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ABSTRACT OF THE DISSERTATION 

 

clueless/cluH Regulates Mitochondrial Morphology and Quality through Drp1  

 

by 

 

Huan Yang 

Doctor of Philosophy in 

Molecular, Cellular, and Integrative Physiology 

University of California, Los Angeles, 2019 

Professor Ming Guo, Chair 

 

Parkinson’s disease (PD) is the second most common neurodegenerative disease in the world, but currently 

there is no cure for PD. Mutations in PINK1 and parkin cause a recessive form of early onset familial PD. 

PINK1 acts upstream of parkin in a common genetic pathway to regulate mitochondrial morphology and 

quality, which underscores that mitochondrial dysfunction contributes to PD progression. Mitochondrial 

morphology is maintained by a dynamic balance between the opposing actions of mitochondrial fission and 

fusion. PINK1 functions as a mitochondria-localized Serine/Threonine kinase and Parkin as a cytosolic E3 

ligase to target the fusion GTPase Mfn for degradation, thus inhibiting mitochondrial fusion. Moreover, 

PINK1 and Parkin maintain mitochondrial quality by promoting autophagy of dysfunctional mitochondria, 

a process named “mitophagy”. Discovery of the PINK1-parkin pathway provides an entry point to isolate 

other genes and compounds that suppress the pathological phenotypes due to lack of PINK1/parkin, which 

hold great therapeutic potential for development of drugs to treat PD and/or alleviate its symptoms. In this 

context, we previously found that expression of the pro-fission GTPase Drp1 or inhibition of Mfn 

suppresses tissue damage and mitochondrial dysfunction in PINK1/parkin mutant Drosophila. In my 
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dissertation research, I combined our Drosophila PINK1/parkin loss-of-function PD model with 

mammalian cell-based mitochondrial morphology and mitophagy assays, and found that expression of the 

evolutionarily conserved gene clueless also suppresses PINK1/parkin null mutant phenotypes in 

Drosophila, and that Drp1 is a critical target of clueless (Drosophila homolog)/cluH (human homolog). 

Overexpression of drp1 rescues adult lethality, tissue damage, cell death and mitochondrial dysfunction in 

clueless null mutant Drosophila. In addition, loss of clueless/cluH results in mitochondrial elongation, 

while clueless/cluH overexpression results in mitochondrial fragmentation in Drosophila and mammalian 

cells. Clueless/CluH binds Drp1 and promotes its recruitment to mitochondria, providing a mechanistic 

basis for the above phenotypes. Furthermore, I demonstrated that regulation of Drp1 by cluH is mediated 

by direct protein interactions between CluH and Drp1 receptors MiD49 and Mff in mammalian cells, and 

that cluH positively regulates MiD49 and Mff protein levels through posttranscriptional mechanism. Finally, 

loss of cluH in HeLa cells results in impaired mitophagy due to decreased mitochondrial recruitment of 

Drp1, and expression of the constitutive mitochondria-localized Drp1S637A rescues the mitophagy defects in 

cluH KO cells. Together these observations provide insights into how clueless/cluH regulates mitochondrial 

morphology and quality, and compensates for loss of PINK1/parkin through promoting mitochondrial 

fission. 
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Chapter 1. Introduction 

1.1  Mitochondrial dynamics in health and disease 

Mitochondria are known as the powerhouses of eukaryotic cells, which play crucial roles not only in 

generating ATP, but also in regulating cellular metabolism, controlling calcium signaling, governing cell 

death, etc. Maintaining mitochondrial integrity is critical for tissue heath and cellular homeostasis. 

Therefore, dysfunction of mitochondria leads to a broad range of diseases, especially those affecting 

energy-demanding organs or tissues. These include cancer, diabetes, cardiovascular diseases, 

neurodegeneration, degenerative muscle diseases and other age-related diseases. In a single eukaryotic cell, 

there can be zero (e.g. red blood cells) to thousands of mitochondria (e.g. liver cells). Mitochondria are not 

isolated or static; rather, they are dynamic organelles which constantly fuse and divide to exchange 

membranes and inner contents, migrate to different subcellular compartments in response to local stimuli, 

and undergo regulated turnover that balances mitochondrial biogenesis with clearance of damaged ones. 

 

1.1.1 Mitochondrial morphology 

Mitochondrial morphology varies widely among different cell types, and is maintained by a dynamic 

balance between the opposing actions of mitochondrial fission and fusion (Deng, Dodson, Huang, & Guo, 

2008; Poole et al., 2008; Yang et al., 2008) (Figure 1-1). Mitochondrial outer membrane fusion is mediated 

by the GTPase Mitofusin (Mfn) on the outer mitochondrial membrane (OMM), and inner membrane fusion 

mediated by OPA1 on the inner mitochondria membrane (IMM). Mammalian cells have two Mitofusin 

proteins: Mfn1 and Mfn2. Mfn1/2 and OPA1 mediate sequential steps during fusion, with fusion of IMM 

following that of OMM (Song, Ghochani, McCaffery, Frey, & Chan, 2009). Mitochondrial fission is 

controlled by Drp1, a GTPase recruited from cytosol onto mitochondria by its adaptors on the OMM, 

including Mff, MiD49, MiD51 and possibly Fis1 with a minor role. Once recruited to mitochondria, Drp1 

form an oligomeric ring at the fission site, and drives fission via constriction following GTP hydrolysis. 
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Cells lacking Mfn function exhibit fragmented mitochondria due to lack of fusion. Cells lacking OPA1 still 

undergo OMM fusion, but the fusion intermediates cannot progress to IMM fusion (Song, et al., 2009). 

Cells with loss-of-function of Drp1 or its receptors show elongated or interconnected mitochondria due to 

reduced fission (Loson, Song, Chen, & Chan, 2013). 

Mutations in Mfn2 cause Charcot-Marie-Tooth type 2A (CMT2A), a classic axonal peripheral 

sensorimotor neuropathy. Mutations in OPA1 are the predominant cause of autosomal dominant optic 

atrophy (DOA), an optic nerve atrophy characterized by degeneration of retinal ganglia cells, resulting in 

visual loss (H. Chen & Chan, 2009). Mutations in Drp1 was reported to result in neonatal lethality 

(Waterham et al., 2007). Recently, several de novo heterozygous missense mutations in Drp1 in humans 

have been discovered through clinical whole exome sequencing, which cause severe neonatal 

microcephaly, abnormal brain development, or profound global developmental delay or neonatal death 

(Fahrner, Liu, Perry, Klein, & Chan, 2016). 

1.1.2 Mitochondrial transport 

Mitochondria are distributed throughout the cytosol, and move to different subcellular localizations in 

response to varying cellular stimuli. Mitochondrial trafficking is particularly important for neurons, where 

they need to reach distal axons and synapses. In mammals, distribution and transport of mitochondria rely 

Figure 1-1 | Mechanism of mitochondrial fission and fusion. 
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heavily on the microtubule cytoskeleton, and are regulated by cytoplasmic calcium signaling. Motor 

proteins transport mitochondria along microtubules: mitochondria transport towards the plus-end 

(anterograde) direction is dependent on Kinesins, and that towards the minus-end (retrograde) direction 

dependent on Dyneins. Kinesin‑1 interacts with an adaptor protein called Milton, which in turn binds to 

Mitochondrial Rho GTPase (Miro), an integral OMM protein (X. Wang et al., 2011). Cells lacking Miro or 

Milton function show significant changes in mitochondrial distribution (Mishra & Chan, 2014). The 

Miro/Milton/Kinesin‑1 complex is conserved from Drosophila to mammals (Fransson, Ruusala, & 

Aspenstrom, 2006; Glater, Megeath, Stowers, & Schwarz, 2006; Stowers, Megeath, Gorska-Andrzejak, 

Meinertzhagen, & Schwarz, 2002). In contrast, mitochondrial distribution and motility in budding yeast are 

dependent on the actin cytoskeleton. 

 

1.1.3 Mitochondrial quality control 

Mitochondria face continuous challenges and toxic stress that can lead to their dysfunction or damage, such 

as accumulation of reactive oxygen species (ROS), mtDNA mutations, protein aggregation in the matrix, 

perturbations in mitochondrial fission and fusion, and mitochondrial motility arrest. Therefore, 

mitochondria must undergo regulated quality control, which is achieved by a balance between 

mitochondrial biogenesis and clearance of severely damaged mitochondria. Mitochondrial fission, fusion 

and transport play critical roles in mitochondrial quality control. When stress is below a critical threshold, 

fusion between functional and dysfunctional mitochondria promotes complementation by mixing 

components between mitochondria, so as to dilute the damage and maximize oxidative capacity (Figure 1-

2, (1)). Since deleterious components are often asymmetrically distributed or aggregated within a 

mitochondrion, in cases where mitochondrial damage is beyond repair, fission facilitates segregation of the 

impaired section from the rest healthy section, leading to clearance of the damaged daughter mitochondrion 

through the autophagy pathway, a process called “mitophagy”. Mitophagy ensures reservation of the 
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healthy daughter mitochondrion, thus maintaining a healthy mitochondrial network within the cell (Figure 

1-2, (2)) (Burman et al., 2017; Youle & van der Bliek, 2012). 

During mitophagy, mitochondrial fusion is inhibited in order to prevent fusion of damaged and 

healthy mitochondria and thus contaminating the mitochondrial network; mitochondrial transport is also 

suppressed so as to quarantine damaged mitochondria prior to their clearance. Inhibition of IMM fusion is 

achieved by proteolytic inactivation of OPA1 mediated by the OMA1 protease in mammalian cells (Head, 

Griparic, Amiri, Gandre-Babbe, & van der Bliek, 2009). Inhibition of OMM fusion and mitochondrial 

transport are achieved through proteasomal degradation of Mfn and Miro, respectively, which is mediated 

by the most studied mitophagy pathway involving PTEN-induced putative kinase 1 (PINK1) and parkin 

(Tanaka et al., 2010; X. Wang, et al., 2011). Mutations in PINK1 or parkin represent the two most common 

causes of autosomal-recessive and some sporadic forms of Parkinson’s disease (PD). Since the first 

discovery of the PINK1-parkin pathway in Drosophila (Clark et al., 2006; Park et al., 2006), this pathway 

Figure 1-2 | Mitochondrial fission and fusion play critical roles in mitochondrial quality control. 

(Modified from Youle and van der Bliek, 2012) 
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has become a subject of intensive and extensive study in both Drosophila and mammalian systems. Many 

key discoveries demonstrate that PINK1 and parkin regulate mitochondrial morphology, transport and 

quality control, and emphasize mitochondrial dysfunction as one central mechanism underlying the 

pathogenesis of PD. These studies also open new therapeutic avenues for treating PD. These will be 

discussed in detail in the next Section, Chapter 1.2. 

 

1.2  The PINK-parkin pathway 

1.2.1 Parkinson’s disease (PD) 

Parkinson’s disease (PD) is the second most common progressive neurodegenerative disorder affecting 1-

2% of the people over the age of 65 and 5% of those older than 85 (Guo, 2010, 2012; Saiki, Sato, & Hattori, 

2012). PD is characterized by degeneration of multiple neuronal types, including dopaminergic (DA) 

neurons in the midbrain. Clinical features of PD include motor symptoms (e.g. resting tremor, slowness of 

movement, rigidity and postural instability, etc.) as well as non-motor symptoms (e.g. dementia, depression, 

anxiety, sleep disruption, etc.) (Guo, 2010, 2012). Currently the most prevalent therapy for PD is dopamine 

replacement. However, it becomes less effective over time, triggers severe side effects, and fails to address 

all motor or non-motor abnormalities. Therefore, as a multi-system disease, PD still doesn’t have an 

effective treatment. As the average life expectancy increases, the prevalence of neurodegenerative diseases, 

including PD, is expected to rise dramatically; therefore, finding treatments is of increasing urgency. To 

develop an effective cure for PD, therapies targeting the underlying molecular and cellular defects in PD 

patients are required. 

The majority (85-90%) of PD cases are sporadic, but the rest 10-15% result from inherited 

mutations. Genes contributing to the inherited forms of PD, including SNCA (PARK1), parkin (PARK2), 

PINK1 (PARK6), DJ-1 (PARK7), LRRK2 (PARK8), ATP13A2 (PARK9), VPS35 (PARK17), CHCHD2 

(PARK22), etc., have been identified mainly through positional cloning strategies in inherited PD patients 

and families. More recent Genome-Wide Association Studies (GWAS) also found that some of these genes 
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confer susceptibility to PD, suggesting that inherited and sporadic PD could share common pathological 

mechanisms (Saiki, et al., 2012). Therefore, investigating the function of these genes is crucial for our 

understanding of the cellular and molecular mechanisms leading to PD onset. Animal models with 

manipulations on these genes prove to be strong tools for our study. In our lab, we use Drosophila as an in 

vivo disease model, combined with mammalian cell-based assays to study the molecular pathogenesis of 

PD, which have provided important insights into the cellular basis of PD pathogenesis. 

 

1.2.2 Drosophila as a powerful genetic tool and model system to study PD 

The complete sequence of Drosophila genome revealed that 77% of human disease genes are conserved in 

flies. Among the genes that have been identified to mediate familial forms of PD, only SNCA (which 

encodes α-Synuclein) lacks a homolog in Drosophila. Our lab studies multiple PD genes, including PINK1 

and parkin, mutations in which cause a recessive form of early onset familial PD. We generated Drosophila 

PD models based on PINK1 loss-of-function, which revealed similar phenotypes to Drosophila parkin loss-

of-function mutants in multiple systems, including neuronal, muscle, digestive (salivary gland) and 

reproductive (male testis and female ovary) systems, showing striking mitochondrial and tissue defects 

(Clark, et al., 2006; Deng, et al., 2008; J. C. Greene et al., 2003; Yun et al., 2014). However, mice lacking 

PINK1 or parkin only show relatively subtle phenotypes (Dawson, Ko, & Dawson, 2010), possibly due to 

the existence of other compensatory pathways. Therefore, Drosophila PINK1 or parkin null mutants are 

powerful genetic models for PD. Indeed, studies in Drosophila have provided important insights into the 

molecular mechanism of PD pathogenesis (described in detail below in Chapter 1.2.3 and Chapter 1.2.4). 

Drosophila has been used as a powerful genetic model for more than a century, thus bequeathing 

the modern fly field with numerous powerful genetic tools:  

(1) Transposon: Transposons (e.g. P-element) inserted into the coding sequence or regulatory 

region of a gene can result in loss of function of the target gene. A large number of transposon insertion 
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lines have been generated, with their precise insertion sites mapped. The availability of these lines greatly 

facilitates investigation of gene function by loss-of-function-based studies. 

(2) UAS-GAL4 system: Temporally controlled, tissue-specific overexpression or knockdown of 

target genes can be achieved in vivo by the UAS-GAL4 system (Duffy, 2002; Guo, 2012). In this system, 

flies carry two transgenes: the GAL4 transgene and the gene of interest put after UAS (Upstream Activating 

System). The GAL4 transgene is driven by a ubiquitous (e.g. Tubulin-GAL4, Actin-GAL4, etc.) or tissue-

specific promoter (e.g. muscle-specific Mef2-GAL4, eye-specific GMR-GAL4, etc.); UAS drives multi-

fold transcription or silencing (RNAi) of the target gene in response to GAL4 binding. UAS-GAL4 system 

is a powerful tool for epistasis studies. For instance, flies carrying both Mef2-GAL4 and UAS-parkin 

overexpress parkin in muscles. When these flies are crossed to PINK1 null flies, progenies with parkin 

overexpression in the PINK1 null background exhibit suppression of mitochondrial abnormalities and 

muscle-related phenotypes in PINK1 mutants. This and other experiments have demonstrated that PINK1 

and parkin function in a common genetic pathway, with PINK1 acting upstream and positively regulating 

parkin. 

(3) Large-scale screening: As one of the most genetically tractable metazoans, Drosophila is also 

an important in vivo tool to perform large-scale screens for candidate genes (mutations, overexpression, or 

loss-of-function) to enhance or suppress phenotypes associated with disease models, or for candidate 

compounds to suppress disease progression (Guo, 2012; St Johnston, 2002). These genes and compounds 

thus hold great potential for drug developments, which aim at treating the diseases or alleviating the 

symptoms. 

 

1.2.3 Discovery of the PINK-parkin pathway in Drosophila 

In Drosophila, loss of PINK1 or parkin results in similar phenotypes, including male sterility, locomotion 

defects and apoptotic muscle degeneration. At the cellular level, PINK1 or parkin null mutant flies have 

structurally abnormal and functionally impaired mitochondria with disrupted cristae, indicating that 
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mitochondrial dysfunction underlies progression of PD (Clark, et al., 2006; J. C. Greene, et al., 2003) 

(Figure 1-3, A-C). Studies in our and other labs revealed that overexpression of parkin rescues multiple 

PINK1 null phenotypes (Figure 1-3, D), but not vice versa, and that flies mutant for both PINK1 and parkin 

show phenotypes indistinguishable from either single mutant alone (Figure 1-3, E-E’), indicating that 

PINK1 and parkin act in a common genetic pathway to maintain mitochondrial integrity, with parkin acting 

downstream of PINK1 (Clark, et al., 2006; Park, et al., 2006; Yang et al., 2006). Since the first discovery 

of the PINK1-parkin pathway, several key findings in Drosophila and mammalian models have revealed 

that the PINK1-parkin pathway regulates multiple aspects of mitochondrial functions to maintain 

mitochondrial integrity and tissue health, as described below in Chapter 1.2.4. 

1.2.4 Functions of PINK1 and parkin: mitochondrial morphology, transport and quality control 

Figure 1-3 | PINK1 and parkin function in a common genetic pathway, with parkin acting 

downstream of PINK1. Electron Microscopy (EM) images showing mitochondrial phenotypes in 

Drosophila flight muscle of indicated genotypes. (A) In WT flies, healthy mitochondria with dense 

cristae fill the spaces between bundles of Actin fibers. (B-C) Loss of PINK1 or parkin results in similar 

abnormal, swollen mitochondria with broken cristae. (D) Overexpression of parkin suppresses the 

mitochondrial abnormalities in PINK1 null mutants. (E-E’) PINK1 and parkin double mutants show 

indistinguishable mitochondrial phenotype from single mutant alone. (Modified from Clark et al., 2006; 

Deng et al., 2008.)  
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(1) Mitochondrial morphology: PINK1 is a mitochondria-localized serine/threonine kinase, and 

Parkin is a cytosolic E3 ubiquitin ligase. PINK and Parkin facilitate the proteasomal degradation of the 

mitochondrial fusion GTPase Mfn via phosphorylation and ubiquitination of Mfn, which together inhibit 

mitochondrial fusion (Poole, Thomas, Yu, Vincow, & Pallanck, 2010; Ziviani, Tao, & Whitworth, 2010). 

Degradation of Mfn through the PINK1-parkin pathway is also of critical importance when mitophagy is 

induced to prevent fusion of damaged mitochondria with the rest healthy mitochondrial network. Therefore, 

in PINK1/parkin mutants, Mfn levels are significantly increased, leading to excessive fusion and thus severe 

mitochondrial dysfunction and tissue damage (Figure 1-4). Inhibiting mitochondrial fusion by 

downregulating Mfn or OPA1, or promoting mitochondrial fission by overexpressing Drp1, rescues the 

mitochondrial defects and tissue damage in PINK1/parkin mutant Drosophila (Deng, et al., 2008). 

While Mfn is a direct downstream target of PINK1 and parkin in the same pathway, Drp1 does not 

act strictly in the same pathway downstream of PINK1-parkin. Mfn overexpression, but not Drp1 loss-of-

function, results in phenotypes similar to those in PINK1/parkin mutants, including enlarged mitochondria 

with broken cristae as observed through EM, clumps of intense mitoGFP signals, and apoptotic muscle 

death (Yun, et al., 2014). In contrast, muscles from Drp1 mutant flies show elongated mitochondria but no 

clumps as observed via mitoGFP, which is distinct from PINK1/parkin mutants (Deng, et al., 2008). In 

Figure 1-4 | PINK1 and Parkin inhibit mitochondrial fusion by facilitating degradation of Mfn; 

loss of PINK or parkin results in increased Mfn levels and excessive mitochondrial fusion. 
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addition, we observed synthetic lethal interaction between a PINK1-null allele and a modest reduction in 

Drp1 function (PINK1 null, Drp1 null/+), which suggests that PINK1 does not strictly function in a linear 

pathway to regulate Drp1 (Deng, et al., 2008). 

(2) Mitochondrial transport: PINK1 and Parkin also facilitate degradation of Miro (a component 

of the motor/adaptor complex mediating mitochondrial transport) via phosphorylation and ubiquitination, 

thus inhibiting mitochondrial transport (S. Liu et al., 2012; X. Wang, et al., 2011). Degradation of Miro 

through the PINK1-parkin pathway is also of critical importance when mitophagy is induced, in order to 

quarantine the damaged mitochondria away from the rest healthy mitochondrial network, prior to their 

autophagic degradation. Miro protein levels are increased in PINK1 mutants, but decreased in PINK1 or 

parkin overexpression conditions. Loss of PINK1 or parkin results in increased mitochondrial movement, 

whereas overexpression of PINK1 or parkin arrests mitochondria in Drosophila larvae motor neurons and 

rat hippocampal axons (S. Liu, et al., 2012; X. Wang, et al., 2011). Downregulation of Miro or other 

components of the mitochondrial transport machinery rescues PINK1 mutant phenotypes in Drosophila 

muscle and dopaminergic (DA) neurons (S. Liu, et al., 2012). 

(3) Mitophagy - autophagic clearance of damaged mitochondria: PINK1 regulates 

mitochondrial function as a mitochondria-localized serine/threonine kinase. It is encoded by the nuclear 

gene PINK1, translated in the cytosol, and then targeted to mitochondria through the N-terminal 

mitochondrial targeting sequence (MTS). However, it has long been a puzzle in the field as to how Parkin, 

a cytosolic E3 ubiquitin ligase, could function downstream of the mitochondrial kinase PINK1 to regulate 

mitochondrial integrity and function. One milestone study provided significant insights into the field by 

demonstrating that in HeLa cells, in response to mitochondrial membrane depolarization (indicating 

mitochondrial damage), Parkin is recruited from cytosol to mitochondrial outer membrane and promotes 

autophagic clearance of the impaired mitochondria, a process named “mitophagy” (Derek Narendra, 

Tanaka, Suen, & Youle, 2008). 
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Based on this study, the functions of 

PINK1 and Parkin in mammalian cells are 

further illustrated by subsequent studies on 

mitophagy. Under physiological conditions, 

mitochondria-targeted PINK1 is imported into 

mitochondria matrix or inner membrane, and 

then rapidly degraded by multiple 

mitochondrial proteases. This process is 

dependent on the electron gradient across 

mitochondrial membrane (A. W. Greene et al., 

2012; Jin et al., 2010). When mitochondrial 

damage accumulates and causes membrane 

depolarization, the import and cleavage process 

is compromised and PINK1 therefore 

accumulates on the mitochondrial outer 

membrane. At this point, PINK1 

phosphorylates both ubiquitin and Parkin, and 

the phosphorylated ubiquitin further activates 

parkin, amplifying recruitment of additional 

Parkin onto the mitochondrial outer membrane 

(Kane et al., 2014; Kazlauskaite et al., 2014; Koyano et al., 2014). Following its mitochondrial recruitment, 

Parkin mediates ubiquitination of a broad range of mitochondrial outer membrane proteins (Sarraf et al., 

2013). Substrates of Parkin include the fusion GTPase Mfn and the motor protein Miro. Ubiquitination of 

Mfn and Miro marks the proteins for proteasomal degradation, so that impaired mitochondria cannot refuse 

with healthy ones, and are quarantined before their autophagy targeting (Chan et al., 2011; Y. Chen & Dorn, 

Figure 1-5 | Mechanism of PINK1/Parkin-mediated 

Mitophagy. 

(Modified from Pickrell and Youle, 2015) 
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2013; A. W. Greene, et al., 2012; Poole, et al., 2010; Sun, Vashisht, Tchieu, Wohlschlegel, & Dreier, 2012; 

X. Wang, et al., 2011; Ziviani, et al., 2010). Other ubiquitinated mitochondrial outer membrane proteins 

are subsequently recognized by p62 and other autophagosome adaptors, so that damaged mitochondria are 

targeted to autophagosomes, which further fuse with lysosomes for clearance (Chan, et al., 2011; Geisler 

et al., 2010; Lazarou et al., 2015; Pickrell & Youle, 2015; Youle & Narendra, 2011) (Figure 1-5). 

 

1.2.5 Discovery of the PINK1/parkin pathway as an entry point to isolate genes and compounds 

suppressing disease phenotypes 

Discovery of the PINK1-parkin pathway provides a point of entry to isolate other important genes 

regulating mitochondria dynamics and quality control. The strength of Drosophila as a genetic and disease 

model, and long establishment of the mammalian cell-based mitophagy assay and other cellular and 

biochemical assays place us in a unique position to screen and isolate novel genes, as well as investigate 

their functions under physiological or pathological conditions. For example, we have discovered that 

downregulation of Mfn or OPA1, or overexpression of Drp1 or MUL1 or VCP, suppress both PINK1 and 

parkin mutant phenotypes (Deng, et al., 2008; Yun, et al., 2014; Zhang, Mishra, Hay, Chan, & Guo, 2017). 

These genes hold great potential as therapeutic targets for PD: compounds such as inhibitors of Mfn of 

OPA1, or activators of Drp1 or MUL1 or VCP, could be developed as future drugs treating PD and/or 

alleviating its symptoms. Future unbiased drug screening using a library of small molecules or other 

compounds, especially a collection targeting mitochondrial functions, may lead to discovery of new 

therapeutic avenues, too. Investigation into the mechanisms linking these new genes and chemicals to the 

PINK1-parkin pathway would definitely provide new insights into not only the biology of mitochondria, 

but also the pathogenesis and therapeutics of PD (and perhaps other neurodegenerative or age-related 

diseases as well). 

 

1.3  clu regulates mitochondrial structure and function 
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1.3.1 The evolutionarily conserved clu gene family prevents mitochondrial “clustering” 

The clu gene family encodes a protein that is structurally and functionally conserved from yeast, to amoeba, 

to Arabidopsis, to Drosophila and to human. Drosophila Clueless and human CluH share 53% identity 

across the entire protein (Cox & Spradling, 2009). The Clu protein family has a putative “Clu domain” near 

the N-terminus that is highly conserved in all metazoan Clu’s (85% identity between Drosophila and 

human), and a C-terminal tetratricopeptide repeats (TPR) motif that mediates protein-protein interaction. 

Proteins with multiple copies of TPR motifs usually function as scaffolding proteins to coordinate protein 

assembly into multi-subunit complexes. These proteins are known to mediate interactions with different 

transcription factors, to mediate protein folding, or to function as molecular chaperons (Scheufler et al., 

2000). TPR motifs are also found in the major receptor for peroxisomal matrix protein import PEX5 and 

mitochondrial import proteins (Das, Cohen, & Barford, 1998; Young, Hoogenraad, & Hartl, 2003). Clu is 

known to regulate mitochondrial subcellular distribution, and this function is also conserved in eukaryotes. 

In yeast, mitochondrial reticulum in clu1Δ cells is condensed towards one side of the cell (Fields, Conrad, 

& Clarke, 1998); in amoeba, cluA- cells show clustering of mitochondria near the cell center (Zhu, Hulen, 

Liu, & Clarke, 1997); in MEFs and human cells, loss of cluH also results in mitochondrial clustering to the 

peri-nuclear region (Gao et al., 2014; Wakim et al., 2017). 

 

1.3.2 Drosophila clueless genetically interacts with PINK1 and parkin  

Drosophila clueless (hereafter referred to as “clu”) gene regulates mitochondrial structure in muscle and 

mitochondrial subcellular distribution in germ cells. Loss of clu results in increased adult lethality (flies die 

within 6 days after eclosion), male and female sterility, and multiple locomotion defects (indicating muscle 

degeneration). At the cellular level, clu mutants show swollen mitochondria with broken cristae in muscle, 

reminiscent of PINK1 or parkin null mutant phenotype (Figure 1-6, A-B), and mislocalized and clustered 

mitochondria in ovarian follicles, also resembling PINK1 or parkin null mutant phenotype (Cox & 

Spradling, 2009; Sen, Kalvakuri, Bodmer, & Cox, 2015) (Figure 1-6, C-E). Therefore, mitochondrial 
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dysfunction in clu null mutant, like those in PINK1 or parkin null mutants, may underlie the defects in 

muscle and germline that have high energy demand. Importantly, clu and PINK1/parkin show strong 

genetic interaction: (1) flies trans-heterozygous for clu and parkin show clustered mitochondria in the 

ovarian follicles, which was not exhibited in either heterozygote alone (Cox & Spradling, 2009) (Figure 1-

6, F-H); (2) overexpression of clu rescues PINK1 null mutant phenotypes in Drosophila muscle (Sen, et al., 

2015). These genetic interactions indicate that the functions of clu and the PINK1-parkin pathway in 

regulating mitochondrial integrity are closely related. 

1.3.3 Clueless forms discrete cytosolic particles juxtaposed with mitochondria 

Figure 1-6 | clueless (clu) null mutant flies show similar mitochondrial phenotypes to PINK1 or 

parkin null mutants, and clu genetically interacts with parkin. (A-B) clu null mutant flies show 

swollen mitochondria with broken cristae in flight muscle, as compared to normal mitochondria in 

wildtype flies, reminiscent of mitochondrial phenotype in the flight muscle of PINK1 or parkin null 

mutants. (C-E) Both clu null and parkin null mutant flies show clustered and mislocalized mitochondria 

in the nurse cells within ovarian egg chambers. (F-H) Flies trans-heterozygous for clu and parkin show 

mislocalized mitochondria, which phenotype is not exhibited in either single heterozygote alone. (I) 

Diagram of Drosophila oogenesis, showing progressively maturing egg chambers. Nurse cells are grey 

and follicle cells are green. (C-H) show mitochondrial distribution in Stage 5 nurse cells. Mitochondria 

were stained green with anti-ATP5A antibody. (Modified from Cox and Spradling, 2009) 
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Clu is a cytosolic protein. How the cytosolic Clu regulates mitochondrial morphology, function and 

distribution remains largely unknown. In Drosophila female ovarian follicles, Clu protein is mostly 

cytosolic, but also exists as discrete particles. These particles are usually juxtaposed with mitochondria 

(Figure 1-7, A-C’). Interestingly, it was found that in PINK1/parkin mutants, although Clu protein is present 

at similar levels to WT flies, the large Clu particles are absent (Cox & Spradling, 2009; Sen, et al., 2015) 

(Figure 1-7, D-E).  

A recent study further discovered that these Clu particles show rapid dynamics in response to 

nutrient and stress: insulin signaling is necessary and sufficient to induce particle formation; whereas 

multiple types of stress including loss of PINK1/parkin, oxidative stress and starvation result in particle 

disappearance (Sheard, Thibault-Sennett, Sen, Shewmaker, & Cox, 2019). These Clu particles are thought 

to be peri-mitochondrial ribonucleoprotein (RNP) 

granules, given several recent studies identifying 

Clueless/CluH as an RNA-binding protein 

specifically regulating nuclear-encoded, 

mitochondrial-targeted mRNAs (Gao, et al., 2014; 

Schatton et al., 2017; Sen & Cox, 2016). However, 

this new study did not show direct evidences that 

Clu particles indeed contain RNAs. Further studies 

are required to reveal the nature of the Clu particles, 

how they are regulated, and how they are related to 

clu’s roles in regulating mitochondrial functions. 

Figure 1-7 | Subcellular distribution of Clu. (A) Clu is cytosolic and often present in discrete particles 

throughout the cytoplasm. (B) The cytosolic Clu particles are often associated with mitochondria, which 

can be seen more clearly at higher magnification (C-C’). Mitochondria were stained green (anti-ATP5A 

antibody) and Clu stained magenta (anti-Clu antibody). (D-E): Clu protein is expressed at similar levels 

in wildtype and parkin null mutant follicles, but Clu particles are absent in parkin null follicles. 

(Modified form Cox and Spradling, 2009.) 
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1.3.4 Other functions of the clu gene family 

How clu family genes regulate mitochondrial and other functions is still being explored. In the context of 

mitochondrial quality control, Clu is shown to associate with multiple important mitochondrial proteins, 

including TOM20, Porin and PINK1. Clu also interacts with mitochondrially localized Parkin following 

mitochondrial depolarization, and loss of clu results in association of PINK1 and Parkin in Drosophila (Sen, 

et al., 2015). In addition, Clu has been found in association with VCP, and to promote VCP-dependent 

degradation of Marf (Drosophila homolog of Mitofusin) in Drosophila larvae and S2 cells (Z. H. Wang, 

Clark, & Geisbrecht, 2016). 

As mentioned above, mammalian CluH and Drosophila Clueless were reported to function as 

RNA-binding proteins, which regulate the translation of nuclear-encoded, mitochondria-destined mRNAs, 

and promote their interaction with ribosomes at the mitochondrial outer membrane (Gao, et al., 2014; 

Schatton, et al., 2017; Sen & Cox, 2016). In the context of RNA regulation, human CluH was also found 

to play a key role in the subnuclear transport of the Influenza viral ribonucleoprotein (vRNP). Although 

CluH is usually cytosolic, viral infection induces CluH translocation to the nucleoplasm and nuclear 

speckles (Ando et al., 2016). In another recent study, CluH was also found to co-localize with the Influenza 

matrix protein (M1) in the cytosol and around the nucleus (Svancarova & Betakova, 2018). 

In addition, several studies identified the important role of Drosophila clu during asymmetric cell 

division of neural stem cells or neuroblasts (NB). As a result of asymmetric cell division, the mother NB 

generates one daughter NB and one daughter ganglion mother cell (GMC). Clu protein level remains high 

in the daughter NB, but becomes very low in the GMC (Goh et al., 2013; Sen, Damm, & Cox, 2013). One 

study showed that in clu null mutant flies, mitochondria in the NB are mislocalized (Sen, et al., 2013). 

Another study found that in small percentages of dividing NBs, loss of clu or parkin results in 

mislocalization of Miranda (Mira) and Numb, two cell fate determinants segregated into future GMCs 

(Goh, et al., 2013). Interestingly, it was reported that partitioning of mitochondria to daughter cells in 

Drp1‑mutant cells is also less uniform, possibly due to that mitochondria remain in large networks during 
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mitosis in these cells (Ishihara et al., 2009), suggesting a close link between regulation of mitochondrial 

dynamics and mitosis. How clu’s regulatory roles for mitochondria is exerted during cell division, and 

whether these functions of clu are linked to mitochondrial fission-fusion machinery such as Drp1, require 

further investigation. 

 

1.4  Aims of Dissertation 

The significant mitochondrial clustering phenotype resulted from clu loss-of-function is reminiscent of cells 

with Mfn overexpressing, or cells expressing a dominant-negative form of Drp1 (Drp1K38A), indicating that 

mitochondrial clustering may be a result of excessive fusion or lack of fission. Therefore, it is possible that 

clu is a regulator of mitochondrial morphology (fission and/or fusion). Given that promoting fission or 

inhibiting fusion suppresses PINK1/parkin mutant phenotypes, and a close genetic link between clu and 

PINK1/parkin indicated by several previous studies, clu qualifies as a candidate suppressor of 

PINK1/parkin null mutant phenotypes in our Drosophila PD model, which in turn makes cluH a promising 

therapeutic target for PD. Although previous studies have hinted that overexpression of clu indeed 

suppresses PINK1 null mutant phenotypes in Drosophila, it is still not clear how clu functions together with 

the PINK1-parkin pathway to regulate mitochondrial integrity, whether in the same pathway or in parallel 

pathways. Moreover, given that regulation of mitochondrial fission-fusion as well as PINK1 and parkin are 

of critical importance for mitochondrial quality control, it is also crucial to investigate the role of cluH in 

mediating mitophagy in mammalian cells.  Based on the above rationale, my dissertation aims to focus on 

the following three goals: 

Aim 1: To investigate the function of clueless/cluH in regulating mitochondrial morphology 

(fission and/or fusion), and to explore the underlying molecular mechanism, using both Drosophila in vivo 

model and mammalian cell-based assays. 
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Aim 2: To investigate the genetic interactions between clu and PINK1/parkin, especially, whether 

clu compensates for loss of PINK1/parkin in our Drosophila PD model, and whether clu functions in the 

same or a parallel pathway to PINK1-parkin in Drosophila. 

Aim 3: To investigate the role of cluH in mediating mitophagy, and to dissect the step(s) of 

mitophagy that cluH is involved in as well as the underlying mechanism. 

From this dissertation, new knowledge about the function of clueless/cluH in regulating 

mitochondrial morphology and quality control under physiological and pathological conditions, and new 

insights into the genetic interaction between clu and the PINK1-parkin pathway will be gained. These will 

enhance our overall understanding of the cellular and molecular mechanisms of PD pathogenesis, and shed 

new light upon the development of novel therapies to ameliorate disease abnormalities. Furthermore, as 

clueless/cluH-mediated mitochondrial regulation can be crucial for the health of nervous and other energy-

demanding systems, it is possible that dysregulation of cluH may underlie the pathogenesis of some 

hereditary and sporadic PD cases, as well as other neuronal or muscle disease cases. Further GWAS or exon 

sequencing studies may reveal novel disease mutations in cluH, thus further emphasizing its therapeutic 

value. 
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Chapter 2. Experimental Procedures and Results 

 

This chapter is adapted from the following manuscript in preparation with minor changes: 

 

clueless/cluH regulates mitochondrial dynamics and quality control through promoting recruitment 

of Drp1 to mitochondria 

 

Huan Yang, Caroline Sibilla, Raymond Liu, Jina Yun, Benoit Renvoise, Bruce A. Hay, Robert Harvey, 
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2.1 Abstract 

The Parkinson’s disease genes PINK1 and parkin function in a common pathway to regulate mitochondrial 

dynamics and quality. Expression of the pro-mitochondrial fission protein Drp1 suppresses PINK1/parkin 

mutant phenotypes in Drosophila. Here we show that expression of the evolutionarily conserved gene 

clueless also suppresses PINK1 and parkin null mutant phenotypes in Drosophila, and that Drp1 is a critical 

clueless/cluH target in Drosophila and mammalian cells. Overexpression of drp1 rescues adult lethality, 

cell death, tissue damage and abnormal mitochondrial phenotypes in clueless null mutants in Drosophila. 

In addition, loss of clueless/cluH results in phenotypes characteristic of decreased fission such as 

mitochondrial elongation, while clueless/cluH overexpression results in mitochondrial fragmentation. 

Clueless/CluH binds Drp1 and promotes its recruitment onto mitochondria from cytosol, providing a 

mechanistic basis for these phenotypes. Furthermore, we demonstrate that regulation of Drp1 by cluH is 

mediated by direct protein interactions between CluH and Drp1 receptors MiD49 and Mff in mammalian 

cells, and that cluH positively regulates MiD49 and Mff protein levels through posttranscriptional 

mechanism. Finally, loss of cluH in HeLa cells results in decreased mitophagy due to defective 

mitochondrial recruitment of Drp1; expression of the constitutive mitochondria-localized Drp1S637A rescues 

the mitophagy defects in cluH KO cells. Together these observations provide insights into how 

clueless/cluH maintains mitochondrial quality and tissue health and compensates for loss of PINK1/parkin 

through regulation of mitochondrial fission. 

 

2.2 Introduction 

Mitochondria are dynamic organelles whose morphology, function and localization in the cell are governed 

by a balance between fission and fusion. Mitochondrial fission and fusion also play critical roles in 

mitochondrial quality control, which balances biogenesis with turnover of damaged mitochondria (Twig, 

Hyde, & Shirihai, 2008; Youle & Narendra, 2011). Outer mitochondrial membrane (OMM) fusion is 

mediated by Mitofusin (Mfn), while inner mitochondrial membrane (IMM) fusion is regulated by Opa1 
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(Detmer & Chan, 2007; Hoppins, Lackner, & Nunnari, 2007; Okamoto & Shaw, 2005). Mitochondrial 

fission is driven by dynamin-related protein 1 (Drp1) (Smirnova, Griparic, Shurland, & van der Bliek, 

2001), a member of the dynamin superfamily of GTPases. Drp1 largely resides in the cytosol and can be 

recruited onto the surface of mitochondria by its receptors anchored to the OMM, including Mff, MiD49 

and MiD51, and possibly Fis1 with a minor role (Loson, et al., 2013). Once recruited to mitochondria, Drp1 

forms foci at mitochondrial constriction sites and co-assemble with its receptors, and then forms an 

oligomeric ring to constrict mitochondria and drive fission. Defects in mitochondrial fission and fusion 

have been linked with a number of human diseases, including neurodegenerative diseases such as 

Parkinson's disease (PD) (H. Chen & Chan, 2009; Guo, 2012), highlighting the importance of balanced 

fission and fusion in maintaining tissue health, especially in energy-demanding tissues such as nervous 

system and muscles. 

Mutations in PTEN-induced Kinase 1 (PINK1, Park6), which encodes a serine-threonine kinase 

localized to mitochondria, and parkin (Park2), which encodes a cytosolic E3 ubiquitin ligase, cause 

hereditary recessive early-onset Parkinsonism (Kitada et al., 1998; Valente et al., 2004). Studies from our 

and other labs established that PINK1 and parkin function in a common genetic pathway to regulate 

mitochondrial integrity and quality, with parkin acting downstream of PINK1 in Drosophila (Clark, et al., 

2006; Park, et al., 2006; Yang, et al., 2006). Importantly, PINK1 and Parkin inhibit mitochondrial fusion 

by targeting Marf (Drosophila homolog of Mfn) for degradation, and PINK1/parkin null mutant phenotypes 

can be suppressed by downregulating Mfn to inhibit fusion, or overexpressing drp1 to promote fission in 

Drosophila (Deng, et al., 2008; Poole, et al., 2008; Yang, et al., 2008; Yun, et al., 2014). In addition to 

mitochondrial morphology, in mammalian cells the PINK1-Parkin pathway promotes mitophagy, the 

selective autophagic degradation of defective mitochondria. In one important pathway, accumulation of 

mitochondrial damage results in loss of mitochondrial membrane potential. This leads to stabilization of 

PINK1 in outer mitochondrial membrane and recruitment of Parkin to the depolarized mitochondria (Kane, 

et al., 2014; Kazlauskaite, et al., 2014; Koyano, et al., 2014). Parkin ubiquitinates a number of mitochondrial 
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proteins, with the net result being autophagic degradation of damaged mitochondria (Chan, et al., 2011; 

Ding et al., 2010; Gegg et al., 2010; Geisler, et al., 2010; Matsuda et al., 2010; Derek Narendra, et al., 2008; 

D. P. Narendra et al., 2010; Okatsu et al., 2010; Tanaka, et al., 2010; Vives-Bauza et al., 2010). An 

important step during this process is Parkin-dependent ubiquitination of Mfn, which promotes its 

proteasomal degradation (Poole, et al., 2010; Ziviani, et al., 2010). This loss of Mfn prevents damaged 

mitochondria from fusing with healthy mitochondria, and may play other roles as well (Jin & Youle, 2012; 

McLelland et al., 2018; Derek Narendra, et al., 2008).  

From the above studies, regulation of Mfn by PINK1 and Parkin is known to be important for 

mitochondrial morphology and mitophagy; however, how Drp1 is regulated and interacts with the PINK1-

parkin pathway is less explored. The non-equivalence of altering fusion and fission is indicated by the fact 

that overexpression of Mfn, but not decreasing the levels of drp1, phenocopies PINK1/parkin null mutant 

phenotypes (Yun, et al., 2014). PINK1/parkin null mutant Drosophila are viable with a shortened lifespan, 

showing severely vacuolated mitochondria with broken cristae as observed under Electron Microscopy 

(EM), and large clumps of intense mitochondrial-targeted GFP (mitoGFP) signal in the muscles; in contrast, 

drp1 null mutants are largely lethal, and rare adult escapers show elongated mitochondria but no mitoGFP 

clumps in muscles (Deng, et al., 2008). Also, a striking synthetic lethal interaction is observed between the 

PINK1-null allele and a partial reduction in drp1 function, suggesting that reduction of drp1 function further 

enhances PINK1 null mutant phenotypes, and that PINK1 does not strictly function in a linear pathway to 

regulate drp1 (Deng, et al., 2008). 

Studies of the PINK1-parkin pathway provide an entry point to isolate other genes regulating 

mitochondrial morphology and quality control (Guo, 2012). For example, we recently identified 

MUL1/MAPL/MULAN as a gene whose expression can compensate for loss of PINK1-parkin both in 

Drosophila and in mammals, through degradation of Mfn in a pathway parallel to that of PINK1/parkin 

(Yun, et al., 2014). Another gene of interest in this context belongs to members of the evolutionarily 

conserved clu gene family. Homologues of clu are present in many species throughout the eukaryotic 
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kingdom, including yeast, amoeba, plants, insects and mammals. Clu family proteins all contain multiple 

domains, including a highly conserved Clu domain, the eukaryotic translation initiation factor eIF3 subunit 

135 (eIF3_p135) domain, and a tetratricopeptide (TPR) structural motif (Figure 2-4A). Drosophila Clueless 

has 53% identity across the full-length protein and 85% identity in the Clu domain with human CluH (Cox 

& Spradling, 2009). A key phenotype associated with loss of clu in all species studied is mitochondrial 

clumping. Examples include yeast (clu1p) (Fields, et al., 1998), amoeba (cluA) (Fields, Arana, Heuser, & 

Clarke, 2002; Zhu, et al., 1997), Arabidopsis (FMT) (Logan, Scott, & Tobin, 2003), Drosophila (clueless) 

(Cox & Spradling, 2009; Sen, et al., 2013), and mammals (cluH) (Gao, et al., 2014; Ravera et al., 2018; 

Schatton, et al., 2017; Wakim, et al., 2017). Drosophila clueless (referred to as “clu” hereafter) mutants 

also show a number of other mitochondrial defects, such as vacuolated mitochondria with broken cristae in 

the muscle, irregular mitochondrial morphology during spermatogenesis and oogenesis, and reduced ATP 

levels (Cox & Spradling, 2009; Sen, et al., 2013). Some phenotypes, especially the swollen mitochondria 

with reduced cristae in Drosophila muscle and the clumped mitochondria in female nurse cells, resemble 

those seen in PINK1 and parkin mutants. 

How Clu family proteins regulate mitochondrial function is still being explored. In one context, 

mammalian CluH and Drosophila Clueless (referred to as “Clu” hereafter) function as RNA-binding 

proteins, which regulate the translation of nuclear-encoded, mitochondria-destined mRNAs, and promotes 

their interaction with ribosomes at the mitochondrial outer membrane (Gao, et al., 2014; Schatton, et al., 

2017; Sen & Cox, 2016). While the bulk Clu proteins are cytoplasmic, they have been shown to form 

granules juxtaposed with mitochondria in Drosophila ovarian nurse cells, which are thought to be “bliss” 

ribonucleoprotein particles (RNP) that are responsive to insulin and sensitive to stress (Sheard, et al., 2019). 

In the context of mitochondrial quality control, Clu is shown to associate with multiple important 

mitochondrial proteins, including TOM20, Porin and PINK1, as well as mitochondrially localized Parkin 

following mitochondrial depolarization. Interestingly, loss of clu results in association of PINK1 and Parkin 
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in Drosophila (Sen, et al., 2015). In addition, Clu has been found in association with VCP, and promotes 

VCP-dependent degradation of Marf in Drosophila larvae and S2 cells (Z. H. Wang, et al., 2016).  

Which of these or other interactions are central to clu's mitochondrial functions is still unclear. To 

further explore this topic, we characterized clu interactions with the PINK1-parkin pathway, the 

consequences of loss and overexpression of clueless/cluH, and Clueless/CluH-interacting proteins. We 

show that expression of Drosophila clu can compensate for loss of either parkin or PINK1 through action 

in a parallel pathway. We also demonstrate that clueless/cluH regulates mitochondrial fission in both 

Drosophila and mammalian cells, and that these effects are mediated by clu-dependent recruitment of Drp1 

to mitochondria. Furthermore, we demonstrate that regulation of Drp1 by cluH is mediated by direct protein 

interactions between CluH and Drp1 receptors MiD49 and Mff in mammalian cells, and that cluH positively 

regulates MiD49 and Mff protein levels through posttranscriptional mechanism. Finally, we show that loss 

of cluH inhibits mitophagy in mammalian cells, similar to inhibition of mitophagy by mutations of Drp1 

(Drp1K38A or Drp1S637D) which result in reduced mitochondrial recruitment. Importantly, expression of the 

constitutive mitochondrial-localized Drp1S637A rescues the mitophagy defects in cluH KO cells, suggesting 

that the function of cluH in mitophagy is also mediated by mitochondrial recruitment of Drp1. Altogether, 

in this study we discovered that one important aspect of clu’s mitochondrial functions is to promote 

mitochondrial fission, which is essential for maintaining mitochondrial morphology, quality control and 

tissue health. These findings provide new mechanistic insights into how Drp1 is regulated and interacts 

with the PINK1-parkin pathway, and offer new therapeutic insights into targeting cluH and mitochondrial 

fission as potential treatment for PD and other neurodegenerative diseases. 

 

2.3 Materials and Methods 

2.3.1    Molecular biology 

Molecular cloning for Drosophila 
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To generate UASt-clueless, EST clones RH51925 and GM10569 were obtained from the Drosophila 

Genome Research Center (DGRC). RH51925 contains 4 mutations: one 3-nucleotide deletion (nt 1483-

1485) near the N-terminus and three point mutations near C-terminus; GM10569 is a truncation only 

containing the C-terminal region of clueless, but does not contain mutations. N-terminal clueless DNA was 

generated from PCR of RH51925 with the 3-nucleotide deletion; C-terminal clueless DNA was generated 

by PCR of GM10569 so that all three point mutations in RH51925 were avoided. Full length clu was then 

cloned into the pENTR vector using a Gibson assembly protocol (Gibson et al., 2009), followed by site-

specific mutagenesis (Agilent Technologies) to correct the 3-nucleotide deletion. Full length clu with no 

mutations was subsequently cloned into the PTW/PTWF vector using LR recombination (Invitrogen). 

 

Molecular cloning for mammalian cells 

Full-length cluH cDNA was amplified from purchased EST clones (Table 2-1) and then subcloned into the 

pRK5-FLAG vector. Although no full-length cluH EST was available, two overlapping EST fragments 

were available. To obtain full-length cluH template DNA, the two overlapping EST sequences were PCR 

amplified and ligated together via an internal BclI restriction site. Full-length MiD49 cDNA was made 

through gene synthesis (GenScript), and full-length MiD51 cDNA was amplified from purchased EST 

clones (Table 2-1). Both were then subcloned into the pRK5-Myc vector. pDsRed2-Mito, Drp1 and Drp1 

K38A plasmids were described previously (Cereghetti et al., 2008; Smirnova, et al., 2001). All final 

constructs were sequenced to ensure accuracy of the plasmids. GFP-Mff was a gift from Gia Voeltz 

(Addgene plasmid # 49153) (Friedman et al., 2011). Sets of three stealth siRNAs targeted to cluH (Life 

Technologies, USA) were used to knock down cluH (Table 2-2), and a negative control siRNA (Silencer 

Negative Control No. 1 siRNA, Life Technologies, USA) was used to control for the effects of siRNA 

delivery. 
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Table 2-1: EST information 

Gene  GenBank Accession No.  Vendor  

CluH (EST1)  AA765709  imaGenes, UK  

CluH (EST2)  CR627449  imaGenes, UK  

MiD51  BC008327, BE312328  Thermo Scientific, USA  

 

Table 2-2: Oligo siRNA sequences for cluH 

  siRNA oligonucleotide sequence cluH cDNA nucleotide positions 

siRNA1 CCCGCTACCTCATGCTGCTGGTGTT 3,263 - 3,287 

siRNA2 TCCTTCCTCCTTGGAGTCCAAGTCT 1,938 – 1,962 

siRNA3 CCACCAGCTGGACCACGTCTTTAAA 2,406 – 2,30 

 

 

Molecular cloning for in vitro protein expression 

The pGEX6P1 vector (GE Healthcare) and pET28b vector (Novagen) were generous gifts from Dr. Mark 

Arbing in the UCLA DOE Institute. The modified pET21b+ vector containing a downstream PreScission 

Protease cleavage site, the modified pET28a(+) vector containing a downstream PreScission Protease 

cleavage site, and GST tag, were described previously (R. Liu & Chan, 2015). Full-length human CluH, 

Drp1 isoform 1, Drp1 isoform 1Δ514-639 (ΔInsertB), Mff isoform aΔ323-342, Mff isoform eΔ167-218 

(ΔCC-TM), Mff isoform eΔ199-218 (ΔTM), MiD49Δ1-51 and MiD49Δ1-124 were cloned into BamHI and 

EcoRI sites of pGEX6P1 vector to generate N-terminal GST fusion proteins, or into NdeI and BamHI sites 

of pET28b, modified pET21b+, or modified pET28a(+) vectors to generate His fusion proteins and C-

terminal GST fusion proteins. All plasmids were verified by DNA sequencing. 

 

Generation of cluH knockout HeLa cells using the CRISPR-Cas9 system 
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cluH knockout HeLa cells were generated using the CRISPR-Cas9 system as previously described (Cong 

et al., 2013; Mali et al., 2013). Four different spacers (sequences listed below in Table 2-3) targeting the 

second exon of cluH were designed (http://crispr.mit.edu/) and cloned into pX330-U6-Chimeric_BB-CBh-

hSpCas9 vector (Addgene). The four different pX330-Spacer plasmids were individually transfected into 

HeLa cells using the X-tremeGENE 9 DNA transfection reagent (Roche), following the manufacturer’s 

instructions. 48 hours after transfection, individual cells were seeded onto 48-well cell culture plate. They 

were cultured until each single cell grew to a colony (2 weeks). Each single cell colony was then trypsinized 

and re-plated into 6-well cell culture plates to expand the cell population until it reached ~70% confluency. 

Each cell line was then screened for deletions in cluH by genomic DNA extraction, PCR of a ~800bp 

genomic region targeted by the spacers, and DNA sequencing (primer sequences listed below in Table 3). 

Two cluH knockout cell lines were isolated: cluH-40 resulted from pX330-Spacer-2 transfection and 

contains a single nucleotide deletion; cluH-43 resulted from pX330-Spacer-3 transfection and contains a 4-

nucleotide deletion. The positions of the mutations are indicated in Figure 4A. Anti-CluH/eIF3X antibodies 

(A301-765A, Bethyl laboratories) was used to confirm absence of CluH expression in both cluH-40 and 

cluH-43 HeLa cells. 

Table 2-3: Primer sequences for generating cluH knockout HeLa cells 

 

Sequence Spacer Direction 

Spacer-1  GAAAATGGGCTTGACGAGGC Sense 

Spacer-2 GGTGGTCTCATCTCCCGGGC Anti-sense 

Spacer-3 GACAATGACTTCCTGGCCGG Anti-sense 

Spacer-4 GGGAGATGAGACCACCGGCC Sense 

Genomic DNA PCR Forward Primer GGTTCAGGTGCAAGCCATAC _ 

Genomic DNA PCR Reverse Primer CTCTGCCCTTGGAGATAACC _ 

Genomic DNA Sequencing Forward Primer TGCCTGATTCTGACCCGTTC _  
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RNA isolation, cDNA synthesis, and quantitative PCR (qPCR) 

Total RNA was isolated from Drosophila thorax or mammalian cells using the Macherry-Nagel Nucleospin 

RNA II kit, followed by cDNA synthesis using the Clontech RNA to cDNA EcoDry Premix Kit. 

Quantitative PCR was performed using the BioRadiTaq Fast Sybr Green enzyme mix, 10 μL reactions in 

triplicate, on a Roche Light Cycler 480. Standard curves were generated for genes of interest and multiple 

control genes, including Rpl32, eIF1α, Tubulin and GAPDH. Alternatively, semi-quantitative PCR was 

performed using regular thermal cycler, with synthesized cDNA normalized to the same concentration 

across genotypes as templates. PCR products were visualized using agarose gels stained with DNA 

SafeStain (LAMDA Biotech), and images of agarose gels were analyzed using ImageJ to quantify the 

intensity of DNA bands (genes of interest normalized to multiple control genes as indicated above). 

 

2.3.2    Drosophila methodology 

Drosophila strains and genetics 

CaSpeR-Flag-FlAsH-HA-drp1, UAS-Fis1, and UAS-clu RNAi flies were generous gifts from Drs. Hugo J 

Bellen (Verstreken et al., 2005), Bingwei Lu (Yang, et al., 2008), and Erika Geisbrecht (Z. H. Wang, 

Rabouille, & Geisbrecht, 2015), respectively. The cluf04554 null strain and the clud00713 hypomorph strain 

were obtained from the Exelixis Collection at the Harvard Medical School. To generate UAS-clu and UAS-

Flag-clu transgenic flies, PTW/PTWF-clu constructs were injected into w1118 flies (Rainbow Transgenic 

Flies, Inc, http://www.rainbowgene.com). Multiple independent fly lines were collected and analyzed. 

PINK15, parkin25, dpk21, UAS-drp1, UAS-mfn RNAi, IFM-Gal4 and Mef2-Gal4 flies have been previously 

described (Clark, et al., 2006; Deng, et al., 2008; Nikolay P. Kandul, Ting Zhang, Bruce A. Hay, & Ming 

Guo, 2016; Yun, et al., 2014). Drosophila strains were largely maintained at room temperature or in a 25°C 

humidified incubator. Transgenic flies were balanced against the same background: w1118; Bl/Cyo; 

TM2/TM6B. 
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Generation of mitotic clones using the FLP/FRT system in Drosophila 

yw, hsFLP70 (Bloomington #6420) and yw; neoFRT42D (Bloomington #5616) strains were obtained from 

the Bloomington Stock Center. The neoFRT42D allele was recombined with cluf04554 and ubi-mRFP.nls, 

respectively, to obtain neoFRT42D cluf04554/Cyo and neoFRT42D ubi-mRFP.nls/Cyo stocks, respectively. 

The former was further double balanced with the CaSpeR-Flag-FlAsH-HA-Drp1 (Verstreken et al., 2005) 

allele to obtain the neoFRT42D cluf04554/Cyo; CaSpeR-Flag-HA-Drp1/TM6B stock; the latter was further 

double balanced with the yw, hsFLP70 allele to obtain the yw, hsFLP70/FM6; neoFRT42D ubi-

mRFP.nls/Cyo stock. Female yw, hsFLP70/FM6; neoFRT42D ubi-mRFP.nls/Cyo flies were crossed with 

male neoFRT42D cluf04554/Cyo flies to obtain yw, hsFLP70/+; neoFRT42D cluf04554/neoFRT42D ubi-

mRFP.nls female progeny for observing mitochondrial phenotypes in ovarian nurse cells. Female yw, 

hsFLP70/FM6; neoFRT42D ubi-mRFP.nls/Cyo flies were crossed with male neoFRT42D cluf04554/Cyo; 

CaSpeR-Flag-FlAsH-HA-Drp1/TM6B flies to obtain hsFLP70/+; neoFRT42D cluf04554/neoFRT42D ubi-

mRFP.nls; CaSpeR-Flag-FlAsH-HA-Drp1/+ female progeny for measuring Drp1 levels in ovarian nurse 

cells. To generate clones, 3rd-instar larvae were put into a 37°C water bath to heat-shock induce expression 

of FLP (heat shock for 2 hours on day 5, 6, 7). Virgin female flies were picked upon eclosion and fed with 

regular food plus extra yeast for 20 hours to promote oogenesis. Ovaries were then dissected and fixed in 

3.7% paraformaldehyde in phosphate buffered saline (PBS) for 45 minutes, and washed with PBS 3 times 

before proceeding to immunostaining. 

 

Drosophila Longevity assay 

200-300 females or males of each genotype were assayed, with each vial containing 10-15 flies. Flies 

were maintained at 25°C and transferred to fresh food every 3 days (Clark, et al., 2006; Yun et al., 2008). 

 

Drosophila ATP assay 
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For each genotype, ATP levels were determined from lysates of three groups of five 2-day-old flies using 

the ATP bioluminescence assay kit HS II (Roche). Values were normalized to protein content, measured 

using the Bio-Rad protein assay kit (Clark, et al., 2006). 

 

Drosophila TUNEL assay 

TUNEL assays were carried out using adult male flies aged for 6 days at 25°C. Thoraces of the flies were 

dissected and fixed in 4% paraformaldehyde in PBS. Muscle fibers were dissected and subsequently 

permeabilized and blocked in T-TBS-3% BSA (T-TBS: 0.1% Triton X-100, 50 mM Tris-Cl [pH 7.4], 188 

mM NaCl). After blocking, TUNEL staining was carried out using the In Situ Cell Death Detection Kit 

(Roche, Switzerland) according to the manufacturer's instructions (Yun, et al., 2014). 

 

Embedding, sections, Toluidine blue staining and Transmission Electron Microscopy (TEM) 

Thoraces from 2-day-old-adult male flies were fixed in paraformaldehyde/glutaraldehyde, postfixed in 

osmium tetraoxide, dehydrated in ethanol (50%, 70%, 100%), and embedded in Epon. After polymerization 

of Epon (overnight at 65°C), blocks were cut to generate 1.5-µm thick sections using a glass knife, or 80-

nm thick sections using a diamond knife on a microtome (Leica, Germany, courtesy of Dr. Frank Laski at 

UCLA). The 1.5-µm thick sections were stained with Toluidine blue, and examined using a regular light 

microscope (Zeiss). The 80-nm thin sections were stained with uranyl acetate and lead citrate, and examined 

using a JEOL 100C transmission electron microscope (UCLA Brain Research Institute Electron 

Microscopy Facility) (Yun, et al., 2008; Yun, et al., 2014). Three thoraces were examined for each genotype. 

 

Drosophila S2 cell culture and transfection 

S2 cells were cultured in Schneider's Medium (Gibco, Grand Island, NY) with 1% penicillin/streptomycin 

(Invitrogen | Thermo Fisher Scientific) and 10% fetal bovine serum (Invitrogen | Thermo Fisher Scientific). 

Cells were seeded a day before transfection, and transfections were performed using the Effectene 
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Transfection Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. After transfection, 

the cultured cells were incubated for 2–3 days before cell lysis, protein extraction and western blotting.  

 

2.3.3    Mammalian cell culture 

Mammalian cell culture and transfection 

Human Embryonic Kidney (HEK) 293 cells and HeLa cells were cultured and maintained with high glucose 

(4500 mg/L glucose) Dulbecco's Modified Eagle Medium (DMEM) (Gibco, Life Technologies, USA) 

supplemented with 10% fetal bovine serum (FBS) (Gibco, Life Technologies, USA) and 1% Penicillin 

Streptomycin (Invitrogen | Thermo Fisher Scientific). hTERT-immortalized retinal pigment epithelial 

(RPE1) cells were maintained in a 1:1 mixture of DMEM and Ham's F-12 (DMEM/F-12) (Gibco, Life 

Technologies, USA) supplemented with 10% FBS and 1.2g/L sodium bicarbonate (Mallinckrodt, USA). 

The cells were incubated at 37°C and supplied with 5% CO2, and passaged at ~70-80% confluency. To 

detach the cell monolayer, 2.5 mL of 0.25% pancreatic protease trypsin with chelating agent EDTA (Gibco, 

Life Technologies, USA) was added for 5 min. The cells were then re-suspended to 10 mL final volume, 

and a 1:20 - 1:5 dilution made for maintenance. Plasmids were transfected into cells using X-tremeGENE 

9 DNA transfection reagent (Roche) following the manufacturer’s instructions. Sets of three stealth siRNAs 

targeted to cluH and negative control siRNAs were purchased from Life Technologies, USA and 10 μM 

stock solutions prepared. siRNA was diluted with Opti-MEM (Gibco, Life Technologies, USA) to a final 

concentration of 50 nM and transfected into cells using Lipofectamine RNAiMAX (Gibco, Life 

Technologies, USA) according to the manufacturer’s instructions. The minimum amount of siRNA was 

used to prevent off-target effects. 

 

Mammalian cell fractionation 

5-10 × 10 cm dishes of HeLa cells were cultured, and any transfections or drug treatments were then carried 

out as indicated. When confluent, the media was aspirated and cells were washed twice with PBS. Using a 
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cell scraper, the cells were detached in a small volume of PBS and pipetted into a microcentrifuge tube. 

The cells were then pelleted by spinning at 5,000 rpm for 3 min in a bench top centrifuge. The supernatant 

was discarded and the pellet re-suspended in 2.5-5 ml of cellular fractionation buffer, consisting of 20 mM 

HEPES (American Bioanalytical, USA), 100 mM EGTA (Sigma-Aldrich, USA), 75 mM sucrose (Sigma-

Aldrich, USA) and 225 mM mannitol (Sigma-Aldrich, USA). Cells were incubated for 5 min, and then 

homogenized by a motorized Potter-Elvehjem with 40-50 up and down strokes. Nuclei and unbroken cells 

were pelleted by two centrifugations at 5 min at 600 g, 4°C. The resulting post-nuclear supernatant (PNS) 

was centrifuged twice for 10 min at 7,000 g, 4°C, then once for 10 min at 10,000 g at 4°C to obtain a 

mitochondrial rich pellet. The pellet was then lysed in 50-200 μl lysis buffer. To attain the cytoplasmic 

fraction, the post-mitochondrial supernatant was transferred to a 11×34 mm polycarbonate tube (Beckman 

USA), centrifuged at 21,000 g, 30 min, 4°C in a Beckman Coulter Optima MAX ultracentrifuge (TLA-

120.2 rotor). The resultant cytosolic supernatant was collected. For all Western blots, equal amounts of 

protein for all fractions were loaded. 

 

Generation of stable RPE1 cell line expressing ZTF-CluH and TAP 

A stable RPE1 cell line was generated for the tandem-affinity purification (TAP) of CluH. Full-length CluH 

cDNA was cloned into the transfer plasmid pCDH (System Bioscience, USA) in frame to an N-terminal 

ZZ (protein A)-TEV (Tobacco Etch Virus cleavage site)-FLAG tag (“ZTF” tag). To generate lentivirus 

particles, the recombinant pCDH transfer constructs or empty pCDH were co-transfected with the envelope 

plasmid pCMV-VSV-G (System Bioscience, USA) and packaging plasmid pCMV-dr8.2 ΔVPR (System 

Bioscience, USA) into HEK293T cells at 90% confluency at time of transfection, at a ratio of 2:2:1 

respectively. HEK293T cells were incubated for 2-3 days, and then virus was harvested by collection of the 

media, and cleared of any cells by spinning at 6,000 rpm for 2 min in a bench top centrifuge and freezing 

at -80°C for at least 4 hrs. Then the following mixture was made to plate into a 12-well format: 150μL 

trypsinized RPE1 cells; 490μL viral media; 7μL 100× polybrene (Sigma-Aldrich, USA) which acts to 
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increases lentiviral infection efficiency; 53μL fresh cell culture media to bring the total volume up to 700 

μL. After 24hrs of incubation, the virus-containing media was replaced with fresh media, and incubated for 

another 24 hrs. Puromycin (Sigma-Aldrich, USA) was then added to the media at a concentration of 20 

μg/mL for 2-3 days for selection of stable cell line. Cells lines were expanded and expression confirmed by 

Western blot. 

 

Mito-Keima mitophagy assay 

pCHAC-mt-mKeima was a gift from Richard Youle (Addgene Plasmid #72342) (Lazarou, et al., 2015). 

HeLa cells of indicated genotypes were seeded and incubated for 20 hours before co-transfection of 

pCHAC-mt-mKeima, pQCXIP-human Parkin, and Drp1 K38A/S637D where indicated. 48 hours after 

transfection, cells were trypsinized, spinned down at 250g for 5 min, washed with Ca2+/Mg2+ free DPBS, 

and then stained with Zombie UV dye (BioLegend) according to the manufacturer’s instructions, for 

selection of viable cells. Cells were then resuspended in sorting buffer (1x Ca2+/Mg2+ free DPBS; 1mM 

EDTA; 25nM HEPES, pH 7.0; 1% heat inactivated Fetal Bovine Serum; sterilized through 0.2μm filter). 

Analysis was performed in the UCLA Flow Cytometry Core using the LSRII Cell Sorter 

(http://cyto.mednet.ucla.edu/home.html). Measurements of lysosomal mt-mKeima were made using 

ratiometric pH measurements at 488nm (pH=7) and 561nm (pH=4) lasers with 630/22nm+600nm(LP) and 

610/20nm+600nm(LP) emission filters, respectively. For each sample, 30,000 events were collected and 

subsequently gated for mt-mKeima positive, Zombie-UV negative cells. Data were analysed using FlowJo 

(v10, Tree Star). Each experiment was repeated for 3 times for statistical analysis. 

 

2.3.4    Protein methodology 

Drosophila lysate preparation 

Whole flies or thoraces from adult flies were homogenized in RIPA buffer containing protease inhibitors 

(Roche). Total protein concentration was measured using a Bradford assay kit (Bio-Rad, Hercules, CA). 
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The same amount of protein from different genotypes was subsequently used for western blotting. The 

following primary antibodies were used: mouse anti-HA (Millipore), mouse anti-Porin (mitosciences), 

rabbit anti-Actin (Sigma), mouse anti-Tubulin (Sigma, St. Louis, MO) and rabbit anti-Marf (a generous gift 

from Dr. Alexander J Whitworth). Secondary antibodies used were described above. 

 

Protein extraction from cultured Drosophila or mammalian cells 

HeLa cells or Drosophila S2 cells were lysed in RIPA buffer (0.5M Tris-HCl, pH 7.4, 1.5M NaCl, 2.5% 

deoxycholic acid, 10% NP-40, 10mM EDTA) containing protease inhibitors (Roche). Cells were incubated 

on ice for 30 min, and then spun at 12,000 g at 4°C for 10 min. The supernatant containing protein was then 

transferred to a fresh microcentrifuge tube. Total protein concentration was measured using a Bradford 

assay kit (Bio-Rad, Hercules, CA). The samples were directly used for co-immunoprecipitation or Western 

blotting, or placed at -20°C for short-term storage, or -80°C for long-term storage.  

 

Co-immunoprecipitation (co-IP) and Western Blotting 

Immunoprecipitation was performed with the cell lysates using Dynabeads Protein G (Invitrogen | Thermo 

Fisher Scientific), according to the manufacturer's instructions. Proteins bound to beads were eluted in SDS 

sample buffer (Bio-Rad, Hercules, CA) containing 2-Mercaptoethanol. Cell lysates and immunoprecipitates 

were analyzed by Western blotting as previously described (Dodson, Zhang, Jiang, Chen, & Guo, 2011). 

Primary antibodies used for Western blotting include: mouse anti-Myc (Millipore), rabbit anti-Myc (Cell 

Signaling), goat anti-Myc (Bethyl Laboratories Inc.), mouse anti-Flag (GenScript), mouse anti-Flag (Clone 

M2, Sigma), rabbit anti-Flag (GenScript), rabbit anti-GFP (Invitrogen | Thermo Fisher Scientific), rabbit 

anti-CluH/eIF3X (A301-765A or A1259-1309A, Bethyl laboratories), mouse anti-Drp1 (Abcam), rabbit 

anti-Fis1 (Proteintech), rabbit Anti-Mff (Clone EPR7360, Epitomics), anti-MiD49 (?), rabbit anti-MiD51 

(?), mouse anti-Mfn1 (Abcam), rabbit anti-Mfn2 (Proteintech), mouse anti-Opa1 (Clone 18, BD 

Transduction), rabbit anti-VDAC1 (Abcam), rabbit anti-Actin (Sigma), mouse anti-Tubulin (Sigma, St. 
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Louis, MO), rabbit anti-AIF (Clone E20, Epitomics). Secondary antibodies used include: ECL Rabbit IgG, 

HRP-linked whole Ab from donkey (GE Healthcare), ECL Mouse IgG, HRP-linked whole Ab from sheep 

(GE Healthcare). 

 

Immunofluorescence 

For mammalian cell immunofluorescence, cells were fixed in 10% formalin for 10 min at 37°C, 

permeabilized with 0.1% Triton X-100 for 15 min at room temperature, blocked with 5% fetal bovine serum 

(FBS) for 1 hr at room temperature, and then incubated with antibodies in 5% FBS. For mitochondrial Drp1 

immunofluorescence, cells were permeabilized in a low-concentration digitonin buffer (0.001% digitonin, 

20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], 150 mM NaCl, 2 mM MgCl2, 2 mM 

EDTA, 320 Mm sucrose, pH 7.4) for 90 sec at 37°C and then immediately fixed (Loson, et al., 2013). Cells 

were then processed as described above. For analysis of muscle mitochondrial morphology, thoraces of 2-

day-old-adult flies were dissected and fixed in 4% paraformaldehyde in phosphate buffered saline (PBS). 

After thoraces were washed in PBS for 2 times, indirect flight muscle fibers were individually dissected 

and isolated. For analysis of ovarian nurse cells, freshly eclosed females were maintained on wet yeast paste 

for 24 hours prior to ovary dissection, and individual stage 10 egg chambers were hand dissected following 

fixation (Dodson, Leung, Lone, Lizzio, & Guo, 2014; Dodson, et al., 2011). Muscle fibers or egg chambers 

were then permeabilized and blocked in PBS+0.1% Triton X-100 with 5% FBS. Afterwards, 

immunostaining was carried out using the following primary antibodies: mouse anti-ATP Synthase 

(Mitosciences, Eugene, OR), mouse anti-Tom20 (BD Transduction Laboratories), mouse anti-Flag 

(GenScript), rabbit anti-Flag (GenScript), mouse anti-HA (Millipore), anti-CluH/eIF3X antibodies (A301-

765A, Bethyl laboratories), mouse anti-Drp1 (Abcam), goat anti-Hsp60 (Santa Cruz Biotechnology). The 

following secondary antibodies were used: Alexa Fluor 488 donkey anti mouse IgG, Alexa Fluor 546 

donkey anti mouse IgG, Alexa Fluor 488 donkey anti rabbit IgG, Alexa Fluor 546 goat anti rabbit IgG, 

Alexa Fluor 594 donkey anti goat IgG (Thermo Fisher Scientific). Nuclear staining was performed with 1x 
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Hoechst (Thermo Fisher Scientific) for 10 min at room temperature, following secondary antibody staining. 

Cells were then washed 3 times with PBS+0.1% Tween20 before mounting.  

 

2.3.5    Confocal imaging and image analysis 

All images were taken on a Zeiss LSM5 confocal microscope or a or LSM 880 with Airyscan. All image 

analysis was performed using ImageJ software (NIH, United States). For mitochondrial morphology 

quantification in HeLa cells, analysis was limited to regions of interest in the periphery of cells, where 

individual mitochondria are readily resolved. Mitochondrial Drp1 fluorescence intensity was analyzed by 

first creating a binary mask of the mitochondrial channel (Hsp60). This was then used to subtract all 

extramitochondrial Drp1 fluorescence. The remaining fluorescence intensities of Drp1 were measured, and 

20-30 representative cells from each genotype were analyzed (R. Liu & Chan, 2015; Loson, et al., 2013). 

 

2.3.6    Statistical analysis 

Statistical analysis was performed by SPSS Inc. Observations from each genetic background were 

compared with corresponding values from wilt-type controls. P values were calculated for t-test or One-

way ANOVA with post-hoc Tukey’s HSD test. 

 

2.4 Results 

2.4.1    clueless genetically interacts with PINK1 and parkin in Drosophila. 

Overexpression of clueless suppresses both PINK1 and parkin null mutant phenotypes in Drosophila. 

We began our study of clueless (CG8443, referred to as “clu” below) by searching for its genetic 

interactions with the PINK1/parkin pathway in the PINK1/parkin null mutant Drosophila PD models, using 

the indirect flight muscle (IFM) as a model system. The IFM serves as a favorable system for studying 

mitochondrial morphology, as it is a post-mitotic and energy-intense tissue containing a high density of 

organized mitochondria that fill the spaces between myofibrils. PINK1 and parkin null mutants show 
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dramatic phenotypes in the IFM  (Clark, et al., 2006; Deng, et al., 2008; J. C. Greene, Whitworth, Andrews, 

Parker, & Pallanck, 2005; Park, et al., 2006; Yang, et al., 2006). These include thoracic indentation thought 

to reflect underlying muscle degeneration (Supplementary Figure 2-1A), apoptotic muscle cell death as 

visualized by TUNEL staining (Figure 2-1B, D), disrupted tissue integrity visualized in Toluidine blue 

stained plastic sections (Figure 2-1B’, D’), and mitochondrial clumping as visualized with mitochondria-

targeted GFP (mitoGFP) (Supplementary Figure 2-1G, I). clu null mutant IFM also show severe cell death, 

tissue degeneration and mitochondrial defects (Figure 2-3I-I’’, below), reminiscent of those seen in 

PINK1/parkin mutants as described above, suggesting strong genetic interactions between clu and 

PINK1/parkin in the muscle system. 

Therefore, we went on to characterize the effects of overexpressing clu in PINK1/parkin null 

mutant muscle, using the muscle-specific Mef2-GAL4 driver. PINK1 null mutant phenotypes were largely 

suppressed in response to clu overexpression (Supplementary Figure 2-1A-E, J; Figure 2-1E-E’). Two 

previous studies also showed that clueless overexpression suppressed mitochondrial phenotypes in PINK1 

mutants; however, several phenotypes characterized in parkin mutants including the thoracic indentation 

(using Mhc-GAL4) (Sen, et al., 2015), larval mobility and swollen mitochondria in larval muscle (using 

Mef2-GAL4) (Z. H. Wang, et al., 2016) were not rescued. In contrast, by overexpressing clu in the adult 

IFM using the Mef2-GAL4 driver, we found that all the above abnormalities in adult parkin null mutant 

IFM were suppressed (Supplementary Figure 2-1A-E, H, Figure 2-1C-C’). Our results indicate that clu can 

compensate for loss of either PINK1 or parkin when its expression level is induced to very high levels in 

adult muscle (Supplementary Figure 2-1L). 

In addition, we did not observe any defects when overexpressing clu in wild-type (WT) flies using 

Mef2-GAL4. clu overexpression had no significant impact on longevity as compared to WT flies. Muscle 

overexpressing clu was normal in appearance and lacks ectopic cell death: no thoracic indentation observed 

in Supplementary Figure 2-1A (quantified in Supplementary Figure 2-1B-E); no TUNEL-positive nuclei 

observed in Figure 2-1F, though mitochondria were smaller than those in WT flies (compared to Figure 2-
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1A; also, Supplementary Figure 2-1K compared to Supplementary Figure 2-1F); no disrupted tissue 

integrity observed in Figure 2-1F’. To summarize, our results indicate that clu overexpression by itself does 

not result in toxicity; furthermore, it can compensate for loss of either PINK1 or parkin, making clu a 

promising therapeutic target for a broad range of PD cases. 

 

clueless acts in parallel to the PINK1-parkin pathway in Drosophila. 

Our findings that clu overexpression suppresses PINK1/parkin mutant phenotypes suggest two possible 

scenarios for how clu and PINK1/parkin interact: (1) clu may be a downstream target of the PINK1-parkin 

pathway; (2) alternatively, clu could function in a parallel pathway to PINK1-parkin. To distinguish 

between these two possibilities, studies of double null mutants are required. If clu functions in the same 

pathway as PINK1 or parkin, double null mutants of PINK1 clu and parkin clu should show the same 

phenotype as the single mutant alone, as is observed in the case of PINK1 parkin double mutants (Clark, et 

al., 2006; Park, et al., 2006). Conversely, if clu and PINK1 or parkin act in parallel pathways, the phenotypes 

of double null mutants should be stronger than those of single mutant alone, as is observed in the case of 

PINK1 MUL1 and parkin MUL1 double null mutants (Yun, et al., 2014). 

PINK1 and parkin mutants are viable, as are double mutants (Clark, et al., 2006; J. C. Greene, et 

al., 2005; Park, et al., 2006; Yang, et al., 2006). Homozygotes for the cluf04554 null allele are also viable, 

though they have a greatly reduced lifespan, dying 3-6 days after eclosure (Cox & Spradling, 2009) (Figure 

2-3F-G, Supplementary Table 2-1). In contrast, we found that PINK1 cluf04554 double null and parkin 

cluf04554 double null mutants were lethal, dying during late pupal stages. The lethality of parkin clu double 

mutants has also been noted previously (Z. H. Wang, et al., 2016). While the synthetic lethal interactions 

observed in PINK1 clu and parkin clu double mutants suggest that clu functions in parallel to the PINK1-

parkin pathway, they prevented us from further characterization of the double mutant phenotypes. To 

overcome this issue, we generated double mutants between PINK1/parkin null mutants and a partial loss-

of-function clu allele, clud00713 (Cox & Spradling, 2009). cluf04554 null mutants showed no detectable Clu 
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proteins through Western Blotting; clud00713 homozygotes showed reduced Clu protein levels at about 70% 

of those in WT flies (Cox & Spradling, 2009). In contrast to cluf04554 null mutants, clud00713 hypomorphic 

mutants do not show greatly reduced lifespan, muscle death or degenerative tissue (Supplementary Figure 

2-2A-B), though mitochondria were more elongated than those seen in WT flies (Figure 2-1H compared to 

G; Supplementary Figure 2-2B’-B’’ compared to A’-A’’, quantified in Supplementary Figure 2-2C-D). 

If clu indeed functions in parallel to the PINK1-parkin pathway, we would expect that in the PINK1 

or parkin null background, a partial reduction of clu expression enhances the PINK1/parkin null phenotypes. 

As expected, several lines of evidence show that double mutants have significantly enhanced phenotypes 

as compared to those of single mutants alone. First, PINK1 clud00713 and parkin clud00713 double mutants had 

highly elongated, interconnected and enlarged mitochondria, as determined using anti-mitochondrial 

ATPase antibodies (Figure 2-1K, L-L’). These mitochondrial phenotypes were much more severe than 

those seen in PINK1 or parkin null (Figure 2-1I, J), cluf04554 null (Supplementary Figure 2-3F) or clud00713 

hypomorph mutants (Figure 2-1H, Supplementary Figure 2-2B’-B’’). In contrast, PINK1 parkin double 

null mutants showed similar mitochondrial morphology as PINK1 or parkin single mutants (Yun, et al., 

2014). Second, the clud00713 hypomorph mutants alone showed comparable ATP levels to WT flies. PINK1 

and parkin mutants showed significantly decreased ATP levels. Importantly however, reduction of clu 

function in the PINK1/parkin mutant background resulted in a further decrease in ATP levels (Figure 2-

1M). Together, the above data shows that partial loss of clu function worsens both morphological and 

functional defects of mitochondria in PINK1/parkin null mutant Drosophila muscles, indicating that clu 

acts in a pathway parallel to PINK1-parkin to regulate mitochondrial quality and tissue health 

(Supplementary Figure 2-1M). 

 

2.4.2    clueless/cluH regulates mitochondrial morphology through Drp1 in Drosophila and 

mammalian cells. 

clueless regulates mitochondrial morphology in Drosophila.  
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Previous work from our and other labs showed that promotion of mitochondrial fission or inhibition of 

mitochondrial fusion rescued Drosophila PINK1/parkin null mutant phenotypes (Deng, et al., 2008; Yang, 

et al., 2008). Therefore, we hypothesized that clu compensates for loss of PINK1/parkin through regulation 

of mitochondrial fission-fusion, and went on to investigate if clu loss-of-function or overexpression would 

change mitochondrial morphology. For clu loss-of-function, the aforementioned adult lethality, tissue 

degeneration and severe mitochondrial abnormalities observed in cluf04554 null mutants (see Figure 2-3F-G, 

I-I’’, Supplementary Figure 2-3F and Supplementary Table 2-1) could cause devastating defects secondary 

to cell death, thus preventing us from detailed characterization of mitochondrial morphology in these flies. 

As an alternative, we performed mosaic analysis in the female germline, in which cluf04554 null mutant 

phenotypes can be monitored in individual cells in otherwise clu heterozygous flies. The Drosophila ovary 

consists of numerous developing egg chambers. Each egg chamber contains 16 germline cells (15 nurse 

cells and 1 oocyte) that are clonally related. Using the FLP/FRT system, we induced mitotic recombination, 

resulting in nurse cells being either wildtype (WT, +/+), heterozygous (clu/+) or homozygous (clu/clu) for 

the cluf04554 null allele. WT and heterozygous clu mutant cells carried 2 or 1 copies of nuclear RFP marker 

(ubi-mRFP.NLS), respectively, whereas the homozygous clu mutant cells were RFP negative (Figure 2-

2A-B). In this system, clu null mutant cells are located near WT cells, which serve as an internal control. 

Anti-ATP5A antibodies were used to visualize mitochondrial morphology (Figure 2-2B’). In clu null cells, 

mitochondria are significantly clumped or clustered together, consistent with previous reports (Cox & 

Spradling, 2009). Importantly, side-by-side comparison of mitochondrial morphology between clu null and 

WT cells revealed that some mitochondria not clumped in the clu null cells were elongated and highly 

interconnected (Figure 2-2b-b’). 

As another alternative to using the cluf04554 null mutants, we examined muscle from Drosophila 

mutants with a partial loss of clu function brought about using RNAi in the adult IFM, because (1) as 

mentioned above, Drosophila IFM is an ideal system for studying mitochondrial morphology; (2) the IFM 

is a cellular syncytium, and therefore cannot be used for mosaic analysis. We used the GAL4/UAS system 
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to express UAS-clu RNAi (Z. H. Wang, et al., 2016) under the control of Mef2-GAL4 or IFM-GAL4, 

respectively. Expression of UAS-clu RNAi driven by Mef2-GAL4 resulted in adult lethality, apoptotic 

muscle death and severe mitochondrial abnormalities, which phenocopied cluf04554 null mutants. On the 

other hand, IFM-GAL4 provides a pulse of expression in the flight muscle during late pupal stages and 

early adulthood (N. P. Kandul, T. Zhang, B. A. Hay, & M. Guo, 2016; Yun, et al., 2014). IFM-GAL4-

driven clu RNAi did not result in adult lethality or muscle death, which enabled us to examine in more 

detail the mitochondrial phenotypes due to downregulation of clu. Mitochondria-targeted GFP (mitoGFP) 

was utilized as a marker for mitochondrial morphology. Compared to WT flies (Figure 2-2C), clu RNAi in 

adult flight muscle resulted in significantly elongated mitochondria (Figure 2-2D). This is consistent with 

mitochondrial phenotypes shown in homozygotes for the clu hypomorphic allele clud00713 (Figure 2-1H 

compared to G; Supplementary Figure 2-2B’-B’’ compared to A’-A’’, quantified in Supplementary Figure 

2-2C-D). Elongated mitochondria were also observed in clu RNAi flies using Electron Microscopy (EM) 

(Figure 2-2G-G’). As compared with WT (Figure 2-2F-F’), the cristae density of mitochondria from clu 

RNAi flies was also often uneven. 

Next, we examined the mitochondrial phenotypes due to clu overexpression using the UAS-clu 

transgenic flies. Muscle-specific overexpression of clu using IFM-GAL4 resulted in small and fragmented 

mitochondria (mitoGFP, Figure 2-3E). Similar phenotype was observed when UAS-clu expression was 

driven by Mef2-GAL4 utilized above in the PINK1/parkin suppression experiments (Figure 2-1F-F’, 

Supplementary Figure 2-1K). Fragmented mitochondria resulted from clu overexpression was also 

confirmed when examined under EM, and many mitochondria also had cristae with uneven density (Figure 

2-3H-H’). Quantification of mitochondrial size and statistical analysis showed that alteration of 

mitochondrial morphology by clu RNAi and overexpression was significant (Figure 2-3I: mitoGFP; J: EM). 

Taken together, the above results show that clu is a regulator of mitochondrial morphology in Drosophila. 
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clueless regulates mitochondrial fission through promoting recruitment of Drp1 to mitochondria in 

Drosophila.  

The above results indicate that clu regulates mitochondrial morphology either by promoting fission or by 

inhibiting fusion. As Drp1 and Mfn are key regulators of mitochondrial fission and fusion, respectively, we 

firstly went on to examine the expression levels of Drp1 and Mfn in response to loss-of-function or 

overexpression of clu. We examined endogenous Drp1 protein levels in flies carrying CaSpeR-Flag-FlAsH-

HA-Drp1, a genomic rescue transgene expressing a FLAG-HA-tagged Drp1 under the control of its 

endogenous promoter (Verstreken, et al., 2005). In the female germline using mosaic analysis as described 

above (Figure 2-3A), nurse cells homozygous for the cluf04554 null allele have the same Drp1 expression 

levels as WT and cluf04554 heterozygous cells, as measured through immunostaining with anti-FLAG 

antibody (Figure 2-3A’). In 2-day-old flight muscle, Drp1 protein levels also do not show significant 

changes in response to clu complete or partial loss of function or overexpression, as measured through 

Western blotting (Figure 2-3B-C). Therefore, clu does not regulate Drp1 protein levels in either Drosophila 

female germline or adult flight muscle. 

Mfn is anchored to outer mitochondrial membrane (OMM). In female germline, as cluf04554 null 

mutant nurse cells show severe mitochondrial clustering, Mfn also gets severely clumped in these cells, and 

consequently its immunostaining signals get saturated where clumps exist, preventing us from measuring 

its expression levels precisely (data nor shown). Therefore, we used 2-day-old flight muscle to measure 

Mfn protein levels in response to clu complete or partial loss of function, which do not show significant 

changes (Supplementary Figure 2-3A). Therefore, clu does not regulate Mfn protein levels in adult flight 

muscle. A previous study showed that clu regulates Mfn levels in Drosophila larvae and S2 cells through 

binding to VCP and promoting VCP-dependent Mfn degradation (Z. H. Wang, et al., 2016). However, we 

did not detect protein interactions between Clu and VCP in Drosophila S2 cells through co-

immunoprecipitation even when both proteins were overexpressed (Supplementary Figure 2-3B). 
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Different from Mfn, Drp1 is not an OMM protein. Instead, Drp1 is recruited to OMM from cytosol 

through its interactions with receptors on the OMM, in response to subcellular stimuli for mitochondrial 

fission, so the function and activity of Drp1 are not only regulated by its expression levels, but more often 

through its cytosolic/mitochondrial localization. Therefore, although we did not observe regulation of Drp1 

protein levels by clu, we went on to determine if clu regulates Drp1 localization in Drosophila. We 

characterized the localization of the FLAG-HA-tagged Drp1 in IFM expressing the CaSpeR-Flag-FlAsH-

HA-Drp1 transgene: in WT flies, Drp1 show punctate, uniform expression at the mitochondrial periphery 

and in the cytosol (Figure 2-3D-D’’); in contrast, clu overexpression results in Drp1 localizing preferentially 

onto the mitochondria in the IFM, as indicated by a significant increase in the co-localization between Drp1 

(immunostaining using anti-HA antibody) and mitochondria (UAS-mitoGFP driven by IFM-GAL4) 

(Figure 2-3E-E’’). This result shows that overexpression of clu promotes mitochondrial recruitment of Drp1 

in Drosophila IFM, without changing overall Drp1 expression levels. 

The above data suggests a regulatory role of clu for Drp1. We then asked if Drosophila Clu and 

Drp1 physically interact. As shown in the co-immunoprecipitation (co-IP) results (Supplementary Figure 

2-3C-D), Myc-tagged Drp1 co-IP’ed with FLAG-tagged Clu from Drosophila S2 cell lysates and vice 

versa. PINK1 was used as a positive control and co-IP’ed with Clu, as previously reported (Sen, et al., 

2015). These physical interactions are specific to Clu and Drp1 rather than the tags utilized, as the control 

mCherry-Myc or mCherry-FLAG did not co-IP with Clu or Drp1. This result indicates that Clu and Drp1 

function in the same protein complex to promote mitochondrial fission. 

 

Overexpression of Drp1 suppresses adult lethality, tissue damage and mitochondrial abnormalities 

of clueless null mutants in Drosophila. 

Regulation of Drp1 localization by clu suggests that Drp1 functions downstream of clu, so we went on to 

test the genetic interactions between clu and Drp1. As mentioned above, WT flies can live over 100 days, 

whereas flies with complete loss of clu function (homozygotes for the null allele cluf04554) are short lived, 
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dying 3-6 days after eclosure, with 50% survival on Day 3, 25% survival on Day 4, and 5% survival on 

Day 5 (Figure 2-3F, red line). A similar short lifespan phenotype was previously reported for the clud08713 

null allele (Cox & Spradling, 2009). Strikingly, when Drp1 was overexpressed in the cluf04554 null mutant 

background using the muscle-specific Mef2-GAL4 driver, this early adult lethality due to lack of clu was 

dramatically suppressed (Figure 2-3F-G, Supplementary Table 2-1): 50% survival was extended to day 5 

as compared with day 3, 25% survival to Day 8 as compared with day 4, and 5% survival to Day 18 as 

compared with day 5 (Figure 2-3F, green line, also see Supplementary Table 2-1). In addition, 35% of clu 

null mutants with Drp1 overexpression survived more than 6 days, 24% more than 8 days, 18% more than 

10 days, and 14% more than 12 days, while all clu null mutants were dead by day 7 (Figure 2-3G). 

Importantly, clu null mutants carrying Mef2-GAL4 or UAS-Drp1 alone did not show the rescue effect, 

excluding the possibility that the rescue was due to background mutations in either of these stocks (Figure 

2-3G). 

clu null mutants also show held up wings, fly only rarely, and move slowly, similar to 

PINK1/parkin null mutants. These locomotor defects suggest underlying muscle degeneration. Indeed, as 

mentioned above, 2-day-old cluf04554 null mutants showed TUNEL positivity in IFM, indicating apoptotic 

cell death (Figure 2-3I); muscle vacuolation was also apparent in IFM, as observed in Toluidine Blue 

stained plastic sections, indicating disrupted tissue integrity (Figure 2-3I’). Age-matched WT flies showed 

no TUNEL-positive nuclei (Figure 2-3H) and tissue integrity was intact (Figure 2-3H’). When mitoGFP 

was used to visualize mitochondrial morphology, 2-day-old WT flies showed well-organized mitochondria 

with even size (Supplementary Figure 2-3E); in contrast, age-matched cluf04554 null mutants showed 

mitochondria that are significantly disrupted, with uneven size, occasional vacuolation, and an irregular 

distribution (Supplementary Figure 2-3F). Consistently, ultrastructural analysis using EM revealed that 

cluf04554 null mutants had severely damaged mitochondria with uneven size; strikingly, many of these 

swollen mitochondria had few or no cristae (Figure 2-3I’’, compared to WT, Figure 2-3H’’). These severe 

mitochondrial abnormalities observed under EM were also shown in the clud08713 null mutant flight muscles 
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(Cox & Spradling, 2009). When Drp1 was overexpressed in the cluf04554 mutant background, the TUNEL 

positive nuclei and tissue disruption seen in clu null mutants were completely suppressed (Figure 2-3J-J’). 

Mitochondria were also better organized, with a more even size (Supplementary Figure 2-3G). Remarkably, 

cristae structure was also restored (Figure 2-2J’’). The size of the mitochondria in these flies was smaller, 

which was expected with Drp1 overexpression (Supplementary Figure 2-3G, Figure 2-2J’’). Expression of 

Drp1 alone in flight muscle resulted in fragmented mitochondria (Supplementary Figure 2-3H), but no cell 

death or disruption of tissue integrity was observed (Deng, et al., 2008).  

While either Drp1 overexpression or Mfn RNAi results in mitochondrial fragmentation in adult 

flight muscle (Deng, et al., 2008), reduction of Mfn levels using Mfn RNAi did not rescue the adult lethality 

of cluf04554 null mutants; in addition, overall reduction in mitoGFP signals was observed in clu null mutants 

with Mfn RNAi, indicating more severe mitochondrial damage than clu null mutants alone. This could be 

due to that Mfn RNAi alone causes tissue damage and abnormal mitochondria with disrupted cristae (Zhang, 

et al., 2017), which leads to worsened mitochondrial and tissue damage when combined with a clu null 

mutant background. These results also indicate that Mfn does not strictly function in the same pathway as 

clu. 

 

cluH knockout HeLa cells show perinuclear clustering of mitochondria, similar to HeLa cells 

expressing the dominant negative Drp1K38A. 

Next, we explored if the function of clu in regulating mitochondrial fission and Drp1 localization is 

evolutionarily conserved in human cells. To do this, we utilized the CRISPR-Cas9 system and obtained two 

distinct cluH knockout (KO) HeLa cells. cluH-40 contains a single nucleotide deletion and cluH-43 contains 

a 4-nucleotide deletion, both of which reside in the 2nd exon of cluH upstream of the CLU-N-terminal 

domain, resulting in frame shift of cluH transcript (Figure 2-4A) and premature termination of CluH 

translation. We confirmed the absence of CluH expression by Western Blotting (Figure 2-4B) and 

immunostaining (Supplementary Figure 2-4A-A’) using anti-CluH antibodies (Rabbit anti-eIF3X, A301-



54 

 

765A, Bethyl laboratories Inc.). Since both cluH KO HeLa cell lines showed the same phenotypes, 

including slow growth rate (data not shown) and mitochondrial clustering (see below), we focused our 

studies on cluH-43 cells (hereafter called cluH KO cells).  

In contrast to WT HeLa cells, which showed dispersed mitochondria throughout the cytosol (Figure 

2-4C), cluH KO HeLa cells exhibited severe mitochondrial clustering in the peri-nuclear region, with a few 

long and interconnected mitochondria projecting towards the cell periphery (Figure 2-4D). Similar 

phenotypes in independently generated cluH KO HeLa cells have recently been reported (Wakim, et al., 

2017). Overexpression of cluH in cluH KO cells by transfection of a plasmid expressing FLAG-tagged 

CluH (Supplementary Figure 2-4B) suppressed the cluH KO phenotypes (Supplementary Figure 2-4F-F’, 

compared to 4E-E’), confirming that the mitochondrial clustering phenotype was indeed due to loss of cluH 

function. Interestingly, the cluH KO mitochondrial phenotype was similar to that seen in cells expressing 

Drp1K38A, a dominant-negative form of Drp1 that is defective in GTP binding, forming large granules 

localized to ER instead of dispersing throughout the cytosol and mitochondria as the Drp1WT does (Yoon, 

Pitts, & McNiven, 2001). Expression in HeLa cells of Drp1K38A (Figure 2-4F), but not Drp1WT (Figure 2-

4E), results in peri-nuclear clustering of mitochondria, with several elongated mitochondria projecting to 

the cell periphery. This mitochondrial clustering phenotype was previously observed in COS7 cells with 

Drp1K38A overexpression as well (Smirnova, et al., 2001; Smirnova, Shurland, Ryazantsev, & van der Bliek, 

1998). The similarity between cluH KO cells and those expressing the dominant-negative Drp1K38A 

suggests that in human cells, functions of cluH and Drp1 are also closely related. As Drp1 was firstly 

characterized to prevent mitochondrial clustering (Smirnova, et al., 1998) and then revealed to regulate 

mitochondrial fission (Smirnova, et al., 2001), our results raise the possibility that cluH also regulates 

mitochondrial fission in human cells. 

 

cluH regulates mitochondrial morphology in HeLa cells. 
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To explore the above hypothesis, we went on to test if loss-of-function or overexpression of cluH results in 

changes to mitochondrial morphology. Because cluH KO in HeLa cells results in so severe mitochondria 

clumping, as to prevent us from fully examining mitochondrial morphology, we used two alternative 

approaches to assess cluH loss-of-function phenotypes in HeLa cells. In one approach, we incubated cells 

with Nocodazole, which is able to loosen mitochondrial clusters by depolymerizing microtubules 

(Smirnova, et al., 2001; Smirnova, et al., 1998). Indeed, we found that Nocodazole treatment dispersed the 

mitochondrial clusters in cluH KO HeLa cells (Figure 2-4D’, compared with D), which then exhibited 

elongated and interconnected mitochondria as compared to Nocodazole-treated WT cells (Figure 2-4D’-

D’’, compare with C’-C’’). A similar effect was observed when HeLa cells transfected with Drp1K38A were 

exposed to Nocodazole (Figure 2-4F’-F’’), as compared to cells transfected with Drp1WT (Figure 2-4E’-

E’’), consistent with the previous research performed in COS7 cells (Smirnova, et al., 2001). 

In the second approach, we decreased cluH expression by RNAi, rather than completely eliminated 

cluH expression by KO. Two different cluH siRNA expression constructs were used to transfect into HeLa 

cells, each of which resulted in a significant reduction in cluH levels (Supplementary Figure 2-4I-J, 

compared with G). Cells transfected with either cluH RNAi construct showed elongated and connected 

mitochondria similar to those of cluH KO cells exposed to Nocodazole (Figure 2-4H-H’). Cells with control 

siRNA showed comparable cluH expression levels to that of non-treated cells (Supplementary Figure 2-

4H, compared with G), and did not significantly change mitochondrial phenotypes (Figure 2-4G-G’). In 

contrast, when cluH was overexpressed in HeLa cells, we observed a significant reduction in mitochondrial 

size (Figure 2-4I-I’ compared with G-G’; Supplementary Figure 2-4D compared with C). Overexpression 

of FLAG-tagged CluH was verified by Western Blotting (Supplementary Figure 2-4B) and immunostaining 

(Supplementary Figure 2-4C’-D’). To rigorously evaluate mitochondrial morphology changes, we used a 

morphology scoring assay to categorize cells as having punctate/short tubular (blue bar), intermediate 

tubular (red bar), elongated tubular (green bar), or interconnected (purple bar) mitochondria. cluH 

overexpression resulted in a significant increase in the fraction of cells with punctate/short tubular 
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mitochondria, while cluH RNAi resulted in more cells having elongated tubular and interconnected 

mitochondria (Supplementary Figure 2-4K). Taken together, these observations show that cluH regulates 

mitochondrial morphology in HeLa cells by either promoting fission and/or inhibiting fusion. 

 

CluH binds Drp1 and promotes recruitment of Drp1 to mitochondria in HeLa cells. 

Next, we investigated how cluH regulates mitochondrial fission or fusion in HeLa cells. Firstly, we 

performed co-IP in HeLa cells and observed that CluH bound Drp1 (Figure 2-5A) but not Mfn2 (Sibilla 

and Blackstone, unpublished). Secondly, we asked if cluH regulates the expression levels of Drp1 or 

Mfn1/2. Western blotting results showed that Drp1 or Mfn1/2 protein levels did not change significantly in 

response to cluH overexpression or loss-of-function (cluH RNAi: Figure 2-5B-C, Supplementary Figure 2-

5A-C; cluH KO: Figure 2-7I and Supplementary Figure 2-9D, compare cluH KO to WT cells at time point 

“0”). 

Interestingly, in the above co-IP experiments using HeLa cells (Figure 2-5A), we observed much 

stronger protein-protein interaction between CluH and Drp1 when cells were treated with pro-apoptotic 

drugs Actinomycin D (ActD) or Staurosporine (STS). Since Drp1 is recruited to mitochondria following 

activation of apoptosis, this result suggests that CluH-Drp1 binding is related to mitochondrial translocation 

of Drp1, or that CluH preferentially binds mitochondria-localized Drp1. So thirdly, we went on to explore 

whether cluH regulates Drp1 localization rather than protein levels, as clueless does in Drosophila. In this 

context, we used cluH KO HeLa cells to determine if cluH is required for recruitment of Drp1 to 

mitochondria. As in the case for evaluating functions of Drp1 receptors Mff, MiD49/51 and Fis1 (Loson, 

et al., 2013), we treated WT and cluH KO HeLa cells with Digitonin to eliminate cytosolic Drp1 so that 

only OMM-bound Drp1 was retained in cells, in order to precisely measure mitochondria-localized Drp1. 

Quantification of mitochondrial Drp1 fluorescence intensity showed that mitochondrial Drp1 was 

significantly reduced in cluH KO cells compared with WT cells (Figure 2-5E’’’, compared to D’’’, 
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quantified in Figure 2-5F), demonstrating that cluH is indeed required for mitochondrial recruitment of 

Drp1. 

We then asked if cluH overexpression is sufficient to promote Drp1 recruitment onto mitochondria. 

We transfected HeLa cells to overexpress the FLAG-tagged CluH, and then compared Drp1 localization in 

cluH-overexpressing cells with non-transfected control cells. When cells were double labeled with anti-

Drp1 antibodies and mito-DsRed, punctate Drp1 staining was observed on and off mitochondria in control 

cells (Figure 2-5G-G’’, enlarged views in Figure 2-5g-g’’). In contrast, Drp1 showed significantly increased 

co-localization with mito-DsRed in cluH-overexpressing cells (Figure 2-5H-H’’, enlarged views in Figure 

2-5h-h’’), and as a result, mitochondria became very fragmented (Figure 2-5H’, h’) as compared to the 

tubular-shaped mitochondria in control cells (Figure 2-5G’, g’). To further confirm the role of cluH in 

recruiting Drp1 to mitochondria, we carried out a cell fractionation assay. cluH overexpression resulted in 

significantly increased Drp1 levels in the mitochondrial fraction and correspondingly decreased Drp1 levels 

in the cytosolic fraction; however, total Drp1 levels in cluH-overexpressing and control cells were similar 

(Figure 2-5I), consistent with what we observed in the previous experiments (Figure 2-5B-C). Taken 

together, these results show that cluH is necessary and sufficient to promote recruitment of Drp1 to 

mitochondria in HeLa cells. 

 

2.4.3    cluH promotes mitochondrial recruitment of Drp1 through MiD49 and Mff in mammalian 

cells. 

Drp1 receptors MiD49 and Mff mediate interactions between CluH and Drp1. 

From the above results, we concluded that the function of clueless/cluH in promoting mitochondrial 

recruitment of Drp1 is evolutionarily conserved in Drosophila and mammalian cells. Next, we went on to 

explore how clu facilitates mitochondrial recruitment of Drp1. We performed a Mass Spectrometry analysis 

following tandem affinity purification (TAP) of full-length FLAG-tagged CluH stably expressed in human 

Retinal Pigmented Epithelial (RPE-1) cells (Supplementary Figure 2-6A-D), and found that MiD49 was 
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one top hit among CluH binding partners (Supplementary Figure 2-6E). Interestingly, MiD49 is one of the 

receptors on OMM to recruit Drp1, so we hypothesized that CluH promotes Drp1 mitochondrial recruitment 

through interaction with Drp1 receptors.  

Four receptors have been identified in mammalian cells that recruit Drp1 to mitochondria: 

Mitochondrial fission factor (Mff), Mitochondrial dynamics proteins of 49 and 51 kDa (MiD49 and MiD51, 

respectively), and Mitochondrial fission 1 protein (Fis1), though the role of Fis1 in recruiting Drp1 has been 

thought to be minor, or controversial (Gandre-Babbe & van der Bliek, 2008; Loson, et al., 2013; Otera et 

al., 2010). Drosophila has Mff and Fis1 genes (Gandre-Babbe & van der Bliek, 2008; Yang, et al., 2008), 

but not MiD49 or MiD51. Studies on Drosophila Mff and Fis1 are still limited so far, and their functions in 

recruiting Drp1 remain unclear. Therefore, we used HeLa cells to further study the interactions between 

Clu and Drp1 receptors, and mainly focused on the three major receptors: Mff and MiD49/51. Accordingly, 

we did co-IP using whole cell lysates from HeLa cells expressing both FLAG-tagged CluH and Myc-tagged 

MiD49/51 or GFP-tagged Mff, and confirmed that CluH indeed bound MiD49 (Figure 2-6A), as well as 

Mff (Figure 2-6B), but not MiD51 (Supplementary Figure 2-7A). Together, these co-IP results show that 

CluH interacts with both Drp1 and a subset of Drp1 receptors in HeLa cells, suggesting that these 

interactions facilitate Drp1 recruitment onto mitochondria. 

To further investigate the nature of protein interactions within the protein complex containing 

CluH, Drp1 and MiD49/Mff, we tested in vitro protein binding of CluH, Drp1 and MiD49/Mff in a cell-

free system using purified recombinant GST or His fusions from E. coli. In order to yield soluble MiD49 

and Mff, their transmembrane (TM) domains were deleted. The interactions between Drp1 and its receptors 

have been shown to be transient or unstable, making it difficult to detect their interactions in vitro (Otera, 

et al., 2010; Strack & Cribbs, 2012). A previous assay overcame this issue by deleting the Coiled-Coil (CC) 

domain in Mff, which enabled detection of robust interactions between Drp1 and Mff in vitro (R. Liu & 

Chan, 2015). Therefore, here we used GST-fused Mff (isoform-e) with either TM deletion alone or with 

both CC and TM deletions, indicated as “MffΔ(CC-)TM”, or GST-fused MiD49 with TM deletion, 
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indicated as “MiD49ΔTM”, as bait for the in vitro pulldown. Interestingly, both Mff and MiD49 were able 

to pull down His-tagged CluH (Figure 2-6C), indicating direct protein interactions between CluH and 

Mff/MiD49. His-tagged Drp1 was not able to pull down CluH in this system (Figure 2-6D), indicating that 

CluH does not directly bind Drp1, although they exist in the same protein complex. In addition, when 

purified GST-Mff, His-CluH and Drp1-His were put together as input, Mff was able to pull down both 

CluH and Drp1 (Supplementary Figure 2-7B). Results were the same when we had GST-MiD49, His-CluH 

and Drp1-His together as input (data nor shown). These results suggest that in the protein complex 

containing CluH, Drp1 and Drp1 receptors, Mff and MiD49 mediate the protein interaction between CluH 

and Drp1. 

Following the in vitro experiments, we tested Drp1 recruitment by ectopically targeted CluH in 

HeLa cells. A previous study showed that when Mff, MiD49 or MiD51 were ectopically targeted to 

lysosomes by fusion to Lysosomal-Associated Membrane Protein 1 (LAMP1),  Drp1 was robustly recruited 

onto lysosomes (R. Liu & Chan, 2015) (Supplementary Figure 2-7C) due to direct protein-protein 

interactions between Drp1 and its receptors. By contrast, in HeLa cells transfected with LAMP1-cluH, we 

did not observe lysosomal recruitment of Drp1 (Supplementary Figure 2-7C). This result agrees with the in 

vitro data that CluH-Drp1 binding is indirect, and suggests that CluH does not function as a direct receptor 

for recruiting Drp1, but instead, regulation of Drp1 localization by cluH needs intermediates. 

 

cluH regulates MiD49 and Mff protein levels through posttranscriptional mechanism in HeLa cells. 

Now that we know Mff and MiD49 mediate the physical interaction between CluH and Drp1, we next asked 

if Mff and MiD49 mediate regulation of Drp1 localization by cluH. Since our in vitro pulldown results 

suggest a direct link between CluH and Mff/MiD49, it raises the possibility that cluH directly regulates 

Mff/MiD49. To test this hypothesis, we explored if Mff/MiD49 protein levels changed in response to cluH 

loss-of-function or overexpression. Indeed, Western blotting results showed that cluH KO led to 

significantly decreased levels of Mff and MiD49 in HeLa cells, and that cluH OE resulted in significantly 
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increased levels of MiD49 although not Mff (Figure 2-6E, quantified in Figure 2-6F). Importantly and 

consistently, previous research has demonstrated that decreased levels of Drp1 receptors leads to decreased 

Drp1 mitochondrial recruitment, and increased levels of Drp1 receptors results in increased Drp1 

mitochondrial recruitment (Loson, et al., 2013). Taken together, here we discovered the molecular 

mechanism by which cluH regulates Drp1 localization and mitochondrial fission: CluH directly binds 

Mff/MiD49 and positively regulates their protein levels, which facilitates recruitment of Drp1 onto 

mitochondria and therefore increases mitochondrial fission. 

Recently, several studies indicated that CluH binds mRNAs of nuclear-encoded mitochondrial 

proteins, and regulates levels of these proteins through posttranscriptional mechanisms such as controlling 

translation and/or decay of the target mRNAs (Gao, et al., 2014; Schatton, et al., 2017). Most of the target 

mRNAs of cluH discovered in the above studies encode key enzymes regulating metabolism, which are 

localized to inner mitochondrial membrane (IMM) or mitochondrial matrix. However, whether targets of 

cluH also involve mRNAs of nuclear-encoded OMM proteins, especially those critical for regulating 

mitochondrial dynamics and quality control, have not been explored yet. As Mff and MiD49 are such OMM 

proteins and their expression levels regulated by cluH, we went on to test if regulation of Mff and MiD49 

by cluH is through posttranscriptional mechanisms.  

To address this question, we used RT-PCR to quantify mRNA levels of Mff/MiD49 in response to 

cluH loss-of-function or OE, after harvesting total RNAs from HeLa cells of indicated genotypes. cluH OE 

did not change mRNA levels of Mff/MiD49 (Figure 2-6G, quantified in 6H), indicating that the significant 

increase of MiD49 protein levels in response to cluH OE (Figure 2-6E-F) was resulted from 

posttranscriptional regulation, such as enhanced mRNA stability, increased protein translation or enhanced 

protein stability. Intriguingly, cluH KO cells showed significantly increased Mff/MiD49 mRNA levels 

(Figure 2-6G, quantified in 6H), although Mff/MiD49 protein levels were significantly decreased in these 

cells (Figure 2-6E-F). This result suggests that the decreased Mff/MiD49 protein levels in cluH KO cells 

was not due to decreased transcription, but instead, there was potentially a posttranscriptional feedback 
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regulation in cluH KO cells to compensate for decreased protein levels by increasing transcription (thus 

mRNA levels). In addition, by normalizing Mff/MiD49 protein levels to their mRNA levels (i.e. calculating 

protein/mRNA ratio), we did see an even more pronounced decrease for both Mff and MiD49 in cluH KO 

cells as compared to WT cells (Figure 2-6I), indicating posttranscriptional defects in cluH KO cells such as 

impaired mRNA stability, decreased protein translation or impaired protein stability. Consistently, a ~2-

fold increase in MiD49 protein/mRNA ratio was observed in cells with cluH OE as compared to that in WT 

cells (Figure 2-6I). Taken together, we conclude that cluH regulates MiD49 and Mff protein levels through 

posttranscriptional mechanism in HeLa cells. 

 

2.4.4    cluH regulates mitophagy through Drp1 in mammalian cells. 

Loss of cluH in HeLa cells results in impaired mitophagy. 

Mitochondrial fission and fusion play critical roles in maintaining mitochondrial quality: fusion helps 

reduce mitochondrial stress by mixing the contents of damaged mitochondria with those of healthy ones; 

fission facilitates segregation of damaged mitochondrial subdomains and removal of them through 

autophagy, a process named “mitophagy” (Burman, et al., 2017; Youle & van der Bliek, 2012). PINK1 and 

parkin not only help maintain the dynamic balance between mitochondrial fission and fusion, but they also 

play essential roles in regulating mitophagy. Upon mitochondrial damage, PINK1 gets stabilized on the 

OMM and phosphorylates both ubiquitin and Parkin, therefore amplifying Parkin recruitment onto OMM 

to coat mitochondria with a layer of ubiquitinated OMM proteins, and to facilitate efficient autophagy of 

damaged mitochondria (Kane, et al., 2014; Koyano, et al., 2014). As clueless/cluH regulates mitochondrial 

fission through Drp1, and interacts with PINK1-parkin as well, it is conceivable that clu also plays an 

important role in mitophagy. Therefore, we went on to investigate the function of cluH in mitophagy using 

HeLa cells. 

We used CCCP or antimycin A to induce mitochondrial damage and membrane depolarization in 

HeLa cells, thus the activation of mitophagy. Treatment of either CCCP or antimycin A showed the same 
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results, and data of CCCP treatment is shown hereafter. We firstly checked mitochondrial recruitment of 

Parkin at early stage of mitophagy. In WT HeLa cells, Parkin was recruited onto mitochondria within 3 

hours of CCCP treatment, and cluH KO did not significantly inhibit or delay mitochondrial recruitment of 

Parkin (Figure 2-7B’-B’’, compared to 7A’-A’’). Meanwhile, mitochondria were clumped to the peri-

nuclear region in WT cells (Figure 2-7A); however, in cluH KO cells, discrete mitochondrial clusters were 

seen throughout the cytosol from perinucleus to cell periphery (Figure 2-7B). The same phenotypes were 

seen in HeLa cells with cluH RNAi (Supplementary Figure 2-9B-B’’), as compared to those with control 

RNAi (Supplementary Figure 2-9A-A’’). The defective peri-nuclear mitochondrial aggregation during 

mitophagy was also observed in p62- or HDAC-depleted cells, in cells expressing disease-causing parkin 

mutants, or in cells with disrupted microtubule network (Hubbert et al., 2002; Lee, Nagano, Taylor, Lim, 

& Yao, 2010; D. Narendra, Kane, Hauser, Fearnley, & Youle, 2010; Okatsu, et al., 2010), some of which 

further leads to arrested or impaired clearance of damaged mitochondria (Lee, et al., 2010). 

Therefore, we further tested whether cluH KO led to impaired mitophagy at later time points after 

activation of mitophagy. We used 4 independent assays to demonstrate this was indeed the case: (1) Using 

the pH-sensitive, dual-color mito-mKeima to measure lysosomal-localized mitochondrial proteins 

(Lazarou, et al., 2015), we were able to see a significant decrease in the 561nm (red color, pH=4, indicating 

acidic environment such as within lysosomes) to 488nm (green color, pH=7) mKeima emission ratio in 

cluH KO cells, compared to that in WT cells, at both 3 hours and 6 hours after CCCP treatment (Figure 2-

7E, quantified in 7F, compare “WT” and “cluH KO”); (2) Using Western blotting to measure proteasomal 

degradation of OMM proteins following their Parkin-dependent ubiquitination, we found that degradation 

of Mfn1, Mfn2, and VDAC were significantly delayed in cluH KO cells as compared to WT cells during 

0-5 hours of CCCP treatment (cells with stable expression of YFP-Parkin: Figure 2-7I, quantified in 7K; 

cells with stable expression of untagged Parkin: Supplementary Figure 2-9D, quantified in 9E); (3) Using 

Western blotting to quantify autophagic degradation of mitochondrial components, we found that 

degradation of TOM20 was also significantly delayed during 18-24 hours of CCCP treatment (Figure 2-7J, 
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quantified in Figure 2-7K); (4) Using immunostaining with anti-TOM20 antibody to visualize and quantify 

remaining mitochondria in HeLa cells at late stage of mitophagy (16, 24, 45 hours of CCCP treatment) 

(Yun, et al., 2014), we saw significantly decreased efficiency of mitochondrial clearance in cluH KO cells 

during 16-45 hours of CCCP treatment, and importantly, restoring cluH expression in cluH KO cells by 

transfection of exogenous FLAG-cluH rescued this defect (Figure 2-7L-M; overexpression of FLAG-cluH 

characterized in Supplementary Figure 2-4B, D’, F’). 

 

cluH KO HeLa cells phenocopies HeLa cells expressing mutant forms of Drp1 with reduced 

mitochondrial recruitment during mitophagy. 

Notably, the mitophagy defects we observed in cluH KO cells, including decreased mitochondrial clumping 

(3 hours after CCCP treatment) and decreased efficiency of lysosomal-targeting (measured by mito-

mKeima), phenocopied those in HeLa cells expressing either one of the following two mutant forms of 

Drp1: one is the dominant-negative Drp1K38A (Figure 2-7C-C’’; 7E-F); the other is the phospho-mimetic 

Drp1S637D (Figure 2-7D-D’’, 7E-F). Interestingly, both Drp1 mutants show reduced mitochondrial 

recruitment: as mentioned above, in contrast to Drp1WT that show a dispersed pattern throughout the cytosol, 

Drp1K38A form several discrete giant granules that are localized to ER (Yoon, et al., 2001), thus inhibiting 

their mitochondrial recruitment and causing severe mitochondrial clustering (Supplementary Figure 2-8B-

B’’ compared to 8A-A’’; also Figure 2-4F compared to 4E); the phospho-mimetic Drp1S637D show impaired 

recruitment onto mitochondria due to inhibition of Calcineurin-mediated dephosphorylation (Cereghetti, et 

al., 2008), resulting in significant mitochondrial elongation (Supplementary Figure 2-8E compared to 8C-

D, quantified in 8G). Impaired mitophagy caused by expression of Drp1K38A has also been noted before 

(Twig et al., 2008). The above observations in cells expressing Drp1K38A or Drp1S637D suggest that decreased 

mitochondrial Drp1 could lead to defective mitophagy, and that the impaired mitophagy observed in cluH 

KO cells could be due to reduced Drp1 mitochondrial recruitment as well. 
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Mitophagy defects in cluH KO HeLa cells is rescued by expression of constitutive mitochondria-

localized Drp1. 

If the function of cluH in regulating mitophagy is indeed mediated through mitochondrial-localized Drp1, 

then if we bypass cluH to force expression of a mitochondrial-localized form of Drp1, we should be able 

to rescue the mitophagy defects caused by loss of cluH. Following this rationale, we expressed the the 

constitutive mitochondrial-localized phospho-dead Drp1S637A in WT or cluH KO HeLa cells, respectively. 

Indeed, we found that expression of Drp1S637A significantly rescued the mitophagy defect in cluH KO cells, 

as measured through mito-mKeima color change (Figure 2-7G, quantified in 7H, yellow bar compared to 

green bar). Expression of Drp1S637A in WT HeLa cells did not cause significant changes in mitophagy as 

compared to Drp1WT-transfected WT cells (Figure 2-7G, quantified in 7H, blue bar compared to purple 

bar). This result further supports that as PINK1 and parkin, clu not only regulates mitochondrial 

morphology but also plays an important role in mitophagy, and that promoting mitochondrial fission 

through upregulating mitochondrial recruitment of Drp1 underlies both aspects of clu’s mitochondrial 

functions. 
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2.5 Figures and Figure Legends 

 

Figure 2-1 | clueless (clu) genetically interacts with PINK1/parkin in Drosophila. (A-F) TUNEL staining 

using indirect flight muscle (IFM) of 7-day-old male flies: overexpression of clu rescues apoptotic cell 

death of either parkin or PINK1 null mutant flies. (A’-F’) Toluidine Blue stained plastic sections of 2-day-

old male fly thoraxes: overexpression of clu rescues tissue damage in IFM of either parkin or PINK1 null 

mutants. (G-L’) Mitochondria were stained with anti-ATP5A antibody: clu partial loss-of-function 

(homozygotes for clud00713 hypomorph allele) in the PINK1/parkin null mutant flies greatly increases the 

magnitude and frequency of mitochondrial defects, including enlargement, severe vacuolation, and 

irregular shape and distribution (K, L-L’). This is in sharp contrast to wild-type (WT) flies (G, mitochondria 

are well aligned and have a regular and even shape), clud00713 hypomorph mutant alone (H, mitochondria 

are more elongated, but still well aligned as those in WT muscles) and PINK1/parkin mutants alone (I-J, 

mitochondria are elongated, with some vacuolation). (A-L’) Scale bar: 5μM. (M) Results from ATP assay 

using whole fly lysates: clud00713 hypomorph mutant alone does not show significantly decreased ATP levels 
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as compared to WT flies; PINK1/parkin mutants show significantly decreased ATP levels as compared to 

WT flies; downregulation of clu expression in the PINK1/parkin mutant background results in further 

decreased ATP levels. n.s., not significant; *p<0.05, **p<0.01, ***p<0.001, significantly different from 

WT (One-way ANOVA with post-hoc Tukey’s HSD test). Results seen in clu PINK1/parkin double mutants 

(G-M) suggest that clu functions in parallel with PINK1-parkin to regulate mitochondrial quality and tissue 

health (Supplementary Figure 2-1M). 
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Figure 2-2 | clu regulates mitochondrial morphology in Drosophila female germline cells and adult 

indirect flight muscle (IFM). (A) Schematics of a Stage 10a Drosophila egg chamber following induction 

of genetic mosaics through heat-shock. A monolayer of somatic follicle cells coats a 16-cell cyst: 15 nurse 
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cells surround 1 developing oocyte and synthesize proteins and RNAs that are to be deposited into the 

oocyte. In these 15 nurse cells, presence of ubi-mRFP.nls (visualized as a red nucleus) represents a WT 

allele (“+”), and absence of ubi-mRFP.nls represents a cluf04554 null mutant allele (“-”). Therefore, a nucleus 

with strong red color indicates a homozygous WT cell (“+/+”); a nucleus with lighter red color indicates a 

heterozygous cell (“+/-”); a dark nucleus without red color indicates a homozygous clu null mutant cell (“-

/-”). (B-B’) Stage 10a egg chamber from 1-day-old well-fed female flies showing genetic mosaics: 

mitochondria show severe clustering in clu null mutant nurse cells (dark), in contrast to the evenly 

distributed mitochondria in the neighboring WT cells (red). Regions (b) and (b’) are enlarged views of the 

boxed regions in (B’), showing that the few mitochondria that are not clumped together are elongated and 

highly interconnected in clu null mutant nurse cells, as compared to those of the neighboring WT cells. (C-

E) Mitochondrial morphology in the indirect flight muscles (IFM) of 2-day-old flies labeled by UAS-

mitoGFP driven by IFM-GAL4 is shown. clu RNAi driven by IFM-GAL4 (D) leads to mitochondrial 

elongation as compared with WT (C), while clu overexpression driven by IFM-GAL4 (E) results in 

fragmentation. Scale bars: 5μM. (F-H, F’-H’) EM images show mitochondrial ultrastructure. Muscle with 

clu RNAi driven by IFM-GAL4 exhibits dramatic elongation of mitochondria (G, G’) as compared with 

WT muscle (F, F'), whereas clu OE is associated with mitochondrial fragmentation as well as cristae with 

uneven density (H, H’). (F’-H’) are enlarged images of the boxed regions shown in (F-H). Scale bars: 1μM. 

Quantification of the relative mitochondrial sizes visualized through mitoGFP (I) and EM (J) using ImageJ: 

50-100 individual mitochondria from 3-6 different flies for each genotype were analyzed (mean ± SEM, 

n=3). *p<0.05, **p<0.01, ***p<0.001, significantly different from WT (One-way ANOVA with post-hoc 

Tukey’s HSD test). 
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Figure 2-3 | clu promotes recruitment of Drp1 to mitochondria without altering total Drp1 protein 

levels, and overexpression of Drp1 suppresses clu null mutant phenotypes in Drosophila IFM. (A-A’) 

show genetic mosaics of nurse cells in the ovaries from 1-day-old well-fed female flies expressing Casper-

Flag-HA-Drp1. Drp1 was stained with mouse anti-Flag antibody (green) and WT allele labeled with ubi-

mRFP.nls. Drp1 levels are comparable in WT (red) and neighboring clu null mutant (dark) nurse cells. (B-
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C) Western blotting of lysates from 2-day-old male fly thoraces of indicated genotypes, expressing Casper-

Flag-HA-Drp1. Drp1 was immunoblotted with mouse anti-HA antibody. Drp1 levels are comparable in 

muscles from either clu loss-of-function (B) or clu overexpression (C) to WT flies. Drp1/Actin levels were 

quantified by ImageJ. Values represent Mean ± SEM (n=3). ns: not significant, p>0.05, Student’s t-test. 

(D-E’’) Drp1 in the IFM of flies expressing Casper-Flag-HA-Drp1 was stained with mouse anti-HA 

antibody, and mitochondria labeled with IFM-GAL4-driven UAS-mitoGFP. In WT IFM, Drp1 appears as 

discrete peri-mitochondrial puncta (D); in contrast, a significant portion of Drp1 localizes to mitochondria 

in response to clu overexpression (E). (F-G) Drp1 overexpression suppresses adult lethality of cluf04554 null 

mutant flies. WT flies can live over 100 days, whereas cluf04554 null mutants only live up to 6 days, with 

50% survival on Day 3, 25% survival on Day 4, and 5% survival on Day 5 (F, red line). Overexpression of 

Drp1 in cluf04554 null mutants using Mef2-GAL4 extends 50% survival to Day 5, 25% survival to Day 8, 

and 5% survival to Day 18 (F, green line, also see Supplementary Table 2-1).  For day-to-day survival ratio, 

overexpression of Drp1 also significantly rescues clu null mutants throughout Day 4 to Day 12; as rigorous 

controls, adding Mef2-GAL4 or UAS-Drp1 allele alone in the cluf04554 null mutant background does not 

result in significant difference from cluf04554 null mutants (G). (H-J) WT muscles show no cell death (H), 

while cluf04554 null mutant muscles show TUNEL-positive signal, indicative of apoptotic cell death (I). Drp1 

overexpression driven by Mef2-GAL4 suppresses the TUNEL-positive signal (J). (H’-J’) Toluidine Blue 

staining of plastic sections of muscles. As compared with the WT muscles (H’), clu null muscles show 

vacuolation, indicative of disrupted tissue integrity (I’). Drp1 overexpression restores tissue integrity in clu 

null mutants (J’). (H’’-J’’) EM images of flight muscles show that in contrast to WT, in which mitochondria 

are highly organized in between myofibrils (H’’), clu null mutants exhibit severely disrupted mitochondria 

with broken cristae (I’’). Drp1 overexpression in the clu null mutant background largely restores cristae 

structure, and the small mitochondria size is due to Drp1 overexpression (Deng et al., 2008) (J’’). Scale 

bars: 5μM in (G-I’); 1μM in (G’’-I’’). All phenotypes in (H-J’’) were seen in the indirect flight muscles 

(IFM) of 2-day-old male flies. 
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Figure 2-4 | Loss of cluH leads to mitochondrial perinuclear clustering and elongation in HeLa cells, 

which are similar to HeLa cells expressing the dominant-negative Drp1K38A. (A) Generation of 2 cluH 
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KO HeLa cell lines, cluH-40 and cluH-43, using the CRSIPR-Cas9 system to target the second exon of 

human cluH gene (KIAA0664). Schematic of human CluH protein domains, and position of the deletions 

(red asterisk) in the protein/gene is shown. (B) Western blotting using rabbit anti-CluH antibody confirms 

absence of CluH expression in the two cluH knockout HeLa cell lines. (C-D) cluH KO HeLa cells shows 

severe mitochondrial clustering as compared with WT cells. (E-F) Expression of Drp1 K38A, but not Drp1 

WT, results in mitochondrial clustering, similar to that observed in cluH KO cells. Dashed lines indicate 

cell boundary. (C’-D’) Treatment of Nocodazole breaks up mitochondrial clustering in cluH KO HeLa cells 

(D’, compare with D). Nocodazole-treated cluH KO cells have elongated and interconnected mitochondria 

as compared to Nocodazole-treated WT cells (D’’, compare with C’’). Similar effects are observed in 

Nocodazole-treated cells transfected with Drp1K38A (F’-F’’), as compared to those transfected with Drp1WT 

(E’-E’’). (C’’-F’’) are enlarged views of the boxed regions in (C’-F’). Mitochondria are labeled with mouse 

anti-TOM20 antibody. Scale bar: 20μM. (G-I’) cluH RNAi results in elongated and interconnected 

mitochondria, and cluH overexpression results in mitochondrial fragmentation. (G’-I’) are enlarged views 

of the boxed regions in (G-I). Mitochondria are labeled with transfected Mito-DsRed (red) and the nucleus 

is labeled with DAPI (blue). Scale bar: 20μM. Mitochondrial morphology in (G-I’) is quantified using a 

scoring assay (Supplementary Figure 2-4K), and statistical analysis shows significant difference in cells 

with cluH RNAi or overexpression when compared to WT HeLa cells. 
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Figure 2-5 | cluH promotes recruitment of Drp1 to mitochondria without altering total Drp1 protein 

levels in HeLa cells. (A) Myc-Drp1 co-IPs with Flag-CluH weakly under resting conditions; the interaction 

is significantly increased following treatment with pro-apoptotic drugs actinomycin D (ActD) or 



74 

 

staurosporine (STS). (B-C) Loss of cluH or overexpression of cluH does not change overall Drp1 protein 

levels. (D-E’’’) cluH KO cells shows decreased Drp1 mitochondrial recruitment. Cells were treated with 

Digitonin to reduce cytosolic Drp1 levels, and images were further analyzed by ImageJ (D’’’, E’’’) to 

quantify mitochondria-localized Drp1. (F) Student’s t-test shows a significant decrease of mitochondrial 

Drp1 intensity in cluH KO cells, compared to WT cells. (G-h’’) Drp1 localization in control and cluH-

overexpressed cells. (g-g’’, h-h’’) are enlarged views of the boxed regions in (G-G’’, H-H’’), showing that 

cluH overexpression leads to significantly increased Drp1 recruitment onto mitochondria (h’’, compare 

with g’’). Scare bar: 10μM. (I) Fractionation of total cell lysates from HeLa cells. cluH overexpression 

significantly alters the Drp1 localization from the cytoplasmic (Cyto) fraction to the mitochondrial (Mito) 

fraction, but total Drp1 levels remain unchanged. A mitochondrial protein, VDAC1, and a cytoplasmic 

protein, Tubulin, serve as controls. Experiments were performed 3 times, and representative images are 

shown. 
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Figure 2-6 | CluH directly binds Drp1 receptors and regulates their protein levels. (A) MiD49-Myc 

co-IPs with Flag-CluH. (B) GFP-Mff co-IPs with Flag-CluH. (C) Both MiD49 and Mff directly bind to 

CluH in vitro. (D) Drp1 does not directly bind to CluH in vitro. (E-F) cluH regulates protein levels of Mff 

and MiD49. Western blotting shown in (E) were repeated 5 times, and statistical analysis shown in (F): 

cluH KO leads to significantly decreased levels of Mff and MiD49, and cluH OE results in significant 

increased levels of MiD49 although not Mff. VDAC is used as a mitochondrial, and Actin used as a 

cytosolic loading control. (G-I) RT-PCR results show that cluH OE (>200% mRNA levels than WT) does 
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not change Mff/MiD49 mRNA levels (when increased MiD49 protein levels observed), indicating 

regulation of MiD49 protein levels by cluH is through post-transcriptional mechanism. In contrast, cluH 

KO increases Mff/MiD49 mRNA levels (when decreased Mff/MiD49 protein levels observed), suggesting 

decreased protein translation and a potential feedback regulation by the cells to compensate for decreased 

protein levels through increasing transcription. (H) shows statistical analysis of relative mRNA levels, from 

5 repeats. (I) shows statistical analysis of relative mRNA levels normalized to protein levels, from 5 repeats. 

Student’s t-test, *p<0.05; **p<0.01; ***p<0.001; ns: not significant.  
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Figure 2-7 | Loss of cluH in HeLa cells results in impaired mitophagy, which phenocopies HeLa cells 

expressing the dominant-negative Drp1K38A or the phospho-mimetic Drp1S637D (both Drp1 mutants 

show reduced mitochondrial recruitment); overexpression of the phospho-dead Drp1S637A 

(constitutive mitochondrial localization) rescues mitophagy defects in cluH KO cells. (A-D) At early 

stage of mitophagy (3 hours of CCCP treatment), Parkin translocalizes onto mitochondria in cluH KO cells, 

as that in WT cells, but mitochondria fail to cluster to the peri-nuclear region (B-B’’), in contrast to WT 

cells (A-A’’). HeLa cells expressing the dominant-negative Drp1K38A (C-C’’) or the phospho-memetic 

Drp1S637D (D-D’’) show the same phenotypes as cluH KO cells. Red: anti-TOM20 immunostaining; Green: 

transfected YFP-Parkin; dashed line: cell boundary. (E) HeLa cells were co-transfected with human Parkin 

and mito-mKeima, or with WT/mutant forms of Drp1 at the same time where indicated. 48 hours after 

transfection, cells were treated with DMSO as control, or CCCP for 3 or 5 hours to induce mitophagy, and 

then immediately harvested and analyzed by FACS to assay lysosomal-positive mito-mKeima. After CCCP 

treatment, HeLa cells with cluH KO, Drp1K38A or Drp1S637D show significantly lower levels of lysosomal 

mito-mKeima (red, 561nm) signals as compared to WT HeLa, indicating impaired mitophagy. (F) 

Percentages of cells in the upper gate in (E) are shown, indicating 561nm(pH=4)/488nm(pH=7) ratios 

higher than the baseline, which is set at ~1% in the DMSO group for all genotypes. Experiments were 

repeated 3 times, and Student’s t-test was performed between WT and each mutant for each time point 

tested. (G-H) Mito-mKeima experiments were performed following the same procedure as described in (E-

F). Overexpression of the constitutive mitochondria-localized, phospho-dead Drp1S637A rescues mitophagy 

defects in cluH KO cells, although it does not significantly alter mitophagy in WT cells. (I-J) WT and cluH 

KO HeLa cells with stable YFP-Parkin expression were generated through viral infection followed by 

Puromycin selection. Cells were seeded 48 hours before DMSO (control, time point “0”) or CCCP treatment 

(for 2, 3.5, 5, 18, 24 hours as indicated). Cells were then harvested and lysed to extract total proteins. Protein 

levels were measured through Western Blotting. Experiments were performed 3 times for quantification of 

Mfn1, Mfn2, VDAC, Drp1, TOM20 and HSP60 protein levels, and Student’s t-test was performed between 
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WT and cluH KO cells for each protein tested at each time point, as shown in (K). (L) WT and cluH KO 

HeLa cells were transfected with human YFP-Parkin. 48 hours after transfection, cells were treated with 

DMSO as control, or CCCP for 16, 24, or 45 hours, respectively. Cells were then fixed and immunostained 

with anti-TOM20 antibody. YFP-Parkin positive cells were imaged through confocal microscope, and cells 

with no or few TOM20 signals were counted to measure mitochondrial clearance at late stage of mitophagy. 

Statistical analysis shows that cluH KO in HeLa cells results in impaired mitophagy at 16 hours and 24 

hours, and expression of cluH in these cells rescues the mitophagy defects. Student’s t-test was performed 

to compare WT vs cluH KO, cluH KO vs rescue group for each time point tested. Experiments were 

repeated 3 times, and total number of cells counted were shown in (M). *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001; n.s., not significant. 
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Figure 2-8 | The model: (A) clueless/cluH positively regulates mitochondrial fission by promoting 

mitochondrial localization and perhaps activity of the GTPase Drp1. Mechanistically, Clueless/CluH 

promotes mitochondrial recruitment of Drp1 possibly through directly binding to selective Drp1 receptors 

and regulating their protein levels. PINK1 and Parkin negatively regulate mitochondrial fusion by 

promoting the degradation of the GTPase Mfn. Together, clu and the PINK1-parkin pathway function in 

parallel to keep the balance of mitochondrial fission and fusion, and maintain mitochondrial quality control 

and tissue health. (B) In clueless/cluH mutant cells, due to decreased receptor levels, Drp1 fails to be 

effectively recruited onto mitochondria. Therefore, clu mutant cells show decreased Drp1 mitochondrial 

recruitment, and thus reduced fission, which further leads to imbalanced fission-fusion dynamics, damaged 

mitochondria, compromised mitochondrial quality control, and impaired tissue health. 
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2.6 Supplementary Figures and Figure Legends 

 

Supplementary Figure 2-1 (for Figure 2-1) | clueless genetically interacts with PINK1/parkin in 

Drosophila. (A) Overexpression of clu rescues thoracic indentation of either parkin or PINK1 null mutant 

flies. Results were quantified in (B-E). (F-K) Overexpression of clu rescues the large mitoGFP clumps in 

either parkin or PINK1 mutants. Expression of UAS-mitoGFP and UAS-clu were driven by Mef2-GAL4. 

Scale bar: 5μM. (L) Results of RT-qPCR using fly thoracic lysates show that levels of clu transcripts 
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increase to about 7.5 times in Mef2-GAL4-driven adult muscles, as compared to those in age-matched WT 

muscles. (M) Overall, clu compensates for loss of either parkin or PINK1 through action in a parallel 

pathway, which is demonstrated by charactering parkin clu and PINK1 clu double mutant phenotypes: loss 

of PINK1/parkin results in mitochondrial dysfunction and tissue damage; partial loss of clu function 

(clud00713 hypomorph mutants) in the PINK1/parkin null mutant background exacerbates the mitochondrial 

defects (Figure 2-1 G-M); complete loss of clueless (cluf04554 homozygotes) in the PINK1/parkin null mutant 

background results in lethality. 
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Supplementary Figure 2-2 (for Figure 2-1) | Characterization of clu hypomorph mutant phenotypes 

(clud00713 homozygotes) in adult Drosophila IFM. (A-B) Toluidine Blue stained plastic sections of 2-day-

old male adult fly thoraces show healthy tissue with no damage in clud00713 hypomorph mutants, as 

compared to WT flies. Mitochondria in the indirect flight muscle (IFM) were visualized through IFM-

GAL4-driven expression of UAS-mitoGFP (A’-B’), or through anti-ATP5A antibody immunostaining 

(A’’-B’’). clud00713 hypomorph mutants show no mitochondrial damage (B-B’’), although they consistently 

show more elongated mitochondria than WT flies do (B’-B’’, also compare Figure 2-1H to Figure 2-1G). 

(C-D) Mitochondrial sizes were quantified using ImageJ: 50-100 individual mitochondria from 3-6 

different flies for each genotype were analyzed (mean ± SEM, n>3), *p<0.05, ***p<0.001, significantly 

different from WT (Student’s t-test). 
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Supplementary Figure 2-3 (for Figure 2-3) | clu promotes recruitment of Drp1 to mitochondria 

without changing overall Drp1 protein levels, and overexpression of Drp1 suppresses clu null mutant 

phenotypes in Drosophila IFM. (A) Western blotting of lysates from 2-day-old male fly thoraces of 

indicated genotypes. Mfn was immunoblotted with rabbit anti-Drosophila Marf antibody, and Mfn/Actin 

levels were quantified by ImageJ. Values represent Mean ± SEM (n=3). Mfn levels are comparable in 

muscles of WT, clu hypomorph mutant and clu null mutant flies. ns: not significant, p>0.05, Student’s t-

test. Although a previous study showed that clu regulated Mfn levels in Drosophila larvae through binding 

to VCP (Wang et al., 2016), we did not observe changes of Mfn levels due to clu loss-of-function in 
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Drosophila adult muscles (A), nor did we detect binding between Clu and VCP through co-IP, even if both 

proteins were overexpressed in Drosophila S2 cells (B). (C-D) Co-IP using lysates from S2 cells transfected 

with the indicated constructs. Myc-Drp1 and Flag-Clu co-IP each other. The protein interactions between 

Myc-Drp1 and Flag-Clu are specific rather than due to the tags used, as determined using Flag/Myc-

mCherry as controls which show no binding. Co-IP and Western blotting experiments in (A-D) were 

performed 3 independent times, and representative images are shown. (E-H) Suppression of clu null mutant 

mitochondrial phenotypes by overexpression of Drp1 can be visualized through mitoGFP signals, in 

addition to EM (Figure 2-3 H’’-J’’): mitochondria in cluf04554 null mutant muscle show irregular size and 

distribution (F), as compared to the even and well-aligned mitochondria in WT (E); overexpression of Drp1 

suppresses the irregularities in mitochondrial size and distribution seen in the cluf04554 null background (G); 

Drp1 overexpression in the WT background results in mitochondrial fragmentation, and does not cause any 

significant mitochondrial or tissue defects (H). 
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Supplementary Figure 2-4 (for Figure 2-4) | cluH regulates mitochondrial morphology in HeLa cells. 

(A-A’) Immunostaining using rabbit anti-CluH antibody confirms absence of CluH expression in cluH KO 
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(cluH-43) HeLa cells. (B-F’) The clustered mitochondria phenotype shown in cluH KO HeLa cells (E, also 

see Figure 2-4 D) is rescued by transfection of a pRK5-FLAG-cluH plasmid (F), indicating that the 

phenotype observed is specifically due to depletion of cluH rather than any off-targeting effects. Dashed 

lines indicate cell boundary. Meanwhile, transfection of FLAG-cluH in either WT or cluH KO cells results 

in mitochondrial fragmentation (D, F compared to C, E, enlarged views of the boxed region), consistent 

with results shown in Figure 2-4 I-I’. cluH depletion or overexpression is confirmed through Western 

blotting using rabbit anti-CluH antibody (B); HeLa cells with FLAG-cluH transfection is indicated by 

immunostaining using rabbit anti-FLAG antibody (C’-F’). (G-J) cluH was downregulated using two 

independent siRNA, and the knockdown efficiency was confirmed through immunostaining using rabbit 

anti-CluH antibody. Control siRNA does not change cluH expression levels, and therefore does not alter 

mitochondrial morphology significantly (K). (K) Quantification of mitochondrial morphology in HeLa cells 

with cluH depletion or overexpression, using the mitochondrial morphology scoring assay. In this assay, 

cells were categorized as having punctate/short tubular (blue bar), intermediate tubular (red bar), elongated 

tubular (green bar), or interconnected (purple bar) mitochondria, and number of cells in each category was 

counted, with a total number of >200 cells. Statistical analysis shows averages ± SEM of 3 independent 

experiments (n=3, Student’s t-test). 
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Supplementary Figure 2-5 (for Figure 2-5 B-C) | Levels of Mfn1/2 do not show significant changes in 

response to cluH depletion or overexpression in HeLa cells. (A) Mfn1/2 do not show significant changes 

in response to cluH RNAi or cluH OE in Hela cells. (B-C) Mfn1/2 levels are normalized to Tubulin levels 

and quantified by ImageJ. Statistics represents averages ± SEM (n=3, Student’s t-test). ns, not significant. 
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Supplementary Figure 2-6 (for Figure 2-6 A) | Peptides identified by mass spectrometry from TAP 

of ZTF-CluH protein complexes. (A) Schematic of CluH fusion protein expressed in RPE1 stable cells: 

full-length CluH protein is fused to an N-terminal protein A (ZZ), TEV and FLAG domains. (B) 

Immunofluorescence staining in RPE1 stable cell line shows a merged image of ZTF-CluH (red, mouse 

anti-FLAG), mitochondria (green, rabbit anti-AIF) and nucleus (blue, DAPI). Scale bar, 10μM. (C) 

Immunoblot of lysates from ZTF-CluH stable cells with rabbit anti-CluH A1259-1309A antibody. The ZTF 

tag is ~25kDa, allowing for the detection of endogenous CluH and ZTF-CluH. Numbers next to panel shows 
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molecular weight marker positions (kDa) (D) SDS-PAGE following the TAP process, immunoblotted with 

mouse anti-FLAG. CluH protein is detected in the elute following TEV cleavage (ZZ beads), and FLAG 

peptide competition. Numbers next to panel shows molecular weight marker positions (kDa). (E) List of 

peptides identified by mass spectrometry from TAP of ZTF-CluH protein complexes. 
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Supplementary Figure 2-7 (for Figure 2-6) | CluH regulates Drp1 through directly binding Drp1 

receptors and regulating their protein levels. (A) CluH co-IP’s MiD49 and Mff (Figure 2-6 A-B) but not 

MiD51. (B) Mff pulls down both CluH and Drp1 in vitro, indicating Mff directly interacts with both CluH 

and Drp1; MiD49 also directly pulls down both CluH and Drp1 in vitro (data not shown). (C) In HeLa cells, 

lysosome-targeted Mff /MiD49 recruit Drp1 onto lysosomes, but lysosome-targeted CluH does not. 
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Supplementary Figure 2-8 (for Figure 2-7 A-H) | Drp1K38A (dominant-negative), Drp1S637D (phospho-

mimetic) and Drp1S637A (phosphor-dead) mutations result in altered localization of Drp1, thus leading 

to changes of mitochondrial morphology. WT HeLa cells were seeded 20 hours before transfection with 

the indicated Drp1 plasmids, and non-transfected cells served as control. 48 hours after transfection, cells 

were fixed, followed by anti-HSP60 or anti-TOM20 antibody immunostaining to visualize mitochondrial 

morphology. (A-B’’) Drp1K38A does not show a dispersed pattern in the cytosol as Drp1WT does, instead the 

proteins form large peri-nuclear granules which were shown to localize to ER (Yoon, Pitts, and McNiven, 

2001). Consequently, expression of Drp1K38A in HeLa cells results in severe mitochondrial clustering (also 
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see Figure 2-4F).  (C-F) Expression of Drp1S637A (phospho-dead, constitutive mitochondrial localization) 

results in mitochondrial fragmentation while expression of Drp1S637D (phospho-mimetic, reduced 

mitochondrial localization) results in mitochondrial elongation, consistent with previously observed 

(Cereghetti et al., 2008). (G) Mitochondrial morphology was quantified using the scoring assay described 

in Supplementary Figure 2-4K. 
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Supplementary Figure 2-9 (for Figure 2-7) | Loss of cluH in HeLa cells results in impaired mitophagy. 

(A-B’’) cluH RNAi in HeLa cells did not affect Parkin translocation, but mitochondria failed to cluster after 

3 hours of CCCP treatment, consistent with the results in cluH KO cells (Figure 2-7 B-B’’). Red: anti-

TOM20 immunostaining; Green: transfected YFP-Parkin; Blue: Hoechst staining; dashed line: cell 

boundary. (C) cluH gene knockdown efficiency was analyzed by RT-qPCR, which showed significantly 

reduced cluH mRNA levels as compared to the control group. (D) WT and cluH KO HeLa cells with stable 

Parkin expression were generated through viral infection followed by Puromycin selection. Cells were 

seeded 48 hours before DMSO (control time point “0”) or CCCP treatment (for 3 or 5 hours as indicated). 

Cells were then harvested and lysed to extract total proteins. Protein levels were measured through Western 
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Blotting. Experiments were performed 3 times for quantification of Mfn1, Mfn2, VDAC, Drp1 protein 

levels, and Student’s t-test was performed between WT and cluH KO cells for each protein tested at each 

time point, as shown in (E). Results here are consistent with those using cells with stable YFP-Parkin 

expression (Figure 2-7 I-K). (F) YFP-Parkin expression levels are comparable between WT and cluH KO 

cells, as quantified in (G). (H) Parkin expression levels are not significantly different between WT and cluH 

KO cells, as quantified in (I). (F, H) show Western Blotting results using rabbit anti-CluH, mouse anti-

Parkin antibodies, with Tubulin/VDAC as loading controls. (G, I) show averages ± SEM, n=3, Student’s t-

test. 
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Chapter 3. Discussion and Future Directions 

3.1 Summary of Results 

In this study, we made several key discoveries, which are summarized as follows: (1) We uncovered that 

overexpression of clueless suppresses, and depletion of clueless exacerbates, mitochondrial and tissue 

defects in both parkin and PINK1 mutant Drosophila. Therefore, clueless acts in parallel to the PINK1-

parkin pathway and compensates for loss of PINK1/parkin. (2) clu suppresses PINK1/parkin null mutant 

phenotypes through an evolutionarily conserved function we uncovered here, which is to regulate 

mitochondrial morphology. (3) We discovered a novel function of clueless/cluH, which is to regulate 

mitochondrial fission through promoting recruitment of Drp1 to mitochondria in Drosophila/HeLa cells. 

Overexpression of Drp1 suppresses mitochondrial and tissue defects in clueless null mutant Drosophila, 

confirming that Drp1 is a downstream target regulated by clu. (4) We discovered that protein-protein 

interactions mediate regulation of Drp1 localization by clueless/cluH: Clueless/CluH binds Drp1 in 

Drosophila S2 cells/HeLa cells; in addition, CluH binds Drp1 receptors Mff and MiD49 in HeLa cells. (5) 

Furthermore, we demonstrated that CluH directly binds Mff and MiD49 but indirectly binds Drp1 using in 

vitro pull-down assay, and found that cluH positively regulates Mff and MiD49 protein levels through 

posttranscriptional mechanism. This suggests that Mff and MiD49 are direct downstream targets of cluH 

and mediate regulation of Drp1 by cluH, providing a mechanistic basis for the above phenotypes. (6) cluH 

also regulates mitophagy by modulating Drp1 mitochondrial recruitment: loss of cluH leads to impaired 

mitophagy in mammalian cells, in a way similar to impaired mitophagy caused by mutations of Drp1 

(Drp1K38A or Drp1S637D) which result in reduced mitochondrial recruitment; in addition, restoring 

mitochondrial recruitment of Drp1 by expressing constitutive mitochondria-localized Drp1S637A rescues the 

mitophagy defects in cluH KO cells. 

Our results provide several new insights into the mitochondrial functions of clueless/cluH. We 

identified clueless/cluH as a novel regulator of mitochondrial fission, and found that mammalian cells and 
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fly tissue consistently show robust mitochondrial morphology changes in response to alteration of 

clueless/cluH levels: (1) Complete loss of clueless/cluH results in severe mitochondrial clustering in 

Drosophila and mammalian cells, which also leads to muscle degeneration, tissue damage and early death 

in Drosophila. (2) clueless/cluH partial loss-of-function causes mitochondrial elongation in Drosophila and 

mammalian cells. (3) clueless/cluH overexpression leads to significant mitochondrial fragmentation in 

Drosophila and mammalian cells. By using Drosophila as a powerful in vivo model, we were able to 

uncover the consequences of altered mitochondrial morphology in physiologically and pathologically 

relevant settings. 

Furthermore, we investigated the underlying molecular mechanism, and provided evidences from 

Drosophila and mammalian systems to show that clueless/cluH promotes mitochondrial fission through 

regulating recruitment of Drp1 to mitochondria. The importance of clu's ability to recruit Drp1 to 

mitochondria for cell and tissue health is indicated by the facts that (1) clu mutants show adult lethality and 

a number of severe degenerative phenotypes in Drosophila, which can be suppressed by Drp1 

overexpression. (2) cluH is required for mitochondrial quality control, and its loss-of-function results in 

decreased mitophagy, which can be suppressed by restoring Drp1 recruitment to mitochondria (expression 

of Drp1S637A). 

The crucial roles of clueless/cluH in regulating mitochondrial morphology and mitophagy also 

make it a suppressor of mitochondrial and tissue defects caused by mutations in PD genes PINK1 and 

parkin, as we demonstrated in our Drosophila PINK1/parkin null mutant PD model. This emphasizes the 

therapeutic potential of targeting cluH for PD drug development. 

The exact contexts in which clu promotes mitochondrial fission, how clu activity is regulated in 

these contexts, and how clu’s mitochondrial functions are related to its other functions, require further 

exploration. 

 

3.2 Discussion 
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3.2.1    Potential connections between clu’s mitochondrial functions and other functions 

Clu is largely cytoplasmic, but some fraction of it clearly interacts with mitochondria in a number of 

contexts. For instance, clu promotes translation of nuclear-encoded, mitochondria-targeted mRNAs at 

mitochondria and interacts with cytoplasmic ribosomes at mitochondria (Schatton, et al., 2017; Sen & Cox, 

2016). Clu has been shown to form granules juxtaposed with mitochondria in Drosophila ovarian nurse 

cells, which are thought to be “bliss” ribonucleoprotein particles (RNP) that are responsive to insulin and 

sensitive to stress (Sheard, et al., 2019). In the context of mitochondrial quality control, Clu is shown to 

associate with multiple important mitochondrial proteins, including TOM20, Porin and PINK1, as well as 

mitochondrially localized Parkin following mitochondrial depolarization. Interestingly, loss of clu results 

in association of PINK1 and Parkin in Drosophila (Sen, et al., 2015). In this study, we also see that a small 

fraction of Clu associated with mitochondria in the cell fractionation assay (Figure 2-5I). 

Clu has also been linked to processes in other cellular compartments, including asymmetric division 

(Goh, et al., 2013), exit of integrins from the endoplasmic reticulum (Z. H. Wang, et al., 2015), and 

subnuclear transport of influenza virus ribonucleoprotein complexes (Ando, et al., 2016). In many of these 

contexts as related to both mitochondria and to other cellular compartments), clu seems to perform some 

sort of chaperone role, regulating the transport or movement of molecules to various compartments in the 

cell.  

In this study, we found that CluH directly binds to Drp1 receptors Mff and MiD49 in cells and in 

vitro, and regulates protein levels of Mff and MiD49 in cells. Thus far, we have not detected direct CluH-

Drp1 binding in vitro; in addition, CluH ectopically targeted to lysosomes in HeLa cells is not sufficient to 

recruit Drp1 onto lysosomes (Supplementary Figure 2-7C) as Drp1 receptors are (R. Liu & Chan, 2015). 

The above findings, together with the cytosolic localization of Clu, suggest a model in which Clu does not 

function as a receptor to directly recruit Drp1, but rather, physical and functional interactions between Clu 

and Drp1 are mediated by receptor proteins Mff and MiD49. Especially, we found that regulation of protein 

levels of Mff and MiD49 by cluH is mediated through a posttranscriptional mechanism (Figure 2-6 G-I). 
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What is this posttranscriptional mechanism? One possible scenario is that CluH is bound to mitochondria 

by binding to nuclear-encoded, mitochondria-targeted mRNAs and/or nascent proteins translated from 

these mRNAs. These mitochondria-bound CluH function to promote local translation and/or prevent decay 

of their target mRNAs (Gao, et al., 2014; Schatton, et al., 2017). Since Mff and MiD49 are also translated 

from nuclear-encoded, mitochondria-targeted mRNAs, it is possible that Mff and MiD49 mRNAs are among 

the targets regulated by cluH in this manner. 

 

3.2.2    Differential roles of Drp1 receptors 

Why does Clu preferentially bind to only a subset of Drp1 receptors? Previous studies have suggested 

differential functions of the Drp1 receptors Mff, MiD49, MiD51, and possibly Fis1 with a minor role. For 

example, Mff/Fis1 recruit active forms of Drp1 onto mitochondria, whereas MiD49/51 recruit inactive 

forms of Drp1 onto mitochondria (Dikov & Reichert, 2011; Loson, et al., 2013). MiD51 but not MiD49 

requires ADP as a cofactor to recruit Drp1 onto mitochondria (Loson et al., 2014). In addition, Mff 

selectively recruits oligomerized Drp1 onto mitochondria while monomeric forms can be recruited by 

MiD49/51 (R. Liu & Chan, 2015). The phosphorylation state of Drp1 is also crucial for its activity and 

mitochondrial recruitment (Cereghetti, et al., 2008; Loson, et al., 2013; Rambold, Kostelecky, Elia, & 

Lippincott-Schwartz, 2011). Therefore, the binding specificity between CluH and Mff/MiD49 may be due 

to that CluH only facilitates recruitment of specific forms of Drp1 onto mitochondria, or that CluH only 

recruits Drp1 under certain physiological conditions or in response to certain subcellular stimuli. Future 

work in cellular, molecular and structure biology will be necessary to understand the nature of the CluH-

Drp1-Receptor protein complex and their physical interactions. 

 

3.2.3    New insights into PD pathogenesis and the PINK1-parkin pathway 

We and others discovered that PINK1 and parkin function in a common genetic pathway to regulate 

mitochondrial morphology and control mitochondrial quality (Clark, et al., 2006; Deng, et al., 2008; Derek 
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Narendra, et al., 2008; Park, et al., 2006). Importantly, overexpression of Mfn phenocopies PINK1 and/or 

parkin mutant phenotypes, but Drp1 loss-of-function does not (Yun, et al., 2014; Ziviani, et al., 2010). 

These observations, coupled with others showing that PINK1 and Parkin promotes Mfn degradation thus 

inhibiting mitochondrial fusion (Ziviani et al., 2010), indicate that PINK1, parkin and Mfn function in the 

same genetic pathway, with PINK1 and parkin functioning as upstream regulators of Mfn. In contrast, we 

have previously reported that heterozygosity for Drp1 in PINK1 null mutant flies (PINK1 null, drp1/+) 

results in lethality (Deng, et al., 2008), indicating that PINK1 and parkin do not function in a strictly linear 

pathway with Drp1 to regulate mitochondrial function. 

Here, we show that clu is a suppressor of PINK1/parkin mutants and that clu loss-of-function 

exacerbates mitochondrial dysfunction in PINK1/parkin mutants, in a manner similar to Drp1. Moreover, 

we provide genetic evidences and functional data to demonstrate that Drp1 is indeed a downstream target 

regulated by clu. While clu expression has been reported to promote VCP-dependent degradation of Mfn 

(Wang et al., 2016), we see no evidence for regulation of Mfn levels by clu in adult flight muscle 

(Supplementary Figure 2-3A), neither did we detect protein interactions between Clueless and VCP in S2 

cells (Supplementary Figure 2-3B). Altogether, these results argue that clu and PINK1-parkin have distinct 

downstream targets (Drp1 and Mfn, respectively), but they function in concert to regulate and balance 

mitochondrial fission and fusion, and therefore regulate mitochondrial quality and tissue health together 

(Figure 2-8A; Supplementary Figure 2-1M). Suppression of both PINK1 mutant and parkin mutant 

phenotypes by clu makes cluH a promising therapeutic target for a broad range of PD cases as well. 

Compounds targeting cluH and thus modulating mitochondrial fission-fusion and/or mitophagy hold great 

therapeutic potential.  

 

3.3 Future Directions 

3.3.1    Disease mutations in cluH and disease mechanisms 
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Our results suggest cluH as a potential target for intervention in diseases associated with mitochondrial 

dysfunction. Conversely, mutations in human cluH may result in worsened mitochondrial functions due to 

reduced fission (Figure 2-8B), leading to progression of neurodegenerative and/or muscle diseases. 

Mutations in human cluH may underlie some familial and sporadic cases of PD and other neuronal/muscle 

diseases, too. Indeed, a recent study identified that mutation C2467T in the human cluH gene (H823Y in 

CluH protein) is a de novo mutation in congenital heart disease (CHD) with neurodevelopmental anomalies 

(Homsy et al., 2015). Amino acid H823 in the Clu protein is conserved in yeast, Drosophila, mouse and 

human, which located within the eIF3_p135 domain. Investigation into the disease pathology and molecular 

mechanisms underlying CHD caused by H823Y and possibly other mutations in cluH, would reveal which 

aspect of CluH’s functions may have been compromised, and whether it’s related to the role of cluH in 

promoting Drp1 mitochondrial recruitment. Defective mitochondrial recruitment of Drp1 has also been 

shown as underlying mechanism for neonatal lethality and neurodevelopmental diseases (Fahrner, et al., 

2016), emphasizing the importance of this pathway for potential disease intervention.  

Further large-scale GWAS and exon sequencing studies will potentially reveal other novel disease 

mutations in cluH, Drp1, and other genes regulating mitochondrial fission, so as to enhance our 

understanding of their link to developmental or age-related diseases. 

 

3.3.2    Using Drosophila in vivo model and mammalian cells to characterize novel disease mutations 

In our lab, we have validated two model systems (Drosophila as an in vivo disease model in combination 

with human cell-based functional assays such as mitophagy assay), for characterization of newly discovered 

PD-linked mutations (Huan Yang, Ting Zhang, Susan Perlman, Brent L. Fogel and Ming Guo. 

Identification and characterization of the ΔExon7 PINK1 mutation associated with Parkinson’s disease in 

Drosophila and mammalian cells. Manuscript in preparation). 

In this study, we identified mutations in PINK1 in two patients with hereditary early-onset PD in a 

family, each carrying two distinct mutant PINK1 alleles: one is a previously characterized PINK1 L347P 
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allele (Beilina et al., 2005); the other is an uncharacterized point mutation at exon-intron junction, which 

results in abnormal splicing and skipping of PINK1 Exon7. As PINK1 Exon7 encodes the C-terminus of 

the kinase domain, we went on to characterize whether ΔExon7 PINK1 is a loss-of-function allele. 

Figure 3-1 | Domain structures of human/Drosophila PINK1 proteins. The region encoded by 

human PINK1 Exon7 and the homologous Drosophila PINK1 region were highlighted, with starting 

and ending amino acid indicated in red. 

Figure 3-2 | Characterization of the ΔExon7 PINK1 allele in Drosophila flight muscle. 

Overexpression of UAS-WT PINK1 or UAS-ΔExon7 PINK1 was driven by IFM-GAL4. PINK1 null 

mutant phenotypes, including thoracic indentation (B compared to A), large clumps of intense mitoGFP 

signals (F-F’ compared to E-E’) and apoptotic muscle cell death (J compared to I), were all rescued by 

overexpression of WT Drosophila PINK1 (C, G-G’, K), but not by the Drosophila homolog of the 

disease mutant ΔExon7 PINK1 (D, H-H’, L). 
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We expressed WT PINK1 or PINK1 with Exon7 deletion in the PINK1 null mutant Drosophila 

flight muscle or PINK1 knockout (KO) HeLa cells (a generous gift from Dr. Richard Youle’s lab), 

respectively. Homologous region of PINK1 Exon7 in Drosophila and human is shown in Figure 3-1. If 

ΔExon7 PINK1 does not rescue the tissue and mitochondrial defects in PINK1 null mutant Drosophila 

muscle, or the mitophagy defects in PINK1 KO HeLa cells, as WT PINK1 does, then it indicates that ΔExon7 

PINK1 is indeed a loss-of-function allele. Results showed that (1) overexpression of the Drosophila 

homolog of ΔExon7 PINK1 fails to rescue mitochondrial morphology defects and apoptotic muscle death 

Figure 3-3 | Characterization of the ΔExon7 PINK1 allele in HeLa cells. WT (A) and PINK1 KO 

(B) HeLa cells were transfected with a plasmid expressing YFP-Parkin as positive and negative controls, 

respectively. In parallel, PINK1 KO HeLa cells were co-transfected with a plasmid expressing YPF-

Parkin and one expressing WT/ΔExon7 PINK1-3xFLAG (C-D, C’’-D’’). 24 hours after transfection, 

cells were treated with 20uM CCCP for 3 hours, and then fixed with 10% formalin. Cells were then 

immunostained with rabbit anti-FLAG (1:1000) and mouse anti-TOM20 (1:300) primary antibodies, 

followed by Alexa Goat-anti-Rabbit 405 (1:250) and Donkey-anti-Mouse 546 (1:500) secondary 

antibodies, to visualize PINK1 expression (A’’-D’’) and mitochondria (A’-D’), respectively. Results 

showed that in WT HeLa cells, Parkin was recruited to mitochondria from cytosol, and mitochondria 

became clustered in the peri-nuclear region after 3 hours of CCCP treatment (A-A’’’); in contrast, 

PINK1 KO HeLa cells showed defects in Parkin translocation and mitochondria clustering (B-B’’’). 

Expression of WT PINK1 in PINK1 KO HeLa cells rescued these defects (C-C’’’), but expression of the 

disease mutant ΔExon7 PINK1 did not (D-D’’’). 
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in PINK1 null mutant flies, in contrast to the Drosophila WT PINK1 (Figure 3-2); (2) overexpression of 

human ΔExon7 PINK1 also fails to rescue mitophagy defects in PINK1 knockout HeLa cells, in contrast to 

human WT PINK1 (Figure 3-3). Therefore, this novel point mutation in PINK1 we discovered, which results 

in a truncated protein, is indeed a loss-of-function mutation. As a result, ΔExon7 PINK1 cannot complement 

the other disease allele L347P PINK1 in the patients, thus leading to early-onset PD. 

Based on the above study, in the future we can characterize other newly discovered PD-linked 

mutations in our Drosophila PINK1 null mutant PD model, or use Drosophila to generate in vivo disease 

models based on disease mutations in other genes (such as cluH and Drp1). Drosophila in vivo model 

combined with mammalian cell-based functional assays, will enable us to characterize a plethora of newly 

discovered mutations linked to PD and other diseases, as well as to study the disease mechanisms and 

therapeutics. 

 

3.3.3    Novel functions of PINK1, parkin, clu and future therapeutic directions 

Besides their roles in regulating mitochondrial morphology, transport and mitophagy, PINK1 and parkin 

have recently been shown to regulate localized translation on outer mitochondrial membrane (OMM) of the 

nuclear-encoded, mitochondrial-targeted mRNAs encoding respiratory chain components (Gehrke et al., 

2015). Also, mitochondrial damage can result in stalled ribosomes on the OMM, which triggers a co-

translational quality control response that links to PINK1-mediated mitophagy (Wu et al., 2018). How the 

function of cluH in regulating mitochondrial targeting and translation of nuclear-encoded mRNAs is linked 

to the roles of PINK1/parkin in this context, and whether perturbations in these functions underly the 

pathogenesis of PD and other disease, need further investigation. 

In the context of RNA regulation, Clu proteins form large granules juxtaposed with mitochondria 

in Drosophila ovary, which were thought to be RNP, although without direct evidences showing that these 

granules indeed contain mRNAs (Sheard, et al., 2019). It is very intriguing to further explore the nature of 

these granules, whether they are related to clu’s function in regulating mitochondria-targeted mRNAs, 
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whether co-translational mitochondrial targeting and/or import are involved, and whether there are 

interactions with PINK1 and Parkin in these granules. In addition, how germline granules are related to 

other types of granules regulating RNA life cycle, such as neuronal transport granules and stress granules, 

requires further investigation (Buchan & Parker, 2009). 

Moreover, another branch of mitochondrial diseases is caused by mutations in mitochondrial DNA 

(mtDNA). To treat diseases due to mtDNA mutations, a promising approach recently under development 

is the allotopic (nuclear) expression and mitochondrial targeting of the WT copies of mtDNA-encoded 

proteins, which results in rescue of mitochondrial function. To ensure accurate and efficient mitochondrial 

targeting is of crucial important for this therapy (Chin, Panavas, Brown, & Johnson, 2018). Tailoring the 

function of cluH as a potential chaperon to target such nuclear-encoded, mitochondrial-destined mRNAs, 

and the function of PINK1/parkin as regulators of local translation of these mRNAs, thus holds great 

therapeutic potential for treating mitochondrial diseases caused by mtDNA mutations. 
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