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It is well established that cells exposed to the limiting oxygen microenvironment (hypoxia) of tumors acquire resistance to chemotherapy, through mechanisms not fully understood. We noted that a large number of cell lines showed protection from apoptotic stimuli, staurosporine, or etoposide, when exposed to long-term hypoxia (72 h). In addition, these cells had unusual enlarged mitochondria that were induced in a HIF-1-dependent manner. Enlarged mitochondria were functional as they conserved their transmembrane potential and ATP production. Here we reveal that mitochondria of hypoxia-induced chemotherapy-resistant cells undergo a HIF-1-dependent and mitofusin-1-mediated change in morphology from a tubular network to an enlarged phenotype. An imbalance in mitochondrial fusion/ fission occurs since silencing of not only the mitochondrial fusion protein mitofusin 1 but also BNIP3 and BNIP3L, two mitochondrial HIF-targeted genes, reestablished a tubular morphology. Hypoxic cells were insensitive to staurosporine- and etoposide-induced cell death, but the silencing of mitofusin, BNIP3, and BNIP3L restored sensitivity. Our results demonstrate that some cancer cells have developed yet another way to evade apoptosis in hypoxia, by inducing mitochondrial fusion and targeting BNIP3 and BNIP3L to mitochondrial membranes, thereby giving these cells a selective growth advantage. J. Cell. Physiol. 222: 648–657, 2010. ß 2009 Wiley-Liss, Inc.



While studying the formation of autophagosomes and heterolysosomes in cancer cells exposed to hypoxic conditions (Bellot et al., 2009), we noted the presence of numerous unusually enlarged mitochondria in several types of cells. This observation led us to investigate the mechanisms of formation of these enlarged mitochondria and their physiological role in the sensitivity of hypoxic cells to apoptotic stimuli. Regulation of mitochondrial dynamics is essential for normal mitochondrial function, which is fundamental to cellular development, metabolism, aging, and apoptosis. Mitochondrial dynamics implicate a balance between two opposing processes, fusion and fission, which maintain the integrity and turnover of mitochondria and preserve mitochondrial DNA (mtDNA). A number of key proteins involved in fusion and fission have been clearly identified, but new proteins and their interacting partners are constantly being described (Grandemange et al., 2009). Mitochondrial fusion involves the coordination of fusion of both the outer mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM; Chan, 2006). In mammalian cells, this process is mediated by the dynamin-related GTPases Mitofusin 1 (Mfn1) and 2 (Mfn2), located at the outer membrane, and by optic atrophy 1 (OPA1) at the inner membrane. Mice lacking either one or the other mfn genes showed a large reduction in mitochondrial fusion and died early in embryonic development (Chen et al., 2003). Moreover, cells lacking mitochondrial fusion showed changes in mitochondrial shape associated with a loss of their membrane potential, a reduced growth rate, and a lower activity of respiratory complexes (Chen et al., 2005). Interestingly, forced expression of Mfn1 in COS-7 cells showed formation of clusters with enlarged mitochondria due to outer membrane fusion (Santel et al., 2003). Clearly, these two proteins appear to play a major role in maintaining the normal level of mitochondrial fusion. On the other hand, OPA1 is also strongly involved in the cristae organization (Frezza et al., 2006). ß 2 0 0 9 W I L E Y - L I S S , I N C .



The opposing process, fission, depends on the dynaminrelated protein 1 (DRP1), which plays a role in membrane constriction and fragmentation of the mitochondrial network.



Abbreviations: BNIP3, Bcl-2/E1B 19 kDa-interacting protein 3 protein; BNIP3L, BNIP3-like; Cox4, cytochrome oxidase 4; Cyto. c, cytochrome c; DRP1, dynamin-related protein 1; HIF-1a, hypoxiainducible factor-1a; IMM, inner mitochondrial membrane; Mfn, mitofusin; DCm, mitochondrial transmembrane potential; mtDNA, mitochondrial DNA; OMM, outer mitochondrial membrane; OPA1, optic atrophy 1; pVHL, von Hippel–Lindau protein; siRNA, small interfering RNA. Additional Supporting Information may be found in the online version of this article. Contract grant sponsor: Ligue Nationale Contre le Cancer (Equipe labellise´e). Contract grant sponsor: ANR. Contract grant sponsor: INCA. Contract grant sponsor: Canceropoˆle PACA. Contract grant sponsor: Association pour la Recherche contre le Cancer. Contract grant sponsor: METOXIA (EU Program FP7). Contract grant sponsor: Centre A. Lacassagne, University of Nice. Contract grant sponsor: CNRS. Contract grant sponsor: INSERM. *Correspondence to: Nathalie M. Mazure, Institute of Developmental Biology and Cancer, CNRS-UMR 6543, Centre Antoine Lacassagne, 33 Avenue de Valombrose, University of Nice, 06189 Nice, France. E-mail: [email protected] Received 9 October 2009; Accepted 13 October 2009 Published online in Wiley InterScience (www.interscience.wiley.com.), 2 December 2009. DOI: 10.1002/jcp.21984
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HYPOXIC CHEMORESISTANCE of ENLARGED MITOCHONDRIA



Thus, it is clear that any change in the rate of fusion or fission will strongly impact on the mitochondrial morphology and function. The classical image of mitochondria is that of long ‘‘spaghetti-like’’ structures that form elaborate networks. Sometimes, they appear more fragmented, depending on the cell type. Although mitochondrial cristae can present heterogeneous shapes, they are commonly seen as short tubular invaginations (Griparic and van der Bliek, 2001). Pathological conditions due to mutations in mtDNA or in nuclear DNA encoding, respectively, mitochondrial or mitochondrial-associated proteins also directly impact on mitochondrial morphology. Finally, giant mitochondria have been observed to accumulate in postmitotic cells due to a defect in autophagy, a process that degrades intracellular organelles (Navratil et al., 2008). This change in morphology was not the result of mitochondrial fusion since the quantity of OPA1 was low. An imbalance in fusion and fission definitively impairs mitochondrial function. As mitochondria play a major role in apoptosis by controlling caspase activation, any alteration in the mitochondrial fusion and fission machinery modifies the mitochondria’s perception of apoptotic stimuli. Moreover, Mfn1 or Mfn2 has been reported to interact with certain Bcl-2 pro-apoptotic family members such as Bax and Bak (Suen et al., 2008). In addition, Sugioka et al. (2004) showed that inhibition of mfns increased sensitivity to apoptosis whereas overexpression of mfn’s resulted in a delay in the apoptotic response. OPA1 has also been shown to protect cells from apoptosis by preventing fission (Frezza et al., 2006). While some interactions between mitochondrial fusion proteins and Bcl-2 proteins have been highlighted, other associations with Bcl-2 proteins and their role have yet to be investigated. We found that Mfn1 was overexpressed in hypoxic conditions and that ablation of mfn1 restored a tubular mitochondrial network suggestive of atypical fusion in hypoxia. To assess the physiological role of these enlarged mitochondrial, we focused our interest on the expression of both Mitofusin proteins and two Bcl-2 family members, BNIP3 and BNIP3L, which we recently characterized as pro-autophagic proteins (Bellot et al., 2009). We also demonstrate that BNIP3 and BNIP3L participate in the formation of enlarged hypoxic mitochondria since the silencing of their expression restored mitochondria to a normal phenotype. Finally, hypoxic cancer cells showing atypical mitochondrial fusion were protected from apoptosis.



Results The formation of enlarged mitochondria in hypoxia is HIF-1 dependent



The morphology of mitochondria of PC3 (prostate carcinoma) and LS174 (colon carcinoma) cells incubated in normoxia was similar (Fig. 1A). They appeared as a tubular network and their cristae had normal invaginations. When incubated in hypoxia PC3 cells maintained their normal tubular mitochondria (Fig. 1B, left part), but LS174 cells showed enlarged mitochondria that had an intact membrane ultrastructure with modified organization of cristae (Fig. 1B, right part; Fig. 1C; Fig. S1). We also noted that the contrast of the matrix of the mitochondria of LS174 cells on the electron micrographs was maintained, which suggested the absence of mitochondrial swelling. In addition, the area occupied by mitochondria, determined from electron micrographs, of PC3 cells remained constant for increasing periods of hypoxia (1% O2), while that of LSI74 cells increased and was substantially higher at 72 h of hypoxia (Fig. 1D). Immunofluorescence microscopy for JOURNAL OF CELLULAR PHYSIOLOGY



cytochrome c (Cyto. c) further confirmed that these organelles were mitochondria (Fig. 1E). In addition to PC3 cells, several human cancer cell lines: MCF7 (breast), CAL33 (head-and-neck), ORL3 (head-and-neck), and SkMel (melanoma) displayed mitochondria with a tubular morphology in hypoxia (data not shown), while neoplastic A549 (lung), HeLa (cervix), 786-O renal cell carcinoma cells (Fig. S2), and non-neoplastic CCL39 lung fibroblasts (data not shown), like LS174 cells, showed enlarged mitochondria in hypoxia. Thus, this phenomenon exists in a number of both cancer and non-cancerous cells. To determine if this change in mitochondrial morphology was HIF-1 dependent we used LS174Tr cells in which hif-1a was silenced by tetracycline (Tet)-inducible shRNA expression. Hypoxic LS-shhif-1a cells treated with Tet showed a 90% decrease in the mRNA level of HIF-1a (Chiche et al., 2009) and changed from an enlarged to a tubular mitochondrial morphology (Fig. 1F). In addition, renal cells carcinoma 786-O cells defective for the von Hippel–Lindau (pVHL) protein, thus constitutive for stable HIF-1a protein, showed enlarged mitochondria in normoxia that reverted to a tubular form when the cells were corrected for pVHL (Fig. S2). Thus, these data point to the involvement of HIF-1 in the enlarged mitochondrial morphology. Enlarged mitochondria are functional



The mitochondrial transmembrane potential (DCm), measured by accumulation of DiOC6(3), was not modified in hypoxia in both PC3 and LS174Tr cells while a decrease in the DCm occurred when cells were treated with the mitochondrial uncoupling agent (CLCCP) (Fig. 2A). The level of ATP for PC3 and LS174Tr cells in hypoxia was also the same (Fig. 2B). When hypoxic cells were subsequently reoxygenated in fresh medium containing glucose (þ) but in the absence () or the presence (þ) of the inhibitor of mitochondrial respiration, oligomycin, more ATP was produced. In the absence of glucose () a decrease in ATP production that was sensitive to oligomycin in both cell lines was observed. A clonogenic cell growth assay showed that cells continued to grow in the absence of glucose but died when oligomycin was added (data not shown). These results indicate that both cell lines participate in glycolysis and mitochondrial respiration for glucose metabolism and ATP production and thereby show that enlarged mitochondria, like tubular mitochondria, are functional. Mitochondrial fusion leads to enlarged mitochondria in hypoxia



Since the overall amount of mtDNA in PC3 or LS174 cells was the same in normoxia and hypoxia (Fig. S3) and the total number of mitochondria decreased in hypoxia in LS174 cells (data not shown) we questioned the possibility that mitochondria fuse to form larger entities, as suggested from images of electron micrographs (Fig. 3A). It has been reported that forced expression of Mfn1, a mitochondrial protein involved in mitochondrial fusion, causes formation of a network of mitochondria similar to that observed in LS174Tr cells in hypoxia (Santel et al., 2003). A weak (twofold) but reproducible increase in the endogenous expression of the Mfn1 protein was observed in LS174 cells in hypoxia compared to normoxia but was unchanged in PC3 cells (Fig. 3B). However, endogenous expression of both Mfn2 and OPA1, proteins also implicated in the fusion process, decreased slightly or remained unchanged, respectively, in LS174 cells (Fig. 3B). Silencing by 50% of the expression of Mfn1 by RNA interference (siMfn1—40 nM; Fig. 3C) partially reverted the mitochondrial morphology of LS174 cells in hypoxia to a tubular mitochondrial network (Fig. 3D), but had no impact on PC3 cells (Fig. S4). Further
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Fig. 1. Formation of enlarged mitochondria in hypoxia is HIF-1-dependent. A: Electron micrographs of PC3 and LS174 cells in normoxia (N, 24 h). B: Electron micrographs of PC3 and LS174 cells in hypoxia (H 1% O2, 24 h (top part); 48 h (middle part); 72 h (bottom part)). Arrows denote tubular mitochondria in PC3 cells and enlarged mitochondria in LS174 cells. C: Electron micrographs of enlarged mitochondria in hypoxia (H 1%, 72 h). D: Area occupied by mitochondria (n U 2, 50 mitochondria per experiment, means W SD, MP < 0.05, MMP < 0.01) in normoxia (N) or hypoxia (H). E: Immunofluorescence of mitochondrial cytochrome c (Cyto. c) in PC3 and LS174 cells in normoxia (N) or hypoxia (H 1%). Enlargement of boxed area. F: Immunofluorescence to HIF-1a (green) and Cyto. c (red) in control LS-shhif-1a (Tet) and hif-1a silenced (RTet) cells in hypoxia (H 1%, 72 h).



silencing of Mfn1 (siMfn1—100 nM) totally fragmented the mitochondrial network (Fig. 3C). Moreover, forced expression of Mfn1 in normoxia in both LS174 and HeLa cells (Fig. S5A) revealed enlarged mitochondria similar to those observed JOURNAL OF CELLULAR PHYSIOLOGY



under hypoxic conditions in both cell types (Fig. S5B). Taken together, these results strongly suggest that hypoxic enlarged mitochondria results from atypical and excessive fusion involving Mfn1.
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Fig. 2. Enlarged mitochondria are functional. A: Flow cytofluorimetry of cells, in normoxia (N, 72 h), hypoxia (H 1%, 72 h), or normoxia with or without a mitochondrial decoupling compound CLCCP for 15 min before analysis, stained with DiOC(3) (DCm) and propidium iodide (cell viability). The percentage of low and high DiOC6(3) stained cells, left and right, respectively. B: ATP levels in cells incubated first in hypoxia (H 1%, 72 h) and then in normoxia (reoxyg. 24 h) without () or with (R) glucose or the inhibitor of mitochondrial respiration oligomycin (n U 8 of two experiments, means W SD, MMMP < 0.005).



BNIP3 and BNIP3L are involved in hypoxic-atypical fusion of mitochondria



It has already been established that Bcl-2 family members interact with Mfn1, Mfn2, and OPA1 during both fusion and fission (Berman et al., 2008). Thus, we hypothesized that other Bcl-2 family members targeting mitochondria, the expression of which is induced under hypoxic conditions, could also be involved in the observed atypical fusion. This led us to consider BNIP3 (Bcl-2/adenovirus E1B 19-kDa interacting protein 3) and BNIP3L (Bcl-2/adenovirus E1B 19-kDa interacting protein 3 like, also known as BNIP3a and Nix) proteins. Moreover, we recently reported that BNIP3 and BNIP3L are pro-survival proteins implicated in hypoxia-induced autophagy (Bellot et al., 2009) and proposed to refer to these JOURNAL OF CELLULAR PHYSIOLOGY



two proteins as pro-autophagic proteins (Mazure and Pouyssegur, 2009). We first examined the localization of Cyto. c and cytochrome oxidase 4 (Cox4), two specific mitochondrial markers, which are normally present in the intermembrane space between the OMM and IMM and in the IMM, respectively. We thus compared by immunofluorescence the well-known localization of Cyto. c and Cox4 to BNIP3 and BNIP3L localization in enlarged mitochondria. We also associated the localization of Cyto. c/Cox4/BNIP3/BNIP3L to the morphologic structure of mitochondria observed by in electron microscopy (Fig. 4A). Immunofluorescence of LS174 cells with enlarged mitochondria on incubation in hypoxia showed that Cyto. c was no longer trapped in the intermembrane space but was present throughout the mitochondria. In contrast, Cox4
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Fig. 3. Hypoxic induction of Mfn1 mediates excessive mitochondrial fusion giving enlarged mitochondria. A: Electron micrograph of mitochondria possibly undergoing fusion in hypoxia (H 1%, 72 h). B: Immunoblot of Mfn1, Mfn2, and OPA1 of cells in normoxic (N) or hypoxic (H) conditions. Signal normalized to tubulin (three experiments). C: Immunoblot of Mfn1 of LS174 cells in hypoxic (H 1%) conditions in the absence () or the presence (R) of siMfn1 (40 nM). Signal normalized to tubulin. D: Immunofluorescence of Cyto. c of control (siCtl) or Mfn1 silenced (siMfn1—40 nM) cells in hypoxia (H 1%, 72 h). Bar: 7.3 mm.



was localized to the IMM. This change in localization reflects a change in the organization of the cristae, that is, of the IMM (Fig. 4A,B, top left part). The localization of BNIP3, which has been reported to be present on ‘‘the mitochondrial membrane,’’ was similar to that of Cyto. c (Fig. 4A,B; top part on the right and bottom part on the right). BNIP3L, like BNIP3 in normoxia (data not shown), remained on the mitochondrial surface (Fig. 4B, bottom parts, left and right). To check whether atypical fusion was also dependent on BNIP3 and BNIP3L, we tested if the silencing of the expression of BNIP3 or BNIP3L in hypoxia could restore a tubular network. Ablation (90%) of the expression of BNIP3 or BNIP3L with siRNA was obtained in LS174 cells (Bellot et al., 2009). Interestingly, ablation of either BNIP3 or BNIP3L reverted the hypoxic mitochondrial morphology of LS174 cells to a tubular mitochondrial network (Fig. 4C) as compared to the control JOURNAL OF CELLULAR PHYSIOLOGY



(siCont). Taken together, these results demonstrate that not only BNIP3 but also BNIP3L participate in the fusion dynamics of cells exposed to a hypoxic stress. Cells with enlarged mitochondria are protected from apoptotic stimuli



Mitochondria play a central role in apoptosis. To test the response of hypoxic LS174 cells to apoptosis, we treated these cells with staurosporine, a known inducer of mitochondriadependant apoptosis (Wang et al., 1996), for 4 h (1 mM). Staurosporine (Stau) increased the caspase 3/7 activity, an indicator of apoptosis (Fig. 5A) in LS174 cells exposed to normoxia and hypoxia for 24 h. However, after prolonged incubation in hypoxia (72 h) only LS174 cells resisted staurosporine (Fig. 5A and Fig. S6). Similar results were
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Fig. 4. Hypoxic induction of BNIP3 and BNIP3L mediates excessive mitochondrial fusion giving enlarged mitochondria. A: Electron micrograph of a mitochondria undergoing fusion in hypoxia (H 1%, 72 h). B: Immunofluorescence of Cyto. c and Cox4 (top left part), BNIP3 and Cox4 (top right part), Cyto. c and BNIP3L (bottom left part), and BNIP3 and BNIP3L (bottom right part) in LS174 cells in hypoxia (H 1%, 72 h), bar 7.3 mm. C: Immunofluorescenceof Cyto. c and Cox4 ofcontrol(siCtl),BNIP3 (siBNIP3), orBNIP3L (siBNIP3L) silenced(40 nM) cells in hypoxia (H 1%, 72 h), bar 7.3 mm.



observed in the presence of etoposide (Etop), a topoisomerase II inhibitor used in cancer therapy (Fig. 5B). In addition, silencing of Mfn1 reverted the mitochondrial morphology to a tubular network and partially restored the response to an apoptotic stimulus (Fig. 5C). As BNIP3 and BNIP3L have been characterized as pro-survival proteins (Bellot et al., 2009; Mazure and Pouyssegur, 2009) and capable of modulating the morphological network of mitochondria (Fig. 4C), we postulated that BNIP3 and BNIP3L could play a role in protecting cells from apoptosis. Ablation of BNIP3 (Fig. 5C) or BNIP3L (data not shown) significantly restored sensitivity to apoptosis. Hypoxic LS174 cells resisted a high concentration of staurosporine (1 mM) for at least 24 h (Fig. S7) or for 10 days at a lower concentration (0.3 or 0.6 mM; Fig. 5D). Thus, hypoxic pretreatment provides long-term protection against staurosporine. However, this protection was reversible since reoxygenation for 48 h in the presence of staurosporine restored sensitivity to staurosporine-induced apoptosis (Fig. 6). JOURNAL OF CELLULAR PHYSIOLOGY



We conclude here that cells with a tubular mitochondrial network are sensitive to an apoptotic stimulus whereas enlarged mitochondria are insensitive and thus protect cells from apoptotic stimuli in a hypoxic environment. Moreover, these results reinforce the function of BNIP3 and BNIP3L in a pro-survival role in hypoxia. Discussion Hypoxic enlarged mitochondria may be a general feature



It has been reported that HIF-1 is implicated in mitochondrial biogenesis (Zhang et al., 2007), metabolism (Klimova and Chandel, 2008), and autophagy (Zhang et al., 2008; Bellot et al., 2009). Here we demonstrate that hypoxia, through HIF-1, is also implicated in regulating mitochondrial morphology and promotes the formation of enlarged functional mitochondria in certain normal and cancer cells. Since BNIP3, a Bcl-2 family protein induced by HIF-1 (Bellot et al., 2009), colocalized with
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Fig. 5. LS174 cells with enlarged mitochondria are protected from apoptotic stimuli. A: Caspase 3/7 activity of cells in normoxia (N) or hypoxia (H 1%) without () or with (R) staurosporine (Stau) (means W SD, MP < 0.005). B: Caspase 3/7 activity of cells in normoxia (N) or hypoxia (H 1%) without () or with (R) etoposide (Etop.) (means W SD, MP < 0.005). C: Caspase 3/7 activity of cells in normoxia (N) or hypoxia (H 1%) in control (siCtl), Mfn1 (siMfn1), or BNIP3 (siBNIP3) silenced cells (n U 8 of 3 experiments, means W SD, MP < 0.005, MMP < 0.01). D: Cells in 100 mm dishes in normoxia (N) or hypoxia (H 1%), maintained for 10 days without or with Stau and stained for viable colonies.



Cyto. c (Fig. 4B) in enlarged mitochondria we looked for images of cells with enlarged mitochondria in an image gallery of BNIP3 expression in a hundred normal and diseased tissues (http://www.proteinatlas.org/tissue_profile.php?antibody_id¼ HPA003015). Several cancer tissues: breast, head-and-neck, liver, ovarian, pancreatic, prostate, renal, skin, testis, showed a pattern suggestive of enlarged mitochondria. This observation suggests that enlarged mitochondria could be a frequently observed feature of cancer cells in hypoxic regions of tumors. Enlarged mitochondria result from atypical fusion



As hypoxic mitochondria of LS174 cells had a round and atypical morphology, we first questioned the possibility that these enlarged mitochondria may be swollen. However, swollen mitochondria usually explode and we were unable to see fragments of mitochondria even after a week in hypoxia. JOURNAL OF CELLULAR PHYSIOLOGY



Moreover, the phenotype of enlarged mitochondria is reversible, which is not the case for swollen mitochondria. Finally, we examined hundreds of mitochondria on electron micrographs and observed that all enlarged mitochondria maintain their density. Based on these observations, we concluded that enlarged mitochondria were not the result of swelling. We hypothesized that atypical fusion could be involved in this change in morphology. We demonstrate that enlarged mitochondria arise from HIF-1-induced fusion of mitochondria, by showing that Mfn1, the molecule implicated in mitochondrial fusion (Cipolat et al., 2004), is induced in hypoxia and that regulation of its expression modifies mitochondrial morphology. Moreover, PC3 cells that do not induce Mfn1 in hypoxia do not have this morphological aberration. Moreover, forced expression of Mfn1 in normoxia triggered enlarged mitochondria in both LS174 and HeLa cells. Our results are similar to those obtained by Santel et al. (2003) who suggested
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and BNIP3L interact with Mfn1 to trigger hypoxia-induced fusion. Further investigation into this novel function of BNIP3 and BNIP3L is in process. Enlarged mitochondria confer resistance to apoptosis



Fig. 6. Protection against apoptosis is reversible. LS174 cells were cultured for 72 h in hypoxia (H 1%—72 h). Cells were then incubated in normoxia for 24, 48, and 72 h. Staurosporine (Stau: 1 mM) was added 4 h prior to microscopic examination (scale bar, 11.5 mm) quantification of the apoptosis activity by counting apoptotic nuclei versus total nuclei. Each point was performed on more than 200 nuclei and the experiment was done twice.



that under hypoxic stress, overexpression of Mfn1, in LS174 cells in particular, but probably also in numerous cell types and cancer tissues, as mentioned above, triggers fusion of outer membranes giving atypical, enlarged mitochondria. However, the expression level of OPA1, which normally is responsible of cristae formation, remained unchanged in hypoxia. Therefore, it is possible that the cristae structure was not reorganized properly creating an unusual structure of the inner membrane. Thus, it may be hypothesized that overexpression of OPA1 restores normal cristae formation in enlarged mitochondria. Thus, Mfn1 appears to be a crucial player in the atypical fusion observed under long-term hypoxic conditions. Interestingly, ablation of BNIP3 and BNIP3L, two Bcl-2 family members, restored a normal mitochondrial network in hypoxia, which suggested a new function for these Bcl-2 family members. It has already been shown that Bcl-2 family members regulate mitochondrial morphology in healthy cells (Suen et al., 2008). Bax and Bak proteins have been shown to trigger mitochondrial fusion by binding to Mfn1 and Mfn2 (Karbowski et al., 2006; Brooks et al., 2007). Direct interaction of Bak with Mfn2 through the BH3 domain of Bak has been identified. Thus, as BNIP3 and BNIP3L possess atypical BH3 domains (Certo et al., 2006) that already play an important role in regulating hypoxiainduced autophagy (Bellot et al., 2009) we propose that BNIP3 JOURNAL OF CELLULAR PHYSIOLOGY



It is well known that cells in hypoxic regions of tumors are chemotherapy resistant (Brown and Wilson, 2004). In this study we provide mechanistic evidence implicating mitochondria in the resistance to apoptotic stimuli. A recent study also described hypoxic protection of cells from etoposide-induced apoptosis but pointed to increased Bax expression as the mechanism of resistance (Sermeus et al., 2008). Since Bax was not detected in LS174 cells (data not shown) this is probably not the case here. Sugioka et al. (2004) have shown that inhibiting mitochondrial fusion led to apoptosis. Increased fragmentation sensitized cells to apoptotic stimuli. In the present study, Cyto. c is clearly sequestered inside the OMM as the structural morphology of mitochondria is modified. Moreover, the intermembrane space, between the OMM and the IMM, no longer exists. Relocalization of Cyto. c, remodeling of cristae, and the inexistence of the intermembrane space may totally block the permeabilization of the outer membrane in the presence of apoptotic stimuli thereby preventing Cyto. c release. Consequently, cells with enlarged mitochondria become resistant to apoptosis. Abrogation of fusion by silencing of Mfn1 (siMfn1) under hypoxic conditions restored sensitivity to apoptosis. Interestingly, overexpression of BNIP3 has been shown to localize to mitochondria through its transmembrane domain (TM) in the outer membrane causing an increase in reactive oxygen species, the opening of the permeability transition pore, and a loss of mitochondrial membrane potential (Burton and Gibson, 2009). Many results point to an important role of BNIP3 in regulating mitochondrial function, such as in triggering apoptosis (Kim et al., 2002; Kubli et al., 2007; Cao et al., 2008). In the present study, BNIP3 like Cyto. c, seemed to be trapped in the OMM, which possibly modifies the protein–protein interactions necessary for BNIP3 signaling of cell death. Such modifications may block the cell-death function of BNIP3 and/or reveal a new pro-survival function. We recently demonstrated that BNIP3 and BNIP3L are pro-survival proteins involved in a hypoxia-induced autophagy (Bellot et al., 2009). Such a pro-survival function is thus conceivable in cells with enlarged mitochondria. As silencing of BNIP3 or BNIP3L re-establishes a tubular network, we propose that BNIP3 and BNIP3L participate in generating enlarged mitochondria that afford protection from apoptosis in hypoxia, a hypothesis that we are investigating further. In conclusion, the results herein point to a novel protective mechanism established by cancer cells in hypoxia to resist cell death stimuli. A major challenge for future studies will be to identify the molecular pathway through which abnormal fusion in mammalian hypoxic tumor cells results in blockade of the apoptotic process mediated via enlarged mitochondria. Materials and Methods Cell culture



A549, CCL39, HeLa, LS174, MCF7, PC3, ORL33, SKMel, and 786-O cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-BRL, InVitrogen Life Technologies, Carlsbad, CA) supplemented with 5% or 10% inactivated fetal bovine serum (FBS) as appropriate in penicillin G (50 U/ml) and streptomycin sulfate (50 mg/ml). Dr van de Wetering kindly provided the LS174 cells expressing the tetracycline repressor. Stable LS174 pTerHIF-1a cells (Chiche et al., 2009) were incubated without (Tet) or with (þTet) tetracycline for 4 days to silence hif-1a and maintained in either normoxia 21% O2 (N) or hypoxia 1% O2 (H, 1%) for 72 h.
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Hypoxic conditions TM



A Bug-Box anaerobic workstation (Ruskinn Technology Biotrace International Plc, Bridgend, UK) set at 1% oxygen, 94% nitrogen, and 5% carbon dioxide was used. Electron microscopy



Cells were fixed in situ with 1.6% glutaraldehyde in 0.1 M phosphate buffer at room temperature (RT) and stored overnight at 48C. Samples were rinsed in the same buffer and then postfixed with 1% osmium tetroxide and 1% potassium ferrocyanide in 0.1 M cacodylate buffer for 1 h at RT to enhance the staining of cytoplasmic membranes. Cells were rinsed with distilled water, embedded in epoxy resin, sectioned and examined with a Philips CM12 transmission electron microscope equipped with an Olympus SIS CCD camera. The area of mitochondria of cells was calculated as an ellipse (0.785ab; n ¼ 2, 50 mitochondria per experiment; mean  SD). Transfection of siRNA and plasmid



The 21-nucleotide RNAs were chemically synthesized (Eurogentec, Seraing, Belgium). siRNA sequences targeting SIMA (named siCtl), Mfn1, BNIP3, BNIP3L, and HIF-1a have been described previously (Berra et al., 2003; Sugioka et al., 2004) (siMfn1, siBNIP3, and siBNIP3L), 24 h prior to normoxic or hypoxic (1% O2) treatment. HeLa cells were transfected with the pMfn1 vector (10 mg/six-well plate) and analyzed by Western blotting 48 h after transfection. pMfn1 was kindly provided by Dr. J.C. Martinou. Clonogenicity assay



Cells (5,000 cells) were seeded in 100 mm dishes and once attached incubated for 72 h in normoxia (N) or hypoxia 1% O2 (H 1%) prior to addition or not of staurosporine (Stau) at 0.3 and 0.6 mg/ml. The dishes were then maintained for a further 10 days in normoxia or hypoxia before staining for viable cell colonies. ATP determination



PC3 and LS174 cells were incubated first in hypoxia for 72 h (H 1%, 72 h) then either lysed or cultured in normoxia for 24 h in the absence () or presence (þ) of glucose or the inhibitor of mitochondrial respiration oligomycin. Quantification of ATP was done using a luciferin/luciferase-based assay (Cell Titer Glo kit, Promega, Madison, WI) according to the manufacturer’s instructions and results are expressed as relative luminescence units (RLU). Each condition was tested eight times and the entire experiment was done twice. Significant differences are based on the Student’s t-test (P < 0.005).



trypsinized and labeled with the fluorochromes at 378C, followed by cytofluorometric analysis with a fluorescence-activated cell sorter (FACS) scan (Becton Dickinson, Franflin Lakes, NJ). Cells cultured in normoxia were incubated with or without a mitochondrial decoupling compound (CLCCP) for 15 min prior to addition of DiOC (50 mM) and PI (50 mg/ml). The fluorescence intensity of DiOC6(3) (which measures DCm) is plotted against the PI (forward scatter). Immunoblotting



Cells were lysed in 1.5 Laemmli buffer and the protein concentration determined using the BCA assay. Forty micrograms of protein of whole cell extracts was resolved by SDS–PAGE and transferred onto a PVDF membrane (Millipore, Billerica, MA). Membranes were blocked in 5% non-fat milk in TN buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl) and incubated in the presence of the primary and then secondary antibodies in 5% non-fat milk in TN buffer. After washing in TN buffer containing 1% Triton-X-100 and then in TN buffer, immunoreactive bands were visualized with the ECL system (Amersham Biosciences, Piscataway, NJ). Antibodies to Mfn1 and 2 were purchased from Abnova, Walnut, CA, to OPA1 from Abcam, Cambridge, UK, to BNIP3 and BNIP3L from Sigma-Aldrich, St Louis, MO. The rabbit polyclonal anti-HIF-1a antibody (antiserum 2087) was produced and characterized in our laboratory, and has been reported previously (Richard et al., 1999). Confocal microscopy



Cells were grown on glass coverslips and then fixed in 3.3% paraformaldehyde for 30 min at RT, permeabilized with 0.2% Triton-X-100 for 5 min. Cells were blocked with phosphatebuffered saline (PBS) containing 0.2% gelatin, 2% bovine serum albumin for 30 min at RT, and incubated with anti-rabbit HIF-1a (1/1,000, described in the Immunoblotting Section), and/or anti-mouse Cyto. c (1/500, BD Bioscience, San Jose, CA) or anti-rabbit BNIP3 and BNIP3L (1/400, Sigma) antibodies in PBS for 3 h at RT. After washing, cells were incubated in the presence of a biotinylated anti-mouse secondary antibody conjugated to Alexa 594 (1:400) or anti-rabbit secondary antibody conjugated to Alexa 488 (1:400) for 1 h at RT. After washing, coverslips were mounted in Cytifluor (Amersham Biosciences), detection of the confocal images by fluorescence was performed with a Leica TCS-SP1 microscope, and images were taken using a Nikon Coolpix 990 digital camera. Statistics



All values are the means  SD of the indicate number of determinations (n) and significant differences are based on the Student’s t-test and P values indicated.



Caspase activation
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Flow cytometry



The following fluorochromes were employed to determine mitochondrial function by cytofluorometry: 3,30 -dihexyloxacarbocyanine iodide [DiOC6(3), 50 nM] for mitochondrial transmembrane potential (DCm) quantification and propidium iodide (PI; 1 mg/ml) for determination of cell viability (all from Molecular Probes, InVitrogen, Carlsbad, CA). Cells were JOURNAL OF CELLULAR PHYSIOLOGY
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