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Abstract 

Mitochondria undergo constant cycles of remodelling to sustain normal cell 

function. As the major cellular metabolic hub, mitochondria are understood to require a 

precise balance of membrane fission and fusion to maintain mitochondrial genome 

integrity and levels of oxidative phosphorylation. Mitochondria have been shown to shift 

the balance of these two opposing pathways to drive a hyperfusion response following 

proteostasis stress conditions to avoid apoptosis. Importantly, in response to amino acid 

starvation, mitochondria have been reported to undergo fusion to form elongated 

structures that avoid degradation via mitophagy. Here, we aimed to study the signals 

controlling nutrient-dependent mitochondrial fusion and we attempted to reverse the 

elongation by supplementing three regulatory amino acids, glutamine, leucine, and 

arginine. Surprisingly, the addback of amino acids did not reverse the elongation, rather, 

led to stronger mitochondrial hyperfusion. The mechanisms regulating amino-acid 

dependent mitochondrial hyperfusion response were unknown. We confirmed that 

addback of amino acids led to metabolic reprogramming that upregulated nucleotide 

biosynthesis pathways, independent of mTORC1. Additionally, we found the loss of 

fumarate hydratase prevented amino acid induced mitochondrial hyperfusion, which 

suggested that amino acid metabolism via the TCA cycle mediates the mitochondrial 

hyperfusion response. Furthermore, enzymatic inhibition of inosine monophosphate 

dehydrogenase further blocked this hyperfusion response, indicating a key role of 

purine biosynthesis in mitochondrial remodelling. The functional role of mitochondrial 

hyperfusion has been linked to a pro-survival response and we also observed a similar 

suppression of programmed cell death upon amino acid-induced mitochondrial 
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hyperfusion.  These results suggest a novel metabolic mechanism is responsible for 

sensing cellular amino acids to regulate mitochondrial fusion and cell survival.   
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Chapter 1 

Introduction 

1.1 Discovery of mitochondrial dynamics  

After the initial observation of mitochondrial movement more than 100 years ago, 

the mechanism behind the dynamic behaviour of mitochondria puzzled many (1). Early 

mitochondrial variations observed provided the first link between mitochondrial activity 

to the physiological state of the cell. By early 1990s, the structure and distribution of the 

mitochondria in healthy and diseased states had become more established, however 

very little was known about the mechanisms by which the processes are regulated. 

In 1994, the first genetic screening of mutant budding yeast Saccharomyces 

cerevisiae with defective mitochondrial morphology identified several proteins required 

for regulating mitochondrial elongation and distribution (2). One defect in altered 

mitochondria prevented the binding of the organelle to the cytoskeleton, which 

suggested that mitochondrial shape plays a critical role for maintaining normal cell 

function (2). Subsequent studies demonstrated that mitochondrial networks were 

controlled by two opposing processes, division and fusion (3).  

Similar observations of abnormal mitochondrial morphology were detected in 

yeast mutants that were defective in DNM1 and FZO1, which are division and fusion 

genes, respectively (3). When these genes were restored, normal mitochondrial shape 

were also restored, suggesting regular mitochondrial shape is mediated by the division 

(now known as fission) and fusion processes (Fig 1). These mitochondrial dynamic 

processes are conserved and maintained throughout biological evolution as similar 

mechanistic proteins and genes are found in flies, mice and humans (4,5). Since then, 



the adaptable nature of mitochondrial distribution and morphology based on the precise 

balance of fission and fusion events became known as mitochondrial dynamics. Most 

recently, mitochondrial dynamics have been shown to participate in physiological 

processes such as apoptosis and other stress responses which are all critical for the 

proper function of the mitochondria and cell (6-8).  

1.2 Molecular mechanisms and structural machinery involved in mitochondrial 

dynamics  

1.2.1 Fusion machinery and mechanisms 

The molecular mechanisms and mitochondrial structures driving fission and 

fusion events were not well understood until the identification of fuzzy onion (Fzo), the 

first known mediator identified for mitochondrial fusion (9). In investigating 

spermatogenesis in Drosophila, mutations in the Fzo gene prevented fusion of 

mitochondria, resulting in sterile males. Furthermore, mutations in the Fzo GTP binding 

motif were associated with a decrease in fusion, confirming the regulatory role of Fzo for 

mitochondrial fusion (9).  

Similarly, in yeast, Fzo1p is a large dynamin-related GTPase located in the outer 

mitochondrial membrane and was the first component of the yeast mitochondrial fusion 

pathway to be characterized (10). The deletion of Fzo1 induced fragmentation of 

mitochondria and loss of mitochondrial DNA, thus suggests an important function of 

Fzo1 in mitochondrial remodelling and biogenesis (10). Two other key proteins, Ugo1p 

and Mgm1p, were identified to also contribute to the fusion of mitochondria in yeast 

(11). Interestingly, the fusion of both the outer mitochondrial membrane (OMM) and
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inner mitochondrial membrane (IMM) requires Ugo1p and Mgm1p, respectively. The 

loss of either Ugo1p or Mgm1p has also been shown to cause mitochondrial 

fragmentation in yeast (11). 

Unsurprisingly, mitochondrial fusion machinery found in yeast is also 

evolutionally conserved in human (12,13) (11). Specifically, mitofusins 1 and 2 

(MFN1/2) were discovered as mammalian homologs of Fzo1 (14,15). While, optic 

atrophy 1 (OPA1) was identified as the mammalian homolog for Mgm1 (16). All three 

dynamin-related GTPases help coordinate mitochondrial fusion, with each playing 

different functional roles in fusion regulation (13,14). Functionally, MFN1 is critical for 

the docking and fusion of mitochondria, while MFN2 stabilizes the membrane tethering. 

While OPA1 is not involved in mitochondrial docking, MFN1 is still needed for OPA1 to 

induce mitochondrial fusion (13). Interestingly, even though both MFN1 and MFN2 are 

structurally similar and essential for mitochondrial morphology, MFN1 has a significantly 

higher GTPase activity (17). Since the tethering of adjacent mitochondrial membranes 

require GTPase activity, it has been proposed that MFN1 is more efficient and 

predominantly responsible for the OMM tethering step during mitochondrial fusion (17). 

The expression level of MFN1 and MFN2 also differ depending on the tissue. For 

example, MFN2 is expressed significantly more compared to MFN1 in the brain, liver 

and contact sites between ER and mitochondria (18). Whereas, MFN1 is preferentially 

expressed in the heart and testis (15) (17).  

Unlike the mitofusins, OPA1 is localized in the IMM and plays a critical role in 

mediating the fusion of the IMMs of two mitochondria after fusion of their OMM . 

Currently, there are at least eight OPA1 mRNA variants of alternative splicing that has 
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been identified, which produce long and short isoforms (19). The long forms of OPA1 

(L-OPA1) can undergo proteolytic cleavage to generate short forms of OPA1. However, 

only the long isoform can rescue mitochondrial fragmentation induced by OPA1 

knockdown, suggesting that only the L-isoform is fusion competent (19).  

Mechanisms mediating mitochondrial fusion are essential for sustaining 

mitochondrial function and cellular metabolism. Fusion of the outer mitochondrial 

membrane is controlled by mitofusin 1 (MFN1), along with MFN2, while optic atrophy 1 

(OPA1) is responsible for inner mitochondrial membrane fusion (20,21). The fusion of 

the outer mitochondrial membrane can be summarized in three steps. First, the OMM of 

two adjacent mitochondria become loosely tethered via the formation of mitofusin 

oligomers (14) (Fig. 1.1). The mitofusins arrange into a docking ring complex around the 

contact points between the OMM (22) (Fig.1). Cells deficient in MFN1 or MFN2 display 

abnormal mitochondrial morphology and altered mitochondrial dynamics. The 

mitochondria of mitofusin-deficient cells exhibit spherical or ovoid morphology and rates 

of fusion are significantly decreased compared to mitochondria with normal morphology 

(14). Following OMM tethering, mitofusins undergo a conformation change induced by 

GTP binding and hydrolysis (Fig. 1.1) (23) (24). Crystal structure studies demonstrated 

that MFN1 and MFN2 can form heterodimers and homodimers via their GTPase 

domains. Finally, GTP hydrolysis induces the fusion of the two adjacent OMM, 

completing the last critical step for the fusion of the outer membrane (Fig.1.1).  

Although the structure and homology between MFN1 and MFN2 exhibit high 

degrees of overlap, the function of the two mitofusins has been shown to differ. For 

example, MFN2 has been shown to be involved in ER-mitochondrial connections, a 
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characteristic that is not observed with MFN1 (20). Furthermore, MFN2 mutations are 

responsible for causing Charcot-Marie-Tooth disease type 2A (CMT2A), while MFN1 

mutations do not (25).  

After the fusion of adjacent OMM, proteolytic processing of OPA1 mediates the 

fusion of the IMM. OPA1 is tightly bound to the outer surface of the inner membrane but 

can be localized in the mitochondrial intermembrane space (Fig. 1.1)(26). The 

knockdown of OPA1 induced mitochondrial fragmentation, while overexpression of this 

fusion mediator resulted in elongation (13). Interestingly, the overexpression of OPA1 

has also been shown to counteract the effects of MFN2 knockdown, but not MFN1, 

which suggested a model where OPA1 communicates with MFN2 to promote fusion of 

both membranes. Localization of OPA1 in only one out of the two adjacent mitochondria 

is required for the completion of mitochondrial fusion of both membranes (27). 

Additionally, the fusion of IMM has been proposed to be regulated by both OPA1 and 

cardiolipin (CL) (Fig. 1.1) (28). Cardiolipin is a mitochondrial specific lipid located in the 

IMM and is often present to stabilize and assist in the assembly of large protein 

complexes on the mitochondrial membranes. Incubation assays revealed the 

interactions between L-OPA1 (long isoforms of OPA1) and CL are driving membrane 

fusion (28). These findings collectively suggests that IMM fusion is mediated by not only 

OPA1, but also by cardiolipin.  

As previously mentioned, OPA1 undergoes proteolytic processing to produce 

fragments of different lengths. When long isoforms of OPA1 (L-OPA1) and short 

isoforms of OPA1 (S-OPA1) were re-expressed in OPA1 knockdown cells, only L-OPA1 

isoforms recovered the ability for the mitochondria to fuse, suggesting that only L-OPA1 
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is fusion competent (19). The type of OPA1 isoforms present may also be indicative of 

the cellular environment. The proteolytic cleavage of OPA1 is mediated by OMA1, a 

membrane-bound metalloprotease (27,29). Studies have shown that OMA1-dependent 

cleavage of L-OPA1 occurs as a response to cellular stress, such as nutrient starvation 

(30). A different metalloprotease, Yme1L also processes L-OPA1, but at a different 

cleavage site. Interestingly, Yme1L-dependent proteolytic cleavage of L-OPA1 is 

stimulated at high levels of oxidative phosphorylation (31). Thus, suggests that OMA1 

cleavage activity regulates mitochondrial dynamics in response to cellular environment.  

More recently, structural analysis of short isoform of Mgm1 (S-Mgm1), a yeast 

homolog of OPA1, revealed that oligomerization of S-Mgm1 mediates inner 

mitochondrial membrane remodelling and binding (32). S-OPA1 undergoes a similar 

conformational change following GTP binding (33). Even though, S-OPA1 is able to 

mediate membrane tethering, S-OPA1 is unable to promote IMM fusion alone as S-

OPA1 binding domains are too far apart even following GTP binding (33). However, 

when present together, L-OPA1 and S-OPA1 can synergistically increase the efficiency 

of IMM fusion (28). So far, current findings propose a simple understanding for 

mitochondrial fusion regulation, however, further structural and functional studies are 

needed to confirm the full mechanism of IMM and OMM fusion.  
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Figure 1.1 Mechanism of mitochondrial fusion in mammals 

(A) First step of outer mitochondrial membrane (OMM) fusion, where two adjacent 
mitochondria become loosely tethered via the formation of mitofusin oligomers 
(B) GTP binding causes mitofusins to undergo a conformational change. Finally, GTP 
hydrolysis completes the final step OMM fusion  
(C) Proteolytic processing of OPA1 results in long and short isoforms of OPA1. 
Interactions cardiolipin (CL) and L-OPA1 drives inner mitochondrial membrane fusion 
(D) After fusion of both IMM and OMM, mitochondria are elongated 
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1.2.2 Fission machinery and mechanisms  

Through genetic screening of yeast mutants with abnormal mitochondrial 

morphology, four proteins were determined to be crucial for inducing mitochondrial 

fission, Dnm1p, Fis1p, Mdv1p, Caf4p (34). The large GTPase, Dnm1p, facilitates one of 

the key steps in mitochondrial fission with its re-localization from cytosol to the 

mitochondria. The Fis1p protein recruits Dnm1p to the surface of the mitochondrial, 

while Mdv1p and Caf4p act as the bridge between Dnm1p and Fis1p (34). Then, 

following Dnm1p attachment, Dnm1p self-assembles into a spiral structure at the 

constriction site and begins the process of mitochondrial fission (35). 

Studies focused on mammalian fission mechanisms, reveal that there are no 

corresponding yeast homolog for Mdv1 and Caf4 in the mammal mitochondrial fission 

pathway. Rather, mitochondrial fission factor (MFF), mitochondrial dynamics protein 49 

and 51 (MID49 and MID51) and FIS1 act as DRP1 receptors in mammals. Most 

importantly, dynamin-related protein 1 (DRP1) was discovered as the ortholog of 

Dnm1p in yeast (36). Unlike in yeast, DRP1 is primarily present in the cytosol, and is 

recruited to the mitochondrial surface and localizes at potential sites of mitochondrial 

fission (36).  

Dynamin-related protein 1 is the main regulator of the multi-step, mitochondrial 

fission process. However, DRP1 alone is not sufficient to drive mitochondrial fission; 

membrane receptors are required to constrict regions of the membrane in a GTP-

dependent manner (37). First, DRP1 is recruited to the outer mitochondrial membrane 

via adaptor proteins that are anchored to the outer mitochondrial membrane: MFF, 

MiD49, MiD51 and FIS1 (34,38,39). Following the binding of DRP1 to its protein 
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receptors, DRP1 oligomerizes and assembles into a ring-like structure that encircles the 

mitochondrion (Fig. 1.2). Although the mechanisms proceeding DRP1 recruitment is still 

not fully understood, GTP binding, and hydrolysis has been shown to induce the 

constriction of the mitochondrial membrane. Cryo-EM analysis of DRP1-

GTP/MID49/MID51 complexes have revealed the polymer formation is induced 

following GTP binding (40). The interactions with the adaptor proteins on the 

mitochondrial membrane further stabilizes the polymer formation. Subsequently, GTP 

hydrolysis induces the polymer to shorten and curl into closed rings to promote the 

constriction of the mitochondria (40) (Fig.1.2).  

Interestingly, adaptor proteins and membrane receptors have been identified as 

key regulators of DRP1-dependent mitochondrial fission. Initially, FIS1 was considered 

a key component of mammalian fission machinery as knockdown of FIS1 induced 

elongation of mitochondrial tubules (41). It was proposed that FIS1 is responsible for 

recruiting DRP1 to mitochondrial surface and which act as a DRP1 adaptor. However, 

more recently, studies have shown no direct interaction between FIS1 and DRP1 during 

fission (42). Rather, FIS1 has been attributed to recruitment of lysosomes and act 

during stress-induced fission, although detailed mechanisms remain to be elucidated 

(43,44).  

Additionally, the oligomerization of DRP1 is also an important step in fission 

regulation. It has been demonstrated that DRP1 oligomerization can still proceed in the 

absence of DRP1 membrane receptors. However, the polymer complexes alone are 

incapable of driving mitochondrial fission to completion and has been shown to require 
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other dynamin proteins and membrane receptors to complete mitochondrial constriction, 

which suggests an imperative role for these membrane receptors (45).  

Originally, Dnm1p (dynamin-related GTPase) was shown to be responsible for 

controlling mitochondrial fission in yeast (46). Comparatively, Dynamin 2 (DYN2) was 

proposed to play an essential role in mammalian mitochondrial fission (45). More 

recently, studies using dynamin knockdown mouse cell lines showed that they continue 

to display mitochondrial fission ability, even though the proposed fission machinery was 

inhibited. This suggests that while DRP1 is critical for mitochondrial fission in mammals, 

dynamins (more specifically dynamins 1-3) are nonessential (47). Consequently, this 

raises the question whether each DRP1 mitochondrial adaptor protein/receptor is 

required and if each protein has individual roles in promoting mitochondrial fission. 

Nevertheless, the role of dynamin-related proteins has been heavily debated as recent 

studies have shown that some dynamin-related proteins are dispensable during the 

fission process (47,48).  
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Figure 1.2 Life cycle of mitochondria undergoing fission and fusion 

Mitochondrial fission and fusion regulate mitochondrial morphology in response to 

cellular needs and metabolic cues. Fusion of OMM requires oligomerization of MFN1 

and MFN2 molecules. GTP binding and hydrolysis facilitates conformational change of 

mitofusin molecules and the complete fusion of OMM. The fusion of IMM is dependent 

on proteolytic processing of OPA1 and the interaction of L-Opa1 with cardiolipin (Fig. 

1.1). Mitochondrial fission occurs when DRP1 is recruited to the OMM via adaptor 

proteins and assembles into a complex ring-like structure that encircles. GTP hydrolysis 

promotes shortening of DRP1 complex, resulting in the constriction of mitochondria. 
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1.3 Biological significance and function of mitochondrial remodelling/dynamics 

Mitochondrial fission and fusion are required for maintaining mitochondrial health 

and function, consequently impacting cellular function and metabolism. The primary 

function of mitochondrial involvement in cellular processes is to provide energy in the 

form of ATP production. At the same time, the state of cellular metabolism also dictates 

mitochondrial morphology. Thus, it’s important to understand how mitochondria 

morphologically adapt to metabolic cues to maintain energy homeostasis.  

1.3.1  Apoptosis linked to upregulated mitochondrial fission 

Interestingly, morphological changes of the mitochondria were first linked to 

apoptosis, which is a cellular process regulating cell death. DRP1-mediated 

mitochondria fission, cristae remodelling and mitochondrial outer membrane 

permeabilization (MOMP) all contribute to the release of cytochrome c from the 

intermembrane space to the cytoplasm (Fig. 1.3). Once cytochrome c is present in the 

cytoplasm, a cascade of caspases become activated in response to cytochrome c, 

which then propagates down to promote apoptotic signalling (Fig.1.3) (49). Thus, 

studies on apoptosis revealed the first idea of how mitochondrial dynamics regulated 

and executed the mechanisms of cell death (50) (51). 

During the initiation of apoptosis, mitochondria undergo several morphological 

changes. First, they undergo DRP1-dependent mitochondrial fission (36). Interestingly, 

inhibition of DRP1-dependent fission subsequently delayed or prevented apoptosis (41). 

Studies have also indicated that an increase in mitochondrial fission activity occurs 

during apoptosis. The upregulated fission activity can be associated with the increased 

stabilization of DRP1 through its colocalization with BAX and BAK during the fission 
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process. In normal, healthy cells, DRP1 and BAX are regularly recycled between the 

cytosol and mitochondria.  However, in cells undergoing apoptosis, DRP1 has been 

shown to colocalize with two pro-apoptotic proteins, BAX and BAK during the initial 

stages of apoptosis, which helps promote the translocation of BAK and DRP1 to the 

mitochondria from the cytosol during apoptosis (Fig. 1.3) (52,53). BAX and BAK 

stabilizes DRP1 by promoting SUMOlyation (small ubiquitin-related modifier). The 

SUMO conjugation of DRP1 stabilizes the association of DRP1 with mitochondrial 

membrane and stabilizes the mitochondrial contact sites with the endoplasmic reticulum 

(ER) (54). The ER-mitochondrial contact stabilization promotes transmission of Ca2+ 

from ER to mitochondria, which promotes cytochrome c release and supports cristae 

remodeling, consequently driving mitochondrial apoptosis (Fig. 1.3) (54).  

Cristae remodeling is another morphological change that has been associated 

with driving mitochondrial fission. Although the mechanism by which cristae remodeling 

is induced is unclear, studies have shown that cristae remodeling is OPA1-dependent 

and is critical for efficient apoptotic cytochrome c release (Fig.1.3)(55). Interaction and 

oligomerization of OPA1 isoforms is associated with the tightness of the cristae 

junctions. Prior to the release of cytochrome c, OPA1 isoform interactions change, 

resulting in an increase in cristae junction size (56). The OPA1 oligomers appear 

significant as in the presence of apoptotic stimuli, cells overexpressing OPA1 

maintained significant resistant to apoptosis (56).   

In contrast to the mitochondrial fission pathway and machinery involved in 

apoptosis, mitochondrial fusion appears to play a protective role in preventing the cell’s 

from undergoing apoptosis. Interestingly, mitochondrial hyperfusion has been observed 
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to precede DRP1-dependent mitochondrial fission during apoptosis, suggesting 

hyperfusion may be a last attempt to delay or protect against apoptosis (Fig.1.3). 

Similarly, studies have shown a delay/inhibition of apoptosis in cells with increased 

mitochondrial fusion, whereas cells with impaired fusion are more susceptible to 

apoptotic stimuli (4). Molecular mechanisms mediating the antiapoptotic effect of 

mitochondrial fusion are still unclear, however, OPA1-dependent remodeling of the 

cristae may contribute to preventing apoptosis (Fig.1.3).   

As studies have demonstrated that mitochondrial remodelling prevents cellular 

activation of apoptosis; mitochondrial remodelling can also protect mitochondrial 

function through the exchange of content between mitochondria. Dysfunctional 

mitochondria with damaged components can regain essential components by fusing 

with neighbouring healthy mitochondria (57). In fusion-deficient cells, damaged 

mitochondria lack the ability to regain functional components, which results in the 

accumulation of damaged content and gradual degradation of the mitochondria (57). 

Through the regulation of quality control pathways, mitochondrial dynamics have been 

shown to be responsible for regulating apoptosis while also maintaining mitochondrial 

function.  

 

1.3.2 Mitochondrial dynamics and energy metabolism  

Fusion allows for the exchange of critical components between damaged and 

healthy mitochondria and this mechanism has been proposed to alleviate cellular stress 

and counteract cellular aging (58). Specifically, OPA1 helps maintain mitochondrial 

cristae structure and MFN2 has been shown to maintain coenzyme Q levels, both fusion 
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mediated mechanisms are essential for oxidative phosphorylation activity (59) (60). 

Reduced cellular respiration and poor cell growth have been observed in fusion-

deficient cells, while functional respiration was restored following a few days of normal 

mitochondrial fusion (57,61). These results suggest that elongated mitochondria may be 

more bioenergetically efficient, which couples cellular energy metabolism to the 

morphology of mitochondria.   

In response to nutrient starvation, mitochondria form transient tubular 

mitochondrial networks to compensate for nutrient shortage (62). The increase in ATP 

production during mitochondrial fusion helps maintain energy supply, however it can 

also increase oxidative stress ultimately causing damage to mitochondria. Similar 

mitochondrial fusion was observed with glucose starvation as MFN1 was deacetylated 

and activated in response to glucose shortage (63). The association of MFN1 with 

protein deacetylase HDAC6 induced mitochondrial fusion, but unexpectedly did not 

increase ATP production. The adaptive morphology did however prevent buildup of 

reactive oxygen species and eventual mitochondrial degeneration (63). The number of 

cristae and activity of ATP synthase has also shown to be elevated with elongated 

mitochondria in response to nutrient starvation (64). Functional significance of fusion 

was further shown with the coupling of cristae morphology to the stability and rate of 

respiratory chain complex assembly (59). The changes in cristae shape to adapt to 

cellular needs provide evidence for the respiratory significance of mitochondrial fusion.  
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1.3.3 Mitophagy and mitochondrial dynamics 

Mitophagy (autophagy of mitochondria) is responsible for controlling 

mitochondrial quality. Dysfunctional mitochondria can be selectively removed by 

mitophagy. Failure to eliminate damaged cellular components can reduce mitochondrial 

function, as DRP1-inhibited cells have shown to accumulate impaired proteins and 

reduce cellular respiratory activity (65). Furthermore, dysregulated mitophagy can be 

implicated in the development of neurodegenerative diseases, which will be discussed 

in the next section. Thus, the ability to break off damaged components of the 

mitochondria for degradation via mitophagy is essential for proper cellular and 

mitochondrial function.  

The two main regulators of mitophagy are Parkin and PINK1. Mutations of either 

protein has been associated with Parkinson’s diseases (66). When cells lose 

mitochondrial membrane potential (often an indication of mitochondrial damage), 

mitophagy can be initiated. Parkin, normally found in the cytosol is recruited to the 

mitochondria by PINK1 (which accumulates at the surface of impaired mitochondria). 

Then, Parkin is responsible for ubiquitinating mitochondrial proteins responsible 

regulating mitochondrial morphology, such as MFN1 and MFN2 to promote lysosomal 

engulfment of the damaged mitochondria (67).   

Interesting, hypoxia can also induce mitophagy and alter mitochondrial dynamics 

independent of Parkin. An integral OMM receptor, FUNDC1 mediates hypoxia-mediated 

autophagy by interacting with LC3, which is a key autophagy factor (68). The 

knockdown of FUNDC1 or mutations of the LC3 interaction region impaired the 

interaction between FUNDC1 and LC3, subsequently preventing hypoxia-induced 
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mitophagy (68). Studies have shown that the interaction between FUNDC1 and DRP1 

and OPA1 has regulatory effects on mitophagy. Increasing the interaction between 

FUNDC1 and DRP1 while decreasing its interaction with OPA1 resulted in mitochondrial 

fission and the induction of mitophagy (68). Furthermore, mitochondrial fusion factors 

have also been shown to be involved in the regulation of Parkin-mediated mitophagy. 

For example, collapsed mitochondrial membrane potential of a dysfunctional 

mitochondria can impair the proteolytic cleavage of L-OPA1, which increases 

mitochondrial fragmentation (69). However, maintaining a stable pool of L-OPA1 near 

the IMM was sufficient to mediate against the effects of impaired OPA1 cleavage and 

delay the induction of mitophagy.  

In addition to being ubiquitinated, the crosstalk between mitofusins 1 and 2 and 

PINK1/Parkin appears to mediate the mitophagy process in damaged mitochondria. 

Specifically, MFN2 is responsible for directing Parkin to damaged mitochondria. In cells 

defective of MFN2, Parkin diffuses in the cytosol and suppresses mitophagic response 

(70). The phosphorylation of MFN2 mediated by PINK1 stabilizes the mitochondrial 

fusion protein, to help attract and bind to Parkin. Thus, suggesting that mitochondrial 

dynamic proteins coordinate with PINK1/Parkin-mediated mitophagy pathway to 

maintain mitochondrial quality control, as accumulation of abnormal mitochondria has 

been linked to adverse consequences, such as Parkinson’s disease and 

cardiomyopathy.   
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1.4 Consequences of mitochondrial dynamic dysfunction 

1.4.1 Mitochondrial dynamic dysregulation in neurodegenerative diseases 

The physiological relevance of mitochondrial dynamics was revealed after mutations of 

mitochondrial fusion genes were identified to cause two prevalent neurogenerative 

diseases (dominant optic atrophy and Charcot-Marie Tooth type 2A). These discoveries 

demonstrate the importance of balanced mitochondrial dynamics and its implications in 

human pathologies.   

Dominant optic atrophy (DOA) 

Mitochondrial function and dynamics are critical for the maintenance of neuronal 

health and function. Dysregulation of mitochondrial dynamics has been linked to the 

pathogenesis of a variety of human diseases. Neurodegenerative diseases have been 

directly linked to mutations in mitochondrial fission and fusion machinery. The most 

inherited optic nerve disorder, dominant optic atrophy (DOA) has been shown to be 

caused a mutation of optic atrophy 1 (OPA1). Characterized by the atrophy of optic 

nerves and degeneration of retinal ganglion cells, it results in progressive loss of vision. 

Typically, dominant optic atrophy presents in childhood and leads to gradual 

symmetrical loss of vision with deterioration of condition increasing with age. Range of 

vision loss, however, varies greatly between patients as shown in longitudinal and 

cross-sectional studies on DOA patients (71).  

Variants of OPA1 gene has been shown to contribute to the pathogenesis of over 

200 diseases. Studies on familial hereditary of dominant optic atrophy found pathogenic 

mutations within the highly polymorphic OPA1 gene (72). A majority of the OPA1 gene 

mutations contributing to dominant atrophy are associated with the formation of a 
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termination codon prematurely. Thus, the truncated protein formed as a result of OPA1 

mutation is highly unstable and leads to a reduction of OPA1 protein level (73). With 

high levels of OPA1 expression normally found in the retinal ganglion cell layer, 

haploinsufficiency of OPA1 has been cited as a major disease mechanism in DOA 

patients. Furthermore, OPA1 proteins have also been identified to localize in other 

regions of the central nervous system, peripheral nerves and skeletal muscles. 

Reduction in OPA1 levels in these regions also leads to phenotypes associated with 

variants of dominant optic atrophy (74). 

Charcot-Marie tooth disease type 2A (CMT2A) 

Dysfunction and mutation of mitochondrial fusion components plays a large role 

in the pathogenesis of neurodegenerative diseases. Charcot-Marie tooth disease type 

2A (CMT2A) has been shown to be caused by a pathogenic mutation of MFN2 (75). 

Hallmarks of this neurodegenerative disease include muscle weakness and potential 

sensory loss primarily due to a progressive degeneration of peripheral nerves. The 

developmental impact of MFN2 proposed that nerve degeneration was caused by a loss 

of mitochondrial fusion. Conditional knockout MFN1 and MFN2 mouse models 

demonstrated that Purkinje cell only required MFN2 and not MFN1 for proper 

development, survival and function (76). Additionally, Purkinje cell degeneration in the 

cerebellar layers was attributed to an elevated level of apoptosis observed in the MFN2 

knockout mouse model (76). Purkinje cells that survived had fragmented mitochondrial 

networks and damaged respiratory chains, which suggests the importance of 

mitochondrial fusion components in neuronal development. The functional significance 

of MFN2 for Charcot-Marie tooth disease pathogenesis can also be demonstrated in 
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skeletal muscle. Cellularly, MFN2 functions to protect against mitochondrial DNA 

(mtDNA) mutation and is involved in maintaining mtDNA integrity. Thus, mutation or 

dysfunction of MFN2 can result in muscle atrophy and decreased respiration in the 

muscle (77). Mutant mice with MFN1/2 deletion accumulated numerous point mutations 

and deletions in their genome, resulting severe mtDNA depletion (77).  

 

1.4.2 Mitochondrial dynamic dysregulation in cancer 

Cellular transition from regular to malignant and invasive tumour cells involves multiple 

highly regulated processes. Since mitochondrial fission and fusion are critical in 

mediating proper cellular function and physiology, it is unsurprising that dysregulated 

mitochondrial dynamics have been found in various human cancers, often driving 

tumorigenesis and suppressing cell death pathways. Thus, by examining mitochondrial 

dynamic mechanisms involved in cancer, we may begin to understand how 

mitochondrial hyperfusion and mitophagy evasion may be involved in cancer cell 

survival.  

 

Oncogenic transformation mediated by mitochondrial dynamics 

Mitochondrial dysfunction can result in elevated levels of mitochondrial reactive oxygen 

species, TCA metabolite accumulation and mitochondrial outer membrane 

permeabilization (MOMP) dysfunction, which can drive cellular malignant transformation 

(78) (79) (80) (81). Interestingly, common phenotypes observed in numerous human 

cancers links enhanced mitochondrial fission and suppressed fusion to the promotion of 

tumour development and growth (82) . An oncogenic cellular transformation study 
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demonstrates that DRP1 expression and activity are required for RAS-induced 

mitochondrial reprogramming (83). Increase fragmented mitochondrial morphology 

accompanied the elevated DRP1 function in RAS-induced oncogenic transformation. 

Inhibition of DRP1 expression in Ras-induced MEFs prevented cellular transformation 

and colony generation, normally seen with control MEFs with proper DRP1 expression 

(83). Furthermore, MAPK signalling has been shown to activate DRP1 activity, 

necessary for RAS-driven oncogenic cellular transformation (84). Phosphorylation of 

DRP1 for activation of fission has also been shown to be activated by MAPK signalling. 

Thus, observations of mitochondrial fusion due to a loss in DRP1 activity from MAPK-

signalling inhibition demonstrates that RAS-induced oncogenic transformation depends 

on DRP1-dependent mitochondrial fission.  

 

Mitochondrial dynamics imbalance drives oncogenic cell survival and metastasis 

Common hallmarks of cancer cells include increased resistance to apoptosis and 

excessive proliferation. During apoptotic activation following cellular stress or damage, 

mitochondrial fragmentation often accompanies the activation of pro-apoptotic signalling 

cascade. In lung and pancreatic cancer patients, increased mitochondrial fission and 

elevated activation of DRP1 was observed (85) (84). Moreover, DRP1-depletion and 

MFN2-upregulation has been shown to increase rate of apoptosis and promote 

regression of lung and colon tumours (85) (86). Thus, these studies provide evidence 

that mitochondrial fission and fusion imbalance can be exploited to promote survival.  

In addition to evading apoptosis, oncogenic cells require large amounts of energy 

provided by mitochondria to metastasize. Generally, studies have demonstrated an 
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upregulation of fission and downregulation or inactivation of fusion mechanisms in 

invasive cancer tumour cells. For example, the induction of mitochondrial fission in non-

small cell lung cancer (NSCLC) cells is regulated by epithelial growth factor receptor 

(EGFR) (87). Interaction of EGFR with MFN1 disrupts the polymerization of MFN1, 

subsequently inhibiting mitochondrial fusion. Furthermore, inhibition of DRP1 activity 

disrupted the invasive ability of thyroid tumour cells, while overexpression of DRP1 

promoted malignancy in thyroid tumours (88). Overall, these studies provide strong 

evidence that mitochondrial fission and fusion influences not only metabolism, but also 

plays key roles in oncogenic cell proliferation and survival. 
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1.5 Mitochondrial hyperfusion induced as a form of stress response 

Mitochondria plays a critical role in maintaining cell homeostasis. Depending on 

the type and severity of stress, cells often respond in one of two ways; direct the 

stressed/damaged cells towards apoptosis or activate protective mechanisms to 

mediate against the damaging effects of stress. Upon mild level stress, including ER 

stress and nutrient starvation, mitochondria elongate to form an network of 

interconnected organelles (62,89). However, if the mild form stress prolongs or cells 

undergo acute oxidative stress, apoptotic cascades will be stimulated, and 

mitochondrial depolarization and fragmentation will occur (Fig.1.3) (51).  

Often, elongated mitochondria are observed when cells are treated with stress 

stimuli, such as UV-C irradiation, nutrient starvation, cycloheximide (CHX) and 

actinomycin D (ActD)-induced proteostatic stress (Fig.2) (30). This hyperfusion 

remodelling response represents an adaptive stress reaction in hopes of maintaining 

mitochondrial ATP production and cell homeostasis. Hence, this extreme shift in 

mitochondrial morphology became known as stress-induced mitochondrial hyperfusion 

(SIMH). Initially, the stress-induced elongated mitochondrial morphology appears to 

resemble the morphology of fission-inhibited mitochondria. However, Tondera et al. 

later demonstrated that SIMH relied on the activation and increase of mitochondrial 

fusion instead of the suppression of fission. Other mitochondrial fusion components, 

such as stomatin-like protein 2 (SLP-2), L-OPA1 and MFN1 are required to promote 

SIMH (30). Inhibition of fission components did not promote SIMH if critical fusion 

components were not present, which validates that stress-induced increase in fusion 

activity is the main mechanism underlying SIMH (30). Recently, mitochondrial-localized 
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Sirtuin 5 (SIRT5) was shown to be an essential component for the induction of 

mitochondrial elongation during nutrient starvation (90). Sirtuins act as cellular energy 

sensors, as its deacetylating activity is sensitive to changes in cellular NAD+ levels. 

Analyses of SIRT5 knockout cells showed that the enzyme plays a role in altering 

mitochondrial function during nutrient starvation to induce mitochondrial elongation and 

escape autophagic degradation (90).   

While elucidating mechanisms underlying SIMH, preliminary physiological functions 

were established for mitochondrial hyperfusion. Under stressed conditions, SIMH 

competent cells showed delayed BAX activation and cytochrome c release (64). The 

anti-apoptotic response induced by SIMH was accompanied by an increase in 

mitochondrial ATP production (64). The complementary increase in ATP production 

helps sustains cellular energy during nutrient depletion. Cells with mitochondria that are 

unable to elongate are more susceptible to starvation induced cell death. This suggests 

a protective role for mitochondrial hyperfusion (64). Another study suggests that 

mitochondrial hyperfusion triggers NF-kB activation as a pro-survival response to stress 

signals caused by protein synthesis disruption (91).   The p65 subunit of the NF-kB 

transcription factor translocates to the nucleus when NF-kB is activated, and proceeds 

to initiate target gene transcription (91). Downstream expression of antiapoptotic genes, 

such as Bcl-xL and FLIP were induced by the activation of NF-kB. Nuclear translocation 

of the p65 NF-kB subunit was observed in each promotion of SIMH induced by UV-C, 

ActD and CHX. Furthermore, reduced Bcl-XL expression was observed with SIMH-

incompetent cells following CHX treatment as the lack of hyperfusion prevents 

activation of NF-kB. This suggests that the pro-survival role of SIMH and be attributed to 
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its activation of NF-kB (91). The increased level of oxidized glutathione (GSSG) 

associated with mitochondrial hyperfusion has also been proposed as another 

mechanism for SIMH-related adaptive stress response (92). Accumulation of GSSG, 

which occurs during cellular stress demonstrated that GSSG treatment promotes MFN2 

oligomerization and subsequent mitochondrial fusion (92). 

 

 

Figure 1.2 Cellular apoptotic processes influenced by mitochondrial remodelling 

Top: Mitochondrial hyperfusion can be induced by stress stimuli such as cycloheximide 

or actinomycin D or amino acid (QLR) addback. Formation of elongated mitochondrial 

networks help preserve metabolic homeostasis, thus preventing cell death.  

 

Bottom: Mitochondria damaged by prolonged stress or exposure to apoptotic stimuli 

induces the activation of BAX and BAK (not shown) during initial stages of apoptosis, 

which induces mitochondrial outer membrane permeabilization (MOMP). In combination 

with DRP1-dependent cristae remodelling, MOMP promotes cytochrome c release into 

the cytoplasm, subsequently activating downstream caspase cascades and apoptosis.    
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1.6 Rationale 

While investigating signalling events that coordinate mitochondrial remodelling 

and mitophagy, the Chan lab discovered the unexpected modulation of mitochondrial 

hyperfusion by regulatory amino acids. The observation of morphological changes 

suggests that metabolic rates may be coordinating mitochondrial morphology and 

function. This led to the speculation that mitochondrial hyperfusion may be responsible 

for prolonging overall cellular longevity by mitigating the effects of mitochondrial aging 

while also maintaining energy production. However, this relationship between these 

fundamental areas of metabolism and mitochondrial biology has not yet been clearly 

defined. Thus, I aimed to explore the mechanism and physiological function of 

mitochondrial re-programming in response to QLR addback. Here, my work dissected 

molecular pathways responsible for regulating this novel nutrient-dependent 

mitochondrial hyperfusion. Furthermore, I also examined the involvement of 

mitochondrial hyperfusion in regulating cell death pathways. 

 

1.7 Aims and Objectives  

The influence of amino acids on cellular metabolism has been well studied, 

however its effects on mitochondrial dynamics has yet to be elucidated. More than a 

decade ago, it was first reported that amino acid starvation induces mitochondrial fusion 

(62,64). It was also suggested that the fusion observed provided a mechanism to 

prevent mitophagy and maintain mitochondrial viability (64).  

Our laboratory identified a novel mitochondrial hyperfusion response mediated by 

regulatory amino acid availability. The strong mitochondrial hyperfusion following 
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starvation of all amino acids and then addback of three regulatory amino acids 

(glutamine, leucine and arginine) suggested a novel signalling pathway for coordinating 

metabolic rates with mitochondrial dynamics. Interestingly, mitochondrial hyperfusion 

has been linked to promotion of overall cellular longevity by maintaining adequate 

energy production, decreasing reactive oxygen species generation, and reducing the 

levels of mitochondrial aging. Therefore, we now hypothesize amino acid metabolism 

may be responsible for regulating mitochondrial hyperfusion, for example, through 

regulation of the tricarboxylic acid (TCA) cycle.  

For my Master’s thesis project, my aims were to:  

1) Investigate regulatory metabolic mechanisms involved in amino acid-dependent 

hyperfusion. 

2) Examine the relationship between amino acid-dependent hyperfusion and a 

previously reported pro-survival stress-induced mitochondrial remodelling 

pathway. 

3) Define the role of amino acid-induced hyperfusion in regulating cell function and 

survival. 
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Chapter 2 

Materials and Methods 

2.1 Cells and Cell culture 

The human breast cancer cell line (4T1) and human cervical cancer cell line 

(HeLa) were obtained from American Type Culture Collection (ATCC). Immortalized 

kidney cells from mice homozygous for a conditionally targeted fumarate hydratase 1 

(Fh1 fl/fl) and Fh1 (-/-) KO clones 1 and 13 were obtained from Cancer Research UK 

Technology Limited and gifted by Christian Frezza and Eyal Gottlieb. Human 

osteosarcoma cells (U2OS) were obtained from the Cancer Research UK London 

Research Institute Central cell bank. Otherwise indicated, all cells were cultured in 

DMEM with high glucose (4.5g/L) glucose (Lonza; L-Glutamine, 17-605E), 

supplemented with 5% fetal bovine serum (FBS) (Wisent; 098150), 5% HyClone cosmic 

calf serum (Cytiva; SH30087.03) and 1% penicillin/Streptomycin (Wisent; 450-201-EL) 

in 5% CO2 at 37°C. When “purine free” conditions were indicated, 4T1 and HeLa cells 

were cultured in DMEM, high glucose, no glutamine (Gibco; 11960-044), supplemented 

with 1% penicillin/streptomycin in 5% CO2 at 37°C for at least seven days before they 

were fixed and imaged. Cells were maintained by passaging at least twice a week.  

For experiments, cells were first counted using a hemocytometer and diluted to a 

suitable concentration for each type of experiment, ranging between 0.05x106 cells/mL 

to 0.2x106 cells/mL. For example, cells were normally plated at 0.05x106 cells/mL for 

confocal imaging and at 0.2x106 cells/mL for western blot analysis. Generally, cells 

were plated in DMEM on glass coverslips, except for 4T1 and 4T1-su9 GFP cells which 
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were plated on fibronectin-coated glass coverslips. Seeding of cells on coverslips or 

12/24-well plates were done 16 to 24 hours prior to starvation or drug treatments.  

 

2.2 Amino acid starvation and addback 

 To starve cells of all amino acids, regular DMEM culture medium was first 

aspirated off and replaced with PBS (0.5mL for 24-well plates and 1mL for 12-well 

plates). Following the rinse, PBS was aspirated off to ensure no culture media or PBS 

remained in the well. For amino acid starvation conditions, we addback Earle’s 

balanced salt solution (EBSS) (Sigma-Aldrich; E2888) supplemented with dialysed FBS 

(Thermoscientific; 100046126). For QLR addback conditions, 4mM glutamine, 0.8mM 

leucine and 0.4mM arginine were supplemented back into EBSS. This is the 

concentration of each of these amino acid that is normally found in regular DMEM 

culture medium. Leucine and arginine stocks were made from powder in Milli-Q water. 

All amino acid starvation and addback conditions included addback of 10% dialyzed 

FBS. Cells were treated for four hours in the incubator at 5% CO2 and 37°C. 

 For drug treatments, we used regular DMEM culture in the presence or absence 

of the following drugs: MTOR inhibitor Torin1 (Tocris Bioscience; 4247), Cycloheximide 

(Sigma-Aldrich; C7698), Mycophenolic acid (Tocris Bioscience; 24280-93-1) 

Thapsigargin (Sigma-Aldrich; T9033), Tunicamycin (Sigma-Aldrich; T7765), 

Methotrexate (MedChemExpress; HY-14519) and 5-Fluorouracil (MedChemExpress; 

HY-90006).  
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2.3 Microscopy 

2.3.1 Fixing and staining cells seeded on coverslips 

Cells were seeded on glass coverslips, except for 4T1 and 4T1-su9 GFP cells, 

which were seeded on fibronectin-coated glass coverslips. The cells were seeded at 

0.05x106 cells/mL or 0.075x106 cells/mL to ensure enough cells would remain following 

drug or starvation conditions for imaging. Where indicated, MitoTracker™ Orange 

CMTMRos (ThermoFischer, M7510) was diluted and added to wells at 200nM, 30 

minutes before the end of starvation or drug treatment period.  

After the amino acid starvation/addback or drug treatments, cells were first rinsed 

PBS and then fixed with 3.2% paraformaldehyde (Electron Microscopy Sciences; 

15710) (made in PBS) for 20 minutes. Then coverslips were washed with PBS once 

more, then mounted on labelled glass slides with 5uL of Mowiol or Permafluor mountant 

(Thermo Fisher Scientific; TA-030-FM). Cells expressing Su9-GFP were also washed 

and fixed following treatment, then mounted.  

For immunofluorescence staining, coverslips were washed with PBS, fixed with 

paraformaldehyde/PBS (Electron Microscopy Sciences; 15710) for 20 minutes and then 

washed once more with PBS before permeabilization with 0.2% TritonX100 (Sigma; T-

9284) for 5 minutes at room temperature. Following permeabilization, wells were rinsed 

with PBS and aspirated off and replaced with 0.2% gelatin/PBS solution for 20 minutes. 

Primary and secondary antibodies were all diluted in 0.2% gelatin/PBS solution (Table 

2.1). Coverslips were then incubated with drops of primary antibody covered with 

parafilm for 20 minutes at room temperature. After primary antibody incubation, 

coverslips were washed three times with PBS by dipping into 3 separate PBS beakers. 
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The same protocol was repeated for incubation with secondary antibody, except 

coverslips were incubated in the dark for 20 minutes. Coverslips were once again rinsed 

with PBS and then mounted on labelled glass slides with 5uL of Mowiol or Permafluor 

mountant.  

 

2.3.2 Image capture and quantification 

 Cell images were captured by epifluorescence (Zeiss Axio Imager M1) or 

confocal microscopy (Zeiss LSM 710, 63x-1.4NA Plan-APOCHROMAT). Typically, 10-

12 images were captured per coverslip, consisting of different fields at random. Images 

from both types of microscopes were quantified via the same method. Using ImageJ 

and the free-hand line tool, mitochondrial length of clear and visible mitochondrion was 

traced and quantified. Mitochondrial length was quantified as pixels for at least 30 cells 

per treatment. Ten mitochondrial lengths for each cell were averaged to calculate the 

average mitochondrial length per cell. To minimize bias and maintain consistency in 

quantification, cells with collapsed or unclear mitochondria were avoided (e.g. cluster of 

overlapping mitochondria near the nucleus were avoided). Pooled datasets shown in 

mitochondrial length graphs contain at least N=3 replicates.  

 Cleaved caspase-3 puncta were also manually quantified from representative 

images. 10-12 images were captured per coverslip and the puncta of 3 individual cells 

were counted per image. Typically, puncta of at least 30 cells are counted per treatment 

and graphed. Pooled datasets also contain at least N=3 replicates.  
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2.4 Western blot analysis 

 Cell lysates were prepared by scraping cells (on ice) in 30-40uL lysis buffer (in a 

12-well dish) with TNTE or TNTE-FB buffer. Following cell scraping, cell lysates were 

centrifuged at 12000 RPM for 3 minutes at 4°C. Cell lysate supernatant was then 

transferred into microfuge tubes and mixed with 1.5x Laemmli sample buffer (LSB) at a 

ratio of 2:1 (protein: 1.5xLSB). The 0.5x LSB consists of 94mM Tris pH 6.8, 30% 

glycerol, 3% SDS and 5% β-mercaptoethanol. The protein sample-LSB solution was 

heated at 95°C for 5 minutes. The heated samples were resolved by SDS 

polyacrylamide gel electrophoresis (SDS-PAGE). The gels were made up of a 10% 

acrylamide running gel and a 5% acrylamide stacking gel. Hand pour gels were 

polymerized with the addition of ammonium persulphate (APS) and 

tetramethylethylenediamine (TEMED) (6mL of stacking gel: 75uL of 10%APS and 25uL 

TEMED; 2mL of running gel: 37.5uL of 10% APS and 12.5uL TEMED). All gels were 

loaded with a Prestained Protein Ladder (Thermo Scientific™ PageRuler™ Plus, 10 to 

250 kDa) as a standard molecular weight guide. Occasionally, Bis-Tris precast gels 

(Invitrogen NuPAGE Bis-Tris 12% protein gel, 15-well) were used for high resolution.  

 Gels were typically running at 180V for 40 minutes using 1X MES SDS running 

buffer (made from 20x MES SDS Running buffer, Thermo Fisher Scientific; NP0002). 

Then gels were submerged in a wet-transfer apparatus and proteins were transferred to 

PVDF membrane (Millipore, immobilon-FL PVDF membrane) using the Towbin transfer 

buffer. Transfers were done at 24V for 35 minutes. Then, membranes were submerged 

in deionized water and shaken for 3 minutes and finally stained with Ponceau S solution 

(Sigma-Aldrich; P7170) for 1 minute to confirm the efficacy of the transfer. Once 
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membranes were trimmed, they were placed in 5% skimmed milk powder in tris-

buffered saline (TBS) solution for at least 1 hour at room temperature. After blocking, 

membranes were washed with TBS 3x and probed for proteins of interest with the 

appropriate primary antibody overnight, in the dark, at 4°C (Table 2.2). After three 

washes with 0.05% TTBS (Tween-20/TBS), the secondary incubation typically lasted for 

at least 1 hour at room temperature. Finally, membranes were washed 3x with TTBS 

and then images were captured and analyzed using Azure 600 imaging system (NIR 

channel) or Licor Odyssey CLx imaging system (Image Studio Lite). 

 

2.5 Metabolomics 

2.5.1 Sample preparation  

 Samples were seeded 16-20 hours before experiment, 2x105 cells were seeded 

in 100mmx20mm tissue culture dishes. The amino acid starvation and addback or drug 

treatments were performed the same way as the treatments for microscopy. Following 

treatment, cells were placed on ice, media was aspirated off and cells were washed with 

pre-cooled PBS. Then, PBS was replaced 1mL of pre-cooled 80/20% HPLC-grade 

methanol/water. The methanol/water (80/20% HPLC-grade) was left on for 5 minutes on 

ice, then was scraped and all cell lysates were transferred to 1.5mL microfuge tubes. All 

samples were maintained on ice to ensure consistency between samples and prevent 

degradation of metabolites before analysis. Cell lysates were centrifuged at 12000RPM 

for 5 minutes at 4°C. 700uL of supernatant was transferred to pre-cooled glass, 9mm 

autosampler vials (Thermofisher, C5000-196W). 100uL of each sample supernatant 

was pooled together to produce an internal standard. The sample vials were stored at -
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80°C until samples were shipped in dry ice to University of Strathclyde (Glasgow, 

Scotland) for analysis.  

2.5.2 Metabolite analysis  

 Samples were analyzed on a Thermo Scientific Orbitrap Exactive (LC/MS/MS) 

with separation on a pHILIC column. Once LC/MS raw data files were generated, the 

positive and negative ionization mode signals were separated into negative mzxmlfiles 

and positive mzxmlfiles using a command batch script written in-house to customise the 

msconvert tool in ProteoWizard 3.0. Using MZmine 2.32, the negative raw files were 

imported first and processed to generate peak lists. Identical process were followed for 

the positive raw data. To identify metabolites, the negative and positive peak lists were 

compared to a database containing metabolite mass data from the human metabolome, 

Kyoto Encyclopedia of Genes and Genomes (KEGG), Lipidmaps, MetaCyc and Metlin 

databases. Metabolite cluster analysis was generated using Heatmapper.  

 

2.6 Statistical analysis 

Quantitative data were analyzed using GraphPad Prism. Depending on the data, it was 

analyzed using one-way ANOVA with Bonferroni post-test (multiple comparisons) or 

unpaired T-test (for 2-way comparisons). Result significances are calculated by 

GraphPad and denoted up to 4 decimal points below graph as: (*) P<0.05; (**) P<0.01; 

(***) P<0.001; (****) P<0.0001. 
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Table 2.1 List of antibodies use for immunofluorescence  

Protein Primary Antibody Secondary Antibody  

TOMM20 TOMM20 Rabbit polyclonal 

(Santa Cruz Biotechnology, 

FL-145) 

Alexa Fluor, 555, goat anti-

rabbit IgG, H+L (Invitrogen 

A21428) 

TOMM20  Recombinant Anti-TOMM20 

Rabbit monoclonal (Abcam, 

EPR15581-54) 

Alexa Fluor, 555, goat anti-

rabbit IgG, H+L (Invitrogen 

A21428) 

cleaved caspase 3 

DA1E 

Cleaved Caspase-3 (Asp175) 

Rabbit mAb (Cell Signaling 

Technology, 5A1E, 9664) 

Alexa Fluor, 488, F(ab’) 2 

fragment of goat anti-rabbit 

IgG, H+L (Invitrogen, 

A11070) 

PFAS Rabbit anti pfas  

(Bethyl, A304-218A-T) 

Alexa Fluor, 488, F(ab’) 2 

fragment of goat anti-rabbit 

IgG, H+L (Invitrogen, 

A11070) 

 

Table 2.2 List of antibodies used for western blot  

Protein Primary antibody Secondary antibody 

Actin Purified mouse anti-actin Ab-5 

(BD transduction Laboratories, 

612656) 

Goat, anti-mouse IgG (H+L) 

Cross-Adsorbed, DyLightTM 

800 (Thermo Scientific; SA5-

10176) 

p-S6 (S240/244) P-s6 ribosomal protein 

Ser240/244, Rabbit (Cell 

Signaling, 2215S) 

Goat, anti-rabbit IgG (H&L) 

secondary antibody, 

DyLightTM 800 (Thermo 

Scientific; SA5-35571) 

Total S6 S6 ribosomal protein (54D2), 

mouse (Cell signaling, 2317S) 

Goat anti-mouse IgG (H+L) 

DyLightTM 680 conjugated 

(Thermo Scientific; 35518) 
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Chapter 3 

Results 

3.1 Mechanisms regulating amino acid-dependent mitochondrial hyperfusion  

3.1.1 Nutrient depletion and addback result in mitochondrial remodelling 

 Mitochondrial remodelling has been shown as a coordinated response to a 

number of different cellular processes, such as autophagy and ER stress (30,64). 

Particularly during starvation, mitochondria have been shown to fuse into a highly 

connected network to promote ATP production via the electron transport chain (ETC). 

However, it remains unclear which mechanisms are coordinating bioenergetics with 

mitochondrial remodelling.  

The nutrient-dependent fusion of the mitochondria during amino acid starvation 

was first studied in our lab to understand the link coordinating mitochondrial dynamics 

and mitophagy. In the model, highly connected networks of mitochondria avoided 

undergoing mitophagy to maintain adequate energy production. Thus, we wanted to 

study the signals that controlled mitochondrial fusion, primarily focusing on amino acids, 

as these have been shown to play predominant signalling roles for MTORC1 and 

autophagy.  

 Mouse breast cancer 4T1 cells have been widely used to study mitochondrial 

remodelling as a response to nutrient stress (69,93). Thus, we chose to study nutrient-

dependent mitochondrial remodelling primarily in mouse breast cancer 4T1 cells. To 

monitor the changes in mitochondrial morphology, we fixed and stained the cells for 

TOMM20, a protein located on the outer mitochondrial membrane, following amino acid 

starvation or addback. Alternatively, we transfected su9-GFP (S9 subunit of the FO-
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ATPase) into 4T1 cells prior to nutrient treatments, and following treatment conditions, 

we fixed and imaged mitochondria.  

In untreated 4T1 cells (cultured in full nutrient media), mitochondria were 

generally small, round, uniformly fragmented (Fig. 3.1A). However, after 4 hours of 

culturing in Earle’s balanced salt solution (EBSS) media (containing serum; amino acid 

starvation condition), mitochondria became more elongated, forming tubular networks 

(Fig. 3.1A). In contrast with the untreated 4T1 cells, amino acid starvation promoted an 

increase in mitochondrial length almost 2 fold, which we attributed to an increased level 

of mitochondrial fusion.  

To better understand if nutrient-dependent fusion is cell specific, identical amino 

acid starvation experiments were also repeated in wildtype mouse embryonic fibroblasts 

MEF cells and human MCF10A non-malignant breast cancer epithelial cells. In wildtype 

MEF (WT MEF) cells, there was no significant change following amino acid starvation 

(Fig. 3.1C). However, this may be explained by the wider range of basal mitochondrial 

lengths observed with untreated cells. Consistent with observations seen with 4T1 cells, 

mitochondrial remodelling responses to amino acid starvation were observed in 

MCF10A cells (Fig. 3.1B, D). Following amino acid starvation, mitochondrial length was 

increased by 1.3 fold as compared to the untreated condition. Thus, there is clear 

induction of mitochondrial fusion during the depletion of amino acids.  
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After establishing a clear induction of mitochondrial fusion in response to amino 

acid starvation, we wanted to determine the signals that could regulate or reverse this 

change. Thus, we decided to re-supplement (“add-back”) three prominent signalling 

amino acids, glutamine (Q, Gln), leucine (L, Leu), arginine (R, Arg). It has been 

previously established that these three amino acids play a key regulatory role in 

activating MTORC1 signalling (94,95). Previous studies from our lab have also 

demonstrated that amino acid starvation suppresses MTORC1 signalling (96). 

Interestingly, it has further been reported that the addback of glutamine, leucine or 

arginine individually did not suppress MTORC1 inactivation as strongly as when all 

three amino acids were added altogether. Since inactivation of MTORC1 is a classical 

stimulus of autophagy, studies have further explored potential inter-relationships and 

thereby demonstrated that MTORC1 inhibition can lead to mitochondrial elongation 

(64). Thus, our lab proposed that the addback of three regulatory amino acids can 

reactivate MTORC1, and therefore reverse elongation of mitochondria.  To date, there 

was no reported link between amino acid availability, MTORC1 activity and 

mitochondrial hyperfusion. Thus, our lab first investigated whether addback of Q, L and 

R could inhibit mitochondrial fusion.  

We starved 4T1-su9 GFP cells of all amino acids, but supplemented with Q , L 

and R back to the same concentration as listed in normal culture DMEM media 

(Glutamine, 4mM; leucine, 0.8mM; arginine, 0.4mM) . After 4 hours of starvation or QLR 

addback, cells were fixed, and mitochondrial length were quantified. Based on 

prediction, the addition of QLR should reverse the fusion of mitochondria (induced by 

amino acid starvation) back to the untreated state of small, circular mitochondria. 
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However, addition of QLR resulted in a strong mitochondrial hyperfusion response that 

was relatively higher than the mitochondrial fusion observed with amino acid starvation 

alone (Fig. 3.1A). In 4T1 cells, QLR addback increased mitochondrial length by 3.1 fold 

as compared to untreated cells, while amino acid starvation only induced a 1.9-fold 

increase. Similar QLR-induced mitochondrial hyperfusion were observed in WT MEF 

and MCF10A cells (Fig. 3.1C-D). Although, no significant changes were observed 

during amino acid starvation in WT MEFs, QLR addback promoted an increase in 

mitochondrial length by almost 2-fold as compared to untreated cells. Likewise 

compared to untreated MCF10A cells, mitochondrial length was increased by 1.6-fold 

following QLR addback and only 1.3-fold after starvation conditions.  Therefore, our 

results suggested that Q,L and R addback induces a strong mitochondrial hyperfusion 

that is conserved across many different cell types. 
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Figure 3.1: The effects of nutrient starvation and amino acid addback on 
mitochondrial morphology 
(A) Representative images of 4T1 cells expressing su9-GFP cultured in full media as 
untreated control (UT), starved of either all amino acids (-AA) or starved of amino 
acids but supplemented with glutamine (Q,  4mM), leucine (L, 0.8mM) and arginine 
(R, 0.4mM) (QLR) for 4 hours. Both amino acid starvation and addback conditions 
contain 10% of dialysed FBS. Collected by postgraduate student M. Abdullah.
(B) Quantification of mitochondrial length in 4T1 cells. Amino acid starvation (-AA) 
induces mild fusion. QLR addback induces mitochondrial hyperfusion. N= 15 cells
(C) Quantification of mitochondrial length in MCF10A cells. Amino acid starvation (-
AA) induces mild fusion. QLR addback induces more fusion than -AA. N=15 cells
(D) Quantification of mitochondrial length in wildtype (WT) MEF cells.  QLR addback 
induces mitochondrial hyperfusion. Each treatment shows N=30 cells quantified. 
*** indicate p<0.001 analysed with one way ANOVA with Bonferroni post test. 
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3.1.2 Amino acid-dependent mitochondrial hyperfusion is independent of 

MTORC1, but is dependent on the combined addback of QLR 

Above, we demonstrated that addback of Q, L and R resulted in strong 

mitochondrial hyperfusion. Since the three amino acids added back are regulatory 

amino acids that activate MTORC1, we hypothesized that mitochondrial remodelling 

may be regulated by MTORC1. Thus, we wanted to first assess the effects of MTORC1 

on the regulation of QLR-dependent mitochondrial hyperfusion via a pharmacological 

approach.  

First, to inhibit MOTRC1, we used Torin1, a competitive inhibitor of both 

MTORC1 and MTORC2. Immunoblotting was used to assess MTORC1 activation by 

measuring the phosphorylation of ULK1 at serine 757 and the phosphorylation of 

ribosomal protein S6 at serine 240/244 (Fig. 3.2). Cells were cultured in full media as 

control, starved of amino acids, or starved followed by addback of QLR in the presence 

or absence of Torin1. Expectedly, MTORC1 was inhibited with presence of Torin1 or 

with amino acid starvation (Fig. 3.2). QLR addback restored MTORC1 activation, while 

Torin1 prevented the activation (Fig. 3.2). However, representative images of the 

cultured cells showed that MTOR inhibition by Torin1 did not increase mitochondrial 

fusion in either the untreated or the amino acid starvation conditions (Fig. 3.3). 

Furthermore, QLR-induced mitochondrial hyperfusion was not significantly decreased 

as a result of Torin1 addition (Fig.3.3). These background results to my project were 

collected by Dr. Mahmud Abdullah in our laboratory to suggest that QLR addback is 

promoting mitochondrial hyperfusion independent of MTOR activity.  

  



4T1

P-S6 (S240/244)

P-ULK1 (S757)

Actin

UT -A
A

+QLR
Torin1- +          - +          - +

Figure 3.2: The regulation of MTORC1 signalling by amino acid availability
(A) 4T1-SU9 GFP cells were cultured in full media as untreated control (UT) or
starved of either all amino acids (-AA) or starved of amino acids but supplemented
with Q, L and R (QLR) +/- mTOR inhibitor (Torin1: 0.25µM) for 4 hours. Starvation
media conditions also contained 10% dialysed FBS. Collected by postgraduate
student M. Abdullah.
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Figure 3.3: Mitochondrial dynamics in the presence of MTORC1 inhibition.
(A) Representative epifluorescent-microscope images of 4T1-SU9 GFP cells
maintained in full media (UT) or starved of amino acid (-AA) or starved of amino acid
but supplemented with Q, L and R (QLR) +/- Torin1 (0.25µM) for 4 hours. Starvation
media conditions also contained 10% dialysed FBS. . Collected by postgraduate
student M. Abdullah.
(B) Each dot represents the mean length of 10 mitochondria within a cell. Each

treatment shows 150 cells quantified from 3 independent experiments. *** indicate
P< 0.001, ** p<0.01, n.s: non-significant, analysed with one way ANOVA with
Bonferroni post test. Scale: 50µM. . Collected by postgraduate student M. Abdullah.
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Next, in my work, we wanted to assess whether QLR-induced mitochondrial 

hyperfusion was particularly dependent on the concentrations of amino acids added 

back. 4T1 cells were starved of amino acids or starved followed by addback of Q,L and 

R at the concentration present in the normal full nutrient DMEM media, or addback with 

different combinations of varying concentrations amino acid: 2X concentration of Q + 1X 

of R (2Q, R); vs. 1x concentration of Q + 2X concentration of R (Q,2R) (Fig. 3.4). As 

control for mitochondrial hyperfusion, we compared with our standard QLR addback. 

Quantification of confocal images showed that only QLR addback induced a 2.5-fold 

increase in mitochondrial length, which was the maximal level of mitochondrial 

hyperfusion as compared to the untreated 4T1 cells (Fig. 3.4B). Different combinations 

of glutamine and arginine (Q,2R or 2Q,R) only promoted around a 1.8-fold increase in 

mitochondrial length as compared to untreated cells (Fig. 3.4B). Therefore, different 

glutamine and arginine concentrations only induce moderate mitochondrial fusion, and 

not as strongly as the hyperfusion response observed when Q, L and R were added 

altogether. Collectively, results from these experiments suggest that starvation followed 

by the addback of three amino acids at a balance ratio is required for promoting amino 

acid-dependent mitochondrial hyperfusion and also that the mechanism is independent 

of MTORC1.  
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Figure 3.4. Amino acid-dependent mitochondrial hyperfusion dependent on 
concentration of supplemented glutamine, leucine and arginine   
(A) Representative images of 4T1 cells incubated in full media as untreated control 
(UT), starved of either all amino acids (-AA) or starved of amino acids then addback 
of glutamine (Q), leucine (L) and arginine (R) (QLR) or addback of 2X glutamine and 
1X arginine (2Q,R) or addback of 1X glutamine and 2X arginine (Q,2R). Cells were 
stained with MitoTracker Orange CMTMRos
(B) Quantification of mitochondrial length in 4T1 cells indicating that only QLR 
addback induced full mitochondrial hyperfusion at 1X concentration. Concentrations 
of amino acids at 1X is based on DMEM media and defined as Q=4.0mM, L=0.8mM, 
R=0.4mM. Each treatment shows N=130 cells quantified from 3 independent 
experiments. 
***indicate P<0.001 analysed with one way ANOVA with Bonferroni post test. 



 

49 

 

3.1.3 Fumarate hydratase activity is necessary for inducing amino acid-dependent 

mitochondrial hyperfusion 

Amino acid-dependent mitochondrial hyperfusion appeared independent of 

MTORC1 activity and required all three amino acids added altogether. However, the 

MTORC1-independent mechanisms promoting this hyperfusion response remained 

unclear. Glutamine is the most abundant amino acid in plasma and is responsible for 

the majority of the carbon and nitrogen metabolism. Glutamine as well as arginine are 

precursors for α-ketoglutarate to enter the TCA cycle. Furthermore, leucine is converted 

into acetyl CoA and fed into the TCA cycle to form citrate from oxaloacetate via a 

condensation reaction catalyzed by citrate synthase (Fig. 3.5A). Since all three amino 

acids are broken down via the TCA cycle and mitochondrial hyperfusion is promoted by 

QLR addback, we wanted to investigate whether the activity of the TCA cycle was 

involved in our system. 

To investigate the TCA cycle, we focused on the enzyme fumarate hydratase 

(FH), which is responsible for catalyzing the reversible conversion of fumarate into 

malate. Also, mutations in FH are associated with a rare form of Hereditary 

Leiomyomatosis and renal cell cancer (HLRCC). As a model of this, targeted FH 

mutation in mouse kidney cells halts TCA metabolic activity and kills the cells (97). 

Thus, we chose to test the effects of fumarate hydratase on the amino acid-dependent 

mitochondrial hyperfusion using the FH-deficient modified mouse cells.  

  



 

50 

 

To study the effects of FH deficiency, we used a system of immortalized kidney 

cells derived from mice engineered to contain LoxP sites flanking exons 3 and 4 of Fh1 

(FH1fl/fl).  The parental Fh1fl/fl cells express normal levels of FH1 as the control cell 

type. Two Fh knockout clones (FH1-/-CL1 and FH1-/-CL19) were generated from 

Fh1fl/fl following transduction with a Cre recombinase-carrying adenovirus. To confirm 

levels of knockout, FH1 protein levels of control and knockout clones were assessed 

with western blot analysis (Fig. 3.5B). Both Fh knockout clones (CL1 and CL19) 

confirmed deletion of the Fh1 protein while control Fh1fl/fl cells showed clear expression 

of Fh1.  

To assess roles of fumarate hydratase during amino acid-induced hyperfusion, 

we cultured Fh1fl/fl control cells and the two Fh knockout clones in full nutrient media, 

amino acid starvation media (EBSS) or in amino acid starvation media supplemented 

with Q, L and R for 4 hours. The mitochondrial morphology for all three cell types in the 

untreated condition were small and fragmented. Interestingly, mild mitochondrial fusion 

was observed in all three cell types upon full amino acid starvation. However, QLR 

addback only induced mitochondrial hyperfusion in Fh1fl/fl control cells and not in FH1-

/-CL1 or FH1-/-CL19 knockout cells (Fig. 3.5C). These results suggested that QLR-

induced mitochondrial hyperfusion is strongly dependent the function of FH. Thus, FH 

activity and presumably a functional TCA cycle is required for the mitochondrial 

hyperfusion response observed with QLR addback. 
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Figure 3.5. QLR-dependent mitochondrial hyperfusion requires fumarate 
hydratase
(A) Tricarboxylic acid cycle pathway highlighting points where glutamine, leucine and 
arginine replenish the metabolic intermediates.
(B) Western blot showing loss of fumarate hydratase (FH) in Fh1 clone 1 (-/-) and 
FH1 clone 19 (-/-) and the presence of FH in Fh1 fl/fl (flox,control)
(C) Quantification of mitochondrial length of fumarate hydratase-1 (Fh1) control cells 
(Fh1 fl/fl) and Fh KO (Fh1 -/- clone 1) (Fh1 -/- clone 19) cells in cultured in full media 
(UT), amino acid starved (-AA) or starved of amino acids but supplemented with 
QLR for 4 hrs. Data collected and analysed by M. Abdullah 
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3.1.4 QLR-induced mitochondrial hyperfusion is dependent on IMPDH function  

Since the TCA cycle was required for QLR-induced mitochondrial hyperfusion, 

we wondered what other metabolic changes were involved in regulating mitochondrial 

hyperfusion. Studies have suggested that mitochondrial fusion occurs to help maintain 

sufficient ATP level during starvation (64).  To capture a more comprehensive 

understanding of the metabolic reprogramming induced with QLR-dependent 

mitochondrial hyperfusion, our laboratory used liquid chromatography mass 

spectrometry (LC-MS) to profile unbiased cell metabolites (Fig. 3.6). To briefly 

summarize, 4T1 cells were treated under four conditions: 1) untreated; 2) glucose 

starved; 3) amino acid starved; and 4) glucose and amino acid starved with QLR 

addback. After 4 hours of starvation, metabolites were extracted and analyzed with LC-

MS. After data processing and filtering metabolic responses into different metabolism 

pathways (such as carbohydrate metabolism, energy metabolism or amino acid 

metabolism), we noticed that QLR addback produced a significant increase in 

nucleotide intermediates and purine biosynthesis metabolites, specifically GMP, GDP 

and GTP (Fig. 3.6). This was interesting as recent structural studies proposed a model 

where GTP binding to MFN1 induces a conformational change that is critical for 

tethering adjacent mitochondrial outer membranes, resulting mitochondrial fusion (23). 

The elevated GTP levels from QLR addback could explain the increases in 

mitochondrial hyperfusion and so we investigated this potential link experimentally. 
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Figure 3.6. QLR addback alters metabolic reprogramming of nucleotide 
metabolism pathways
4T1 cells were cultured in full media (UT), glucose free media, amino acid starved (-
AA) and glucose and amino acid double starved with QLR addback (QLR) for 4 hrs. 
Starvation conditions all contain 10% dialysed FBS. Samples were analysed with 
LC-MS/MS. Heatmap representation of nucleotide metabolism pathways showing 
clusters of metabolites accumulating under QLR addback conditions. 
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By inspecting the biosynthetic pathway of purines like GMP, we noted that 

glutamine can directly drive increased levels of flux leading to the formation of inosine 

monophosphate (IMP) which can be converted downstream to GMP and GTP (Fig. 

3.7A).  This biosynthetic pathway is controlled by the rate-limiting enzyme inosine 

monophosphate dehydrogenase (IMPDH) which has become an attractive drug target in 

a range of biomedical contexts (98-100).  One common and robust inhibitor of IMPDH is 

mycophenolic acid (MPA) and so this compound was tested in our system (101).  In 

4T1-su9 GFP cells, confocal images demonstrated clear mitochondrial fusion following 

amino acid starvation. As a further control, the corresponding mitochondrial hyperfusion 

response was also demonstrated following 4 hours of amino acid restricted QLR-

containing media (Fig. 3.7B). Interestingly, formation of interconnected tubular networks 

following QLR-addback was suppressed with the addition of MPA. Instead, 

mitochondrial shape in the QLR with MPA condition exhibited mild fusion, but 

significantly shorter and smaller than the long tubular networks observed in QLR-

addback alone. The mildly fused mitochondria of the MPA-blocked cells appeared 

similar in length to the amino acid starvation condition. Quantification of mitochondrial 

length showed no significant difference in mitochondrial length between amino acid 

starved vs MPA/QLR treated conditions (Fig. 3.7C). Overall, these results suggested 

that IMPDH plays a critical role in promoting QLR-induced mitochondrial hyperfusion. 

Therefore, there may be a nucleotide and metabolic-dependent mechanism to explain 

amino acid-dependent mitochondrial hyperfusion. 
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Figure 3.7. QLR-induced mitochondrial hyperfusion is dependent on IMPDH 
function 
(A) Pathway analysis of de novo purine biosynthesis demonstrating glutamine 
incorporation promotes GTP formation through IMPDH function. Pathway highlights 
mycophenolic acid (MPA) as inhibitor of IMPDH.
(B) Representative confocal images of 4T1 cells expressing su9-GFP cultured in full 
media as untreated control (UT), starved of either all amino acids (-AA), starved of 
amino acids but supplemented with QLR or starved of amino acids but 
supplemented with QLR and mycophenolic acid (MPA) (1µM) for 4 hours. Both 
amino acid starvation and addback conditions contain 10% of dialysed FBS. 
(C) Quantification of mitochondrial length of 4T1-su9 GFP cells cultured under 
starvation or QLR addback conditions +/- MPA (1µM) for 4hrs. Each treatment shows 
N=90 cells, from 3 independent experiments. *** indicate p<0.001 analysed with one 
way ANOVA with Bonferroni post test. 
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3.1.5 Glutaminolysis is necessary for promoting QLR-induced mitochondrial 

hyperfusion 

 After demonstrating that disruption of the TCA cycle and GTP synthesis can 

suppress QLR-induced mitochondrial hyperfusion, we wanted to further investigate the 

metabolic pathways by which QLR stimulates hyperfusion. Here, we narrowed-in on 

glutamine (Q) metabolism, also termed via glutaminolysis, which consists of two 

deamination steps involving glutaminase (GLS) and glutamate dehydrogenase (GDH) 

(Fig. 3.8A).  Despite the wide importance of glutaminolysis in metabolism (and cancer 

cell biology), implication of this pathway in mitochondrial dynamics has yet to be 

reported.  

 Here, to examine the relationship between glutaminolysis and mitochondrial 

hyperfusion, we used the compound 6-diazo-5-oxo-L-norleucine (DON) to competitively 

inhibit glutaminase in 4T1 cells (102,103). Confocal images showed a mild control 

mitochondrial fusion response following amino acid starvation (Fig. 3.8B). Following 

QLR addback to amino acid starved cells, mitochondrial hyperfusion was observed as 

mitochondrial length was increased by 3.2-fold as compared to the untreated cells (Fig. 

3.8C). However, when the QLR-addback conditions included DON, the typical 

hyperfusion effect was reduced by approximately 1.5-fold (Fig. 3.8C). These results 

suggest that glutaminolysis activity is required for metabolising Q during QLR-induced 

mitochondrial hyperfusion.   
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Figure 3.8. Glutaminase activity is required for promoting QLR-dependent 
mitochondrial hyperfusion
(A) Glutaminolysis pathway shows glutamine incorporation and metabolism involving 
activity of glutaminase (GLS).
(B) Representative images of 4T1 cells incubated in full media as untreated control 
(UT); starved of all amino acids (-AA);  or starved of amino acids but supplemented 
with glutamine (Q), leucine (L) and arginine (R) (QLR) for 4 hrs. Where indicated, 
DON (40uM), MPA (1µM) or Torin (0.25µM) was included during the addback 
condition.  Cells were stained with MitoTracker Orange CMTMRos. Starvation 
conditions all contain 10% dialysed FBS. 
(C) Quantification of mitochondrial length of 4T1 cells cultured under starvation or 
QLR addback +/- DON (40 µM) for 4hrs. Results shown are data from three 
independent experiments and a total of 90 cells.
*** indicate p<0.001 analysed with one way ANOVA with Bonferroni post test. 
(D) Western blot showing inhibition of MTORC1 signalling with addition of DON or 
MPA to cells starved of amino acids and supplemented with QLR. Cells were 
cultured under indicated starvation conditions as representative images in B. 
Phospho-S6 signal of each lane was compared to its corresponding total-S6 signal. 
Untreated condition set at 1, as control. All western blot signals quantified using 
image Studio Lite. 
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 Studies have shown that addition of leucine with glutamine during amino acid 

starvation can restore α-ketoglutarate levels and subsequently activate glutaminolysis 

and MTORC1 (102). To further confirm the effects of DON treatment in our cell system, 

we checked effects on nutrient sensing pathways.  Using our 4T1 cell model, we first 

confirmed the inhibition of MTORC1 activity following amino acid starvation, as 

ribosomal S6 phosphorylation was reduced by about 5-fold as compared to untreated 

condition (Fig. 3.8D, lanes 1 and 2). Following QLR-addback, phospho-S6 increased by 

3.8-fold as compared to amino acid starvation condition (Fig. 3.8D, lane 2 and 3), 

consistent with strong re-activation of MTORC1 activity induced by QLR-addback. As 

expected, Torin1 treatment inhibited MTORC1 signalling, reducing the phosphorylation 

of S6 signal (Fig. 3.8D, lane 6). Next, to test the inhibition of glutaminolysis, DON was 

included during QLR-addback. Interestingly, DON treatment during QLR-addback 

showed a reduction in MTORC1 signalling by about 6-fold as compared to QLR 

addback (Fig. 3.8D, lanes 3 and 4). This confirms that inhibition of glutaminase with 

DON treatment also prohibits the phosphorylation of S6, which suggests that 

metabolism of Q to glutamate was required to re-activate MTORC1. These results 

confirm strong metabolic reprogramming using DON under our current conditions and 

that QLR-induced mitochondrial hyperfusion requires active glutaminolysis to occur.  

Note, in these experiments, we also checked effects of MPA treatment in parallel since 

nucleotide levels have been suggested to modulate the MTORC1 pathway.  

Surprisingly, we also observed inhibition of S6 phosphorylation with MPA treatment (by 

2.5-fold) in the QLR supplemented context (Fig. 3.8D, Lane 3 and 5). This effect of MPA 

on MTORC1 activity suggests that nucleotides downstream of IMPDH may play a 
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strong role in growth signalling.  The results confirm robust metabolic effects of MPA, 

consistent with an inhibition of hyperfusion, however the network of mechanisms need 

further clarification.  

 

3.1.6 QLR-dependent mitochondrial hyperfusion is partially dependent on 

pyrimidine biosynthesis pathways 

 Since we found that QLR-induced mitochondrial hyperfusion depended on purine 

biosynthesis via IMPDH, we were further interested if other nucleotide synthesis 

pathways were involved.  Generally, nucleotide biosynthesis pathways are inter-

connected and previous studies have also suggested that depletion of intracellular 

nucleotide levels affect the activation state of MTORC1 (104). However, MTORC1 

appeared more sensitive to purine than pyrimidine depletion. To further explore the role 

of purine biosynthesis on QLR-induced mitochondrial hyperfusion, we aimed to disrupt 

metabolic steps further upstream of IMPDH. In parallel, we also aimed to investigate the 

roles of pyrimidine biosynthesis on mitochondrial hyperfusion.  

 To enzymatically disrupt purine and pyrimidine synthesis, we treated cells with 

methotrexate (MTX) or 5-fluorouracil (5-FU), respectively (104). MTX inhibits 

dihydrofolate reductase (DHFR), which subsequently disrupts the conversion of 

phosphoribosyl pyrophosphate (PRPP) to IMP at two different reactions (Fig. 3.6A) 

(105).  While the depletion of pyrimidines with 5-FU is caused by the inhibition of 

thymidylate synthase (TYMS), which has been suggested to not inhibit MTORC1 

signalling (104). To first confirm the strength of compounds on MTORC1 signalling, we 

treated 4T1 cells with MTX and 5-FU for 4 hours or 16 hours, then compared the 
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phosphorylation of S6 at serine 240/244 to untreated cells as a measure of MTORC1 

activation. Surprisingly, after 4 hrs and 16 hrs of 5-FU treatment, MTORC1 signalling as 

compared to untreated condition increased by 1.4-folds and 2.4-folds, respectively (Fig. 

3.9B, lanes 3 and 7). In parallel, MTX treatments also altered MTORC1 signalling, but in 

the opposing direction. After 4 and 16hrs of drug treatment, MTX treatment inhibited 

MTORC1 signalling by 0.8-folds and 0.7-folds (Fig. 3.9B, lanes 1 and 2, 5 and 6). These 

results confirm that metabolic reprogramming via inhibition of nucleotide biosynthesis 

pathways may take place initially upon incubation, but apparently require prolonged (16 

hr) treatment to affect MTORC1 signalling.  Inhibitory effects of MTX (at DHFR) and 5-

FU (at TYMS) also have opposite effects on MTORC1 activation but nonetheless, these 

signalling experiments confirm the bioactivity of these drugs at these concentrations in 

our cell system. 

 Following the assessment of MTORC1 activity by MTX and 5-FU, we were 

interested in how these enzymatic disruptions would affect QLR-induced mitochondrial 

hyperfusion. Thus, we starved cells of amino acids, then supplemented QLR with the 

further addition of either MTX or 5-FU. Interestingly, the inhibition of purine synthesis 

with MTX did not alter QLR-induced mitochondrial hyperfusion.  No significant 

difference could be detected in mitochondrial length between QLR-treated cells with or 

without MTX. However, addition of 5-FU (inhibiting pyrimidine synthesis) to QLR-treated 

cells reversed the QLR-induced mitochondrial fusion responses (Fig. 3.9C). 

Quantification of mitochondrial length showed that QLR-treated cells in the presence of 

5-FU partially reduced mitochondrial hyperfusion, roughly similar to the difference 

between amino acid starved cells and QLR-treated cells. These results are so far 
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unexpected since, based on canonical nucleotide biosynthetic pathways, one would 

have predicted MTX to have similar inihibitory effects as MPA (which hits IMPDH) on 

the mitochondrial response.  Furthermore, the partial inhibitory effect of 5-FU on 

hyperfusion suggests a certain amount of interaction between purine and pyrimidine 

pathways. At this point, the clearest control of mitochondrial hyperfusion has been by 

blocking IMPDH.   
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Figure 3.9. QLR-dependent mitochondrial hyperfusion is related to pyrimidine 
biosynthesis pathways
(A) Pathway demonstrating purine and pyrimidine synthesis. Mechanism of action 
for methotrexate (MTX) and 5-fluorouracil (5-FU) also shown.
(B) Western blot showing inhibition of MTORC1 signaling with 5-FU addition in 4T1 
cells after 16 hours of treatment. Cells were cultured with MTX (5 µM), 5-FU (10 µM) 
or Torin (0.25µM) in full nutrient media for 4 hours or 16 hours. Phospho-S6 signal of 
each lane was compared to its corresponding total-S6 signal. Untreated condition 
set at 1, as control. All western blot signals quantified using image Studio Lite. 
(C) Representative images of 4T1 cells cultured in full media (UT), starvation 
medium (-AA), starvation medium supplemented with QLR, or starvation with QLR 
addback +/- MTX (5 µM) or 5-FU (10 µM). Starvation media contains 10% dialyzed 
FBS. Cells were stained with antibody against outer mitochondrial protein TOMM20.
(D) Quantification of mitochondrial length of 4T1 cells cultured in same conditions as 
B. Results shown are data from three independent experiments and a total of 90 
cells.
*** indicate p<0.001 analysed with one way ANOVA with Bonferroni post test. 
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3.2 Comparison of amino acid-dependent and stress-induced mitochondrial 

hyperfusion (SIMH) 

3.2.1 ER-stress and SIMH upon cycloheximide treatment is dose-dependent  

To complement studies above on metabolic mechanisms, we wanted to 

determine the physiological significance for this novel mitochondrial hyperfusion 

response. Currently, several studies have characterized mitochondrial hyperfusion 

following endoplasmic reticulum (ER) stress stimuli or protein synthesis inhibition 

(30,89). The stress-induced mitochondrial hyperfusion (SIMH) can be also stimulated 

following exposure to UV irradiation, actinomycin D or treatment with cyclohexide (CHX) 

or ER stressors such as Thapsigargin (Tg) and Tunicamycin (Tu). Our observed amino 

acid-induced mitochondrial hyperfusion appears to be a distinct novel hyperfusion 

response. Thus, we aimed to determine whether amino acid-dependent mitochondrial 

hyperfusion is related to SIMH for physiological roles.  

 To compare between amino acid-dependent and SIMH, we first tried inducing 

mitochondrial hyperfusion via the previously described stress stimuli. We treated 4T1-

su9 GFP cells with CHX (10 µM) in full nutrient media for 4 hours and observed strong 

mitochondrial hyperfusion, similar to the reports (Fig. 3.10A,B). Additionally, we 

demonstrated a mitochondrial hyperfusion response following 4-hour treatments of 

thapsigarin or tunicamycin (Fig. 3.10A). The SIMH induced by Tg (10 µM) and Tu (10 

µM) treatment led to similar increases in mitochondrial length as increased 

mitochondrial lengths compared to untreated condition by approximately 1.6-fold. 

However, the strongest induction of hyperfusion was observed with CHX (3-fold 

increase in mitochondrial length compared to untreated cells) (Fig. 3.10B). The 
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hyperfusion in CHX-treated cells, Tm or Tu-treated cells were also significant. Thus, 

induction of mitochondrial hyperfusion with CHX alone represented a near maximal 

level of SIMH remodelling. Therefore, we chose to use CHX treatment to represent a 

standard SIMH response to compare with amino acid-dependent mitochondrial 

hyperfusion.  

 To further investigate whether SIMH response is conserved across different cell 

types, we treated Fh1fl/fl (as a wildtype kidney epithelial cell model with clear 

mitochondrial imaging properties) and HeLa cells with CHX. In Fh1fl/fl, CHX-induced 

SIMH was also very clear at both the 5 µM and 10 µM concentrations (Fig. 3.11A). 

Mitochondrial length increased by 1.8-fold with 5 µM of CHX, while 10 µM treatment 

increased lengths by 2.8-fold (relative to the untreated condition) (Fig. 3.11B). These 

results demonstrated that mitochondrial hyperfusion induced by CHX is dose-

dependent. Next, we determined whether SIMH was strong in the commonly used 

human cervical cancer HeLa cell line with 10 µM of CHX for 4 hours (Fig. 3.11C). Based 

on the confocal images and quantification, CHX-dependent SIMH was also clearly 

induced in HeLa cells, with increases of approximately 2.5-fold. Therefore, the SIMH 

response promoted by CHX appears robust and widely detectable, in addition to 

showing dose dependence. Since we have now established clear SIMH responses in 

cell models that we have previously demonstrated to also show amino acid-dependent 

mitochondrial hyperfusion, this enabled further direct comparisons.  
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B

Figure 3.10. ER-stress induces stress-induced mitochondrial hyperfusion 
(SIMH)
(A) Representative images of 4T1-su9 GFP cells in full media or treated with 
cycloheximide (CHX,10 µM) or Thapsigarin (Tg, 10 µM) or Tunicamycin (Tu, 10 µM) 
for 4hr.
(B) Quantification of mitochondrial length of 4T1-su9 GFP cells in (A). Each 
treatment shows N=30 cells. *** indicate p<0.001 and ** indicate p<0.001 analysed 
with one way ANOVA with Bonferroni post test. 
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3.2.2 SIMH is morphologically similar to QLR-induced mitochondrial hyperfusion, 

but not not dependent on FH or IMPDH activity 

 We next aimed to explore whether different forms of mitochondrial hyperfusion 

share common regulatory mechanisms. Characterization of SIMH with CHX and ER 

stress-stimuli, Tg and Tu suggested very similar mitochondrial remodelling as observed 

with QLR addback. For example, CHX-induced SIMH responses in 4T1-su9 GFP cells 

approximately 3 fold relative to controls (Fig. 3.10B). Similarly, QLR addback in 4T1-su9 

GFP cells also demonstrated similar increases in mitochondrial length (approximately 

3.4 fold) (Fig. 3.7C). Do these similar (near-maximal) remodelling changes share similar 

regulatory mechanisms?  

 Earlier, we showed that QLR-induced mitochondrial hyperfusion requires both FH 

and IMPDH activity. Therefore, we wanted to determine whether SIMH response is also 

regulated by FH and IMPDH. To explore this, we treated Fh1fl/fl and Fh1-/-CL19 cells 

with CHX.  In addition, our commonly used 4T1 cell model was used as control. Strong 

mitochondrial hyperfusion was observed in CHX-treated 4T1 cells. Interestingly, the 

addition of CHX promoted clear mitochondrial hyperfusion in both Fh1fl/fl and Fh1-/-

CL19 knockout cells (Fig. 3.12A,B). In Fh1fl/fl cells, CHX treatment resulted in a 3.2-fold 

increase in comparison to the untreated condition. Comparably, CHX-treated Fh1-/-

CL13 cells induced a 2.7-fold increase. These data show that CHX-dependent SIMH is 

independent of FH (and TCA cycle) activity.  

 We were also interested to determine whether IMPDH activity is required for 

SIMH. We treated 4T1-su9 GFP cells with CHX in combination with MPA to induce 

SIMH while disrupting IMPDH function. We observed that there was no clear 

morphological effect from MPA co-treatment, within the CHX-stress context (Fig. 
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3.12C,D). Mitochondrial quantification verified this observation as there was no 

significant difference in mitochondrial length between CHX/MPA co-treated cells vs. 

CHX-treated cells (Fig. 3.12D). To note, the difference in mitochondrial length between 

CHX-treated and untreated cells were both approximately 5-folds (Fig. 3.12D). 

Therefore, SIMH is not dependent on IMPDH activity. Overall, these results suggests 

that SIMH does not have dependence on metabolic enzymes, unlike QLR-induced 

mitochondrial hyperfusion. 
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Figure 3.11. Cycloheximide induces dose-dependent stress-induced 
mitochondrial hyperfusion
(A) Representative epi-fluorescent images of Fh1fl/fl cells incubated in full media (UT) 
or full media treated with cycloheximide (CHX) at 5 µM or 10 µM for 4 hrs. Cells 
were stained with antibody against outer mitochondrial protein TOMM20.
(B) Quantification of mitochondrial length of Fh1fl/fl cells demonstrating a CHX dose-
dependent response. Each treatment shows N=60 cells. From 2 independent 
experiments. 
(C) Representative confocal images of HeLa cells incubated in full media (UT) or full 
media treated with CHX (10 µM) for 4 hrs. N=30 cells. Cells were stained with 
MitoTracker Orange CMTMRos.
(D) Quantification of mitochondrial length of HeLa cells cultured in same conditions 
as (C), showing mitochondrial hyperfusion response induced by CHX treatment. 
Each treatment shows N=30 cells. 
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Figure 3.12. FH and IMPDH activity are not required for CHX-dependent SIMH
(A) Representative epi-fluorescent images of 4T1, Fh1fl/fl and Fh1-/- Cl13 cultured in 
full nutrient media (UT) with or without cycloheximide (CHX) at 10 µM for 4 hr. Cells 
were stained with antibody against outer mitochondrial protein TOMM20.
(B) Quantification of mitochondrial length of 4T1, Fh1fl/fl and Fh1-/- Cl13 following 
treatment with or without CHX treatment for 4 hrs. Each treatment shows N=30 cells. 
(C) Representative confocal images of 4T1-su9 GFP cells cultured in full nutrient 
media (UT) or full nutrient media with CHX at 10 µM with or without MPA (1µM) for 4 
hrs. 
(D) Quantification of mitochondrial length 4T1-su9 GFP from (C). Each treatment 
shows N=90 cells. From 3 independent experiments
*** indicate p<0.001 and **< indicate p<0.01 analysed with one way ANOVA with 
Bonferroni post test.
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3.3 Roles of amino acid-dependent mitochondrial hyperfusion in regulating 

cellular metabolism and cell death 

3.3.1 Amino acid-dependent mitochondrial hyperfusion suppresses apoptotic 

signalling 

 We next aimed to define the physiological roles for amino acid-dependent 

mitochondrial hyperfusion. The main physiological functions of mitochondrial dynamics 

have been suggested to involve cross talk with autophagy (65,103); and also initiation of 

apoptosis, specifically through caspase-3 activation or cristae remodelling (56,99). 

Here, we aimed to investigate the inhibition of apoptotic signalling that has been 

associated with SIMH (64).  To explore this pro-survival function, we exposed 4T1 cells 

to staurosporine (STS) to induce cells stress and cleavage of caspase-3, which 

subsequently initiates apoptosis (106). The 4T1 cells were first amino acid starved, 

amino acid starved with QLR addback or treated with CHX to initiate mitochondrial 

remodelling.  STS, a strong apoptotic stimulus, was added during the last hour of the 

starvation/treatment condition.  Localization of cleaved caspase-3, which formed cell 

puncta by imaging, were detected with an activation-specific antibody (Fig. 3.13A). 

Upon quantification of caspase-3 activation, CHX-treated cells suppressed caspase-3 

activation induced by STS treatment, which is consistent with previously reported anti-

apoptotic role for SIMH (Fig. 3.13B). Furthermore, we found that amino acid starvation 

alone triggered moderate caspase-3 activation, which was suppressed by QLR addback 

(Fig. 3.13B). In comparison, following 1-hour treatment with STS, cells starved of amino 

acid promoted strong activation of caspase-3, which was suppressed by QLR addback. 

The suppression of caspase-3 activity was also detected in CHX-treated cells as there 

was no significant difference between cleaved caspase-3 puncta observed between 



 

81 

 

CHX, STS-cotreated cells and CHX-treated cells. These results suggest a physiologic 

anti-apoptotic role for amino acid-dependent mitochondrial hyperfusion. 
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Figure 3.13. Amino acid-dependent mitochondrial hyperfusion suppresses 
apoptosis 
(A) First row: representative images of 4T1 cells treated in full nutrient (UT), treated 
with CHX (10 µM), amino acid starvation (-AA) or with QLR supplemented (QLR) for 
4 hrs. Both amino acid starvation and supplementation conditions contain 10% of 
dialysed FBS
Second row: 4T1 cells treated with Staurosporin (STS, 1 µM) during the last hour of 
the same starvation and supplementation conditions as first row. Cells were stained 
with antibody against for cleaved casepase-3. 
(B) Quantification of cleaved caspase-3 puncta in 4T1 cells as in (A). Each treatment 
shows N=90 cells from 3 independent experiments. *** indicate p<0.001 and * 
indicate p<0.05 analyzed with one way ANOVA with Bonferroni post test.



3.3.2 Mitochondrial hyperfusion promotes formation of mitochondria-derived 

vesicles 

In parallel with studies on the anti-apoptotic roles, we explored other potential 

links between mitochondrial dynamics and physiological stress responses.  

Alternatively, an additional stress response involves generation of mitochondria-derived 

vesicles (MDV) to promote transport between the mitochondria and other intracellular 

organelles (107) (108). MDVs transport mitochondrial proteins and lipids to lysosomes 

and peroxisomes to be degraded or catabolized, thus contributing to mitochondrial 

quality control. In parallel with mitophagy, MDVs provide an additional method of 

selectively removing damaged proteins and lipids in response to oxidative stress (108). 

Mitochondrial fusion has also earlier been proposed to increase mitochondrial matrix 

content mixing to rescue mitochondrial function following by oxidative stress or 

starvation (61). Therefore, we wanted to explore whether QLR-induced mitochondrial 

hyperfusion also participated in mediating the novel quality control pathway via MDV 

generation.  

Untreated 4T1-su9 GFP cells stained for TOMM20, the mitochondrial outer 

membrane protein, showed no generation of MDVs. However, upon CHX treatment, 

where mitochondrial hyperfusion was induced (as shown by quantification), prominent 

vesicles budded from hyperfused mitochondria. Similarly, MDV formation was also 

clearly observed in QLR-addback conditions (Fig. 3.14A). Mitochondria in QLR-

supplemented cells in these experiments were confirmed as hyperfused (quantification 

as 4.3-fold increases) (Fig. 3.14B). The formation of MDVs containing TOMM20 protein 

were contrasted with observations made with su9-GFP tagged mitochondria (Fig. 3.14A 
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zoom inset), which is consistent with selective packaging of only a subset of 

mitochondrial content/proteins in MDV. Interestingly, MDVs were also observed with 

mitochondria exhibiting mild fusion following amino acid starvation (with increases in 

mitochondrial length by 1.8-fold) (Fig. 3.14B). Interestingly, hyperfused mitochondria 

(CHX or QLR-induced) appear to generate more MDV formation as compared to mildly 

fused mitochondria (amino acid starvation). These results suggest that we are able to 

stimulate MDV formation in our cell systems in response to a wide range of cell stress 

conditions, including both full amino acid starvation and the QLR-supplemented 

condition.  Therefore, MDV may be dependent on general starvation stress that is not 

reversed with QLR-addback (just 3 amino acids) or hyperfusion.  A common link may be 

MDV generation as quality control in response to the general suppression of protein 

synthesis inhibition.  As such MDV and hyperfusion may be 2 distinct mitochondrial 

stress response pathways.   
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Figure 3.14. Mitochondrial hyperfusion promotes formation of mitochondria-
derived vesicles (MDV)
(A) Representative images of 4T1-su9 GFP cells cultured full nutrient (UT) media, 
treated with CHX (10 µM) in full media, amino acid starved (-AA) or amino acid 
starved supplemented with QLR (QLR) for 4 hrs. Both amino acid starvation and 
supplementation conditions contain 10% of dialysed FBS. Cells were stained with 
antibody against outer mitochondrial protein TOMM20.
Zoomed inset: MDV formation. Overlayed GFP and TOMM20 channel to show 
formation of MDV
(B) Quantification of mitochondrial length of 4T1-su9 GFP cultured in same 
conditions as (A). Each treatment shows N=30 cells.
*** indicate p<0.001 and **< indicate p<0.01 analysed with one way ANOVA with 
Bonferroni post test.
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3.3.3 PFAS and purinosome localization on mitochondria during hyperfusion 

responses 

Previous results with MPA demonstrated that IMPDH activity and de novo purine 

synthesis is important during QLR-induced mitochondrial hyperfusion. Purines are 

essential metabolic building blocks for nucleic acids and elevated levels of purines have 

been shown to correlate with an increases in growth rate (109). Thus, purine levels 

must be maintained and regulated to ensure proper development. Cells generate purine 

through two complementary pathways: a purine salvage and de novo biosynthesis. It 

has been established that enzymes in the de novo biosynthesis pathway assemble into 

a multi-protein complex called purinosome to provide substrate channeling, increase 

metabolic flux and protect unstable pathway intermediates (110). It has been suggested 

that MTORC1 activity may disrupt the spatial link between purinosome and 

mitochondria (111).  Since IMPDH was critical for mitochondrial hyperfusion, we thus 

investigated whether purinosome localisation was driven or reprogrammed upon QLR 

addback.  

The association of purinosomes on mitochondria have been best studied in cells 

under purine depletion conditions (110). Thus, we first pre-cultured 4T1 cells in purine-

depleted media (as reported) to generate the formation of purinosome structures. The 

structures were detected via imaging the marker phosphoribosyl formylglycinamidine 

synthase (PFAS, also called FGAMS), a core enzyme in the purinosome complex, 

which has been well documented to report on purinosome formation (111). To 

investigate purinosomes, we double immunostained cells for TOMM20 along with PFAS 

and monitored changes caused by amino acid starvation and QLR-addback. In a 
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parallel study, we tested 4T1 cells (cultured under normal purine-complete full nutrient 

conditions) using the same test conditions. Interestingly, PFAS formation was clearly 

observed when cells were cultured in either the full nutrient media or purine depleted 

media (Fig. 3.15A,B). For purinosome-mitochondria colocalization, we detected direct 

overlap of PFAS and TOMM20 signals. Interestingly, in cells incubated in amino acid 

starved media or QLR-supplemented conditions, we observed apparent increases in 

PFAS localized to mitochondria. To confirm, amino acid starvation and QLR-addback 

resulted in expected (mild, strong, respectively) mitochondrial responses. Moreover, 

PFAS structures colocalized to mitochondria following QLR-addback (Fig 3.15 A,B).  

While the molecular mechanisms promoting purinosome translocation remains yet 

unclear, our results suggest that purinosomes remain formed and associated on 

mitochondria following amino acid starvation.  Furthermore, the association of 

purinosomes to mitochondria during QLR-induced mitochondrial hyperfusion are 

generally consistent with a nucleotide biogenesis-based mechanism of membrane 

remodelling. 
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Figure 3.15. Increased phosphoribosylformylglycinamidine synthase (PFAS) 
colocalization with mitochondria following amino acid starvation and QLR-
supplementation
(A) Representative images of 4T1 cells cultured full nutrient (UT) media, amino acid 
starved (-AA) or amino acid starved supplemented with QLR (QLR) for 4 hrs. Both 
amino acid starvation and supplementation conditions contain 10% of dialysed FBS. 
Cells were stained with antibody against TOMM20 (Red) and against PFAS (green). 
Zoomed inset (far right): PFAS (green) colocalization with mitochondria (red)
(B) Representative images of 4T1 cells cultured in purine depleted media (UT), 
amino acid starved (-AA) or amino acid starved supplemented with QLR (QLR) for 4 
hrs. Both amino acid starvation and supplementation conditions contain 10% of 
dialysed FBS. Cells were stained with antibody against TOMM20 (Red) and against 
PFAS (green). 
Zoomed inset (far right): PFAS (green) colocalization with mitochondria (red)
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Chapter 4 

Discussion and Future Directions 

4.1 Discussion 

During starvation, mitochondria elongate to form fused networks to mediate a 

protective response against autophagy (64). Fused mitochondria help maintain 

adequate ATP production by increasing cristae density and ATP synthase activity (64). 

In comparison, mitochondrial ATP production capacity is not sustained during nutrient 

starvation in fragmented mitochondria. The protective role of mitochondrial fusion is not 

limited to energy metabolism, it also has been linked to preventing the buildup of 

reactive oxygen species (ROS) and protecting cells in oxidative stress. However, little is 

known about the mechanisms and physiological function of hyperfused mitochondria.  

In this study, we have identified the TCA cycle and glutaminolysis as central 

mechanisms by which mitochondrial hyperfusion is promoted in response to amino acid 

starvation and glutamine, leucine, and arginine addback. Expectedly, amino acid 

starvation promoted a mild mitochondrial fusion response, which we had initially 

proposed to be rescued with QLR addback (Fig. 3.1A). Surprisingly, the starvation 

condition appeared to prime mitochondria for an even stronger fusion response 

(hyperfusion) following QLR addback (Fig. 3.1A). This robust QLR-induced response 

was observed in multiple cell models, suggesting that strong hyperfusion response to 

QLR addback is common and not cell-specific (Fig. 3.1B-D). The amino acid-induced 

hyperfusion is dependent on the simultaneous addition of three amino acids together. 

Although glutamine is the most abundant amino acid, it is unable to induce strong 

mitochondrial hyperfusion alone or in combination with either leucine or arginine. 
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Interestingly, it has been demonstrated that glutamine and leucine synergistically 

increase glutaminolysis and subsequently activated MTORC1 (102). The addback of 

either leucine or glutamine alone in glutamine-depleted cells was not sufficient to 

activate MTORC1 (102). Therefore, this suggests that amino acids sensing may be 

dependent on one another for the enhanced mitochondrial fusion response. Although, 

we have not identified the mechanisms by which each amino acid is sensed following 

addback, our data indicate that this increase in mitochondrial hyperfusion activity is the 

result of all three amino acids and not a distinct feature of individual amino acid.  

Still to be identified is how glutamine, leucine and arginine can be sensed 

independent of MTORC1. Initially, the morphological changes were attributed to the 

sensing of amino acids via MTORC1 signaling. MTORC1 signalling has been shown to 

regulate nutrient uptake, autophagy and protein synthesis in response to amino acids. 

Using pharmacological approaches, our lab demonstrated that amino acid sensing 

signals occur independently of MTORC1 (Fig. 3.3). Another plausible mechanism we 

have investigated in this study is that amino acids are being sensed via a novel 

metabolic mechanism involving the TCA cycle and glutaminolysis, perhaps independent 

but in parallel to MTORC1 signalling. Here, we find that amino acid starvation-induced 

mitochondrial fusion does not require an active TCA cycle (Fig. 3.5C). However, for 

mitochondrial hyperfusion to be promoted by QLR addback, a functional fumarate 

hydratase and TCA cycle is required (Fig. 3.5C). Fumarate hydratase is a key enzyme 

in the TCA cycle and mutations, or loss of FH has been characterized in fumaric 

aciduria (a lethal metabolic disorder) and renal cell cancers. Elevated levels of fumarate 

metabolite due to loss of FH has also been shown to promote tumour initiation and 
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metastasis. Overall, loss of FH can lead to significant metabolic changes such as 

reversal of TCA cycle function and mitochondrial respiratory chain dysfunction (97). 

Based on our results, metabolic changes involving FH are required for QLR-induced 

mitochondrial hyperfusion.  

Our results indicate that MTORC1 activity is not required for mediating QLR-

induced mitochondrial hyperfusion. Instead, amino acids, in particular glutamine and 

leucine appear to drive glutaminolysis activity and the enzymes involved in 

glutaminolysis sense amino acids directly (112). Glutamate dehydrogenase (GDH) is 

activated by leucine directly after binding, while glutamine is the substrate for 

glutaminase (GLS). Studies have demonstrated that metabolism of leucine and 

glutamine can activate glutaminolysis (102). The direct sensing of glutamine and leucine 

by glutaminolysis enzymes leads to GTP-mediated activation of MTORC1 signalling 

(102). Glutamine deprivation of mouse embryonic fibroblasts (MEF) showed significant 

increase in tubular, fused mitochondria (113). Similarly, glutaminase was shown to 

sense glutamine availability directly and mediate the mitochondrial fusion process. 

These studies suggest that amino acid metabolism enzymes may function as sensors 

for amino acid availability. Here, we were interested in determining if glutaminolysis and 

glutaminase (GLS) also play a role in mediating the QLR-induced mitochondrial 

hyperfusion response. Our results using the GLS inhibitor DON showed that amino acid 

induced mitochondrial hyperfusion requires GLS. In parallel, QLR-supplemented cells 

showed decrease MTORC1 activity when GLS was inhibited with DON-treatment (Fig. 

3.8D). Overall, these results support a model where enzymes involved in amino acid 

metabolism are involved in sensing amino acid availability directly to coordinate a 
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mitochondrial hyperfusion response, upstream and independent of MTORC1 activity 

(Fig. 4.1).  

By examining metabolic signatures following amino acid starvation and addback, 

we highlighted distinct changes linking nucleotide metabolism to QLR-addback and 

subsequent mitochondrial hyperfusion. Specifically, the metabolites were linked to GTP 

and other de novo purine biosynthesis-related intermediates (Fig. 3.6). The observed 

elevated levels of metabolites involved in purine biosynthesis metabolism are consistent 

with previous studies, where other investigators observed a decreased rate of purine 

nucleotide synthesis level during amino acid starvation (114). GTP is an energy-rich 

molecule that facilitates protein binding and when hydrolyzed can induce conformational 

changes in the macromolecule that binds to it. In mitochondria, GTP is required for the 

structural dimerization and activation for MFN1 and OPA1. Mutation or disruption of the 

GTPase domain in either mitochondrial fusion machinery can lead to impaired GTP 

hydrolysis and fragmented mitochondria (23,115). Glutamine supplemented can be 

incorporated into the de novo purine biosynthesis pathway to produce inosine 

monophosphate (IMP), which can be used to generate ATP and GTP for energy 

production. Specific to GTP biosynthesis, IMP is converted by IMP dehydrogenase 

(IMPDH) to produce xanothosine monophosphate (XMP), a precursor of GMP, GDP 

and GTP. We have noted in our metabolomics data that levels of GTP and GTP-related 

intermediates are elevated during QLR-addback conditions. Thus, to determine if QLR-

induced mitochondrial hyperfusion is regulated through elevated levels of GTP 

nucleotide metabolites, we inhibited IMPDH activity during QLR addback conditions 

(Fig. 3.7B, C). Intriguingly, the inhibition of IMPDH also blocked QLR-induced 
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hyperfusion, which suggests that elevated GTP levels generated by QLR addback are 

necessary to trigger mitochondrial hyperfusion.  

Moreover, we also wished to investigate how purine biosynthesis is regulated as 

GTP levels are enhanced during QLR addback. Interestingly, six enzymes in the de 

novo purine biosynthesis pathway are recruited to form an enzymatic complex in the 

cytoplasm, called a purinosome. These purinosomes are assembled in a stepwise 

manner and consist of proteins such as adenylosuccinate lyase (ASL) and 

formylglycinamidine ribonucleotide synthase (FGAMS). The assembly and disassembly 

of purinosomes is dynamically regulated by cellular purine levels (116). For example, 

during purine deficiency, purinosome assembly is enhanced (117). When purinosomes 

are fully assembled, the enzyme complex not only protects unstable intermediates, but 

it also enhances metabolic flux of the purine biosynthesis pathway. Most recently, 

imaging studies revealed a spatial colocalization between purinosome, mitochondria 

and microtubules (111,118). Consistent with these findings, we observed clear 

colocalization of purinosomes with mitochondria in purine depleted media (Fig. 3.15B). 

However, we still observed the presence of purinosomes in full nutrient, purine-rich 

media (Fig. 3.15A). More intriguingly, purinosome-mitochondria co-localization appears 

to be more prominent in amino acid starved and QLR-supplemented conditions than in 

untreated conditions. These findings are consistent with the hypothesis that purinosome 

proximity to mitochondria may be needed to meet the energetic demands of the 

enzymatic complex. It is important to note that five ATP molecules are required to 

produce one IMP (a purine biosynthesis intermediate). Additionally, mitochondrial 

tetrahydrofolate cycle also provides folate and tetrahydrofolate, which are cofactors 



 

96 

 

required for required for de novo purine biosynthesis (119). We speculate that the 

increased purinosome formation and interaction with mitochondria during amino acid 

starvation and addback conditions may be due to the increased energetic demands 

required for mitochondrial fusion and hyperfusion. Although molecular mechanisms 

regulating the physical interaction between purinosome and mitochondria remains 

unclear. The functional interdependence between mitochondrial function and nucleotide 

metabolism could explain the metabolic changes required for QLR-induced 

mitochondrial hyperfusion (Fig. 4.1).  

In addition to determining mechanisms involved in nutrient-dependent 

mitochondrial hyperfusion, we also wished to determine if hyperfusion is related to a 

previously characterised SIMH response. The observed hyperfusion response to QLR 

addback during amino acid starvation is morphologically similar to SIMH induced by 

various cell stress stimuli, including CHX, Tg and Tu(30) (89). In these studies, stress 

stimuli used to stimulate SIMH are linked to protein synthesis inhibition, resulting in the 

accumulation of misfolded proteins within the ER. In response to ER-stress, 

mitochondrial fusion was observed to limit mitochondrial dysfunction and maintain 

proteostasis. Additionally, remodelling of mitochondrial molecular quality control 

pathways is also activated during cellular and ER-stress. Thus, previous work suggests 

that mitochondrial fusion and hyperfusion response prevents mitochondrial 

fragmentation and promotes mitochondrial DNA exchange between mitochondria (57). 

Furthermore, mitochondrial metabolic activity and ATP production is increased, leading 

to increased cellular energy available for responding to acute ER stress (30). Our 

findings indicate that SIMH and QLR-induced mitochondrial hyperfusion are 
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morphologically similar but different mechanisms are controlling each type of 

mitochondrial hyperfusion. Functional FH and TCA cycle flux are required for QLR-

induced mitochondrial hyperfusion but are not necessary for SIMH. Similarly, IMPDH 

function is not needed for SIMH, but QLR-induced hyperfusion is blocked when IMPDH 

function is prohibited (Fig. 3.12 C,D). These results suggest amino acid dependent 

hyperfusion is regulated through a novel metabolically linked mechanism to maintain 

mitochondrial dynamics (Fig.4.1) 
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Figure 4.1 Metabolic interaction between mechanisms regulating amino acid-

dependent mitochondrial hyperfusion 

Amino acids regulating mitochondrial hyperfusion are metabolized via the TCA cycle. 

Availability of amino acids, in particular glutamine, appears to be sensed directly by 

glutaminase. Both fumarate hydratase and glutaminase are required for amino acid-

induced hyperfusion and are metabolic linked through the TCA cycle. Inosine 

monophosphate dehydrogenase (IMPDH) activity is necessary for GTP production and 

amino acid-dependent mitochondrial hyperfusion, however it is independent of the TCA 

activity. 
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Physiologically, SIMH has also been proposed to act as a pre-conditioning mechanism 

against apoptotic stress stimuli (30). Mitochondrial hyperfusion has been linked to a pro-

survival response associated with a delay in BAX activation and mitochondrial 

membrane permeabilization (4). Cells unable to elongate or hyperfused their 

mitochondria are more susceptible to apoptotic cell death. In addition to delayed 

apoptotic cytochrome c release, ATP production is enhanced to maintain cellular energy 

during apoptotic stress (64). Furthermore, accumulation of oxidized glutathione (GSSG) 

was observed during mitochondrial hyperfusion in response to cellular stress, which has 

been shown to promote MFN2 oligomerization and mitochondrial fusion (92). These 

SIMH-related adaptive stress responses suggests a protective mechanism against 

apoptosis for mitochondrial hyperfusion. Our results point to a similar protective 

response for amino acid-dependent mitochondrial hyperfusion in response to apoptotic 

stress. Interestingly, cells starved of amino acids, which promotes mild levels of 

mitochondrial fusion, induced a significant increase in apoptosis activation after 

staurosporine treatment. We found that both stress and amino acid-induced 

mitochondrial hyperfusion reduced the number of activated caspase-3 puncta when 

apoptosis was stimulated (Fig. 3.10). Thus, these findings establishe that mitochondrial 

hyperfusion provides a pro-survival mechanism against apoptosis.  

 As previously mentioned, mitochondrial quality control pathways were proposed 

to be upregulated during cellular and ER-stress. More recently, mitochondrial-derived 

vesicles (MDVs) have emerged as a novel method of interorganellar transport and has 

been proposed to play an important role in mitochondrial quality control. MDVs 

selectively transport damaged material from the mitochondria to either lysosome for 
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degradation or to peroxisomes (107,108). The damaged material, or cargo selected for 

degradation by lysosomes contain oxidized proteins, which may indicate elevated levels 

of mitochondrial oxidative stress (108). Here, we observed the formation of MDVs 

following staining for TOMM20, an outer mitochondrial membrane protein. CHX-induced 

SIMH and amino acid starvation conditions triggered MDV budding from mitochondria. 

These results are consistent with studies that observed MDV formation after acute 

stress for 2-6 hours (120). Since the presence of MDVs suggest an increased level of 

oxidative stress, we were interested in whether amino acid-induced mitochondrial 

hyperfusion could reduce levels of oxidative stress. However, MDVs were still observed 

during QLR-addback, indicating that mitochondrial oxidative stress was not reversed.  

In addition to MDV function, mitochondrial quality control mechanisms also 

include mitophagy and mitochondrial proteases. Dysfunctional mitochondria can be 

selectively eliminated via mitophagy. While mitochondrial proteases function to minimize 

accumulation of unfolded and oxidized proteins within mitochondria. Mutation or loss of 

mitochondrial protease function can result in an increased sensitivity to oxidative stress 

(121). Interestingly, PINK1 and Parkin are required for MDV formation as well as 

mitophagy and mitochondrial protease function (120). In higher eukaryotes such as 

mice, loss of PINK1 or Parkin does not lead to severe neurodegeneration, which 

suggests there is a functional redundancy in the mitochondrial quality control 

mechanisms. Current models suggests that MDV formation may be acting upstream of 

mitophagy. However, to fully define the functional importance of MDVs, the composition 

and mechanisms required to generate the MDVs still need to be identified.  
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4.2 Future Directions 

While investigating the metabolic mechanisms mediating amino acid-induced 

mitochondrial hyperfusion, we highlighted interesting areas that could be further 

explored. Our results suggests that IMPDH and GLS enzymes are involved in mediating 

QLR-induced mitochondrial hyperfusion. To establish the regulatory role for IMPDH or 

GLS in mediating amino acid-induced mitochondrial hyperfusion, studies can monitor 

the changes in mitochondrial remodelling using IMPDH or GLS knockout cells. In 

parallel, examining the metabolic changes with mass spectrometry in IMPDH or GLS-

inhibited cells during QLR addback, it would provide insight into whether additional 

metabolites or mechanisms are involved in regulating amino acid-induced mitochondrial 

hyperfusion.  

In addition to investigating the metabolic connections between amino acid 

metabolism and mitochondrial hyperfusion, future studies should also aim to elucidate 

other functional roles for mitochondrial hyperfusion. While studies have proposed an 

energy preservation role for SIMH, this functional aspect has not been explored for 

amino acid-induced mitochondrial hyperfusion (64). Moreover, due to the pleiotropic 

mechanisms of staurosporine, more experiments using alternative methods of are 

needed to further validate the pro-survival response proposed for mitochondrial 

hyperfusion. It would be interesting to assess whether amino acid-induced mitochondrial 

hyperfusion can modulate stress response at different stages of, or in different cell 

death pathways.  

As previously discussed, any imbalance of mitochondrial dynamics can 

compromise important biological processes, such as apoptosis and cellular proliferation 
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(50) (122). Recently, emerging evidence has shown expanding roles for mitochondrial 

fusion in cancer. Disruptions to apoptotic pathways regulated by mitochondrial 

dynamics can be exploited by tumour cells, thus contributing to tumorigenesis (6) (123). 

As we better our understanding of how mitochondrial hyperfusion modulates apoptotic 

pathways, we can complement our mechanistic studies by assessing how modulation of 

nutrient availability affects cancer cell proliferation and survival.  

Overall, we aimed to understand the mechanisms involved in regulating amino 

acid-dependent mitochondrial hyperfusion. As we dissected the pathways associated 

with amino acid metabolism, the TCA cycle enzymes and purine biosynthesis pathways 

were established to play critical roles in mediating mitochondrial remodelling. The 

mechanisms driving the amino acid-dependent hyperfusion response also appear to be 

distinct from a previously reported model of stress-related mitochondrial hyperfusion, 

however, a similar anti-apoptotic characteristic was consistent between both types of 

hyperfusion. Thus, we have been able to establish a novel metabolic mechanism by 

which amino acids are sensed to control mitochondrial morphology and cell function. 
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