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I. Introduction 

A. Statement of problem and specific aims: 

Despite scientific and clinical advancement, acute renal failure (ARF) remains as 

a major kidney disease with high morbidity and mortality rates. In fact, the incidence of 

ARF has been steadily increasing over the past decade, and it is expected to increase 

further. A major intrinsic cause of ARF is the injury and death of renal proximal tubular 

cells. While tUbular cell necrosis in ARF has been well documented, recent studies have 

revealed an important pathogenic role for apoptosis. 

Central to tubular cell apoptosis is mitochondrial damage. Our laboratory has 

demonstrated that the mitochondrial pathway is the major death pathway of tubular cell 

apoptosis in ARF. In this pathway, Bax and Bak are activated to permeabilize the 

mitochondrial membrane, leading to the release of apoptotic factors, such as cytochrome 

c (cyt.c) .. In the cytosol, cytochrome c associates with Apaf-1 to recruit and activate 

caspase-9, resulting in caspase activation and the development of apoptotic morphology. 

The involvement of the mitochondrial pathway in renal tubular cell apoptosis .has been 

demonstrated in vitro as well as in vivo in both human and animal models. 

While a role for the mitochondrial pathway of apoptosis has been established in 

tubular cell injury during ARF, the regulation of this pathway is not well understood. For 

instance, acidosis inhibits apoptosis of renal tubular cells, yet the underlying mechanism 

is not known. Also, the factors that determine the survival of some cells, while the 
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neighboring cells die, are not clear. In addition, recent studies have observed the 

occurrence of mitochondrial fragmentation during apoptosis. However, the regulation of 

mitochondrial fragmentation in apoptosis under pathophysiological conditions remains 

largely unknown. Therefore, the overall goals of my graduate study work were to 1) 

determine whether the resistance to apoptosis following exposure to acidic pH or 

repeated hypoxia exposure involves the mitochondrial pathway of apoptosis; 2) delineate 

the regulation of mitochondrial morphological dynamics during apoptosis, with an 

emphasis on the role of the Bcl-2 family proteins in this process; 3) analyze the role of 

mitochondrial fragmentation in the regulation of tubular cell apoptosis. I proposed the 

following specific aims: 

Aim 1: Determine whether acidic pH inhibits tubular cell apoptosis through 
inhibition of the mitochondrial pathway of apoptosis. 

Aim 2: Examine the factors that determine the cellular sensitivity to injury in 
hypoxia-resistant cells. 

Aim 3: Determine the involvement of Bcl-2 family proteins in mitochondrial 
fragmentation during apoptosis. 

Aim 4: Identify possible molecular interactions between mitochondrial fission-fusion 
molecules and Bcl-2 family proteins. 

Aim 5: Analyze mitochondrial fragmentation and its role in mitochondrial injury 
during renal tubular cell apoptosis. 
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The extrinsic pathway of apoptosis is mediated by death receptors. Upon ligand 

binding, such as TNF -alpha, the death receptors are activated and induce the assembly of 

the death-inducing signal complex (DISC). The DISC complex recruits the. initiator 

caspase, caspase 8, which is then self-activated. The active caspase 8 further activates the 

executioner caspases to induce apoptosis. Caspase 8 can also cleave the pro-apoptotic 

Bcl-2 family member Bid to produce truncated Bid (tBid), which induces mitochondrial 

permeabilization and release of cyt.c, to induce further caspase activation, exacerbating 

apoptosis 9
•
12

'
18

• 

Bcl-2 family proteins 

The Bcl-2 proteins are considered the sentinels of mitochondria and are 

responsible for regulating mitochondrial integrity 18
. Bcl-2, the prototype of the Bcl-2 

family proteins, was discovered as a gene amplified in B-celllymphoma 19
• Bcl-2 was 

classified as an oncogene, but it was not like the known oncogenes of the time of its 

discovery, in that Bcl-2 actively inhibits apoptosis 19
•
20

• It was later found that there were 

many proteins containing Bcl-2 homology (BH) domains, which also functioned to 

regulate apoptosis. These proteins were classified as Bcl-2 family proteins. The Bcl-2 

family of proteins is divided into pro-apoptotic or anti-apoptotic proteins. The anti

apoptotic proteins, such as Bcl-2 and Bcl-xL, have BH 1-4 and prevent apoptosis by 

blocking mitochondrial permeabilization. Pro-apoptotic Bcl-2 family proteins are further 

divided into two groups: the multidomain proteins, such as Bak and Bax, which contain 

BH 1-3, and the BH3-only proteins, which have only BH3. BH3-only proteins regulate 
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mitochondrial permeability and apoptosis by inhibiting the anti-apoptotic and activating 

the pro-apoptotic Bcl-2 family proteins 4•
16

•
18

•
20

-
22

• 

Bax and Bak are considered the requisite gateway to mitochondrial 

permeabilization. Loss of both Bax and Bak completely blocks the mitochondrial 

pathway of apoptosis23
-
26

• Other Bcl-2 family proteins mainly function to regulate Bax 

and Bak. The anti-apoptotic Bcl-2 proteins can prevent the activation of Bax and Bak by 

either binding them directly or preventing the binding of BH3-only proteins. On the 

other hand BH3-only proteins such as Bad and NOXA can inactivate Bcl-2 and Bcl-xL, 

while the rest, such as Bid, Bim, and PUMA, directly activate Bax and Bak 27
• Thus, the 

Bcl-2 family proteins are central regulators of mitochondrial integrity and cell fate. 

Mitochondrial fragmentation 

Recent studies have revealed a striking morphological change of mitochondria 

during apoptosis, mitochondrial fragmentation. It has been suggested that mitochondrial 

fragmentation is induced by a pathological regulation of mitochondrial morphological 

dynamics which contributes to mitochondrial injury during apoptosis 28
•
29

• Under normal 

physiological conditions, mitochondria are constantly being remodeled to maintain a 

highly integrated network. The overall morphology of the mitochondrial network is 

determined by two opp·osing processes, mitochondrial fission and fusion, and the balance 

between the two determines the overall structure of the mitochondrial network. If fission 

is increased, the mitochondria become shorter and fragmented; on the other hand, if 

fusion prevails, the organelles become longer and filamentous. The morphological 
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dynamics are thought to allow the mitochondria to adjust to the metabolic demands of the 

cell as well as distribute mitochondrial components (i.e., mtDNA and Ca2+) throughout 

the mitochondrial network 28
•
30

-
32

• 

Fission of mitochondria involves constriction and cleavage of both the inner and 

outer mitochondrial membranes. Mitochondrial fission is required for the division of 

mitochondria between daughter cells and for the movement of mitochondria within the 

cell 32
-
37

• Mitochondrial fission is accomplished by a complex machinery involving 

Dynamin-related protein 1 (Drp 1) and Fis 1 33
•
34

•
36

-
38

• Drp 1 is structurally similar to 

dynamin and is thought to function by forming a spiral around the mitochondria, which 

then constricts to cleave the mitochondria 34
'
39

• Drp 1 is predominantly found in the 

cytosol and translocates to the mitochondria in distinct foci where fission is occurring or 

about to occur 33
•
34

•
40

• In contrast, Fis 1 is constitutively localized in the outer 

mitochondrial membrane and is thought to act as an anchor for Drp 141
• 

Mitochondrial fusion requires tethering of two adjacent mitochondria, followed 

by pulling them together and fmally fusion of the outer and inner mitochondrial 

membranes. As with fission, mitochondrial fusion also involves several specific proteins, 

including Mitofusin 1, Mitofusin 2 (Mfnl and Mfn2), and Opal 28
•
31

•
42

• Mfnl and Mfn2 

are localized on the mitochondrial outer membrane. During mitochondrial fusion, Mfnl 

and Mfn2 form hetero- or homodimers with Mfnl or Mfn2 molecules on adjacent 

mitochondria and pull the mitochondria together. The sequences of Mfnl and Mfn2 are 

approximately 81% homologous and may have similar structures; however, the functions 

of Mfnl and Mfn2 are not completely redundant 43
• Cells lacking either Mfnl or Mfn2 
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are defective in mitochondrial fusion 28
•
43

• Mutation of Mfn2 leads to Charcot-Marie-

Tooth subtype 2A in humans, a neurological disorder characterized by degradation of 

peripheral neurons 44
• Opa 1, the other mitochondrial fusion protein, was first identified 

as the gene that is mutated in patients with autosomal dominant optic atrophy. Mutation 

of Opal leads to the degeneration of retinal ganglion cells 45
•
46

• Opal is expressed in the 

inner mitochondrial membrane and is necessary for mitochondrial fusion, maintaining the 

cristae structure and sequestering cyt.c. Opal likely plays a role in the fusion of the inner 

membrane 28
• 

Involvement of mitochondrial morphological changes in apoptosis was first 

suggested in 2001. In this study, Frank et al. reported the frrst evidence of mitochondrial 

fragmentation during apoptosis. Notably, they showed that inhibition of mitochondrial 

fission could prevent mitochondrial fragmentation and block cyt.c release and apoptosis 

in COS-7, Jurkat, Hela, and SW 480 human colon cancer cells 29
• Subsequent studies 

have demonstrated mitochondrial fragmentation in other mammalian cell types, as well as 

in C. elegans, Drosophila, yeast, and Trypanosome brucei 37
•
47

-
49

• Collectively, these 

fmdings suggest an emerging role for regulation of mitochondrial morphology in 

mitochondrial injury and apoptosis. In response to cell stress, Drp 1 is activated and 

translocated to the mitochondria, probably through interaction with Fis 1 29
•
38

•
40

•
50

• Drp 1, 

Bax, Bak, and Mfn2 then accumulate in foci at the mitochondria where mitochondrial 

fission is occurring or about to occur 38
•
40

•
50

• The accumulation of mitochondrial fission 

proteins and subsequent fission of the mitochondria lead to extensive and complete 

mitochondrial fragmentation. Once fragmented, the mitochondria become more sensitive 
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to cyt.c release, making the cells susceptible to apoptosis. Studies have also shown that 

knockdown or inhibition of mitochondria fission proteins, Drp 1, Fis 1, or endo B 1, can 

inhibit mitochondrial fragmentation and protect cells from apoptosis 29
•
38

•
50

-
52

• Also, 

overexpression of fusion proteins, M:ful/2 or Opal, can promote mitochondrial fusion, 

prevent fragmentation, and protect the cells from apoptosis 28
•
42

•
43

•
51 

•
53

• The 

mitochondrial fission observed during apoptosis represents a pathological mitochondrial 

fission. Pathological fission differs from the fission observed during cell division in that it 

contributes to apoptosis. These studies indicate mitochondrial fragmentation is an 

important step leading to apoptosis. However, it is unclear how mitochondrial 

morphological dynamics is regulated during apoptosis and how it is involved in 

mitochondrial injury. 

Bcl-2 family regulation of mitochondrial morphological dynamics 

It has been a matter of debate whether Bcl-2 family proteins regulate 

mitochondrial morphological dynamics during apoptosis. Sugioka et al. showed that 

mitochondrial fragmentation during apoptosis is not affected by Bcl-2 expression 53
• 

Similarly, James et al. did not see significant effects of Bcl-XL on mitochondrial 

fragmentation 36
• In sharp contrast, Kong et al. demonstrated that Bcl-2 inhibited 

mitochondrial fragmentation and apoptosis in MCF -7 cells 54
• In yeast, Fannjiang et al. 

showed that Bcl-2 and Bcl-XL can block mitochondrial fission and cell death 48
• In C. 

elegans, mitochondrial fragmentation during developmental cell death is effected by 

mutations in CED-9, a Bcl-2 ortholog of the worm. Delivani et al. further indicated that 
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CED-9, when transfected into mammalian cells, can antagonize mitochondrial 

fragmentation during apoptosis 55
• Recent work by Karbowski et al. suggested that Bax 

and Bak are essential in mitochondrial morphogenesis in normal healthy cells; however, 

whether and how they are involved in the regulation of mitochondrial fragmentation 

during apoptosis remains unclear 30
• 

Acute renal failure 

Acute renal failure (ARF) is a major kidney disease, which is defined by a rapid decrease 

in renal function leading to accumulation of nitrogenous wastes. ARF occurs in 5-7% of 

hospitalized patients and is associated with mortality in excess of 50% 56
•
57

• The major 

causes of ARF include renal ischemia and nephrotoxicity 12
•
58

-
61

• Renal ischemia 

develops as a result of vascular constriction, obstruction, hypotension, dehydration, septic 

shock, and operative arterial clamping. During ischemia, renal cells are deprived of 

oxygen and nutrients, leading to a widespread ATP depletion and cell injury 12
•
59

•
60

•
62

• 

Nephrotoxins such as cisplatin, a widely used anti-neoplastic agent, can induce renal cell 

injury by a variety of mechanisms, including DNA damage, p53 activation, and 

mitochondrial injury. 61
•
63

•
64

. Interestingly, the proximal tubular cells appear to be most 

susceptible to injury. The sensitivity of these cells to injury may be related to their 

enormous reabsorption capacity and high metabolic demand 57
•
59

•
60

• 

During renal ischemia or nephrotoxicity, proximal tubular cells can undergo 

necrosis. In addition, recent studies, including those from our laboratory, have 

demonstrated tubular cell apoptosis following ischemia or nephrotoxin exposure 12
•
57

•
59

-
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61
•
63

•
65

-
68

• Importantly, tubular cell apoptosis has been observed in both animal models of 

ARF and in human kidney biopsies following ARF 10
•
12

•
61

•
63

•
68

•
69

• Mechanistically, 

tubular cell apoptosis involves the intrinsic apoptotic pathway mediated by mitochondrial 

injury. To. support this, work from our laboratory has shown that inhibition· of the 

mitochondrial pathway prevents tubular cell apoptosis and ameliorates ischemic ARF in 

animal models 62
•
67

• · The mitochondrial pathway of apoptosis involves the activation of 

pro-apoptotic Bcl-2 family proteins (such as Bax, Bak, Bid, PUMA, etc.), cyt.c release, 

and caspase activation. Renal tubular cell apoptosis by the mitochondrial pathway is 

inhibited by anti-apoptotic Bcl-2 proteins (such as Bcl-2 and Bcl-xL), which antagonize 

the pro-apoptotic proteins 67
•
68

'
70

-
72

• It is generally believed the balance between the pro

and anti-apoptotic Bcl-2 proteins determines whether a cell will undergo apoptosis. This 

balance is skewed during ARF due to the up-regulation and activation of pro-apoptotic 

Bax, Bak, Bid, and PUMA 63
•
67

•
68

•
70

• Therefore, up-regulating Bcl-2 or Bcl-xL, as well as 

blocking the effects of Bax, Bak, or Bid, prevents proximal tubular cell apoptosis and 

ameliorates ARF 62
•
68

•
70

•
73

-
75

• Together, these studies from our lab and others have 

suggested an important pathogenic role for mitochondrial injury in tubular cell apoptosis. 

Despite these findings, the regulation of apoptosis under pathophysiological 

conditions such as renal failure is not well understood. To better understand this 

regulation, in these dissertation studies I first explored the regulation of the mitochondrial 

pathway of apoptosis by acidosis. Next, I examined the mechanism of cell survival 

following repeated hypoxic exposure. Also, I demonstrated pathological mitochondrial 

fragmentation in renal tubular cell apoptosis. Importantly, I discovered a novel role of 
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Bak to regulate mitochondrial morphology. Finally, my work demonstrated the first 

evidence for a role of mitochondrial fragmentation in tubular cell apoptosis during ARF. 



IT. Published Manuscripts 

Chapter 1: Acidic pH Inhibits ATP depletion-induced Tubular Cell Apoptosis by 

Blocking Caspase-9 Activation in Apoptosome 

(Brooks et al. American Journal of Physiology Renal Physiology 289: F410-F419, 

2005(published with permission)) 

Abstract: Tubular cell apoptosis has been implicated in the development of ischemic 

renal failure. In in vitro models, ATP depletion-induced apoptosis of tubular cells is 

mediated by the intrinsic pathway involving Bax translocation, cytochrome c release and 

caspase activation. While the apoptotic cascade has been delineated, much less is known 

for its regulation. The current study has examined the regulation of ATP depletion

induced tubular cell apoptosis by acidic pH, a common feature of tissue ischemia. 

Cultured renal tubular cells were subjected to 3 hours of ATP depletion with azide, and 

then recovered in full culture medium. The treatment led to apoptosis in ,...,40% of cells. 

Apoptosis was significantly reduced, if the pH of ATP depletion buffer was lowered from 

7-7.4 to 6-6.5. This was accompanied by the inhibition of caspase activation. However, 

acidic pH did not prevent Bax translocation and oligomerization in mitochondria. 

Cytochrome c release from mitochondria was not blocked either, suggesting that acidic 

pH inhibited apoptosis at the post-mitochondrial level. To determine the post

mitochondrial events that were blocked by acidic pH, we conducted in vitro 

12 
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reconstitution experiments. Exogenous cytochrome c, when added into isolated cell 

cytosol, induced caspase activation. Such activation was abrogated, when pH during the 

reconstitution was lowered to 6 or 6.5. Nevertheless, acidic pH did not prevent the 

recruitment and association of caspase-9 by Apaf-1, as shown by co

immunoprecipitation. Together, this study has demonstrated the inhibition of tubular cell 

apoptosis following ATP depletion by acidic pH. A critical step blocked by acidic pH 

seems to be caspase-9 activation in apoptosome. 

Introduction 

Recent studies have provided compelling evidence for the involvement of apoptotic 

mechanisms in the development of ischemic renal cell injury 2•
3

•
12

•
59

•
76

• Morphologically, 

apoptotic cells were identified in renal tubules of ischemia-reperfused kidneys 77
•
78

• 

Biochemically, renal ischemia-reperfusion led to the activation of caspases and 

endonucleases, which are responsible for the disassembly of apoptotic cells 79
•
80

• In 

addition, regulation of apoptotic genes including the Bcl-2 family was shown in kidneys 

following ischemia 62
•
81

• Finally, several pharmacological agents appeared to ameliorate 

ischemic renal injury at least in part by diminishing apoptosis 67
•
78

•
82

-
86

• 

Two major pathways of apoptosis have been delineated. In the extrinsic pathway, 

ligation of death receptors leads to the formation of death-inducing-signaling-complex 

and the activation of caspase-8 87
• In the intrinsic pathway, cellular stress leads to 

mitochondrial disruption, releasing apoptogenic molecules including cytochrome c 13
• 

Cytochrome c, after being released from mitochondria, binds Apaf-1 in the cytosol, 
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recruiting caspase-9 to form the caspase activation complex called apoptosome. Both 

apoptotic pathways have been implicated in the development of ischemic renal injury and 

renal failure 10
•
88

• 

In in vitro models, our previous work has suggested a critical role for the intrinsic 

pathway in tubular cell apoptosis following renal cell hypoxia or ATP depletion 72
•
89

-
91

• 

Under the experimental conditions, Bax, a pro-apoptotic Bcl-2 family protein, 

translocated to mitochondria and oligomerized in the outer membrane. Consequently, 

cytochrome c was released from mitochondria, followed by the activation of caspases in 

the cytosol and development of apoptotic morphology 72
•
89

-
91

• These observations have 

been confirmed and extended in related models of tubular cell apoptosis in vitro 92
•
93 and 

in vivo in ischemia-reperfused cadaveric kidney allografts 10
• Our recent work selected 

death-resistant tubular cells through repeated episodes of hypoxia 72
• The cells up

regulated the anti-apoptotic protein Bcl-XL, which prevented Bax activation and . 

cytochrome c release, resulting in the preservation of cell viability 72
• These findings 

further support a role for the intrinsic pathway in tubular cell apoptosis. 

While the apoptotic events at the mitochondrial and post-mitochondrial levels 

have been delineated, much less is known for their regulation by cytosolic factors. 

Nevertheless, alterations of cellular pH have been demonstrated during apoptosis 94
•
95

• 

Importantly, in different experimental models, the pH changes seem essential for the 

initiation and progression of apoptosis. For example, in staurosporine-induced apoptosis 

of HeLa cells, there was a rise of intracellular pH, while tumor necrosis factor-a.-induced 

apoptosis was accompanied by a drop of pH. In both models, prevention of pH changes 
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inhibited apoptosis by blocking critical mitochondrial events including Bax activation 

and cytochrome c release 95
• Recent studies by Segal and colleagues further 

demonstrated that alkaline pH inhibited caspase activation in an in vitro system by 

blocking apoptosome maturation 96
•
97

. In the current study, we have determined the 

effects of acidic pH on ATP depletion-induced apoptosis in renal tubular cells. We were 

particularly interested in acidic pH, because acidosis is a common feature of ischemic 

injury in organs including the brain, heart and kidneys 98
-
100

• We show that acidic pH 

inhibits tubular cell apoptosis following ATP depletion. However, mitochondrial events 

of apoptosis including Bax activation and cytochrome c release are not affected. A 

critical step that is blocked by acidic pH seems to be caspase-9 activation in apoptosome. 
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Materials and Methods 

Materials: Rat kidney proximal tubular epithelial cells (RPTC) were originally obtained 

from Dr. U. Hopfer at Case Western Reserve University, Cleveland, OH. The cells were 

cultured as described previously 101
• HK-2 cells were purchased from ATCC (Manassas, 

VA) and cultured according to the instruction. DEVD.AFC and free AFC were 

purchased from Enzyme Systems Products (Dublin, CA). Dithiobisn [succinimidyl 

propionate] (DSP) was purchased from Pierce (Rockford, IL ). The rabbit polyclonal 

antibody specific to the active form of caspase-3 was a gift from Dr. A. Srinivasan at 

Idun Pharmaceuticals Inc. (La Jolla, CA). Other antibodies were purchased from the 

following sources: polyclonal antibody to lamin B from Santa Cruz Biotechnology Inc. 

(Santa Cruz, CA); monoclonal antibody to cytochrome c from BD Pharmingen (San 

Diego, CA); monoclonal antibody to Bax from NeoMarkers (Fremont, CA); monoclonal 

antibody to caspase-9 from R & D Systems (Minneapolis, MN); polyclonal antibody to 

Apaf-1 from Cell Signaling Technologies (Beverly, MA); all secondary antibodies from 

Jackson ImmunoResearch (West Grove, PA). Other reagents were purchased from Sigma 

Chemical Co. (St. Louis, MO). 

ATP depletion: ATP depletion was conducted as detailed recently 90
•
91

•
102

• Briefly, cells 

were incubated with 10 mM azide for 3 hours in glucose-free Krebs-Ringer bicarbonate 

solution (composition in mM: 115 NaCl, 3.5 KCl, 25 NaHC03, 1 KH2P04, 1.25 CaCl2, 

and 1 MgS04; gassed with 5% C02). To control the pH of the solution, 25 mM Hepes at 

various pH levels was also included. The pH of the solution was monitored before, 
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during and after ATP depletion. After ATP depletion, groups of cells were transferred to 

full culture medium for recovery. 

Morphological examination of apoptosis: Apoptosis was examined by morphological 

criteria as described previously 67
•
72

•
90

• Cell morphology was monitored by phase contrast 

microscopy. Nuclear morphology was examined by fluorescence microscopy after 

Hoechst 33342 staining. Typical apoptotic cells showed cellular shrinkage, formation of 

apoptotic bodies, nuclear condensation and fragmentation. 

Measurement of caspase activity: Caspase activity was measured enzymatically using 

the fluorogenic peptide substrate DEVD.AFC 67
•
72

•
90

•
103

• Briefly, cells were extracted 

with 1% Triton X-100. The lysates of 25 J..Lg protein were added to enzymatic reactions 

containing 50 J..LM DEVD.AFC. After 60 minutes of reaction, fluorescence at excitation 

360 nm/emission 530 nm was monitored by a GENios plate-reader (Tecan US Inc., 

Research Triangle Park, NC). For each measurement, a standard curve was constructed 

using free AFC. Based on the standard curve, the fluorescence reading from each 

enzymatic reaction was converted into the nanomolar amount of liberated AFC to 

indicate caspase activity. 

Immunofluorescence of cytochrome c, Bax and active caspase-3: Cells were grown 

on collagen-coated glass coverslips for immunofluorescence as described in our previous 

work 72
•
90

•
104

• For immunofluorescence of Bax and active caspase-3, cells were fixed 
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with 4% paraformaldehyde. For immunofluorescence of cytochrome c, cells were fixed 

with a modified Zamboni's fixative containing picric acid and 4% paraformaldehyde. 

The fixed cells were incubated with 2% normal goat serum for blocking, and then 

exposed to specific primary antibodies (rabbit polyclonal anti-active caspase-3, mouse 

monoclonal anti-Bax, or mouse monoclonal anti-cytochrome c). Finally, the cells were 

incubated with Cy3-labeled goat anti-rabbit, Cy3-labeled goat anti-mouse, or FITC-

labeled goat anti-mouse secondary antibodies. Signals were examined by fluorescence 

microscopy using Cy3 or FITC channel. 

Cellular fractionation: To analyze the subcellular . redistributions of Bax and 

cytochrome c during apoptosis, cells were fractionated into cytosolic fraction and the 

membrane-bound organellar fraction. The fractionation was facilitated by using low 

concentrations of digitonin, as described in our previous work 67
•
72

•
89

•
104

• Digitonin at low 
L 

concentrations selectively permeabilizes the plasma membrane, without solubilizing 

mitochondria. The feasibility of digitonin extraction in our experiments was further 

supported by two observations: first, digitonin did not extract or solubilize cytochrome c 

from mitochondria in normal control cells, where cytochrome c resided in the inter-

membrane space of the organelles (Fig. 1.3A); second, COX IV (an integral 

mitochondrial protein) was not detected in digitonin soluble fraction, suggesting that 

contamination of this fraction by mitochondria was indeed minimal (data not shown). 

Cellular fractionation by digitonin was also utilized by other investigators to examine 

protein translocations during apoptosis 105
•
106

• Briefly, cells were incubated with 0.05% 
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digitonin in isotonic sucrose buffer (in mM: 250 sucrose, 10 Hepes, 10 KCl, 1.5 MgCh, 1 

EDTA and 1 EGTA; pH 7.1) for 2 minutes at room temperature. The released cytosol 

was collected. Digitonin insoluble part was further extracted with 2% SDS to collect the 

membrane-bound organellar fraction. Bax and cytochrome c redistribution during 

apoptosis mainly takes place between the cytosol and mitochondria, thus immunoblot 

analysis of the organellar fraction is expected to reveal mitochondrial content of the 

molecules. 

Immunoblot analysis: Electrophoresis and immunoblot analysis of proteins were 

performed in a NuP AGE Gel System. After blocking with 2% BSA, the blots were 

incubated with specific primary antibodies overnight at 4°C. The blots were then 

exposed to the horseradish-peroxidase-conjugated secondary antibody, and antigens on 

the blots were revealed using the enhanced chemiluminescence (ECL) kit (Pierce, 

Rockford, IL, U.S.A.). 

In vitro reconstitution of caspase activation: Reconstitution of caspase activation by 

adding exogenous cytochrome c to isolated cytosol was conducted as described in our 

previous work 72
•
103

•
104

• Briefly, cell cytosol was extracted with 0.05% digitonin, and 

concentrated to 4 - 5 mg protein/ml with 3kD cutoff microconcentrators. For 

reconstitution, 1 J..Ll of 0.5 mg/ml cytochrome c, 1J..Ll of 10 mM dATP and 0.5 J..Ll of 200 

mM MgCh were added to 7.5 J..Ll of cell cytosol containing 25 J..Lg protein. After 1 hour of 
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incubation at 30°C, the reconstitution mixture was transferred to caspase assay buffer 

containing DEVD.AFC to determine caspase activity. 

Analysis of Bax oligomerization: DSP, a homobifunctional amine-reactive cross

linker, was utilized to analyze Bax oligomerization, as described in our previous work 

72
•
107

• Briefly, cells were cross-linked with hnM DSP in phosphate-buffered saline for 

30 minutes at room temperature under constant mixing. The cells were then 

fractionated with 0.05% digitonin to collect membrane fraction. Finally, the membrane 

fraction was subjected to electrophoresis and immunoblot analysis under non-reducing 

conditions. 

Co-immunoprecipitation of caspase-9 and Apaf-1: Co-immunoprecipitation was 

conducted by a method modified from our previous work 67
•
72

•
108

• Briefly, celllysates 

were pre-cleared by incubation with 1 flg normal mouse serum and 30 fll protein A/G 

agarose (Santa Cruz Technology). The pre-cleared samples were subsequently incubated 

for 2 hour with 1 flg of caspase-9 immunoprecipitation antibody and 30 fll of protein A/G 

agarose. Immunoprecipitates were collected by centrifugation and dissolved in 2% SDS 

sample buffer for immunoblot analysis of caspase-9 and Apaf-1. 

Statistics: Data were expressed as means± SD (n ~ 3). Statistical differences between 

various groups were determined by multiple comparisons, which were conducted by 
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Tukey's post-tests following analysis of variance using the GraphPad Prism software. 

P<0.05 was considered significantly different. 

Results 

Suppression of ATP depletion-induced apoptosis by acidic pH. ATP depletion is a 

primary cause of ischemic renal cell injury in vivo, and has been used in in vitro models 

for mechanistic studies 109
• Our recent work has examined the apoptotic mechanisms that 

are activated by ATP depletion in cultured renal tubular cells 72
•
89

•
91

•
102

•
103

•
107

• Using this 

well-characterized apoptotic model, we examined the effects of acidic pH in the current 

study. RPTC, a rat proximal tubular cell line, was subjected to ATP depletion by 

incubation with azide in glucose free medium. Subsequently, the cells were returned to 

full culture medium for recovery. As shown in Fig. 1.1 A, significant amounts of cells 

developed apoptotic morphology following the treatment, showing cellular shrinkage and 

the formation of apoptotic bodies. Hoechst33342 staining further revealed nuclear 

condensation and fragmentation in these cells. Importantly, when the pH of the ATP 

depletion medium was decreased from 7.4 to 6.5, apoptosis was drastically reduced. For 

quantification, we counted the cells that showed typical apoptotic morphology (Fig. 

1.1B). The basal level of apoptosis in control RPTC cells was "'2%. After 3 hours of 

ATP depletion at pH 7.4 and 1 hour of recovery, 43% of cells became apoptotic. The 

percentage of apoptosis was slightly lower, when the pH of ATP depletion buffer was 

decreased to 7.0. However, further decrease of pH to 6.5 or 6.0 induced a drastic 

reduction in apoptosis. Under these conditions, the rates of apoptosis were below 10% 

(Fig. 1.1B). 
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Figure 1.1 Suppression of ATP depletion-induced apoptosis by acidic pH. RPTC 
cells were incubated with 10 mM azide for 3 hours in glucose-free buffer at pH 7. 4, 7. 0, 
6. 5, or 6. 0, followed by 1 hour recovery in full culture medium. A. Morphology. Cell 
morphology was recorded by phase contrast microscopy, and nuclear morphology was 
recorded by fluorescence microscopy following Hoechst333.J2 staining. B. 
Quantification of apoptosis. Cells with typical apoptotic motphology were counted to 
estimate percentage of apoptosis in representative fields. Data are expressed as: mean :1: 
S. D. (n =7). Multiple comparisons were conducted by Tukey 's post-tests following 
analysis of variance; *, significant differences between the acidic pH groups and the pH 
7.4 group (p<0.001). Statistical differences between other groups were not shownfor the 
reason of clarity. The results show that lowering pH from 7-7. -1 to 6-6.5 inhibited 
apoptosis fo llowing ATP-depletion. 
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Inhibition of caspase activation during ATP depletion by acidic pH. To identify the 

apoptotic events that were blocked by acidic pH, we first examined caspase activation. 

The results are shown in Fig. 1.2. By enzymatic assays, we detected significant caspase 

activation during ATP depletion at pH 7.4 and 7.0. When the pH of ATP depletion 

buffer was lowered to 6.5 or 6.0, caspase activation was attenuated (Fig. 1.2A). The 

inhibitory effects of acidic pH were further indicated by immunoblot analysis of lamin B, 

an endogenous caspase substrate. As shown in Fig. 1.2B, lamin B of 72 kD was cleaved 

into a characteristic fragment of 46 kD following ATP depletion at pH 7.0 and 7.4 (lanes 

4, 5), but not at pH 6.0 or 6.5 (lanes 2, 3). We also examined caspase activation in situ in 

intact cells by immunofluorescence of active caspase-3. As shown in Fig. 1.2C, many 

cells displayed immunofluorescence of active caspase-3 following ATP depletion at pH 

7 .4, while significantly fewer positive cells were shown in the group that experienced 

ATP depletion at pH 6.5. Together, the results suggest that acidic pH suppressed caspase 

activation and apoptosis following ATP depletion in renal tubular cells. 

Effects of acidic pH on cytochrome c during ATP depletion. Previous work by this 

and other laboratories has demonstrated a role for the intrinsic mitochondrial pathway in 

tubular cell apoptosis following ATP depletion 72
•
89

•
92

•
93

•
103

• A critical event of this 

pathway is the release of cytochrome from mitochondria into cytosol. Thus, we 

determined whether acidic pH inhibited cytochrome c release during ATP depletion. We 

initially analyzed cytochrome c release by immunoblotting following cellular 
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Figure 1.2/nhibition of caspase activation during ATP depletion by acidic pH. RPTC 
cells were incubated with 10 mM azide for 3 hours in glucose-free buffer at pH 7.-1, 7.0, 
6.5, or 6.0. followed by 1 hour recovery in full culture medium. A. Caspase activity. 
Cells were extracted with Triton X-100 to collect lysate for the measurement of caspase 
activity using the jluoregenic peptide substrate DEVD.AFC. Data are expressed as: 
mean i: S.D. (n =-1). Multiple comparisons were conducted by Tukey 's post-tests 
following analysis of variance: *. significant differences between the acidic pH groups 
and the pH 7.-1 group (p<O. 001). Statistical differences between other groups were not 
shown for the reason of clarity. B. Proteolysis of /amin B. Whole cell lysate was 
extracted with SDS buffer for immunoblot analysis of lamin B. This is a representative 
blot of 3 separate experiments. C. immunofluorescence of active caspase-3. Cells were 
fixed for immunofluorescence using an antibody spec(fic for the active fragment of 
caspase-3. The results show that caspase activation during ATP-depletion was 
suppressed by acidic pH. 
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fractionation. The results are shown in Fig. 1.3A. As expected, cytochrome c in control 

. cells was detected in the mitochondrial fraction (lane 1 ). After ATP depletion, 

cytochrome c was lost from the mitochondrial fraction and appeared in the cytosolic 

fraction, indicating its release. Importantly, regardless of the pH variations from 7.4 to 

6.0, cytochrome c release persisted and was comparable (lanes 2-5). The release of 

cytochrome c was confirmed by immunofluorescence analysis {Fig. 1.3B). Clearly, ATP 

depletion with azide induced cytochrome c release in many cells, resulting in a diffuse 

cytosolic staining. We subsequently counted the cells that released cytochrome c in 

representative fields. Consistent with the immunoblot results, no significant differences 

were shown between the groups at various pH levels (Fig. 1.3C). Together, the results 

suggest that acidic pH blocked apoptosis and caspase activation without affecting 

mitochondrial release of cytochrome c. 

It was noticed that cytochrome c staining in some azide-treated cells was weaker than that 

of control cells (Fig. 1.3B). Interestingly, recent work by Zager et al. showed that, in 

isolated mouse proximal tubules, cytochrome c after mitochondrial release traversed 

plasma membranes into the extracellular space 110
• To determine whether cytochrome c 

was lost from azide-treated cells, we examined and compared cytochrome c in control 

and azide-treated cells by immunoblot. Cells were incubated for 3 hours in glucose-free 

buffer in the absence or presence of azide. Whole celllysates were then collected from 

these two groups of cells for immunoblot analysis. The results of samples collected from 

3 separate experiments are shown in Fig. 1.3D (upper blot). Densitometry of the blots 

showed that cytochrome c in azide-treated group was 14.8±33.8% lower than 



Figure 1.3 Effects of acidic pH on cytochrome c release during ATP-depletion. 
RPTC cells were incubated with 10 mM azide for 3 hours in glucose-free buffer at pH 
7.4, 7.0, 6.5, or 6.0. A. Immunoblot analysis of cytochrome c. At the end of azide 
treatment, cells were fractionated into cytosolic and membrane-bound mitochondrial 
fractions for immunoblot analysis. This is a representative blot of 3 separate 
experiments. B. Immunofluorescence of cytochrome c. Cells without (control) or with 
Azide treatment at pH 6. 5 were fvced and processed for immunofluoresence of 
cytochrome c. C. Quantification of cells that released cytochrome c during ATP
depletion. Images of cytochrome c immunofluorescence were analyzed to estimate the 
percentage of cells that released cytochrome c in cytosol. Data are expressed as: mean x 
S.D. (n=4). Multiple comparisons were conducted by Tukey 's post-tests following 
analysis of variance; no significant differences were shown between the acidic pH groups 
and the pH7. 4 group. D. Cytochrome c leakage from cells during azide treatment. Cells 
were incubated for 3 hours in glucose-free buffer (pH7. fl.) in the absence or presence of 
azide. Whole cell lysates were then collected from these two groups of cells for 
immunoblot analysis (upper blot). Incubation medium was also collected and 
concentrated with 3 kilodalton cutoff Microcons (Millipore) for cytochrome c 
immunoblot (lower blot). Together, the results show that cytochrome c release during 
ATP-depletion was not suppressed by acidic pH 
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control group; however, the difference was not statistically significant (p>0.05). We also 

collected and concentrated the incubation medium for cytochrome c immunoblot, and did 

not detect significant signal (Fig. 1.3D, lower blot). Apparently, cytochrome c leakage 

from azide-treated cells was not as extensive as that shown in other experimental models. . 

The lower immunostaining signal was likely caused by the diffusion/ dilution of 

cytochrome c within the cells after being released from mitochondria. In addition, some 

of the cells might be out of focus during microscopic recording. 

Effects of acidic pH on Bax activation during ATP depletion. Our previous work has 

suggested a critical role for Bax in mitochondrial disruption and cytochrome c release 

during ATP depletion of renal tubular cells 72
•
89

•
91

•
104

•
107

• Bax was activated in ATP

depleted cells and translocated to mitochondria, where it oligomerized and presumably 

formed pathological pores on the outer membrane 72
•
89

•
91

•
104

•
107

• Thus, to further identify 

the apoptotic events that were blocked by acidic pH, we analyzed Bax activation. We 

initially examined Bax translocation by immunoblotting following cellular fractionation. 

As shown in Fig. 1.4A, in control cells, the majority of Bax was detected in the cytosolic 

fraction (lane 1 ). After 3 hours of ATP depletion, significant amounts of Bax moved to 

the membrane-bound fraction enriched with mitochondria (lanes 2-5). Of note, Bax 

accumulation in the membrane fraction was similar at various pH levels. Bax 

translocation to mitochondria during ATP depletion was confirmed by 

immunofluorescence (Fig. 1.4B). Particularly, there was a population of cells that had 

intense Bax signal in mitochondria, showing a perinuclear organellar staining. To 



Figure 1.4 Effects of acidic pH on Bax activation during ATP-depletion. RPTC 
cells were incubated with 10 mM azide for 3 hours in glucose-free buffer at pH 7. 4, 7. 0, 
6. 5, or 6. 0. A. Immunoblot analysis of Bax. At the end of azide treatment, cells were 
fractionated into cytosolic and membrane-bound mitochondrial fractions for immunoblot 
analysis of Bax. This is a representative blot of 3 separate experiments. B. 
Immunofluorescence of Bax. Cells without (control) or with azide treatment at pH 6.5 
were fixed and processed for immunofluoresence of Bax. C. Quantification of cells that 
showed intense Bax signal in mitochondria. Images of Bax immunofluorescence. were 
analyzed to estimate the percentage of cells with intense Bax signal in mitochondria. 
Data are expressed as: mean .:!: S.D. (n=4). Multiple comparisons were conducted by 
Tukey 's post-tests following analysis of variance; no significant differences were shown 
between the acidic pH groups and the pH7.4 group. D. Bax oligomerization. After azide 
treament, cells were cross-linked with DSP. Mitochondrial fraction was then collected 
for immunoblot analysis under non-reducing (-DTT) or reducing (+DTT) conditions. 
Together, the results show that Bax activation during ATP-depletion was not suppressed 
by acidic pH 
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quantify the cells with intense mitochondrial Bax, we counted these cells 1n 

representative fields; there was no difference between the groups that were ATP-depleted 

at various pH levels (Fig. 1.4C). We further analyzed the oligomerization status of Bax 

(Fig. 1.4D). To preserve Bax oligomers, cells were subjected to chemical cross-linking 

by DSP. Cross-linked samples were then analyzed by immunoblotting. Clearly, Bax 

oligomerized in mitochondrial membranes, irrespective of the pH values during ATP 

depletion (Fig. 1.4D: lanes 1, 3, 5, 7). Of note, treatment of the cross-linked samples 

with DTT led to the dissociation of Bax oligomers (lanes 2, 4, 6, 8). This was due to the 

cleavage of the disulfide bond in DSP by the reducing agent. These results, together with 

the cytochrome c data, indicated that apoptotic events at the mitochondrial level were not 

abrogated by acidic pH. 

Acidic pH blocks cytochrome c-stimulated caspase activation in isolated cytosol. 

Our analyses of Bax and cytochrome c suggest that acidic pH blocked apoptosis at the 

post-mitochondriallevel, down-stream of cytochrome c release. Thus, to further identify 

the pH-sensitive event(s), we set up an in vitro system by adding exogenous cytochrome 

c to isolated cytosol. In this set of experiments, cytosol was isolated from control cells 

without ATP depletion, and was free of cytochrome c (not shown). Exogenous 

cytochrome c was then added to the cytosol at various pH levels to induce caspase 

activation. As shown in Fig. 1.5A, cytochrome c stimulated caspase activation in isolated 

cytosol at pH 7.0 and 7.4, but not at acidic pH 6.0 or 6.5 (bar graph). Importantly, 

caspase-9 was processed into active forms following cytochrome c stimulation at pH 7.0 



Figure 1.5 Inhibition of cytochrome c-stimulated caspase activation in isolated cell 
cytosol by acidic pH Cell cytosol was isolated from control RPTC (A) or HK2 (B) cells. 
The cytosol preparations were incubated at various pH levels in the absence or presence 
of exogenous cytochrome c. One portion of the incubation mixtures was transferred to 
caspase assays to determine caspase activity (bar graphs), while the other portion was 
subjected to immunoblot analysis of caspase-9 (blots). Data are expressed as: mean :t 
S.D. (n::?4). The results show that exogenous cytochrome c induced caspase activation in 
isolated cell cytosol at pH 7. 0-7. 4, which was attenuated by acidic pH 
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and 7.4 (blot: lanes 6, 8), while the processing was markedly suppressed by lower pH 

(blot: lanes 2, 4). The results were confirmed by using cytosol that was isolated from 

HK-2 cells, a human tubular cell line. As shown in Fig. 1.5B, both caspase activation 

and caspase-9 processing following cytochrome c stimulation were inhibited by acidic 

pH. 

Acidic pH inhibits caspase-9 activation in apoptosome without blocking Apaf-

1/caspase-9 association. In the intrinsic pathway of apoptosis, an immediate step 

following cytochrome c release is the binding of cytochrome c to Apaf-1, leading to the 

exposure of the CARD domain and the recruitment of caspase-9 to form a cytochrome c

Apaf-1-caspase-9 complex called apoptosome. Subsequently, caspase-9 is activated in 

apoptosome by a mechanism of proximity 13
• Since cytochrome c-induced caspase-9 

activation in isolated cytosol was inhibited by acidic pH (Fig. 1.5), we hypothesized that 

acidic pH might prevent the conformational changes in Apaf-1 that were needed for the 

recruitment and association of caspase-9. Recent work has screened a panel of antibodies 

and has identified a monoclonal antibody of human caspase-9 that is suitable for 

immunoprecipitation 111
• Thus, we determined the effects of buffer pH on the caspase-

9/ Apaf-1 association by co-immunoprecipitation (Fig. 1.6). Cytosol was isolated from 

HK2 cells and incubated at pH 7.4 or 6.5 in the absence or presence of cytochrome c. At 

the end of incubation, a portion of the samples was directly analyzed for caspase-9 and 

Apaf-1 by immunoblotting (lanes 1-4). The other portion was subjected to 

immunoprecipitation with the caspase-9 specific monoclonal antibody. 
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Figure 1.6 Effects of acidic pH on Apaf-1/caspase-9 association following 
cytochrome c stimulation. Cytosol was isolated from HK2 cells and incubated at pH 
7.4 or 6.5, in the absence or presence of cytochrome c. At the end of the incubation, a 
portion of the samples was directly subjected to immunoblot analysis of caspase-9 and 
Apaf-1 (lanes 1-4). The other portion was subjected to immunoprecipitation with a 
caspase-9 specific monoclonal antibody. Bead-bound immunoprecipitates were then 
analyzed for caspase-9 and Apaf-1 by immunoblotting (lanes 5-8). The experiment was 
repeated four times and showed consistent results; shown in this figure are blots of a 
representative experiment. The results show that cytochrome c induced the recruitment 
and association of caspase-9 by Apaf-1, regardless of the pH decrease from 7.4 to 6. 5 
(lanes 6. 8). 
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Immunoprecipitates were then analyzed for caspase-9 and Apaf-1 by immunoblotting 

(lanes 5-8). As shown in Fig. 1.6 lanes 1-4, comparable amounts of caspase-9 and Apaf-

1 were detected under various experimental conditions prior to immunoprecipitation. 

Consistent with previous observations, cytochrome c induced the processing of caspase-9 

into its active fragments at pH 7.4 (lane 2) but not at pH 6.5 (lane 4). Following 

immunoprecipitation, significant amounts of caspase-9 were precipitated, including the 

intact and processed forms (lanes 5 - 8: lower panel). In the absence of cytochrome c, 

limited amounts of Apaf-1 were co-precipitated along with caspase-9 (lanes 5, 7: upper 

panel). After cytochrome c stimulation, the co-precipitation or association between 

Apaf-1 and caspase-9 was markedly induced (lanes 6, 8: upper panel). Importantly, the 

association was not prevented by lowering the pH from 7.4 (lane 6) to 6.5 (lane 8). By 

densitometry of blots from 4 separate experiments, the amount of Apaf-1 that bound 

caspase-9/cytochrome c under pH 6.5 was similar to that bound under pH 7.4 (1 07±36, if 

the signal of the pH 7.4 samples was arbitrarily set as 100). Collectively, the results 

indicate that acidic pH did not inhibit the recruitment of caspase-9 by Apaf-1 to form 

apoptosome; however, caspase-9 activation in this protein complex was suppressed. 

Discussion 

Acidosis is a common feature of tissue ischemia 98
-
100

• Under ischemia, cells within the 

affected tissues are forced to anaerobic glycolysis due to oxygen deprivation, leading to 

the accumulation of metabolic byproducts such as lactic acid, resulting in significant 

decreases of cellular pH. Acidosis is associated with ischemia of the brain, heart, liver, 



34 

kidneys and other organs 98
-
100

. For example, in the brain, pH falls to 6.5 or lower 

following severe ischemic injury 99
. Despite the recognition of acidosis in ischemic 

tissues, whether it is injurious or protective has been quite controversial. Acidosis is 

proposed to be a key detrimental factor for ischemic tissue damage 99
• In addition to 

many earlier studies, the latest work by Xiong et al. has provided strong support for an 

injurious role of acidic pH 112
• They showed that cells and animals lacking the acid

activated Ca2+ -permeable channel became resistant to ischemic injury in the brain 112
• On 

the other hand, cytoprotective effects of mild acidosis have been demonstrated in vitro in 

different types of cells 98
•
100

• For example, in freshly isolated renal tubules, hypoxic 

injury was prevented, when the pH of the incubation buffer was decreased from 7.4 to 

5.9, although the underlying mechanism was elusive 113
• The current study has 

specifically examined the effects of acidic pH on ATP depletion-induced tubular cell 

apoptosis, a process implicated in ischemic renal injury. 

Our results show that tubular cell apoptosis as well as caspase activation were 

inhibited by acidic pH. Drastic inhibitory effects were shown, when the buffer pH was 

reduced from 7.0 to 6.5, suggesting a breakpoint within this range. Analysis of 

cytochrome c and Bax indicates clearly that upstream apoptotic events at the 

mitochondrial level were not suppressed by acidic pH. To identify the apoptotic events 

that were acidosis-sensitive, we utilized an in vitro reconstitution system. When 

exogenous cytochrome c was added to isolated cell cytosol, caspase activation and 

caspase-9 processing were induced. Importantly, both events were attenuated by acidic 

pH. In the in vitro system, caspase-9 was expected to be the initiator caspase, which 
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upon activation would further process and activate down-stream caspases. Thus, our 

results suggest that critical steps responsible for caspase-9 activation within the 

apoptosome were blocked by acidic pH. Nevertheless, cytochrome c-induced recruitment 

and association of caspase-9 by Apaf-1 was not inhibit~d by acidic pH. Taken together, 

it is concluded that acidic pH inhibited tubular cell apoptosis following ATP depletion by 

blocking caspase-9 activation in apoptosome. 

Although the pH of the incubation buffer was vigorously controlled and 

monitored, we did not measure the pH within the cells. Nevertheless, the specific feature 

of the experimental model might facilitate a quick equilibration of protons across the 

plasma membrane. In these experiments, cells were depleted of ATP within 30 minutes 

of azide incubation in glucose free medium (data not shown). Without ATP, the cellular 

capacity of maintaining ion homeostasis via channels and pumps was expected to be 

compromised. As a result, passive diffusion and transport of protons were mainly driven 

by concentration gradients, leading to the equilibration of intracellular pH with 

extracellular space. Importantly, the inhibitory effects of acidic pH on apoptosis and 

caspase activation in intact cells were also reproduced in the in vitro reconstitution 

system, where the pH of isolated cytosol was directly monitored. 

It is noteworthy that acidic pH does not prevent or slow down ATP depletion 

under various experimental conditions 98
. Similar results were shown in our experiments 

(not shown). Such conclusion is also supported by the observation that upstream 

apoptotic events at the mitochondrial level were not suppressed by acidic pH. 
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Alterations of cellular pH have been shown to be involved in apoptosis. In T-

lymphocytes, withdrawal of IL-7 led to Bax activation and consequent apoptosis, which 

were preceded by a rise in intracellular pH 94
• Moreover, the active conformation of Bax 

could be induced by pH of 7.8 or higher 94
• More recently, Tafani et al. demonstrated 

changes in intracellular pH of HeLa cells in different apoptotic models 95
• While 

staurosporine treatment induced a rise of pH, TNF induced a decrease in cellular pH. 

Interestingly, prevention of pH alterations in either directions suppressed Bax activation 

and apoptosis in both models 95
• These results support an important role for cellular pH 

in the initiation and progression of apoptosis. However, in our experimental model of 

ATP depletion, Bax activation and consequent cytochrome c release do not seem to be 

pH-dependent. First, as discussed above, in ATP-depleted cells, pH is expected to 

equilibrate with the extracellular space and variations would be very limited. Under this 

condition, Bax activation and cytochrome c release were shown under a physiological pH 

of 7 - 7.4. Second, when pH was decreased to 6.5 and 6, neither cytochrome c release 

nor Bax activation was affected. In these experiments, we analyzed Bax and cytochrome 

c by several approaches including immunoblotting and immunofluorescence, and 

obtained consistent results. Thus, we conclude that pH alterations may not be the 

primary cause of mitochondrial events of apoptosis during ATP depletion, including Bax 

activation and cytochrome c release. These observations, however, do not exclude a role 

of intracellular pH in Bax activation and cytochrome c release in other apoptotic models, 

as shown previously 94
'
95

• 
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The fact that acidic pH inhibited apoptosis without blocking mitochondrial events 

suggest that the key pH-sensitive step is in the cytosol, downstream of cytochrome c 

release. This scenario is supported by the in vitro reconstitution experiments, showing 

that exogenous cytochrome c-stimulated caspase activation in isolated cell cytosol was 

suppressed, when the reconstitution pH was lowered from 7-7.4 to 6-6.5. Importantly, 

the processing of caspase-9, the initiator caspase in this system, was inhibited by lower 

pH, suggesting that a critical step blocked by acidic pH might be the activation of 

caspase-9 rather than downstream executioner caspases. In line with these observations, 

purified recombinant caspases including caspase-3 maintained significant enzymatic 

activity within a relatively broad pH range 114
• 

In the in vitro reconstitution system, cytochrome c after being added to the cytosol 

is expected to bind the WD40 domain of Apaf-1, leading to conformational changes of 

the latter and the exposure of the CARD domain. An exposed CARD domain in Apaf-1 

recruits caspase-9 to form a protein complex called apoptosome. Caspase-9 is activated 

in apop\osome probably by proximity-induced auto-catalysis 13
• Apparently, a critical 

step for caspase-9 activation is the recruitment and association of caspase-9 by the 

adaptor protein Apaf-1, which holds caspase-9 molecules together to reach a 

concentration that is required for their auto-catalytic activation 13
• Thus, to explain the 

inhibitory effects of acidic pH in our experimental models, we initially hypothesized that 

lower pH might affect the recruitment and association of caspase-9 by Apaf-1 upon 

cytochrome c stimulation. However, this possibility was not supported by our subsequent 

experiments of co-immunoprecipitation. It is clear that cytochrome c-induced caspase-
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9/Apaf-1 association was not prevented by pH 6-6.5. Thus, under mild acidic pH, 

cytochrome c after being released into the cytosol was able to induce conformational 

changes in Apaf-1 to recruit caspase-9 and form apoptosome; however, the apoptosome 

is not functional and caspase-9 is not activated under these conditions. 

It remains unclear why the apoptosome formed under mild acidic pH does not 

function. Recently, well-controlled experiments by Beem et al. have investigated the 

mechanism of apoptosome formation using an in vitro system that was similar to that of 

our study 96
• Their results have led to a model of apoptosome maturation, starting with an 

initial 700 KD complex, then dimerized into a 1400 kD intermediate, and finally 

transformed into a functional 700 kD apoptosome. In this interesting model, caspase-9 is 

activated in the 1400 kD intermediate complex, while executioner caspases such as 

caspase-3 is proposed to be activated in the final 700 kD complex. This model is 

supported by the observation that 150 mM KCl blocked the dimerization of the initial 700 

kD complex into the 1400 kD intermediate, while alkaline pH prevented the 

transformation of the 1400 kD intermediate into the fmal 700kD apoptosome 96
• Should 

this occur in our system, it would not be far-fetched to speculate that acidic pH may 

inhibit the first step of apoptosome maturation, i.e., dimerization of the initial 700 kD 

complex. Thus, further investigations need to analyze the effects of acidic pH on the 

formation of various forms of apoptosome complexes. 

In conclusion, this study has examined the effects of acidic pH on ATP depletion-induced 

apoptosis in renal tubular cells. While apoptosis and caspase activation were suppressed 

by acidic pH, apoptotic events at the mitochondrial level including Bax activation and 



39 

cytochrome c release were not affected. A critical step that was blocked by acidic pH 

was shown to be caspase-9 activation in apoptosome. These observations may have 

implications in apoptotic regulation during ischemic renal injury, a condition associated 

with acidosis. 



Chapter 2: Characterization of Cell Clones Isolated from Hypoxia-selected Renal 

Proximal Tubular cells 

(Brooks et al. American Journal of Physiology Renal Physiology 292: F243-F252, 2007 

(published with permission)) 

ABSTRACT 

Under hypoxia, some cells survive, whereas others are irreversibly injured and die. The 

factors that determine cell fate under stress remain largely unknown. We have recently 

selected death-resistant cells via repeated episodes of hypoxia. This study has isolated 80 

clones from the selected cells and has characterized their response to apoptotic injury. 

Compared with the wild-type cells, the isolated clones showed a general resistance to 

apoptosis, with 13 extremely resistant to azide-induced apoptosis, 10 to staurosporine, 

and 9 to cisplatin. The cell clones that most consistently demonstrated resistance or 

sensitivity to injury were further studied for their response to azide treatment. Azide 

induced comparable ATP depletion in these clones and wild-type cells. Hypoxia

inducible factor-1 (HIF-1) was up-regulated in several clones, but the up-regulation did 

not correlate with cell death resistance. The selected clones maintained an epithelial 

phenotype, showing typical epithelial morphology, forming "domes" at high density, and 

expressing E-cadherin. Azide-induced Bax translocation and cytochrome c release, two 

critical mitochondrial events of apoptosis, were abrogated in death-resistant clones. In 

addition, celllysates isolated from these clones showed lower caspase activation upon the 

40 
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addition of exogenous cytochrome c. These clones had similar levels of Bax, Bak and 

Bid expression as wild-type cells, whereas Bcl-2 expression was higher in all selected 

clones, and interestingly, Bcl-xL was markedly up-regulated in the most death-resistant 

clones. The results suggest that apoptotic ·resistance of the selected clones is not 

determined by a single factor or molecule, rather by various alterations at the core 

apoptotic pathway. 

INTRODUCTION 

Hypoxia, a condition of decreased availability of oxygen, contributes to the development 

of a variety of diseases 115
• For example, hypoxia is a key determinant of ischemic 

diseases including myocardial infarction, stroke of the brain, and isch~mic acute renal 

failure 59
•
116

•
117

• In solid tumors, due to the disruption of angiogenesis and the vascular 

system, there are regions of hypoxia, which selects for death-resistant cells, leading to 

malignant progression and therapeutic resistance 118
•
1?9

• It is well recognized that 

mammalian cells may respond to hypoxic stress differently; even for neighboring cells in 

the same tissues, some are irreversibly injured and die whereas others can adapt to the 

stress and survive. However, the factors that determine the fate of individual cells under 

hypoxia are poorly understood. 

Compared with other organs, oxygen supply in the kidneys is somewhat unique. 

The parallel arrangement of arterial and venous vessels increases direct oxygen. diffusion 

across ·the arterioles into the postcapillary venous system. As a consequence, renal cells 

particularly those in the medulla are constantly exposed to an environment of low 
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oxygen, mild yet chronic hypoxia 120
• On the other hand, renal cells in general are highly 

active in oxygen consumption, due to their energy demanding activities of filtration and 

reabsorption. The unique feature of oxygen supply and demand makes the kidneys 

particularly susceptible to ischemic or hypoxic injury. Consistently, hypoxia has been 

implicated in the development of acute as well as chronic renal diseases 2
•
3

•
59

•
120

-
122

• 

Investigation of the response of kidney cells to hypoxia and related stresses may enhance 

our understanding of renal patho-physiology. 

To examine the factors that determine the cellular sensitivity to hypoxic injury, 

we have recently subjected renal proximal tubular cells to repeated episodes of hypoxia, 

and have selected a population of cells that are resistant to apoptosis 72
• Interestingly, 

these cells up-regulate Bcl-xL, a known anti-apoptotic protein. Nevertheless, the selected 

cells are expected to be heterogeneous. Thus, in order to further analyze the apoptotic

resistance, the current study has isolated clones from the cell population and has 

characterized their response to different types of injury. 

MATERIALS AND METHODS 

Materials. The Immortalized rat kidney proximal tubular cell line (RPTC) were 

originally obtained from Dr. U. Hopfer (Case Western Reserve University, Cleveland, 

OH), and maintained for experiment as previously 72
•
89

• Antibodies were purchased from 

the following sources: monoclonal anti-cyt. c from BD Biosciences (San Diego, CA), 

monoclonal anti-Bax and anti-Bcl-xL from NeoMarkers (Fremont, CA), monoclonal anti

Bcl-2 and polyclonal anti-E-cadherin from Santa Cruz Biotechnology (Santa Cruz, CA), 
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polyclonal anti-Bak from Upstate Biotechnology (Lake Placid, NY), monoclonal anti-

HIF-1a from Novus Biologicals (Littleton, CO), polyclonal anti-Bid from Dr. X. Yin at 

the University of Pittsburgh (Pittsburgh, P A), secondary anti-mouse and -rabbit 

horseradish peroxidase conjugated antibodies from Pierce Biotechnology (Rockford, IL ). 

Other reagents were purchased from Sigma (St. Louis, MO). 

Cloning of hypoxia-selected cells. The hypoxia-selected cells were obtained through 

seven cycles of severe hypoxia injury followed by recovery 72
• The cells were stored in 

liquid nitrogen prior to the current study. For isolation of individual clones, the cells 

were revitalized from liquid nitrogen and grown in full culture medium for a few days. 

The cells were then digested into individual cells with trypsin, and plated at a density of 

500-1000 cells per 1 OOmm cell culture dish. Growth of the cell colonies were monitored 

by light microscopy. When the sizes of individual colonies reached around 100-200 

cells, their positions were marked and the colonies were collected using sterile cloning 

cylinders. To ensure the purity of the clones, the collected colonies were expanded and 

cloned one more time for experimental testing. 

Induction of apoptosis. Apoptosis was induced by azide, staurosporine, or cisplatin. 

Azide blocks cellular respiration, and in the absence of glucose, induces ATP depletion 

of the cells 123
• ATP depletion activates Bax and releases mitochondrial cytochrome c. 

When ATP-depleted cells are returned to glucose-containing medium, cells develop 

typical apoptotic morphology 67
•
89

•
124

• In the current study, cells were incubated with 10 

mM azide for 3 hours in glucose-free Krebs-Ringer bicarbonate solution. After the 
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incubation, cells were returned to full culture medium for 2 hours to examine apoptosis, 

as described in our recent work 125
• Staurosporine (STS) is a broad spectrum inhibitor of 

protein kinases, and induces apoptosis in a variety of cells including RPTC 67
•
72

• In the 

current study, cells were incubated with 1 J..LM STS for 5 hours to examine apoptosis. 

Cisplatin is a cancer therapy drug, which induces renal cell injury including apoptosis. In 

the current study, cells were incubated with 20 J..LM cisplatin in culture medium for 24 

hours to examine apoptosis as described in our recent work 126
•
127

• 

Morphological examination of apoptosis. Typical apoptotic morphology, indicated by 

cell shrinkage and formation of apoptotic bodies or blebs, was examined by light 

microscopy. Nuclear condensation and fragmentation was examined by fluorescence 

microscopy following staining with 5J..Liml Hoechst 33342. For semi-quantification, the 

percentage of apoptosis was assessed by examination of four fields in each dish with 

--200 cells per field. 

Measurement of caspase activity. Caspase activity was measured by an enzymatic 

assay as detailed previously 67
•
72

• Cells were extracted with 1% Triton X1 00. The lysate 

of 25 J.!g protein was added to an enzymatic reaction containing 50 J.!M DEVD.AFC, a 

fluorogenic substrate ofcaspase-3, -6, and -7 (Carbobenzoxy-Asp-Glu-Val-Asp-7-amino-

4-trifluoromethyl coumarin, Enzyme Systems Products, Dublin, CA). After one hour of 

reaction at 37°C, fluorescence was measured at excitation 360nm/emission 530nm with a 

GENios plate-reader. For each measurement, free AFC (7 -amino-4-trifluoromethyl 
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coumarin) was used to construct a standard curve. The fluorescence reading of the 

samples was converted to nanomolar liberated AFC using the standard curve. In each 

experiment, the caspase activity of the parental RPTC cell line was arbitrarily set to 1, 

and the data from various cell clones were normalized accordingly. 

Subcellular fractionation. To analyze the redistributions of Bax and cyt.c during 

apoptosis, cells were fractionated into c)rtosolic and membrane-bound organellar 

fractions using low concentrations of digitonin, which selectively permeabilizes the 

plasma membrane. This fractionation method has been used previously, and has been 

confirmed by other fractionation approaches and by immunofluorescence 89
•
104

•
107

•
128

• 

Briefly, cells were incubated with 0.05% digitonin in an isotonic sucrose buffer to collect 

cell cytosol. The remaining digitonin-insoluble part was dissolved with 2% SDS to 

collect the membrane-bound fraction containing mitochondria. 

Immunoblot analysis. Electrophoresis and immunoblot analysis of proteins was 

performed in a NuP AGE Gel System. After blocking with either 2% BSA or 5% milk, 

blots were incubated overnight with specific primary antibody at 4 °C. The blots were 

then exposed to horseradish peroxidase-conjugated secondary antibody. The antigens 

were revealed by exposure to enhanced chemiluminescence (ECL) kit (Pierce). 

Immunofluorescence. Cells grown to confluence on collagen-coated glass coverslips 

were fixed with 4% paraformaldehyde, permeabilized with 0.1% SDS, and incubated 
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with 5% normal goat serum fot blocking. The cells were subsequently exposed to anti-E-

cadherin (1:100) for 1 hour. After extensive washes, the cells were exposed to Cy-3-

labeled .goat anti-rabbit IgG. Fluorescence was examined by fluorescence microscopy. 

In vitro reconstitution of caspase activation. Reconstitution of caspase activation by 

adding exogenous cyt. c was performed as described previously 103
• Briefly, cell cytosol 

was collected and concentrated to 4-5 mg proteinlml with 10-kDa cutoff micro

concentrators. Concentrated cytosol of 25 J..Lg protein was added to a reaction mixture 

containing 1J..Ll of 0.5 mg/ml cytochrome c, 1 J..Ll 10 mM dATP, and 0.5 J..Ll of 200 mM 

MgCh. The reaction mixture was incubated for one hour at 30°C and then transferred to 

caspase assay buffer containing DEVD.AFC to determine caspase activity. 

Measurement of cell ATP. ATP was determined with an ATP Bioluminescent Assay kit 

(Sigma) 89
• Briefly, cells were extracted with perchloric acid. After extraction, the acid 

was neutralized with K2C03. The neutralized sample was then mixed at a 1:1 ratio with 

the Bioluminescence reagent and luminescence was measured immediately on a Turner 

Designs luminometer (Sunnyvale, CA). For each measurement, a standard curve was 

z-::. constructed using serial dilutions of ATP stock solution. The luminescence reading was 

converted to nanomolar amounts ATP according to the standard curve. 

Statistical analysis. Data were expressed as means± SD (n ~ 3). Statistical differences 

were determined by Dunnett's multiple comparison posttest following analysis of 
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vanance (ANOV A) ustng the GraphPad Prism software; P < 0.05 was considered 

significantly different. 

RESULTS 

Isolation of cell clones from hypoxia-selected cells. Our recent work selected a 

population of death-resistant cells through repeated episodes of hypoxia 72
• The selected 

cell population was expected to be heterogeneous, preventing further characterization. 

Therefore in this study we first isolated over 200 clones from the hypoxia-selected cells. 

Eighty clones were then tested for their response to cell injury. 

Cell injury was induced by the ATP-depleting chemical azide, the broad spectrum protein 

kinase inhibitor staurosporine (STS), and the DNA damaging agent cisplatin. All three 

treatments induced apoptosis. The cells showed a typical apoptotic morphology with 

cellular shrinkage, formation of apoptotic. bodies, nuclear condensation and 

fragmentation. Necrosis was minimal in these experiments as shown by the absence of 

propidium iodide staining (not shown). Thus we initially analyzed apoptosis by cell 

morphology to indicate cell injury. According to the apoptosis rate, the cell clones were 

categorized into four types: very resistant (<15% apoptosis), resistant (15-35% 

apoptosis), non-resistant (35-50% apoptosis), and sensitive (>50% apoptosis). The 

results are shown in Fig. 2.1. Out of the 80 cell clones tested, 13 were very resistant and 

42 were resistant to azide-induced apoptosis. Seventeen clones showed 40-50% 

apoptosis following azide incubation, comparable to parental wild-type cells. Eight 

clones were more sensitive to azide injury, showing >50% apoptosis (Fig. 2.1A). Similar 
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Figure 2.1. Sensitivity of isolated cell clones to azide, cisplatin and staurosporine
induced apoptosis. Eighty clones were isolated from hypoxia-selected cells. Cell from 
these clones were subjected to azide, cisplatin or staurosporine treatment. Apoptosis was 
assessed morphologically as described in Materials and Methods. Depending on their 
sensitivity to apoptosis, the isolated cell clones were divided into four categories: very 
resistant (<15% apoptosis), resistant (15-35% apoptosis), non-resistant (35-50% 
apoptosis) and sensitive (>50% apoptosis). (A) Isolated cell clones were incubated for 3 
hours with 10 mM azide in glucose free buffer, followed by 2 hours recovery in full 
culture medium. (B) Isolated cell clones were incubated with 1p.M staurosporine in full 
culture medium for 5 hours. (C) Isolated cell clones were incubated with 20 p.M cisplatin 
for 16 hours in full culture medium. (D) Summary of apoptosis-resistant cell clones. In 
the initial screening, two experiments with duplicate dishes for each clones showed 
consistent results. The results show that the majority (68 out of 80 clones, 85%) of 
isolated clones were resistant to one of the injuries, while 21 clones were resistant to all 
three. Nevertheless, there are 12 clones that were sensitive to the injuries. 
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observations were shown for cell injury induced by cisplatin (Fig. 2.1B) and 

staurosporine (Fig. 2.1 C). Analysis of injury response of individual clones showed 

clearly that the majority (68 clones) were resistant to at least one of these injuries, with 

21 clones resistant to all three (Fig. 2.10). Interestingly, there were a small number of 

clones (total12) that were similarly or more sensitive to cell injury, as compared with the 

parental wild type cells. 

Apoptosis and caspase activity induced by azide, STS and cisplatin in selected cell 

clones. Based on the results of the initial screening, 15 clones were selected for further 

analysis. In these clones, 7 were very resistant, 4 moderately resistant and 5 sensitive to 

cell injury {Fig. 2.1). We first confirmed their responses to azide, STS and cisplatin

induced cell injury by analysis of apoptosis using morphological criteria. As shown in 

Fig. 2.2A, clone 7, 10, 19, 24, 79 and 41 were very resistant to apoptosis, while clone 21, 

65, 66, 70 were moderately resistant. On the contrary, clone 8, 32, 40, 67, and 78 were 

sensitive. To confirm the morphological results, we measured caspase activity (Fig. 

2.2B). Overall, caspase activity showed a positive correlation with the morphological 

examination, with lower activity in the resistant clones and higher in the sensitive ones 

{Fig. 2.2). Shown in Fig. 2.3 is cell morphology of wild type cells and clone 24, which 

was very resistant to apoptotic injury. Clearly, both azide and cisplatin induced typical 

apoptotic morphology in wild-type cells, showing cellular shrinkage, formation of 

apoptotic blebs, and nuclear condensation and fragmentation. The apoptosis rate was 

noticeably lower in clone 24. With these results, we selected six cell clones for further 
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Figure 2.2. Apoptosis and caspase activation induced by azide, staurosporine and 
cisplatin in selected cell clones. After the initial screening (Fig. 1), 15 clones were 
selected for further examination. Cells from these clones were incubated with 1 J1M 
staurosporine for 5 hours, 20 J1M cisplatin for 16 hours, or 10 mM azide for 3 hours 
followed by 2 hours recovery. Apoptosis (A) was assessed by morphological method, and 
caspase activity (B) was measured by an enzymatic assay. Shown are average values of 
4 separate experiments with duplicate dishes for each clone in every experiment; error 
bars of standard deviation are not shown for reason of clarity. The results further 
confirmed the response of the selected clones to azide, staurosporine and cisplatin. Six 
clones (#7, 10, 19, 24, 79, 41) were highly injury-resistant, four (#21, 65, 66, 70) 
moderately resistant, and five (#8, 32, 40, 67, 78) sensitive. 
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characterization using the injury model of azide treatment. These clones most 

consistently demonstrated resistance or sensitivity towards cell injury, and represented 

the three main categories: very resistant (clones 24 and 79), moderately resistant (clones 

65 and 66), and sensitive (clones 8 and 32). 

Azide-induced ATP depletion in the selected cell clones. Azide is an inhibitor of 

mitochondrial respiration at complex IV. In the absence of the glycolytic substrate 

glucose, azide induces ATP depletion, which is a key to the induction of apoptosis. 

Accordingly the observed cellular sensitivity or resistance to azide injury (Figs. 2.1-2.3) 

might be caused by the differences in ATP depletion in these cell clones. To test the 

possibility, we determined cell ATP during azide incubation. Wild type cells and the cell 

clones were subjected to the incubation of 10 mM azide in a glucose-free buffer. As 

shown in Fig. 2.4, prior to azide treatment, the control levels of cell ATP varied to some 

extents among the cell clones. Upon azide incubation, there was a drastic decline of ATP 

in the wild-type as well as all selected cell clones. The degrees of ATP depletion were 

comparable in these cells, reaching a maximal at the end of two hours. Importantly, no 

correlations were shown between the sensitivities of cell injury and ATP depletion in the 

cell clones. For example, clone 24 and 79 were most resistant to azide-induced 

apoptosis, however ATP depletion in these two clones was complete after one hour of 

azide incubation. Clone 8 was sensitive to azide injury but ATP depletion in this clone 

was slower than clone 24 and 79 (Fig. 2.4). The results suggest that the observed injury 
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Figure 2.3. Morphology of wild-type cells and clone 24 following incubation with 
azide and cisplatin. Wild-type cells and cells of clone number 24 were incubated with I 0 
mM azide for 3 hours followed by 2 hours of recovery, or incubated with 20 JAM cisplatin 
for 24 hours. Control groups were no/ trealed with azide or cisplatin. After incubation, 
the cells were stained with Hochest 33342. Cell morphology was recorded by phase 
contract microscopy, and nuclear morphology shown as Hoechst staining was recorded 
by fluorescence microscopy. The results show that azide and cisplatin treatments 
induced the development of typical apoptosis. The selected clone 24 was highly resistant 
to apoptolic injury induced by azide and cisplatin. 
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Figure 2.4. Azide-induced ATP depletion in selected cell clones. Cells of the wild
type and selected clones were incubated with 10 mM azide in glucose free buffer for 0, 1, 
2, or 3 hours. At the end of incubation, cells were extracted with perchloric acid for ATP 
measurement as described in Materials and Methods. Protein was determined in parallel 
dishes. Cell ATP was then expressed as nano-moles ATP per mg cell protein. Data 
shown in the figure are from three separate experiments with duplicate dishes for each 
clone in every experiment: error bars of standard deviation are not shown for the reason 
of clarity. The results show that azide treatment induced drastic ATP depletion in the 
wild-type as well as the selected clones. 
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sensitivity or resistance in the selected cell clones is not due to variations in ATP 

depletion during azide treatment. 

HIF-la expression in selected cell clones. The cell clones used in this study were 

isolated from a population of renal tubular cells that were selected by repeated episodes 

of hypoxia 72
. In response to hypoxia, mammalian cells may activate robust adaptive 

mechanisms, of which hypoxia inducible factors (HIF) play an important regulatory role 

129
•
130

• HIF include HIF-1 and -2. In renal tubular cells, HIF-1 and not HIF-2 is induced 

by hypoxia and relevant conditions 131
• Consistently, HIF-2 was not detected in the renal 

tubular cells that were used in the current study (not shown). Thus our study was focused 

on HIF -1. Specifically we analyzed the expression of HIF -1 a, the subunit that regulates 

HIF-1 activity. As shown in Fig. 2.5, there was low yet detectable HIF-1a expression in 

wild-type cells (lane 1). Cobalt, a known pharmacological activator of HIF-1, induced 

HIF -1 a in these cells (lane 2). In the selected cell clones, high levels of HIF -1 a were 

shown in clone 8, 66, and 79. Clone 65 expressed similar amounts of HIF -1 a as wild

type cells, while clone 24 and 32 expressed lower 1 HIF-1a. Apparently, there were no 

correlations between the levels of HIF -1 a expression and cell injury resistance or 

sensitivity. For instance, both clone 8 and 79 showed high expression of HIF -1 a, yet 

clone 8 was sensitive and clone 79 was resistant to injury. For clones 24 and 32, HIF-1a 

was low but their sensitivity to injury was strikingly different. The results suggest that 

HIF-1 may not be the key to the cellular response to injurious stimuli in these clones. 



55 

Co2+ 
Selected cell clone 
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HIF-la 

~-actin 

1 2 3 4 5 6 7 8 

Figure 2.5. HIF-la expression in selected cell clones. Wild-type cells and the select 
clones were plated and grown for 24 hours to collect whole celllysates for immunoblot 
analysis of HIF-la. As a positive control, a group of wild-type cells was subjected to 
overnight incubation with 200 f.JM cobalt chloride, a pharmacological activator of HIF. 
The blots were repro bed for (3-actin to monitor protein loading and transferring. Shown 
in the figure are representative blots. The results demonstrate a variation of HIF-la 
expression in the selected clones, low in clone 24 and 32, moderate in clone 65, and high 
in clone 8, 66, and 79. 
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Epithelial phenotype of selected cells. Hypoxic incubation may induce 

transdifferentiation and phenotypic changes of epithelial cells. Manotham et al. showed 

that cultured renal tubular cells underwent epithelial-mesenchymal transition (EMT) 

during chronic hypoxia 132
• To determine whether our selected clones had phenotypic 

changes, we first examined the expression of E-cadherin, a hallmark of epithelium. As 

shown in Fig. 2.6A, E-cadherin was expressed in wild-type and selected clones, 

regardless of their apoptotic sensitivity. As a negative control, E-cadherin was not 

detected in mouse embryonic fibroblasts (MEF). By immunofluorescence, E-cadherin 

was mainly localized in the expected intercellular junction area (Fig. 2.6B). The selected 

cells also maintained a cuboidal shape as shown by phase contrast microscopy (Fig. 

2.6C). Noticeably, when grown at high confluence, these cells formed "dome" like 

structure, indicating fluid accumulation at the basolateral side and the presence of 

functional epithelial tight junction (Fig. 2.6). Together, these results suggest that the 

selected cell clones did not have EMT and have maintained an epithelial phenotype. 

Azide-induced cytochrome c release and Bax translocation in selected cell clones. 

To further characterize the selected cell clones, we examined the apoptotic pathway. 

Previous work has suggested that apoptosis following ATP depletion involves critical 

apoptotic events at the mitochondrial level (see ref.3 for review). Noticeably, Bax, a pro

apoptotic Bcl-2 family protein, translocates from cytosol into mitochondria, leading to 

permeabilization of the outer membrane and the release of cytochrome c ( cyt.c ). To 

examine azide-induced cyt.c and Bax redistributions in the selected clones, we 
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Figure 2.6. E-cadherin expression and epithelial morphology in selected cell clones. 
(A) Jmmunoblot of E-cadherin. Whole cell lysates were collected from wild-type cells 
and the select clones at confluence for immunoblot analysis of E-cadherin. As a negative 
control, mouse embryonic fibroblast (MEF) lysaTe was used. fJ-actin was analyzed to 
monitor protein loading and transferring. (B) Immunofluorescence of E-cadherin. Wild
type and clone 2-1 cells were fixed and processed for indirect immunofluorescence of E
cadherin. (C) Cell morphology. Clone 2-1 cells grown at low or high confluence was 
examined by phase conlrasl microscopy. Asterisks, cellular "domes " formed at high cell 
density. The results suggest that the selected clones maintained an epithelial phenotype. 
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fractionated the cells into cytosolic and membrane-bound organellar fractions· for 

immunoblot analysis. The results are shown in Fig. 2. 7. As expected, cyt.c was detected 

in the membrane fraction containing mitochondria in control cells without azide 

incubation (Fig. 2. 7 A: lane 1 ). After 3 hours of azide treatment, significant amounts of 

cyt.c were released into the cytosolic fraction in the wild-type cells (Fig. 2.7A: WT, lane 

4). Similar release was shown in clone 8 and 32 (Fig. 2.7A), which were very sensitive 

to azide injury (Fig. 2.2). In sharp contrast, clone 24 and 79 showed less cyt.c release, 

consistent with their resistance to azide-induced apoptosis (Fig. 2.2). Interestingly, 

clone 65 released cyt.c (Fig. 2. 7 A: clone 65, lane 4), though it was resistant to azide

induced apoptosis (Fig. 2.2). On the other hand, clone 66 showed limited cyt.c release 

(Fig. 2.7A: clone 66, lane 4), but was somewhat sensitive to azide-induced apoptosis 

(Fig. 2.2). 

The release of cyt.c was generally corroborated by Bax accumulation in 

mitochondria in the selected clones. As shown in Fig. 2.7B, Bax was detected mainly in 

the cytosolic fraction under control condition in wild-type as well as the selected cell 

clones (lane 6). During azide incubation, Bax translocated into the membrane fraction in 

wild-type cells (Fig. 2.7B: WT, lane 7). Similar Bax translocation was shown in clone 

number 8 and 65, but not in clone 24, 79, and 66 (Fig. 2.7B). Interestingly, clone 32 did 

not show Bax translocation (Fig. 2.7B: clone 32, lane 7), though cyt.c was released in this 

clone (Fig. 2. 7 A), suggesting other factors including other Bcl-2 family proteins may 

induce mitochondrial injury in this cell clone. The immunoblot results were substantiated 

by semi-quantification via densitometry of blots from separate experiments 
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Figure 2. 7. Azide-induced cyt. c release and Bax translocation in selected cell clones. 
Cells were untreated (Control) or treated for 3hours with 10 mM Azide (Azide). The cells 
were then fractionated into cytosolic fraction (C) and membrane bound fraction 
containing mitochondria (M) for immunoblot analysis of cyt. c and Bax. (A) 
Representative blots of cyt.c. (B) Representative blots of Bax (C) Results of 
densitometric analysis of cyt.c blots from 3 separate experiments. (D) Results of 
densitometric analysis of Bax blots from 3 separate experiments. The densitometric data 
are expressed as mean± SD (n=4). *,significantly different from the values of wild-type 
cells. The results show that clone 24, 79, and 66 were resistant to azide-induced cyt.c 
release and Bax translocation, while clone 8 and 65 were sensitive. Clone 32 released 
cyt.c during azide treatment without significant Bax translocation. 
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(Figs. 2.7C, 2.7D). Together, the results further support a critical role of the 

mitochondrial pathway in tubular cell apoptosis under conditions of ATP depletion. 

Importantly, it is suggested that the cellular sensitivity or resistance to azide injury in the 

selected clones might be related to changes at the mitochondrial level. 

Reconstitution of caspase activation by adding exogenous cyt.c into cytosolic 

extracts from selected cell clones. As shown above, there was a general correlation 

between azide-induced cyt.c/Bax redistribution and apoptosis in the selected cell clones. 

However, there were exceptions. Notably, clone 65 showed a massive cyt.c release 

during azide treatment (Fig. 2. 7 A), but did not develop apoptosis (Fig. 2.2). On the other , 

hand, clone 66 released limited amounts of cyt.c (Fig. 2. 7 A), yet was sensitive to azide

induced apoptosis (Fig. 2.2). These results are interesting, because they suggest that the 

clones may also have differences in the apoptotic cascade downstream of cyt.c release. 

To test this possibility, we conducted an in vitro reconstitution experiment. In this 

experiment, cytosolic extracts were collected from wild type cells and the selected clones. 

Equal amounts of recombinant cyt.c were then added to the cytosolic extracts. Caspase 

activity stimulated by the exogenous cyt.c was monitored to indicate the cytosolic 

capacity for caspase activation. The results are shown in Fig. 2.8. Clearly, cytosol 

preparations of clone 24, 79 and 65 were resistant to cyt.c stimulation, whereas clones 66, 

8 and 32 were sensitive to caspase activation by cyt.c. The results suggest that, in 

addition to mitochondria, cytosolic factors also play a role in the determination of cellular 

sensitivity or resistance to apoptotic injury. It is possible that clone 65 releases cyt.c into 
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Figure 2.8. Caspase activation following cyt.c stimulation in cell cytosol isolated from 
selected clones. Cytosolic extracts were collected from the wild-type and selected cell 
clones. Equal amounts of cyt.c were then added to the cytosolic extracts. Caspase 
activity following cyt. c stimulation was measured by enzymatic assays containing 
DEVD.AFC, as described in Materials and Methods. The activity obtained from wild
type cell cytosol was arbitrarily set as 1 in each experiment, and the values of selected 
clones "»ere normalized accordingly. Data are mean xSD (n=4), *significantly different 
from wild-type. These data show that the cytosols of clone 24, 79, and 65 were resistant 
to cyt.c for caspase activation. 
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cytosol during azide treatment (Fig. 2. 7 A), but its cytosol is inert to cyt.c stimulation 

(Fig. 2.8), and as a result, less apoptosis occurs. 

Expression ofBcl-2 family proteins in the selected cell clones. To gain further insights 

into injury sensitivity or resistance of the selected cell clones, we analyzed the expression 

of several Bcl-2 family proteins. Bcl-2 family proteins are important regulators of 

apoptosis, particularly the critical events governing the integrity of mitochondria 4
•
7

• As 

shown in Fig. 2.9, the expression of Bax and Bak, two pro-apoptotic multi-BH domain 

proteins, was comparable in wild type and the selected clones. The cells also expressed 

similar levels of Bid, a BH3-only pro-apoptotic protein. On the contrary, Bcl-2 was up

regulated in all of the selected clones, compared with the wild-type cells. Highest Bcl-2 

expression was shown in clone 24, 65, and 79, which ·were resistant to azide-induced 

apoptosis (Fig. 2.2). Relatively low Bcl-2 expression was shown in clone 8 and 66, 

which were apoptotic sensitive (Fig. 2.2). Interestingly, clone 32 expressed high levels of 

Bcl-2, although it was sensitive to apoptosis (Fig. 2.2). Bcl-xL, another well recognized 

anti-apoptotic protein, was significantly up-regulated in clone number 24 and 79 but not 

in clone 8 and 32 (Fig. 2.9C), suggesting a correlation of Bcl-xL expression with 

apoptotic resistance or sensitivity in these cell clones. Bcl-xL was moderately up

regulated in clone 65 and 66 (Fig. 2.9C). However, while clone 65 was resistant to azide

induced apoptosis, clone 66 was sensitive (Fig. 2.2), suggesting the involvement of other 

factors in determining apoptotic sensitivity of these two clones. 
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Figure 2.9. Bcl-2 family protein expression in selected cell clones. Whole celllysates 
were collected from wild-type cells and cells of the selected clones without injurious 
treatment. The lysates were analyzed for Bax, Bak, Bid, Bcl-2 and Bcl-xL by 
immunoblots using specific antibodies. (A) Representative blots. (B) Results of 
densitometric analysis of Bcl-2. (C) Results of densitometric analysis of Bcl-xL. The 
data of densitometry are expressed as mean ± SD (n=3). *, significantly different from 
the values of wild-type cells. The results show comparable expression of Bax, Bak and 
Bid, three pro-apoptotic Bcl-2 family proteins, in wild-type and the selected cell clones. 
Bcl-2 was up-regulated in all the selected cell clones, with high levels in clone 24, 79, 65 
and 32, and moderate in clone 66 and 8. Bcl-xL was up-regulated noticeably in clone 24 
and 79, and moderately in clone 65 and 66. 
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Discussion 

In this study, we have isolated cell clones from hypoxia-selected renal tubular cells and 

have characterized their responses to apoptotic injury induced by azide, staurosporine and 

cisplatin. The results support three conclusions. First, there is a general apoptotic 

resistance in the selected cell clones. Second, the selected clones have maintained their 

epithelial phenotype and did not undergo EMT following repeated episodes of hypoxia. 

Third, apoptotic resistance of the selected clones is not determined by· a single factor or 

molecule, but by molecular alterations at the core apoptotic pathway. 

The majority of the clones show resistance to at least one of the injurious 

treatments, and some of them are resistant to all three. Azide, in the absence of glucose, 

induces cell injury via ATP depletion. STS induces apoptosis presumably by inhibiting 

protein kinases. On the other hand, cisplatin is a known DNA damaging agent. Thus, the 

initiating signals triggered by these treatments are vastly different. Nevertheless, the 

different signals may eventually activate relevant or overlapping apoptotic pathways 9
• 

For tubular cell apoptosis induced by azide, staurosporine and cisplatin, mitochondria 

appear to be critically involved 67
'
72

'
127

'
133

• Thus, the cell clones that show resistance to a 

specific treatment in our experiments may be protected at the initiating signaling level, 

while those resistant to all three injuries may have acquired resistance at the core 

apoptotic machinery. This scenario is supported by the observation that the most 

resistant clones (e.g. clones 24, 79) consistently demonstrate lower Bax accumulation in 
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mitochondria and less cyt.c release from the organelles. In addition, the cytosol isolated 

from these clones is resistant to cyt.c-stimulated caspase activation. Collectively, the 

results suggest that the selected clones have alterations at the core cell death machinery, 

which make them 'tough' to endure subsequent or other types of insults. 

The selected clones may acquire apoptotic resistance as a result of adaptation to 

hypoxic stress or they may have inherent resistance starting from beginning. Cellular 

adaptation is a common phenomenon in response to stress, which may account for 

various cytoprotective effects of "pre-conditioning". However, our results suggest that 

the apoptotic resistance of the selected clones is less likely to be a result of temporary 

adaptation or pre-conditioning. These clones maintained their resistance during the 

whole apoptosis testing period, which lasted for about 6 months. During the testing, all 

cell clones were grown under normal oxygen and no clones reverted their apoptotic 

responses. The time line suggests that the apoptotic resistance is an inherent property of 

the selected clones that perpetuates. Conceivably, the parental cells prior to hypoxic 

selection represented a heterogeneous population containing apoptosis sensitive and 

resistant cells. Repeated episodes of hypoxia killed most of the sensitive cells, leading to 

the enrichment of cell clones that have inherent apoptotic resistance. 

Nevertheless, there are some clones that are still sensitive to cell injury after 

selection. In the 80 clones we have characterized, 12 of them are as or even more 

sensitive, compared with the parental wild type cells. In general, these clones are 

sensitive to all three injurious treatments. Selective analysis of clones 8 and 32 has 

shown that these clones are particularly sensitive to mitochondrial membrane 
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permeabilization and cyt.c release. Moreover, their cytosols are quite competent for 

caspase activation upon exogenous cyt.c stimulation. These observations indicate that 

the cells of these clones contain a highly sensitive apoptotic machinery. It is surprising 

that, after 7 cycles of vigorous hypoxic selection, we still found injury sensitive cell 

clones, though at a low percentage. One possibility is that these clones are resistant to 

hypoxic injury, but they are sensitive to injuries by azide, STS and cisplatin. This 

possibility is not supported by the fact that the same signaling pathway is activated by 

hypoxia and azide to induce apoptosis. Both hypoxia and azide block cellular respiration 

and, in absence of glucose, induce ATP depletion, which is the key to Bax activation, 

cyt.c release, and the induction of apoptosis under the pathological conditions 3
• 

Alternatively, these cell clones were originally death-resistant, but have lost their 

resistance during cloning and subsequent testing. Loss of apoptotic resistance during the 

cloning period is possible, because, after being revitalized from liquid nitrogen, the cells 

were grown under normal oxygen tension for about 3 months for cloning. The loss of 

resistance during the cloning period would suggest that some cells had a temporary 

adaptive response during hypoxic cycles. After cloning, the selected cells however 

maintained their apoptotic responses for the whole testing period of ,...,6 months, 

suggesting that their sensitivity or resistance is stable and inherent. 

Using the azide injury model, we have selectively analyzed 6 clones to gain 

insights into their sensitivity or resistance to apoptosis. Azide treatment induces ATP 

depletion in all the cell clones (Fig. 2.4). Of note, compared with the wild type cells, the 

selected clones show similar or even severer ATP depletion. However, they differ in 
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subsequent apoptosis (Fig. 2.2). Based on these results, it is concluded that the different 

responses of these clones to azide-induced apoptosis are not due to their ability of energy 

maintenance; rather, downstream factors may be more important. We have also analyzed 

HIF in these cell clones (Fig. 2.5). HIF include HIF-1 and -2. While HIF-1 is 

ubiquitously expressed, HIF-2 is expressed in specific cells such as endothelium 129
•
130

• 

In renal tubular cells, HIF -1 and not HIF-2 is induced by hypoxia and relevant conditions 

131
• Consistently, HIF-2 was not detected in RPTC cells that were used in the current 

study (not shown). To examine HIF-1, we specifically focused on HIF-1a, the regulatory 

subunit. Our results show a variation of HIF-1a expression in these clones (Fig. 3.). 

Nevertheless, HIF -1 a expression does not correlate with death resistance of the clones. 

For example, HIF-1a is highly expressed in clone number 8 and 79; yet while clone 79 is 

injury resistant, clone 8 is not. In low HIF-1a clones, number 24 is resistant to injury. 

Thus, it is suggested HIF may not be the key determinant of cellular sensitivity to cell 

injury in the selected clones. Consistently, recent work indicates that HIF regulation of 

cell injury may relate to its ability to modulate glucose utilization 134
• In the presence of 

high glucose, HIF-deficiency does not sensitize the cells to injury, whereas in the 

presence of low glucose, HIF may improve glucose uptake and utilization to help the 

cells to survive. In our experiments, azide injury was induced in the absence of glucose, 

thus the regulation of cellular sensitivity by HIF is expected to be minimal. Collectively, 

it is suggested that HIF may not be directly involved in the determination of cellular 

sensitivity to injury. 
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Our results show that the selected cell clones maintained an epithelial phenotype 

and did not undergo EMT. This conclusion is supported by morphological examination 

and by E-cadherin expression (Fig. 2.6). Manotham et al. showed that cultured renal 

tubular cells transdifferentiated into a fibroblast-like phenotype via EMT during chronic 

hypoxia. However, it is noteworthy that the hypoxic condition in that study was quite 

different from the current study. We selected the cells with seven cycles of hypoxia (6 

hours per cycle), whereas Manotham et al. treated cells with continuous hypoxia for 3-15 

days and significant EMT were shown after 6 days of chronic hypoxia. The results 

indicate that EMT can be induced in renal tubular cells by chronic hypoxia but not by 

acute hypoxia even with repeated episodes. Thus, it is suggested that the observed 

apoptotic resistance of selected cell clones in our study is not due to phenotypic changes 

of the cells. 

Our results demonstrate a correlation of Bcl-2 family protein expression with 

cellular response to injury in the selected cell clones. Bcl-2 family proteins, 

characterized by the presence ofBcl-2 homology domain(s), play an important role in the 

regulation of apoptosis, and perhaps cell death in general 4
•
7

• Although these proteins 

may regulate multiple intracellular targets, mitochondria seem to be critical. 

Functionally, Bcl-2 family proteins can be pro-apoptotic or anti-apoptotic. The 

interaction and balance between the pro- and anti-apoptotic proteins may determine 

viability of the cells. In this study, the expression of pro-apoptotic Bcl-2 proteins 

including Bax, Bak and Bid was comparable to wild type cells and appeared to be 

constant among the selected clones. On the contrary, noticeable differences were shown 
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in the expression of Bcl-2 and Bcl-xL, two well recognized anti-apoptotic proteins (Fig. 

2.9). Interestingly, the tested clones all showed higher Bcl-2 expression than the wild 

type cells. This. was surprising, because in our earlier work, Bcl-2 expression was not 

particularly high in hypoxia-selected cells 72
• The cause of the discrepancy between these 

two studies regarding Bcl-2 expression remains unclear. Among the clones, number 24, 

79, 65 and 32 had higher Bcl-2 than clone 8 and 66 (Fig. 2.9). However, while clone 24 

and 79 were resistant to azide-induced cyt.c release, clone 65 and 32 were not (Fig. 2.7). 

With lower Bcl-2, clone 66 was resistant to cyt.c release (Fig. 2.6). Thus, the levels of 

Bcl-2 expression in these clones did not correlate well with their responses to azide

induce mitochondrial injury. These results do not imply that Bcl-2 is unimportant in the 

determination of mitochondrial integrity in the selected clones; rather, it is suggested that 

Bcl-2 is not the single determining factor. In support of this idea, we show that Bcl-xL 

may have a role. Highest Bcl-xL expression was shown in clone number 24 and 79, two 

of the most injury-resistant clones. Conversely, low Bcl-xL was shown in clone number 

8 and 32, two of the most injury-sensitive clones (Fig. 2.9). The results suggest a good 

correlation of Bcl-xL expression with apoptotic resistance in these four clones. Clone 

number 65 and 66 had moderate levels of Bcl-xL expression. While 65 was resistant to 

azide-induced apoptosis, 66 was sensitive (Fig. 2.2). The results suggest that Bcl-xL is 

not the key determinant of apoptotic sensitivity in these two cell clones. The resistance 

of clone 65 to azide-induced apoptosis may be related to high Bcl-2 expression (Fig. 2.9). 

In addition, cytosol-from this clone is less susceptible to cyt.c stimulation for caspase 

activation (Fig. 2.8). Together, the results suggest that, while Bcl-2 family proteins are 
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involved in the determination of apoptotic sensitivity, no ~ingle molecule or factor plays a 

determining role in all the selected clones. Hypoxic stress likely selects cells with 

resistance at various levels of the core apoptotic pathway. 

The results in the current study may have implications in pathological conditions 

involving hypoxic selection. For example, due to the malformation and malfunction of 

vasculature, hypoxic regions persist in solid tumors. This provides a selection pressure, 

eliminating the death sensitive cells and accumulating death resistant ones. The selected 

cancerous cells become resistant not only to hypoxic injury but also to radio- and chemo

therapies 118
•
135

•
136

• Notably, Bcl-xL expression has been demonstrated in malignant solid 

tumors including colorectal adenocarcinomas, Kaposi's sarcoma and multiple myeloma 

137
-
139

• In the kidneys, hypoxic injury during renal ischemia-reperfusion leads to tubular 

cell death. Under this condition, some cells die, but others survive. Depending on the 

severity of the insult, the surviving cells may dedifferentiate and proliferate to re

establish the tubular structure 59
• Interestingly, regulation of both Bcl-2 and Bcl-xL has 

been demonstrated during renal ischemia-reperfusion; these molecules may participate in 

tissue repair and remodeling following the injurious insult 62
'
81

• Together with these in 

vivo observations, our data suggest that molecular alterations in the apoptotic machinery 

may have a pathophysiological role in the determination of life or death of the cells. 



Chapter 3: Bak regulates mitochondrial morphology and pathology during 

apoptosis by interacting with Mitofusins 

(Brooks et al. Proceedings of the National Academy of Sciences 104:28 11649-11654, 

2007) 

Summary 

Mitochondrial injury, characterized by outer membrane permeabilization and consequent 

release of apoptogenic factors, is a key to apoptosis of mammalian cells. Bax and Bak, 

two multidomain Bcl-2 family proteins, provide a requisite gateway to mitochondrial 

injury. However it is unclear how Bax and Bak cooperate to provoke mitochondrial 

injury and whether their roles are redundant. Here we have identified a new and unique 

role of Bak in mitochondrial fragmentation, a seemingly morphological event that 

contributes to mitochondrial injury during apoptosis. We show that mitochondrial 

fragmentation is attenuated in Bak-deficient mouse embryonic fibroblasts, baby mouse 

kidney cells, and importantly also in primary neurons and kidney cells isolated from Bak

deficient mice. In sharp contrast, Bax deficiency does not prevent mitochondrial 

fragmentation during apoptosis. Bcl-2 and Bcl-XL inhibit mitochondrial fragmentation, 

and their inhibitory effects depend on the presence of Bak. Reconstitution of Bak into 

Bax/Bak double knockout cells restores mitochondrial fragmentation, whereas 

reconstitution of Bax is much less· effective. Bak interacts with Mfn1 and Mfn2, two 

mitochondrial fusion proteins. During apoptosis, Bak dissociates from Mfn2 and 

71 
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enhances the association with Mfnl. Mutation of Bak in the BH3 domain prevents its 

dissociation from Mfn2 and diminishes its mitochondrial fragmentation activity. 

Together this study has uncovered a novel function of Bak in the regulation of 

mitochondrial morphological dynamics during apoptosis. By this function, Bak may 

collaborate with Bax to permeabilize the outer membrane of mitochondria, unleashing the 

apoptotic cascade. 

Introduction 

Mitochondrial injury Is central to apoptosis 15
•
140

•
141

• The permeabilization of 

mitochondrial outer membrane leads to the release of apoptogenic factors such as 

cytochrome c, Smac/Diablo, Omi/HtrA, Endonuclease G, and AIF 15
•
140

•
141

• Critical 

regulators of mitochondrial integrity during apoptosis include Bcl-2 family proteins 7
•
20

-

22•142. Particularly, Bax and Bak, two pro-apoptotic multidomain Bcl-2 proteins, are 

essential to the permeabilization of mitochondrial outer membrane 23
•
143

• Despite these 

findings, it remains unclear how Bax and Bak cooperate to provoke the membrane 

permeabilization and whether their roles are overlapping or redundant. 

Recent studies have revealed a striking morphological change of mitochondria 

during apoptosis 6
•
144

-
146

• Upon apoptotic stimulation, mitochondria collapse from a 

filamentous network into punctate fragments. Importantly, the morphological change 

seems to contribute to mitochondrial injury and consequent release of apoptogenic factors 

including cytochrome c 29
•
36.48.49

•
51

•
53

•
54

•
147

-
149

• Mitochondrial morphological dynamics is 

determined by a balance between two opposing processes, fission and fusion 28
•
37

• Thus 

mitochondrial fragmentation during apoptosis may be a result of increased fission and/or 
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decreased fusion. However it is unknown how the morphological dynamics is regulated 

and shifted during apoptosis. 

Whether Bcl-2 family proteins regulate mitochondrial morphology during 

apoptosis is unclear. Sugioka et al. showed that overexpression of Bcl-2 did not affect 

mitochondrial fragmentation during apoptosis 53
• Similar results were suggested for Bcl

XL, the anti-apoptotic Bcl-2 homolog 36
• In sharp contrast, Kong et al. demonstrated the 

inhibitory effects of Bcl-2 on mitochondrial fragmentation during apoptosis of MCF-7 

cells 54
• In yeast, Bcl-2 and Bcl-XL expression blocked mitochondrial fission and cell 

death 48
• In C. elegans, mitochondrial fragmentation during developmental cell death 

was affected by mutations ofCED-9, a Bcl-2 ortholog in the worm 49
• Moreover, CED-9, 

when transfected into mammalian cells, could antagonize mitochondrial fragmentation 

during apoptosis 55
• Recent work by Karbowski et al. further suggested a role of Bax and 

Bak in mitochondrial morphogenesis in normal healthy cells 30
• Nevertheless, whether 

and how they are involved in the regulation of mitochondrial fragmentation during 

apoptos:rs is unknown. 

Using loss- and gain-of-function approaches, we now show that Bak, but not Bax, 

has a critical role in mitochondrial fragmentation during apoptosis. Mechanistically, Bak 

interacts with Mfnl and Mfn2, two mitochondrial fusion proteins. During apoptosis, Bak 

dissociates from Mfn2 and associates with Mfnl. Mutation of Bak in the BH3 domain 

prevents its dissociation from Mfn2, which is accompanied by the loss of mitochondrial 

fragmentation activity. Thus Bak may regulate mitochondrial morphology and pathology 

during apoptosis by interacting with mitofusins. 
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Materials and Methods 

Cells: Transformed MEF and BMK cells of various Bax/Bak genotypes were originally 

from Dr. Stanley Korsmeyer (Dana-Farber Cancer Institute, Harvard Medical School, 

Boston, MA) and Dr. Eileen White (Rutgers University, Piscataway, NJ). MEFs 

deficient in Mfnl or Mfn2 were described previously 43
• Primary neurons and kidney 

epithelial cells were isolated from wild-type, Bax-knockout, or Bak-knockout mice using 

methods modified from previous studies 150
•
151

• 

Plasmids: The coding regions ofBax and Bak were amplified by RT-PCR from mRNA 

of kidney tubular epithelial cells and cloned into pEGFP-C3 (BD Clontech, Palo Alto, 

CA) using Hind III/Kpn I sites for Bax and Hind III/BamH I sites for Bak. Myc-Mfnl 

and Myc-Mfn2 were described previously 43
•
152

• Murine Bak and the Bak (L75E) mutant 

were from Emily H.-Y. Cheng (Washington University School of Medicine, St. Louis, 

MO) 152
. Drpl and dn-Drpl(K38A) were from Dr. Alexander van der Bliek (University 

of California, Los Angeles, CA) 33
, and subcloned into pcDNA2.1 for this study. Bcl-2 

and Bcl-XL plasmids were from Dr. Junying Yuan (Harvard Medical-School, Boston, 

MA) and Dr. Xiao-Ming Yin (University of Pittsburgh, Pittsburgh, PA), respectively. 

Bcl-2 plasmids for targeted expression in mitochondria or ER were from Dr. 

David W. Andrews (McMaster University Health Sciences Centre, Ontario, Canada). 
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Apoptotic treatment. Cells were incubated with 10 mM azide in glucose-free buffer, 1 

J..LM staurosporine, or 20-50 J..LM cisplatin in culture medium. The treatments induced 

cellular stress (ATP depletion by azide, protein kinase inhibition by STS, DNA damage 

by cisplatin), leading to apoptosis mediated by mitochondrial injury 63
•
72

. 

Mitochondrial morphology. Cells transfected with MitoRed were identified by 

fluorescence microscopy. Mitochondrial morphology in individual cells was evaluated. 

Fragmented mitochondria were shortened, punctate and sometimes rounded,. while 

filamentous mitochondria showed a thread like tubular structure. Consistent with earlier 

studies, the mitochondria within one cell were often either filamentous or fragmented. In 

rare cases of mixed morphologies, we classified the cells based on the majority (>70%) 

of mitochondria. In some experiments, apoptosis and cyt.c release following 

immunofluorescence staining were also evaluated in MitoRed-transfected cells. 

Apoptosis was indicated by cell morphology including cellular condensation, formation 

of apoptotic bodies, and nuclear condensation and fragmentation. Cyt.c release was 

indicated by the loss of mitochondrial cyt.c staining and the appearance of cyt.c in the 

cytosol. For each sample, several random fields of cells (~100 cells per dish) were 

evaluated for mitochondrial morphology, apoptosis, and cyt.c release. 

* Detailed methods are described in Appendix (Supplementary Information). 
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Results 

Mitochondrial fragmentation occurs early during apoptosis and is inhibited by 

dominant negative Drpl and Bcl-2 but not by caspase inhibitors. 

To study the mitochondrial morphological dynamics during apoptosis, we transfected 

HeLa cells with Mito-DsRed2 (MitoRed) to fluorescently label mitochondria (Fig. 3.1A) 

and then subjected the cells to three types of apoptotic treatment including azide, 

staurosporine (STS) and cisplatin 63
•
72

• The treatments led to mitochondrial 

fragmentation. As shown in Fig. 3.1A, control cells had filamentous mitochondria 

(Control: MitoRed) and maintained cyt.c in the organelles (Control: Cyt.c). After azide 

incubation, mitochondria became fragmented (Azide: MitoRed) and lost cyt.c into 

cytosol (Azide: Cyt.c). These changes were clearly shown by superimposing the 

MitoRed and Cyt.c images, and by higher magnification (Fig. 3.1A). We then counted 

the cells that showed mitochondrial fragmentation, cyt.c release, and apoptotic 

morphology (Fig. 3.1B). Before apoptotic treatment, less than 5% of cells showed 

mitochondrial fragmentation. Azide treatment for 1 hour induced mitochondrial 

fragmentation in 36% cells, and mitochondrial fragmentation increased progressively 

thereafter, reaching maximal levels in 3 hours (Fig. 3.1B). The percentages of cells 

showing cyt.c release and apoptosis were always lower than that of mitochondrial 

fragmentation. Thus 1 hour of azide treatment did not induce cyt.c release or apoptosis, 

but did induce mitochondrial fragmentation (Fig. 3.1B). Similar results were shown for 

STS and cisplatin treatments (data not shown). The results suggest that mitochondrial 



Figure 3.1 Mitochondrial fragmentation precedes cytochrome c release during 
apoptosis and is inhibited by dominant negative Drpl mutant and Bcl-2. A. 
Representative cell images showing mitochondrial fragmentation and cyt. c release 
following azide treatment. HeLa cells were transfected with MitoRed to fluorescently 
label mitochondria in red. The transfected cells were subjected to control incubation 
(Control) or 3 hours of 10 mM azide treatment (Azide). Cyt.c was stained in green by 
indirect immunofluorescence. Images of MitoRed-labeled mitochondria (MitoRed) and 
cyt.c immunofluorescence (Cyt.c) were collected by confocal microscopy. B. Time 
courses of mitochondrial fragmentation, cyt.c release and apoptosis. HeLa cells 
transfected with MitoRed were treated with 10 mM azide for indicated time, and stained 
for cyt. c immunofluorescence. Percentages of cells showing mitochondrial 
fragmentation, cyt. c release, and apoptotic morphology were evaluated by cell counting. 
Data are means :t SD of three separate experiments. C-E. Effects of VAD, Drp1, dn
Drp1, and Bcl-2 on mitochondrial fragmentation, cyt.c release, and apoptosis. HeLa 
cells were co-transfected with MitoRed and either dn-Drp1, Drp1, or Bcl-2. The cells 
were then treated with 10 mM azide for 3 hours in the presence or absence of 100 pM 
VAD. Percentages of mitochondrial fragmentation, cyt. c release, and apoptosis in 
MitoRed-labeled cells were quantified by cell counting. Data are means .:t SD of three 
separate experiments. * significantly different from the untreated (Control) group, # 
significantly different from the treated no-addition (NA) group. 
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fragmentation occurs early during apoptosis, pnor to mitochondrial membrane 

permeabilization and cyt.c release. 

V AD, a general peptide inhibitor of caspases, did not suppress mitochondrial 

fragmentation during apoptotic treatment (Fig. 3.1 C). V AD did not attenuate cyt.c 

release either (Fig. 3.1F), although it diminished caspase activation and apoptosis as 

expected (Fig. 3.1G and data not shown). Thus mitochondrial fragmentation is not 

secondary to caspase activation. Mitochondrial fragmentation during apoptosis might be 

a result of changes in mitochondrial morphological dynamics that is dictated by fission 

and fusion. We tested this possibility by targeting Drp 1, a critical mitochondrial fission 

protein 34
• HeLa cells were transfected with wild-type Drp1 or its dominant negative 

mutant (dn-Drp1, ref. 34
), and then subjected to apoptotic treatment. As shown in Fig. 

3.1 C, dn-Drp 1 (and not wild type Drp 1) suppressed mitochondrial fragmentation during 

apoptosis, while wild-type Drp1 did not show significant effects. Notably dn-Drp1 also 

ameliorated cyt.c release and apoptosis (Figs. 3.1D, 3.1E; Supplementary Fig. A1). The 

results support earlier studies 29
•
36

•
48

•
49

•
51

•
53

•
147

-
149 for a role of mitochondrial fission or 

fragmentation in mitochondrial injury during apoptosis. 

Bcl-2 family proteins are critical regulators of mitochondrial InJury during 

apoptosis 7
•
20

-
22

•
142

• Whether these proteins regulate mitochondrial morphological 

dynamics under the pathological condition is unclear 36.48
•
49

•
53

-
55

•
153

• We demonstrated the 

inhibitory effects of Bcl-2 on mitochondrial fragmentation during apoptosis (Fig. 3.1C). 

For example, mitochondrial fragmentation during azide treatment was reduced from 75% 

in untransfected cells to 33% in Bcl-2 transiently transfected cells. Bcl-2 also inhibited 
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cyt.c release and apoptosis (Figs. 3.1D, 3.1E). Mitochondrial fragmentation during 

apoptosis was also suppressed in cells stably transfected with Bcl-2 and by transient 

transfection of Bcl-XL (Supplementary Fig. A2). Bcl-2 has dual subcellular 

localizations, mitochondria and endoplasmic reticulum (ER). Using Bcl-2 constructs of 

targeted expression 154
•
155

, we showed that mitochondrial Bcl-2 was more effective than 

ER-Bcl-2 in suppressing mitochondrial fragmentation; nevertheless, mitochondrial Bcl-2 

was not as effective as the wild-type gene (Supplementary Fig. A3). Together the results 

suggest that Bcl-2 family proteins may regulate mitochondrial morphological dynamics 

during apoptosis. 

Mitochondrial fragmentation during apoptosis is inhibited in Bak-deficient cells but 

not in Bax-deficient cells. 

To pursue the mitochondrial morphological regulation by Bcl-2 family proteins, we 

focused on Bax and Bak, two pro-apoptotic multidomain members that are crucial to 

mitochondrial injury during apoptosis 7
'
20

-
23

'
142

•
143

• ·we first examined Bax and Bak 

single- or double- knockout mouse embryonic fibroblasts (MEF) 23
•
143

; deficiency ofBax 

or Bak in these cells was confirmed by immunoblot analysis (Supplementary Fig. A4A). 

Regardless of their genotypes, all cells showed low mitochondrial fragmentation under 

control condition (Supplementary Fig. A4B-4D). Following apoptotic treatment, 

mitochondrial fragmentation was induced in wild-type cells and Bax-knockout cells (Fig. 

3.2A). In sharp contrast, mitochondrial fragmentation was drastically reduced in Bak

knockout and Bax/Bak-double knockout cells (Fig. 3.2A). Consistent with previous 
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Figure 3.2 Bak (but not Bax) deficiency blocks mitochondrial fragmentation during 
apoptosis. A - C: Wild-type (wt), Bax-knockout (Bax-1-), Bak-knockout (Bak-1-), and 
Bax/Bak-double knockout (DKO) MEFs were subjected to apoptotic treatments with 10 
mM azide for 3 hours, 1 JiM STS for 4 hours, or 20 JiM cisplatin for 16 hours. To 
evaluate mitochondria/fragmentation, the MEFs were transfected with MitoRed prior to 
apoptotic treatments. Cells with mitochondrial fragmentation were examined by 
fluorescence microscopy and quantified by cell counting (A). To analyze cyt.c release, 
MEFs after cisplatin treatment were extracted to collect the cytosolic fraction for 
immunoblot analysis of cyt.c (B). To analyze apoptosis, MEFs after cisplatin treatment 
were stained with Hoechst 33342. Apoptosis was evaluated by counting of the cells with 
typical apoptotic morphology including cellular and nuclear condensation and 
fragmentation (C). Data are presented as means :t SD of four separate experiments. * 
significantly different from the untreated control group, # significantly different from the 
treated wild-type group. 
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observations 23
, single knockout of Bax or Bak reduced, and double knockout of Bax/Bak 

completely blocked cyt.c release and apoptosis (Figs. 3.2B, 3.2C). The results suggest a 

unique role of Bak in the regulation of mitochondrial fragmentation during apoptosis. 

This finding was validated by using transformed baby mouse kidney cells 24 

(Supplementary Fig. A5). We further confirmed the unique role of Bak in mitochondrial 

fragmentation in primary neurons isolated from brain cortex of Bax-knockout, and Bak

knockout mice (Supplementary Fig. A6). Of note, in Bak-knockout cells the limited cyt.c 

release was shown in the low percentage of cells that had fragmented mitochondria 

(Supplementary Fig. A 7). These results suggest that both Bax and Bak contribute to 

mitochondrial injury; however, their roles may not be completely overlapping. By 

inducing mitochondrial fragmentation, Bak may collaborate with Bax to ensure an 

efficient outer membrane permeabilization and complete cyt.c release. 

The inhibitory effects of Bcl-2 on mitochondrial fragmentation depend on the 

presence of Bak and not Bax. 

We determined if Bak was required for the inhibitory effects of Bcl-2 on mitochondrial 

fragmentation (Fig. 3.3). Consistent with our earlier results shown in Fig. 3.2, 

mitochondrial fragmentation during apoptotic treatment in Bak-knockout and Bak/Bax 

double knockout MEF was significantly lower than that of wild-type and Bax-knockout 

cells (Figs. 3.3C, 3.3D versus 3A, 3B). Importantly, while Bcl-2 suppressed 

mitochondrial fragmentation in both wild-type and Bax-knockout cells (Figs. 3.3A, 

3.3B), it did not inhibit mitochondrial fragmentation in Bak-knockout or Bak/Bax-double 
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knockout cells {Figs. 3.3C, 3.3D). Thus Bak seems to be an essential regulator of 

mitochondrial fragmentation whereby Bcl-2 exerts its inhibitory effects. 

Bak is more effective than Bax in restoring mitochondrial fragmentation in 

Bax/Bak-double knockout cells 

If Bak is indeed a key to mitochondrial fragmentation during apoptosis, reconstitution of 

Bak into Bak-knockout cells should restore mitochondrial fragmentation. To test this, we 

transfected Bax/Bak-double knockout MEF cells with GFP-Bax, GFP-Bak, or GFP. 

MitoRed was co-transfected to reveal mitochondrial morphology. As shown in Fig. 

3.4A, both GFP-Bax and GFP-Bak induced a transfection time-dependent increase of 

mitochondrial fragmentation, but GFP-Bak was significantly more effective in this 

function (Fig. 3 .4A). The efficacy of GFP-Bak in mitochondrial fragmentation was not 

due to higher expression of this protein (Figure 3.4A, inset). We further determined the 

effects of Bax or Bak reconstitution on mitochondrial fragmentation during apoptotic 

treatment. To this end, Bax/Bak-double knockout cells were co-transfected for 16 hours 

with MitoRed and either GFP-Bax or GFP-Bak, and then subjected to azide treatment. 

As shown in Fig. 3.4B, azide did not induce significant mitochondrial fragmentation in 

cells reconstituted with GFP or GFP-Bax, but it did increase mitochondrial fragmentation 

from 43% to 76% in Bak-reconstituted cells (Fig. 3.4B: GFP-Bak, open versus filled 

columns). Representative images of GFP, GFP-Bax, or GFP-Bak transfected cells 

following azide treatment are shown in Fig. 3 .4C. As expected, GFP was expressed all 

over the cell, while Bax showed some accumulation in mitochondria and Bak had a 
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. . Figur~. 3.3 • Bcf:-2 ·inhibits mitochondrial fragmeniation in Bax-knockout cells but 
not in Bak~knockoutc{!lls. ··MEF cells of dif(ere·nt genotypes (A> Wild~type!· B: Bax
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restrictive mitochondrial localization. Notably, the cells reconstituted with Bak, but not 

GFP or Bax, fragmented their mitochondria (Fig. 3.4C, magnified in lower panels). 

Similarly, Bak-reconstituted cells showed higher mitochondrial fragmentation during 

staurosporine treatment than the cells reconstituted with Bax (Supplementary Fig. A8). 

This gain-of-function study further supports a role of Bak in mitochondrial fragmentation 

during apoptosis. 

Bak interaction with Mitofusins: changes during apoptotic treatment and effects of 

BH3 mutation. 

To gain mechanistic insights into mitochondrial morphological regulation by Bak, we 

determined Bak interaction with mitochondrial fission-fusion proteins. We first analyzed 

endogenous protein interactions by co-immunoprecipitation (IP). In this assay, Bak did 

not interact with Pis 1 or Drp 1, two mitochondrial fission proteins, under either control or 

apoptotic conditions (Fig. 3.5A). On the contrary, Bak showed co-IP with two fusion 

proteins Mfn1 and Mfn2 in control HeLa cells (Fig. 3.5A, lane 1). Notably, upon 

apoptotic induction by azide, Bak dissociated from Mfn2 and increased its interaction 

with Mfn1 (Fig. 3.5A, lane 2). Similar interactions between Bak and Mfn1 and 2 were 

demonstrated during cisplatin treatment (Supplementary Fig. A9). The specificity of the 

co-IP assay was supported by control experiments using Mfnl or 2 -deficient cells and 

non-immune serum (Supplementary Fig. Al 0). To further determine the interaction 

between Bak and Mfn1 and 2, we transfected HeLa cells with Myc-tagged Mfn1 or 2 to 

collect lysates for IP using an anti-Myc antibody. As shown in Fig. 3.5B, small yet 
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* 

Figure 3.4 Bak is more effective than Bax in restoring mitochondrial fragmentation in 
Bax/Bak-double knockout cells. A. Induction of mitochondrial fragmentation by Bax or 
Bak transfection in Bax/Bak-double knockout (DKO) MEF cells. DKO cells were co
transfected with MitoRed and either GFP. GFP-Bax, or GFP-Bak. At indicated time 
points, the co-transfected cells were examined by fluorescence and confocal microscopy 
to evaluate mitochondrial fragmentation. Data are means :t SD of jive separate 
experiments. * significantly different from GFP transfected group; # significantly 
different from GFP-Bax transfected group. Inset: immunoblot analysis of GFP-Bax and 
GFP-Bak expression using an anti-GFP antibody. B . Restoration of azide-induced 
mitochondrial fragmentation in DKO cells by Bak but not by Bax. DKO cells were co
transfected with MitoRed and either GFP, GFP-Bax or GFP-Bak for I 6 hours. The cells 
were then incubaled for another 3 hours with control medium or 10 mM azide. 
Mitochondrial fragmentation in transfected cells was examined by fluorescence and 
confocal microscopy. Data are means :t SD of four separate experiments. * significant 
difference be/ween the lreated (+Azide) and untreated (-Azide) group. C. Representative 
images of MitoRed/GFP, MitoRed/GFP-Bax. and MitoRed/GFP-Bak co-transfected cells 
following azide lreatment. Top: transfected cells wiJh superimposed MitoRed and GFP 
signals; bottom: magn[fied areas with separated MitoRed and GFP signals. 



86 

consistently detectable amounts of Bak and Bax co-immunoprecipitated with Myc-Mfnl 

under control condition (lane 1 ); the molecular interactions increased markedly during 

apoptosis (lane 2). Bak and Bax also interacted with Myc-Mfn2 under control condition 

(lane 3). Following apoptotic treatment, Bak but not Bax dissociated from Myc-Mfn2 

(lane 4). Thus Bak showed a unique interaction pattern with both endogenous (Fig. 

3.5A) and transfected (Fig. 3.5B) Mitofusins; remarkably the molecular interactions 

changed upon apoptotic induction. The molecular interaction between Bak and 

Mitofusins was further confmned by Fluorescence Resonance Energy Transfer (FRET) 

assay (Supplementary Fig. All). In addition, transfected Bak and Mitofusins showed co

localization (Supplementary Fig. Al2). Collectively, the results suggest that Bak may 

regulate mitochondrial morphological dynamics by interacting with Mitofusins. To 

further investigate this possibility, we used a loss-of-function mutant of Bak that had a 

point (L75E) mutation in the BH3 domain 152
• When transfected into Bax/Bak double 

knockout MEF cells, the mutant Bak (mBak) did not induce apoptosis (not shown) and 

importantly, unlike wild-type Bak, mBak could not induce mitochondrial fragmentation 

either (Fig. 3.5C). We then determined the interaction of mBak with Mfnl and Mfn2. 

Similar to wild-type Bak (Figs. 3.5A and 3.5B), mBak interacted with Mfnl weakly 

under control condition (Fig. 3.5D: lane 1) and upon apoptotic stimulation, the molecular 

interaction was markedly enhanced (lane 2). The most striking differences between Bak 

and mBak were shown in their interactions with Mfn2. As shown in Fig. 3.5E, wild-type 

Bak interacted with Mfn2 in control cells (lane 1) and the interaction was disrupted 
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Figure 3.5 Bak interaction with mitofusins: changes during apoptotic treatment and 
effects of BHJ mutation. A . Hela cells were untreated or treated with 10 mM azide for 
3 hours. Whole lysates were collected with CHAPS buffer and su~jected to 
immunoprecipitation using an anti-Bak antibody. The resultant immunoprecipilates were 
analyzedfor Fis l , Drpl, Mfnl, Mfn2. and Bak by immunoblotting. B. Hela cells were 
trans.fected with Myc-Mfnl or Myc-Mfn2. The cells were untreated or treated with azide 
to collect whole cell lysates for immunoprecipitation using an anti-Myc antibody. The 
resultant immunoprecipitates were analyzed for Bak, Bax. Myc-Mfn 1 or Myc-Mfn2 by 
immunoblotting. C. Bax/Bak double knockout MEFs were co-transfected with Milo-Red 
and Bak, mBak, or empty vector. Cells with mitochondria/fragmentation were examined 
and counted by fluorescence microscopy. D. Bax/Bak double knockout MEFs were co
transfected with Bak or mBak and Myc-Mfn I or Myc-Mfn2. The cells were then 
untreated or treated with azide to collect whole cell lysates for immunoprecipitation 
using an anti-Myc antibody. The resultant immunoprecipitates were analyzed for Bak, 
mBak, and Myc-Mfnl or Myc-Mfn2 by immunoblotting. Results in A, B, D and E are 
representatives of at least three separate experiments. Data inC are presented as means 
.:t SD of three separate experiments. * significantly different from the empty vector 
transfection group. 
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during apoptosis (lane 2). In sharp contrast, mBak did not dissociate from Mfn2 during 

apoptotic treatment (lane 4). 

Discussion 

In mammalian cells, Bax and Bak are essential to mitochondrial outer membrane 

permeabilization during apoptosis 23
•
143

• It is generally believed that the roles of Bax and 

Bak in mitochondrial injury and apoptosis are overlapping or redundant 7
•
20

-
22

•
142

, despite 

the notable differences in their subcellular localizations and interacting proteins 152
•
156

, 

and the phenotypic differences between Bax- and Bak- deficient mice 143
•
157

• Here we 

have identified a new function of Bak: it regulates mitochondrial fragmentation. The role 

seems to be unique for Bak, as it cannot be effectively substituted by Bax. 

Mitochondrial fragmentation, as a result of altered morphological dynamics, has 

been implicated in mitochondrial injury during apoptosis 6
•
144

-
146

• Our results now further 

suggest that the mitochondrial fragmentation may involve Bak. On the other hand, 

mitochondrial fragmentation involving Bak is not sufficient to induce maximal cyt.c 

release, which apparently requires Bax 23
'
143 (Figs. 3.2B, 3.2G). Thus Bak and Bax need 

to collaborate to evoke a full mitochondrial pathology. It is also noteworthy that neither 

Bak nor Bax is absolutely required for cyt.c release. In Bax-deficient cells, Bax-mediated 

mitochondrial injury is attenuated, but Bak can induce small amount of cyt.c release 

probably via mitochondrial fragmentation. In Bak-deficient cells, Bak-mediated 

mitochondrial fragmentation is suppressed, but Bax can induce limited cyt.c release 

(Figs. 3 .2B, 3 .2G). 
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A recent study by Karbowski et al. showed mitochondrial fragmentation in 

Bax/Bak double knockout cells under control culture condition 30
• However, in our 

experiments, mitochondria in these cells were mainly filamentous (Supplementary Fig. 

A4B-4D). Filamentous mitochondria were also shown in Bax/Bak double knockout cells 

by other groups 158
•
159

• The exact cause of the discrepancy between these observations is 

unclear. Nevertheless the mitochondrial morphological dynamics seems to be quite 

sensitive to culture conditions and subtle stress may induce fragmentation. In addition, 

the morphological dynamics is regulated during cell cycle, where mitotic cells tend to 

have fragmented mitochondria 160
• 

It is unclear how Bak regulates mitochondrial morphological dynamics during 

apoptosis. Nevertheless, CED-9, a Bcl-2 protein in C. elegans, interacts with Mfn2 55
• 

More recent work further suggests a functional interaction between Bax and Mfn2 in 

non-apoptotic cells 30
• We now show that Bak interacts with Mfn-1 and -2, but not with 

mitochondrial fission proteins. Upon apoptosis induction, Bak dissociates from Mfn2 

and associates with Mfnl. Moreover, mutation ofBak in the BH3 domain prevents Bak 

dissociation from Mfn2 during apoptosis, which is accompanied by the loss of 

mitochondrial fragmentation activity (Fig. 3.5). It is unclear why the mutant Bak cannot 

dissociate from Mfn2. One possibility is that, upon apoptotic stimulation, wild-type Bak 

can change its conformation to induce its dissociation from Mfn2, whereas the mutant 

Bak does not undergo the conformational change. Regardless of the underlying 

mechanisms, our results suggest a correlation of the mitochondrial fragmentation activity 

of Bak with its dissociation from Mfn2. It is plausible that, the dissociation of Bak from 
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Mfn2 may decrease the mitochondrial fusion activity of Mfn2 and, as a result, lead to 

cessation of fusion, inducing mitochondrial fragmentation. Further investigation needs to 

test this possibility and gain mechanistic insights into the regulation and functionality of 

Bak-Mitofusin interaction. 

Our observation of the partial inhibitory effects of Bcl-2 on mitochondrial 

fragmentation is at discrepancy with Sugioka et al. 53
, but is consistent with Kong et al. 54 

and Fannjiang et al. 48
• We further show that mitochondrially targeted Bcl-2 is more 

effective than ER Bcl-2, but less effective than wild-type Bcl-2, in suppressing 

mitochondrial fragmentation. Bcl-2 may not directly interact with Bak 156
, but it may 

regulate mitochondrial morphological dynamics by sequestering BH3-only proteins, 

regulating Ca2
+ homeostasis, and/or interacting with mitochondrial fission-fusion 

proteins. 

Knockout of Mfnl or 2 leads to embryonic lethality in mice. MEFs derived from 

these gene knockout animals show very high levels of mitochondrial fragmentation, yet 

do not show much spontaneous apoptosis 43
, suggesting that the lack of Mitofusins and 

consequent mitochondrial fragmentation does not necessarily induce cell death. On the 

other hand, a regulatory role of Mitofusins in apoptosis has been suggested by gene 

overexpression and siRNA knockdown studies 40
•
53

•
161

• Despite these findings, it is 

unclear how Mitofusins are regulated during apoptosis. Our current results suggest that 

their regulation may involve Bak. Identification of a new function of Bak in 

mitochondrial morphological dynamics should have significant implications tn our 

understanding ofBcl-2 family proteins, apoptosis, and mitochondrial pathology. 



Chapter 4: Regulation of Mitochondrial Morphological Dynamics during Apoptosis 

by Bcl-2 family proteins: A Key in Bak? 

(Brooks et al. Cell Cycle 6:24, 3043-3047; 2007) 

Summary: Early during apoptosis, the mitochondrial network collapses into short 

punctate fragments. The seemingly morphological change, called mitochondrial 

fragmentation, contributes to mitochondrial injury. Mitochondrial morphology is 

dictated by two opposing processes, fission and fusion. It is unclear how the fission

fusion balance is tilted during apoptosis, resulting in mitochondrial fragmentation. 

Emerging evidence has now suggested a regulation of mitochondrial morphological 

dynamics by Bcl-2 family proteins. In this regulation, Bak appears to be a key. Through 

interaction with mitofusins, Bak may block mitochondrial fusion to induce fragmentation. 

By this function, Bak may collaborate with Bax to permeabilize mitochondrial outer 

membrwte, leading to the release of apoptogenic factors. 

Introduction 

Mitochondria are at the center of apoptosis regulation. Disruption of 

mitochondria leads to the release of apoptogenic factors including cytochrome c, 

SMAC/Diablo, AIF, and endonuclease G, resulting in activation of the apoptotic cascade 

and ensuing cell death 8
•
140

•
141

. Under this condition, Bcl-2 family proteins play a pivotal 

91 
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role in the regulation of mitochondrial integrity 5
•
7

•
16

'
142

• Recently, however, emerging 

evidence has suggested that mitochondrial injury during apoptosis may involve a drastic 

morphological change of the organelles. Specifically, cells under stress fragment their 

mitochondria from a filamentous network into punctate, spherical structures. 

Mitochondrial morphology is governed by a balance between fission and fusion. 

Preservation of the filamentous morphology of mitochondria, either by suppressing 

fission or enhancing fusion, can inhibit mitochondrial injury and apoptosis in a variety of 

experimental models 6
•
17

•
28

•
31

•
146

•
162

• These interesting observations have also raised 

several important questions. For example, how is the mitochondrial morphological 

dynamics altered during stress or apoptotic stimulation? How does a morphological 

change participate in mitochondrial membrane permeabilization? Does the 

morphological change involve a regulation by Bcl-2 family proteins? While we do not 

have clear-cut answers to all these questions, recent studies have provided evidence to 

support the possibility for the regulation of mitochondrial morphology by Bcl-2 proteins 

17
•
146

• Our latest work has further demonstrated that Bak, a multidomain Bcl-2 family 

protein residing in the mitochondrial outer membrane, may directly regulate 

mitochondrial morphology by interacting with mitofusins, key mediators of 

mitochondrial fusion 163
• 

Mitochondrial morphological dynamics: fission and fusion 

The morphological dynamics of mitochondria is well depicted in the Greek name of the 

organelles: 'mitos' for thread, and 'chondros' for grain. Under physiological conditions, 
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whether mitochondria assume a thread-like filamentous morphology or a grain-like 

punctiform is determined by two opposing processes: fission and fusion 37
•
42

•
164

• 

Accordingly, fusion of mitochondria promotes a filamentous network, whereas fission 

fragments mitochondria into short rods or spheres. Normally, mitochondria are 

filamentous, forming an integrated network; during cell division, mitochondrial fission 

outpaces fusion to divide the organelles for distribution to the daughter cells 37
•
42

•
164

• The 

key proteins mediating mitochondrial fission and fusion were originally identified from 

Drosophila and budding yeasts. Recent work has further identified their mammalian 

orthologs. Now it is clear that mitochondrial fission and fusion involve two distinct sets 

of proteins or molecular machineries. 

For mitochondrial fission, Fis-1 and Drp-1 play essential roles. Fis-1 is anchored 

on the outer membrane of mitochondria, with two tandem tetratrico-peptide repeats 

facing the cytosol that may mediate protein interaction 35
• On the other hand, Drp-1 is a 

dynamin related protein, which is normally cytosolic but recruited to mitochondria at 

distinct foci during fission 29
'
40

•
165

. Drp-1 recruitment may be mediated by its interaction 

with Fis-1 166
•
167

, following specific phosphorylation and sumoylation 159
•
160

•
168

• In 

addition to Fis-1 and Drp-1, recent work has further suggested the involvement of Endo

B1 or Bif-1 in mitochondrial fission under physiological conditions 50
. Endo-B1 is 

structurally homologous to endophilins 169
, but instead of participating in endocytosis, 

Endo-B1 is recruited to mitochondria during mitochondrial fission. Notably, suppression 

of Endo-B1 promotes an aberrant tubular mitochondrial morphology, suggesting a role 

for this protein in mitochondrial fission 50
• 
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The major proteins for mitochondrial fusion include the mitofusins (Mfnl and 2) 

and Opal. Mfnl and 2 are located in the mitochondrial outer membrane and function by 

forming homo or hetero-dimers to tether and pull adjacent mitochondria into proximity 

and initiate the fusion process 28
•
43

•
170

•
171

• Mfnl and 2 have ,....80% homology in sequence 

and share some functions in mitochondrial fusion; however their functions may not be 

completely redundant 43
• Compared with Mfnl, Mfn-2 has lower tethering and fusion 

activities 172
, and thus is thought to function in more of a regulatory manner 161

• By their 

localization, Mfnl and 2 are generally believed to mediate the fusion of mitochondrial 

outer membrane. Opal, on the other hand, resides on the mitochondrial inner membrane 

and is a key to the fusion of the inner membrane 45
,4

6
•
51

•
173

• In addition to fusion, recent 

work indicates that Opal is also important for the maintenance of the cristae structure of 

mitochondria and sequestration of cytochrome c in the folds of the cristae 174
•
175

• Down

regulation of Opal by siRNA or proteolytic cleavage leads to changes in the cristae 

structure, mitochondrial fragmentation and release of cytochrome c into the inter

membrane space 174
•
176

• Currently, it is unclear how the fusion events at the inner and 

outer membrane are coordinated. Nevertheless, interesting observations showed that 

inner membrane fusion by Opal may depend on the presence of Mfnl, suggesting a 

functional interaction and co-ordination between these proteins 176
•
177

• Of note, while 

these proteins are considered the main regulators of mitochondrial morphology, several 

other proteins identified in yeast may also participate in the regulation of mitochondrial 

morphological dynamics (for review see 2~·37•48). The exact role of these proteins in 

mitochondrial morphology remains largely unknown. Moreover, their mammalian 
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orthologs have yet to be identified. The interest in the research of mitochondrial 

morphological dynamics has been intensified recently by the exciting discovery that 

mitochondrial fragmentation, a seemingly morphological change, may be a key 

determinant of mitochondrial membrane permeabilization during apoptosis. 

Mitochondrial fragmentation in apoptosis 

Early studies observed the collapse of mitochondrial network during apoptosis into a 

perinuclear clustering of organellar fragments (for a review see 8
). However, the 

morphological change was frequently perceived as a passive postmortem event, and its 

meaning or functionality was not carefully investigated. In 2001, Frank et al. 

demonstrated the first evidence for a role of the morphological change in mitochondrial 

injury and consequent apoptosis 29
• It was shown that early during apoptosis, 

mitochondria were fragmented from a filamentous tubular network into punctuate, 

spherical organelles. Inhibition of mitochondrial fission by dominant-negative Drp 1 

attenuated mitochondrial fragmentation and importantly, this was accompanied by the 

suppression of mitochondrial release of cytochrome c and blockade of apoptosis. These 

findings suggest that mitochondrial fragmentation is not a late, passive event or an 

epiphenomenon of mitochondrial injury; rather it is an active process that contributes 

critically to mitochondrial injury during apoptosis 29
. 

The remarkable findings by Frank et al. have stimulated intense interest in the 

research of mitochondrial morphological dynamics during apoptosis. Now, the role of 

mitochondrial fragmentation in apoptosis has been confirmed and extended to various 
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apoptotic models by different laboratories 40
•
48

•
49

•
51

•
53

•
55

•
178

• It is becoming clear that 

mitochondrial fragmentation during apoptosis may involve a shift of the morphological 

dynamics from fusion to fission. Early during apoptosis, mitochondrial fission is 

activated as shown by the translocation of Drp 1 and En do-B 1 to mitochondria, around the 

time of Bax activation 29.4°·50
• Inhibition of mitochondrial fission by blocking Drp 1 or 

Pis 1, through dominant negative mutation or siRNA, inhibits mitochondrial 

fragmentation and apoptosis 29
•
40

•
51

•
53

•
163

• Consistently, over-expression of Drpl or Fisl 

leads to increased mitochondrial fragmentation, which makes cells more sensitive to 

apoptosis induced by a variety of treatments 29
•
36

• 
179

• Exceptions to these general 

observations have been reported. For example, in a specific model where 

intramitochondrial Ca2
+ propagation was required for apoptotic signaling, increase of 

mitochondrial fission by overexpresstng Drp 1 blocked the propagation of 

intramitochondrial Ca2
+ waves and, as a result, apoptosis suppressed 179

• Nevertheless, in 

the same study, Drp-1 sensitized apoptosis that was independent of intramitochondrial 

Ca2
+ propagation. Mitochondrial fragmentation during apoptosis may also result from an 

inhibition of mitochondrial fusion 147
. Increasing mitochondrial fusion by over

expressing Mfnl/2 or Opal inhibits mitochondrial fragmentation and apoptosis 53
•
161

•
180

• 

Blocking fusion, on the other hand, leads to fragmented mitochondria that are more 

sensitive to cytochrome c release 53
•
180

•
181

. Together, these findings have demonstrated 

compelling evidence for a role of mitochondrial fragmentation, a seemingly 

morphological change, in mitochondrial damage and apoptosis. 
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Importantly, recent studies have further demonstrated in vivo evidence for the 

involvement of mitochondrial fragmentation in apoptosis. In C. elegans, Jagasia et al. 

showed mitochondrial fragmentation during developmental apoptosis 49
• Inhibition of 

Drp-1 in the worm not only blocked mitochondrial fragmentation but also suppressed 

apoptosis 49
• Similarly, mitochondrial fragmentation was shown recently in Drosophila 

and contributed to cell death in the fly 178
•
182

• Changes of mitochondrial morphological 

dynamics may also contribute to cell death in yeast 48
•
183

• It is unclear how 

mitochondrial fragmentation contributes to apoptosis in these models systems, because 

release of apoptotic factors (e.g. cytochrome c) is not required to induce apoptosis in 

these lower eukaryotes. It is clear, however, that mitochondrial fragmentation is an 

important event in apoptosis, suggesting that the morphological change may be an 

evolutionally conserved mechanism that contributes to mitochondrial injury, dysfunction 

and apoptosis. Notably, recent work by Barsoum et al. showed mitochondrial 

fragmentation during brain ischemia, demonstrating clear evidence for mitochondrial 

fragmentation under an in vivo pathological condition 149
. 

Bcl-2 family proteins in mitochondrial fragmentation 

Despite the emerging evidence for an involvement of mitochondrial fragmentation in 

mitochondrial injury, the mechanism underlying the morphological change is elusive 

17
•
28

•
42

• On the other hand, Bcl-2 family proteins are central regulators of mitochondrial 

integrity during apoptosis 5
•
7

•
16

•
142 11

•
184

• Therefore, an immediate and important question 
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1s: do Bcl-2 family proteins regulate the morphological dynamics of mitochondria, 

particularly under the pathological condition of apoptosis? 

To address this question, an initial study by Sugioka et al. examined the effects of 

Bcl-2 on mitochondrial fragmentation during apoptosis 53
. It was shown that Bcl-2 

overexpression did not significantly affect the morphological change of mitochondria 53
• 

Similarly, negative results were shown for Bcl-XL, an anti-apoptotic Bcl-2 homolog 36
• 

In sharp contrast, a later study by Kong et al. demonstrated impressive inhibitory effects 

of Bcl-2 on mitochondrial fragmentation and apoptosis in MCF-7 cells 54
• Interestingly, 

in yeast, both Bcl-2 and Bcl-XL can block mitochondrial fission and cell death 48
• In c. 

elegans, mitochondrial fragmentation during developmental cell death is affected by 

mutations in CED-9, a Bcl-2 ortholog in the worm 49
• Delivani et al. further indicates 

that CED-9, when transfected into mammalian cells, can antagonize mitochondrial 

fragmentation during apoptosis 55
• These findings have been further extended by our 

recent study using a variety of apoptotic models 163
• The inhibitory effects of Bcl-2 and 

Bcl-XL on mitochondrial fragmentation are partial but significant. In addition, we show 

that Bcl-2 targeted to mitochondria is more effective in blocking mitochondrial 

fragmentation than Bcl-2 that is expressed in endoplasmic reticulum 163
• Recent work by 

Zheng et al. further suggests that Bcl-XL regulates mitochondrial morphology through its 

transmembrane domain 185
• The involvement ofBcl-2 family proteins in the regulation of 

mitochondrial morphological dynamics during apoptosis is also supported by several 

observations of the pro-apoptotic members. Germain Et al. showed that Bik, a BH3-only 

protein, is important for mitochondrial fragmentation during ER stress 186
• Moreover, 
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Karbowski et al. revealed that Bax and Bak coalesce with Drp-1 and Mfn-2 into distinct 

foci at the sites of mitochondrial fission, suggesting a likely physical and functional 

interaction between these proteins 40
• The same investigators showed later that Bax and 

Bak are essential to mitochondrial morphogenesis in normal healthy cells 30
, although, 

whether and how they are involved in the regulation of mitochondrial fragmentation 

during apoptosis was not determined. To corroborate with these findings, Wasiak et al. 

demonstrated that the recruitment of Drp-1 to mitochondria during apoptosis requires 

sumoylation and notably, Drp-1 sumoylation under this condition is dependent on the 

presence of Bax and Bak 159
• Together, these studies have suggested an important 

regulatory role for Bcl-2 family proteins in mitochondrial fragmentation during 

apoptosis. However, it remains elusive as to how the morphological dynamics is 

regulated by Bcl-2 family proteins. 

Bak: a key regulator of mitochondrial fragmentation during apoptosis 

To gain mechanistic insights into the regulation of mitochondrial morphological 

dynamics by Bcl-2 proteins, our recent study has focused on Bax and Bak, the molecular 

"gateway" to mitochondrial injury during apoptosis 5
•
23

• By using diverse experimental 

models, our results have demonstrated a unique role for Bak, but not Bax, in 

mitochondrial fragmentation during apoptosis 163
• As a result, mitochondrial 

fragmentation persists in Bax-deficient mouse embryonic fibroblasts, baby mouse kidney 

cells and primary neurons, but not in the cells that are deficient of Bak. Moreover, 

reconstitution of Bak into Bak/Bax-double knockout cells can restore a rapid 
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mitochondrial fragmentation. In contrast, reconstitution of Bax is much less effective. 

Notably, Bcl-2 inhibits mitochondrial fragmentation in wild-type and Bax-deficient cells 

but not in Bak-deficient cells, indicating that the inhibitory effects of Bcl-2 on 

mitochondrial fragmentation depends on the presence of Bak. Mechanistically, we show 

that Bak may regulate mitochondrial morphology through its interaction with mitofusins. 

In normal unstressed cells, Bak interacts with both Mfnl and 2. Under stress, however, 

Bak disassociates from Mfn2 and increases the association with Mfnl. Importantly, 

mutation of the BH3 domain in Bak prevents its dissociation from Mfn2 and eliminates 

its ability of mitochondrial fragmentation. These data suggest that Bak may regulate 

mitochondrial morphological dynamics through its interaction with mitofusins. The 

dissociation of Bak from Mfn2 may be critical to mitochondrial fragmentation during 

apoptosis 163
• These data also suggest that other Bcl-2 proteins including Bcl-2, Bcl-XL 

and many of the BH3 only proteins may regulate mitochondrial dynamics by regulating 

Bak activity. 

Perspectives and Conclusions 

Bax and Bak provide a requisite gateway to mitochondrial injury during apoptosis 

23
• It is generally believed that the roles played by these two proteins in mitochondrial 

pathology are redundant or overlapping. However, the new finding that Bak is uniquely 

involved in the regulation of mitochondrial morphological dynamics during apoptosis 

suggests that, instead of being redundant, Bak and Bax may function at different levels of 

mitochondrial injury 163
• While Bak contributes to early mitochondrial fragmentation, 
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Bax is probably more important for subsequent development of porous defects in the 

outer membrane. Together, these two events result in an efficient release of apoptogenic 

factors from mitochondria. Of note, this scenario emphasizes the collaborative, and not 

redundant, nature of the roles of Bax and Bak in the development of mitochondrial 

pathology during apoptosis. In support of this possibility, dividing cells undergo 

mitochondrial fission during mitosis and have a fragmented mitochondria yet do not 

release cyt.c 160
• Consistently, we show that, in response to apoptotic stress, Bax

deficient cells fragment their mitochondria but do not release much cytochrome c 163
• 

Thus, mitochondrial fragmentation alone is not sufficient to induce mitochondrial 

membrane damage or permeabilization. Conversely, without mitochondrial 

fragmentation, Bax activation alone is not efficient to induce cytochrome c release either. 

This is clearly shown in our study that Bak-deficient cells with functional Bax are 

incapable of mitochondrial fragmentation and as a result, cytochrome c release is largely 

attenuated 163
• The collaborative roles played by Bax and Bak in mitochondrial injury 

suggest a "two-hit" hypothesis, in which Bak triggers the first hit by inducing 

mitochondrial fragmentation, followed by the second hit that involves Bax activation and 

formation of pathological pores in mitochondrial membrane (Fig. 4.1 ). 

While our study has uncovered an important role of Bak In mitochondrial 

fragmentation during apoptosis, the underlying mechanism is not entirely clear. In this 

regard, we have demonstrated evidence for the interaction between Bak and Mfnl and 2, 

and changes of the molecular interaction upon apoptotic treatment 163
• The fact that Bak 

binds mitofusins, but not fission proteins, suggests that Bak may specifically regulate 
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Figure 4.1. Hypothetic model for Bax/Bak regulation of mitochondrial morphology 
and pathology during apoptosis. In normal unstressed cells. Bak interacts with both 
Mfnl and 2, which tether and fuse adjacent mitochondria to maintain a filamentous 
mitochondrial network; Bax is in an inactive form in the cytosol. Following apoptotic 
stress, Bak dissociates from Mfn2 and increases association with Mfnl , suppressing 
mitochondrial fusion; meanwhile, Bax is activated and translocated to mitochondria, 
forming oligomeric pores with other molecules on the outer membrane, resulting in the 
release of apoptogenic factors such as cytochrome c. 



103 

mitochondrial fusion. Then, does the molecular interaction promote or inhibit 

fusion? We show that Bak-deficient cells can preserve their filamentous mitochondria 

during apoptosis 163
, suggesting that mitochondrial fusion is maintained when Bak is 

knocked out; in other words, Bak may function to inhibit fusion. Our further experiments 

using the BH3 domain mutant of Bak suggest that the critical interaction is between Bak 

and Mfn2; Bak needs to dissociate from Mfn2 for mitochondrial fragmentation to occur 

163 (Fig. 4.1 ). Despite these findings, it is unclear how Bak dissociates from Mfn2, 

although it can be speculated that the activation of Bak during apoptosis may induce 

conformational changes in the protein, which then lead to its dissociation from Mfn2. In 

addition, the molecular details of Bak-Mfn2 interaction are currently)unknown. For 

example, what domains in Bak and Mfn2 mediate the molecular interaction in normal 

cells and their dissociation during apoptosis? Functionally, it is critically important to 

determine how the interaction and dissociation would affect the function or activity of 

Mfn2. 

l""inally, while emerging evidence supports a role for mitochondrial fragmentation 

in mitochondrial injury during apoptosis, the mechanism whereby the fragmentation, a 

seemingly morphological change, contributes to mitochondrial membrane damage is 

unknown. One possibility is that the change from a long, tubular shape to short, spherical 

structure increases the membrane curvature of mitochondria, which may facilitate pore 

formation in the outer membrane. Membrane curvature has been implied in Bax 

oligomerization, a key event in the permeabilization of mitochondrial outer membrane 

187,188 Alternatively, mitochondrial fragmentation may also be associated with 
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biochemical changes in the membrane. For example, fragmentation may induce changes 

in the lipid content and compositions of the outer membrane, which may affect Bax/Bak 

activation and oligomerization in then membrane. This possibility is supported by the 

fact that Endo-Bl/Bif-1, a lipid transferase, is required for Bax/Bak-mediated 

permeabilization of mitochondria 52
•
169

. In artificial biomembranes, lipids (e.g. 

cardiolipin) are important for Bax activation 184
•
187

•
188 In addition, mitochondrial 

fragmentation may induce the reorganization of the cristae structure to facilitate the 

release of apoptotic factors from the intermembrane space. This may be particularly 

relevant to cytochrome c release, since a major portion of cytochrome c is normally 

stored in these folds 189
'
190

• Mitochondrial fragmentation is associated with a loss of the 

folds of the inner membrane, which liberates cytochrome c into the intermembrane space, 

preparing a pool that is ready for release 175
•
181

. To test these interesting possibilities, 

future investigation should determine the biophysical and biochemical changes that occur 

in mitochondrial membranes during fragmentation. After all, mitochondrial 

fragmentation is not simply a morphological change but an important patho-physiological 

process involving rather complicated signaling and regulation. 



lll. Unpublished Data 

Chapter 5: Role and Regulation of Mitochondrial Morphological Dynamics in Renal 

Cell Injury 

Summary 

Mitochondrial damage is a key to renal tubular cell injury and subsequent recovery or 

repair. However, the underlying mechanism of mitochondrial damage remains largely 

unknown. Here we demonstrate a striking morphological change of mitochondria during 

tubular cell injury induced by ATP depletion, ischemia, and cisplatin nephrotoxicity. 

Importantly, the morphological change was shown to contribute to mitochondrial 

membrane permeabilization and consequent apoptosis. In cultured renal tubular cells, 

ATP depletion by azide and cisplatin treatment led to mitochondrial fragmentation, from 

a filamentous network to punctate short rods or spheres. Mitochondrial fragmentation 

occured prior to mitochondrial membrane permeabilization and the release of apoptotic 

factors, including cytochrome c. V AD, a general caspase inhibitor, did not prevent 

mitochondrial fragmentation or cytochrome c release, indicating that these mitochondrial 

changes were not secondary to caspase activation. On the contrary, expression of Bcl-2 

and Bcl-XL inhibited mitochondrial fragmentation, suggesting a regulation of 

mitochondrial morphological dynamics by Bcl-2 family proteins. As shown elsewhere, 

early during cell injury, Drpl, a critical mitochondrial fission protein, translocates to 

mitochondria. Suppression of Drp 1 by dominant negative mutants and siRNA attenuates 

105 
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mitochondrial fragmentation, suggesting that the morphological change may involve a 

pathological fission of the organelles. Notably, suppression of Drpl by a dominant 

negative mutant and siRNA inhibited cytochrome c release from mitochondria, caspase 

activation, and apoptosis. In normal kidneys, the mitochondria in proximal tubular cells 

were filamentous as shown by electron microscopy and 3D reconstruction of serial 

sections. Following renal ischemia, ,..,30% of tubular cells fragmented their mitochondria. 

This study has demonstrated compelling evidence for the involvement of mitochondrial 

fragmentation, a seemingly morphological change, in mitochondrial damage and tubular 

cell injury. 

INTRODUCTION 

Recent studies have demonstrated the importance of mitochondria and the health 

of this organelle to kidney injury 2
•
12

•
57

•
59

•
63

•
85

•
90

•
102

•
127

•
191

-
193

• Mitochondrial damage is 

involved in both necrosis and apoptosis during acute kidney injury 57
•
59

•
122

• Importantly, 

preventing mitochondrial damage or accelerating the repair of mitochondria inhibits renal 

cell injury and death 2
•
12

•
62

•
90

•
125

-
127

•
194

•
195

• Our laboratory has demonstrated that 

mitochondrial damage is central to apoptosis in ischemic and nephrotoxin-induced ARF. 

Using both in vitro and in vivo animal models, we have demonstrated that renal tubular 

cell apoptosis involves Bax/Bak activation, subsequent mitochondrial membrane 

permeabilization, and release of apoptogenic factors such as cyt.c 63
•
90

•
102

•
125

-
127

• Cyt.c 

then activates caspases, leading to the development of apoptotic morphology 102
•
125

•
126

• 
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These results have been confirmed and extended using related in vitro and in vivo models 

including ischemia-reperfused human cadaveric kidney allografts 92
•
93

• 

Mitochondria are dynamic organelles, which maintain their shape or morphology 

through constant fission and fusion reactions 28
•
33

•
37

•
172

•
196

• Mitochondrial fission involves 

the constriction and cleavage of mitochondria through the action of the mitochondrial 

fission proteins such as Drp 1 and Fis 1. Mitochondrial fusion, on the other hand, is the 

lengthening of mitochondria by tethering and joining together two adjacent mitochondria 

28
•
33

•
37

•
172

•
196

• Mitofusin 1 and 2 are mainly responsible for outer membrane fusion while 

Opal is thought to be responsible for inner membrane fusion 28
•
37

,4
3

•
173

•
196

• Under 

physiological conditions, mitochondria are long and filamentous, and mitochondrial 

fusion prevails. However, when the cell is exposed to stress the mitochondrial dynamics 

is shifted to fission, leading to mitochondrial fragmentation. In a landmark study, Frank 

et al. demonstrated mitochondrial fragmentation during apoptosis 29
• Notably, inhibition 

of mitochondrial fission prevented the mitochondrial leakage and apoptosis. These 

findings have been confirmed and extended by other studies during the last few years 

17,28,36,37,48,49,51,53,55,144-146,161 ,165,173,175,176,178 

However, thus far, most studies of mitochondrial fragmentation in apoptosis have 

been carried out in cancer cells or model systems, such as C. elegans, drosophila, etc. 

17,28,36,37,48,49,51,53,55,144-146,161,165,173,175,176,178. The role of mitochondrial fission in organ 

systems and disease states is largely unknown. Nevertheless, in the nervous system it has 

been shown that loss of either mitochondrial fission or fusion leads to neurodegeneration 

and various neurologic 31
•
42

•
46

•
170

•
181

•
197

-
199

. In experimental models of stroke or brain 
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ischemia, mitochondrial fission has been shown to be required for apoptosis in some 

neurons 149
• The importance of the regulation of mitochondrial dynamics to kidney cell 

apoptosis is unknown. In the current study, we analyzed the pathological role of 

mitochondrial fragmentation in renal tubular cell apoptosis. We show, using cultured 

renal tubular cells, that mitochondrial fragmentation occured during renal tubular cell 

apoptosis. . Fragmentation of the mitochondria is an early event, preceding cyt.c release, 

caspase activation, and apoptosis. The pathological mitochondrial fragmentation 

involved the mitochondrial fission machinery, including Drpl. Inhibition of Drpl 

prevents mitochondrial fragmentation, cyt.c release, and apoptosis. Notably, we 

demonstrate mitochondrial fragmentation in proximal tubular cells following renal 

ischemia in C57BL/6 mice. These data indicate that mitochondrial fragmentation is a 

critical pathogenic step leading to apoptosis during acute kidney injury. 

MATERIALS AND METHODS 

Cell lines and reagents: Rat kidney proximal tubular cells (RPTC) were originally 

provided by Ulrich Hopfer (Case Western Reserve University, Cleveland, OH). RPTC 

cells stably overexpressing Bcl-2 were generated as previously described 89
•
126

• RPTC cell 

lines stably with Drp 1 knockdown were generated, by siRNA transfection followed by 

hygromycin selection. Briefly, RPTC cells were co-transfected with Drpl siRNA and a 

hygromycin resistance vector. Twenty-four hours post transfection, the cells were treated 

with 400 J.Lg/mL hygromycin (Sigma, St. Louis, MO). Hygromycin treatment was 

continued until the original monolayer of cells was reduced to individual cells. The 
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hygromycin concentration was then reduced to 200 J.Lg/mL, to allow the individual cells 

to proliferate into colonies. Individual colonies were extracted and cultured, then tested 

for Drp 1 expression by western blot. Colonies that exhibited the lowest Drp 1 expression 

(labeled R3 and R24) were kept for further study. All RPTC cells were maintained in 

Ham's F-12/DMEM supplemented with 10% FBS, 5 J.Lg/ml transferrin, 5 J.tg/ml insulin, 1 

ng/ml EGF, 4 J.tg/ml dexamethasone, 1% antibiotics. All other reagents were purchased 

from Sigma unless otherwise noted (St. Louis, MO). 

Primary kidney tubular epithelial cells: Wild-type C57BL/6 mice were originally 

plirchased from Jackson Laboratories (Bar Harbor, ME) and maintained in the animal 

facility of Veterans Affairs Medical Center at Augusta, GA. Kidney tubular epithelial 

cells were isolated from age- and sex -matched (8-12 weeks, male) mice, using a protocol 

modified from Nowak et al 200
• Briefly, kidneys were harvested and dissected to isolate 

the cortical tissue. The cortex was then minced at 4 °C and digested for 15 minutes with 

0.75 mg:ml collagenase. Ice-cold 10% horse serum was added to stop the digestion, and 

the cells were collected by centrifugation. Following centrifugation, the cells were 

washed with ice-cold Hank's solution and serum-free DMEM/F-12 medium. The cell 

mixture was subjected to centrifugation at 2000g in 32% Percoll for 10 minutes at 4 oc to 

further purify the proximal tubular cells. The resultant cell pellet was collected and 

washed twice with ice-cold serum-free DMEM/F-12 medium. The purified proximal 

tubular cells were then plated in collagen-coated dishes and maintained in DMEM/F-12 
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medium supplemented with 5 Jlg/ml transferrin, 5 Jlg/ml insulin, 0.05 JlM 

hydrocortisone, 50 J!M vitamin c. 

Antibodies and Plasmids: Monoclonal anti-cyt.c (7H8.2C12 and 6H2.B4), anti-active 

caspase 3 and anti-Drp1 were from BD Pharmingen (San Diego, CA); rabbit polyclonal 

anti-Fis1 was from Alexis (San Diego, CA); all secondary antibodies were from Jackson 

ImmunoResearch (West Grove, P A). Plasmids containing Drp 1 and dominant negative 

Drp 1 were obtained from Dr. Alexander van der Bliek (UCLA School of Medicine, Los 

Angeles, CA), and ppactBcl-2 was from Dr. Junyin Yuan (Harvard Medical School, 

Boston, MA). The sequences of Drp 1 and dominant negative Drp 1 were subcloned into 

pcDNA3.1 {Invitrogen) for this study. Drp1 siRNA was a gift from Dr. Ansgar Santel 

(Berlin, Germany). The expression vector encoding red fluorescent protein with a 

mitochondrial targeting sequence, pDsRed2-mito (MitoRed), was from BD Clontech 

(Palo Alto, CA). 

Transfection: RPTC cells were plated at ...... 50% confluence and transfected with 1.0 Jlg 

plasmid DNA using Lipofectamine Plus reagent (Invitrogen). Primary cultures of 

isolated kidney tubular epithelial cells were plated at ......, 70% confluence for transfection 

with 1.0 Jlg plasmid DNA using Lipofectamine 2000 according to the manufacturer's 

instructions (Invitrogen). To visualize mitochondria, cells were transfected with 0.1 Jlg 

pDsRed2-Mito (BD Clontech) to express the red fluorescent MitoRed protein in 

mitochondria to label the organelles. 
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Apoptotic treatment. For azide treatment, cells were treated with 10 mM azide in 

glucose-free Krebs Ringer bicarbonate solution for 3 hours or time as indicated. After 

the incubation, cells were fractionated for analysis of cytochrome c release, fixed for 

immunostaining and microscopic examination, or returned to glucose-containing culture 

medium for 2 hours to observe apoptosis. For cisplatin treatment, primary mouse kidney 

epithelial cells were incubated with 50 J.lM cisplatin for 20 hours. RPTC and Drp 1 

siRNA transfected cells were incubated with 20 J.lM cisplatin in cell culture medium for 

4-16 hours. After treatment, cells were fixed, immunostained and examined by 

fluorescence and confocal microscopy. 

Mitochondrial and cell morphology: In some experiments, cell morphology and cyt.c 

release following immunofluorescence staining were also evaluated in MitoRed

transfected cells. MitoRed contains the mitochondrial targeting sequence from 

cytochrome c oxidase subunit VIII and localizes to the mitochondria. In this study, 

MitoRed was used to visualize the mitochondria and analyze mitochondrial morphology. 

Cells expressing MitoRed were identified by fluorescence microscopy, and the 

morphology of individual cells' mitochondria was evaluated. Mitochondria of untreated 

cells were filamentous and showed a threadlike tubular structure, while fragmented 

mitochondria were shortened, punctate and sometimes rounded. Consistent with earlier 

studies 29
•
51

•
146

, the mitochondria within a cell were often either filamentous or 

fragmented. While uncommon, there were instances of mixed mitochondrial 
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morphology, i.e., both filamentous and fragmented mitochondria in the same cell; in 

these cases we classified the cells based on the majority (>70%) of mitochondria. 

Cytochrome c release and apoptotic morphology were often evaluated in the same cells 

as assessed for mitochondrial morphology. Cyt.c release was indicated by the loss of 

mitochondrial cyt.c staining and the appearance of cyt.c in the cytosol. Typical apoptotic 

morphology was indicated by cellular condensation, formation of apoptotic bodies, and 

condensation and fragmentation of the nucleus. For each sample, several random fields 

of cells (~100 cells per dish) were evaluated for mitochondrial morphology, apoptosis, 

and cyt.c release. 

Immunofluorescence. For immunofluorescence experiments cells were grown on 

collagen-coated glass cover slips and treated as described above. Cells were then fixed 

with a modified Zamboni's fixative containing 4% paraformaldehyde and picric acid, 

then permeabilized with 0.1% SDS. The cells were blocked with 5% normal goat serum 

and 2% BSA. After blocking, the cells were incubated with primary antibodies 

(monoclonal mouse anti-cyt.c, anti-Drp1, anti-fis1 or anti-active caspase 3) and 

secondary antibodies (Cy-3-labeled or Fitc-labeled goat anti-mouse IgG). TUNEL 

staining was performed using In Situ cell death detection kit, TMR red according to the 

manufacturer's instructions (Roche Indianapolis, IN). Briefly, cells were grown on 

collagen-coated glass cover slips for experiment, then fixed with 4% paraformaldehyde 

and permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate. The cells were then 

incubated with the TUNEL reaction mixture for one hour at 3 7°C. Immunofluorescence 
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and TUNEL staining were examined by fluorescence and confocal microscopy, using a 

LSM 510 Zeiss microscope. 

Cellular fractionation. To analyze the subcellular distribution of cyt.c, cells were 

incubated with 0.05% digitonin in an isotonic sucrose buffer at room temperature, as 

described previously 72
'
125

• At this concentration, digitonin selectively permeabilizes the 

plasma membrane but not the mitochondrial membrane. The digitonin lysate was 

collected as the cytosolic fraction. Cytochrome c release into the cytosol was then 

detected by western blot. 

Mitochondrial isolation. Mitochondria were isolated as described previously 201
• 

Briefly, cells were collected in ice-cold buffer A (in mM: 250 sucrose, lOHEPES-NaOH, 

10 KCl, 1.5 MgCh, 1 EDTA, 1 EGTA, and 0.5 phenylmethylsulfonyl fluoride [pH 7 .2]) 

by gentle scraping and kept at 4 °C for the remainder of the experiment. The cells were 

then homogenized with a Wheaton homogenizer. The homogenate was centrifuged at 

1 OOOxg to remove debris and nuclei; the supernatant was then centrifuged at 1 O,OOOxg to 

yield the mitochondrial fraction. The fraction containing the mitochondria was dissolved 

in an SDS buffer for immunoblotting. 

lmmunoblot analysis. Immunoblotting was performed using the NuP AGE Gel Systems 

(Invitrogen). Briefly, 25J!g protein from each sample was resolved by SDS-PAGE 

electrophoresis under reducing condition. Proteins were then transferred to PVDF 
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membranes and blocked using 5% milk. The membranes were then incubated with 

primary antibody overnight at 4 °C, and with horseradish-peroxidase-conjugated 

secondary antibodies for one hour at room temperature. The antigen-specific signal was 

then detected through incubation with enhanced chemoluminescence substrate (Pierce, 

Rockford, IL ). 

Ischemia-reperfusion in C57 mice. C57BL/6 mice were purchased from Jackson 

Laboratory (Bar Harbor, ME). Animals were kept under a 12: 12-h light-dark cycle with 

free access to food and water. The animals were maintained in the animal facility of the 

Veterans Affairs Medical Center at Augusta, GA. All animal protocols were approved by 

the Institutional Animal Care and Use Committees at the Augusta VA Medical Center. 

Male littermates of 8-10 weeks were used. Renal ischemia was induced as described 

previously 102
• Briefly, animals were anesthetized by one intraperitoneal injection of 

50mg/kg pertobarbital sodium. The animals were kept on a homeothermic table. Flank 

incisions were made to expose the renal pedicles. Microclamps were used to bilaterally 

clamp the renal pedicles. The pedicles were clamped for 30 minutes and released for 15 

minutes reperfusion. Control animals were subjected to sham operation without 

clamping. 

Electron microscopy. Following ischemia/reperfusion or sham operation, the whole 

animal was then perfused with 1 Oml 10 units/ml heparin followed by 50mL of a fixative 

consisting of 100mM sodium cacodylate, 2 mM CaC12, 4mMMgS04, 4% 
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paraformaldehyde, and 2.5% glutaraldehyde. Kidneys were then harvested and cut into 

1 mm cubes for standard procedure of EM 202
• 

3D reconstruction from EM micrographs: EM micrographs were collected from 100 

serial sections and individual mitochondria were outlined in randomly selected tubular 

cells on each section. 3D reconstruction of mitochondria was performed using 3D 

reconstruction software Reconstruct version 1.0.8.5 ( written by JC Fiala 

http://synapses.clm.utexas.edu) 

RESULTS 

Mitochondrial fragmentation occurs in response to stress in renal tubular cells. Renal 

ischemia and cisplatin nephrotoxicity induce tubular cell apoptosis involving 

mitochondrial damage and release of apoptogenic factors 2
•
12

•
57

•
59

•
203

• While the exact 

mechanism of mitochondrial permeabilization remains unclear, recent studies have 

suggesk-d mitochondrial morphological dynamics can regulate apoptosis 49
•
182

•
183

•
198

• 

Here we examined mitochondrial morphological changes in renal tubular cell apoptosis. 

As shown in figure 5.1 A, untreated rat proximal tubular cell (RPTC) mitochondria were 

filamentous, with a tubular or threadlike appearance, and they were often interconnected 

to form a mitochondrial network. In response to cellular stress (i.e. azide-induced ATP 

depletion) the mitochondrial network broke down, and the mitochondria became 

fragmented into shorter, punctate organelles (figure 5.1A). Fragmentation in response to 

azide treatment increased in a time-dependent manner, indicating that mitochondrial 
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Figure 5.1. Mitochondrial fragmentation occurs in response to ATP depletion and 
cisplatin treatment RPTC cells. RPTC cells were transfected with MitoRed lo 
fluorescently label mitochondria, then incubated with 1 OmM azide in glucose-free 
medium or 20pM cisplatinfor indicated time. A. Representative images of mitochondrial 
morphology. Left panel: an untreated control RPTC cell showing long filamentous 
mitochondria with a thread like appearance. Right panel: an azide treated cell showing 
shortened punctate mitochondria. Band C. Time course of mitochondrial .fragmentation. 
RPTC cells were incubated with azide or cisplatinfor indicated lime. The percentage of 
cells showing mitochondrial .fragmentation was determined by cell counting ?.100 cells 
were counted in 3 independent experiments. Data are presented as means +/- SD, n=3. 
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fragmentation increased concurrently with cell injury (Figure 5.1B). Cisplatin also 

induced mitochondrial fragmentation in a time-dependent manner (Figure 5.1C). 

Importantly, cisplatin-induced fragmentation clearly preceded apoptosis; fragmentation 

was observed at 4 hours, while apoptosis was not observed until12 hours (Figure 5.1C). 

The fragmentation of mitochondria within a cell was generally complete; i.e., the 

mitochondria of a single cell were either filamentous or fragmented and only rarely were 

both observed. These data demonstrate that mitochondria undergo a significant 

morphological change from a filamentous network to punctate fragments during tubular 

cell injury. 

Mitochondria/fragmentation is not a result of caspase activation. While mitochondrial 

fragmentation seems to be related to mitochondrial injury and apoptosis, it is not clear if 

the morphological changes occur before or after mitochondrial permeabilization and 

caspase activation. In order to determine if fragmentation was caspase dependent, we 

treated cells with azide in the presence of the pan-caspase inhibitor ZV AD. Compared to 

cells treated with azide alone, cells treated with azide + 100 J.LM ZV AD showed no 

significant decrease in mitochondrial fragmentation or cyt.c release (Figure 5.2A and C). 

Similar results were observed with cisplatin-treated cells (Figure 5.2B). These results 

indicate that mitochondrial fragmentation is not secondary to caspase activation. 
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Figure 5.2. Inhibition of mitochondrial fragmentation and membrane permeabilization 
by Bcl-2 and not by the general caspase inhibitor VAD. Wild-type and Bcl-2-expressing 
RPTC cells were transfected with Mito-Red to label mitochondria. The cells were then 
treated with azide (1 OmM, 3h) or cisplatin (20pM, 16h) in the absence or presence of 
1 OOmM V AD. Mitochondrial morphology in individual cells was evaluated by confocal 
microscopy to determine the percentage of cells with mitochondria fragmentation. A and 
B. Mitochondrial fragmentation. C. cytochrome c (cyt.c) release. Cells were 
fractionated to analyze Cyt. c that was released into cytosol. The results show that Bcl-2 
(but not caspase inhibitors) can suppress mitochondrial fragmentation and membrane 
permeabilization. Data are mean +I- SD, n?:.3. *significantly different from untreated 
control, #significantly different from vector, treated MitoRed only transfection, p<O. 05. 
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Bcl-2 inhibits mitochondrial fragmentation. Bcl-2 family proteins are known as key 

regulators of mitochondrial injury during apoptosis. Bcl-2 proteins can be divided into 

two broad groups: pro-apoptotic Bcl-2 family proteins, which promote apoptosis through 

permeabilization of the mitochondria (such as Bax and Bak), and anti-apoptotic bcl-2 

proteins, which inhibit apoptosis by antagonizing Bax and Bak (Bcl-2 and Bcl-xL) 27
• 

Recent studies from our laboratory demonstrated Bcl-2 family proteins could regulate 

mitochondrial morphology (Chapters 3 and 4). Therefore, we tested whether Bcl-2 

regulated mitochondrial morphology in renal tubular cell apoptosis. Indeed, RPTC cells 

stably overexpressing Bcl-2 showed significantly less fragmentation and cyt.c release 

following azide treatment, compared to empty vector transfection. Fifty-four percent 

(54%) ofRPTC cells displayed mitochondrial fragmentation during azide treatment while 

only 12% of Bcl-2 overexpressing cells had fragmented mitochondria (Figure 5.3A). 

Bcl-2 also inhibited mitochondrial fragmentation in response to cisplatin injury to a 

similar extent (Figure 5.3B). This results indicates that Bcl-2 can inhibit mitochondrial 

fragmentation induced by apoptotic stimuli and that Bcl-2 likely plays an important role 

in regulating mitochondrial structure as well as integrity during cell stress. 

Mitochondrial fission protein Drpl is activated and translocates to mitochondria in 

response to azide treatment. Mitochondria are dynamic organelles which constantly 

undergo fission/fusion in order to maintain homeostasis. Proteins involved in 

mitochondrial fission, such as Drp 1, have been shown to play a role in mitochondrial 

fission and fragmentation during apoptosis. Several models have suggested that Drp 1 is 
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Figure 5.3. Activation of Drp-1, a key mitochondrial fission protein, during azide 
incubation. RPTC cells were subjected to 0-3h of 1 OmM azide treatment. A. The cells 
were then fractionated into mitochondrial and cytosolic fractions for immunoblot 
analysis of Drp-1. B. Co-localization of Drp-1 and Fis-1 in mitochondria in azide
treated cells shown by double immunofluorescence staining. (Fis-1 is a mitochondrial 
membrane protein involved in mitochondrial fission). The results suggest the activation 
of Drp-1 and mitochondria/fission-fusion machineries upon apoptosis induction in renal 
tubular cells. 
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necessary for apoptosis-associated fragmentation 33
•
40

•
49

•
159

• Drpl is primarily located in 

the cytosol, but when activated it translocates · to the mitochondria to induce 

mitochondrial fission 33
•
40

•
159

• Therefore, to determine whether Drp1 is involved in 

mitochondrial fragmentation in the renal tubular cells, we first tested whether Drp 1 

translocates to mitochondria following azide treatment. RPTC cells were treated with 

azide for 0, 1, 2, or 3 hours, and mitochondria were isolated at each time point. Drp 1 

levels were then analyzed by immunoblot. As shown in Fig. 5 .3A, Drp 1 translocation to 

mitochondria began at 1 hour of azide treatment and increased thereafter (Figure 5.3A). 

lmmunostaining of azide-treated cells also revealed that Drp 1 translocated to the 

mitochondria and co-localized with Fisl, an integral outer membrane protein also 

involved in mitochondrial fission (Figure 5.3B) 6
•
28

•
51

•
146

•
204

• As described elsewhere, 

Drp 1 localizes to specific areas along the mitochondrial membrane; it is thought these are 

sites in which fission is occurring or about to occur 29
•
33

•
51

'
159

• Our data indicate Drp1 is 

activated and translocates to the mitochondria in response to tubular cell stress. 

Dominant negative Drpl inhibits mitochondria/fragmentation. To determine if Drp1 is 

involved in mitochondrial fragmentation during tubular cell apoptosis, we transfected 

RPTC with dominant negative (DN) Drp 1 and then treated the cells with azide or 

cisplatin. Compared to empty vector, DN Drp 1 significantly inhibited mitochondrial 

fragmentation in transfected cells. DN Drp 1 reduced the percentage of cells with 

fragmented mitochondria from 64% to 28% during 3 hours of azide treatment (Figure 

5.4A). Similar results were observed in cisplatin-treated cells (Figure 5.4B). 
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Figure 5.4. Dominant negative Drp-1 blocks mitochondrial fragmentation in RPTC 
cells. RPTC cells were transfected with dominant negative (DN) Drp1 or empty vector. 
MitoRed was co-transfected to label mitochondria. The cells were then incubated with 
1 OmM azide for 3 hours or 20JJM cisplatin for 16 hours. A and B. DN-Drp 1 suppressed 
mitochondrial fragmentation in both azide and cisplatin treated cells. C. Representative 
cell images. In untreated control cells, the mitochondria were filamentous(Lefi Panel). 
After azide treatment, mitochondrial morphology changed to a punctate appearance 
(middle panel). Notably, cells transfected with DN-Drpl retained their filamentous 
mitochondria (right panel). Data are mean +/- SD. * significantly different from 
untreated control, #significantly different from vector transfeclion, treated MitoRed only 
lransfection, n?:.3, p < 0. 05. 
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Representative images are shown in Figure 5.4C. Untreated cells had typical filamentous 

mitochondria; after azide treatment, the mitochondria became fragmented and punctate, 

but the cells transfected with DN Drp 1 retained their filamentous mitochondria. These 

data support a role for Drp 1 mediated fission in mitochondrial fragmentation during 

tubular cell apoptosis. 

Blocking mitochondria/fragmentation inhibits cyt.c release. Next, we examined whether 

blocking mitochondrial fragmentation with DN Drp 1 would inhibit cyt.c release. RPTC 

cells were co-transfected with MitoRed and DN Drp1, or empty vector, and cytochrome c 

release was examined by immunostaining. As shown in Figure 5.5A, in control cells, 

cyt.c was sequestered in the mitochondria and overlaped with the MitoRed signal. After 

azide treatment, the mitochondria became fragmented, and cyt.c was released from the 

mitochondria and distributed throughout the cytosol. However, cells transfected with DN 

Drp 1 retained both their filamentous mitochondria and cyt.c in the mitochondria. DN 

Drp 1 significantly inhibited cyt.c release, reducing the percentage of cells showing cyt.c 

release from 61% to 26% (Figure 5.5B). These data suggest that mitochondrial 

fragmentation contributes to mitochondrial damage and cyt.c release during tubular cell 

apoptosis. 

Blocking mitochondrial fragmentation inhibits apoptosis. Once released, cyt.c activates 

caspases, a group of serine proteases involved in apoptosis. To determine whether 

blocking mitochondrial fragmentation inhibits apoptosis, we examined cells for active 



Figure 5.5. Blocking mitochondria/fragmentation by DN-Drp-1 prevents cytochrome c 
release during azide treatment. RPTC cells were co-transfected with MitoRed and empty 
vector or DN-Drpl, then incubated with JOmM azide for 3 hours. Cells were then fixed 
for immunofluorescence of cytochrome c. A. Representative images. Untreated (control) 
cells confirmed filamentous mitochondria, with cytochrome c staining in the 
mitochondria. Following azide treatment the mitochondria became fragmented and the 
cyt.c was released into the cytosol. Cells transfected with DN-Drpl retained their 
filamentous mitochondria and cyt.c staining remained within the mitochondria. B. DN
Drpl significantly inhibits cyt.c release. Following azide treatment, 61% of the control 
cells showed cytochrome c release, while only 25% of the cells transfected with DN-Drpl 
released cyt.c. Data are mean +/- SD, n?:-.3. * significantly different from untreated 
control, #significantly different from treated MitoRed only transfection, p<O. 05. 
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caspase 3, nuclear fragmentation (TUNEL positive) and apoptotic morphology. Cells 

were co-transfected with GFP and DN Drp1 or with vector, and then subjected to 3 hours 

of azide treatment. Following azide treatment, cells were incubated in normal medium for 

2 hours to analyze caspase activity and apoptosis. During azide treatment, DN Drp 1 

reduced the number of cells with apoptotic morphology from 75% to 35%, following 

azide treatment (Figure 5.6A and E). Consistantly, DN Drp1 reduced the percentage of 

cells with active caspase-3 and TUNEL-positive staining (Figure 5.6C and D). DN-Drp1 

also reduced cisplatin-induced apoptosis from 55% to 32% (Figure 5.6B). These data 

support a role for Drp 1 mediated mitochondrial fragmentation during tubular cell 

apoptosis. 

Drp 1 knockdown by siRNA also inhibits mitochondrial fragmentation, cyt. c release and 

apoptosis. We further confirmed the results of the DN-Drp 1 study by using an RNA 

interfering approach. We stably transfected RPTC cells with short hairpin siRNA 

(shRNA) of Drpl. Several colonies were chosen by hygromycin selection. The colonies 

that showed the lowest expression of Drp1 (R3 and R24) were selected (Figure 5.7G). 

As expected, R3 and R24 displayed significantly lower mitochondrial fragmentation in 

response to azide treatment, compared to wt RPTC (Figure 5.7A). Moreover, R3 and 

R24 also demonstrated less apoptosis and cyt.c release (Figure 5. 7B, E). Knockdown of 

Drp 1 also significantly inhibited mitochondrial fragmentation, cyt.c release, and 

apoptosis in cells treated with cisplatin (Figure 5.7C, D, F). These results further support 

a role for mitochondrial fragmentation in tubular cell apoptosis. 
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Figure 5.6. Blocking mitochondrial fragmentation with DN Drp-1 inhibits apoptosis. 
RPTC cells were co-transfected with GFP and empty vector or DN-Drpl, then incubated 
with 10 mM Azide for 3h followed by 2 hours recovery or 20f.,lM cisplatin for 16 hours. 
Apoptosis was assessed by cellular and nuclear morphology. A and B. Percent apoptosis 
from azide and cisplatin treated cells. C and D. Percent active caspase-3 and TUNEL 
positive cells following azide treatment. E. Representative cell images from control and 
azide treated cells. Data are mean +/- SD. * significantly different from untreated 
control, # significantly different from treated MitoRed only transfection, n~3, p <O. 05. 



c. Azide 

* 

Cisplatin 

E. 
Cyt.c --+ 

RPTC R3 R24 
Ctrl Azide 

G. 
Drp-1----. 

RPTC R3 R24 

B. 
100 

.!!! 75 
en 

t 0 50 

~ 
';!!. 25 

D. 
100 

·~ 75 

.s g. 50 
a. 
<( 
?ft. 25 

F. 

Control 

Cyt.c_. 

H. 
8-Actin----. 

127 

* 

Azide 

* 

Cisplatin 

Cisplatin 

RPTC R3 R24 

Figure 5. 7. shRNA knockdown of Drpl in RPTC cells inhibits mitochondrial 
fragmentation, cyt.c release and apoptosis following azide and cisplatin treatments. 
RPTC cells were transfected with Drp1 short hairpin siRNA to select stable cell lines. 
Two selected clones showing Drp1 knockdown (R3 and R24) were chosen for the 
experiments. The cells were incubated with 1 OmM azide for 3 hours followed by 2 hours 
recovery or 20f.lM cisplatin for 16 hours. A and B: R3 and R24 cells treated with azide 
demonstrated significantly less mitochondrial fragmentation and apoptosis than parental 
RPTC. C and D: R3 and R24 cells treated with cisplatin demonstrated significantly less 
mitochondrial fragmentation and apoptosis than parental RPTC. E and F. Treated cells 
were fractionated into cytosolic and mitochondrial portions for immunoblot analysis of 
cytochrome c. R3 and R24 cells showed less cyt.c release compared to parental RPTC 
cells. G and H. Drp1 and fl-actin immunoblot demonstrating the knockdown of Drp1 in 
R3 and R24 compared to RPTC. Data are mean +I- SD. * significantly different from 
untreated control, # significantly different from treated MitoRed only transfection, n~3, 
p<0.05. 
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DN Drpl inhibits mitochondrial fragmentation and apoptosis in primary cultured 

proximal tubular cells. To further substantiate the role of mitochondrial fragmentation in 

renal injury, we examined mitochondrial fragmentation during cisplatin treatment of 

primary proximal tubular cells. Primary cultures of proximal tubular cells had highly 

filamentous mitochondria under control conditions (Figure 5.8A left panel). Upon 

cisplatin treatment, however, the mitochondria became fragmented and punctate (Figure 

5.8A middle panel). This fragmentation was significantly inhibited by DN Drpl. DN 

Drp1 reduced fragmentation from 55% to 31% (Figure 5.8B, A right panel). Blocking 

mitochondrial fragmentation significantly inhibited apoptosis in the primary proximal 

tubular cells (Figure 5.8C). These data demonstrate mitochondrial fragmentation and its 

role in apoptosis in primary cultured proximal tubular cell. 

Mitochondrial fragmentation occurs in vivo following renal ischemia. To determine 

whether mitochondrial fragmentation occurred in vivo, we examined a mouse model of 

renal ischemia. Ischemia was induced by bilateral renal clamping for 30 minutes 

followed by 15 minutes of reperfusion, and kidneys were collected for EM microscopy. 

EM micrographs of proximal tubular cells were evaluated for mitochondrial 

fragmentation. Tubular cells from sham control animals displayed long filamentous 

mitochondria. Following ischemia, however, mitochondria in some proximal tubular 

cells fragmented into small, punctate organelles (Fig 5.9). A given cell was labeled as 

fragmented if >99% of the mitochondria within that cell were <2 /liD in length. By this 

. criterion, ischemia induced fragmentation 
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Figure 5.8. Mitochondrial Fragmentation also occurs in primary cultures of proximal 
tubular cells: inhibition by DN-Drp-1. Proximal tubular cells were isolated from renal 
cortex of male C57BL/6 mice for primary culture. The primary cells were then co
transfected with MitoRed and empty vector or DN Drpl , followed by 2-1 hours of 50pM 
cisplatin treatment. Mitochondrial morphology was evaluated by fluorescence 
microscopy. Apoptosis was estimated by cell and nuclear morphology. A. 
Representative images of cells. B. Cisplatin induced mitochondria/ fragmentation in 55% 
of cells, which was suppressed by DN-Drpl to 30%. C. DN-Drp-1 suppressed apoptosis 
during cisplatin treatment. Data are mean +/- SD. * significantly different from 
untreated control, # significantly different from treated MitoRed only transfection, n?::.3, 
p<0.05. 
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in ,...,.30% of proximal tubular cells, while no cells in sham control kidneys showed 

mitochondrial fragmented (Fig. 5.9). 

Confirmation of mitochondri.al fragmentation by 3D EM To confirm mitochondrial 

fragmentation in ischemically injured tubular cells, we performed 3D reconstruction of 

mitochondria from 100 serial section EM micrographs. The reconstruction revealed that 

mitochondria in the proximal tubular cells of sham-operated animals were indeed long 

and filamentous. However, mitochondria in a population of tubular cells of the ischemic 

treated kidneys were completely fragmented (Fig. 5.10). These data indicate 

thatmitochondrial fragmentation does occur in vivo during ischemic acute kidney injury. 

Discussion 

Apoptosis in proximal tubular cells has been observed in vitro and in animal models as 

well as human biopsies from patients with ARF 2
•
12

•
76

•
93

•
125

• Mitochondrial injury and 

permeability are central to tubular cell apoptosis under the pathological conditions of 

ARF 2
•
12

•
76

•
93

•
125

• Proximal tubular cell apoptosis follows the intrinsic or mitochondrial 

pathway of apoptosis, involving Bax/Bak activation, mitochondrial permeabilization, 

1 . . d d 1 f . h 1 2 12 102 125 cyt.c re ease, caspase activation, an eve opment o apoptottc morp o ogy ' ' ' . 

Despite these fmdings, it is unclear how mitochondria are injured or permeabilized in 

release apoptotic factors. Recent studies have suggested that mitochondrial 

fragmentation is an important in 
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Figure 5.9. 2D-EM analysis of mitochondrial fragmentation in kidney tissues. 
C57BU6 mice (male, -8 weeks) were subjected to 30min bilateral renal arlery clamping 
followed by I h repe1jusion (Ischemia), or control sham-operation (Conlrol). Kidneys 
were fixed in situ with -1% glutaraldehyde via vascular perfusion and processed for 
electron microscopy. A. EM micrographs of a con!rol and an ischemically injured 
proximal tubular cell. Scale bar 1 pm. *, long (> 2pm) mitochondria. B. Mitochondrial 
fragmentation in ischemic tissues. Mitochondrial length was measured in individual 
tubular cells in renal cortex. The percentage of tubular cells that showed less than 1% 
long (> 2pm) filamentous mitochondria was determined to indicate mitochondrial 
fragmental ion. 
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Figure 5.10. Reconstruction of 3D image of mitochondria in control and 
isclzemica/ly injured tubular cells. Control (A, B) and ischemically (C, D) injured 
cortical tissues were fixed and processed to collect 100 serial sections at 45nm. EM 
images of the sections were aligned for 3D reconstruction using the '·Recontruct" 
software. A, C: 2D-EM images. B, D: Reconstructed 3D-EM images. The numbered 
mitochondria in A & B, C & D correspond. 
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mitochondrial InJury and apoptosis. The current study provides evidence for 

mitochondrial fragmentation during renal tubular cell apoptosis. Importantly, this 

morphological change contributes to mitochondrial damage, cyt.c release, and apoptosis. 

Mitochondrial dynamics, governed by fission and fusion, are normal 

physiological processes which are important for cell division and the maintenance of 

healthy mitocho~dria. Under conditions of cell stress, however, mitochondrial fusion is 

inhibited, and mitochondrial fission becomes activated, leading to mitochondrial 

fragmentation 28
•
51

•
144

-
146

• Frank et al. first suggested that mitochondrial fragmentation is 

an important early event leading to apoptosis. This increased fission disrupts the 

mitochondrial network and breaks down the mitochondria from long, tubular structures 

into small, punctate fragments 29
• Once fragmented, mitochondria appear to be more 

susceptible to Bax/Bak permeabilization and cyt.c release 53
. We observed the 

occurrence of mitochondrial fragmentation during renal tubular cell apoptosis in response 

to ATP depletion or cisplatin toxicity. Furthermore, we showed that the fragmentation of 

the mitochondria was a at least in part due to the activation of mitochondrial fission, since 

Drp 1 was found to translocate to mitochondria early in apoptosis and DN Drp 1 as well as 

Drp1 shRNA inhibited mitochondrial fragmentation. Most importantly, blocking 

mitochondrial fragmentation prevented the progression of apoptosis in this model. 

Remarkably, cells expressing DN Drp1 or Drp1 shRNA demonstrated significantly less 

cyt.c release, indicating that mitochondrial fragmentation occurs prior to cyt.c release in 

the apoptotic pathway, and blocking mitochondrial fragmentation prevents the 

progression of apoptosis. These results show that pathological fission, leading to 
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mitochondrial fragmentation, is a necessary step in the apoptotic cascade that aids in the 

release of cyt.c. 

One of the main goals of this study was to better understand mitochondrial 

damage underlying renal tubular cell injury and apoptosis. Injury to mitochondria is 

known to induce both sublethal injury and cell death in renal tubular cells 

2,12,76,81,90, 102,194,195 Indeed, mitochondrial damage leads to energetic defects, Ca 

imbalances, ROS production, and release of apoptogenic factors in these cells 

2
•
76

•
85

•
191

•
193

•
205

• Significantly, mitochondrial fragmentation has been shown to contribute 

to many of these pathological defects. Mitochondrial fragmentation has been shown to 

reduce mitochondrial function and ATP production. Fragmented mitochondria also have 

altered Ca2
+ handling and produced more ROS 28

•
42

•
54

• 
179

•
206

• Also, while mitochondrial 

fragmentation does not directly induce mitochondrial permeabilization, it seems to make 

mitochondria more sensitive to permeabilization, perhaps by promoting Bax/Bak 

activation. Our data have demonstrated that preventing mitochondrial fragmentation 

significantly inhibits mitochondrial permeabilization and improves the survival of 

proximal tubular cells exposed to ATP depletion and cisplatin toxicity. We also show 

that inhibition of mitochondrial fragmentation mainly functions to block cyt.c release and 

apoptosis. Although not directly addressed in these studies, the results support the idea 

that preventing mitochondrial fragmentation can also prevent other mitochondrial defects 

associated with ARF, such as energetic defects, altered Ca handling, and ROS production 

in this system. These data not only indicate that mitochondrial fragmentation is a key 
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step in the apoptotic pathway of renal proximal tubular cells but also suggest a role for 

mitochondrial fragmentation in mitochondrial injury in general. 

It is unclear what separates physiological mitochondrial fission from pathological 

mitochondrial fragmentation. Physiological mitochondrial fission and fusion are ordered 

processes, which redistribute mitochondria to the areas where they are needed, eliminate 

damaged portions of mitochondria, maintain mitochondrial DNA content, and promote 

the health of the organelle in general 28
•
33

•
34

•
37

•
55

•
144

•
160

•
172

•
175

. However, under pathological 

conditions, such as ischemia, fragmentation of mitochondria can contribute to apoptosis. 

One possibility is that pathological fragmentation is more .complete, resulting in smaller 

and less stable mitochondria. Pathological mitochondrial fragmentation may also be a 

nonspecific form of mitochondrial fission, cleaving mitochondria indiscriminately, 

resulting in aberrant mitochondrial structures and damage to the mitochondria. Another 

possibility is that the involvement of cell death proteins in the regulation of mitochondrial 

dynamics makes fragmentation of the mitochondria damaging to mitochondria and the 

cell. Indeed, mitochondrial fission and fusion proteins have been shown to associate with 

Bax and Bak during apoptosis 40
• Our previous work demonstrated that Bak plays an 

important role in regulating mitochondrial dynamics specifically during apoptosis 

(Chapters 3 and 4). It is possible that Bcl-2 family proteins can "hijack" the 

mitochondrial fission machinery to induce mitochondrial fragmentation, sensitizing the 

organelles to Bax/Bak activation and cyt.c release to occur. Recent evidence has 

suggested that the regulation of mitochondrial fission during cell division differs from 

that occuring under cell stress. Taguchi . et al. have demonstrated that Drp 1 is 
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phosphorylated during cell division, and Crebbs et al. have shown the phosphorylation 

occurs at a different site (Ser 656) during pathological mitochondrial fragmentation 

160,168 Notably, Wasiaki et al. have demonstrated Drpl is sumoylated at the onset of 

apoptosis, and this sumoylation elicits an altered molecular behavior 159
• Normally, Drpl 

constitutively shuttles between mitochondria and the cytosol. Sumoylation of Drp 1 leads 

to the strong attachment and accumulation of Drp 1 to mitochondria, which, is thought to 

induce mitochondrial fragmentation during apoptosis 159
• Therefore, it is likely that the 

signaling pathway leading to pathological mitochondrial fission is substantially different 

from the signaling during cell division. However, the mechanism by which fission 

occurring during signaling differs from that which occurs during pathological fission and 

the consequences of this disparity remain to be resolved. 

By demonstrating the role of mitochondrial fragmentation in renal tubular cell 

apoptosis, this study expands our understanding of the role of mitochondrial dynamics in 

disease states. While regulation of mitochondrial dynamics during apoptosis has been 

studied in several model systems, such as Drosophila, C. elegans, and cancer cells, the 

role of this phenomenon in organ systems and disease states is less understood. In this 

regard, the role of mitochondrial dynamics has been suggested in the nervous system. 

Both mitochondrial fission and fusion are necessary for proper development and 

maintenance of neurons. Mutation to the mitochondrial fusion proteins Mfn2 or Opal 

induces the neurodegenerative disorders Charcot-Marie-Tooth type 2 and dominant optic 

atrophy, respectively 45
,4

6
•
170

•
199

. Also, mitochondrial fission has been shown to be 

important for ischemia-induced neuronal cell death during brain ischemia or stoke 149
•
180

• 
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However, little is known about the regulation of mitochondrial dynamics in other organs 

and disease states. Our study shows that mitochondrial fragmentation occurs in renal 

proximal tubular cells exposed to ATP depletion or cisplatin toxicity. The fragmentation 

occurs early in apoptosis and is regulated by Bcl-2 family proteins. Importantly, 

inhibition of mitochondrial fragmentation blocks mitochondrial injury and apoptosis in 

this model. Also, mitochondrial fragmentation was shown to occur in vivo following 

renal ischemia. These data indicate that mitochondrial fission leading to fragmentation 

plays an important role in renal tubular cell apoptosis and progression to ARF. Inhibition 

of mitochondrial fission is also a novel therapeutic target to combat ARF. 

Notably, mitochondrial injury and the loss of bioenergetics have been shown to 

induce sublethal injury in renal tubular cells following ischemia and exposure to some 

toxins 206
-
208

• Mitochondrial fragmentation has been linked to energetic defects in some 

models 198
•
209

•
210

. It would be interesting to see if inhibiting the fragmentation of the 

mitochondria could prevent the energetic defect that occurs during ischemia and prevent 

sublethal injury as well as cell death. Interestingly, treatments that promote the recovery 

of mitochondria, such as activation of mitochondrial biogenesis, prevent renal failure as 

well as activate mitochondrial fusion proteins 194
•
195

. It is likely that biogenesis promotes 

recovery, at least in part, by repairing the mitochondrial network and restoring normal 

mitochondrial morphology. Therefore, it is likely that blocking mitochondrial 

fragmentation could prevent mitochondrial damage and sublethal injury in the renal 

system. 
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Regulation of mitochondrial morphology by Bcl-2 indicates that mitochondrial 

fragmentation is a key step in the apoptotic cascade. Bcl-2 proteins are known to be the 

master regulators of mitochondrial integrity. Bax and Bak represent the requisite 

gateway to mitochondrial permeabilization 23
• Bax and Bak are necessary and sufficient 

to permeabilize the mitochondria and release their apoptogenic contents 5
•
20

•
21

•
23

• Most of 

the other Bcl-2 proteins function, at least in part, to regulate Bax and Bak to prevent or 

induce mitochondrial permeabilization. Bcl-2 is one of the most important anti-apoptotic 

Bcl-2 family proteins which prevent activation of Bax and Bak 5
•
20

•
21

• Given the 

importance of these proteins in regulating mitochondrial permeability, it is not surprising 

that mitochondrial fragmentation, which contributes to cyt.c release, would be regulated 

by these proteins. 

While mitochondrial fragmentation has been previously suggested during brain 

ischemia (in vivo), studying mitochondrial morphology of most tissues by EM is difficult 

due to the seemingly random arrangement of the mitochondria 149
• The arrangement of 

the mitochondria means that the mitochondria in EM sections of most tissues are seen in 

cross-sections which gives the appearance that the mitochondria are small and round, 

almost punctate 149
• With relatively few mitochondria cut longitudinally, one has to 

analyze many cells to determine whether or not there is mitochondrial fragmentation. In 

this regard, kidney proximal tubular cells make an excellent model for studying 

mitochondrial dynamics in vivo. Many mitochondria in tubular cells line up 

perpendicular to the basement membrane, allowing for a cross-sectional cut and image. 

In these studies, we used a model of renal ischemia to demonstrate that proximal tubular 
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cell mitochondria fragment when exposed to ischemia. Mitochondria from kidney 

proximal tubular cells from sham-operated animals were long andfilamentous. Thirty 

(30) minutes ischemia followed by a brief reperfusion resulted in a complete loss of 

elongated mitochondria (>99% of mitochondria in a given cell had a length of <2!Jm) in 

....,30% of proximal tubule cells. Given that our in vitro data clearly demonstrate 

mitochondrial fragmentation contributes to renal tubular cell apoptosis, the occurrence of 

mitochondrial fragmentation in vivo likely indicates that the morphology of the 

mitochondria can contribute to apoptosis in the animal model as well. It is also worth 

mentioning that the kidneys in this study were taken very shortly after ischemia (15 

minutes); this time point is well before the onset of apoptosis. Therefore, this 

mitochondrial fragmentation may again be early event in apoptosis. These data illustrate 

mitochondrial fragmentation does occur in renal cell in vivo in response to cell stress. 

As mentioned above, in many tissues visualized by EM the mitochondria appear 

small and round due to the sectioning 149
• It is possible the mitochondria in the kidney 

cells sitnply reorganize under stress. To confirm that the change in mitochondrial 

morphology was a result of fission and not merely a redistribution of the mitochondria, 

we used 3D reconstruction of serial EM sections to visualize the overall structure of the 

mitochondria. The 3D reconstruction clearly demonstrated that the mitochondria that 

appeared short and punctate in the sham-operated group were long and filamentous 

mitochondria cut in cross-section. However, 3D reconstruction of the mitochondria from 

ischemia-treated cells revealed that these mitochondria were indeed short and punctate 

and were not an artifact of being viewed in cross-section. These data indicate 
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mitochondrial fragmentation does occur following renal ischemia and likely contributes 

to renal tubular cell apoptosis in this model. 

The fact that mitochondrial fragmentation occurs very early in apoptosis makes it 

a compelling target for therapy. Many therapies and potential therapies in development 

target the downstream components of the apoptotic pathway, including Bax activation, 

caspase activity, ROS production, etc 193
•
201

•
203

•
211

-
213

• While these therapies have proven 

partially effective, at least in animal models, earlier mitochondrial damage can still occur. 

Inhibiting apoptosis prior to mitochondrial damage and permeabilization should be more 

beneficial to the cell. Cells in which mitochondrial function is protected survive and 

recover better following renal ischemia. Therefore, inhibition of mitochondrial 

fragmentation could prevent mitochondrial damage, permeabilization, and apoptosis. 

Taken together, the results of this study have demonstrated a novel role for 

pathological mitochondrial fission in renal tubular cell apoptosis. The mitochondrial 

fission machinery is activated and induces fragmentation during renal tubular cell 

apoptosis. Fragmentation of the mitochondria contributes to cyt.c release and apoptosis 

in these cells. Notably, mitochondrial fragmentation is also observed in vivo following 

renal ischemia. These observations illustrate the importance of the regulation of 

mitochondrial dynamics to renal cell injury and acute kidney injury. 



IV. Discussion 

The focus of my dissertation is the regulation of mitochondria in apoptosis. This 

regulation has been demonstrated to mediate renal tubular cell death induced by ischemia 

and nephrotoxins 2
•
12

•
62

•
102

•
125

•
193

• However, few studies have been done to gain 

mechanistic insights into the regulation. The scarcity of knowledge in this area drove the 

first two parts of my study, the regulation of apoptosis by acidosis and determining the 

factors that influence survival of cells exposed to hypoxia. These studies focused on 

characterizing the alteration of the mitochondrial pathway under acidosis and hypoxia, 

respectively. My results suggest that, under these conditions, the mitochondrial pathway 

is modified to counteract the death stimuli, with caspase activation inhibited in ischemia

induced acidosis and Bcl-XL up-regulated in cells selected by repeated exposure to 

hypoxia. These findings provide insights into the cell response to the pathological 

condition and the molecules and/or steps that could be therapeutic targets. 

The third part of my work was _ initiated by the novel observation that 

mitochondrial fragmentation occurs during apoptosis of renal tubular cells. To elucidate 

the pathological significance of this phenomenon, as well as its potential connection with 

the mitochondrial pathway of apoptosis in renal tubular cells, I investigated whether the 

mitochondrial morphological change contributed to apoptosis and whether it was 

regulated by mitochondrial fission and the Bcl-2 family proteins. My studies showed that, 

the mitochondria are fragmented as a result of pathological fission and that mitochondrial 

fragmentation contributes to cyt.c release and apoptosis. Moreover, I showed that 

141 
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mitochondrial dynamics is regulated by Bcl-2 proteins, and that a key to this regulation 

was the pro-apoptotic Bcl-2 family member Bak. 

Chapter 1: Acidic pH Inhibits ATP depletion-induced Tubular Cell Apoptosis by 

Blocking Caspase-9 Activation in Apoptosome 

Acidosis is a common feature of tissue or organ ischemia 98
-
100

• The lack of 

oxygen necessitates the use of glycolysis in the tissue, leading to a buildup of by-products 

such as lactic acid, and cellular acidification. The effect of acidosis on the survival of 

.cells during ischemia remains controversial. Acidosis during renal ischemia has been 

shown to be protective; however, other studies have indicated acidosis can worsen the 

insult 99
•
112

•
113

• To better understand this phenomenon, I investigated the effects of 

incubation in acidic medium during chemical ischemia on each of the major steps of the 

mitochondrial pathway of apoptosis. Renal tubular cells incubated in pH 6-6.5 buffer had 

a higher survival rate than ones with pH 7-7.5 buffer. When the effect of pH on each step 

of the mitochondrial pathway was examined, the results showed that low pH prevented 

apoptosis by inhibiting caspase activation, not Bax activation or cyt.c release. In addition, 

lowering the pH of the buffer used from 7-7.5 in the in vitro reconstitution of caspase 

activity to pH 6-6.5 inhibited caspase activity. These data indicate that the lower pH 

inhibited apoptosis and caspase activity at the cytosolic level. It is kn:own that the first 

step of caspase activation by the mitochondrial pathway involves cyt.c binding Apaf-1, 

which recruits and activates caspase 9. Caspase 9 then activates the downstream 

executioner caspases 9
•
12

•
15

. To investigate whether acidic pH inhibited the formation of 
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the apoptosome, the binding of Apaf-1 to caspase 9 was tested by immunoprecipitation 

(IP). Apaf-1 could bind caspase 9 at all pH values tested, indicating the apoptosome. still 

formed at acidic pH but was not functional. Together, these data indicate that acidosis 

inhibits apoptosis by inhibiting caspase activation at the level of the apoptosome. 

However, it is unclear how acidosis prevents apoptosome function. The 

formation of the apoptosome requires several well-coordinated steps. It is believed that 

binding of cyt.c to the WD40 domain of Apaf-1 induces a conformation change exposing 

its CARD domain. The CARD domain then recruits caspase 9 to form the apoptosome. 

Caspase 9 is activated by proximity-induced autocatalysis 13
• The apoptosome complex 

comprises 7 cyt.c, Apaf-1, and caspase 9 molecules 13
• However, the complex must also 

undergo a maturation process where an initial 700 kD complex homodimerizes into a 

1400 kD intermediate and finally transforms into the functional 700 kD apoptosome 96
• It 

is likely that acidic pH inhibits the maturation step of the apoptosome. However, it is 

also possible that the main catalytic unit, caspase 9, is not functional at lower pH ranges. 

Further work is needed to determine the exact mechanism by which acidic pH inhibits 

apoptosome function. 

Chapter 2: Characterization of Cell Clones Isolated from Hypoxia-selected Renal 

Proximal Tubular cells 

Hypoxia is a contributing factor in a number of diseases, notably stroke, heart attack, and 

ARF. In addition, adaptation to hypoxia is a common feature of cancer cells, and 

prolonged hypoxia has been linked chronic kidney disease 118
•
119

•
136

•
214

• In the kidney, 
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ischemia and the accompanying hypoxia induce massive tubular cell loss by apoptosis. 

Cell death occurs mainly in the proximal tubular cells. However, cells in the other 

sections of the nephron survive the insult, despite the fact that they are within the same 

region of the kidney and experience similarly harsh conditions 12
•
59

•
62

• The factors that 

determine how some cells are injured and die under hypoxic conditions while the 

neighboring cells can survive the insult are not understood. To examine the factors that 

determine the cellular sensitivity to hypoxic injury, we have recently subjected renal 

proximal tubular cells to repeated episodes of hypoxia and have selected a population of 

cells that are resistant to apoptosis. Eighty (80) clones were collected and screened for 

their relative resistance to apoptosis induced by azide, STS, and cisplatin. The majority 

of clones demonstrated resistance to at least 1 of the insults, and 13 were resistant to all 3. 

Fifteen (15) clones were chosen for further analysis. In these clones, 7 were very 

resistant, 4 moderately resistant, and 5 sensitive to cell injury. Two of the clones from 

each group that consistently showed resistance or sensitivity to injury were chosen for 

further study. These cells were examined for differences in ATP depletion, HIF-1 and E

cadherin expression, cyt.c release, and the expression of the Bcl-2 family proteins. 

Interestingly, the most resistant cells had similar or more severe ATP depletion, 

indicating that these cells were not more resistant to apoptosis due to increased capacity 

to maintain ATP levels. Also, while hypoxia inducible factor-1 (HIF -1) levels were 

elevated in some cells, the elevation did not correlate with resistance to apoptosis. There 

was no difference in proapoptotic Bax, Bak, or Bid expression levels, between the 

different clones. However, both Bcl-2 and Bcl-x.L were up-regulated in some of the 
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clones. Overexpression of Bcl-xL correlated best with resistance to apoptosis in the 

resistant clones. 

Because the cells used in this study were selected by hypoxia, it is likely the 

hypoxia regulatory factors would be altered to allow for the survival of the cells. One 

key component of the cells' response to hypoxia is HIF -1. HIF -1 is a transcription factor 

that is responsible for activating a number of genes which help the cell cope with hypoxia 

115
•
129

•
130

•
134

•
135

•
214

• HIF-1 expression was up-regulated in a number of the clones tested. 

However, its expression did not correlate with resistance to injury. Both clones 8 and 79 

overexpressed HIF -1, yet clone 8 was sensitive to apoptosis while clone 79 was very 

resistant. On the other hand, clone 24 did not express high levels of HIF -1 but was very 

resistant to injury. Therefore, it is unlikely HIF-1 contributed to the resistance to injury 

in this model. 

Renal tubular cells have been shown to undergo de-differentiation into 

mesenchymal cells. The epithelial to mesenchymal transition (EMT) occurs under 

situations of chronic stress or in the recovery phase of ARF and has been shown to make 

renal cells more resistant to injury 132
•
134

• It is possible that the repeated rounds of 

hypoxia lead to EMT, which makes the cells more resistant to injury. Morphological 

changes also occur as a part of EMT; the epithelial cells lose their cuboidal appearance 

and no longer form tight junctions, taking on the morphological characteristics associated 

with fibroblasts. Cells which undergo EMT have also been shown to lose epithelial 

markers such as E-cadherin 215
• Importantly, cells in our study maintained their epithelial 

phenotype, exhibiting cuboidal morphology and tight junctions. These cells also formed 
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fluid-filled domes, characteristic of renal tubular cells in culture. In addition, the selected 

clones still expressed a level of E-cadherin comparable to the wild-type cells. These data 

demonstrate the clones in our study were not more resistant to injury because they 

underwent EMT. 

Preconditioning is a phenomenon in which prior exposure to an injury, such as 

hypoxia, temporarily elicits a state in the cells which makes them resistant to subsequent 

injury. Preconditioning was likely not a factor in the current study, as the clones studied 

maintained their phenotype throughout the study ( ----6 months). During the testing, the 

clones were grown in normal oxygen level, and none of the clones reverted to a less 

resistant state. However, some of the clones were sensitive to all of the apoptotic models 

of azide induced ATP depletion, STS treatment and cisplatin nephrotoxicity from the 

onset of the study. This is likely due to the fact that the parental cell line was very 

heterogeneous and contained apoptosis-sensitive cells. In apoptosis-resistant cells, Bax 

translocation and cyt.c release were both significantly lower, although the expression 

levels of Bax, Bak, and Bid were similar to control; however, the expression of either 

Bcl-2, Bcl-xL, or both was markedly increased. These data indicate that the resistance to 

apoptotic insults observed in these cells was not due to hypoxic preconditioning, but 

rather to up-regulation of the anti-apoptotic Bcl-2 family proteins. 

In this study hypoxia-selected cells were tested for their resistance to different 

insults. Importantly, the three insults tested initiate apoptosis through different 

mechanisms: azide induces ATP depletion; staurosprine induces kinase inhibition; and 

cisplatin induces DNA damage 203
• Most of the clones ( 68 or 80) were found to be 
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resistant to at least one insult while 13 of 80 were resistant to all three. It is likely that the 

cells which are resistant to only one insult have alterations to downstream factors in that 

specific pathway, while the clones resistant to all three insults have changes to common 

upstream factors. Indeed, the clones which had increased expression of Bcl-2 and Bcl-xL 

were most resistant to cyt.c release and apoptosis. Clones 24 and 79 had the highest 

expression of Bcl-xL as well as Bcl-2 and were most resistant to all three injuries. Clone 

65, which has moderate expression of Bcl-xL and high expression of Bcl-2, was still 

resistant to azide-induced apoptosis, yet clones overexpressing only Bcl-2 (32) or Bcl-xL 

(66) were only moderately protected. Clone 8 does not overexpress either Bcl-2 or Bcl

xL and was as sensitive or more sensitive to injury. These data demonstrate a role for the 

Bcl-2 family proteins and indicate that no one factor determines the fate of a cell under 

hypoxic conditions, but rather that its fate is determined by a combination of factors in 

the mitochondrial pathway determines the fate of the cell. 

Chapter 5: Role and Regulation of Mitochondrial Morphological Dynamics in Renal 

Cell Injury 

The previous two studies of this dissertation demonstrated the importance of the 

mitochondrial pathway to renal tubular cell apoptosis. Given the importance of the 

mitochondria to renal tubular cell apoptosis, my next study set out to better understand 

the underlying mechanism of mitochondrial damage and permeabilization by analyzing 

the role and regulation of mitochondrial morphological dynamics during renal tubular 

cell apoptosis. Mitochondrial fission and fusion are beneficial and necessary for normal 
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cell function under basal conditions. These processes help maintain a healthy 

mitochondrial network, distribute mitochondria throughout the cell, and divide the 

mitochondria between the daughter cells during cell division 28
,4

2.43
• Cell stress, however, 

can induce mitochondrial fragmentation, which contributes to apoptosis 28
•
29

•
40

•
147

• My 

study demonstrated that mitochondrial fragmentation indeed occurs during renal tubular 

cell apoptosis. Importantly, mitochondrial fragmentation is an early event preceding 

cyt.c release, caspase activation, and apoptosis, indicating mitochondrial fragmentation is 

an early event in the development of apoptosis. Given the notion that mitochondrial 

fragmentation is a pathological form of mitochondrial fission, mitochondrial 

fragmentation shares the same protein factors involved in mitochondrial fission. The 

mitochondrial fission protein Drp 1 is activated and trans locates to the mitochondria early 

in apoptosis. Also, inhibition of Drp 1 by DN Drp 1 or Drp 1 shRNA prevents 

mitochondrial fragmentation 29
•
146

• Significantly, blocking mitochondrial fragmentation 

inhibited the release of cyt.c from the mitochondria and apoptosis. Mitochondrial 

fragmentation also occurs in vivo. Kidney proximal tubular cells demonstrated marked 

mitochondrial fragmentation following kidney ischemia. These data demonstrate 

mitochondrial fragmentation is an important and necessary step for cyt.c release and the 

progression of apoptosis in the renal system. 

While regulation of mitochondrial dynamics during apoptosis has been studied in 

different model systems, such as Drosophila, C. elegans, and cancer cells, the role of this 

phenomenon in organ systems and disease states remains to be resolved 

40
•
49

•
51

•
55

•
159

•
178

•
182

•
186

• So far, the most well-studied system with regard to mitochondrial 
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dynamics is the nervous system. Mitochondrial fission and fusion are important for 

neuronal cell development and maintenance 28
•
149

•
180

•
199

• Pathological mitochondrial 

fission is involved in cell death following stroke 28
,4

3
•
170

• Moreover, mutations to the 

mitochondrial fusion proteins Mfn2 or Opal lead to neurodegenerative defects in humans 

43
•
45

•
173

•
175

•
199

• However, little is known about the role or regulation of mitochondrial 

dynamics in other organs or disease states. My study expanded the current understanding 

of mitochondrial fragmentation by examining its role in ARF. The data presented in this 

study demonstrate, for the first time, that mitochondrial fragmentation occurs in the renal 

tubular cells both in vitro and in vivo. Mitochondrial fragmentation is induced by 

pathological fission, and inhibition of fission can prevent mitochondrial fragmentation, 

cyt.c release, and apoptosis. These data demonstrate mitochondrial dynamics play an 

important role in ARF and likely in other organ systems as well. 

Kidney proximal tubular cells were found to be well suited for studying 

mitochondrial fragmentation in vivo. Mitochondria in the proximal tubular cells align 

perpendicularly to the basement membrane and allow for evaluation of the length of the 

mitochondria by EM. This arrangement allows for longitudinal sections of the 

mitochondria, while EM microscopy of most other tissues will yield cross-sections of the 

mitochondria 149
• Indeed, mitochondria in the sham-operated animals were perpendicular 

to the basement membrane and were sectioned longitudinally. While the entire length of 

the mitochondria could not be shown in one section, it was clear that a significant portion 

of the mitochondria within the proximal tubular cell were long and filamentous, having a 

length of >2J..Lm. On the contrary, mitochondria in the proximal tubular cells of kidneys 
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exposed to ischemia were fragmented, with a short and punctate appearance. To confirm 

that the change in the mitochondrial morphology was due to mitochondrial fragmentation 

and not a reorganization of the mitochondria, 3D reconstruction was performed on select 

mitochondria. The 3D reconstruction revealed that the mitochondria indeed change from 

a filamentous, tubular structure to short, punctate dots following ischemia. Together, 

these data demonstrate that mitochondrial fragmentation occurs in vivo in response to 

ischemia. 

The revelation that mitochondrial fragmentation contributes to renal tubular cell 

apoptosis has shed new light on the underlying mechanism of mitochondrial 

permeabilization during renal tubular cell apoptosis. Mitochondrial fragmentation occurs 

prior to cyt.c release, caspase activation, and apoptosis. Therefore, it is apparent 

mitochondrial fragmentation is necessary for cyt.c release. It has been suggested 

mitochondrial fragmentation is necessary for proper Bax/Bak activation, possibly through 

the alteration of the membrane structure 53
• Alternatively, associated with mitochondrial 

fragmentation is a redistribution of the inner membrane cristae structure. This 

redistribution leads to the mobilization of cyt.c into the intermembrane space and increses 

the pool of cyt.c available for release 174
•
175

•
181

• Another possibility is that mitochondrial 

fragmentation can alter the lipid content to allow Bax/Bak activation. Indeed cardiolipin 

is mainly found in the inner mitochondrial membrane but has been shown to be necessary 

for Bax activation 184
• Also, it has been shown that contact sites between the inner and 

outer mitochondrial membranes contribute to apoptosis 216
• Intriguingly, mitochondrial 

fission has been suggested to induce contact between the inner and outer membrane 196
. 
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Therefore, mitochondrial fragmentation could possibly contribute to cyt.c release and 

apoptosis by modifying the lipid content of the mitochondria. It has also been shown that 

the putative mitochondrial fission protein endophilin B 1 is necessary for Bax/Bak 

activation. Endophilin B 1 has a lipid transferase domain which may modify the lipid 

environment to allow Bax Bak activation 52
• These data demonstrate that while this study 

has shed light on the important role of mitochondrial fragmentation in renal tubular cell 

apoptosis, more work is needed to delineate how fragmentation of the mitochondria 

contributes to cyt.c release and apoptosis. 

Chapters 3-4: Bak regulates mitochondrial morphology and pathology during apoptosis 

by interacting with Mitofusins 

In the previous dissertation study, Bcl-2 was found to regulate mitochondrial morphology 

in the renal system. This most interesting and important finding 11indicates that 

mitochondrial fragmentation is a critical component of the mitochondrial apoptotic 

pathway. To further explore and expand these findings, this study sought to identify 

which Bcl-2 family proteins were responsible for regulating the mitochondrial 

morphology in apoptosis and to elucidate the mechanism by which this regulation took 

place. Two anti-apoptotic Bcl-2 family proteins, Bcl-2 and Bcl-xL, inhibit mitochondrial 

fragmentation in renal cells as well as in HeLa and MEF cells. These proteins mainly 

function to suppress the pro-apoptotic Bcl-2 family members Bax and Bak 5
•
16

•
18

• 

Therefore, I tested whether the loss of Bax or Bak altered the mitochondrial 

fragmentation phenotype during apoptosis. While cells lacking Bax showed no 
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difference in the fragmentation phenotype, cells lacking Bak had significantly less 

mitochondrial fragmentation. Importantly, the ability of Bcl-2 to prevent mitochondrial 

fragmentation depended on the presence of Bak, as Bcl-2 could not further inhibit 

fragmentation in Bak KO cells. These results suggested that in addition to being able to 

induce cyt.c release and apoptosis, Bak could also regulate the mitochondrial 

morphology. I further showed that Bak could interact with both Mful and 2, but not the 

mitochondrial fission proteins Drpl or Fisl. Notably, this interaction changed following 

cell stress, with an increase in association between Bak and Mfnl and a decreased 

association with Mfu2. Mutation of the BH3 domain of Bak prevented its disassociation 

from Mfu2, which in turn abolished Bak's ability to induce mitochondrial fragmentation. 

These data demonstrate a novel function of Bak: Namely regulation of mitochondrial 

morphology during apoptosis through interaction with the mitofusins. 

It has long been believed that Bax and Bak have redundant functions 7
•
23

•
143

• This 

belief has led to the extensive study of Bax and ignorance of Bak, in spite of their 

different subcellular localizations, different interacting proteins, and different phenotypes 

of the Bax- or Bak-deficient mice. Also, it is recognized that knockout of either Bax or 

Bak will suppress the activity of the other, suggesting these two proteins can regulate 

each other 23
•
26

• My study identified a new function for Bak, regulation of mitochondrial 

dynamics. Interestingly, this new role of Bak could provide an explanation as to how 

Bax and Bak can influence each other's activity. In cells lacking Bax, Bak can still 

induce mitochondrial fragmentation, but Bax-induced permeabilization does not occur 

and cyt.c release is reduced. On the other hand, cells lacking Bak have greatly reduced 
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mitochondrial fragmentation, which suppresses Bax activity and cyt.c release. Thus Bak 

and Bax need to collaborate to evoke a full mitochondrial pathology, of mitochondrial 

permeablization. 

In an effort to address the regulation of mitochondrial morphological dynamics by 

Bak, my study showed that, following cell stress, Bak dissociates from Mfn2 and 

increases its interaction with Mfnl. Other studies have indicated Mfn2 may be regulated 

by Bcl-2 family proteins. Bax, Bak, Drpl, and Mfn2 have been previously shown to 

colocalize at fission sites in the mitochondria 40
. CED-9, the Bcl-2 homologue, can 

regulate mitochondrial morphology during apoptosis in C. elegans and mammalian cells. 

CED-9 's regulation of mitochondrial morphology occurs, at least in part, through 

interaction with Mfn2 49
•
55

• Bax was also suggested to interact with Mfn2, though it was 

only mentioned as unpublished data 30
• These data support a role for Bcl-2 family 

regulation of mitochondrial morphology through interaction with Mfn2. However, it is 

unclear how the Bcl-2 proteins affect Mfn2 to induce fragmentation. It is possible that 

interaction between Mfn2 and Bak is important to the fusion function ofMfn2. Indeed, a 

mutation to the BH3 of Bak domain prevents its disassociation from Mfn2 and abolishes 

its ability to induce mitochondrial fragmentation. Additional studies are needed to 

determine the exact mechanism by which Bak/Mfn2 interaction contributes to 

mitochondrial fragmentation. 

The difference between physiological and pathological mitochondrial 

fragmentation has yet to be explained experimentally. Mitochondrial fission occurs 

during cell division and mitochondrial transport with no ill effects to the cell. In fact, 
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proper mitochondrial fission and fusion are necessary for mitochondrial homeostasis 

33
•
34

•
170

•
171

•
176

• On the other hand, pathological mitochondrial fragmentation, which 

involves the same fission machinery, can lead to mitochondrial damage and apoptosis 

29
•
40

•
49

•
51

•
159

• It has been suggested that mitochondrial fragmentation in cell death requires 

different regulators. Indeed, Drp 1 phosphorylation has been shown to occur at different 

sites during apoptosis than during cell division 160
•
168

• Also, sumoylation of Drp 1 has 

been shown to contribute to apoptosis-induced mitochondrial fragmentation 159
• Another 

explanation is that during physiological fission, there is no activation of the apoptotic 

machinery, while pathological fission coincides with, or perhaps is required for, the 

activation of Bax and Bak. The results of the current study that by inducing 

mitochondrial fragmentation, Bak paves the way for Bax activation shed some light on 

this case. Indeed, a recent study has suggested Bak is activated earlier than Bax, and its 

activity is necessary for Bax activation 25
• It is also possible Bak induces pathological 

mitochondrial fragmentation by hijacking the mitochondrial fission or fusion machinery. 

In this way, Bak regulation of mitochondrial dynamics can explain the difference 

between physiological fragmentation and pathological mitochondrial fragmentation. 

Our data have demonstrated an important role of Bak in induction of 

mitochondrial fragmentation during apoptosis. However, activation of Bax and Bak, as 

measured by conformational changes and oligomerization, has been shown to be 

regulated by the mitochondrial morphological dynamics 53
• So what comes first, Bak 

activation or mitochondrial fragmentation? The results from the present studies seem to 

imply there may be more than one active form of Bak. Perhaps there is a functional 



155 

intermediate structure between inactive Bak and the fully active Bak, by which Bak will 

first induce mitochondrial fragmentation through a mechanism involving Mfn2. Then, 
. . 

once the mitochondria are fragmented, Bax and Bak can undergo their full 

conformational change, activation, oligomerization, and permeabilization of the 

mitochondria. Results from recent studies have suggested Bak activation occurs earlier 

and is required for Bax activation 25
• However, studying conformational changes of Bak 

is confounded by its extreme toxicity, even in bacteria. The crystal structure of Bak was 

not resolved until2006 due to these difficulties, and the full-length Bak structure has yet 

to be resolved 217
• Therefore, further research is necessary to understand the activation of 

this protein. 

Conclusion 

Taken together, these studies have further demonstrated a critical role for mitochondrial 

regulation in renal tubular cell apoptosis. My first study showed that acidosis can block 

the mitochondrial pathway of apoptosis by inhibiting apoptosome formation. My second 

study has demonstrated that cells repeatedly exposed to hypoxia cope with this stress by 

up-regulating the anti-apoptotic Bcl-2 family proteins. In addistion, my work has 

explored the role of mitochondrial fragmentation on tubular cell apoptosis. Finally, using 

a variety of model systems, I have shown that fragmentation of the mitochondria is 

necessary for mitochondrial permeabilization, cyt.c release, and apoptosis, and that the 

pro-apoptotic Bcl-2 family protein Bak can regulate mitochondrial morphology during 

apoptosis. Importantly, interruption of the mitochondrial pathway of apoptosis at any of 
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these different steps (mitochondrial fragmentation, mitochondrial permeabilization, or 

caspase activation) can attenuate apoptosis. These findings attest to the central role of 

mitochondria in renal tubular cell apoptosis and the fact that the mitochondrial pathway is 

a common pathway in different models of apoptosis. The importance of the 

mitochondrial pathway makes it a compelling target for therapies. 

Most significantly, these studies have identified novel regulatory factors in renal 

tubular cell apoptosis and apoptosis in general by the mitochondrial pathway. For 

example, acidic pH inhibits renal tubular cell apoptosis by blocking caspase activation at 

the level of the apoptosome, and the expression of Bcl-2 and Bcl-xL can determine the 

resistance of cells to various different insults. In addition, mitochondrial fission and 

fragmentation regulates apoptosis in tubular cells. Also, Bak is a key to mitochondrial 

fragmentation during apoptosis. These findings have expanded our understanding of 

mitochondrial regulation during apoptosis. 



V. Summary of Results 

Chapter 1: Acidic pH Inhibits ATP depletion-induced Tubular Cell Apoptosis by Blocking 

Caspase-9 Activation in Apoptosome 

• Acidic pH inhibits tubular cell apoptosis following ATP-depletion 

• Mitochondrial events of apoptosis including Bax translocation and cyt.c release 

are not affected by lower pH 

• Lower pH blocks cyt.c-stimulated caspase activation in cell cytosol. 

• However, lower pH does not block the Apaf-1/caspse-9 association in 

apoptosome. 

• Together, the results have demonstrated inhibitory effects of acidic pH on the 

activity of apoptosome, the caspase activation complex. 

Chapter 2: Characterization of Cell Clones Isolated from Hypoxia-selected Renal 

Proximal Tubular cells 

• Cells selected by hypoxic stress are cross resistant to other injuries. 

• ~1itochondrial events of apoptosis including Bax translocation and cyt.c release 

are reduced in the resistant cells. 

• The cytosol isolated from the resistant cell clones also show lower caspase 

activation following cytochrome c stimulation. 

• Selected clones express higher levels ofBcl-2 and Bcl-xL, but do not show 

changes in the expression ofproapoptotic Bcl-2 proteins. 

• Bcl-xL expression shows the best correlation with death resistance of hypoxia

selected clones. 

157 
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Chapter 5: Unpublished data: Role and Regulation of Mitochondrial Morphological 

Dynamics in Renal Cell Injury 

• Pathological mitochondrial fragmentation does occur in renal tubular cell 

apoptosis in response to ATP depletion or cisplatin toxicity. 

• Mitochondrial fragmentation precedes apoptosis and is not caspase dependent. 

• Mitochondrial fragmentation involves alterations of mitochondrial morphological 

dynamics including mitochondrial fission. 

• Mitochondrial fragmentation also occurs in primary cultured renal tubular cells. 

• Pathological mitochondrial fragmentation can be inhibited by blocking 

mitochondrial fission with dominant negative Drp 1 or Drp 1 shRNA. 

• Blocking mitochondrial fragmentation prevents cytochrome c release and 

apoptosis, suggesting an important role for the morphological change in 

mitochondrial injury and apoptosis. 

• Mitochondrial fragmentation occurs in vivo during kidney ischemia, suggesting 

the involvement of the morphological change in the development of tissue 

pathology. 

Chapters 3 and 4: Bak regulates mitochondrial morphology and pathology during 

apoptosis by interacting with Mitofusins 

• There is an early shift of mitochondrial morphological dynamics during apoptosis, 

resulting in mitochondrial fragmentation. 

• Mitochondrial fragmentation contributes to mitochondrial membrane 

permeabilization and consequent release of apoptotic factors including cyt.c. 
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• Bcl-2 family proteins are involved in the regulation of mitochondrial morphology 

during apoptosis and, in the regulation, Bak is a key. 

• Bak regulates mitochondrial morphology through interaction with the Mitofusins. 
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Appendex: Supplementary Methods and Figures for Chapter 3 

(Brooks et al. Proceedings of the National Acadomy of Sciences 104:28 11649-11654, 

2007) 

A. Supplementary Information 

Cell lines: Mouse embryonic fibroblasts (MEF) of various Bax/Bak genotypes were 

obtained from Dr. Dean Tang (University of Texas M. D. Anderson Cancer Center, 

Houston, TX) and Dr. Shivendra Singh (University of Pittsburgh, Pittsburgh, P A). The 

cells were originally from Dr. Stanley Korsmeyer (Dana-Farber Cancer Institute, Harvard 

Medical School, Boston, MA). MEFs were maintained in Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 10mM non

essential amino acids, and 1% antibiotics. Transformed baby mouse kidney (BMK) cells 

were obtained from Dr. Eileen White (Rutgers University, Piscataway, NJ) and 

maintained in DMEM supplemented with 5% FBS and 1% antibiotics. HeLa cells were 

purchased from American Type Tissue Collection (ATCC) and maintained in MEM 

supplemented with 10% FBS, 0.1 mM non-essential amino acids, 2 mM L-glutamine, and 

1% antibiotics. The rat kidney proximal tubular cell (RPTC) line was originally obtained 

from Dr. Ulrich Hopfer (Case Western Reserve University, Cleveland, OH). RPTC cells 

stably transfected with Bcl-2 were generated in our previous work (Supplementary ref. 

89
). The cells were maintained in Ham's F-12/DMEM supplemented with 10% FBS, 5 
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J.Lg/ml transferrin, 5 J.Lg/ml insulin, 1 ng/ml EGF, 4 J.Lg/ml dexamethasone, and 1% 

antibiotics. 

Isolation and culture of primary kidney tubular epithelial cells: Wild-type, Bax

knockout, and Bak-knockout mice were originally purchased from Jackson laboratories 

(Bar Harbor, ME) and maintained in the animal facility of Veterans Affairs Medical 

Center at Augusta, GA. Age and sex -matched (8-12 weeks, male) wild type and gene 

knockout mice were used for kidney tubular epithelial cell isolation using a protocol 

modified from Nowak et al 200
• Briefly, kidneys were harvested from the animals to 

dissect the renal cortex. The cortical tissue was minced at 4 °C, and then digested for 15 

minutes with 0.75 mg/ml collagenase. The digestion was stopped by adding ice cold 

10% horse serum. Following centrifugation, the cells were washed with ice cold Hank's 

solution and serum free DMEM/F-12 medium. The proximal tubular cells were further 

purified by centrifugation at 2000g in 32% Percoll for 10 minutes at 4 °C. The resultant 

cell pellet was collected and washed twice with ice-cold serum-free DMEM/F-12 

medium. The cells were then plated in collagen-coated dishes and maintained in 

DMEM/F-12 medium supplemented with 5 J.Lg/ml transferrin, 5 J.Lg/ml insulin, 0.05 J.LM 

hydrocortisone, 50 J.LM vitamin c for experiment. 

Isolation and culture of primary cortical neurons: The brain cortex was dissected 

from wild type or Bak knockout new born mice and minced in Hank's solution. The 

minced cortical tissues were digested with 0.25% Trypsin for 10 minutes at 37 °C, 
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followed by vigorous pi petting to release cells. DN ase was then added to digest the DNA 

released from damaged cells. Subsequently an equal volume of plating medium 

(DMEM/F-12 supplemented with 10% FBS, 1mM glutamine, 1% antibiotics, 1% N2 

Supplement) was added to stop trypsin digestion. The mixture was centrifuged for 5 

minutes at 1 OOOg to collect the cell pellet. The cells were washed once with the plating 

medium, and then passed through 40 J.Lm mesh cell strainer. The cell number was 

counted after trypan blue staining. Isolated cells were plated at 2X105/well in 12-well 

plate with poly-D-lysine coated coverslips. After attaching, the cells were maintained for 

3 days in the Neurobasal medium (Gibco) supplemented with 0.5 mM glutamine, 1% 

antibiotics, and 2% B27 Supplement. During the culture period, most cells showed the 

growth and extension of axons, a characteristic of neurons. 

Plasmids: The coding regions of Bax and Bak were amplified from mRNA of rat kidney 

proximal tubular cells by RT-PCR. Briefly, mRNA was extracted from the cells with Tri 

Reagent according to the manufacturer's instructions (Molecular research center, 

Cincinnati, OH). Reverse transcription was conducted using the SuperScript first strand 

synthesis kit following the manufacturer's instruction {Invitrogen, Carlsbad, CA). The 

coding sequence of Bax was then PCR amplified using the primer pair: forward 5' -

CCCAAGCTTGCCACCATGGACGGGTCCGGGGAGCAG - 3' and reverse 5' -

CGGGGTACCTCAGCCCATCTTCTTCCAGATG- 3'. The coding sequence of Bak 

was PCR amplified ustng the pnmer patr: forward 5' 

CCCAAGCTTGCCACCATGGCATCBGGACAAGGACCAG - 3' and reverse 5' -
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CGCGGATCCTCATGATCTGAAGAATCTGTGTAC - 3'. The pnmers introduced 

Hind III and Kpn I digestion sites for Bax as well as Hind III and BamH I digestion sites 

for Bak. The PCR products were then cloned into pEGFP-C3 (BD Clontech, Palo Alto, 

CA) using these enzyme digestion sites. Expression of GFP-Bax and GFP-Bak was 

confirmed by fluorescence microscopy and immunoblot analysis. Murine Bak and the 

Bak (L75E) mutant were from Dr. Emily H.-Y. Cheng (Washington University School of 

Medicine, St. Louis, MO). Drp1 and dn-Drp1(K38A) were from Dr. Alexander van der 

Bliek (University of California, Los Angeles, CA), and subcloned into pcDNA3.1 for this 

study. Bel-XL was provided by Dr. Xiao-Ming Yin (University of Pittsburgh, Pittsburgh, 

PA) and subcloned into pcDNA3.1 for this study. Bcl-2 plasmids for targeted expression 

in mitochondria or ER were kindly provided by Dr. David W. Andrews (McMaster 

University Health Sciences Centre, Ontario, Canada). 

Transfection: HeLa and MEF cells were plated at -50% confluence for transfection 

with 0.5 }lg plasmid DNA using Metafectene, according to the manufacturer's instruction 

(Biontex, Germany). For Bax or Bak reconstitution experiments, double knockout MEF 

cells were plated at --90% confluence for transfection using Metafectene. BMK cells 

were plated at --90% confluence for transfection with 0.5 J.Lg plasmid DNA using 

Metafectene. Primary cultures of isolated kidney tubular epithelial cells were plated at 

--70% confluence for transfection with 1.0 Jlg plasmid DNA using Lipofectamine 2000 

according to the manufacturer's instructions (Invitrogen). RPTC and Bcl-2 stably 

transfected RPTC cells were plated at -50% confluence for transfection with 1.0 Jlg 
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plasmid DNA using Lipofectamine Plus reagent (Invitrogen). To visualize mitochondria, 

cells were transfected with 0.1 J.lg pDsRed2-Mito (BD Clontech) to express the red 

fluorescent MitoRed protein in mitochondria to label the organelles. 

Apoptotic treatment. In the majority of experiments, apoptosis was induced by azide, 

staurosporine (STS), or cisplatin as described previously 72
• Azide blocks cellular 

respiration and induces ATP depletion in glucose-free medium, leading to mitochondrial 

outer membrane permeabilization and release of cytochrome c. When the azide-treated 

cells are returned to glucose containing medium, the cells develop apoptotic morphology. 

STS is a general protein kinase inhibitor and induces apoptosis in a variety of cells. 

Cisplatin is a widely used cancer therapy drug, which induces DNA damage and 

apoptosis 63
• In this study, cells were incubated with 10 mM azide in glucose-free Krebs 

Ringer bicarbonate solution for indicated time. After the incubation, cells were either 

fixed for immunostaining and microscopic examination, or returned to glucose

containing culture medium for 1 hour to observe apoptosis. For STS treatment, cells 

were incubated with 1 f.!M STS for indicated time and fixed for immunostaining and 

microscopic examination. For cisplatin treatment, primary mouse kidney epithelial cells 

were incubated with 50 f.!M cisplatin, and all other cell types were incubated with 20 f.!M 

cisplatin in cell culture medium for indicated time. After treatment, cells were fixed, 

immunostained and examined by fluorescence and confocal microscopy. In the study of 

primary neurons, the cells were treated with 50 f.!M glutamate, 2 f.!M camptothecin or 20 

f.!M cisplatin for 24 hours. 
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Analysis of Apoptosis: (1) Morphological analysis. Apoptosis was evaluated by 

counting cells with typical apoptotic morphology as described previously 63
•
72

• Briefly, 

after experimental incubation, cells were stained with Hoechst 33342 and then examined 

by phase contrast and fluorescence microscopy. Apoptotic cells were identified by 

typical morphology including cellular condensation, formation of apoptotic bodies, and 

condensation and fragmentation of the nucleus. About 200 cells were examined in each 

35mm dish to determine the percentage of apoptotic cells. (2) Flow cytometric analysis. 

Cells were co-transfected with MitoRed and a gene of interest. After treatment, the cells 

were fixed and stained with the TUNEL assay kit containing terminal deoxynucleotidyl 

transferase and FITC-labeled dUTP (in situ Cell Death Detection kit, Roche Applied 

Science, Indianapolis, IN). TUNEL staining (green FITC signal) in transfected cells (red 

MitoRed signal) were analyzed by flow cytometry using a BD F ACSCalibur flow 

cytometer (BD Biosciences, San Jose, CA). For each sample, 10,000 events were 

counted. 

Mitochondrial morphology: In the majority of the experiments, cells were transfected 

with MitoRed to fluorescently label mitochondria for fluorescence microscopy. 

Mitochondrial morphology in individual cells was evaluated. Fragmented mitochondria 

were shortened ( <1 J.Lm), punctate and sometimes rounded, while filamentous 

mitochondria showed a long thread like tubular structure. Consistent with earlier studies, 

the mitochondria within a cell were often either filamentous or fragmented. In rare cases 



195 

of nux morphologies, we classified the cells based on the majority (>70%) of 

mitochondria. In some experiments, cell morphology and cyt.c release following 

immunofluorescence staining were also evaluated in MitoRed-transfected cells. 

Apoptosis was indicated by typical apoptotic morphology. Cyt.c release was indicated by 

the loss of mitochondrial cyt.c staining and the appearance of cyt.c in the cytosol. For 

each sample, several random fields of cells (~100 cells per dish) were evaluated for 

mitochondrial morphology, apoptosis, and cyt.c release. In the study of primary neurons, 

mitochondrial morphology was examined following MitoTracker staining. Briefly, at the 

end of the experiment, 0.5 J.LM MitoTracker CM-H2XRos (Molecular Probes, Eugene, 

OR) was added to the cells for 30 minutes. The cells were then washed twice with fresh 

medium and fixed for one hour with 3% paraformaldhyde in culture medium, then 

mounted on slides with Antifade (Molecular Probe) for fluorescence microscopy. 

FRET assay. FRET assay was conducted as previously 218
, using the acceptor photo

bleaching method which detects the increase of donor fluorescence when the acceptor is 

selectively photo bleached. Briefly, Bak and Bax were subcloned into pECFP-C 1, and 

Mfn1 and 2 were subcloned into pEYFP-Cl. pECFP-Bak or pECFP-Bax were co

transfected with pEYFP-Mfn1 or pEYFP-Mfn2 into HeLa cells for 24 hours. As negative 

control, pECFP-Src and pEYFP were co-transfected to express ECFP-Src and EYFP 

separately. As positive control, pECFP-Src-EYFP was transfected to express the ECFP

Src-EYFP fusion protein. The control plasmids were kindly provided by Roger Y. Tsien 

at University of California, San Diego. After transfection, the cells were fixed with ice-
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cold methanol and subjected to FRET analysis using a Zeiss LSM 510 confocal 

microscope. In FRET analysis, a region of interest (ROI 1) was selected and 

photo bleached by applying 100% intensity of 514nm laser. The emission intensities of 

ECFP (donor: excitation 458nm and emission 475-515 nm) and EYFP (acceptor: 

excitation 514nm and emission 530-570nm) before and after the photobleaching were 

determined to calculate the FRET efficiency, using the formula: FRET=(Dpost -

Dpre)/Dpost· The FRET efficiency was also measured in a non-photobleached region (ROI 

2) of the same cell as an in situ control. 

Cellular fractionation. To analyze the release of mitochondrial cytochrome c, cells 

were fractionated by using low concentrations of digitonin, which selectively 

permeabilize the plasma membrane while leaving the mitochondrial membrane intact 

(Supplementary ref. 63
•
72

•
89

). Briefly, cells were incubated for 2-5 minutes with 0.05% 

digitonin in an isotonic sucrose buffer. The digitonin soluble portion was collected as the 

cytosolic fraction for immunoblot analysis. 

Immunoblot analysis. Electrophoresis and blotting were conducted using NuP AGE Gel 

Systems (Invitrogen). Briefly, samples of 25J..Lg proteins were resolved by SDS-PAGE 

under reducing condition. The resolved proteins were transferred onto PVDF 

membranes, which were then incubated with primary antibody overnight at 4 °C and 

horseradish-peroxidase-conjugated secondary antibodies for one hour at room 

temperature. Antigens on the blots were revealed by incubation with chemiluminescent 

substrates (Pierce, Rockford, IL ). 
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Antibodies: Antibodies were from the following sources: polyclonal anti-Bak from 

Upstate Biochemical (Lake Placid, NY); monoclonal anti-Bcl-2 and polyclonal anti-Bax 

from Santa Cruz Biotechnology (Santa Cruz, CA); polyclonal anti-Mfnl from Dr. 

Margaret T. Fuller at Stanford University School of Medicine (Stanford, CA); 

monoclonal anti-Mful from Abnova (Taiwan); polyclonal anti-Mfu2 from Sigma (St. 

Louis, MO); polyclonal anti-Fisl from Alexis (San Diego, CA), monoclonal anti

cytochrome c (7H8.2C12 and 6H2.B4) and anti-Drpl from BD Pharmingen (San Diego, 

CA); monoclonal anti-Myc from Invitrogen; all secondary antibodies from Jackson 

ImmunoResearch (West Grove, PA). 
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Figure AI. Flow cytometric analysis of apoptosis follo wing TUNEL staining. HeLa 
cells were co-transfected with MiloRed and either dn-Drpl, Bcl-2, or empty vector. The 
cells were treated with 20 J.JM cisplatin for 16 hours in the presence or absence of I 00 
J-iM VAD, or untreated as control. The cells were then subjected to TUNEL assay. 
TUNEL staining (green F!TC signal) in tramfected cells (red MitoRed signal) were 
analyzed flow cytometry as described in Supplementmy Methods. Shown in the figure 
are results of a representative assay: 8% TUNEL positive cells in the control group (A: 
Control/vector), 32% in the cisplatin-treated group transfected with empty vector (A: 
Cisplatinlvector), 8% in the cisplatin-treated group tramfected with dominant negative 
Drpl (C: Cisplatinldn-Drpl), 9% in the cisplatin-treated group with 100 J.JM VAD 
(Cisplatin!VAD), and 16% in the cisplatin-lreated group transfected with Bcl-2 (D: 
Cisplatin/Bc/-2). 
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Figure A2. Effects of stably transfected Bcl-2 and transiently transfected Bcl-XL on 
mitochondrial fragmentation during apoptosis. A. Wild-type (NA) and Bcl-2 stably 
transfected RPTC cells were transfected with MitoRed and then treated with 10 mM azide 
for 3 hours, 1 pM STS for 4 hours, or 20 pM cisplatin for 16 hours. B. RPTC cells were 
transiently transfected with MitoRed and either Bcl-2, Bcl-XL or empty vector (NA). The 
cells were then treated with 10 mM azide for 3 hours. Mitochondrial morphology was 
examined by fluorescence microscopy to quantify the percentages of cells that had 
mitochondrial fragmentation. Data are means :t SD of three separate experiments. * 
significantly different from untreated cells (Control), #significantly different from treated 
wild-type cells (NA). 
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Figure A4. Mitochondrial morphology in wild type, Bax-knockout, Bak-knockout, and 
double knockout mouse embryonic fibroblasts. A. Bax and Bak expression. Whole cell 
lysates were collected from the cells of indicated genotypes to analyze Bax and Bak 
expression by immunoblotting. B. Mitochondrial fragmentation under control 
conditions. The cells were transfected with MitoRed to jluorescently label mitochondria 
for microscopic examination. Cells with fragmented mitochondria were counted to 
determine the percentage of mitochondria/fragmentation. Data are means ::f:SD offour 
separate experiments. C. Milochondrial length. MitoRed-transfected cells were 
examined by confocal fluorescence microscopy. Mitochondria were traced to measure 
their length using the LSM51 image Examiner software. About 20 well-separated 
mitochondria were measured in each cell. Over 10 cells were measured for each cell 
line. Data shown in this figure are average length of over 200 mitochondria in each cell 
line. D. Mitochondrial morphology in representative cells. Images in the lower panel 
are.further magnified mitochondria of the defined areas in the cells. 
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Figure AS. Bak (and not Bax) -deficiency blocks mitochondrial fragmentation in transformed baby 
mouse kidney cells. Wild type, Bax-knockout (Bax-1-), Bak-knockout (Bak-1-), and double knockout (DKO) 
BMK cells were transfected with MitoRed and then treated with 10 mM azide for 3 hours, 1 p,M STS for 4 
hours, or 20 p,M cisplatin for 16 hours. Mitochondrial morphology was examined by fluorescence 
microscopy to quantify the percentages of cells showing mitochondrial fragmentation. Data are means :t 
SD of three separate experiments. * significantly different from untreated cells (Control), # significantly 
different from treated wild-type cells (wlj . 
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Figure A6. Bak-dejiciency inhibits mitochondrial fragmentation in primary neurons. Primary neurons 
were isolated from the brain cortex of new born wild-type or Bak-knockout mice, and cultured for three 
days. The neuronal cultures were untreated (Control) or treated with 50 p,M glutamate, 2 p,M 
camptothecin, or 20 p,M cisplatin for 24 hours. V AD was included at 100 p,M to prevent secondary effects 
of apoptosis. After treatment, the cells were stained with MitoTracker. Mitochondrial morphology was 
examined by fluorescence microscopy to count the cells with mitochondrial fragmentation. Data are 
presented as means :t SD of three separate experiments. * significantly different from the control group. 
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Figure A 7. Co-localization of mitochondrial fragmentation and cytochrome c release 
in Bak- or Bax- knockout cells. Sax-knockout (Bax-1-) or Bak-knockout (Bak-1-) MEFs 
were fransfected with MitoRed, and then trea!ed with I 0 mM azide for 3 hours or 1 fiM 
staurosporine (STS) for -1 hours. The cells were fixed for cyt. c immunofluorescence as 
described in Supplementmy Methods. Mitochondrial morphology shown by MitoRed and 
cyt.c localization shown by immunofluorescence were examined in the same cells by 
fluorescence microscopy. The percentages were determined for the following three 
groups of cells: i) cells that released cyt.c yef maintained filamentous mitochondria, ii) 
cells that released cyt.c and had.fragmented mitochondria, and iii) cells that fragmented 
mitochondria. About 150 MitoRed-transfected cells were evaluated for each condition. 
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Figure A8. Staurosporine-induced mitochondrial fragmentation in Bak- or Bax
reconstituted cells. Bax/Bak-double knockout MEFs were co-transfected with MitoRed 
and either GFP, GFP-Bax or GFP-Bak for 16 hours. The cells were then incubated for 
another 4 hours with control medium or 1 11M STS. Mitochondrial fragmentation in 
transfected cells was examined by fluorescence microscopy. Data are means ::t SD of 
four separate experiments. 
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Figure A9. Co-immunoprecipitation analysis of Bak-Mfnl/2 interaction during 
cisplatin treatment. HeLa cells were untreated or treated with 20 11M STS for 16 hours. 
Whole lysates were collected for immunoprecipitation using an anti-Bak antibody. The 
resultant immunoprecipitates were analyzed for Mfn1, Mfn2, and Bak by immunoblotting. 
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Figure Al 0. Mitofusins are not precipitated by non-immune serum from HeLa cells or by anti-Bak 
antibody from Mfnl/2-de.ficient MEFs. A. Whole cell lysates were collected from HeLa, wild-type (wlj, 
Mfnl-deficient, or Mfn2-deficient MEF cells for immunoblot analysis. B. Lysates of HeLa, wild-type (wlj, 
Mfnl-deficient, or Mfn2-deficient MEF cells were subjected to immunoprecipitation with anti-Bak antibody 
( a-Bak) or non-immune serum (NIS). The immunoprecipitates along with HeLa cell lysate (Inpulj were 
analyzed for Mfn2 and Bak by immunoblotting. 
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Figure All. FRET analysis of Bak/Bax interaction with mitofusins. pECFP-Bak or pECFP-Bax was 
co-transfected with either pEYFP-Mfnl or pEYFP-Mfn2 into Bax/Bak-double knockout MEFs. The cells 
were fixed for acceptor photobleaching FRET analysis using a Zeiss LSM 510 confocal microscope as 
described in Supplementary Methods. As negative control, pECFP-Src and pEYFP were co-transfected 
and, as positive control, pECFP-Src-EYFP was b-ansfected for FRET analysis. Data are means :t SD of 
the results from 15-20 cells in each condition. 
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Figure A12. Co-localization of transfected YFP-mitofusins with CFP-Bak. Bax/Bak
double knockout MEFs were co-transfected with pECFP-Bak and either pEYFP-Mfnl or 
pEYFP-Mfn2. Fluorescence images were collected by confocal microscopy. 




