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Abstract
Chinese hamster ovary (CHO) cells are used to produce nearly 70% of all
recombinant protein products. High levels of apoptosis; however, are typical during
production processes. As such, overexpression of Bcl-2 family proteins is commonly
used in CHO cells to delay apoptosis and increase production. Bcl-2 family proteins are
recognized for their apoptosis regulation at the mitochondria, yet new non-apoptotic roles
for Bcl-2 family proteins have emerged including the mediation of intracellular calcium
(Ca2+) homeostasis. Since the proper supply of Ca2+ in cells serves as an important
mechanism for both cellular survival and bioenergetics, we explore the possibility of a
dual purpose for anti-apoptotic Bcl-xL modulation of Ca2+ signaling.
Firstly, we aim to clarify the multi-organelle localization and functions of Bcl-2
members in mediating Ca2+ signals and investigate the implications of Ca2+ as it relates to
bioenergetics and apoptosis. Furthermore, to determine the mechanism by which antiapoptotic proteins promote bioenergetics and cell survival, we investigated the
localization of anti-apoptotic Bcl-xL in CHO cells. We found that Bcl-xL partially resides
at the ER-mitochondria interface termed MAM (mitochondria-associated ER
membrane). Since the MAM is known to house key Ca2+ signaling machinery, we were
additionally interested in exploring the role of Bcl-xL in facilitating direct ER to
mitochondrial Ca2+ signaling. We observed reduced cytosolic Ca2+ efflux and enhanced
Ca2+ transfer directly from the ER to mitochondria following ER Ca2+ depletion. Bcl-2
expression additionally enhanced TCA cycle activity.

Interestingly, prolonged

thapsigargin treatment induced Bcl-xL translocation to the MAM and further promotes

ii

bioenergetics. Similar results were seen using CHO cells expressing a truncated form of
Bcl-2 (Bcl-2∆) or a combination of anti-apoptotic proteins—E1B-19K, Aven and XIAP∆.
Taken together, our data suggests that MAM-associated Bcl-xL may play a role in
facilitating mitochondrial Ca2+ uptake to promote bioenergetics, which provides
additional groundwork toward understanding CHO metabolism to further improve upon
cell line development.

Advisor: Dr. Michael J. Betenbaugh
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Chapter 1. Introduction
Bcl-2 family proteins play an important role in mediating apoptosis. Recent
evidence; however, shows that these proteins may also function by regulating calcium
(Ca2+) signaling. Since several organelles and Bcl-2 family proteins are involved in Ca2+
signaling, we aim to clarify the role that Bcl-2 family proteins play in mediating Ca2+
signaling and how Ca2+ signals are used in bioenergetics and apoptosis. The endoplasmic
reticulum (ER) is the main Ca2+ storage facility in the cell, which is competitively
regulated by Bcl-2 family proteins. Ca2+ signals generated at the ER are mediated by
inositol 1,4,5-trisphosphate receptors (IP3Rs).

Anti- and pro-apoptotic proteins also

regulate the flux of Ca2+ from the ER into the mitochondria and the cytosol by physically
interacting with IP3Rs to mediate their opening. Type 1 IP3Rs reside at the bulk ER to
coordinate cytosolic Ca2+ signals, while type 3 IP3Rs reside at mitochondria-associated
ER membrane (MAM) and interact with voltage-gated anion channels (VDAC) on the
outer mitochondria membrane (OMM) to facilitate mitochondrial Ca2+ uptake.

At

physiological levels, Ca2+ drives pyruvate into the tricarboxylic acid (TCA) cycle to
facilitate ATP production, while a continuous accumulation of Ca2+ in the mitochondria
can trigger the release of cytochrome c, thus initiating apoptosis. Increased levels of
cytosolic Ca2+ are also known to induce apoptosis. Ultimately, it is the concentration of
anti- vs pro-apoptotic proteins that decides the cells fate. Herein, we propose dual
functionality of Bcl-2 family proteins in modulating Ca2+ signaling to promote
bioenergetics and cellular survival.
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Chapter 2. Intracellular Targeting of Bcl-xL in Chinese
Hamster Ovary Cells
2.1 Abstract
The Bcl-2 family has emerging roles in several non-apoptotic functions critical to
cell physiology, and the functioning of these proteins appears to be dependent on their
localization. Thus, we investigated the localization of anti-apoptotic Bcl-xL in Chinese
hamster ovary (CHO) cells. Our confocal microscopy analysis shows that Bcl-xL colocalizes significantly with mitochondria labeled with GFP-mito and is consistent with
previous data indicating that Bcl-xL is specifically targeted to the outer mitochondria
membrane.

Interestingly, Bcl-xL was found mostly in clustered form on the outer

mitochondria membrane or sitting next to the mitochondria. Clustered Bcl-xL was also
found to sit adjacent to and associated with the ER-mitochondria interface termed MAM
(mitochondria-associated ER membrane). Since the MAM is known to facilitate direct
ER to mitochondria Ca2+ signaling, these results might indicate a new role for Bcl-xL.

2.2 Introduction
Members of the Bcl-2 family are vital regulators of apoptosis. The family is
subdivided into two types, anti-apoptotic (Bcl-2, Bcl-xL) and pro-apoptotic (Bax, Bak,
Bad, Bim). Bcl-2 family proteins are generally thought to reside at mitochondria to
facilitate or block cytochrome c release, but have emerging roles at other cellular
locations that are vital to cell physiology. For instance, Bcl-2 family members residing at
the endoplasmic reticulum (ER) function in the regulation of intracellular Ca2+
homeostasis. The ER is the main Ca2+ storage facility within cells. ER luminal Ca2+
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homeostasis and Ca2+ signaling are maintained and controlled by Ca2+ release via inositol
1,4,5-trisphosphate receptors (IP3Rs) and the return of Ca2+ to the ER lumen by the
sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) pump. In Chinese hamster
ovary (CHO) cells, three isoforms of IP3Rs (type 1, 2, and 3) have been identified.
Cytosolic Ca2+ signaling is mediated by Type 1 and Type 2 IP3Rs (IP3R1 and IP3R2) that
are localized at the bulk ER. Type 3 IP3Rs (IP3R3) are enriched at ER membranes in
close contact with mitochondria, termed mitochondria-associated ER membrane (MAM),
and preferentially mediate Ca2+ signals into the mitochondria (Mendes et al., 2005).
The MAM was identified based on co-sedimentation and electron microscopic
observations (Shore 1977; Mannella et al., 1998) and it was later shown that
approximately 10-20% of the ER is in close contact with mitochondria (Csordás et al.,
2006). Although the ER and mitochondria are both anchored to the cytoskeleton, the
MAM is predominately held together by tethering proteins such as mitofusion 2 (Mfn2)
and S100B that maintain a minimum distance between the ER and the outer
mitochondrial membrane (OMM) of 10-25 nm (Csordás et al., 2006; Hayashi et al.,
2009).

In addition to IP3R3, several proteins including, sigma-1 receptor (Sig-1R) and

the ER chaperone binding immunoglobulin protein (BiP), are enriched at the MAM. Sig1Rs, in conjunction with BiP, form a complex that stabilizes IP3R3s at MAM. Upon IP3R
activation, Sig-1Rs dissociate from BiP and directly bind IP3R3s to prevent degradation
and prolong Ca2+ signaling (Hayashi and Su, 2007). IP3R3 is additionally linked to
VDAC on the OMM by glucose-regulated protein 75 (grp75) to ensure a large localized
increase in Ca2+ concentration is obtainable to stimulate mitochondrial Ca2+ uptake
(Szabadkai et al., 2006).
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The Bcl-2 family modulates Ca2+ homeostasis mainly by competitively regulating
ER luminal Ca2+ and IP3R-mediated Ca2+ efflux into the cytosol and mitochondria
(Chami et al., 2004; Distelhorst and Shore, 2004; He et al., 1997; Nutt et al., 2002; Pinton
et al., 2000; Scorrano et al., 2003). Research in this area; however, has largely focused
on changes in cytosolic Ca2+ concentrations.

Bcl-2 and Bcl-xL overexpression, in

particular, have been shown to reduce increases in cytosolic Ca2+ concentrations
following stimulation (Chen et al., 2004; Li et al., 2002; Li et al., 2007; Monaco et al.,
2012; White et al., 2005a). Lower cytosolic Ca2+ concentrations are thought to protect
cells from apoptotic stimuli (Pinton et al., 2002). Recently, Bcl-2 has been found to
partially reside at the MAM (Meunier and Hayashi, 2010). Since the MAM is known to
facilitate direct ER to mitochondria Ca2+ signaling, MAM localization of Bcl-2 indicates
a possible role for Bcl-2 family proteins in the regulation of direct ER to mitochondria
Ca2+ efflux.
Herein, we investigate Bcl-xL and its localization at the MAM in CHO cells.
Previous studies have shown that Bcl-xL is a tail-anchored protein containing a Cterminal transmembrane (TM) domain consisting of an X-TMB sequence that specifically
targets it to the outer mitochondrial membrane (Kaufmann et al., 2003). A small fraction
of Bcl-xL has also been detected on the ER due to interactions with RTN family
members, RTN-xs and NSP-C (Tagami et al., 2000). Additionally, Bcl-xL exists partially
within the cytosol as a homodimer (Jeong et al., 2004). After an extensive analysis of
Bcl-xL localization using confocal microscopy, we show that Bcl-xL indeed exists
predominately at mitochondria. Our data; however, shows that Bcl-xL exists primarily in
clustered form and a portion even associates with the MAM.
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2.3 Materials and Methods
2.3.1 Cell culture and transfection
CHO-K1 cells were grown in Ham’s F-12 Nutrient Mixture supplemented with 1
mM L-glutamine and 10% heat-inactivated fetal bovine serum (Life Technologies,
Carlsbad, CA). Cells were maintained at 37oC in 5% CO2. CHO-Bcl-xL cells were
obtained by stable transfection of the expression vector pBcl-xL-neo as previously
described (Chiang and Sisk, 2005).

CHO-pcDNA cells were obtained by stable

transfection of parent null vector pcDNA3.1/Neo(+); herein CHO-pcDNA cells will be
referred to simply as CHO-K1. Expression vectors for pYFP-Bcl-xL and pHcRed-Bcl-xL
encoding YFP-Bcl-xL or HcRed-Bcl-xL fusion proteins were created by PCR
amplification of YFP and HcRed from pEYFP-C1 or pHcRed-N1 vectors, respectively
(Clonetech, BD), and ligation into pBcl-xL-neo. CHO-YFP and CHO-HcRed cells were
obtained by transfecting pEYFP-C1 or pHcRed-N1 into CHO-K1 cells. All plasmids
were stably transfected into CHO-K1 cells using PolyJet (SignaGen) or Lipofectamine
2000 (Life Technologies). Selection in the presence of G418 was used to obtain all stable
clones.

2.3.2 Immunostaining
CHO-Bcl-xL cells were non transfected or transiently transfected with GFP-Mito
mitochondrial markers (Life Technologies, Carlsbad, CA) and grown on coverslips with
poly-D-lysine coating. After fixation with 4% paraformaldehyde in 0.1 M phosphate
buffer, cells were permeabilized with 0.2% Triton X-100 or 0.1% NP-40 for 10 min.
Cells were then incubated with 10% nonfat milk to block against non-specific binding of
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antibodies. Fixed cells were then incubated with monoclonal Tomm20 (translocase of
outer mitochondrial membrane 20; Abcam, Cambridge, MA), monoclonal Bcl-xL (Cell
Signaling, Danvers, MA), polyclonal Sig-1R (previously described in Hayashi and Su,
2007), polyclonal BiP (BD Bioscience, San Jose, CA), monoclonal 1,4,5-trisphosphate
receptor type 3 (IP3R3; BD Bioscience), and/or monoclonal mitofusion 2 (Mfn2; Abcam)
antibodies. After incubation with Alexa-conjugated secondary antibodies, images were
captured using the Volocity confocal system (PerkinElmer Life and Analytical Sciences,
Waltham, MA).

2.3.3 Subcellular fractionation
MAM was prepared as described previously (Vance, 1990).

Following

homogenization of CHO-K1 or CHO-Bcl-xL cells grown on 15-cm dishes, the
nuclear/whole cell (P1), crude mitochondrial, and microsomal fractions (P3) were
prepared by differential centrifugation. Supernatants were collected as the cytosolic
fraction. The crude mitochondrial fraction in isolation buffer (250 mM mannitol, 5 mM
HEPES, 0.5 mM EGTA, pH 7.4) was subjected to Percoll gradient centrifugation for
separation of the MAM from mitochondria. Once all fractions were collected, samples
were boiled in 2X sample buffer and analyzed by SDS-PAGE and western blotting.

2.4 Results
2.4.1 Three distinct patterns of Bcl-xL at mitochondria
In order to explore the localization of Bcl-xL, we examined individual
mitochondria (n=300) of immunostained CHO-K1 cells stably overexpressing
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heterologous Bcl-xL (CHO-Bcl-xL) and transiently transfected with GFP-mito, a
mitochondrial marker (Figure 2.1A). Using confocal microscopy we observed that BclxL predominately existed in clusters on or around the mitochondria. Of those Bcl-xL
found in clusters, most were found to be on mitochondria with more than 60% colocalized with GFP-mito, while some were observed juxtaposed to the mitochondria and
exhibiting significantly reduced co-localization with GFP-mito.
As a result, Bcl-xL in CHO was distributed into three categories based on cellular
location: (1) Clustered on the OMM with a large fraction (66.88 ± 0.08%) co-localized
with GFP-mito, (2) Clustered next to mitochondria (35.91 ± 0.15% co-localized with
GFP-mito), and (3) Evenly distributed on the OMM (71.86 ± 0.06%co-localized with
GFP-mito). Of the three patterns, Type 1 Bcl-xL was the most prominent (43 ± 4%),
while 23 ± 5% of Bcl-xL was found in the Type 2 pattern and 1.4 ± 0.8% was Type 3.
Some mitochondria were additionally observed to have more than one cluster or have a
combination of evenly distributed and clustered Bcl-xL forms. Of note, similar Bcl-xL
distribution patterns were observed using endogenous Tomm20 as an outer mitochondrial
membrane marker (data not shown).

Figure 2.1 Three distinct patterns of Bcl-xL are found at the mitochondria.
Confocal microscopic images show CHO-K1 cells stably overexpressing Bcl-xL (red) and
transfected with A: GFP-mito (green). Areas in which Bcl-xL and mitochondria colocalize are observed in yellow. A majority of Bcl-xL is found in clustered form residing
on the OMM (Type 1) or next to the mitochondria (Type 2), while a small percentage of
Bcl-xL is more evenly distributed on the OMM (Type 3). Data represented as mean ±
SEM (n=300).
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2.4.2 Bcl-xL resides at mitochondria-associated ER membrane (MAM)
Due to the close proximity of the MAM with the OMM, clustered Type 1 and Type 2
Bcl-xL were examined further to determine if they might associate with the MAM. In
Figure 2.2A, confocal microscopic examination of individual mitochondria (n=5) of
CHO-Bcl-xL was repeated as described in the previous section with the addition of
markers for ER-resident proteins previously determined to be enriched at the MAM—
type 3 inositol 1,4,5-trisphosphate receptor (IP3R3), sigma-1 receptor (Sig-1R), and
binding immunoglobulin protein (BiP)—and a MAM-OMM tethering protein, Mfn2
(Hayashi et al., 2009). GFP-mito showed significant co-localization with Mfn2, but not
with the MAM marker proteins (Figure 2.2B). Consistent with previous results, Type 1
Bcl-xL clustered on the OMM exhibited a higher co-localization with mitochondria (72 ±
2%) compared to Type 2 Bcl-xL clustered juxtaposed to the OMM (43 ± 2%).
Furthermore, Type 1 Bcl-xL sits adjacent to and a fraction even co-localized with IP3R3
(18± 2%), Sig-1R (11± 3%), BiP (24± 3%) and Mfn2 (17± 3%). Type 2 Bcl-xL also
clustered adjacent to mitochondria and MAM markers with a greater fraction co-localized
with ER markers—IP3R3 (38± 5%), Sig-1R (48± 9%), BiP (36 ± 3%). Interestingly,
more than 75% (76± 4%) of Type 2 Bcl-xL co-localized with Mfn2, which spans the
cytosolic region between the OMM and MAM. These data indicate that Type 2 Bcl-xL
was clustered alongside mitochondria in the cytosolic region associated with the MAM.
A putative schematic representation of Type 1 and Type 2 Bcl-xL in association with
mitochondria and MAM markers is illustrated in Figure 2.2C.
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Figure 2.2 Three distinct patterns of Bcl-xL in relation to MAM.
A: Type 1 Bcl-xL clusters on the OMM and sits adjacent to ER markers enriched at
MAM (IP3R3, Sig-1R and BiP) and Mfn2, a MAM-mitochondria tethering protein. Type
2 Bcl-xL clusters in the cytosolic region between the OMM and MAM and associates
most significantly with Mfn2. There is also an increased association of Type 2 Bcl-xL
with IP3R3, Sig-1R and BiP when compared to Type 1 Bcl-xL. Data represented as mean
± SEM (n=6). B: Confocal microscopic images of mitochondria with MAM-enriched ER
proteins (IP3R3, Sig-1R, and BiP) and Mfn2, a MAM-mitochondria tethering protein.
Mitochondria were shown to significantly co-localize with Mfn2, but only slight colocalizations was observed with MAM proteins. Data represented as mean ±	
 SEM
(n=6). C: Schematic representation of Type 1 and Type 2 Bcl-xL are depicted.

Consistent with previously published results and current data, cell fractionation
analysis of CHO-K1 cells (Figure 2.3) indicated that Bcl-xL was predominately a
mitochondrial protein (51 ± 1%), but 12.1 ± 0.8% resides at MAM-enriched fractions.
The remaining cellular Bcl-xL was found in whole cell/nuclear fractions (P1), microsomal
fractions (P3), and the cytosol (Cyto). Detection of known nuclear (nucleoporin 62;
NP62), mitochondrial (ATP synthase and cytochrome c), and ER/MAM proteins—IP3R3,
MF2, BiP, ER protein 57 (ERp57), calreticulin and Sig-1R—were used to validate the
purity of fractions. Stable overexpression of Bcl-xL resulted in an overall increase in BclxL protein; however, similar percentages of Bcl-xL were seen during fractionation studies
10

of CHO-Bcl-xL for the mitochondria-enriched fractions, MAM-enriched fractions, and
others. The slight increase of Bcl-xL observed in the cytosolic fractions may be attributed
to the overexpression of heterologous Bcl-xL protein.

Figure 2.3 Subcellular fractionation of CHO-K1 and CHO-Bcl-xL
Cell fractionation of CHO-K1 and CHO-Bcl-xL with markers for known nuclear,
mitochondrial, and ER/MAM proteins used to validate the purity of fractions. A majority
of Bcl-xL is found in mitochondria-enriched fractions, while approximately 12% of BclxL is found in MAM-enriched fractions. The remaining Bcl-xL is found in P1 (whole cell
and nuclear), P3 (microsome) and cytosolic fractions. Data represent mean ± SEM of
three independent experiments.
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To further investigate the association of Bcl-xL with intracellular membranes,
wild type and Bcl-xL overexpressing CHO-K1 cells were exposed to an alkali treatment
(100mM NaCO3 for 30 min) to determine whether Bcl-xL binds integrally or is
peripherally associated with cellular membranes (Figure 2.4). Prior to treatment, Bcl-xL
was observed to reside predominantly in crude mitochondria fractions (containing
MAM). Significant cytosolic Bcl-xL was also observed in CHO-Bcl-xL cells and is
attributed to the abundance of Bcl-xL in the overexpressed system. After the addition of
NaCO3, a majority of endogenous and stably overexpressing Bcl-xL was observed in the
cytosolic fractions. IP3R3, a known integral membrane-bound protein was used for
comparison and resides in membrane fractions before and after alkali treatment. Thus,
while IP3R3 was tightly bound and integrated into cellular membranes, Bcl-xL was only
loosely associated with membranes which would explain, at least in part, how Bcl-xL was
found to associate with mitochondria and MAM when distributed in the Type 2 pattern.

Figure 2.4 Alkali treatment of CHO-K1 and CHO-Bcl-xL cells.
Prior to treatment, Bcl-xL is found in membrane fractions. Bcl-xL is also seen in the
cytosolic fraction of CHO-Bcl-xL cells and is speculated to be the result of
overexpression. After treatment (100mM NaCO3 for 30 min), most Bcl-xL is observed in
cytosolic fractions in control and Bcl-xL overexpressing cells. IP3R3, a known integral
membrane protein was used for comparison, and it is noted that IP3R3 remains in
membrane fractions after alkali treatment. Thus, Bcl-xL is only loosely attached to the
OMM.
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2.5 Discussion
Bcl-2 family proteins are well known regulators of apoptosis at the mitochondria
compartment.

The functioning of these proteins differ; however, based on cellular

location and as such ER-targeted Bcl-2 family members have emerged as key regulators
of intracellular Ca2+ homeostasis. Since Bcl-2 has recently been found to partially reside
at the MAM (Meunier and Hayashi, 2010), we investigated where Bcl-xL would localize
in CHO cells. Bcl-xL has previously been determined to reside predominately at the
mitochondria, but is also partially present at the ER and within the cytosol (Kaufmann et
al., 2003; Tagami et al., 2000). Consistent, with these findings, our confocal microscopy
analysis shows that Bcl-xL co-localizes significantly with mitochondria labeled with
GFP-mito. We additionally observed three distinct patterns of Bcl-xL in relation to
mitochondria, which to our knowledge has not been previously shown in literature. BclxL was found mostly in clustered form and was placed into categories based on cellular
location: (1) Clustered on the OMM, (2) Clustered next to mitochondria, and (3) Evenly
distributed on the OMM. Confocal microscopic images also show that Type 1 Bcl-xL
clusters on the OMM and sits adjacent to MAM-marker proteins—Sig-1R, BiP, IP3R3—
while, cytosolically clustered Type 2 Bcl-xL was found to reside in between and
associated with both the mitochondria and the MAM.

Furthermore, Bcl-xL was

confirmed to partially reside at the MAM through subcellular fractionation studies.
The MAM houses Ca2+ signaling machinery, namely IP3R3 and VDAC linked by
grp75, known to facilitate direct ER to mitochondrial Ca2+ signaling (Szabadkai et al.,
2006). While significant past research has focused on IP3R-mediated Ca2+ signaling as
regulated by the Bcl-2 family, this previous work has centered on changes in cytosolic
Ca2+ concentrations. In particular, Bcl-2 and Bcl-xL have been found to reduce transient
13

increases in cytosolic Ca2+ concentrations compared to controls after ER Ca2+ depletion
(Chen et al., 2004; Li et al., 2002; Li et al., 2007; Monaco et al., 2012; White et al.,
2005a). Thus, we speculate that MAM-associated Bcl-xL might aid in the direct transfer
of Ca2+ into the mitochondria to regulate bioenergetics. Under resting conditions, Ca2+
transfer from the ER to mitochondria is needed for proper functioning of bioenergetics
pathways (Cárdenas et al., 2010). Indeed, Ca2+ plays a regulatory role in mitochondrial
ATP production (Jouaville et al., 1999) by targeting Ca2+-dependent enzymes (pyruvate
dehydrogenase, isocitrate dehydrogenase, and α-ketoglutarate dehydrogenase) of the
TCA cycle (Wan et al., 1989) and the electron transport chain (Bender and Kadenbach,
2000; Ezawa and Ogata, 1979; Kirichenko et al., 1998) as well as ATP synthase (Das,
2003; Hubbard and McHugh, 1996) and the ATP translocator (Beis and Newsholme,
1976).

Furthermore, the Bcl-2 family has previously been shown to alter cellular

metabolism.

For instance, reduced lactate accumulation, a byproduct of anaerobic

metabolism, has been observed in cells overexpressing anti-apoptotic members of the
Bcl-2 family (Dorai et al., 2009; Jeon et al., 2011). Bcl-xL, in particular, has been shown
to increase resting NAD(P)H levels in DT40 cells compared to controls (White et al.,
2005a). This indicates increased TCA cycle activity, since the TCA cycle produces
NADH. Further experimentation; however, is warranted to determine a link between
MAM-associated Bcl-xL and enhanced bioenergetics.
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Chapter 3: Bcl-xL Modulates Intracellular Calcium to
Facilitate Bioenergetics
3.1 Abstract
Type 3 inositol 1,4,5-trisphosphate receptor (IP3R3) are enriched at the
endoplasmic reticulum (ER)-mitochondria interface termed MAM (mitochondriaassociated ER membrane) and facilitate direct ER to mitochondrial Ca2+ efflux. Thus, a
new localization of Bcl-xL at the MAM in Chinese hamster ovary (CHO) cells might
indicate a role for Bcl-2 family regulation of mitochondrial Ca2+ transfer. In the current
study, we confirm the interaction of Bcl-xL with IP3R3 and show that Bcl-xL expression
reduces transient increases in cytosolic Ca2+ concentrations, while enhancing transient
increases in mitochondrial Ca2+ following ER Ca2+ depletion. Additionally, we see
global increases in metabolite consumption, reduced lactate accumulation, relative
increases in NADH levels, and downstream increases in Complex I activity in Bcl-xL
expressing cells. When taken together, this data indicates that Bcl-xL enhances TCA
cycling. Furthermore, Bcl-xL was found to translocate to the MAM after prolonged
treatment with thapsigargin for up to 3 hrs. Following Bcl-xL translocation, we see
additional increases in NADH production and Complex I activity. These results provide
additional insights toward expanding our knowledge of CHO cell metabolism, and
suggest that Bcl-xL could serve as an important regulator of cellular metabolism.

3.2 Introduction
The ER functions as the predominant Ca2+ storage facility within cells through the
stimulated release of Ca2+ regulated by inositol 1,4,5-trisphosphate receptors (IP3Rs).
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Three isoforms of IP3Rs have been identified in Chinese hamster ovary (CHO) cells.
Type 1 and type 2 IP3Rs localize to the bulk ER to mediate Ca2+ efflux into the cytosol,
whereas type 3 IP3Rs reside at the direct ER-mitochondrion contact termed MAM
(mitochondria-associated ER membrane) and have been shown to specifically assist in
the transfer of Ca2+ into the mitochondria (Mendes et al., 2005). IP3R3 is additionally
linked to VDAC on the OMM by glucose-regulated protein 75 (grp75) to ensure a large
localized increase in Ca2+ concentration is obtainable to stimulate mitochondrial Ca2+
uptake.
Mitochondria provide energy in the form of ATP generated by the catabolism of
nutrients and consumption of oxygen. Several mitochondrial dehydrogenases of the
tricarboxylic acid (TCA) cycle are known to be Ca2+-dependent, including pyruvate,
isocitrate and, α-ketoglutarate dehydrogenases (Wan et al., 1989). In addition, Ca2+
regulates ATP synthase (Das, 2003; Hubbard and McHugh, 1996), the ATP translocator
(Beis and Newsholme, 1976), and sites on the electron transport chain (Bender and
Kadenbach, 2000; Ezawa and Ogata, 1979; Kirichenko et al., 1998).

Thus, IP3R-

mediated Ca2+ signals taken up by mitochondria can be critical for efficient oxygen
consumption and ATP production (Cárdenas et al., 2010). Mitochondrial Ca2+ is also
important for regulating the permeability transition pore (PTP), which is responsible for
maintaining the inner mitochondrial transmembrane potential (Δψm). Transient increases
in mitochondrial Ca2+ result in low-conductive opening of the PTP, which preserve
mitochondrial Ca2+ homeostasis. Alternatively, mitochondrial Ca2+ overload dissipates
Δψm and causes increases in cytosolic Ca2+ concentrations. This facilitates the formation
of the mitochondrial apoptosis-induced channel (MAC) and the release of pro-apoptotic
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molecules (i.e. cytochrome c) into the cytosol in order to initiate apoptosis (Chen et al.,
2002; Hajnóczky et al., 2009; Huang et al., 2000; Jouaville et al., 1998; Springer et al.,
2000; Wang, 1999).
The Bcl-2 family of proteins is intimately involved in the apoptosis cascade.
Several members reside at or near the mitochondria to facilitate or block cytochrome c
release and at the ER to regulate intracellular Ca2+ homeostasis. However, the links
between Bcl-2 family proteins and mitochondrial Ca2+ signaling has yet to be adequately
investigated. Indeed, Bcl-2 and Bcl-xL have been shown to bind all three isoforms of
IP3Rs (Eckenrode et al., 2010), and Bcl-2 was found to partially reside at the MAM
(Meunier and Hayashi, 2010). In Chapter 2, we also provided evidence that Bcl-xL
associates with the MAM. Furthermore, the proper supply of Ca2+ into the mitochondria,
mainly from the ER through the MAM where type 3 IP3Rs channel Ca2+ directly from the
ER into mitochondria, could serve as an important conduit for cellular metabolism. Thus,
we sought to investigate Bcl-xL and its role in mediating mitochondrial Ca2+ signaling
and bioenergetics.

3.3 Materials and Methods
3.3.1 Cell culture and transfection
CHO-K1 cells were grown in Ham’s F-12 Nutrient Mixture supplemented with 1
mM L-glutamine and 10% heat-inactivated fetal bovine serum (Life Technologies,
Carlsbad, CA). Cells were maintained at 37oC in 5% CO2. CHO-Bcl-xL cells were
obtained by stable transfection of the expression vector pBcl-xL-neo as previously
described (Chiang and Sisk, 2005).

CHO-pcDNA cells were obtained by stable

transfection of parent null vector pcDNA3.1/Neo(+); herein CHO-pcDNA cells will be
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referred to simply as CHO-K1. YFP-tagged (CHO-YFP and CHO-YFP-Bcl-xL) and
HcRed-tagged (CHO-HcRed and CHO-HcRed-Bcl-xL) cells were prepared as previously
described in Chapter 2. All plasmids were stably transfected into CHO-K1 cells using
PolyJet (SignaGen) or Lipofectamine 2000 (Life Technologies, Carlsbad, CA). Selection
in the presence of G418 was used to obtain all stable clones.
3.3.2 Pull-down assays
CHO-Bcl-xL transiently transfected with IP3R3 were incubated in 1X TN lysis
buffer (50 mM Tris-HCl at pH 7.4, 150 mM NaCl, and 1% Triton X-100, pH 7.4) for 30
min on ice. Cells were harvested in lysis buffer and rotated for 15 min at 4oC. After
centrifugation at 12,000xg, the supernatant was pre-cleared with Sepharose protein A
beads (GE Healthcare, Little Chalfont, Buckinghamsire, UK) and incubated overnight
with primary anti-IgG or anti-Bcl-xL antibodies at 4oC. The lysate was then incubated
with Sepharose protein A beads for 90 min at 4oC. After washing with lysis buffer,
immunoprecipitants were boiled in 2X sample buffer and analyzed by SDS-PAGE and
western blotting. CHO-K1 cells transiently transfected with pcDNA4-Bcl-xL (His-tagged
Bcl-xL) were seeded on 6-well plates until 100% confluent. Cells were washed twice
with PBS and incubated in 1X TN lysis buffer for 30 min on ice. Then cells were
harvested and rotated for 15 min at 4oC. After centrifugation at 12,000xg, supernantants
were incubated with 30 ul ProBond Ni2+-Chelating Resin (Life Technologies) for 90 min
at 4oC. Resin was washed three times with 1X TN lysis buffer at pH 6 and samples were
analyzed by SDS-PAGE and western blotting.
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3.3.3 Subcellular fractionation
MAM was prepared as described previously (Vance, 1990).

Following

homogenization of CHO-K1 or CHO-Bcl-xL cells grown on 15-cm dishes, the
nuclear/whole cell (P1), crude mitochondrial, and microsomal fractions (P3) were
prepared by differential centrifugation. Supernatants were collected as the cytosolic
fraction. The crude mitochondrial fraction in isolation buffer (250 mM mannitol, 5 mM
HEPES, 0.5 mM EGTA, pH 7.4) was subjected to Percoll gradient centrifugation for
separation of the MAM from mitochondria. Once all fractions were collected, samples
were boiled in 2X sample buffer and analyzed by SDS-PAGE and western blotting.
3.3.4 Immunostaining
CHO-Bcl-xL cells were transiently transfected with either GFP-Mito or DsRed-Mito
mitochondrial markers and grown on coverslips with poly-D-lysine coating.

After

fixation with 4% paraformaldehyde in 0.1 M phosphate buffer, cells were permeabilized
with 0.2% Triton X-100 or 0.1% NP-40 for 10 min. Cells were then incubated with 10%
nonfat milk to block against non-specific binding of antibodies. Fixed cells were then
incubated with monoclonal Bcl-xL, polyclonal Sig-1R, polyclonal BiP, and/or
monoclonal 1,4,5-trisphosphate receptor type 3 (IP3R3). After incubation with Alexaconjugated secondary antibodies, images were captured using the Volocity confocal
system (PerkinElmer Life and Analytical Sciences, Waltham, MA).
3.3.5 Live cell imaging
CHO-K1 cells transiently transfected with YFP-Bcl-xL and DsRed-Mito were
grown on coverslips with poly-D-lysine coating.

24 hrs after transfection, cells were

perfused with RPMI media containing 50 mM HEPES, 10% FBS and 5 uM thapsigargin
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(Tg) and images were captured every 5 min using the Volocity confocal system
(PerkinElmer Life and Analytical Sciences, Waltham, MA).
3.3.6 Ca2+ flux experiments
CHO-YFP and CHO-YFP-Bcl-xL or CHO-HcRed and CHO-HcRed-Bcl-xL were
co-cultured on coverslips with poly-D-lysine coating. ER Ca2+ was labeled using a
FRET-based sensor D1ER Ca2+ cameleon in pcDNA3 (kindly donated by R.Y. Tsien,
University of California, San Diego, CA); characterization of D1ER was reported
previously (Palmer et al., 2004). Cells were transfected with D1ER 24 hrs prior to
imaging. YFP and CFP intensities were corrected for background and F was defined as
follows:
F = (YFP – YFPbackground)/(CFP – CFPbackground)
Cytosolic and mitochondrial Ca2+ was labeled using Fluo-4 AM and X-Rhod-5f AM Ca2+
dyes, respectively.

Mitochondrial Ca2+ was alternatively monitored using a

mitochondria-targeted GCaMP5, pAAV EF1a dMito-GCaMP5 with 2x COX1V
mitochondrial targeting signal (kindly provided by Christopher Richie and Brandon
Harvey, NIH, NIDA ). Cells were incubated in dye for 20 minutes followed by washing
(15 mins) or transfected with GCaMP5 24 hrs prior to imaging.

Ca2+ flux was

determined by capturing images every minute for 30 mins using the Volocity confocal
system while perfused with Krebs-HEPES Buffer (KHB) containing 100 mM HEPES,
640 mM NaCl, 12.5 mM KCl, 5 mM Mg Cl2, 80 mM glucose and 1.5 mM CaCl2, or
KHB without Ca2+ and 0.5 mM LaCl3.
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3.3.7 Caspase 3/7 assay
CHO-K1 and CHO-Bcl-xL cells were cultured on sterile clear 96-well plates and
pretreated with 500 nM thapsigargin (Tg), 3 µM staurosporine (STA) or 50 µM
camptothecin (Camp). Apoptosis was then analyzed using a NAD/NADH-Glo Assay Kit
(Promega, Madison, WI). An equal volume of luciferin detection reagent was added to
each well and incubated for 30 minutes. Each well was then transfer to white 96-well
plates and luminscence was recorded using a VICTOR 3 plate reader (Perkin-Elmer,
Waltham, MA).
3.3.8 Metabolic phenotyping
CHO-K1 and CHO-Bcl-xL cells suspended in IF-M2 media (Biolog)
supplemented with 0.3 mM glutamine were seeded (20,000 cells/well) onto Phenotype
Microarray PM-M1 plates (Biolog, Hayward, CA) containing 91 carbon-energy sources.
Cells were incubated at 37oC and 5% CO2 for 2 hrs until glutamine was depleted; thus the
metabolites contained in each well of the PM-M1 plates became the sole nutrient source
for the cells.

Cells were then incubated for an additional 12 hrs in an OmniLog

automated incubator-reader (Biolog) at 37oC with Redox Dye Mix MB (Biolog), a
tetrazolium-based dye.

During this incubation period, metabolite utilization was

measured as a function of NADH flux, which in return is based on the rate of dye
reduction (Berridge et al., 2005). Wells containing glucose served as a positive control,
while wells containing tricarballyic acid functioned as a negative control since it hinders
the conversion of citrate in the TCA cycle (Russell and Forsberg, 1986). Since we were
interested in the mitochondrial bioenergetic differences between CHO-K1 and CHO-BclxL, utilization rates of 9 key metabolites known to feed into the TCA cycle were
analyzed. Specifically, pyruvate, α-keto-glutarate, and succinamic acid as well as two
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succinamic acid derivatives succinate and mono-methyl succinate were evaluated since
they feed directly into the TCA cycle. Mannose was considered since it is an alternative
sugar used during glycolysis, while adenosine and inosine are both substrates of the
pentose phosphate pathway (a alternative pathway to glycolysis). Metabolite utilization
for all substrates was normalized to the slope of glucose consumption.
3.3.9 Lactate assay
Media samples were taken from CHO-K1 and CHO-Bcl-xL cells seeded in 6-well
plates after 48 hrs. Cells were then washed with PBS and cultured in glucose-free
DMEM media (Life Technologies, Carlsbad, CA) for 30 min.

Media was then

supplemented with 6 mM D-glucose. Culture media samples were collected every 30
min and diluted 5 times with 150 mM Tris-HCl (pH 8.8). Diluted culture media and
standards were placed on clear 96-well plates and incubated at room temperature for 20
min.

L-lacate was assayed by addition of 100 ul of color reagent (2mM 2-(p-

Iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride, 3 mM NAD+, 2mM
Phenazine methosulfate, and 50 U/ml L-lactate dehydrogenase) per well. Absorbance
was measured at 550 nm using a Genios plate reader (TECAN, Durham, NC).
3.3.10 Metabolic assays
An NAD/NADH Quantitation Kit (Sigma-Aldrich, St. Louis, MO) was used to
measure NADtotal (total NADH and NAD) and NADH in CHO-K1 and CHO-Bcl-xL cell
lysates according to the manufacture’s instructions.

Standards and samples were

colorimetrically assayed on clear 96-well plates using a Genios plate reader (TECAN) at
450 nm.

A chemiluminescence assay was used to measure NADH-oxidoreductase

(NADH oxidase) activity in CHO-K1 and CHO-Bcl-xL cells harvested in PBS.
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Suspended cells (5-6x105 cells per well) were placed on white 96-well plates with
solution containing PBS and 20 uM lucigenin and luminescence was monitored for 5 min
using VICTOR 3 plate reader (Perkin-Elmer, Waltham, MA).

Following NADH

stimulation (45 uM), luminescence was additionally monitored for 60 min.

3.4 Results
3.4.1 Bcl-xL interacts with IP3Rs and enhances direct ER to mitochondria
Ca2+ signaling
CHO-Bcl-xL cells were transiently transfected with IP3R3, and the IP3R3 was
immunoprecipitated and observed to co-precipitate with heterologous Bcl-xL (Figure
3.1A). These findings are consistent with previous reports of Bcl-xL interaction with all
three isoforms of IP3R in COS-7 cells (Eckenrode et al., 2010). The interaction of Bcl-xL
with IP3R3 was further investigated by nickel pull-down of transiently overexpressing
full length, BH4-truncated (ΔBH4), and transmembrane (TM) domain-truncated (ΔTM)
his-tagged Bcl-xL (Figure 3.1B). IP3R3/Bcl-xL interaction with full length His-Bcl-xL is
normalized to 100%. In comparison, IP3R3 binding with Bcl-xL ΔBH4 was reduced by
more than half (44 ± 8%), suggesting a role for the BH4 domain of Bcl-xL in its
interaction with IP3R3. An even greater reduction in IP3R3 interaction was detected for
Bcl-xL missing its TM domain (10 ± 5% for Bcl-xL-ΔTM/IP3R3). Since, Bcl-xL lacking
its TM domain is cytosolic in nature (Zheng et al., 2008), the localization of Bcl-xL to
cellular membranes, and more specifically its association with the MAM as indicated in
Chapter 2 of this dissertation, is critical for its ability to interact with IP3R3.
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Figure 3.1 Bcl-xL physically interacts with IP3R3.
A: Western blotting analysis shows that IP3R3 co-precipitates with Bcl-xL in
CHO-Bcl-xL cells transiently overexpressing IP3R3. B: Immunoblot of nickel
pull-down assay of CHO-K1 cells transiently overexpressing full-length, BH4truncated (ΔBH4), and TM domain-truncated (ΔTM) his-tagged Bcl-xL. During a
comparison of IP3R3/Bcl-xL binding, IP3R3 interaction with full length His-BclxL is taken as one hundred percent. There is 44 ± 8 % and 10 ± 5% binding of
IP3R3 in His-Bcl-xL ΔBH4 and His-Bcl-xL ΔTM, respectively, compared to IP3R3
binding to full-length Bcl-xL. Data represented as mean ± SEM of duplicate
experiments.
IP3R3 is linked to VDAC on the OMM by grp75 and is known to aid in direct ER
to mitochondrial Ca2+ signaling at the MAM (Szabadkai et al., 2006).

Thus, the

functional significance of the interaction of Bcl-xL with IP3R3 was explored.
Intracellular Ca2+ was monitored after thapsigargin (Tg)-induced ER Ca2+ depletion using
co-cultured control (CHO-YFP or CHO-HcRed) and Bcl-xL overexpressing cells (CHOYFP-Bcl-xL or CHO-HcRed-Bcl-xL).

ER Ca2+ was measured using FRET-based

imaging, while cytosolic and mitochondrial Ca2+ was imaged using Fluo-4 AM and X24

Rhod-5f AM Ca2+ dyes, respectively. Mitochondrial Ca2+ was alternatively monitored by
single fluorescence imaging using mitochondria-targeted GCaMP5 (data not shown). No
significant difference in the relative efflux of ER Ca2+ was detected in Bcl-xL
overexpressing cells compared to control cells (Figure 3.2A).

However, Bcl-xL

overexpressing cells showed a reduced flux of Ca2+ into the cytosol (Figure 3.2B), which
is consistent with previous studies (White et al., 2005a). In contrast, an increase in
mitochondrial Ca2+ influx was observed in Bcl-xL overexpressing cells as shown in
Figure 3.2C. Thus, the overexpression of Bcl-xL shifts Ca2+ flux into the mitochondria as
opposed to the cytosol, perhaps by enhancing IP3R3-mediated Ca2+ signaling at the
MAM.
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Figure 3.2 Bcl-xL modulates IP3R-mediated ER Ca2+ efflux.
Cells were perfused in Ca2+(+) Krebs-HEPES Buffer (KHB) for 5 min, followed
by perfusion in Ca2+(-) KHB. Ca2+ signaling was compared in control (CHO-YFP
or CHO-HcRed) and Bcl-xL overexpressing cells (CHO-YFP-Bcl-xL or CHOHcRed-Bcl-xL) in response to 500 nM Tg treatment. A: Normalized FRET
measurement of ER Ca2+ using D1ER Ca2+ cameleon shows no significant
difference in ER Ca2+ depletion in Bcl-xL overexpressing cells compared to
control. B: ER to cytosol or C: ER to mitochondria Ca2+ influx was measured
using Fluo-4 AM and X-Rhod-5f AM Ca2+ dyes, respectively. A smaller increase
in cytosolic Ca2+ influx was observed in Bcl-xL overexpressing cells, while a
larger increase in mitochondrial Ca2+ influx was observed in Bcl-xL
overexpressing cells relative to control cells. * Indicates statistically significant
differences when compared to the control at a significance level of p=0.05
26

3.4.2 Bcl-xL effects on cellular metabolism
Metabolic phenotyping was performed in order to examine the bioenergetics
implications of Ca2+ redistribution due to Bcl-xL overexpression.

PM-M1 Phenotype

MicroArray plates (Biolog) were used to measure the NADH fluxes of different carbon
sources as a function of metabolic consumption in CHO-K1 and CHO-Bcl-xL cells.
Wells containing glucose served as a positive control, while tricarballyic acid wells
functioned as a negative control since it hinders the conversion of citrate in the TCA
cycle.

Utilization rates of substrates were normalized to the slope of glucose

consumption, and 9 metabolites (D-mannose, D,L-lactate, pyruvate, α-keto-glutarate,
succinamic acid, succinate, mono-methyl succinate, adenosine, and inosine) that can feed
into the TCA cycle were examine for each cell line (Figure 3.3A). Overall, Bcl-xL
overexpressing cells consumed these metabolic substrates at a higher rate (relative to
glucose consumption) than control cells, suggesting possible increased TCA cycle
activity. In order to follow lactate metabolism directly in the cell lines, endogenous
lactate accumulation was measured on a per cell basis. CHO-Bcl-xL accumulated lower
levels of lactate, confirming results of exogenous lactate in Figure 3.3A, and suggesting
more pyruvate is shuttled into the TCA cycle instead of being converted into lactate
(Figure 3.3B).
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Figure 3.3 Metabolic phenotyping.
Metabolic consumption rates of key metabolites contained on PM-M1 Phenotype
MicroArray plates were measured in CHO-K1 and CHO-Bcl-xL cells. Wells
containing α-D-glucose serve as a positive control, while tricarballyic acid, an
inhibitor of aconitase, functions as a negative control. All rates normalized to the
slope of glucose consumption. Overall, A: Bcl-xL overexpressing cells show
higher rates of metabolite consumption and B: significantly reduced lactate
accumulation in CHO-Bcl-xL cells relative to CHO-K1.
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Since NAD is reduced by the TCA cycle to NADH, the ratio of NAD to NADH
was also investigated. Compared to wild-type cells, Bcl-xL overexpressing cells had
higher levels of NADH relative to NAD, thus the NAD/NADH ratio was much lower
than in control cells as indicated in Figure 3.4A. These NAD/NADH ratios decreased in
both cell lines after treatment with Tg for 15 or 30 minutes, but CHO-Bcl-xL ratios
remained lower than CHO-K1 cells. Thus, Bcl-xL overexpressing cells had a higher level
of NADH (relative to NAD), which is consistent with a more active TCA cycle.
NADH generated from the TCA cycle is subsequently fed into the electron
transport chain where it is oxidized by Complex I.

Interestingly, multiple Bcl-xL

overexpressing cells (CHO-Bcl-xL, CHO-YFP-Bcl-xL, or CHO-HcRed-Bcl-xL) were
observed to have higher NADH oxidase activity compared to their control counterparts
(CHO-K1, CHO-YFP, or CHO-HcRed) following stimulation with 4.5 uM NADH
(Figure 3.4B). In addition, the inclusion of chemicals that change intracellular Ca2+
availability were shown to alter NADH oxidase activity (Figure 3.4C), especially for BclxL overexpressing cells. For example, treating cells for 30 minutes with BAPTA-AM, a
Ca2+ chelator, was found to hinder NADH oxidase activity, while incubating cells with
Tg for 30 minutes increased NADH oxidase activity. Thus, Complex I activity appears to
be dependent on Bcl-xL levels and Ca2+ availability, perhaps as a result of more rapid
NADH turnover and TCA cycling in the cells with higher levels of Bcl-xL and Ca2+.
Taken together, the data indicates that Ca2+ redistribution as a result of Bcl-xL
overexpression or chemical treatment alters NADH generation and cellular metabolism.
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Figure 3.4 NAD/NADH ratios and NADH oxidase profiles of CHO-K1 and CHOBcl-xL cells.
A: Under steady-state conditions, CHO-Bcl-xL cells have decreased levels of
NAD/NADH compared to control cells. Treating cells with Tg for 15 min or 30
min, to stimulate ER Ca2+ efflux, reduces NAD/NADH ratios overall. However,
NAD/NADH ratios consistently remain lower in Bcl-xL overexpressing cells. C:
NADH oxidase activity of Complex I was monitored in control (CHO-K1, CHOGFP, or CHO-HcRed) and Bcl-xL overexpressing cells (CHO-Bcl-xL, CHO-GFPBcl-xL, or CHO-HcRed-Bcl-xL). Bcl-xL overexpressing cells were shown to have
enhanced NADH oxidase activity compared to control. D: Pre-incubation with
BAPTA-AM, a Ca2+ chelator, diminishes NADH oxidase activity, while Tg pretreatment increases NADH oxidation. Increases in NADH oxidase activity as a
result of Tg were quenched when cells were first incubated with BAPTA-AM. *
Indicates statistically significant differences between CHO-K1 and CHO-Bcl-xL
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at a significance level of p=0.05. ** Indicates statistically significant differences
after stimulation at a significance level of p=0.05
3.4.3 Bcl-xL translocates to MAM during prolonged Tg treatment
In CHO-Bcl-xL cells, the percentage of Bcl-xL clustered on the OMM
significantly decreased from approximately 43 ± 4% to 4 ± 2% follow Tg treatment for 3
hours, while there was a corresponding increase in MAM-associated Bcl-xL from 23 ±
4% to 59 ± 5% (Figure 3.5A). Also, GFP-Bcl-xL co-localized with mitochondria, labeled
with DsRed-mito, decreased from approximately 73 ± 3% to 44 ± 4% following Tg
treatment for 3 hours (Figure 3.5B). Thus, treatment of Tg, for up to 3 hours was also
shown to correspond with translocation of Bcl-xL from the mitochondria to MAM.

Figure 3.5 Prolonged thapsigargin treatments induce Bcl-xL translocation to the
MAM
After prolonged stimulation with Tg, A: there is an increase in the number of
Type 2 Bcl-xL and a corresponding decrease in Type 1 Bcl-xL. Data represented
as mean ± SEM for 300 individual mitochondria. Furthermore, B: GFP-Bcl-xL
co-localization with mitochondria marker DsRed-mito is decreased.
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Results from cell fractionation confirmed that prolonged Tg treatment for up to 3 hours
causes Bcl-xL translocation from mitochondria-enriched membrane fractions to MAMenriched fractions in both wild-type and Bcl-xL overexpressing cell lines (Figure 3.6).
Bcl-xL was most prominent in the cytosolic fraction in CHO-K1 cells treated with Tg for
3 hours. However, caspase 3 and 7 activities were not found to be significantly increased
(Figure 3.8B). Thus, it is possible that the cells are in an earlier part of apoptosis or
another cellular event is initiated. In fact, prolonged Tg treatment has previously been
shown to cause ER stress in CHO cells (DuRose et al., 2006).

Bcl-xL expressing cells

were additionally pre-treated with BAPTA-AM, a Ca2+ chelator that induces a reduction
in intracellular free Ca2+ (Figure 3.6B). Interestingly, BAPTA-AM alone caused some
translocation of Bcl-xL into MAM-enriched fractions. Thus, Bcl-xL appears to translocate
when intracellular Ca2+ is altered, perhaps when specifically due to a reduction of ER
luminal Ca2+ caused by both Tg and BAPTA-AM. Further investigation; however, is
warranted in this regard. Furthermore, Tg-stimulated translocation of Bcl-xL to the
MAM increased the interaction of Bcl-xL with IP3R3 in CHO-Bcl-xL cells and was
observed after immunoprecipitation (Figure 3.7A) and nickel pull-down (Figure 3.7B) of
Bcl-xL,. Of note, neither an upregulation in Bcl-xL protein (Figure 3.8A) nor an increase
in apoptosis (Figure 3.8B) was observed in either wild-type or Bcl-xL overexpressing
cells.

32

Figure 3.6 Bcl-xL translocation is Ca2+-dependent
Cell fractionation studies using wild-type and Bcl-xL overexpressing CHO-K1 cells show
decreases in Bcl-xL at mitochondria-enriched fractions and increases in Bcl-xL at MAMenriched fractions after treatment with 500 nM Tg or 50 µM BAPTA-AM. Data
represented as mean ± SEM.

Figure 3.7 Bcl-xL interaction with IP3R3 is enhanced after prolonged Tg treatment.
Bcl-xL was observed to have increased interaction with IP3R3 as shown by A:
immonoprecipitation of Bcl-xL and B: nickel pull-down assays of histidine tagged
Bcl-xL when cells were stimulated with Tg for up to 3 hrs.
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Figure 3.8 Effects of prolonged thapsigargin treatment.
A: The amounts of Bcl-xL protein in wild-type and Bcl-xL overexpressing cells
after 1 and 3 hr treatment with Tg. was not significantly changed. B: There is not
a significant increase in apoptosis. However, apoptosis is significantly induced in
CHO-K1 cells after incubating cells with known apoptosis-inducing compounds
staurosporine (3 uM STA, 4 hrs) or camptothecin (50 uM Camp, overnight). BclxL overexpression provided resistance to apoptosis induction. * Indicates
statistically significant differences when compared to the control at a significance
level of p=0.05
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Additional changes in metabolism were seen after Tg-stimulated Bcl-xL
translocation. Particularly, increased NADH production in Bcl-xL overexpressing cells
was observed, as indicated in Figure 3.9A. Likewise, NADH oxidase activity increased
more substantially (Figure 3.9B).

Pre-treating cells with BAPTA-AM was again

observed to diminish increases in NADH oxidase activity due to Tg stimulation.

Figure 3.9 Metabolism is enhanced further after Bcl-xL translocation.
After prolonged treatment with Tg, we see substantial increases in A: NADH
production in Bcl-xL overexpressing cells and B: NADH oxidase activity by
Complex I. NADH oxidase activity is again hindered by the addition of BAPTAAM. * Indicates statistically significant differences between CHO-K1 and CHOBcl-xL at a significance level of p=0.05. ** Indicates statistically significant
differences after stimulation at a significance level of p=0.05.
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3.5 Discussion
The functioning of Bcl-2 family proteins within cells is dependent on their
localization. In fact, ER localized Bcl-2 family proteins have emerged as vital regulators
of intracellular Ca2+ homeostasis. In particular, Bcl-2 and Bcl-xL have been found to
modulate ER luminal Ca2+ concentration and IP3R-mediated Ca2+ signals to reduce
transient increases in cytosolic Ca2+ concentrations relative to controls (Chen et al., 2004;
Distelhorst and Shore, 2004; White et al., 2005a) in order to protect cells from apoptotic
insults (Li et al., 2007; Rong et al., 2009). Although there has been little work focused on
the effect of Bcl-2 family proteins on direct ER to mitochondrial Ca2+ signaling, Bcl-2
has recently been found to reside in part at the MAM (Meunier and Hayashi, 2010) and
data provided in Chapter 2 of this dissertation now provides evidence of MAM
localization of Bcl-xL.
The MAM is also enriched with IP3R3 which is known to facilitate direct ER to
mitochondria Ca2+ signaling by interacting with VDAC on the OMM through grp75
(Szabadkai et al., 2006). Bcl-xL has previously been found to physically interact with all
three isoforms of IP3R to regulate ER Ca2+ efflux (Eckenrode et al., 2010), and we
confirmed the interaction of Bcl-xL with IP3R3. In addition, removal of the BH4 domain
of Bcl-xL reduced interactions with IP3R3, thus indicating a role for the BH4 domain in
Bcl-xL-IP3R3 binding. This evidence supports previous findings showing that the BH4
domain of Bcl-2 is required for interaction with domain 3 of IP3Rs (Monaco et al., 2012;
Rong et al., 2009).

Researchers also investigated whether the BH4 domain of Bcl-xL

bound domain 3 of IP3R, but no interaction was observed (Monaco et al., 2012). Bcl-xL;
however, was previously determined to bind domain 6 of IP3R (White et al., 2005a).
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Therefore, further investigation is necessary to determine if the BH4 domain of Bcl-xL
binds to domain 6 of IP3R. An even greater decline in Bcl-xL-IP3R3 interactions was
detected when the TM domain of Bcl-xL was removed. Since Bcl-xL is cytosolic when
lacking its TM domain (Zheng et al., 2008), the membrane targeting region of Bcl-xL is
likely to be crucial for Bcl-xL interaction with IP3R3 even though Bcl-xL was determined
to be loosely attached.
In previous studies, Bcl-xL was shown to reduce the expression of type 1 and 3
IP3R and as a result it also reduced the amount of Ca2+ released in response to IP3
stimulation in microsomal vesicles (Li et al., 2002). This same group; however, only
observed decreases in ER luminal Ca2+ in DT40 cells expressing IP3R3, known to reside
predominately at the MAM, and not IP3R1 and IP3R2 (Li et al., 2007). ER-targeted BclxL has additionally been shown to reduce ER Ca2+ stores in MEF cells expressing all
three isoforms of IP3R (Eno et al., 2012). In the current study, there was relatively little
difference in the rate of ER Ca2+ efflux in CHO-K1 and CHO-Bcl-xL cells treated with
Tg. However, in agreement with past studies, Bcl-xL overexpressing cells showed lower
increases in cytosolic Ca2+ concentration compared to control cells (White et al., 2005a).
It has been suggested that mitochondrial Ca2+ concentrations would also be reduced since
lower amounts of Ca2+ can be taken up from the cytosol (Hanson et al., 2008a).
Nevertheless, direct mitochondrial Ca2+ uptake was suggested, as increases in
mitochondrial Ca2+ concentration occurred in concert with increases in cytosolic Ca2+
following ER Ca2+ depletion.

Moreover, Bcl-xL expression was found to enhance

transient increases in mitochondrial Ca2+ concentrations relative to control cells. These
results are consistent with previous reports showing that Bcl-xL knock-out in MEF cells
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reduces mitochondria Ca2+ uptake relative to controls (Huang et al., 2013) and that Bcl-xL
interaction with IP3R increases transient release of ER calcium (Li et al., 2007; White et
al., 2005a). Thus our data suggests that Bcl-xL may play a role in facilitating direct ER to
mitochondrial Ca2+ efflux. In fact, mitochondria-targeted Bcl-xL was recently shown to
enhance Ca2+ uptake into the mitochondria by interacting with VDAC in permeabilized
MEF cells (Huang et al., 2013). There are multiple possible mechanisms by which BclxL may facilitate Ca2+ transport. One mass action mechanism may be that interactions
between Bcl-xL and IP3R3 facilitate a build up of Ca2+ in the region around the MAM.
The binding of Bcl-xL to IP3R3 may also facilitate a conformational change to increase
Ca2+ pumping or increase binding to other partners such as VDAC that combine to
enhance Ca2+ transfer. These two mechanisms are in fact complementary and may be
present in the cells. Further investigations will be required to elucidate the method by
which Bcl-xL serves to enhance Ca2+ shuttling directly to the mitochondria.
Direct mitochondrial Ca2+ transfer can play a critical role in activation of
metabolic pathways in the mitochondrial compartment (Hammerman et al., 2004; Rizzuto
et al., 2012). Indeed, Ca2+ plays a regulatory role in mitochondrial ATP production
(Jouaville et al., 1999) by targeting Ca2+-dependent enzymes (pyruvate dehydrogenase,
isocitrate dehydrogenase, and α-ketoglutarate dehydrogenase) of the TCA cycle (Wan et
al., 1989) and the electron transport chain (Bender and Kadenbach, 2000; Ezawa and
Ogata, 1979; Kirichenko et al., 1998) as well as ATP synthase (Das, 2003; Hubbard and
McHugh, 1996) and the ATP translocator (Beis and Newsholme, 1976). Data presented
in this study show that Bcl-xL overexpression causes global increases in metabolite
consumption to enhance bioenergetics. Decreases in lactate accumulation, lower NAD to
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NADH ratios, and higher NADH oxidase activity of Complex I of the electron transport
chain suggest that Bcl-xL overexpression alters TCA cycle activity in particular. Previous
studies also support a role for Bcl-2 family proteins in altering cellular metabolism. For
example, expression of Bcl-xL was also found to increase resting NAD(P)H levels in
DT40 cells (White et al., 2005a). Additionally, overexpression of anti-apoptotic Bcl-2
proteins in various cell lines cause a reduction in lactate accumulation, a byproduct of
anaerobic metabolism (Dorai et al., 2009; Jeon et al., 2011), Bcl-2 overexpression was
shown to increase oxygen consumption and rates of mitochondrial respiration (Chen and
Pervaiz, 2007; Chen and Pervaiz, 2010).
It has been reported that increased ER-mitochondria coupling promotes
bioenergetics during ER stress (Bravo et al., 2011). Indeed, Bcl-2 and Bcl-xL were
observed to interact more significantly with IP3R3 after prolonged treatment with
tyrosine kinase inhibitors (Zannetti et al., 2008), while data presented in our current study
show that Bcl-xL increases its interaction with IP3R3 after translocating to the MAM
following prolonged treatment with Tg. The fact that Bcl-xL translocates to the MAM
under stress conditions suggests a major role for Bcl-xL in the facilitation or up-regulation
of IP3R3-mediated Ca2+ transfer directly from the ER to mitochondria.

It is also

interesting to speculate that Bcl-xL might have evolved to include multiple functionalities
in response to cellular stress. One function of Bcl-xL may be a role in bioenergetics.
This bioenergetic response is facilitated by a rapid translocation of Bcl-xL to the MAM
followed by increases in Ca2+ transport from the ER directly into the mitochondria. This
mitochondrial stimulation in turn will increase the activity of the TCA cycle in order to
provide sufficient energy to combat low level insults and increase cellular activity. A
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secondary action of Bcl-xL will be to prevent activation of the apoptosis cascade that can
be initiated due to prolonged Ca2+ signals or mitochondrial Ca2+ overload (Pinton et al.,
2002).

Ultimately, long-term insults will overcome these preventive measures and

disable energetic pathways. The initial step in intrinsic apoptosis is the release of proapoptotic molecules, such as cytochrome c from the mitochondrial matrix. Although the
mechanism is unclear, Ca2+ is vital to the release of cytochrome c and appears to be
dependent on the opening of the PTP residing on the inner mitochondrial membrane and
the mitochondrial apoptosis-induced channel (MAC) found on the OMM; both of which
are highly regulated by Bcl-2 family proteins (Chen et al., 2011; Dejean et al., 2006).
Excessively high levels of Ca2+ in the mitochondria would cause the opening of the PTP
and dissipation of inner membrane potential, resulting in elevated cytosolic Ca2+
concentrations.

Increased cytosolic Ca2+ would lead to activation of pro-apoptotic

proteins that would then stimulate MAC formation; therefore leading to OMM
permeability and cytochrome c release (Chen et al., 2002; Hajnóczky et al., 2009;
Springer et al., 2000; Wang, 1999).

Apoptotic signaling is further enhanced by

cytochrome c release as it was shown to bind IP3Rs to boost the influx of Ca2+ into the
mitochondria (Boehning et al., 2003).
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Chapter 4: Apoptosis Resistance in Industrially Relevant
CHO Cells is Associated with Altered Cellular
Metabolism
4.1 Abstract
Chinese hamster ovary (CHO) cells are popular for biotherapueutic production,
yet not much progress has been made in understanding their metabolism in culture. In
this study, we examine two apoptosis-resistant CHO cell lines to ascertain the effect of
apoptosis inhibitors on cellular metabolism. Our data shows that CHO-S cells expressing
E1B-19K, Aven, and XIAPΔ (EAX) have lower increases in cytosolic Ca2+ concentration
and enhanced ER to mitochondrial Ca2+ efflux following ER Ca2+ depletion. Since
mitochondrial Ca2+ is vital for TCA cycle activity, our data is consistent with previous
reports showing altered lactate metabolism in EAX clones. We additionally examined
metabolic activity in Bcl-2Δ expressing CHO-K1-SV cells and observed increased
isocitrate dehydrogenase activity as well as downstream increases in Complex I activity,
suggesting increased TCA cycling.

Taken together, our data provides additional

groundwork toward understanding CHO metabolism that may be used to further improve
upon cell line development.

4.2 Introduction
Chinese hamster ovary (CHO) cells have emerged as the most popular
mammalian cell line for the large-scale production of nearly 70% of all biotherapeutics
(Wurm, 2004). Some of the major advantages of the CHO cell is its ability to secrete
correctly folded and post-translationally modified recombinant proteins and its proven
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history of regulatory approval (Xu et al., 2011). With an increasing biopharmaceutical
market (Zhang, 2010), there is also an increased demand on CHO cells to be more highly
productive under rigorous optimization systems.

In fact, during the 1980s, typical

product concentrations were in the 1-100 mg/L range. Whereas, CHO cells are now able
to produce up to 13 g/L of product (Birch and Racher, 2006; Huang et al., 2010; Wurm,
2004) as a result of improved cell line development (Birch and Racher, 2006; Geisse and
Fux, 2009; Wurm, 2004; Zhang, 2010). CHO cells; however, must expend a large
amount of energy to produce recombinant protein products, and despite intense research
on CHO cells and a breakthrough in the sequencing of CHO-K1 cells (Xu et al., 2011),
very little is known about the cellular metabolism of these cells in culture.
Fed-batch systems are the most commonly used process for the manufacturing of
industrial scale biotherapeutics (Birch and Racher, 2006; Huang et al., 2010). In fedbatch culture; however, CHO cell metabolism is highly inefficient and is characterized by
excessive uptake of glucose and high conversion of pyruvate into lactate (Altamirano et
al., 2000; DeBerardinis et al., 2007, Warburg 1956). High levels of apoptosis are also the
norm in fed-batch cultures (Goswami 1999). To counteract these effects, researchers
have sought to optimize feeding strategies and operating parameters such as temperature,
pH, and osmolarity (Gagnon et al., 2011; Huang et al., 2010).

Cell engineering

techniques have also been employed to improve the characteristics of CHO cells.
Specifically, overexpression of anti-apoptotic proteins have been shown to extend cell
viability and increase protein yield by delaying apoptosis (Chiang and Sisk, 2005; Dorai
et al., 2010; Majors et al., 2009).
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Recent findings have shed light on alternative roles for apoptotic proteins that link
them with cellular metabolism. For example, apoptosis-resistant CHO cells expressing
E1B-19K, Aven, and an XIAP mutant (XIAP∆) have been found to have altered lactate
metabolism (Dorai et al., 2009). Bcl-2 family proteins were also determined to be key
regulators of intracellular Ca2+ homeostasis, which is important for the proper functioning
of many metabolic pathways.

In fact, direct endoplasmic reticulum (ER) to

mitochondrial Ca2+ signaling is important for stimulating TCA cycle enzymes, oxidative
phosphorylation, and the transportation of ATP (Beis and Newsholme, 1976; Bender and
Kadenbach, 2000; Das, 2003; Ezawa and Ogata, 1979; Hubbard and McHugh, 1996;
Jouaville et al., 1999; Kirichenko et al., 1998; Wan et al., 1989).
More in-depth investigation into the metabolism of CHO cells could provide
insight into the relationship between apoptosis, metabolism, and recombinant protein
production. Thus, we examine the mechanism by which Ca2+ signaling may affect
metabolism in two sets of apoptosis-resistant CHO cell lines: (1) a CHO-K1-SV line
expressing Bcl-2, Aven, and XIAP∆, and (2) two Bcl-2∆ clones expressed in CHO-S
cells.

4.3 Materials and Methods
4.3.1 Cell culture
All cell lines were provided by Janssen Biotech (Horsham, PA). CHO-K1-SV
parental cells and an apoptosis-resistant clone containing Bcl-2, Aven and XIAP∆ (CHOK1-SV EAX) were cultured and have already been characterized (Dorai et al., 2009).
Additionally, a parental CHO-S cell line and two Bcl-2∆ stably overexpressing clones
were cultured. Bcl-2∆ lacking both the BH2 and BH3 domains (amino acids 32-80) were
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previously described (Figueroa et al., 2001).

All cells were cultured in serum-free

proprietary media supplemented with 6 mM glutamine. Cells were maintained in shake
flasks at 37oC and 10% CO2 with shaking.
4.3.2 Isocitrate Dehydrogenase Activity Assay
Cells were assayed on day 2 and day 5 of culture, which were previously
determined to correspond with the exponential and stationary growth phases.

An

Isocitrate Dehydrogenase (IDH) Assay Kit (Abcam, Cambridge, MA) was used to
measure IDH activity as a function of NADH production in CHO-S cells. According to
the manufacture’s instructions, standards and samples were colorimetrically assayed on
clear 96-well plates using a Genios plate reader (TECAN, Durham, NC) at 450 nm. One
unit of IDH is the amount of enzyme that will generate 1 µmol NADH per min; thus IDH
activity was calculated as follows.

Where ΔOD represents the change in the amount of NADH (nmol), Δt is reaction time
(min), and V is sample volume (ml).
4.3.4 NADH Oxidase Activity Assay
A chemiluminescence assay was used to measure NADH-oxidoreductase (NADH
oxidase) activity in C1090 cells harvested in PBS. Suspended cells (5x105 cells per well)
were placed on white 96-well plates with solution containing PBS and 20 uM lucigenin
and luminescence was monitored for 5 min using a VICTOR 3 plate reader (PerkinElmer, Waltham, MA).

Following NADH stimulation (45 uM), luminescence was

additionally monitored for 60 min.
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4.3.3 Ca2+ Flux Plate Reader Experiments
Ca2+ flux experiments were carried out in Krebs HEPES Buffer (KHB) containing
20 mM HEPES, 128 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 16 mM glucose and 0.2%
albumin from bovine serum (BSA). A KHB Ca2+-plus (Ca2+ (+) KHB) buffer was made
by also adding CaCl2 to a final concentration of 1.5 mM, while a KHB Ca2+-minus (Ca2+
(-) KHB) buffer was made by addition of LaCl3 to a final concentration of 0.5 mM. All
compounds were obtained from Sigma-Aldrich (St. Louis, MO).
Ca2+ flux was monitored in the cytosol and mitochondria using a fluorescent plate
reader assay as outlined in Figure 4.1. Cells were washed then separated into two tubes
where they were suspended in either Ca2+ (+) KHB or Ca2+ (-) KHB. At this time
background samples (used to determine baseline fluorescence of cells) were collected.
From this point forward the remaining cells were kept in the dark and were incubated for
30 minutes at room temperature with Fluo-4 cytosolic Ca2+ dye or X-Rhod-5f
mitochondrial Ca2+ dye (Life Technologies, Carlsbad, CA). Cells were then washed with
their respective buffers and plated onto a 96-well plate, along with background samples.
Half of the samples, excluding background samples, were stimulated with thapsigargin
(Tg) to trigger ER Ca2+ depletion. Fluorescence was immediately measured using a
GloMax plate reader (Promega, Madison, WI). Baseline fluorescence was subtracted
from all samples and experimental samples (Tg-stimulated cells in Ca2+ (-) KHB) were
compared to three control samples: [1] Non Tg-stimulated cells in Ca2+ (-) KHB, [2] Non
Tg-stimulated cells in Ca2+ (+) KHB, and [3] Tg-stimulated cells in Ca2+ (+) KHB.
DMSO was added to non Tg-stimulated cells, since it is the vehicle used to dilute Tg.
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Figure 4.1 Schematic representation of Ca2+ Flux Plate Reader Experiment.
Background, control, and experimental samples were prepared as outlined. Tg was used
to stimulate ER Ca2+ depletion in order to monitor increases in cytosolic and
mitochondrial Ca2+ flux.
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4.4 Results
4.4.1 E1B-19K, Aven, and XIAPΔ expressing CHO-K1-SV Cells
4.4.1.1 ER Ca2+ efflux is mediated by combined expression of E1B-19K, Aven, and
XIAP∆
Intracellular Ca2+ was monitored in apoptosis-resistant CHO-K1-SV EAX clones
using fluorescent based Fluo-4 cytosolic Ca2+ dye and X-Rhod-5f mitochondrial Ca2+
dye. Experimental cells were suspended in Ca2+ (-) Krebs HEPES Buffer (KHB) and
then stimulated with thapsigargin (Tg) to induce ER Ca2+ efflux, which would cause
corresponding increases in cytosolic and mitochondrial Ca2+. Experimental samples were
evaluated in relation to three control samples: [1] Non Tg-stimulated cells in Ca2+ (-)
KHB, [2] Non Tg-stimulated cells in Ca2+ (+) KHB, and [3] Tg-stimulated cells in Ca2+
(+) KHB. Without stimulation by Tg, fluorescence was not expected to increase since
there would not be any changes in intracellular Ca2+.

Additionally, increased

fluorescence was not expected when stimulating cells with Tg in the presence of high
extracellular Ca2+ because Ca2+ movement would not be noticeable.

Compared to

parental CHO-K1-SV cells, the EAX clone showed lower increases in cytosolic Ca2+
concentration (Figure 4.2A-C); as previously observed in other apoptosis-resistant cell
lines (Chen et al., 2004; White et al., 2005b).

However, mitochondrial Ca2+

concentration increases were significantly higher in the CHO-K1-SV EAX clone relative
to the parental line (Figure 4.2D-F).
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Figure 4.2 Tg-stimulated Ca2+ flux in CHO-K1-SV parental and EAX lines.

Measurement of cytosolic Ca2+ using Fluo-4 dye A: in CHO-K1-SV parental cells
and B: CHO-K1-SV EAX clones suspended in Ca2+(-) KHB and stimulated with
Tg (blue line) in relation to control samples (black, red, and grey lines). C:
Comparison of experimental samples from A and B. EAX clones showed lower
increases in cytosolic Ca2+ concentration relative to parental cells. Mitochondrial
Ca2+ was also measured using X-Rhod-5f dye in D: parental and E: EAX clones,
and F: higher increases in mitochondrial Ca2+ concentration were observed in
EAX expressing cells relative to parental cells when comparing experimental
samples from D and E.
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4.4.2 CHO-S Cells Expressing Bcl-2Δ
4.4.2.1 Clonal Selection
Bcl-2Δ (Bcl-2 lacking BH2 and BH3) was stably transfected into CHO-S cells
and screened for caspase 3/7 activity as an indication of apoptosis resistance (data not
shown; information provided by Haimanti Dorai, Dawn Ellis, and Marguerite Campbell,
Janssen Biotech). Based on this screening two Bcl-2Δ expressing clones were provided
that exhibited reduced levels of caspase 3/7 activation compared to controls on day 5 of
culture (Figure 4.3; unpublished data provided by Dr. Jamey Young and Neil Templeton,
Vanderbilt University).

Herein, to distinguish between the two clones, the Bcl-2Δ

expressing clone with the lowest caspase activity was designated as the Apoptosisresistant (ApoR) clone, while the clone with moderate reduction in caspase activity

Relative
Caspase 3/7 Activity

compared to the parental line was termed the Intermediate clone.

4
3

*

2

*

1
0

CHO-S

CHO-S Bcl-2Δ CHO-S Bcl-2Δ
Intermediate
ApoR

Figure 4.3 Caspase 3/7 Activity in CHO-S and Bcl-2∆ Clones
Caspase Activity at A: day 5 and B: day 8 of culture. Data represented as mean ± SEM
of duplicate experiments. * Indicates statistically significant differences when compared
to the control at a significance level of p=0.05.
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4.4.2.2 Bcl-2∆ Enhances Activity of Metabolic Pathways
To investigate the affects of Bcl-2Δ expression on the TCA cycle, the activity of
isocitrate dehydrogenase (IDH) was measured as a function of NADH production.
Lactate flux tends to switch from production to consumption in industrial CHO cell
cultures (Zagari et al., 2012). Thus, IDH activity was examined in both lactate-producing
and lactate-consuming phases. These phases have previously been found to correspond
closely with the exponential and stationary growth phases (Ahn and Antoniewicz, 2011).
Growth phases were determined for all cell lines (data not shown) and cells were assayed
on day 2 and day 5 of culture accordingly. During the lactate-producing and lactateconsuming phases, both Bcl-2∆ clones were observed to have increased activity
compared to the parental line (Figure 4.4). There was relatively no difference in IDH
activity; however, between these Bcl-2∆ two clones.

IDH activity mU/ml

20
15

CHO-S
CHO-S Bcl-2Δ Intermediate
CHO-S Bcl-2Δ ApoR
*
*

*

*

10
5
0

Lactate-producing

Lactate-consuming

Figure 4.4 IDH activity is enhanced by Bcl-2Δ expression.

The activity of IDH, a TCA cycle enzyme, is increased in CHO-S cells expressing
Bcl-2∆ relative to control cells in both lactate-producing and lactate-consuming
phases. * Indicates statistically significant differences when compared to the
control at a significance level of p=0.05
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NADH generated by the TCA cycle is fed into the electron transport chain. Thus,
the oxidation activity of NADH by NADH-oxidoreductase (Complex I) of the electron
transport chain was additionally measured (Figure 4.5). Cells were again assayed on day
2 and day 5 of culture using lucigenin-enhanced chemiluminescence. Lucigenin is a
substrate of oxidoreductases and was used to show NADH oxidase activity of Complex I
as a function of superoxide production.

Extracellular NADH added to samples is

transported across the plasma membrane by P2X7 receptors (Lu et al., 2007; Michel et
al., 1998) and into the mitochondria by the malate-aspartate shuttle (Barron et al., 1998;
Matsuno, 1992). Bcl-2∆ clones show significant increases in NADH oxidase activity
compared to controls, in both lactate-producing and lactate-consuming phases. NADH
oxidase activity in the ApoR clone was additionally found to be significantly increased
compared to the Intermediate clone.

Figure 4.5 NADH oxidase activity is enhanced by Bcl-2Δ expression.

NADH oxidase activity of Complex I of the electron transport chain is enhanced,
by Bcl-2∆ compared to control cells in A: lactate-producing and B: lactateconsuming phases. Activity is highest in ApoR clones, while activity in
Intermediate clones fall in between control and ApoR cells. * Indicates
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statistically significant differences when compared to the control at a significance
level of p=0.05. + Indicates statistically significant differences between Bcl-2∆
clones at a significance level of p=0.05.
4.5 Discussion
4.5.1 E1B-19K, Aven, and XIAPΔ expressing CHO-K1-SV Cells
CHO-K1-SV clones expressing a combination of apoptosis inhibitors—E1B-19K,
Aven, and XIAPΔ—were previously characterized and found to have reduced caspase
3/7 activity and increased resistance to staurosporine stimulated apoptosis compared to
parental cells. Interestingly, these cells were also demonstrated to consume lactate at a
higher rate than controls (Dorai et al., 2009), and lactate consuming CHO cells were
found to be more energy efficient based on metabolic flux analysis (Martínez et al.,
2013), since lactate can be converted into pyruvate and utilized by the TCA cycle.
Mitochondrial Ca2+ uptake plays a key role in stimulating Ca2+-dependent
enzymes of the TCA cycle—pyruvate, isocitrate, and α-ketoglutarate dehydrogenases
(Wan et al., 1989). Moreover, apoptosis regulating proteins, namely members of the Bcl2 family, have been shown to regulate intracellular Ca2+ homeostasis (Szegezdi et al.,
2009).

As such, we developed a plate reader assay to explore the effect of EAX

expression on intracellular Ca2+ signaling. Data presented in this study show that EAX
clones reduced transient increases in cytosolic Ca2+ concentrations, and enhanced direct
ER to mitochondrial Ca2+ efflux relative to parental cells following ER Ca2+ depletion.
These results are consistent with previous reports and data presented in Chapter 3 of this
dissertation showing that anti-apoptotic Bcl-xL aids in direct mitochondrial Ca2+ transfer
(Huang et al., 2013). Thus, our data suggests a possible role for EAX expression in
promoting direct ER to mitochondrial Ca2+ signaling, which in turn stimulates TCA
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cycling and allows for more lactate consumption in cell culture as observed by Dorai et
al.
Further experimentation is necessary; however, to elucidate the mechanism by
which combined EAX expression facilitates Ca2+ signaling, and should include studies on
each individual protein since E1B-19K, Aven, and XIAPΔ each have different
functionalities within cells. For example, E1B-19K binds to and inhibits pro-apoptotic
proteins Bax, Bak, Bik and the p53 tumor suppressor protein (Han et al., 1996a; Han et
al., 1996b). Pro-apoptotic Bcl-2 family proteins compete with anti-apoptotic proteins in
order to modulate ER Ca2+ homeostasis and IP3R-mediated Ca2+ efflux. Thus, E1B-19K
may function to regulate Ca2+ signals through inhibition of these proteins. Furthermore,
Aven is known to bind anti-apoptotic Bcl-xL and Apaf-1, a caspase regulator (Chau et al.,
2000). Thus, it is not unreasonable to speculate that Aven may facilitate enhanced
mitochondria Ca2+ transfer through a Bcl-xL-dependent mechanism. Conversely, there is
no clear link between intercellular Ca2+ homeostasis and XIAP, which functions by
inhibiting caspase 3, 7, and 9 (Scott et al., 2005; Shiozaki et al., 2003).
4.5.2 CHO-S Cells Expressing Bcl-2Δ
Bcl-2 expression has previously been linked to enhance bioenergetics. In fact,
Bcl-2 expressing Myc-transformed Rat1 cells were shown to have an altered glucose
metabolism with a lower rate of lactate production to glucose consumption, indicating a
more efficient shuttling of pyruvate into the TCA cycle (Papas et al., 1999).
Additionally, Bcl-2 overexpression was shown to increase oxygen consumption and
mitochondrial respiration (Chen and Pervaiz, 2007; Chen and Pervaiz, 2010). As such,
we investigated Bcl-2Δ and its affects on metabolism. Indeed, Bcl-2Δ expression in
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CHO-S was found to increase isocitrate dehydrogenase activity, a Ca2+-dependent TCA
cycle enzyme. Since the TCA cycle generates NADH, we additionally explored whether
there would be downstream increases in the activity of the electron transport chain. As
such, we determined that oxidation of NADH by Complex I of the electron transport
chain was in fact enhanced by Bcl-2Δ expression compared to controls. Taken together,
our data suggest that Bcl-2Δ expression increases TCA cycling; however, the mechanism
has yet to be elucidated.
It is not unreasonable to speculate; however, that Bcl-2Δ may play a role in Ca2+
signaling since mitochondrial Ca2+ is vital for proper functioning of bioenergetics
pathways (Hammerman et al., 2004; Rizzuto et al., 2012) and also taking note of fulllength Bcl-2 functioning in ER Ca2+ homeostasis. Particularly, Bcl-2 has been found to
modulate ER luminal Ca2+ concentrations and IP3R-mediated Ca2+ signals to reduce
transient increases into the cytosol (Chen et al., 2004; Distelhorst and Shore, 2004).
Although there has not been much work focused on the effect of Bcl-2 on mitochondrial
Ca2+ signaling, Bcl-2 was recently found to partially localize at the ER-mitochondria
interface that houses key Ca2+ signaling machinery. Namely, type 3 inositol 1,4,5,trisphosphate receptors (IP3R3) on the ER membrane linked with the voltage-dependent
anion channel (VDAC) on the OMM by glucose-regulated protein 75 (Szabadkai et al.,
2006). Bcl-2 physically interacts with and regulates the opening of both IP3R3 and
VDAC (Chen et al., 2004; Eckenrode et al., 2010; Rong et al., 2009; Shimizu et al.,
2000b) and has been found to modulate mitochondrial Ca2+ uptake (Hanson et al., 2008b;
Zhu et al., 1999). Thus, additional studies are necessary to explore a link between Bcl-2Δ
and mitochondrial Ca2+ signaling.
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Chapter 5: Conclusions and Future Work
5.1 Conclusions
While overexpression of pro-survival members of the Bcl-2 family has been
widely utilized, the function of Bcl-2 family members is now known to be highly
dependent on its localization. This has also lead to the identification of non-apoptotic
roles for Bcl-2 family proteins. This work further indicates a never before seen
localization of Bcl-xL at a specialized area of the ER in direct contact with mitochondria,
termed mitochondria-associated ER membrane (MAM).

In fact, Bcl-xL was found

mostly in clustered form and was placed into three distinct categories based on cellular
location: (1) Clustered on the OMM, (2) Clustered next to mitochondria, and (3) Evenly
distributed on the OMM. Confocal microscopic images also show that Type 1 Bcl-xL
clusters on the OMM and sits adjacent to the MAM, while cytosolically clustered Type 2
Bcl-xL was found to reside in between and associated with both the mitochondria and the
MAM.
The MAM contains key Ca2+ signaling machinery known to aid in direct ER to
mitochondrial Ca2+ transfer, and supports the proper functioning of metabolic pathways.
Thus, we speculated that MAM-associated Bcl-xL might aid in facilitating direct ER to
mitochondrial Ca2+ transfer, which provides a link between intracellular Ca2+
homeostasis, bioenergetics, and apoptosis regulation. Indeed, we confirmed that Bcl-xL
physically interacts with type 3 inositol 1,4,5-trisphosphate receptors (IP3R3) that are
enriched at the MAM and responsible for direct ER to mitochondrial Ca2+ efflux. Our
data also indicates that membrane targeting of Bcl-xL and its BH4 domain are important
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for binding. Compared to control cells, we additionally observed lower increases in
cytosolic Ca2+ concentration, and higher increases in mitochondrial Ca2+ concentration in
Bcl-xL overexpressing cells following ER Ca2+ depletion. Thus, our data suggests that
Bcl-xL may play a role in facilitating mitochondrial Ca2+ uptake through interaction with
IP3R3.
Direct mitochondrial Ca2+ transfer is vital for stimulating metabolic pathways in
the mitochondrial compartment. Our data suggests that Bcl-xL expression increases TCA
cycling as indicated by enhanced metabolite consumption and increased activity of
isocitrate dehydrogenase in the TCA cycle and Complex I of the electron transport chain.
Interestingly, Bcl-xL translocates to the MAM and increases its binding with IP3R3 to
further promote bioenergetics after prolonged thapsigargin treatment, which was
previously determined to induce ER stress. Therefore, we speculate that Bcl-xL may have
multiple functions in response to cellular stress conditions. One function may be to
stimulate TCA cycling to protect cells from low level insults, while another function may
be to prevent the activation of apoptosis that can be initiated due to high rates of
mitochondria Ca2+ influx. Our work was further validated in industrially relevant CHO
cells expressing Bcl-2Δ or a combination of anti-apoptotic proteins—E1B-19K, Aven,
and XIAPΔ. Given the increasing demand on Chinese hamster ovary (CHO) cells to be
more productive in the biopharmaceutical industry our study could facilitate new
advances in apoptosis and metabolic engineering.

5.2 Future Work
Overexpression of Bcl-xL in CHO is associated with apoptosis inhibition and has
been proven to be useful in the biotherapeutic industry. However, a new role for Bcl-xL
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has emerged in bioenergetics regulation that should be explored further.

A newly

discovered localization of Bcl-xL at the MAM (the ER-mitochondria interface) provides a
link between IP3R3-mediated mitochondrial Ca2+ transfer, apoptosis, and bioenergetics.
The mechanism by which MAM-associated Bcl-xL facilitates ER to mitochondrial Ca2+
transfer; however, is still unclear. Thus, future work in biotechnology should investigate
the functioning of Bcl-xL at the MAM. Studies exploring the mechanism of Bcl-xL
should include an investigation into the build-up of Ca2+ in the area of the MAM. The
binding of Bcl-xL with IP3R3 should also be examined. In fact, previous data and results
from this study suggest that the BH4 domain of Bcl-xL might associate with domain 6 of
IP3R3. Additionally, conformational changes in IP3R3 structure upon Bcl-xL binding
may also facilitate increased Ca2+ pumping or increased binding of IP3R3 with other
substrates such as VDAC to support enhanced mitochondrial Ca2+ transfer and should be
considered.
Elucidation of the mechanism by which Bcl-xL facilitates mitochondrial Ca2+
transfer may also be beneficial in determining the functionality of MAM-associated BclxL.

In this regard, the use of organelle specific targeting of Bcl-xL to the MAM

compartment may prove useful in determining its affect on apoptosis inhibition and
cellular metabolism. A clear understand of the role of MAM-associating Bcl-xL may also
prove beneficial for creating a new cell line for use in the biopharmaceutical industry. As
such, studies into the deletion mutation of Bcl-xL may be one option for creating a new
cell line in which Bcl-xL is more efficient in facilitating ER to mitochondrial Ca2+ transfer
to promote bioenergetics, and possibly allowing for increases in the high energy
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consuming process of recombinant protein production, while also supporting cell
survival.
As such, it is important to expand our knowledge on how Bcl-xL expression
affects bioenergetics pathways. There are many tools available for investigating cellular
metabolism including metabolic phenotyping. With metabolic phenotyping we are able
to investigate many different conditions at once and use these results to make
comparisons between different cell lines. For instance, fifteen different pre-configured
microarray plates are available for use with the Biolog Omnilog plate reader. Therefore,
a number of cellular conditions can be explored. While these pre-made plates are useful,
it would be beneficial to additionally explore the use of custom plates so that the user has
more flexibility with the metabolic substrates and cellular treatments used for microarray
comparison. A better understanding of metabolism could additionally be used to explore
the optimization of media so that Bcl-xL overexpressing cells function more efficiently.
The Omnilog plate reader would also be useful in this regard for examining various
media formulations all at once. Also, increased knowledge of bioenergetics in CHO cells
expressing Bcl-xL could be used in combination with metabolic engineering.

For

example, based on the results of metabolic phenotyping, metabolic targets can be
identified that may be exploited to further improve upon cell properties.
The above-mentioned studies should also be applied to cells expressing other Bcl2 family proteins, including Bcl-2Δ, and apoptosis inhibitors. For example, combined
expression of E1B-19K, Aven and XIAPΔ was shown to enhance transient increases in
IP3R3-mediated Ca2+ signals directly into the mitochondria. Each of these apoptosis
inhibitors; however, have different functions within the cell and should be studied
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individually. E1B-19K is known to target pro-apoptotic Bcl-2 family proteins that are
known to compete with anti-apoptotic proteins in order to modulate ER Ca2+ homeostasis
and IP3R-mediated Ca2+ efflux. Thus, E1B-19K may function to regulate Ca2+ signaling
by inhibition of these proteins. Additionally, Aven is known to bind Bcl-xL and Apaf-1,
a caspase regulator. As such, it is interesting to speculate that Aven may facilitate
enhanced mitochondrial Ca2+ uptake through a Bcl-xL-dependent mechanism. There is
no clear link; however, between XIAPΔ and Ca2+ homeostasis as it functions as an
inhibitor of various caspases.
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