2 hypoxia exposure and treatment with FCCP (uncoupler) to increase O2 consumption for the indicated
period. D, HIF-1α immunoblot of SCO2+/+, SCO2−/−, and SCO2−/− Tg cells after exposure to 0.5% or 5% O2 for 3 h. Treatment with 100 μM CoCl2 serves as
positive control for HIF-1α stabilization. E, fold change in the expression of a panel of genes known or reported to be O2 sensitive in SCO2+/+, SCO2−/−, and
SCO2−/− Tg cells exposed to 0.5% O2 for 72 h compared with control 20% O2 condition. The mRNA levels of these O2-sensitive genes were assessed by real-
time RT–PCR. FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; HIF, hypoxia-inducible factor; TMPD, N,N,N0,N0-tetramethyl-p-
phenylenediamine.

Mitochondrial respiration decreases nuclear oxygen
Bypassing the electron transfer blockade at complex III (Myxo
or antimycin A) using TMPD/Asc to resume O2 consumption
resulted in recovery of HIF-1α and HIF-2α stabilization,
whereas stimulating O2 consumption with the uncoupling
agent FCCP further increased their levels compared with
controls (Fig. 5, B and C). Thus, these observations demon-
strated that mitochondrial O2 consumption may contribute to
the stabilization of HIF-1α by decreasing intracellular [O2].
Consistent with this mechanism, there was mild stabilization
of HIF-1α only at the most hypoxic imposed [O2] (0.5% O2) in
nonrespiring SCO2−/− cells, further supporting an important
role for mitochondrial respiration in O2 homeostasis (Fig. 5, C
and D). We also confirmed that the diminished stabilization of
HIF-1α in SCO2−/− cells by hypoxia was not because of a
defect in HIF or its intrinsic regulation because treatment with
CoCl2, a direct inactivator of HIF prolyl hydroxylase, stabilized
HIF-1α to levels identical to that in wildtype cells (Fig. 5D).

Changes in intracellular O2 levels may impact gene
expression regulated not only by HIF transcription factors but
also by chromatin modifications such as histone methylations
that induce or silence genes. Among the post-translational
modifications of histones, lysine (K) methylation in particular
has been shown to be sensitive to the cellular levels of O2 (28).
Methylation of histone H3 at amino acid residues K4, K9, and
K27 has been shown to be increased under hypoxia, possibly
because of limited O2, a substrate required for demethylation
by histone lysine demethylases (29–31). Therefore, as a bio-
logic read out of intracellular O2 levels to complement the
J. Biol. Chem. (2023) 299(3) 103018 7
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FLIM probe measurements and a simple demonstration of
respiration-driven alterations in [O2], we examined the
expression of genes known to be sensitive to O2 levels via
epigenetic regulation or HIF-1α transactivation. We exposed
HCT116 cells of the three different SCO2 genotypes to hyp-
oxia (0.5% O2) and performed RT–quantitative PCR of a panel
of hypoxia-sensitive genes known to be regulated by HIF1 and
histone H3 lysine methylation, specifically trimethylated H3K9
as previously reported (29). Notably, unlike in respiring wild-
type cells, the regulation of various O2-sensitive genes was
blunted in SCO2−/− cells, whereas there was recovery of this
regulation with the rescue of respiration in isogenic SCO2−/−

Tg cells (Fig. 5E). This effect mirrored the diminished stabi-
lization of HIF-1α in nonrespiring SCO2−/− cells when exposed
to 0.5% O2 (Fig. 5D), underscoring again that mitochondrial
respiration indeed significantly contributes to intracellular O2

homeostasis.
Discussion

Using FLIM O2 sensors targeted to the nucleus, we report
that direct measurements of the nuclear compartment reveal
relatively low O2 levels compared with the cytosol. Previous
work using O2 probes targeted to the mitochondria had
revealed a hypoxic microenvironment (21), so the perinuclear
localization of mitochondria suggested the possibility of a
secondary hypoxic nuclear core, which we have now demon-
strated. We also show that both pharmacologic and genetic
alterations of mitochondrial respiration consistently associate
O2 consumption with the maintenance of low [O2] in the
nucleus. The expression patterns of O2-sensitive genes as a
read out of intracellular hypoxia revealed biological sequelae
consistent with the FLIM [O2] results. We should note here
that diffusion limitation of O2-causing gradients in cultured
cells has been reviewed extensively and should be considered
here (24); however, the apparent differences in [O2] levels of all
three subcellular compartments that consistently depend on
respiration, whether pharmacologically or genetically altered,
can still be interpreted as being significant.

It is tempting to speculate that the mitochondria serving to
maintain low levels of O2 in the nucleus may represent a
principle of the endosymbiotic theory of the mitochondrion,
which holds that O2-consuming prokaryotes hosted by pri-
mordial anaerobic eukaryotes provided protection against
genotoxic O2 (10, 32). More mechanistically, the concept of
the mitochondrion as an O2 sink had been proposed even
before direct measurements of mitochondrial [O2] were
feasible (20). Previous works have also demonstrated
respiration-dependent changes in intracellular [O2], including
by a phosphorescent probe that accumulates in the nucleus
(33, 34). In this study, we have specifically targeted the nuclear,
mitochondrial, and “cytosolic” subcellular compartments using
FLIM O2 probes and have performed parallel measurements of
their intracellular O2 levels as a function of respiration.

Our finding of relative hypoxia in the coupled mitochondrial
and nuclear compartments is also consistent with observations
from disparate fields. As reflected by our FLIM measurements
8 J. Biol. Chem. (2023) 299(3) 103018
under typical physiologic tissue [O2] (≤50 μM or pO2 �40 mm
Hg) (17), the [O2] necessary to decrease O2 consumption rate
in respiring mammalian mitochondria has been reported to be
less than 2 μM, which falls within the range of our mito-
chondrial mtMB-mCherry measurements (Fig. 2F) (35).
Furthermore, the reported submicromolar Km for O2 as sub-
strate of the COX complex indicates that intracellular [O2]
within the microenvironment of the mitochondria may indeed
be low. Our current work suggests that the perinuclear local-
ization of O2-consuming mitochondria results in the low [O2]
measured using our nuclear nMB-mCherry probe. It should be
noted that at least two independent studies have previously
associated the perinuclear localization of mitochondria with
HIF-1α stabilization, proposed to be ROS mediated, but O2

depletion by respiration was not examined (36, 37). Although
ROS in certain circumstances may be involved in HIF-1α
stabilization (38), recent emerging studies suggest a direct role
of decreased O2 availability (39, 40). It is also notable that HIF
prolyl-4-hyroxylase 2 has been reported to be present in the
nucleus and to interact with HIF-1α in the nucleus, suggesting
nuclear O2 homeostasis may play a role in HIF-1α stabilization
(41). In summary, our observation of dynamic subcellular [O2]
regulation by respiration links mitochondrial metabolism to
nuclear transcriptional and epigenetic regulatory processes via
O2 homeostasis, raising new questions in fields of study
ranging from evolutionary biology to genomic instability.

Experimental procedures

Cells and tissue culture

Wildtype HCT116 (SCO2+/+) and HEK293T cell lines were
obtained from American Type Culture Collection and cultured
in McCoy’s 5A and Dulbecco’s modified Eagle’s medium me-
dium, respectively, supplemented with 10% (v/v) fetal bovine
serum and 1% (v/v) penicillin/streptomycin. The generation of
isogenic nonrespiring SCO2−/− and rescued SCO2−/− Tg (re-
expressing SCO2) cell lines has previously been described (11,
26). The nonrespiring SCO2−/− cells were cultured in the
McCoy’s 5A medium supplemented with 10% (v/v) fetal
bovine serum and 1% (v/v) penicillin/streptomycin, and their
media were replaced every 2 days for improved growth. To
decrease the potential effects of O2 toxicity, SCO2−/− were
normally maintained at lower ambient O2 (5% O2) for longer
term cultures but were exposed to identical O2 conditions as
respiring cells for cDNA transfection and FLIM studies.

Mitochondrial modulator treatment

Cells were treated with the following final concentrations of
mitochondrial modulators for FLIM, O2 consumption (Sea-
horse), and HIF stabilization studies (all Sigma–Aldrich): Rot,
1 μM; antimycin A, 1 μM; Myxo, 2 μM; NaN3, 2 mM; oligo-
mycin A, 1.5 μM; 2,4-dinitrophenol, 40 μM; FCCP, 0.5 μM;
TMPD, 100 μM; and sodium Asc, 2 mM.

Subcellular fractionation

Nuclear and cytoplasmic subcellular fractionation was per-
formed as previously described (42). Briefly, the cells were
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homogenized in fractionation buffer (250 mM sucrose, 50 mM
Tris–HCl [pH 7.4], and 5 mM MgCl2) using a tissue grinder
and centrifuged at 800g for 15 min. The resulting pellet and
supernatant were used to isolate the nuclear and cytosolic
fractions, respectively. The pellet was resuspended in nuclear
buffer (20 mM Hepes [pH 7.9], 1.5 mM MgCl2, 0.5 M NaCl,
0.2 mM EDTA, 20% glycerol, and 1% Triton X-100) and
centrifuged at 9000g for 30 min to yield the soluble nuclear
fraction within the resulting supernatant. The initial super-
natant was centrifuged at 11,000g for 10 min, and the resulting
supernatant yielded the cytosolic fraction.
Antibodies

The following antibodies were utilized for immunoblotting:
α-tubulin mouse monoclonal antibody (mAb) (T5168), β-actin
mouse mAb (A5441) (Sigma–Aldrich); HIF-1α rabbit poly-
clonal antibody (pAb) (catalog no.: 10006421) (Cayman
Chemical); HIF-2α rabbit pAb (7096) (Cell Signaling Tech-
nology, Inc); COX3 (MT-CO3) mouse mAb (catalog no.:
ab110259), COX4 mouse mAb (catalog no.: ab33985) (Abcam
PLC); COX17 rabbit pAb (catalog no.: 11464-1-AP) (Pro-
teintech Group, Inc); and mCherry mouse mAb (catalog no.:
MA5-32977), SCO2 rabbit pAb (catalog no.: PA5-76209)
(Thermo Fisher Scientific, Inc).
Immunoblotting

Protein samples were solubilized in cold radio-
immunoprecipitation assay buffer supplemented with prote-
ase/phosphatase inhibitors (Roche) and centrifuged at 160,00g
for 15 min. The supernatant was mixed with SDS protein
sample buffer, resolved by Tris–glycine SDS-PAGE, and
transferred to Immobilon-P membrane (Millipore) for stan-
dard ECL immunoblotting.
FLIM probes

Plasmids containing the following constructs were made:
nontargeted MB-mCherry (“cytosolic” MB-mCherry); MB-
mCherry fused to the TFAM (transcription factor A, mito-
chondrial) mitochondrial targeting sequence (mitochondrial
mtMB-mCherry) (21); and MB-mCherry fused to three re-
peats of the nuclear localization signal of SV40 T antigen
(nuclear nMB-mCherry). Nontargeted mCherry with no MB
(mCherry alone) or its targeted forms with either nuclear
localization signal (n-mCherry) or mitochondrial targeting
sequence (mt-mCherry) served as O2-insensitive controls for
FLIM measurements. The MB sequence was deleted from the
nMB-mCherry construct by PCR amplification using In-
Fusion HD Cloning Plus (Takara Bio USA) with the primer
set listed in the supporting information section. n-mCherry
was sequenced, and nuclear localization was confirmed by
40,6-diamidino-2-phenylindole (DAPI) colocalization after
transfection. Plasmids were amplified in BL21 Star
Escherichia coli (Thermo Fisher Scientific) and purified using
NucleoSpin Plasmid Kit (Macherey–Nagel, Takara Bio USA,
Inc).
Plasmid transfection and cell culture for FLIM

Cells were plated at a subconfluent density in 6- or 24-well
plates (�3.25 × 105 or 6.5 × 104 cells/well, respectively),
allowed to attach for 24 h, and then transfected with Lip-
ofectamine 2000 or FuGene HD per manufacturer’s instruc-
tion in Opti-MEM I Reduced Serum Medium (Gibco) in a
standard room air with 5% CO2 tissue culture incubator. Cells
were allowed to recover for 24 h after transfection, trypsinized,
counted, replated at a density of 1.0 × 104 � 1.0 × 105 cells/
cm2 in μ-Slide 4 Well or 8 Well (ibidi), and allowed to attach
for an additional 24 h prior to FLIM analysis.

Confocal fluorescence microscopy

For the subcellular colocalization imaging studies, cells were
plated at 1.1 × 104 cells/cm2 (1.0 × 105 cells/dish) in 35 mm
poly-D-lysine–coated glass bottom dishes (MatTek Co),
allowed to attach for 24 h, transfected, and incubated another
24 h prior to analysis. The transfected cells were washed,
incubated in 100 nM MitoTracker Green FM 100 (Invitrogen)
for 30 min and 10 μg/ml DAPI (or Hoechst) at 37 �C for 5 min,
washed and imaged in prewarmed Hank’s balanced salt solut
supplemented with Ca2+/Mg2+ (1.26 and 0.9 mM, respec-
tively), and D-glucose (5.6 mM). Images of the cells were ac-
quired using a Zeiss LSM 780 confocal microscope (Carl Zeiss)
equipped with a 63× oil immersion objective. Filter parameters
were excitation/emission (Ex/Em) 355/410 to 481 nm for
DAPI; Ex/Em 488/499 to 534 nm for MitoTracker Green
(FITC); and Ex/Em 594/597 to 633 nm for MB-mCherry
(Rhodamine). Images were processed using AxioVision 4.8
software.

FLIM set up

Two-photon FLIM was performed using a Leica SP5
confocal laser scanning microscope equipped with a tunable
Chameleon Ti:Sapphire femtosecond laser (Coherent) with a
wavelength set to 780 nm for the excitation of mCherry. The
laser light was passed through a 685 nm LP dichroic mirror
and directed to a Leica Plan-Apochromat 40×, 1.1 numerical
aperture water immersion microscope objective (laser power
≤7 mW at the objective). A 647/57 nm bandpass filter (Sem-
rock BrightLine) was used to filter mCherry signal. The elec-
trical pulse output from the hybrid photomultiplier detectors
(HyD; Leica Microsystems) was directed into an SPC-150
photon counting card (Becker & Hickl). Synchronization
with the pixel, line, and frame clock from the scanning unit of
the microscope was used for image construction in time-
correlated single-photon counting mode. Single cells were
imaged for 30 to 50 s (depending on the intensity), image size
was set to 256 × 256 (pixels)2, and TCSPC histograms were
collected with 256 channels in a 12.5 ns time window. A
miniature incubation chamber with a gas mixing system
(CO2 − O2−MI; Bioscience Tools) was mounted onto the
microscope stage to keep the temperature at 37 �C and provide
5% CO2 and a stable % O2 (v/v) of 18.6%, 10%, 5%, or 0.5%
during the imaging; �0.5% is the lowest percent of O2

attainable by our system (24). The media-imposed [O2] (pO2
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in mm Hg) at each percent of O2 was monitored by a 250 μm
diameter bare-fiber O2 sensor (NX-BF/O/E; Optronix Ltd)
connected to an OxyLite, 1 Channel monitor (Optronix Lt).
The [O2] values were measured at the bottom of the 4-well or
8-well chambers (ibidi) with or without live cells present in
their respective culturing medium as previously described (21).
The pO2 values measured by OxyLite Pro 1 were 130.6 ± 2.47,
68.1 ± 5.09, 35.3 ± 2.43, and 2.8 ± 0.61 mm Hg at 18.6, 10, 5,
and 0.5% [O2], respectively.

FLIM analysis and intracellular mapping of pO2

FLIM images were processed as previously described (22).
Briefly, the fluorescence lifetime decays of MB-mCherry in the
cytosol, mitochondria, or nucleus were obtained by a double-
exponential decay model in SPCImage (Becker & Hickl) at
optimized goodness of fit (χ2). The mean lifetime was obtained
for each single image (via amplitude weighting for each pixel)
and averaged across multiple cells (n> 30). Then, the resulting
lifetime values (τ(pO2)) were plotted against the media-
imposed external pO2, and a hyperbolic curve was fit to the
data using MATLAB R2020b (The MathWorks, Inc)

τðpO2Þ¼ ðτmax − 0:914Þ pO2

KþpO2
þ0:914 (1)

where τmax is the longest average lifetime for MB-mCherry at
18.6% O2 and K is a fitting parameter related to the affinity of
MB for O2. The τ(pO2) values for SCO2−/− cells or those
treated with Rot/antimycin (nonrespiring cells) were used as
a reference for the lifetime of the probe at the environmental
level of pO2 present in solution. Rearranging (Equation 1),
fixing the K and τmax to the values obtained from the
reference curve, the effective pO2 at each lifetime value was
back calculated for the respiring cells. Then, pseudocolor
mappings of pO2 in the cytosolic, mitochondrial, and nuclear
environments were obtained using MATLAB R2020b (The
MathWorks, Inc) equipped with the Image Processing
Toolbox. More detailed description can be found elsewhere
(22). The effects of intracellular refractive index on the
lifetime values were corrected by using mCherry (alone)
lifetime probes that were nontargeted or targeted to the
mitochondria or nucleus.

Hypoxia

The indicated number of cells for each genotype (SCO2+/+,
1.0 × 106; SCO2−/−, 2.5 × 105; SCO2−/− Tg, 5.0 × 105) were
plated in each well of 6-well tissue culture plates and allowed
to attach in 20% O2 for 24 h prior to hypoxia exposure. Tissue
culture plates were placed in modular incubator chambers
(Billups-Rothenberg) with humidification, flushed for 5 min
with gas containing 5% CO2 and appropriate mix of O2/N2,
sealed, and placed in a 37 �C incubator for 3 h. As positive
control for HIF stabilization, cells were treated in a standard
incubator with 100 μM CoCl2 for 1 h. At the end of hypoxia
treatment, the tissue culture plates were immediately trans-
ferred onto ice, media were removed, and washed with ice-cold
and hypoxia mix–equilibrated Hank’s balanced salt solution.
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Then the cells were immediately lysed with 1× SDS protein
sample buffer supplemented with 2% β-mercaptoethanol and
protease and phosphatase inhibitors. Cells were sheared
through a 28-gauge needle with eight strokes of a 1 ml syringe.
Samples were heated at 85 �C for 10 min and stored at −80 �C.

RNA quantification by real-time RT–PCR

Total RNA was isolated from cells using RNeasy Plus Uni-
versal Kit (QIAGEN). cDNA was synthesized by using reverse
transcription (High-Capacity cDNA Reverse Transcription Kit;
Thermo Fisher), and RT–quantitative PCR was performed
using a 7900HT Sequence Detection System (Applied Bio-
systems) as previously described (43). Relative gene expression
levels were calculated from cycle threshold values normalized
by the housekeeping genes reported to be best suited for
HCT116 cells, phosphomannomutase 1 (PMM1), and ribo-
somal protein lateral stalk subunit P0 (RPLP0) (44). Primer
sequences are listed in the supporting information section.

Mitochondrial respiration studies

For mitochondrial respiration studies using the Seahorse
XF96e Analyzer, 1.5 × 104 HCT116 SCO2+/+, SCO2−/−, and
SCO2−/− Tg cells from three different thawing batches were
plated in Seahorse XF96 V3 PS Cell Culture Microplates and
incubated for 16 h at standard conditions. XFe96 Sensor
Cartridge was hydrated with ultrapure water overnight and,
45 min to 1 h prior to the commencement of the experiment,
the cartridge was incubated with XF Calibrant solution at 37
�C in CO2-free humidified incubator. Cell-containing plate
was washed with XF Assay medium, pH 7.4, supplemented
with D-glucose 3 g/l, pyruvate 1 mM, and L-glutamine 1 mM at
37 �C according to the manufacturer’s recommended protocol.
Injection ports were loaded with 10× concentrations of the
stock agents listed in the aforementioned “Mitochondrial
modulator treatment” section. Appropriates volumes of 10×
stock were added to a starting medium volume of 180 μl
containing the cells.

Statistical analysis

For each condition, FLIM was recorded in at least 30 cells.
ANOVA with Tukey’s post-test or Mann–Whitney U tests
were used to evaluate whether the values in the independent
groups are significantly different from each other. Analyses
were carried out using SPSS 14.0 (a subsidiary of IBM) soft-
ware, and statistical significance was defined at p < 0.05 (95%
confidence level).
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All data described are located in this article.
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