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Abstract

Mitochondria-ER contact sites (MERCS) mark critical hotspots for a variety of
cellular processes, including calcium homeostasis, lipid homeostasis, mitochondria
dynamics, and quality control. Fluorescence-based tools have been the main approach
to detect MERCS, with a large portion of studies using split fluorescent proteins, which
assemble at sites of contact to yield a fluorescence signal. However, they have limitations,
including little to no response to fluctuations in MERCS abundance, low sensitivity, and
possible artifacts made due to reporter protein reconstitution. To overcome this, we
developed the SpLacZ-MERCS sensor, the first MERCS reporter using split B-
galactosidase (LacZ). Compared to using complementary GFP fragments that go to
mitochondria and ER, SpLacZ-MERCS gives an integrated readout of MERCS activity for
more accurate and quantitative monitoring of these contact sites in single cells over time.
Our system has specific organelle targeting but does not induce artificial tethering, which
allows it to be a standard tool for studying MERC dynamics in physiological and
pathological conditions. Using pharmacological and genetic perturbations known to
modulate mitochondria—ER interactions, we validated SpLacZ-MERCS as an effective

and reliable sensor of MERCS abundance.

Beyond tool development, we sought to uncover the molecular mechanisms
regulating MERCS using a genome-wide CRISPR interference (CRISPRI) screen
combined with SpLacZ-MERCS. This unbiased approach led to the identification of
RHOA, a small GTPase known for its roles in cytoskeletal dynamics and signal
transduction as a novel regulator of MERCS. We found that RHOA directly interacts with

the ER-resident protein VAPB and modulates its binding to PTPIP51, a mitochondrial



protein involved in forming MERCS junctions. VAPB and PTPIP51 constitute a MERCS
tethering complex. RHOA depletion or overexpression of CUL3 (which promotes RHOA
degradation) results in reduced MERCS levels, while RHOA overexpression enhances
MERCS formation. Notably, we discovered that disease-associated mutations in RHOA,
CUL3, and VAPB—implicated in cancer, metabolic disorders, and neurodegeneration—
disrupt MERCS regulation, suggesting a potential link between MERCS dysfunction and

disease pathology.

Together, our study makes two significant contributions. SpLacZ-MERCS is a new
signal-integrating MERCS reporter system that allows dynamic, cumulative tracking of
mitochondria-ER interactions. RHOA has been established as a novel regulator of
MERCS, providing a framework to understand how contact sites can be manipulated in a
dynamic way upon cellular signals. These findings enhance the foundation of our
understanding of MERCS regulation while also shedding light on new possible
therapeutic targets for diseases associated with altered communication between

mitochondria and the ER.
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Chapter 1: Introduction

MERCS Function

Mitochondria-ER contact sites (MERCS) are critical hotspots where the
membranes of mitochondria and the endoplasmic reticulum come into close contact,
allowing them to communicate and work together. MERCS belong to a growing field that
examines inter-organellar contact sites—regions where organelles such as the ER,
mitochondria, lysosomes, and peroxisomes physically and functionally interact. These
contacts are now recognized as key regulators of diverse cellular processes, with MERCS
representing a paradigm for understanding how spatial organization within cells underlies
complex signaling and metabolic networks. MERCS are formed when endoplasmic
reticulum (ER) and mitochondria are brought into close apposition (typically 10-80 nm)
(Csordas et al., 2006). They were first spotted in the 1950s using electron microscopy,
but their importance was not really understood until much later, as scientists began to
uncover the many roles they play in keeping cells functioning properly. MERCS are crucial
for calcium (Ca?") signaling, lipid homeostasis, mitochondrial dynamics, and
mitochondrial quality control. They play important roles in both physiology and disease
(Duchen, 2000; Rizzuto et al., 1998; Wilson & Metzakopian, 2020). Here we will discuss
the background on the current established roles of MERCS, the methods of studying
MERCS, and also RHOA, a gene that we will later show to be highly associated with

MERCS.

Calcium homeostasis

ER and mitochondria have been deemed as critical organelles for maintaining

calcium homeostasis in cell. The ER serves as the major calcium storage in the cell,
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releasing Ca?* to the cytosol and other organelles in a highly controlled manner
(Daverkausen-Fischer & Prols, 2022). Mitochondria, on the other hand, utilize Ca**
absorbed from the ER or cytosol to stimulate metabolic enzymes in the tricarboxylic acid
(TCA) cycle or trigger the apoptosis process (Finkel et al., 2015). Ca?* transfer from the
ER to mitochondria, specifically, starts with the high calcium gradients between these two
organelles—where ER luminal Ca#* can reach 100 yM — 1 mM and mitochondria matrix
Ca?" maintains at 100 nM to 200 nM (Raffaello et al., 2016; Stutzmann & Mattson, 2011).
This process supports multiple calcium-related processes including ATP generation and

also activation of apoptotic pathways (Pinton et al., 2008; Yong et al., 2019).

The process of ER-to-mitochondria calcium transfer is fundamentally based on
the resident-ER inositol 1,4,5-trisphosphate receptors (IP3Rs), including ITPR1, ITPR2,
and ITPR3 (Bartok et al., 2019; Luciani et al., 2009). These proteins are homotetramer
channels that bind inositol 1,4,5 -trisphosphate and release Ca?* from the ER to create
a microenvironment of high Ca?* concentration near adjacent mitochondria (Basso et al.,
2020; Yuan et al., 2022). The IP3Rs further pass Ca** through the voltage-dependent
anion channels (VDACs) (De Pinto et al., 2022), encoded by VDAC1, VDAC2, and
VDACS, at the mitochondrial outer membrane by forming a complex. Ca?" is uptaken
across the inner membrane by the mitochondrial Ca?* uniporter (MCU) (Groten &
MacVicar, 2022). Chaperones like GRP75 have also been found to participate and

regulate the IP3R/VDAC complex (Basso et al., 2020; Yuan et al., 2022).

Other tethering proteins like mitofusin-2 (MFN2) or the VAPB/PTPIP51 complex
can actively control ER-mitochondria proximity to precisely control the spatial and

temporal profile of mitochondrial Ca?* signals (De Brito & Scorrano, 2008; Gomez-Suaga
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et al., 2017; Gomez-Suaga et al., 2019). Beyond the IP3R/VDAC complex, proteins such
as SERCA (encoded by ATP2A1/2/3) constantly refill the ER luminal store (Luciani et al.,
2009). Ryanodine receptors (RYR1, RYR2, RYR3) may also contribute to Ca?* release in
cardiac and skeletal muscle cells (Lanner et al., 2010; Luciani et al., 2009). Thus multiple
parallel pathways may co-exist on inducing Ca?* transfer at MERCS. Other regulators like
anti- or pro-apoptotic Bcl-2 family proteins (Lalier et al., 2021; Morris et al., 2021), kinases
like Akt (Khan et al., 2006), and chaperones such as the Sigma-1 receptor (SIGMAR1)
(Tagashira et al., 2023) may further modulate the sensitivity of IP3R to cytosolic calcium

level fluctuations and tightly regulate the Ca?* release.

The disruption of the calcium homeostasis process has implications in numerous
pathologies. In Alzheimer’s disease (AD), aberrant MERCS function has been found to
lead to poorly regulated Ca?* transfer outcomes such as Ca?* overload, which includes
opening of mitochondrial permeability transition pore (mPTP) and releasing pro-apoptotic
factors such as cytochrome C to the cytosol. Mutations in presenilins (PSEN1/2) were
shown to increase ER Ca?" release and promote mitochondrial Ca?* overload (Area-
Gomez et al., 2009; Zampese et al., 2011). Conflicting evidence, however, has also been
provided regarding B-amyloid peptides’ influence on MERCS. One report has shown its
effect on reducing lipid transfer based MERCS while the other one suggest a positive
important of B-amyloid on increase calcium transfer by MERCS increase (Adami et al.,

2019; Calvo-Rodriguez et al., 2019; Leal et al., 2020).

Parkinson’s disease (PD) involves dysfunction in MERCS-localized proteins such
as DJ-1 (PARKY7) and a-synuclein. a-synuclein can bind VDAC and reduce its Ca**
conductance (Rostovtseva et al., 2015), whereas DJ-1 mutations impair the IP3R-

15
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GRP75-VDAC tether, thereby causing neurons to remain in an energy-deficient state
(Basso et al., 2020). In amyotrophic lateral sclerosis (ALS), mutations in SIGMAR1 or
VAPB destabilize ER-mitochondria contacts and inhibit Ca?* transfer, fostering chronic
stress and motor neuron degeneration (Bernard-Marissal et al., 2015; Tagashira et al.,
2023; Yamanaka et al., 2020). In Huntington’s disease (HD) the mutant huntingtin protein
sensitizes IP3R1 to IP3 (Tang et al., 2003), leading to pathological Ca?* surges and

mitochondrial failure.

Metabolic disorders also show reduced robustness of ER-mitochondria
communication. In type 2 diabetes and obesity, impaired MERCS integrity in the liver and
skeletal muscle often causes a reduction in mitochondrial Ca?* uptake, further limiting
ATP output and leading to dysregulated gluconeogenesis and heightened lipogenesis
(Belosludtsev et al., 2020; Dingreville et al., 2019; Madec et al., 2021; Rieusset et al.,
2016). Excessive lipid accumulation within the ER can itself alter Ca?* release channel
function and drive steatosis (Lebeaupin et al., 2018). In Wolfram syndrome, WFS1
mutations reduce ER Ca?* signaling and cause significant 3-cell and neuron death (Abreu

et al., 2020; Liiv et al., 2024).

Cancer cells also exploit MERCS remodeling to support survival and proliferation.
The amount of Ca?*" released from the ER to the mitochondria can either increase or
decrease in different contexts. For example, some tumors upregulate anti-apoptotic Bcl-
2 family proteins (Leiva et al., 2024), which can bind to IP3Rs (lvanova et al., 2020) and
inhibit Ca?* release or can overexpress MICU1, the gatekeeper of MCU complex, to
impose an elevated threshold for MCU opening and, as a result, minimize the risk of
mitochondrial Ca?* overload (Rao et al., 2020).

16
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Other tumors demand increased Ca?* flux into the mitochondria to stimulate
metabolic enzymes to facilitate quick cell division, a critical cancer trait (Cardenas et al.,
2016). This diversity in symptoms within the different types of cancer tumors reflects the
finely tuned regulation that might be required of the ER-mitochondria contacts. Hence,
mitochondria-ER contact sites have emerged not merely as central regulators of calcium

signaling and cellular bioenergetics, but also as new promising targets for therapeutics.

Lipid homeostasis

MERCS mark hotspots not only for calcium flux but also for lipid metabolism and
homeostasis, enabling the coordinated synthesis, modification, and trafficking of multiple
lipid species that are fundamental to cellular and organellar membrane integrity (Chu &
Ji, 2024; Flis & Daum, 2013). These inter-organellar junctions provide the basis for the
synthesis pathway of multiple phospholipids. For example, phosphatidylserine (PS)
synthesized by phosphatidylserine synthases (PSS1/2) at ER is transferred to
mitochondria (Wilson & Metzakopian, 2020). PS is then decarboxylated by
phosphatidylserine decarboxylase (PISD) to generate phosphatidylethanolamine (PE). A
portion of PE is subsequently shuttled back to the ER for further conversion into
phosphatidylcholine (PC) (Wilson & Metzakopian, 2020). This shows how MERCS

spatially controls lipid balance in cells.

The maintenance of balanced phospholipid composition at MERCS is regulated by
tethering proteins like MFN2, VAPB, and PTPIP51, which bring the ER and mitochondria
into tight apposition conducive to lipid exchange (De Brito & Scorrano, 2008; De vos et
al.,, 2011; Goémez-Suaga et al.,, 2019). In parallel, many enzymes that regulate

sphingolipid metabolism, including those involved in ceramide synthesis and trafficking,
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are enriched and activated at MERCS, underscoring the multifaceted role of this domain
in shaping cellular lipid profiles (Q. Chen et al., 2023; Mignard et al., 2020). Cholesterol
transport to mitochondria for steroidogenesis likewise depends on MERCS integrity
(Szabo et al., 2023), with cholesterol-binding proteins such as the steroidogenic acute
regulatory protein (StAR) moving cholesterol across the outer mitochondrial membrane

(Miller, 2007).

Disruption of these processes, whether through genetic mutations in tethering
components (e.g., MFN2-linked Charcot-Marie-Tooth disease (Capel et al.,, 2018;
Hernandez-Alvarez et al., 2019; Larrea et al., 2019) ) or through altered expression of
lipid-handling enzymes (e.g., decreased phosphatidylserine transfer in non-alcoholic fatty
liver disease (Anari & Montgomery, 2023)), leads to consequences including metabolic
imbalances, membrane dysfunction, and organellar stress. MERCS level was also
downregulated in impaired insulin resistance (Beaulant et al., 2022; Rieusset, 2018),
which appeared to be linked to poor turnover of phospholipids and aberrant lipid droplet
biogenesis (Ma et al., 2021), thereby leading to ectopic fat deposition and worsened
metabolic outcomes. In contrast, cancer cells often hijack MERCS-resident lipid
pathways-like enhanced ceramide catabolism or rerouted phospholipid flux-to support
their rapid growth, evade apoptosis, or promote metastasis (Jamil & Cowart, 2023;
Sheridan & Ogretmen, 2021). Therefore, modulating MERCS, which acts as a lipid control

valve, has strong therapeutic potential to rebalance the disrupted lipid metabolism in cells.

Mitochondria dynamics and quality control

MERCS also controls mitochondrial dynamics and quality control processes,

coordinating processes such as fusion-fission cycles and mitophagy to maintain a healthy
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mitochondrial population within the cell. A key protein that is important to these functions
is mitofusin-2 (MFN2), which not only mediates ER-mitochondria coupling (De Brito &
Scorrano, 2008) but also contributes to mitochondrial fusion in cooperation with mitofusin-
1 (MFN1), and optic atrophy protein 1 (OPA1) from the inner membrane (Cipolat et al.,
2004; Song et al., 2009). Conversely, mitochondrial fission factors such as dynamin-
related protein 1 (DRP1) often localize to MERCS, where phosphorylation events and the
involvement of ER-bound proteins help drive the constriction necessary for dividing
mitochondria (Adachi et al., 2020; Duan et al., 2023). ER has also been observed to
specifically mark the sites of mitochondrial divisions (Friedman et al., 2011). This balance
between fusion and fission, controlled through these contact sites, is crucial for
determining whether mitochondria remain interconnected for efficient energy production
(Liu et al., 2020; Westermann, 2012) or fragment under stress conditions, facilitating the
segregation of damaged regions to be cleared by mitophagy (Geisler et al., 2010; Ham

et al., 2023; Ruhmkorf & Harbauer, 2023).

Chaperones and quality-control proteases are also present at ER-mitochondria
interfaces to further monitor misfolded proteins (Gutiérrez et al., 2020; llacqua et al., 2017,
Ruhmkorf & Harbauer, 2023) and modulate degradation pathways to prevent stress
accumulation at these organelles. Perturbations in these surveillance and turnover
mechanisms underlie various pathologies. In neurodegenerative disorders such as
Parkinson’s disease, mutations in PINK1 or PARK2 disrupt mitophagy initiation (Mizuno
et al., 2007). Again in Charcot-Marie-Tooth type 2A, mutations in MFN2 compromise both
mitochondrial fusion and ER-mitochondria tethering (De Brito & Scorrano, 2008; Larrea

et al., 2019).
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Likewise, chronic metabolic or oncogenic stresses can break the fission-fusion
balance, making mitochondria either persistently hyperfused—trying to make up for
energy deficiency, or excessively fragmented which potentially leads cells to apoptosis or
to irregular turnover (W. Chen et al., 2023; Mishra & Chan, 2016; Wu et al., 2024; Yu et
al., 2023). Thus, MERCS acts as a key commander towards signals regulating
mitochondrial shape, integrity, and removal converge, ensuring that these organelles
remain functionally competent and adequately distributed to meet the metabolic and

survival demands of the cell.

20



21

MERCS Tools

The ability to study these contacts with high spatial and temporal resolution is
critical to further understanding their physiological roles and disease implications.
Historically, electron microscopy (EM) has been the gold standard for visualizing ER-
mitochondria interactions, providing detailed structural snapshots of MERCS (Bernhard
& Rouiller, 1956). Early EM studies revealed that these contacts are not merely random
organelle juxtapositions but stable interfaces (Csordas et al., 2006). However, EM is
limited by its inability to capture the dynamic nature of these contacts in living cells and
low throughput, making it essential for developing new biosensors that enable high

throughput and real-time monitoring of MERCS in living cells.

Bimolecular fluorescence complementation

Bimolecular fluorescence complementation (BiFC)--based biosensors have been
one of the most widely used classes in advancing our understanding of MERCS dynamics.
BiFC reporters allow researchers to track MERCS in real time under various physiological
conditions. Split-GFP, Venus, and luciferase reporters function by reconstituting a
functional fluorescent or luminescent signal only when the two halves of the reporter from
mitochondria or ER are brought together in close proximity (Chen et al., 2024, Cieri et al.,
2017; Yang et al.,, 2018). This reconstituted signal facilitates in detecting MERCS
formation in high spatial sensitivity and has been used for identifying multiple regulatory
mechanism of MERCS. While these biosensors provide localized readouts of contact site
formation, they suffer from the problem of inducing strong artificial tethering with an
irreversible binding pattern, which further prevents the correct identification of true contact

sites and their dynamical pattern.
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Fluorescence/bioluminescence resonance energy transfer

In parallel, fluorescence/bioluminescence resonance energy transfer (FRET/BRET)
biosensors have provided an alternative approach for detecting ER-mitochondria
contacts with high sensitivity. Among the earliest approaches were fluorescence
resonance energy transfer (FRET)-based sensors (Csordas et al., 2010; Verma et al.,
2023), which rely on the energy transfer between donor and acceptor fluorophores placed
on ER- and mitochondria-targeted sequences (Adami et al., 2019; Naon et al., 2016). For
bioluminescence resonance energy transfer (BRET), a bioluminescent protein (like
Renilla luciferase) is used to emit light and activates the acceptor fluorophores (Hertlein

et al., 2020; Rathod et al., 2018).

When the two organelles come into close proximity, FRET/BRET efficiency
increases, providing a quantitative measure of MERCS (Hertlein et al., 2020; Naon et al.,
2016). This technique has been widely used to study how MERCS respond to cellular
stimuli or genetic perturbations. One of the major advantages of FRET/BRET-based
biosensors is their ability to detect subtle changes in organelle interactions with
nanometer-scale precision. However, FRET//BRET suffers from a key drawback: it is
merely a measurement of the proximity of two organelles without a fundamental basis for

the interaction of two proteins at the interface between mitochondria and ER.

Calcium indicators

Another biosensor system that has been used in the contact studies field is genetic
calcium indicator to study Ca?* flux. Calcium transfer process from the ER to mitochondria
is one of the most critical functions of MERCS, regulating bioenergetics, apoptosis, and

metabolism (Pinton et al., 2008; Rizzuto et al., 1998; Ryan et al., 2020). Genetically
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encoded Ca?" indicators can be respectively targeted to the ER and mitochondria
interface, allowing real-time visualization of Ca?* transfer dynamics (Suzuki et al., 2014;
Wu et al., 2013, 2014). These sensors have revealed that Ca?* microdomains at MERCS
can reach concentrations several orders of magnitude higher than bulk cytosolic Ca?*,
underscoring the importance of tightly controlled Ca?* flux in maintaining cellular function
(Bravo et al., 2011; Dingreville et al., 2019; Giacomello et al., 2010). An experiment that
has been widely performed with these indicators is stimulating calcium release from ER
and observing the mitochondria calcium uptake pattern to deduce further the
mitochondria ER contact conditions (Arnaudeau et al., 2001; De Brito & Scorrano, 2008;
Szabadkai et al., 2003). However, the calcium indicators do not directly reflect the contact
sites and are usually used as a supplemental method to characterize the cell's MERCS

condition.

Ascorbate peroxidase and biotin ligase

Proximity-dependent labeling strategies based on split enzymes offer another
opportunity for studying the proteomics of MERCS. These systems are similarly based
on the idea of dividing an enzyme into two inactive fragments and respectively target them
to the ER and mitochondria. When two organelles come into close proximity, the
fragments reassemble into a functional enzyme, enabling proximity-based labeling of
nearby proteins. (Cho et al., 2020; Han et al., 2019). Split APEX-based labeling relies on
a genetically encoded peroxidase that catalyzes biotin-phenol deposition onto
neighboring proteins when exposed to hydrogen peroxide (Han et al., 2019). By breaking
these proteins into complementary halves, the fragments can specifically targeted to ER

and mitochondria. At contact sites, the enzyme fragments are close enough to
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reconstitute activity and enable the selective labeling of MERCS-localized proteins for
mass spectrometry analysis. Split BiolD (Schopp et al., 2017), on the other hand, can
reconstitute a full biotin ligase to tag proteins within a defined nanometer-scale radius,
allowing researchers to identify transient and weakly associated components of the
MERCS proteome (Cho et al.,, 2020). These techniques could further expand our

understanding of proteomics in the microenvironment of MERCS.

Optogenetic/chemogenic dimerization

Recently, optogenetic and chemogenetic tools have also been integrated into
MERCS research, providing powerful methods to manipulate ER-mitochondria
interactions with high temporal precision. Light-inducible dimerization systems, such as
the CRY2-CIB1 optogenetic pair, have been engineered to artificially bring ER and
mitochondria into close proximity upon blue light stimulation, allowing researchers to
investigate the functional consequences of MERCS perturbations in a highly controlled
manner (Shi et al., 2018). Similarly, rapamycin-inducible dimerization systems have been
employed to acutely disrupt or enhance ER-mitochondria contacts in living cells, shedding
light on how MERCS remodeling affects cellular metabolism, calcium signaling, and
stress responses (Csordas et al., 2010). These approaches are not intended for the
detection of MERCS but rather for evaluation purposes so researchers can learn specific
phenotypes after artificial MERCS is induced. They have been particularly valuable in
understanding MERCS under different conditions as they enable reversible manipulation

of contact sites without permanently altering protein expression or organelle structure.
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Focused ion beam-scanning electron microscope

Looking forward, the integration of super-resolution microscopy techniques, such
as stimulated emission depletion (STED) (Damenti et al., 2021) and structured
illumination microscopy (SIM) (Obara et al., 2024), with fluorescence-marked MERCS
proteins will further enhance our ability to visualize and quantify MERCS dynamics at
nanometer resolution. Expansion microscopy, which physically expands biological
specimens to provide better structure resolution, is being explored as a method to map
MERCS ultrastructure with unprecedented clarity (Laporte et al., 2022; Louvel et al.,
2023). Single-molecule imaging approaches can uncover the MERCS spatial and
temporal dynamics to allow us to understand different types of MERCS protein dynamics

and potentially link them to cellular functional and pathological meanings.

To sum up, a variety of methods have been developed to study MERCS. Each
method, however, is constrained by trade-offs in spatial or temporal resolutions or
molecular specificity. While electron microscopy offers ultrastructural detail, it is limited to
fixed samples. Fluorescent reporters like BiFC and FRET/BRET enable live-cell imaging
but suffer from irreversibility or proximity-only detection, often missing true interactions.
Calcium indicators reflect MERCS function indirectly without information regarding true
physical contact, and proteomic tools like split APEX or BiolD provide molecular-based
information while containing no cellular spatial and temporal information. Moreover, most
of these reporters also suffer from the problem of only measuring a single time point,
disregarding the fact that MERCS are highly dynamic. This shortcoming highlights a
critical need for a signal integration—based reporter system that records signal over time

at contact sites, enabling precise tracking of MERCS without being affected by cellular

25



26

activity fluctuations. Such a system would bridge the current gap to enable researchers

to understand more transient and functionally important interactions.
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RHOA

RHOA, a small G protein in the RHO family, plays a key role in controlling
cytoskeletal dynamics, cell signaling, and cell morphology. It has been critical in regulating
processes such as adhesion, migration, and cell division (Bagci et al., 2019;
Mosaddeghzadeh & Ahmadian, 2021; Zhang et al., 2012). RHOA functions as a molecular
switch alternating between active GTP-bound and inactive GDP-bound states, with
guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs)
playing a critical role in regulating this cycle (Figure 1). GEFs turn RHOA on, while GAPs
turn RHOA off by speeding up GTP hydrolysis (Figure 1). GDP dissociation inhibitors
(GDls) also bind to inactive RHOA in the cytoplasm, preventing it from spontaneous
activation and making sure it is activated as needed (Fell & Nagy, 2021; Joo & Olson,
2021; Lin et al., 2021). When active, RHOA interacts with many downstream proteins,
including RHO-associated coiled-coil-containing kinases (ROCK1/2), diaphanous-related
formins (mDia1/2), and citron kinase (CIT). These proteins change actin formation,
myosin contraction, and cell force production (Becker et al., 2022; Tominaga et al., 2000).
RHOA interacts with these proteins to control cell shape and force transmission, making

it crucial for many normal and disease-related processes (Choraghe et al., 2020).

Cytoskeletal regulation

One of the most well-characterized functions of RHOA is its ability to organize the
actin cytoskeleton and generate contractile force through the regulation of stress fiber
formation (Jiu et al., 2017). Stress fibers are bundles of actomyosin filaments that provide
structural support to cells and mediate mechanical force (Kassianidou & Kumar, 2015).

RHOA activation promotes stress fiber assembly by stimulating the formin proteins mDia1
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and mDia2, nucleating linear actin filaments, and activating ROCK, which enhances
myosin light chain phosphorylation and increases actomyosin contractility (Mammoto et
al., 2004; Staus et al., 2011). This function is crucial in certain cell types like fibroblasts
and mesenchymal cells (Li et al., 2016; McClary & Grainger, 1999; Wang et al., 2018),
where RHOA-driven contractility facilitates the generation of traction forces against the
extracellular matrix (ECM) (Li et al., 2016), allowing cells to navigate through complex
tissue environments. In addition, RHOA-mediated cytoskeletal remodeling plays an
essential role in endothelial and epithelial cell barrier function, regulating tight junction
stability and resistance to mechanical stress (Acharya et al., 2018; Zahra et al., 2019). In
endothelial cells, RHOA activation is required for the maintenance of vascular integrity,
as it modulates the permeability of endothelial junctions in response to shear stress and
inflammatory stimuli (Masiero et al., 1999; Zahra et al., 2019). Similarly, in epithelial cells,

RHOA activity ensures tissue cohesion and morphogenesis (Acharya et al., 2018).

Focal adhesion

Beyond its role in cytoskeletal organization, RHOA is a key regulator of focal
adhesion dynamics, controlling the assembly and maturation of these integrin-based
adhesion structures that link the ECM to the actin cytoskeleton (Lim et al., 2012;
Provenzano & Keely, 2011; Warner et al., 2019). RHOA activation at focal adhesions
promotes integrin clustering, enhances actomyosin-generated tension, and strengthens
cell-ECM interactions (Barry & Critchley, 1994; Provenzano & Keely, 2011). ROCK-
mediated myosin Il activation increases intracellular contractility, reinforcing integrin
engagement and promoting the maturation of focal adhesions into stable anchoring sites

(Li et al., 2023; Wang et al., 2017). These adhesion structures act as signaling hubs that
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integrate mechanical and biochemical signals, influencing cellular responses such as
proliferation, migration, and differentiation (Srinivasan et al., 2019; Totsukawa et al., 2004).
In migrating cells, RHOA activity must be precisely balanced to coordinate adhesion
turnover. High RHOA activity at the cell rear facilitates retraction, while localized inhibition
at the leading edge prevents excessive contractility that would hinder forward movement
(Hu et al., 2022; Qian et al., 2024). This dynamic regulation of adhesion turnover is
particularly important in cancer cell invasion, where RHOA-mediated focal adhesion
remodeling enables tumor cells to migrate through complex extracellular environments

(Warner et al., 2019; Zhang et al., 2019).

Cell migration

RHOA also plays a pivotal role in cell migration by coordinating adhesion turnover,
actin polymerization, and contractile force generation (Bar-Sagi & Hall, 2000). Unlike
Rac1 and Cdc42, which promote the formation of lamellipodia and filopodia at the leading
edge of migrating cells (Kurokawa et al., 2004; Martin et al., 2016), RHOA is primarily
involved in tail retraction and the formation of actin stress fibers that generate the
contractile forces necessary for forward propulsion (Worthylake et al., 2001). RHOA-
dependent actomyosin contractility enables cells to detach from the ECM at the rear,
allowing them to move efficiently. This function is particularly critical in immune cells,
where RHOA regulates leukocyte migration (Alblas et al., 2001) and extravasation during
immune surveillance and inflammatory responses (Kilian et al., 2021). In cancer, RHOA
is frequently upregulated and contributes to tumor progression by promoting epithelial-to-
mesenchymal transition (EMT) (Kalluri & Weinberg, 2009), a process in which epithelial

cells lose polarity and adhesion properties to acquire migratory and invasive capabilities
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(Korol et al., 2016; Wang et al., 2018). Through its interaction with ROCK and other
effectors, RHOA specializes in actin-rich protrusions and facilitates invadopodia formation,
which further degrades ECM components and enables tumor cells to invade surrounding
tissues (Sedgwick et al., 2015). Given its role in invasion and metastasis, RHOA has
emerged as a potential therapeutic target in cancer, with inhibitors of ROCK signaling

being explored as anti-metastatic agents (Santos et al., 2023; Zhou et al., 2014).

cytokinesis

In addition to its roles in adhesion and migration, RHOA is essential for cytokinesis,
the final stage of cell division in which daughter cells are physically separated (Basant &
Glotzer, 2018). During mitosis, RHOA is activated at the cleavage furrow, where it directs
the formation of the contractile ring, a structure composed of actin and myosin filaments
that drive cell constriction (Liu & Weiner, 2016; Wagner & Glotzer, 2016). The
centralspindlin complex like MgcRacGAP recruits the RHOA-specific GEF ECT2 to the
cleavage site, ensuring localized activation of RHOA (Breznau et al., 2017; Kim et al.,
2014). Once active, RHOA stimulates formin-mediated actin polymerization and myosin
Il contractility, enabling the ring to contract and complete cytokinesis (Basant & Glotzer,
2018). Disruptions in RHOA signaling during this process can result in cytokinetic failure,
leading to multinucleation and aneuploidy, which are strongly associated with
tumorigenesis (Konstantinidis et al., 2015; Sen, 2000). Indeed, RHOA mutations have
been identified in several cancers, including diffuse-type gastric cancer (Zhang et al.,
2019; Zhou et al., 2014) and triple-negative breast cancer (Kalpana et al., 2019),

highlighting its importance in maintaining genomic stability and normal cell division.
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Summary

The presented evidence above shows MERCS as dynamic inter-organellar
hotspots that are essential for maintaining cellular homeostasis across different
physiological processes, including calcium signaling, lipid metabolism, mitochondrial
dynamics, and quality control. Despite significant progress, technical limitations have
hindered the ability to study MERCS, especially due to a lack of consideration of
MERCS's highly dynamic nature. To address this gap, we developed SpLacZ-MERCS, a
signal-integration-based fluorescent reporter system that integrates MERCS signal over
time. This tool enables the detection of bona fide MERCS change disregarding the
background cellular activity fluctuations, overcoming the Iimitations of traditional
fluorescence-based tools. Using a strategy of SpLacZ-MERCS in combination with a
genome-wide CRISPRI screening, we identified RHOA, a small GTPase that is well
known for its regulatory activities on cytoskeletal dynamics, adhesion, migration, and
cytokinesis, as a novel regulator of MERCS. These findings not only expand the toolkit
for probing interorganelle communication but also uncover new mechanistic insights

linking cytoskeletal signaling to organelle contact site formation and dynamics.
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Figure
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Figure 1. Diagram of RHOA cycling. RHOA cycles between GTP-bound and GDP-

bound states to actively regulate various cellular processes.
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Thesis synopsis

In Chapter 2 | will discuss the development and validation of SpLacZ-MERCS, a
novel biosensor specifically designed to enable precise quantification of mitochondria-ER
contact sites (MERCS). A long-standing issue in the field of studying MERCS is the lack
of a proper tool that can precisely define the MERCS condition of the cell. Our tool
provided a design that can continuously integrate the history of the cell's MERCS
conditions within the cell. This strategy further rules out the noise from normal cellular
activities such as organelle movement, cellular motility, cell cycle, etc. In Chapter 3, | will
discuss our results from combining SpLacZ-MERCS with a CRISPRi-based genome-wide
screening strategy to identify novel regulators of MERCS systematically. This powerful
dual approach allows us to probe the genetic landscape governing MERCS, revealing
new players involved in inter-organelle communication. Through this unbiased screening,
we identify RHOA, a small GTPase traditionally associated with cytoskeletal remodeling
and cytokinesis, as a previously unrecognized regulator of MERCS. Our findings suggest
that RHOA is not merely confined to its classical role but also contributes to the regulation
of MERCS stability. In Chapter 4, | will integrate the main conclusions from Chapters 2
and 3 and also propose research directions for how the development of SPLACZ-MERCS
and the finding of RHOA regulating MERCS can be further advanced to provide new

opportunities for the field.
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Abstract

Mitochondria-ER contact sites (MERCS) serve as hotspots for important cellular
processes, including calcium homeostasis, phospholipid homeostasis, mitochondria
dynamics, and mitochondrial quality control. MERCS reporters based on
complementation of GFP fragments have been designed to visualize MERCS in real-time,
but we find that they do not accurately respond to changes in MERCS content. Here, we
utilize split LacZ complementing fragments to develop the first MERCS reporter system
(termed SpLacZ-MERCS) that continuously integrates the MERCS information within a
cell and generates a fluorescent output. Our system exhibits good organelle targeting, no
artifactual tethering, and effective, dynamic tracking of the MERCS level in single cells.
The SpLacZ-MERCS reporter was validated by drug treatments and genetic perturbations
known to affect mitochondria-ER contacts. The signal-integrating nature of SplLacZ-
MERCS may enable systematic identification of genes and drugs that regulate
mitochondria-ER interactions. Our successful application of the split LacZ
complementation strategy to study MERCS may be extended to study other forms of inter-

organellar crosstalk.

Keywords: Mitochondria, endoplasmic reticulum, contact sites, organelle interactions

66



67

Introduction

Mitochondria have major roles in promoting bioenergetic pathways, cell signaling,
calcium homeostasis, and apoptosis (Martinez-Reyes & Chandel, 2020; Spinelli & Haigis,
2018; Suen et al.,, 2008). In addition to mitochondrial diseases, dysfunctional
mitochondria have been linked to neurodegenerative diseases, including Parkinson's
disease, amyotrophic lateral sclerosis, and Huntington's disease (Harrington et al., 2023;
Lezi & Swerdlow, 2012; Spinelli & Haigis, 2018; Suen et al., 2008). In recent years, inter-
organellar crosstalk has emerged as a factor influencing the cellular roles of mitochondria
(Gordaliza-Alaguero et al., 2019; Marchi et al., 2014; Phillips & Voeltz, 2016). In particular,
the endoplasmic reticulum (ER) closely interacts with mitochondria and modulates cellular
physiology. Such interactions occur at mitochondria—ER contact sites (MERCS), which
are close appositions of mitochondria and ER with a distance of ~10-80 nm (Giacomello
& Pellegrini, 2016). These contacts regulate a number of cellular processes, including
calcium homeostasis, lipid homeostasis, mitochondrial dynamics, and mitochondrial
quality control (Gomez-Suaga et al., 2017; Gémez-Suaga et al., 2019; Hirabayashi et al.,
1979; Stoica, Vos, et al., 2014). Although some mitochondria-ER tethers have been
identified (Aoyama-Ishiwatari & Hirabayashi, 2021; De Vos et al., 2012; Gomez-Suaga et
al., 2017; Gomez-Suaga et al., 2019; Stoica, Vos, et al.,, 2014), much remains to be

understood about the regulation of MERCS dynamics.

Given the physiological importance of mitochondria-ER interactions, it is critical to
develop new tools to understand their molecular basis and cellular functions. Several
studies have described reporters designed to identify MERCS in single cells (Giamogante

et al., 2020; Wilson & Metzakopian, 2020). Most current reporter systems employ
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biomolecular fluorescence complementation (BiFC). Based on the splitting of fluorescent
proteins into two complementary fragments, these assays target the fragments
individually to mitochondria and ER. In locations where the two organelles are in close
proximity, the two protein fragments are reconstituted into a functional protein whose
chromophore matures. Split-GFP, split-RFP, and split-Venus have been engineered to
directly visualize the contact sites (Shai et al.,, 2018; Yang et al., 2018). However,
reconstituted fluorescent proteins form thermodynamically stable complexes (Romei &
Boxer, 2019), and in principle, the long half-life for dissociation may perturb normal
MERCS dynamics or cause artificial tethering of membranes. Double-dimerizing green
fluorescent protein (ddGFP) has been used in a MERCS reporter (Abrisch et al., 2020)
but the signal-to-noise ratio is usually low in such systems. Fluorescence resonance
energy transfer (FRET) and bioluminescence resonance energy transfer (BRET) have
also been used to construct organellar contact sensors (Giamogante et al., 2020).
Because FRET/BRET methods do not require physical contact between the sensor
partners, they avoid the potential problem of artificial tethering. However, these are
proximity-based strategies and do not ensure that the signal arises from true physical

contacts (Hertlein et al., 2020).

All these reporters were designed to measure contacts sites at a specific point in
time. However, MERCS are dynamic structures that assemble and disassemble
depending on the physiological setting, and several cellular activities-- organelle motility,
organelle shaping, cell cycle--either regulate or depend on the dynamic nature of MERCS.
A single time point measurement may not be an accurate representation of the overall

MERCS content of a specific cell. As an example, mitochondrial fusion and fission events,
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which are regulated by MERCS, show stereotypical fluctuations as cells progress through
the cell cycle (Mitra et al., 2009). Moreover, the essentially irreversible nature of GFP
complementation raises the concern that BiFC-based reporters do not faithfully respond
to dynamic changes in the MERCS content. It would therefore be advantageous to have
a MERCS reporter with integrative properties so that cells with overall high or low MERCS
content can be accurately distinguished. Here, we designed the first MERCS reporter
system with a fluorescent output that integrates information about the MERCS level over
time. This reporter, termed SpLacZ-MERCS, utilizes a acceptor and a donor LacZ
fragments targeted to the mitochondria and ER, respectively. The reporter accurately
reads out the overall MERCS level and is responsive to dynamic fluctuations in
mitochondria-ER interactions. We validated the ability of SpLacZ-MERCS to detect
pharmacological and genetic perturbations known to affect MERCS. This reporter
provides a new opportunity to investigate MERCS in high-throughput settings, including

genome-wide gene perturbations and drug screening assays.
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Results and Discussion

Identification of optimal LacZ fragments for MERCS reporter

In designing a new reporter to measure MERCS, we took advantage of the ability
of weakly interacting fragments of B-galactosidase to reconstitute enzymatic activity. The
bacterial LacZ gene, which encodes the enzyme [-galactosidase, exhibits o
complementation, in which B-galactosidase containing an N-terminal truncation (termed
a acceptor) can be complemented by an N-terminal peptide (termed a donor or a peptide)
provided in trans (Jacob & Monod, 1961). Previous reports have described using a
complementation with weakly interacting pairs of a donors and a acceptors to monitor
protein-protein interactions in mammalian cells while avoiding artifactual physical
interactions (Mohler & Blau, 1996; Rossi et al., 1997; Thormeyer et al., 2003), a concern
with split GFP approaches due to the high stability of the reconstituted GFP. To adapt this
system to study mitochondria-ER interactions in cultured cells, we started with a version
of LacZ optimized for expression in mammalian cells (Wu et al., 2008). Two types of a
acceptors (LacZ Aa 6-36, LacZ Aa 6-78) were targeted to the mitochondrial outer
membrane by fusion with the TOMM70 targeting sequence, and three types of a donor
(LacZ a 1-75; LacZ a 1-141; LacZ a 1-782) were targeted to the ER membrane by fusion
with the UBE2J2 targeting sequence. Glycine-serine linkers were included to provide
polypeptide chain flexibility for refolding and enzymatic complementation (Figure 1A).
Figure 1B illustrates the premise that these membrane-anchored split-LacZ fragments
can form a complex and reconstitute B-galactosidase enzymatic activity by o

complementation only when the membranes of the mitochondria and ER in close
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proximity. Due to the weak interaction of LacZ fragments, the protein complex could

dissociate when a contact site disassembles.

With two mitochondria-targeted a acceptors and three ER-targeted a donors, six
different pairwise combinations were tested in U20S cells. In previous studies, these
LacZ fragment pairs were shown to have low affinity for each other, and enzyme activity
was reconstituted only when the protein fragments were fused to other proteins that
physically interact. Both the MitoTag-Aa6-36/a1-782-ERTag and Aa6-78-MitoTag/a1-
782-ERTag pairs showed substantial complementation, as evidenced by X-Gal staining
(Figure 1C, D and S1A). The MitoTag-Aa6-36/a1-782-ERTag pair showed the highest
reconstituted activity and was used for further studies. Control cell lines expressing only

individual LacZ fragments showed no ability to hydrolyze B-gal substrate (Figure S1B).

Using immunofluorescence on cells co-expressing LacZ MitoTag-Aa6-36 and
LacZ a1-782-ERTag, we confirmed that LacZ MitoTag-Aa6-36 colocalized with the
mitochondrial marker Tomm20, and LacZ a1-782-ERTag colocalized with the ER marker
Calnexin (Figure 2A). We similarly evaluated the previously established split-GFP-based
MERCS reporter system (referred to as SpGFP-MERCS hereafter), which uses the same
TOMM70 and UBEZ2J2 targeting sequences to target GFP11 to mitochondria (Mitot—
spGFP11) and GFP1-10 to the ER (spGFP1-10-ERt)(Yang et al., 2018). In cells co-
expressing Mitot—-spGFP11 and spGFP1-10-ERt, the mitochondrially targeted fragment
co-localized with Tomm20. However, the spGFP1-10—-ERt fragment appeared in tubular
structures that did not colocalize with Calnexin (Figure 2B). Instead, the spGFP1-10-ERt-
positive tubules colocalized with Tomm20 (Figure 2C). The corresponding LacZ a1-782-

ERTag fragment did not show this organellar mislocalization (Figure 2C). The
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mislocalization did not occur when spGFP1-10—-ERt was expressed in the absence of
MitoTag—SpGFP11 (Figure S2A), indicating that mislocalization was likely induced by the

high binding affinity between GFP11 and GFP1-10 (Liu et al., 2018; Romei & Boxer, 2019).

Because expression of artificial tethers can increase mitochondria-ER contact
(Csordas et al., 2006; Kornmann et al., 2009; Shi et al., 2018), we tested whether the
expression of the SplLacZ-MERCS reporter perturbed normal mitochondria-ER
interactions. We performed immunofluorescence against Tomm20 and Calnexin, and
used confocal microscopy to assess the degree of overlap between the mitochondrial and
ER signals. To benchmark this method, we also imaged the same signals with the Zeiss
Airyscan in super-resolution mode. Using the Manders coefficient analysis to measure
the fraction of ER signal co-localizing with mitochondrial signal, we found that standard
confocal microscopy and super-resolution microscopy gave similar results. In particular,
both methods showed similar enhancement of mitochondria-ER overlap with over-
expression of the VAPB/PTPIP51 tethers or an artificial tether (Figure S2B), and similar
reduction of mitochondria-ER overlap with knockdown of the PDZD8 or VAPB tethers
(Figure S2C). Due to the similar performance of both imaging methods, the rest of this
study shows results using standard confocal microscopy. Importantly, we found that cells
expressing the SpLacZ-MERCS reporter showed no change in the levels of colocalization

between the mitochondria and ER (Figure S2D).

Spider-BGal substrate enables single-cell MERCS measurement

HMRef-BGal is a LacZ substrate that produces green fluorescence in live cells
upon hydrolysis by B-galactosidase (structure and catalysis mechanism shown in Figure

3A)(Asanuma et al., 2015). After incubation with HMRef-BGal, cells expressing SpLacZ-
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MERCS showed increased fluorescence compared to wild-type control cells. However,
when a 1:1 mixture of the control cells and SpLacZ-MERCS-expressing cells was
analyzed, only a single, intermediate peak appeared on flow cytometry (Figure 3B). The
presence of the intermediate peak suggests that the fluorescent product leaks out of
SpLacZ-MERCS-expressing cells and is taken up by control cells. This cell retention
problem indicates that the HMRef-BGal substrate is not suitable for measuring the

MERCS level in individual cells within a population.

To circumvent this problem, we tested Spider-BGal, an alternative -galactosidase
substrate whose cleavage product is a reactive quinone methide intermediate that reacts
with cellular proteins and therefore does not leak out of the cell (Doura et al., 2016). Figure
3C shows the mechanism of action and structure of Spider-BGal. We confirmed that the
SpLacZ-MERCS-expressing cells, in contrast to cells expressing a single SpLacZ
fragment, converted Spider-BGal to its fluorescent state (Figure S3A). Importantly, when
we mixed an equal number of control cells with SpLacZ-MERCS cells, two distinct peaks
were found that corresponded to the positive and negative cell populations on flow
cytometry (Figure 3D). These results suggest that Spider-BGal has no cell leakage and
can be used for fluorescence-based analysis of SpLacZ-MERCS. We have also
confirmed that most of the Spider-BGal fluorescent signal is retained hours after removal

of the substrate (Figure S3B).

The SpLacZ-MERCS reporter detects drug-induced MERCS
defects
To test whether SpLacZ-MERCS can detect differences in MERCS levels caused

by drugs, we examined the effect of oligomycin A, CCCP, and Mdivi-1 on mitochondria-
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ER colocalization and the SpLacZ-MERCS signal. Oligomycin A is an ATP synthase
inhibitor that causes mitochondrial fission, a process that involves wrapping of the ER
around mitochondrial tubules to cause constriction (Friedman et al., 2011). CCCP
(carbonyl cyanide m-chlorophenyl hydrazone) disrupts the mitochondrial membrane
potential and also induces mitochondria fission. Mdivi-1 (Mitochondrial division inhibitor
1) is an inhibitor of DRP1 with off-target effects on Complex | (Bordt et al., 2017; Cassidy-
Stone et al., 2008). As expected, oligomycin A and CCCP treatment resulted in
substantial mitochondrial fragmentation associated with an increase in mitochondria-ER
contacts, as measured by MitoTracker/ER-Tracker colocalization. In contrast, Mdivi-1
treatment resulted in a hyperfused mitochondria network with reduced mitochondria-ER

colocalization (Figure 4A, B).

The SpLacZ-MERCS signal was dramatically increased by oligomycin A,
moderately increased by CCCP, and decreased by Mdivi-1 (Figure 4C). CCCP is known
to induce mitophagy and reduce mitochondrial content (Mauro-Lizcano et al., 2015). To
normalize for mitochondrial content, we stained mitochondria with Mito-ID, a dye that
marks mitochondria irrespective of membrane potential. There was a substantial
reduction in Mito-ID staining after CCCP treatment (Figure 4D). Upon normalization for
mitochondrial content, both CCCP and oligomycin A treatment caused substantial
increases in the SpLacZ-MERCS signal, whereas Mdivi-1 caused a decrease (Figure
4E). Control experiments showed that these drugs did not interfere with the pB-
galactosidase hydrolysis reaction (Figure S4A). In contrast to SpLacZ-MERCS, the
SpGFP-MERCS signal was static, failing to show a response to any of the drug treatments

(Figure S4B). We also found that the Spider-BGal incubation time or the Spider-BGal
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substrate level could be optimized to improve the signal-to-noise separation (Figure S4C,
D). Moreover, the SpLacZ-MERCS reporter was capable of distinguishing increasing
levels of MERCS perturbation caused by increasing concentrations of oligomycin A.

(Figure S4E).

SpLacZ-MERCS signal is increased by overexpression of native
and artificial mitochondria-ER tethers

We tested whether our reporter responded to overexpression of native
mitochondria-ER tethers. Three of the most well-characterized mitochondria-ER tethers
are VAPB, PTPIP51, and PDZD8. VAPB and PTPIP51 are interacting proteins that
localize to the ER and mitochondria, respectively, and are known to facilitate calcium
transfer, lipid transfer, and regulation of mitochondria quality control (De Vos et al., 2012;
Gomez-Suaga et al., 2017; Gomez-Suaga et al., 2019; Stoica, Vos, et al., 2014). PDZD8
is an integral ER membrane protein that has also been found to be important for
mitochondria-ER contacts (Hirabayashi et al., 1979). Overexpression of either VAPB,
PTIPIP51, or PDZDS8 increased the activity of the SpLacZ-MERCS reporter. Cells
overexpressing both VAPB and PTPIP51 showed an even greater increase in the

SpLacZ-MERCS signal (Figure 5A and S5A).

We then investigated the effect of artificial tethering of mitochondria-ER
membranes on the SpLacZ-MERCS signal. The split-TurbolD FKBP-FRB system(Cho et
al., 2020) is an artificial tether in which one component (SpTurbo(N)-OMM-FKBP) is
localized to the mitochondrial outer membrane, and the other component (SpTurbo(C)-
ER-FRB) is localized to the ER membrane. Strong association of the two membranes is

triggered by rapalog, a small molecule that mediates binding between FKBP and FRB
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(Figure S5B). Rapalog also results in the reconstitution of TurbolD, an engineered biotin
ligase (Cho et al., 2020). Upon addition of rapalog to cells expressing the SpTurbo-FKBP-
FRB system and SpLacZ-MERCS, we observed an increase in mitochondria-ER

colocalization, biotinylation activity, and the SpLacZ-MERCS signal (Figure 5B, C).

SpLacZ-MERCS signal is reduced by the knockdown of MERCS
tethers

We investigated the effect of knocking down native mitochondria-ER tethering
factors. Using CRISPRI, we performed knockdowns of VAPB, PTPIP51 and PDZD8 in
cells expressing either SpLacZ-MERCS or SpGFP-MERCS. For each tethering protein,
successful knockdown for two gRNAs was confirmed by Western blotting (Figure S6A).
Knockdown of VAPB, PTPIP51, or PDZDS8 all resulted in lower SpLacZ-MERCS signal
by flow cytometry (Figure 6A). However, the same knockdowns did not affect the SpGFP-
MERCS signal (Figure 6B). For each of these knockdowns, mitochondrial mass, as
measured by Mito-ID analysis, was not affected (Figure S6B). To further test whether
SpLacZ-MERCS can detect different degrees of MERCs disruption, we performed a more
quantitative analysis of the VAPB, PTPIP51, and PDZD8 knockdown experiments. Based
on quantification of Western blots, gRNA1 is reproducibly more effective than gRNA2 for
VAPB knockdown (Figure S6C). The knockdown efficiencies for gRNA1 and gRNA2 were
indistinguishable for PTPIP51 and PDZD8. These data on knockdown efficiency correlate
well with flow cytometry analysis of the SpLacZ-MERCS reporter. In particular, gRNA1

for VAPB shows a stronger suppression of the SpLacZ-MERCS signal (Figure S6D).
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SpLacZ-MERCS can detect MERCS defects caused by disease
genes
We tested whether the MERCS reporter is capable of detecting MERCS defects

implicated in neurodegenerative disease, especially amyotrophic lateral sclerosis (ALS)
(Chen et al., 2021; Hartopp et al., 2024). Overexpression of the RNA/DNA binding protein
TDP-43 and its ALS-related mutants results in disruption of MERCS (Stoica, De Vos, et
al., 2014; Tamaki & Urushitani, 2022). SIGMAR1 is another protein associated with ALS
(Herrando-Grabulosa et al., 2021), and its knockdown disrupts mitochondrial-ER calcium
homeostasis (Tagashira et al., 2023). Upon overexpressing TDP-43 or the mutant TDP-
43 (G348C), we observed notable decreases in the SpLacZ-MERCS signal, with a
stronger effect for the mutant (Figure 7A, S7A, B). The knockdown of SIGMAR1 also

resulted in a lower SpLacZ-MERCS signal (Figure 7B, S7C).

SpLacZ-MERCS can accurately track MERCS dynamics
To test the ability of SpLacZ-MERCS to monitor MERCS dynamics, we performed

time-lapse confocal imaging to evaluate the dynamics of the SpLacZ-MERCS signal
against that of ER-mitochondria colocalization. Early-stage images of SpLacZ-MERCS
show puncta formation at the interface between mitochondria and ER (Figure 8A). The
puncta become progressively larger and diffuse over time (Supplementary file S2). In
time-lapse analysis, individual cells show temporal fluctuations in mitochondria-ER
colocalization that correlated well with the dynamics of the SpLacZ-MERCS signal (Figure
8B, D). Upon treatment of cells with oligomycin A to induce mitochondrial fission, cells
showed a progressive increase in mitochondria-ER colocalization that correlated well with
the increase in the SpLacZ-MERCS signal (Figure 8C, D). Under both conditions, the

dynamics of the SpLacZ-MERCS signal and mitochondria/ER colocalization were highly
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correlated. (Figure 8D). The range of the SpLacZ-MERCS signal dynamics has a
magnitude similar to that of the mitochondria-ER colocalization under both conditions
(Figure 8E, F). Thus, our data suggests that SpLacZ-MERCS is capable of accurately

capturing MERCS dynamics.

Conclusions

MERCS are dynamic inter-organellar interfaces that coordinate the activities of the
ER and mitochondria, including calcium homeostasis, lipid biosynthesis, mitochondrial
dynamics, and mitochondrial quality control. Considering the importance of this topic, it is
critical to have an accurate MERCS reporter that overcomes the limitations of current
systems. In this study, we developed a MERCS reporter system that generates a
fluorescent signal that accumulates over time and, therefore, integrates the cellular
history of the MERCS signal. SpLacZ-MERCS combined with the Spider-BGal substrate
enables the accurate analysis of MERCS levels within individual cells of a population. We
identified a LacZ a acceptor and a donor pair that functions well together when targeted
to mitochondria and ER, respectively. Each reporter fragment was cleanly trafficked to its
respective compartment. Although correct organellar targeting may seem trivial, we found
that the ER component of the SpGFP-MERCS reporter has a high degree of
mislocalization to mitochondria when expressed by our retroviral expression system. This
mislocalization is likely caused by the essentially irreversible binding of split-GFP

fragments.

The SpLacZ-MERCS reporter responded well to drug and genetic manipulations
that affect the interaction between the mitochondria and ER. The drugs CCCP, oligomycin

A, and Mdivi-1 all affected mitochondria-ER colocalization and have a corresponding
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effect on the SpLacZ-MERCS signal. Overexpression of the well-characterized tethers
VAPB, PTPIP51, and PDZD8 each resulted in an increase in the SpLacZ-MERCS signal.
Expression of an artificial FKBP/FRB-based mitochondria-ER tethering system also
resulted in a significant increase in SpLacZ-MERCS signal upon chemically induced
dimerization. Knockdowns of VAPB, PTPIP51, or PDZD8 reduced the SpLacZ-MERCS
signal. In contrast, the SpGFP-MERCS reporter failed to respond to the knockdown of
known tethers. Disease-related MERC defects can also be identified through SpLacZ-
MERCS. Time-lapse studies showed that the SpLacZ-MERCS reporter is able to track

dynamic fluctuations in the MERCS level.

The integrative signal produced from the SplLacZ-MERCS reporter is
advantageous in evaluating individual cells for their overall MERCS levels. Mitochondria-
ER interactions are dynamic, and cells are expected to have fluctuations in their MERCS
level due to factors such as organelle motility, organelle shaping, and cell cycle. These
fluctuations complicate the ability of other MERCS reporters to score cells as having high
or low levels of MERCS, whereas SpLacZ-MERCS can accurately reflect the overall
MERCS level. This system enables new opportunities for the high-throughput screening
of genes or drugs that regulate MERCS levels. A caveat is that our MERCS reporter
cumulatively records the MERCS level over time, which prevents the visualization of exact
contact sites. Our methodology may be applicable to studying the crosstalk of other

organelles, like mitochondria-peroxisome and mitochondria-lysosome interactions.
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Methods

Antibodies and reagents
Primary antibodies: TOMM20 (Santa Cruz BioTech, sc-17764), CALX (Proteintech,

66903-1-lg), MYC (Sigma, C3956), FLAG M2 (Sigma, F1804-200UG), HA.11 (Covance,
MMS-101R), PDZD8 (Proteintech, 25512-1-AP), VAPB (Proteintech, 14477-1-AP),

PTPIP51 (Proteintech, 20641-1-AP).

Secondary antibodies: goat anti-mouse IgG (H+L)-HRP (Jackson
ImmunoResearch, 115-035-003), goat anti-rabbit I1gG (H+L)-HRP (Jackson
ImmunoResearch, 111-035-003), donkey anti-mouse IgG AlexaFluor 405 (abcam,
ab175658), donkey anti-mouse 1gG AlexaFluor 488 (Invitrogen, A21202), donkey anti-
rabbit 1IgG AlexaFluor 555 (Invitrogen, A32794), goat anti-rabbit IgG AlexaFluor 633

(Invitrogen, A21070).

Chemicals: carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (Sigma-Aldrich,
C2759), Mdivi-1 (Sigma-Aldrich, M0199), oligomycin A (Sigma-Aldrich, O4876), Spider-
BGal (Dojindo, SG02), rapalog (Takara Bio, 635056), BioTracker 519 Green B-Gal Dye

(Millipore Sigma, SCT025)

siRNAs: SIGMAR1 siRNA 1: hs.Ri.SIGMAR1.13.1 (IDT); SIGMAR1 siRNA

2: hs.Ri.SIGMAR1.13.2 (IDT), scrambled negative control DsiRNA: 51-01-19-09 (IDT).

Plasmid construction

Primer sequences are listed in Supplemental File S3. For the construction of LacZ
donors plasmids, LacZ a1-75, a1-147, and a1-782 were amplified using the common

forward primer Comdon-F and the reverse primers S-R, M-R, and L-R. The ER targeting
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sequence was amplified from pIx304-spGFP1-10-Ert'® with primers ER-F and ER-R.
Notl/Mfel-digested LacZ donor fragment and Mfel/BamHI-digested ERTAG were ligated

with Notl/BamHI-digested backbone (PQCXIP-mCherry retroviral vector).

For the construction of LacZ acceptors plasmids, LacZ Aa6-36, and Aa6-78 were
amplified respectively using the forward primers 1-F and 2-F, and a common reverse
primer Comrec-R. The mito targeting sequence was amplified from pLVX -Mitot-
spGFP11x21® with primers Mito_F and Mito_R. The Notl/Mfel-digested LacZ acceptor
fragment and Mfel/Notl-digested MitoTag were ligated with Notl/BamHI-digested

backbone (PQCXIP-PURO retroviral vector).

For the construction of VAPB, PTPIP51, and VAPB/PTPIP51 expressing plasmids,
the pUltra (Addgene Plasmid #24129) lentiviral vector is used as the backbone. The
marker was modified from GFP to hygromycin by amplifying the hygromycin resistance
gene with HYG_F and HYG_R and ligating into Agel/BsrGl-digested pUltra. VAPB was
amplified with VA_F and VA_R; PTPIP51 was amplified with PTP_F and PTP_R. VAPB
and PTPIP51 ORFs were inserted into pUltra_Hyg. For the construction of PDZD8
expressing plasmid, PDZD8-3XHA was amplified from pCAG-PDZD8HA with PDZ_F and

PDZ_R and inserted into PQCXIP-Neo digested with Notl/Agel.

The gRNA plasmids were constructed by inserting annealed oligos into the
lentiviral CRISPRia-v2 backbone (Addgene, 84832) at the BstXI/Blpl sites. For two
gRNAs targeting VAPB, the following oligonucleotides were annealed: YP.190 and YP.191;
YP.192 and YP.193. For the two gRNAs targeting PTPIP51, the following oligonucleotides
were annealed: YP.196 and YP.197; YP.198 and YP.199. For the two gRNAs targeting

PDZD8, the following oligonucleotides were annealed: YP.202 and YP.203; YP.204 and
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YP.205. The gRNA control had the following protospacer sequence:
gctcggtccegegtegtegg.

The TDP43 overexpression plasmid was constructed by amplifying the TDP43-
ORF with primers TDP43-1 and TDP43-2, and Gibson assembled onto pUltra-mCherry
based on Nhel/EcoRI digestion sites. The TDP43(G348C) overexpression plasmid was
constructed by amplifying the TDP43-ORF with primers TDP43-1/3 and TDP43-2/4 and

Gibson assembled onto pUIltra-mCherry based on Nhel/EcoRI digestion sites.

Cell culture and generation of stable cell lines
U20S and HEK293T cells were grown in DMEM supplemented with 10% fetal

bovine serum (FBS), 2 mM glutamine, and 1% penicillin-streptomycin, at 37°C with 5%
CO2. To produce retrovirus, HEK293T cells were transfected by the calcium phosphate
method with packaging plasmids (pVSV-G and pUMVC) and retroviral constructs. For
lentivirus production, HEK293T cells were transfected with pVSV-G, pA8.9, and lentiviral
constructs. Fresh media was added 12 h after transfection. 48 h after transfection, the
supernatant was collected and passed through a 0.45 pm syringe filter to remove cell
debris. HelLa cells or K562 cells were transduced in the presence of 8 ug/mL polybrene
(Sigma, H9268). To select for transduced cells, puromycin (1 ug/mL) or hygromycin (80

pg/ml) was applied for at least 3 days or 7 days, respectively.

Flow cytometry
Flow cytometry analysis was performed with the S3e™ Cell Sorter (488/561 nm).

For experiments knocking down endogenous MERCS tethers, BFP positive cells were

sorted on a CytoFLEX S (Beckman Coulter).
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To prepare for flow cytometry, cells were trypsinized, neutralized with Fluorobrite
complete medium, and spun down at 300 g for 8 mins. Cells are washed once with ice-
cold Fluorobrite complete medium and resuspended in Fluorobrite complete medium
containing 20 mM HEPES before analysis and sorting. All flow cytometry data were

analyzed in FlowdJo v10.8 Software (BD Life Sciences).

Immunostaining and live cell Imaging

Forimmunofluorescence imaging, cells were fixed in 4% paraformaldehyde in PBS,
washed three times with PBS, and permeabilized with 0.1% Triton X-100 for 30 mins.
Cells were washed three times with PBS and blocked in PBS containing 10% FBS for 30
mins. Fixed cells were further incubated overnight in the cold room with primary
antibodies. Cells were washed with PBS three times and incubated with secondary

antibodies at room temperature for 1 h and washed four times with PBS before imaging.

For measurements of mitochondria-ER colocalization, cells were washed and
incubated with complete DMEM medium containing 200 nM MitoTracker Deep Red FM
and 500 nM ER-Tracker Blue-White DPX for 30 mins at 37°C. Cells were washed three
times and incubated in complete Flourbrite medium containing 10% fetal bovine serum,

2 mM glutamine, and penicillin-streptomycin before live cell imaging.

For both Immunofluorescence imaging and live cell imaging, images were obtained
with a Zeiss LSM 710 confocal microscope (Carl Zeiss). Images were analyzed using

ImagedJ.
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Manders overlap coefficient analysis

For Figure 2A, the Manders overlap coefficients measure the fraction of Tomm20
signal that overlapped with MitoTag-Aa6-36 signal, and the fraction Calnexin signal that
overlapped with a1-782-ERTag signal. For Figure 2B, the Manders overlap coefficients
measure the fraction of Tomm20 signal that overlapped with Mitot—-spGFP11 signal, and
the fraction of Calnexin signal that overlapped with spGFP1-10—ERt signal. For Figure
2C, the Manders overlap coefficients measure the fraction of Tomm20 signal that
overlapped with spGFP1-10-ERt signal, and the fraction of Tomm20 signal that
overlapped with a1-782-ERTag signal. For Figure 4 and Figure 8, the Manders overlap
coefficients measure the fraction of ER-Tracker signal that overlapped with MitoTracker
signal. For Figure S2A, the Manders overlap coefficients measured the fraction of
Calnexin signal that overlapped with spGFP1-10—ERt signal. For Figure S2B, C, and D,
the Manders overlap coefficients measured the fraction of Calnexin signal that overlapped

with the TommZ20 signal.

Drug Treatments
The following drug concentrations were used: CCCP, 10 yM; Mdivi-1, 50 pyM,;

oligomycin A1, 10 pg/ml. Cells were incubated with these drugs for four hours before flow

cytometry or live-cell imaging.

Analysis of SpLacZ-MERCS dynamics

To analyze the dynamics of the SpLacZ-MERCS signal, eleven images from a

time-series were used for each cell. Fs,4.z(n) is defined as cell fluorescence level at

timepoint n measured by SpLacZ-MERCS. Dg,4.z(n) is the change in contact dynamics
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based on the SpLacZ-MERCS reporter signal at datapoint n. HDspracz is defined as the

mean value of the ten Dg,, 4., datapoints. Dg,;4.7(n) is defined as Dg, 4.7 at timepoint n

normalized to the mean Dg,; 4., Value.

M (n) is defined as the Manders overlap coefficient between mitochondria and ER

at timepoint n. Dyyeriqp(n) is the change in contact dynamics calculated based on

mitochondria/ER colocalization at datapoint n. 1D overiap is defined as the mean value of

the ten Dyyeriqp datapoints. Doyeriqp(n) is defined as Dyyeriqp at timepoint n normalized

to the mean Dyeriqp Value.

DSpLacZ(n) = FSpLacZ(n +1) - FSpLacZ(n) n=123,..,10) ..(Eq.1)

Mn+1)+Mm)
DOverlap(n) = 2 (n = 1, 2,3,,10) (ECIZ)

Dspracz(n) = tipg, 4
Dspracz(n) = —— DSpLacZ . 100% (n = 1,2, 3, ..., 10) ... (Eq. 3)

‘uDSpLacZ

D l (n) - ‘Ll veria
Dovertap () = —r Dovertan . 100% (n = 1,2,3, ..., 10) ... (Eq. 4)

‘uDOverlap

Rapalog-induced mitochondria-ER tethering
The constructs pLX208 CMV sTurbolD (C)-HA-FRB-ERM (Addgene plasmid

#153007) and pLX304 CMV OMM-FKBP-V5-sTurbolD (N) (Addgene plasmid #153006)
were used to induce artificial tethering between mitochondria and ER. Cells were
incubated with 500 nM rapalog and 50 uM of biotin for 24 h for immunofluorescence

imaging. For flow cytometry, cells were incubated with only rapalog.
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Statistical analysis

The statistical analysis was performed using GraphPad Prism 9. All data were
shown as mean % standard deviation; raw data are provided in Supplemental File S4.
Statistical analysis among different groups was performed with the Student's t-test.

p<0.0001; ***, p<0.001; **, p<0.01; *, p<0.05: ns, p=0.05.

Supporting information

Supplemental file S1 (PDF) contains Figures S1-S7. These figures contain details on: the
behavior of LacZ fragment pairs (Figure S1), the comparison of SpGFP-MERCS and
SpLacZ-MERCS subcellular localization (Figure S2), SplacZ-MERCS fluorescence
(Figure S3), the effect of mitochondrial drugs on the SpLacZ-MERCS signal (Figure S4),
manipulations increasing mitochondria-ER contacts (Figure S5), knockdown of
endogenous mitochondria-ER tethers (Figure S6), and disease gene expression or
knockdown (Figure S7). Supplemental file S2 is a time-lapse movie of Spider-BGal
fluorescence. Supplemental file S3 contains a list of DNA primers used in this study.

Supplemental file S4 contains raw data, included data points and full Western blots.

Abbreviations

ATP: adenosine triphosphate

BRET: bioluminescence resonance energy transfer
CCCP: carbonyl cyanide m-chlorophenyl hydrazone
ER: endoplasmic reticulum

FRET: fluorescence resonance energy transfer
GFP: green fluorescent protein

MERCS: mitochondria-endoplasmic-reticulum contact sites
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Figure 1. Constructs and concept of split LacZ-based mitochondria-ER contact site
(MERCS) reporter. (A) Schematic of the two mitochondria-targeted LacZ a acceptors
(Aa6-36, Aa6-78) and the three ER-targeted LacZ a donors (a1-75, a1-141, and a1-782).
The top green rectangle indicates the full-length LacZ gene. MitoTag is derived from the
N-terminal transmembrane sequence from Tomm70, and ERTag is derived from the C-
terminal transmembrane sequence from UBE2J2. IRES, internal ribosomal entry
sequence (B) Diagram of the SpLacZ-MERCS reporter concept. The LacZ fragments are

targeted separately to the surfaces of the mitochondria and ER. At regions where
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mitochondria and ER form contact sites (bottom panel), the split LacZ fragments are
brought close enough to allow reconstitution of a functional protein, which assembles into
tetramers. Non-fluorescent B-Gal substrate is then hydrolyzed into fluorescent or
colorimetric products. (C) Phase contrast images of cells containing 6 pairs of split LacZ
fragments after incubation with X-Gal. Images were taken with a 10X objective. (D)
Quantification of (C). Particle analysis in ImageJ was used to measure the fraction of cells
that were X-Gal positive. Data are shown as mean + s.d. 20,000 cells were analyzed for
each LacZ pair, in three independent experiments. *, p<0.0001. Statistical analysis was
performed with the Student's t-test. U20S cells were used. Scale bar = 200 ym. See also

Fig. S1.
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Figure 2. Comparison of the organellar targeting of SpLacZ-MERCS and SpGFP-
MERCS fragments. Each panel show representative images on the left and the
corresponding Manders coefficient analysis on the right. For the latter, three independent

experiments were performed, and the mean * s.d. for the combined dataset is shown. (A)
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Targeting of SpLacZ-MERCS fragments in cells expressing both components of SpLacZ-
MERCS. MitoTag-Aa6-36 (stained with anti-LacZ) was compared with the mitochondrial
marker Tomm20, and a1-782-ERTag (stained with anti-V5) was compared with the ER
marker Calnexin. 79 cells were analyzed for MitoTag-Aa6-36 and 65 cells for a1-782-
ERTag. (B) Targeting of SpGFP-MERCS fragments in cells expressing both components
of SpGFP-MERCS. MitoTag—-SpGFP11 was compared with the mitochondrial marker
Tomm20, and SpGFP1-10—ERTag was compared with the ER marker Calnexin. 74 cells
were analyzed for MitoTag—SpGFP11 and 72 cells for SpGFP1-10—-ERTag. (C)
Comparison of the subcellular localizations of ER fragments from SpGFP-MERCS and
SpLacZ-MERCS with the mitochondrial marker protein Tomm20. Both fragments were
stained via the V5 protein tag. 61 cells were analyzed for SpGFP1-10-ERTag and 61
cells fora1-782-ERTag. *, p<0.0001. Statistical analysis was performed with the Student's

t-test. U20S cells were used. Scale bar = 2.5 ym. See also Fig. S2.
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Figure 3. Comparison of b-galactosidase substrates for flow cytometry analysis of
mixed cell populations. (A) Reaction mechanism for conversion of HMRef-fGal
substrate into a soluble fluorescent product. The diagram is modified from Asanuma et
al(Asanuma et al., 2015). (B) Flow cytometry assay to determine cell autonomy of the
fluorescence signal. After incubation of U20S-WT and U20S-SpLacZ-MERCS cells with
HMRef-BGal (1 uM, 4 h), the two cell populations were mixed (blue) and compared by
flow cytometry to the original control and U20S-SpLacZ-MERCS cells. The mixed
population shows a single peak located between the control and U20S-SpLacZ-MERCS
cells. (C) Reaction mechanism for conversion of Spider-fGal substrate into a reactive
fluorescent product that covalently bonds with surrounding cellular proteins. The diagram
is modified from Doura et al(Doura et al., 2016). (D) Flow cytometry assay to determine
cell autonomy of fluorescence signal. After incubation with Spider-BGal (0.25 uM, 4 h), a
mixed population (blue) was compared to control and U20S-SpLacZ-MERCS cells. The

mixed population shows two separate peaks, one aligned with control cells and one
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aligned with U20S-SpLacZ-MERCS cells. At least 25,000 cells were analyzed in each
group per experiment. Three independent experiments were performed, and

representative plots are shown. U20S cells were used. See also Fig. S3.
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Figure 4. Effect of mitochondrial drugs on SpLacZ-MERCS signal. (A) Effect of

mitochondrial drugs on colocalization of mitochondria and ER. The U20S-SpLacZ-

MERCS cell line was treated CCCP (25 uM, 4 h), oligomycin A (10 uM, 4 h), Mdivi-1 (50

MM, 4 h), or vehicle. Mitochondria and ER were analyzed by staining with MitoTracker

and ER-Tracker. (B) Quantification of ER/mitochondrial colocalization under CCCP
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treatment, oligomycin A treatment, Mdivi-1 treatment, and non-treatment conditions.
Manders overlap coefficient analysis is explained in the Methods. Three independent
experiments were performed, and mean % s.d. for the combined data is shown *, p<0.0001.
In total, 68 cells were analyzed for the control; 63 cells were analyzed for CCCP; 75 cells
were analyzed for oligomycin A; 71 cells were analyzed for Mdivi-1. (C) Effect of selected
drugs on the SpLacZ-MERCS signal. Flow cytometry was used to quantify the SpLacZ-
MERCS reporter signal (0.25 yM Spider-pGal, 4 h). (D) Effect of mitochondrial drugs on
the Mito-ID signal. Mito-ID stains mitochondria regardless of membrane potential and can
be used as a proxy for mitochondrial mass. Flow cytometry was used to quantify the Mito-
ID signal. (E) Effect of mitochondrial drugs on the SpLacZ-MERCS signal after correction
for mitochondrial mass. Cells were incubated with Spider-Gal and Mito-ID and analyzed
by flow cytometry. The plot shows the Spider-BGal/Mito-ID ratio on the x-axis. For (C),
(D), and (E), a representative experiment from three independent experiments is shown.
At least 25,000 cells were analyzed in each group per experiment. U20S cells were used.

Scale bar = 2.5 ym. See also Fig. S4.
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Figure 5. Effect of native and artificial tethers on the SpLacZ-MERCS signal. (A)
Effect of over-expressed native tethers on the SpLacZ-MERCS signal. Flow cytometry
was used to quantify the SpLacZ-MERCS signal (0.25 pM Spider-pGal, 4 h) upon stable
expression of VAPB, PTPIP51, both VAPB and PTPIP51, and PDZD8. (B) Effect of

artificial tether on mitochondria/ER colocalization. Cells expressed the SpTurbolD FKBP-
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FRB system (tether). Upon rapalog (Rap) addition (bottom panel), mitochondria and ER
are artificially tethered. ER and mitochondria colocalization were analyzed by
immunofluorescence against Calnexin and Tomm20, respectively. Rapalog treatment
also reconstitutes biotinylation activity®”, which was detected by staining with streptavidin-
Alexa Fluor 633. (C) Effect of artificial tethering on the SpLacZ-MERCS signal. Flow
cytometry was used to quantify the SpLacZ-MERCS reporter signal (0.25 yM Spider-pGal,
4 h) in cells expressing the SpTurbolD FKBP-FRB system (Tether) or only one
component as a control (OMM-FKBP). Rapalog addition was used to mediate tethering
in the former. In (A) and (C), a representative experiment from three independent
experiments is shown. At least 25,000 cells were analyzed in each group per experiment.

U20S cells were used. Scale bar = 2.5 ym. See also Fig. S5.
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Figure 6. Effect of disruption of endogenous tethers on the SpLacZ-MERCS signal.
(A) Effects of VAPB, PTPIP51, and PDZD8 knockdowns on the SpLacZ-MERCS signal.
Flow cytometry was used to quantify the SpLacZ-MERCS signal (0.25 uM Spider-BGal,
4 h). (B) Effects of tether knockdowns on the SpGFP-MERCS reporter signal. Flow
cytometry was used to quantify the SpGFP-MERCS signal. In (A) and (B), a
representative experiment from three independent experiments is shown. At least 12,000

cells are analyzed in each group per experiment. U20S cells were used. See also Fig.

S6.
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Effect of SIGMAR1 knockdown on the SpLacZ-MERCS signal. In (A) and (B), U20S cells
were incubated with 0.25 yM Spider-BGal for 4 h, and flow cytometry was used to quantify
the SpLacZ-MERCS signal. A representative experiment from three independent
experiments is shown. At least 12,000 cells were analyzed for each sample per

experiment. See also Fig. S7.
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Figure 8. Tracking of MERCS dynamics by SpLacZ-MERCS reporter. (A)
Representative single frames from a time-lapse movie of cells harboring the SpLacZ-
MERCS reporter and treated with Spider-BGal (0.25 pM). (B) Comparison of contact
dynamics measured by the SpLacZ-MERCS reporter versus mitochondria/ER
colocalization in untreated cells. For the SpLacZ-MERCS reporter, "normalized contacts
dynamics" is calculated at each timepoint as the difference in fluorescence intensity
between the last and the current timepoint, normalized to the mean fluorescence value
(Eq.1, 3). For mitochondria-ER colocalization, "normalized contacts dynamics" at each

timepoint is the average of the Manders coefficient for mitochondria-ER colocalization for
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the last and current timepoint, normalized to the mean value (Eq.2, 4). Negative values
indicate decreasing MERCS levels; zero indicates unchanged MERCS levels; positive
values indicate increasing MERCS levels. The plots indicate the temporal fluctuations in
MERCS dynamics occurring during normal culture. (C) Comparison of contacts dynamics
measured by the SpLacZ-MERCS reporter versus mitochondria/ER colocalization, after
oligomycin A addition. Note that both measurements show progressive increases in
MERCS content with time. (D) Correlation of the dynamics of the SpLacZ-MERCS signal
to that of mitochondria/ER colocalization. Pearson correlation constants are shown for
untreated cells and cells treated with oligomycin A. Data are shown as mean = s.d. for 5
cells. (E) The ranges of the contact dynamics measured by SplLacZ-MERCS and
mitochondria/ER colocalization in untreated cells. (F) The ranges of the contact dynamics
measured by SpLacZ-MERCS and mitochondria/ER colocalization after oligomycin A
addition. For (E) and (F), three independent experiments were performed to yield 50

datapoints, and the mean % s.d. is shown. U20S cells were used. Scale bar = 2.5 pm.

101



102

Supplementary Figures
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Figure S1. Screening of LacZ fragment pairs targeted to mitochondria and ER. (A)
LacZ activity in U20S cells containing split-LacZ reporters. Cells expressing the indicated
split LacZ pairs were fixed, stained with X-Gal, and imaged with a 63X objective. (B) LacZ
activity in U20S cells expressing only one LacZ fragment. None of them produce a strong
X-Gal signal. Images were taken with a 10X phase contrast objective. (C) Cells
expressing only one LacZ fragment under 63X objective. Scale bar = 30 ym in (A) and

(C), and 200 pm in (B).
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Figure S2. spGFP1-10—ERt localization and effect of SpLacZ-MERCS reporter on
ER/mitochondria contacts. Each panel show representative images on the left and the
corresponding Manders coefficient analysis on the right. For the latter, three independent

experiments were performed, and the mean * s.d. for the combined dataset is shown. (A)
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Targeting of spGFP1-10—-ERt in U20S cells when expressed alone. spGFP1-10-ERt was
compared with the ER marker Calnexin. In total, 70 cells were analyzed. (B) Confocal
and Airyscan super-resolution images of mitochondria/ER colocalization upon
overexpression of VAPB/PTPIP51 or artificial tether. Immunofluorescence was used to
identify mitochondria (Tomm20) and ER (Calnexin). In total, 87 cells of WT, 91 cells for
VAPB/PTPIP51 overexpression, and 87 cells for tether overexpression were analyzed
under the confocal setting; 20 cells each for WT, VAPB/PTPIP51 overexpression, and
tether overexpression were analyzed under the Airyscan super-resolution setting. (C)
Representative confocal and Airyscan super-resolution images of mitochondria-ER
colocalization upon VAPB or PDZD8 knockdown. In total, 84 cells for control gRNA, 103
cells for PDZD8 gRNA, and 92 cells for VAPB gRNA were analyzed under the confocal
setting; 20 cells each for WT, VAPB knockdown, and PDZD8 knockdown were analyzed
under the Airyscan super-resolution setting. (D) Colocalization between mitochondria and
ER for wildtype U20S cells and U20S cell expressing the SpLacZ-MERCS reporter,
analyzed by confocal microscopy. In total, 65 cells were analyzed for WT, and 66 cells
were analyzed for SpLacZ-MERCS. *, p<0.0001. Statistical analysis was performed with

the Student's t-test. Scale bar = 2.5 ym.
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Figure S3. Use of Spider-bGal as a substrate. (A) Spider-BGal fluorescence analyzed
by flow cytometry (0.25 uM Spider-BGal, 4 h) in U20S cells. Only cells that harbor the full
SpLacZ-MERCS reporter show a fluorescent signal increase. (B) The cellular retention of
Spider-BGal fluorescence investigated by flow cytometry in U20S cells. After incubation
with Spider-Gal (0.25 pM, 4 h), cells were placed in medium lacking Spider-pGal for up
to 6 h. Three independent experiments were performed, each with 20,000 cells analyzed

per sample.
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Figure S4. Effect of mitochondrial drugs on the SpLacZ-MERCS reporter. (A) Effect
of mitochondrial drugs on U20S cells expressing cytosolic, full-length LacZ. Flow
cytometry was used to quantify LacZ signal in cells treated with the indicated drug
treatments (0.25 uM Spider-fGal, 4 h). (B) Effect of mitochondrial drugs on the SpGFP-
MERCS reporter. Flow cytometry was used to quantify SpGFP-MERCS signal in cells
treated with the indicated drug treatments. No significant differences in SpGFP-MERCS
signal were observed between CCCP, oligomycin A, Mdivi-1 and control. (C) Effect of
substrate incubation time on SpLacZ-MERCS signal. Flow cytometry was used to quantify
the SpLacZ-MERCS signal (0.25 uM Spider-Gal) from cells with and without oligomycin
A at different incubation times. (D) Effect of substrate concentration on SpLacZ-MERCS
signal. Cells with and without oligomycin A treatment were incubated with the indicated
substrate concentrations. (E) Oligomycin A titration of SpLacZ-MERCS signal. U20S
Cells were treated with the indicated concentrations of oligomycin A for 4 h before Spider-
bGal incubation and flow cytometry analysis. For (A-E), three independent experiments
were performed, and a representative experiment is shown. At least 12,000 cells were

analyzed for each sample per experiment.
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Figure S5. Subcellular localization of over-expressed native tethers and artificial
tethering mechanism (A) Localization of expressed VAPB, PTPIP51, and PDZDS8 in
U20S cells. Images in third row show cells with co-expression of Myc-tagged VAPB and
Flag tagged PTPIP51. Scale bar = 2.5 uym. (B) Diagram of the artificial induction of

mitochondria-ER contact using SpTurbo-FKBP-FRB constructs®’. When rapalog is added,
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FKBP and FRB strongly interact to induce mitochondria-ER tethering, thereby providing

a test of the SpLacZ-MERCS system.
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Figure S6. Effect of knockdown of endogenous mitochondria-ER tethers. (A)
Western blot analysis of CRISPRi knockdown against VAPB, PTPIP51, and PDZD8.
gRNACc is a non-targeting control gRNA. (B) Cells containing the indicated endogenous
tether knockdown were stained with Mito-ID and analyzed by flow cytometry. (C)
Quantification of gRNA knockdown by Western blot analysis. For VAPB, gRNA1 was
consistently more effective than gRNAZ2. (D) Flow cytometry analysis of different gRNAs
on the SpLacZ-MERCS reporter signal. U20S cells were used. At least 15,000 cells were

analyzed in each sample, in three independent experiments.
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TDP43-HA TDP43(G348C)-HA

Figure S7: Disruption of disease-related genes. (A) Western blot confirming
expression of TDP43 (WT) and TDP43 (G348C). GAPDH was used as a loading control.
(B) Immunofluorescence staining of expressed TDP-43 (WT) and TDP43 (G348C). TDP-
43 is reported to be a predominantly nuclear protein, with some shuttling to the cytosol.
(C) Western blot analysis of SIGMAR1 siRNA knockdown in U20S cells. Two siRNAs

against SIGMAR1 were used. scRNA is a scrambled siRNA. Scale bar = 2.5 ym.
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Abstract

The mitochondria-endoplasmic reticulum contact site (MERCS) is critical for calcium
exchange, phospholipid transfer, and bioenergetics. Dysregulation of MERCS is
implicated in numerous pathological conditions, including cancer and neurodegenerative
diseases. Employing a genome-wide CRISPRI screen, we uncover the ability of the small
GTPase RHOA to tune the cellular MERCS level. RHOA knockdown, or increasing its
degradation by CUL3 overexpression, reduces the MERCS level; conversely,
upregulation of RHOA increases the MERCS level. RHOA binds to the ER protein VAPB
and regulates complex formation between VAPB and mitochondrial PTPIP51, which form
a tethering complex at the interface between ER and mitochondria. Furthermore, this
regulatory mechanism is perturbed by disease alleles of RHOA, CUL3, and VAPB
involved in cancer, hyperkalemia, and neurodegeneration, suggesting that MERCS may
be affected in a range of pathological conditions. This study identifies RHOA as a
regulator of mitochondria-ER communication, providing mechanistic insights into the
dynamic remodeling of MERCS and potential therapeutic targets for diseases linked to

MERCS dysfunction.

Key words: mitochondria, endoplasmic reticulum, contact sites, organelles, RHOA
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Introduction

Mitochondria and endoplasmic reticulum (ER) form a network of membrane
interfaces known as mitochondria-ER contact sites (MERCS). These contact sites
regulate essential cellular processes that require communication between the organelles,
including lipid metabolism, calcium signaling, mitochondrial dynamics, and bioenergetics
(Giacomello & Pellegrini, 2016; Wilson & Metzakopian, 2020; Xia et al., 2019). Several
pairs of mitochondrial and ER membrane proteins have been shown to function as
MERCS tethers that bridge and stabilize the interacting surfaces between the two
organelles. For example, VAPB and PTPIP51 physically interact to form an inter-
organellar tethering complex important for communication between mitochondria and ER
(Gomez-Suaga et al., 2017; Stoica et al., 2014). Live tracking of single VAPB molecules
shows that they have rapid associations and dissociations with MERCS, reflecting their
dynamic interaction with PTPIP51 (Obara et al., 2024). Other MERCS proteins include
IP3R, VDAC, PDZD8, and MFN2 (Basso et al., 2020; De Brito & Scorrano, 2008;
Hirabayashi et al., 2017). Aberrant regulation of MERCS has been linked to several
human diseases, including cancer, neurodegenerative disorders, and metabolic diseases,
emphasizing the need to understand better the regulation of MERCS and their functional

roles in health and disease (An et al., 2024; Rieusset, 2018; Wilson & Metzakopian, 2020).

The RHO family of small GTPases--with the canonical members RHOA, RAC1,
and CDC42--is widely recognized for its involvement in regulating the actin cytoskeleton,
cell migration, vesicular trafficking, and other cellular processes (Eckenstaler et al., 2022;
Mosaddeghzadeh & Ahmadian, 2021; Spiering & Hodgson, 2011). RHOA has been

characterized primarily for its role in cytoskeletal dynamics and cell contractility. The level
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of RHOA is controlled by CUL3, a component of the Cullin-RING E3 ubiquitin ligases
(CRLs) that ubiquitylate substrate proteins and targets them to the 26S proteasome for
destruction (Amar et al., 2021; Chen et al., 2009; Lin et al., 2023). The dynamic regulation
of RHOA by CUL3 has been shown to play a significant role in various pathological

conditions.

Because both the mitochondria and ER are dynamic organelles, their interactions
are also dynamic and depend on cell physiology (Yang et al., 2018). The dynamics of
MERCS has been shown to control or depend on various cellular processes, including
calcium homeostasis (Grossmann et al., 2023; Rizzuto et al., 1998), cellular stress
(Bravo et al., 2011; Eisner et al., 2018), mitochondrial fission (Friedman et al., 2011), and
cell cycle (Yu et al., 2024). To identify genes modulating these contact sites, we utilized a
genome-wide CRISPRi screen (Horlbeck et al., 2016) in cells containing a MERCS
reporter (Yang & Chan, 2024). We identify and verify RHOA and its CUL3 degradation
pathway as regulators of MERCS. Protein interaction studies show that RHOA directly
binds to VAPB and controls the association of the VAPB/PTPIP51 tethering complex. This
study provides insight into the molecular regulation of MERCS and suggests the
therapeutic potential for targeting RHOA and its CUL3 degradation pathway in diseases

linked to altered mitochondria-ER communication.
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Results and Discussions

CRISPRI screen identifies RHOA and its CUL3/BACURD3
degradation pathway as regulators of MERCS
To identify regulators of MERCS, we transduced a genome-wide CRISPRI library

(Horlbeck et al.,, 2016) into K562 cells carrying dCas9-KRAB, an engineered
transcriptional repressor, and SpLacZ-MERCS (Yang & Chan, 2024), a MERCS reporter
that integrates the MERCS information over time in live cells, thereby mitigating the effect
of transient fluctuations in MERCS. We co-stained cells with MITO-ID Red, a dye that
stains mitochondria independently of membrane potential, to control for potential changes
in mitochondrial mass caused by gene knockdowns. By normalizing the SpLacZ-MERCS
signal to the MITO-ID Red signal, we segregated cells by fluorescence-activated cell
sorting (FACS) based on the MERCS level per unit of mitochondria (Fig. 1A). sgRNAs for
positive MERCS regulators would be enriched in the low MERCS subpopulation and vice
versa. The screen successfully identified multiple genes previously identified as affecting
MERCS, including the positive factors VAPB, PTPIP51, DRP1, PDZD8, MTCH2, and
MTOR, and the negative factors VPS13D and PINK1 (Adachi et al., 2020; Betz et al.,
2013; Du et al., 2021; Goldman et al., 2024; Ham et al., 2023; Hirabayashi et al., 2017;
McLelland et al., 2018; Stoica et al., 2014) (Fig. 1B). The effect of these hits was
reproduced by individual gene knockdown, validating the robustness of our screening

approach (Fig. 1C, S1A).

Among the novel hits, RHOA, CUL3, and BACURD3 (KCTD10) emerged as strong
candidates for further investigation, with knockdown of RHOA reducing MERCS, and

knockdown of CUL3 or BACURD3 having the opposite effect (Fig. 1D). These three
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proteins are known to form a regulatory network. RHOA is a small G protein that regulates
cytoskeletal dynamics by binding to effectors in its active GTP-bound state (Spiering &
Hodgson, 2011). CUL3 targets RHOA for ubiquitination, using the BACURD family of
substrate adaptors to specifically bind to RHOA (Amar et al., 2021; Chen et al., 2009;
Skoblov et al., 2013; Spiering & Hodgson, 2011). We confirmed that knockdown of RHOA
decreased the MERCS level (Fig. 1E). In contrast, knockdown of CUL3 or BACURD3
increased both RHOA abundance (Fig. S1B) and the MERCS level (Fig. 1E). These
results confirm the role of CUL3 and BACURDS in degrading RHOA (Fig. 1F) and show
that downregulation and upregulation of RHOA have opposite effects on MERCS in the
cell. To further test the role of RHOA, we measured mitochondria-ER proximity by two
alternative assays: overlap of mitochondria and ER immunostaining and a proximity
ligation assay (PLA) (llamathi et al., 2024) with antibodies against TOMM20 and CANX.
Both assays showed that the knockdown of RHOA caused a reduction in MERCS (Fig.

1G-J).

RHOA, CUL3 and their disease mutants regulate MERCS
Having observed that RHOA depletion downregulates MERCS, we established

cells overexpressing RHOA or the disease-associated mutant RHOAY42C, The RHOAY42C
allele is commonly found in diffuse gastric cancer and is associated with cytoskeletal
remodeling and cancer progression (Zhang et al., 2019; Zhou et al., 2014). This disease
allele favors the maintenance of the active GTP-bound conformation (Zhang et al., 2019).
Overexpression of RHOA increased the signal from the SpLacZ-MERCS reporter (Fig.
2A, S2A). This effect on MERCS was supported by an increased overlap of mitochondrial

and ER staining (Fig. 2B-C). In both assays, the RHOAY42C mutant had a slightly more
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substantial effect that did not reach statistical significance (Fig. 2A-C). The PLA assay for
mitochondria-ER  proximity also validated the increase in MERCS by RHOA

overexpression (Fig. 2D-E, S2B).

Overexpression of wildtype CUL3 reduced the level of RHOA (Fig. S2C) and
caused a reduction in SpLacZ-MERCS signal (Fig. 2F). The CUL32° mutant, consisting
of deletion of exon 9, is found in familial hyperkalemia and hypertension. It is a dominant-
negative mutant that disrupts the dynamic cycling of CRL3 complexes and results in the
accumulation of CRL3 substrates, including RHOA (Ibeawuchi et al., 2015; Kouranti et
al., 2022). In contrast to the expression of wildtype CUL3, Cul32° overexpression
substantially increased the level of RHOA (Fig. S2C), as expected for a block in RHOA
degradation, and increased MERCS (Fig. 2F). These results were confirmed with
quantification of mitochondria-ER overlap (Fig. 2G-H). Taken together, these observations
suggest that the level of RHOA is a critical modulator of the physical interaction between

mitochondria and ER.

RHOA controls calcium transfer between ER and mitochondria

Given that MERCS play a crucial role in regulating calcium signaling between the
ER and mitochondria (Rizzuto et al., 1998), we tested whether RHOA disruption affected
calcium transfer. Utilizing genetically encoded calcium indicators targeted to the ER
(GCaMPer) and mitochondria (mito-R-GECO1) (Fig. 3A), we measured calcium flux from
the ER to mitochondria (Bravo et al., 2011; Grossmann et al., 2023; Henderson et al.,
2015; Wu et al., 2013) when RHOA function was disrupted by RHOA knockdown or
pharmacological inhibition with Rhosin, a drug that blocks activation of RHOA by its

guanine nucleotide exchange factor. The basal calcium level for each compartment was
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unaffected by either manipulation (Fig. S3). However, live-cell imaging revealed that
downregulation or inactivation of RHOA substantially depressed mitochondrial calcium

uptake triggered by thapsigargin (Fig. 3B-C).

RHOA regulates MERCS independently of DRP1 and actin
Previous studies reported that RHOA stimulates the ROCK1 kinase to

phosphorylate and activate DRP1 (Brand et al., 2018; Qu et al., 2022). Therefore, it is
important to evaluate whether the effects of RHOA on MERCS are secondary to DRP1.
We confirmed that RHOA overexpression and knockdown had the expected opposing
effects on mitochondrial morphology, with overexpression of RHOA causing an increase
in mitochondrial fragmentation, and RHOA knockdown causing elongation (Fig. 4A-B).
However, the knockdown of DRP1 did not prevent the increase in MERCS caused by

RHOA overexpression (Fig. 4C-D).

Studies have also suggested that the formation of MERCS is associated with the
local assembly of actin filaments, and thus we investigated whether the effect of RHOA
on MERCS was secondary to an effect on actin reorganization (Moore et al., 2016; Steffen
& Koehler, 2018). RHOA overexpression promoted a moderate increase in actin filaments,
but we did not detect a reorganization of actin filaments towards either mitochondria or
ER (Fig. S4A-C). These findings suggest that the regulation of MERCS is a separate

function of RHOA, distinct from its roles in Drp1 regulation and actin dynamics.

RHOA is required for remodeling of MERCS upon inhibition of
ATP synthase

Previous studies showed that oligomycin treatment causes remodeling of MERCS

(Yang et al., 2018; Yang & Chan, 2024). Consistent with these studies, the addition of
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oligomycin A to inhibit ATP synthase resulted in a strong increase in MERCS (Fig. 5A-B).
To determine whether RHOA is involved in this change, we inhibited RHOA function with
Rhosin and observed abrogation of the MERCS increase (Fig. 5A-B). Moreover, similar
results were found with Drp1 knockdown cells (Fig. 5C-D). This result suggests that the

increase in MERCS induced by oligomycin depends on RHOA but not Drp1.

Upregulation of MERCS by the VAPB/PTPIP51 tether requires
RHOA

VAPB interacts with PTPIP51 to mediate tethering between the ER and
mitochondria, and overexpression of the VAPB/PTPIP51 tether results in a substantial
increase in contact sites (De Vos et al., 2011; Stoica et al., 2014). Data from a BiolD study
suggested VAPB as a potential member of the proximity interaction network of RHOA
(Bagci et al., 2019). We therefore investigated if RHOA plays a role in the control of
MERCS by VAPB/PTPIP51. Consistent with its tethering function, overexpression of
VAPB/PTPIP51 strongly increased the overlap of mitochondria and ER. Interestingly, this

effect was completely abrogated by the knockdown of RHOA (Fig. 6A-B, S5A).

Consistent with its role in regulating MERCS, a significant fraction of endogenous
RHOA co-localized with the ER marker CANX (Fig. S5B-C) (Choy et al., 1999).
Overexpression of VAPB/PTPIP51 led to increased recruitment of endogenous RHOA to
both ER and mitochondria, as observed through fluorescence microscopy (Fig. 6C-D).
Expressed RHOA-GFP shows higher proximity to both VAPB and PTPIP51 compared to

GFP control (Fig. S5D-G).
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RHOA regulates the formation of the VAPB/PTPIP51 tethering
complex

The data above raise the issue of whether RHOA physically interacts with the
VAPB/PTPIP51 tether. In cells expressing RHOA-GFP, immunoprecipitation with an anti-
GFP nanobody pulled down both endogenous VAPB and PTPIP51 (Fig. 7A). In contrast,
RHOA showed no binding to PDZD8, an alternative MERCS tether, or control proteins
such as CALR (Calreticulin). In addition, immunoprecipitation of endogenous VAPB pulled
down RHOA-GFP (Fig. S6A). These results suggest the formation of a complex between

RHOA, VAPB, and PTPIP51.

We used PLA and immunoprecipitation to evaluate the effect of RHOA on the
formation of the VAPB/PTPIP51 complex. PLA analysis using VAPB and PTPIP51
antibodies indicated a large increase in signal after RHOA overexpression (Fig. 7B-C).
Furthermore, we found that the interaction of endogenous VAPB and RHOA increased
substantially upon PTPIP51 overexpression (Fig. 7D-E, S6B). As expected,
immunoprecipitation of endogenous VAPB pulled down PTPIP51 (Fig. 7F, H). The
efficiency of this co-immunoprecipitation was substantially enhanced upon RHOA
overexpression (Fig. 7F-G). Conversely, the knockdown of RHOA or pharmacological
inhibition by Rhosin resulted in a reduced association of endogenous VAPB and PTPIP51
(Fig. 7H-I1). Therefore, the levels of RHOA control the efficiency of VAPB/PTPIP51

association.

Direct binding of RHOA to VAPB

To better understand the physical interaction between RHOA and the

VAPB/PTPIP51 complex, we attempted its reconstitution with recombinant proteins.
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Recombinant VAPB, PTPIP51, and RHOA proteins, including hyperactive G14V, Y42C,
and inactive T19N mutants (Chen et al., 2022; Zhang et al., 2019), were recombinantly
produced and purified (Fig. S7A). We first evaluated how the RHOA mutations affected
binding to the Rhotekin RHO binding domain (RBD), an effector fragment that is used to
probe the GTP-bound RHOA (Reid et al., 1996). Consistent with their known effects on
GTP occupancy, the G14V and Y42C mutants of RHOA had increased RBD binding
compared to wildtype RHOA, whereas the T19N mutant was almost completely deficient

(Fig. S7B-C).

Pull-down assays revealed that RHOA binds directly to VAPB. The G14V and
Y42C mutants showed increased VAPB binding, with G14V having the greater effect. In
contrast, T19N showed no binding (Fig. 8A-B). Because the G14V and Y42C mutants
favor the GTP-bound state, these results suggest that the binding of RHOA to VAPB is
GTP-dependent. Supporting this idea, RHOA association with VAPB was substantially
enhanced in the presence of the nonhydrolyzable GTP analog GPPNHP (Fig. S7D-E).
RHOA did not bind to PTPIP51 alone (Fig. 8C). In assays containing RHOA, VAPB, and
PTPIP51, VAPB co-immunoprecipitated both RHOA and PTPIP51 (Fig. 8D). The
interaction between VAPB and RHOA was not affected by PTPIP51 (compare Fig. 8E to
8B), and the interaction between VAPB and PTPIP51 was not affected by the presence

of RHOA (Fig. 8F), in contrast to the results from mammalian cell lysates (Fig. 7B-C, F-I).

The disease allele VAPBP%6S causes some forms of amyotrophic lateral sclerosis
(ALS) and has been shown to be aggregation-prone and associated with aberrant
MERCS (Aliaga et al., 2013; De vos et al., 2011; Obara et al., 2024; Suzuki et al., 2009;

Yamanaka et al., 2020). Binding studies revealed that the VAPBP®S mutant was
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substantially defective in binding to both PTPIP51 (Fig. 8G-H) and RHOA (Fig. 8I-J).
These results suggest that the P56S mutation disrupts the interaction of VAPB with its

binding partners.
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Conclusions

MERCSs function as signaling hubs to coordinate the activity of ER and
mitochondria, including their roles in calcium homeostasis, phospholipid biosynthesis,
bioenergetics, and mitochondrial dynamics. These functions are regulated depending on
cell physiology, and there is evidence that MERCS can be dynamically remodeled (Yang
et al., 2018; Yang & Chan, 2024; Yu et al., 2024). Because MERCS are stabilized by
several tethering complexes, it has been unclear how the contact sites can be remodeled
in accordance with cellular needs. Our study identifies RHOA as a potent regulator of
MERCS, a function distinct from its well-characterized roles in cytoskeletal dynamics and
cellular homeostasis. By manipulating the abundance of RHOA, the MERCS level can be
tuned up or down. This property appears to stem from the direct binding of RHOA with
VAPB and its modulation of the VAPB/PTPIP51 complex, which functions as a major
MERCS tether. Using immunoprecipitation and PLA assays, we find that RHOA controls
the physical association of VAPB and PTPIP51, with a corresponding effect on the
MERCS level. The binding of VAPB to PTPIP51 has been shown to facilitate calcium
transfer between ER and mitochondria (Gomez-Suaga et al., 2017; Stoica et al., 2014).
We find that RHOA is required for proper calcium transfer between ER and mitochondria,

and oligomycin-induced remodeling of MERCS.

With recombinant proteins, we found direct binding of RHOA to VAPB in a GTP-
dependent manner. These results suggest that VAPB is a likely effector of RHOA.
Although the role of RHOA in regulating the VAPB/PTPIP51 interaction was clear in
mammalian cells, we were unable to fully reconstitute that regulatory effect with purified

recombinant proteins. This discrepancy likely reflects deficiencies in our reconstituted
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system, including the possibility of the recombinant fusion proteins not maintaining all
functions, missing cofactors or chaperones, lack of key post-translational modifications,

or lack of critical spatial constraints, such as membrane localization.

Our study suggests that dysregulation of MERCS may be a factor in several
diseases. The gain-of-function RHOAY42C mutant is commonly found in diffuse gastric
cancer and has been suggested to increase focal adhesions (Zhang et al., 2019),
consistent with the well-known role of RHOA in cytoskeletal dynamics. We found that
RHOAY42C expression increases MERCS, and the physiological relevance of this feature
should be examined in cancer cells carrying this allele. The CUL32° mutant found in
familial hyperkalemic hypertension has a dominant-negative effect due to trapping of
substrate adaptors (Kouranti et al., 2022). Its overexpression results in increased RHOA
levels and increased MERCS. Finally, we found that the ALS allele VAPBP5S has reduced
interaction with RHOA and PTPIP51, and therefore, the MERCS regulatory mechanism
identified in this study is potentially affected. These insights suggest that MERCS may be
affected by a broad range of diseases. Because of its role in regulating MERCS, the
RHOA/CUL3/VAPB/PTPIP51 pathway identified here may present viable targets for

therapeutic intervention in diseases associated with MERCS dysfunction.

134



135

Methods

Antibodies and reagents
Primary antibodies: TOMM20 (Santa Cruz BioTech, sc-17764, sc11415), CANX

(Proteintech, 66903-1-lg), FLAG M2 (Sigma, F1804-200UG), HA.11 (Covance, MMS-
101R), PDZD8 (Proteintech, 25512-1-AP), VAPB (Proteintech, 14477-1-AP and 66191-
1-1g), PTPIP51 (Proteintech, 20641-1-AP), MTOR (Proteintech, 28273-1-AP), MTCH2
(Proteintech, 16888-1-AP), PINK1 (Proteintech, 23274-1-AP), VPS13D (Proteintech,
29387-1-AP), DRP1 (ABCAM, ab184247), RHOA (Cell Signaling, 2117S), CUL3
(Proteintech, 11107-1-AP), BACURDS3 (Proteintech, 27279-1-AP), TUBA1B (Proteintech,

66031-1-lg), GAPDH (Proteintech, 10494-1-AP), and GFP (Takara Bio USA, 632381).

Secondary antibodies: goat anti-mouse IgG (H+L)-HRP (Jackson
ImmunoResearch, 115-035-003), goat anti-rabbit I1gG (H+L)-HRP (Jackson
ImmunoResearch, 111-035-003), donkey anti-mouse IgG Alexa Fluor 405 (Abcam,
ab175658), donkey anti-mouse IgG Alexa Fluor 488 (Invitrogen, A21202), donkey anti-
rabbit 1IgG Alexa Fluor 555 (Invitrogen, A32794), goat anti-rabbit IgG Alexa Fluor 633

(Invitrogen, A21070), goat anti-mouse IgG (whole molecule)—-agarose (Sigma, A6531).

Chemicals: oligomycin A (Sigma-Aldrich, O4876), SPIiDER-BGal (Dojindo, SG02),
Rhosin (Cayman Chemical, 36415), GppNHP (Abcam, ab146659), MITO-ID-Red (ENZO,

ENZ-51007), and thapsigargin (Sigma, T9033-1MG).

Plasmid construction
For the construction of CRISPRi knockdown plasmids, the top two ranked sgRNA

sequences were retrieved from a previous study (Horlbeck et al., 2016). Primers,

including the sgRNA sequences, are listed in Table S1. The annealed oligos for each
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sgRNA were inserted into the pLG1-puro-non-targeting-sgRNA-3 plasmid digested with

BstXI/Blpl.

For the RHOA-GFP construct, RHOA-GFP was amplified by RHOA OE_F and
RHOA OE_R from pcDNA3-EGFP-RHOA-wt (Addgene:12965) and assembled into
Agel/EcoRI digested pUltra backbone by Gibson assembly. For the RHOAY42C-GFP
construct, RHOA-GFP was amplified in two segments by primer pairs
RHOA OE_F/RHOA Y42C R and RHOA _Y42C F/RHOA OE_R. These segments
were assembled into Agel/EcoRI digested pUltra backbone by Gibson assembly. For the
non-fluorescent RHOA constructs, the above plasmids were re-amplified using
RHOA_NOF_F/RHOA _NOF_R and inserted into BamHI/EcoRlI digested pUltra-Puro. For
the CUL3-mCherry construct, CUL3 was amplified from 3xFLAG-CUL3-pCMV7.1
(Addgene:155021) with primers CUL3_F and CUL3_R. mCherry was amplified with
primers mCherry-F/mCherry_R. The two fragments were assembled into Agel/EcoRI
digested pUltra backbone by Gibson assembly. For the Cul32%-mCherry construct, CUL3
was amplified with CUL3 F/Delta9 R and Delta9 F/CUL3 R to create the deletion.
VAPB/PTPIP51 overexpression and PTPIP51 overexpression constructs have been

described (Yang & Chan, 2024).

For recombinant expression, VAPB was amplified with VAPB_F/VAPB_R from
pUltra_VAPB_PTPIP51, digested with BamHI/EcoRI and ligated into the pET28a(+)
plasmid. For VAPBP%6S, two fragments are amplified using
VAPB_P56S _BB_F/VAPB_P56S R and VAPB_P56S_F/VAPB_P56S BB R and
assembled into BamHI/EcoRI digested pET28a(+) by Gibson assembly. PTPIP51 was

amplified with PTPIP51_F/PTPIP51_R from pUltra_VAPB_PTPIP51, digested with
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BamHI/EcoRI and ligated into pGEX-4T-2 plasmid. RHOA and RHOAY42C were amplified
with RHOA_RECOM_F/RHOA_RECOM_R from RHOA-GFP and RHOAY4C-GFP
constructs. For the RHOA®' construct, two fragments are amplified with
Backbone F/G14V_R and G14V_F/Backbone R from pET28a-RHOA and Gibson
assembled into pET28a-RHOAC'V. For the RHOAT'SN construct, two fragments are
amplified by Backbone F/T19N_R and T19N_F/Backbone_R from pET28a-RHOA and

Gibson assembled into pET28a-RHOAT™N,

Cell culture and generation of stable cell lines
K562 cells were grown in HyClone™ RPMI 1640 media containing 5 mM HEPES,

2 mM glutamine, 1% penicillin-streptomycin, and 10% fetal bovine serum (FBS). U20S
and HEK293T cells were grown in DMEM supplemented with 2 mM glutamine, 1%
penicillin-streptomycin, and 10% FBS. All cells were incubated at 37°C with 5% CO2. To
produce lentivirus, HEK293T cells were transfected by TransIT-LT1 Transfection Reagent
(Mirus, MIR2300) with packaging plasmids (pVSV-G and pA8.9) and lentiviral constructs.
48 h after transfection, the supernatant was collected and passed through a 0.45 ym
syringe filter to remove cell debris. U20S cells or K562 cells were transduced in the
presence of 10 ug/mL polybrene (Sigma, H9268). To select for transduced cells,
puromycin (1 ug/mL) or hygromycin (80 pg/ml) was applied for at least 3 days or 7 days,

respectively.

CRISPRI screening and analysis

A genome-wide CRISPR interference (CRISPRIi) screen was conducted in
duplicate following an established protocol (Horlbeck et al., 2016). The hCRISPRi-v2

pooled library (Addgene #83969), designed to target 18,905 human genes with five single
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guide RNAs (sgRNAs) per gene, was introduced into K562 cells carrying the dCas9-
KRAB transcriptional repressor and the SplLacZ-MERCS reporter via lentiviral
transduction. The viral load was titrated to ensure that 25-30% of the cells were BFP-
positive at 48 h post-infection to reduce the chance that cells were infected with multiple
sgRNAs. Infected cells were expanded in 0.5 L media in 1 L spinner flasks to maintain

optimal culture conditions.

Two days after transduction, cells underwent library selection with 1 ug/mL
puromycin for three days. Puromycin-containing media was replenished every 24 h.
Following selection, cells were allowed to recover for 48 h before switching to media
lacking phenol red and supplemented with 0.3 yM SPIDER-BGal and 20000-fold diluted
MITO-ID-Red. Cells were sorted and analyzed using a BD FACS Aria Fusion Cell Sorter.
BFP expression was used to ensure the retention of sgRNA. Based on the ratio of
SPIiDER-BGal signal vs. MITO-ID Red, the top 25% and bottom 25% of the population
were collected, equal to approximately 40 million cells per group. A comparable number
of unsorted cells were also collected as a reference control. Cells were spun down at 500

g for 10 min and snap-frozen in liquid nitrogen

Genomic DNA extraction, library preparation, and sequencing
After extraction of genomic DNA with the Nucleospin Blood L kit (Takara Bio),

sgRNAs were amplified via index PCR with barcoded primers, generating ~264 bp
amplicons. DNA purification was performed using Monarch DNA Gel Extraction Kit (NEB)

to remove unwanted fragments.

Next-generation sequencing was conducted on an lllumina HiSeq2500 at the

Caltech Millard and Muriel Jacobs Genetics and Genomic Laboratory. Sequencing reads
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were aligned to the CRISPRI-v2 reference library, and sgRNAs were quantified. Statistical
analyses, including phenotype scoring and Mann-Whitney p-value calculations based on
top 3 sgRNAs for each gene, were performed according to an established protocol

(Horlbeck et al., 2016). A summary of the data analysis is provided in Table S2.

Flow cytometry
Flow cytometry analysis was performed with the S3e Cell Sorter (488/561 nm). For

experiments knocking down individual hits from CRISPRI screening, BFP-positive cells
were sorted by a Sony SH800 and analyzed on either S3e Cell Sorter or CytoFLEX S
(Beckman Coulter). For K562 cells, cells were washed once in PBS, spun down at 150 g
for 8 min, and resuspended in RPMI 1640 medium lacking phenol red. For U20S, cells
were trypsinized and further neutralized with FluoroBrite complete DMEM, and spun down
at 300 g for 8 min. Cells are washed once with FluoroBrite complete DMEM and
resuspended in FluoroBrite complete DMEM containing 20 mM HEPES before analysis
and sorting. All flow cytometry data were analyzed in FlowJo v10.8 Software (BD Life

Sciences).

Immunostaining and live cell Imaging

For immunofluorescence, cells were fixed in 4% paraformaldehyde at 37°C for 15
min, washed two times with warmed PBS, and permeabilized with PBS containing 0.1%
Triton X-100 for 15 min. Cells were washed two times with PBS and blocked in PBS
containing 10% FBS for 30 min. Fixed cells were incubated overnight at 4°C with primary
antibody. Cells were washed with PBS three times and incubated with secondary

antibodies at room temperature for 1 h and washed three times with PBS before imaging.

139



140

For both Immunofluorescence and live cell imaging, images were obtained with
either a Zeiss LSM 710 or Zeiss LSM 880 confocal microscope (Carl Zeiss) and analyzed
with Imaged. In Figure 4, single cell averaged mitochondrial aspect ratio was analyzed

with Mitochondria Analyzer from ImageJ.

Proximity ligation assay

Proximity ligation assays were performed using Duolink PLA reagents (Sigma)
according to the manufacturer's protocol, except that the polymerase buffer incubation
time was reduced to 80 min to minimize background noise. Single-cell total PLA

intensities were quantified by CellProfiler.

Calcium transfer assay

30 min prior to imaging, cells were incubated with fresh FluoroBrite complete
DMEM. Images of GCaMPer and mito-R-GECO1 were acquired to record the initial
calcium concentration in ER and mitochondria, respectively. Thapsigargin (1 uM final
concentration) was then added to induce net calcium release from ER. Time-lapse live-
cell imaging was performed at an acquisition rate of 1 set of frames per 5 s. Fluorescence
intensity values were normalized to the initial baseline fluorescence. The rate and
magnitude of ER calcium release (GCaMP-ER signal decay) and mitochondrial calcium
uptake (mito-R-GECO1 signal increase) were analyzed using Imaged Time Series
Analyzer V2.0. Ca?* transfer efficiency was calculated as follows: Fmito-R-GECO1 .
fluorescence intensity of mito-R-GECO1 per cell; F¢¢4MPer: fluyorescence intensity of
GCAMPer per cell; tmax: time point where mito-R-GECO1 fluorescence reaches peak. to:

initial time point.
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Manders overlap coefficient analysis

For Figure 2, 4, 5, and 6A, Manders overlap coefficients measured the fraction of
CANX signal that overlapped with the TOMM20 signal. For Figure 6C, Manders overlap
coefficients measured the fraction of CANX or TOMM20 signal that overlapped with
RHOA signal. For Figure S5, Manders overlap coefficients measured the fraction of GFP
signal that overlapped with CANX signal. All Manders overlap coefficients were calculated

with CellProfiler.

Immunoprecipitation
For RHOA-GFP pulldown, cells were lysed in ice-cold lysis buffer (25 mM Tris-HCI

pH7.4, 150 mM NaCl, 1 mM EDTA pH8.0, 1% NP-40, 5% glycerol, 1x Halt protease
inhibitor cocktail) for 30 min at 4°C, followed by centrifugation at 20000 g for 15 min. The
supernatant was incubated with GFP-nanobody-conjugated streptavidin beads prepared
for 2 h at 4°C with rotation. Beads were washed 3x with lysis buffer lacking NP-40, and

bound proteins were eluted in 8 M urea with 25 mM Tris-HCI (pH7.4) and 150 mM NaCl.

For native VAPB immunoprecipitation, lysates prepared as above were incubated
overnight at 4°C with anti-VAPB (mouse) antibody, followed by incubation with anti-mouse
IgG agarose overnight at 4°C. Beads were washed 3x with lysis buffer lacking NP-40,
and bound proteins were eluted in 8 M urea with 25 mM Tris-HCI (pH7.4) and 150 mM

NaCl.
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For detecting recombinant VAPB/RHOA/PTPIP51 interactions, recombinant
FLAG-VAPB and potential binding partners (600 pmol for each protein) were incubated
with anti-FLAG M2 Affinity Gel (Sigma, A2220). For detecting recombinant
PTPIP51/RHOA interaction, GST-PPTPIP51 and RHOA or their mutants (600 pmol for

each protein) were incubated with glutathione Sepharose 4B (Sigma, GE17-0756-01).

Recombinant protein production
BL21Gold(DE3) cells were transformed with pET28a-VAPB, pET28a-RHOA, or

pGEX-4T-2-PTPIP51, or their mutants. Single colonies were cultured in 5 ml LB medium
supplemented with the appropriate antibiotic at 37°C with 250 RPM agitation overnight.
On the second day. 5 ml LB broth was added to 500 ml LB medium at 37°C with 250 RPM
agitation. At an ODeoo of 0.4, protein expression was induced by 0.2 mM IPTG, followed
by incubation at 24°C for 16 h. Cells were harvested by centrifugation at 20,000 g for 15
min at 4°C and resuspended in lysis buffer. For His-tagged proteins, cells were lysed in
50 mM Tris-HCI (pH 7.4), 300 mM NacCl, 10 mM imidazole, 1 mg/ml lysozyme, 1% Triton
X-100, and 1x Halt protease inhibitor cocktail. For GST-tagged proteins, cells were lysed
in 50 mM Tris-HCI (pH 7.4), 300 mM NaCl, 1 mg/ml lysozyme, 1% Triton X-100, and
protease inhibitor. Lysates were sonicated on ice (2 s on, 5 s off, 20% amplitude, 3 min)
and clarified by centrifugation at 25,000 g for 30 min at 4°C. Cleared lysates containing
His-tagged VAPB or RHOA were incubated with Ni-NTA agarose resin (1 mL per 50 mL
lysate) for 2 h at 4°C with rotation. The resin was washed with 50 mM Tris-HCI (pH 7.4),
300 mM NaCl, and 20 mM imidazole, and bound proteins were eluted with 250 mM
imidazole in the same buffer. For pGEX-4T-2-PTPIP51, lysates were incubated with

glutathione Sepharose 4B (Sigma, GE17-0756-01) for 2 h at 4°C. Beads were washed
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extensively in 50 mM Tris-HCI (pH 7.4), 300 mM NaCl, and bound proteins were eluted
with 10 mM reduced glutathione in the same buffer. Eluted proteins were concentrated
and buffer-exchanged into protein storage buffer (50 mM Tris-HCI (pH 7.4), 300 mM NaCl,
10% glycerol, 1x Halt protease inhibitor cocktail) by Amicon Ultra centrifugal filters (10
kDa MWCO, Millipore) at 4°C by centrifugation at 8,000 g for 10 min for 3 rounds. Purified

proteins were either snap-frozen or kept on ice.

Drug treatments

For oligomycin A1, cells were treated at 10 ug/ml for 4 h before live-cell imaging.
For Rhosin treatment, cells were incubated at 100 uM for 24 h before imaging. For
thapsigargin treatment, 1 uM final concentration was used to induce calcium release from

ER.

Statistical analysis

The statistical analysis was performed using GraphPad Prism 9. All data are
shown as means = std. Statistical analysis among different groups was performed with
the Student's t-test. Figures used the following notation for statistical significance: ****,

p<0.0001; *** p<0.001; **, p<0.01; *, p<0.05; ns, p=0.05.
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Supporting Information

Lead contact

Additional information and requests for resources and reagents should be directed to and

will be fulfilled by the lead contact, David Chan (dchan@caltech.edu).
Materials availability

Reagents generated in this study are available upon request.

Data and code availability

Data as reported in the figures of this paper will be shared by the lead contact upon

request. No code was generated.
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Figure 1: CRISPRi screening identifies RHOA as a regulator of MERCS. (A)
Schematic of CRISPRI screen to identify MERCS regulators. The MERCS levels in
individual cells were determined by the SpLacZ-MERCS reporter signal normalized to
mitochondrial mass, as measured by MITO-ID Red. Cells with low and high levels of
MERCS were isolated by FACS and deep sequenced to identify enriched sgRNAs in
those subpopulations. (B) Volcano plot highlighting known MERCS regulators identified
in the screen. (C) Confirmation of hits through individual gene knockdown. The MERCS
signal for each knockdown was normalized to cells expressing control sgRNA. (D)
Volcano plot showing identification of RHOA and the CRL3 pathway (CUL3, BACURD3)

as MERCS regulators. (E) Confirmation of RHOA and the CRL3 pathway as MERCS
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regulators through individual gene knockdown. The SplLacZ-MERCS signal was
normalized to mitochondrial mass and plotted relative to cells expressing control sgRNA.
(F) Schematic of RHOA degradation. RHOA is polyubiquitinylated by a CUL3 complex
containing the substrate receptor BACURD3, leading to RHOA degradation. (G) Effect of
RHOA knockdown on MERCS measured by mitochondria-ER overlap. TOMM20 and
CANX markers were used for mitochondria and ER, respectively. (H) Quantification of
(G). (1) Effect of RHOA knockdown on MERCS measured by proximity ligation assay
(PLA). The PLA assay used antibodies against TOMM20 and CANX, surface markers for
mitochondria and ER, respectively. BFP marks cells expressing the sgRNA construct. (J)
Quantification of (I). Total PLA signals within single cells were quantified and normalized
to that in control cells. For C and E, 5000 cells were analyzed in each independent
experiment (n=3). For H, more than 20 cells were analyzed in each independent
experiment (n=3). For J, more than 30 cells were analyzed in each independent
experiment (n=2). Statistical analysis was performed with the Student's t-test. In all figures,
the following notation was used for statistical significance: ****, p<0.0001; ***, p<0.001;

** p<0.01; *, p<0.05; ns, p=0.05. Scale bar = 2.5 ym. See also Fig. S1.
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Figure 2: RHOA, CUL3 and their disease mutants regulate MERCS. (A-C) Effect of
overexpression of RHOA and its hyperactive mutant RHOAY#42C on MERCS. In (A), the
MERCS level was determined by the SplLacZ-MERCS reporter and normalized to
mitochondrial mass by MITO-ID Red staining. In (B), mitochondria-ER colocalization was
determined by immunostaining for TOMM20 and CANX and quantified in (C). (D) Effect
of RHOA-GFP overexpression on mitochondria-ER proximity. Proximity was measured
by PLA with antibodies against TOMM20 and CANX. (E) Quantification of D. Total PLA

signals within single cells were quantified and normalized to cells expressing the GFP
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control. (F-H) Effect of overexpression of CUL3 and its dominant-negative disease allele
CUL3%° on MERCS. In (F), the signal from the SpLacZ-MERCS reporter was normalized
to control cells. In (G), mitochondria-ER colocalization was determined by
immunostaining for TOMM20 and CANX and quantified in (H). Manders overlap
coefficients measured the fraction of CANX signal that overlapped with TOMM20 signal.
For A and F, 5000 cells were analyzed in each independent experiment (n=3). For C and
H, more than 20 cells were analyzed in each independent experiment (n=3). For E, more
than 30 cells were analyzed in each independent experiment (n=2). Statistical analysis

was performed with the Student's t-test. Scale bar = 2.5 ym. See also Fig. S2.
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Figure 3: RHOA is required for efficient calcium transfer from ER to mitochondria.
(A) Representative image of cells with GCaMPer (green) and mito-R-GECO1 (red)
calcium indicators (Henderson et al., 2015; Wu et al., 2013). (B) Effect of RHOA inhibition
on calcium transfer. The plots show the time course of GCaMPer (green) and mito-R-
GECO1 (red) fluorescence after the addition of thapsigargin (vertical dotted line). The
starting fluorescence was set at 100%. (C) Quantification of (B). Calculations are
described in Methods. For B and C, 6 cells were analyzed in each independent
experiment (n=3). Statistical analysis was performed with the Student's t-test. Scale bar

= 2.5 ym. See also Fig. S3.
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Figure 4: The effects of RHOA on MERCS and mitochondrial fission are
independent. (A) Effect of RHOA expression on mitochondrial morphology.
Mitochondrial morphology was analyzed with TOMMZ20 staining. (B) Quantification of (A).
Quantification was performed with Mitochondria Analyzer in Imaged to obtain the
averaged mitochondria aspect ratio per cell. (C) Effect of RHOA overexpression on
MERCS in DRP1 knockdown cells. Mitochondria-ER overlap was measured by staining
for TOMM20 and CANX. (D) Quantification of (C). Manders overlap coefficients measured

the fraction of CANX signal that overlapped with TOMMZ20 signal. For B and D, more than
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20 cells were analyzed in each independent experiment (n=3). Statistical analysis was

performed with the Student's t-test. Scale bar = 2.5 ym. See also Fig. S4.
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Figure 5: RHOA is required for MERCS remodeling after oligomycin treatment. (A)
Effect of RHOA inhibition on the oligomycin-induced increase in MERCS. Cells were
treated as indicated and analyzed for mitochondria-ER overlap. (B) Quantification of (A).
(C) Same set-up as (A) except performed in Drp1-knockdown cells. (D) Quantification of

(C). Manders overlap coefficients measured the fraction of CANX signal that overlapped
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with TOMM20 signal. For B and D, more than 20 cells were analyzed in each independent
experiment (n=3). Statistical analysis was performed with the Student's t-test. Scale bar

=2.5pum.
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Figure 6: VAPB/PTPIP51 control of MERCS depends on RHOA. (A) Effect of RHOA
knockdown on the ability of VAPB/PTPIP51 overexpression to increase MERCS. Overlap
between mitochondria and ER staining was analyzed in cells after VAPB/PTPIP51
overexpression, without and with RHOA knockdown. (B) Quantification of (A). Manders
overlap coefficients measured the fraction of CANX signal that overlapped with TOMM20
signal. (C) Effect of VAPB/PTPIP51 overexpression on localization of endogenous RHOA

to mitochondria (TOMM20) and ER (CANX). (D) Quantification of (C). Manders overlap
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coefficients measured the fraction of CANX or TOMMZ20 signal that overlapped with the
endogenous RHOA signal. For B and D, more than 20 cells were analyzed in each
independent experiment (n=3). Statistical analysis was performed with the Student's t-

test. Scale bar = 2.5 ym. See also Fig. S5.
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Figure 7: RHOA regulates complex formation between VAPB and PTPIP51. (A)
Analysis of proteins co-immunoprecipitated with RHOA-GFP. Cells expressing the
indicated constructs were lysed and immunoprecipitated with an anti-GFP nanobody.
GFP was used as the negative control. Immunoprecipitates were analyzed for the
indicated proteins by Western blotting. (B) Effect of RHOA-GFP overexpression on
interaction between endogenous VAPB and PTPIP51. Cells overexpressing RHOA-GFP
or GFP (control) were analyzed by PLA, utilizing antibodies against VAPB and PTPIP51.
(C) Quantification of (B). Total PLA signals within single cells were quantified and
normalized to that in cells expressing GFP. (D) Effect of PTPIP51 overexpression on
proximity of endogenous VAPB and RHOA. PLA used antibodies against VAPB and
RHOA. (E) Quantification of (D). Total PLA signals within single cells were quantified and

normalized to control cells. (F) Effect of RHOA overexpression on the physical interaction
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between endogenous VAPB and PTPIP51. Cells expressing the indicated constructs
were lysed and immunoprecipitated with an anti-VAPB antibody. The VAPB
immunoprecipitates were analyzed by Western blotting against PTPIP51. (G)
Quantification of (F), normalized to control cells. (H) Effect of RHOA knockdown on the
physical interaction between native VAPB and PTPIP51. (I) Quantification of (H),
normalized to control cells. For C and E, more than 30 cells were analyzed in each
independent experiment (n=2). Statistical analysis was performed with the Student's ¢-

test. Scale bar = 2.5 ym. See also Fig. S6.
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Figure 8: Recombinant RHOA directly binds VAPB in a GTPase-dependent
manner. (A) Binding of recombinant VAPB to RHOA and its mutants. The indicated
proteins were incubated together, and VAPB-FLAG was immunoprecipitated by anti-
FLAG agarose beads. The co-immunoprecipitation of RHOA was assessed through
Coomassie staining (top) and Western blot (bottom panel). (B) Quantification of (A). The
level of wildtype RHOA binding was set at 100%. (C) Binding of recombinant PTPIP51

to RHOA and its mutants. GST-PTPIP51 was pulled down by anti-GST agarose beads,
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and co-immunoprecipitation of RHOA was assessed as in (A). (D) Binding of
recombinant VAPB to RHOA and PTPIP51. The indicated proteins were incubated
together, and VAPB-FLAG was immunoprecipitated by anti-FLAG agarose beads, and
the co-immunoprecipitation of PTPIP51 was assessed by Coomassie staining (top).
RHOA was assessed as in (A). (E) Quantification of RHOA in (D). (F) Quantification of
PTPIP51 in (D). (G) Comparing VAPB and its disease allele VAPBP%5S in binding to
PTPIP51. VAPB-FLAG was immunoprecipitated by anti-FLAG agarose bead, and co-
immunoprecipitated PTPIP51 was assessed by Western blot. (H) Quantification of (G).
The amount of PTPIP51 was normalized to VAPB in the pull-down. (I) Comparing
VAPB and its disease allele VAPBP%S in binding to RHOA. VAPB-FLAG was
immunoprecipitated by anti-FLAG agarose beads, and co-immunoprecipitated RHOA
was assessed as in (A). (J) Quantification of (1), performed as in (H). Statistical analysis

was performed with the Student's t-test. Scale bar = 2.5 ym. See also Fig. S7.
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Figure S1: Confirmation of gene knockdowns. (A) Western blot confirmation of gene
knockdowns. (B) Western blot confirmation of gene knockdowns for the RHOA-CUL3
pathway and effect on RHOA abundance. TUBA1B or GAPDH was used as the loading

control.
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Figure S2: Confirmation of RHOA and CUL3 overexpression. (A) Western blot
confirmation of RHOA-HA and RHOAY#42C-HA overexpression. (B) Western blot
confirmation of RHOA-GFP and RHOAY42C.GFP overexpression (C) Western blot
confirmation of CUL3-FLAG and CUL32%-FLAG overexpression, and effect on RHOA

abundance.
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Figure S3: RHOA inhibition has no effect on steady-state ER or mitochondrial

calcium. For each treatment, the steady-state calcium levels for ER (left) and

mitochondria (right) were measured by flow cytometry.

163



164

CAN>'(. PHALLOIDIN TOMM20 PHALLOIDIN
ke ok
rl
Ct 150 - * |
8 |
o =g
' 100-
RHOA £
(%]
T
L=
3 50
]
RHOAYAQC
1
Ctrl RHOA RHOA"%%¢

ns » Actin vs ER

ns « Actin vs Mito

Manders coefficient

& o W & o
& & &
L P
& &

Figure S4: RHOA expression does not relocalize actin filaments to ER or
mitochondria. (A) The effect of RHOA overexpression on actin filament distribution. Actin
filaments were visualized with phalloidin and compared to ER (CANX) or mitochondria
(TOMM20). (B) Quantification of total actin filament signal. The level of actin filaments in
control cells was set at 100%. (C) Quantification of actin colocalization with ER or
mitochondria upon RHOA overexpression. For B and C, more than 20 cells were analyzed
in each independent experiment (n=3). Statistical analysis was performed with the

Student's t-test. In all figures, the following notation is used to indicate statistical
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significance: ****, p<0.0001; ***, p<0.001; **, p<0.01; *, p<0.05; ns, p=0.05. Scale bar =

2.5 um.
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Figure S5: Interaction of RHOA with ER, VAPB, and PTPIP51. (A) Western blot
confirmation of VAPB/PTPIP51 overexpression. (B) Association of RHOA-GFP with ER.
The localization of RHOA-GFP and control GFP were compared with the ER marker
CANX. (C) Quantification of (B). Manders overlap coefficients measured the fraction of
GFP signal that overlapped with the CANX signal. (D) Proximity of RHOA-GFP and VAPB.
The interaction of RHOA-GFP and VAPB was examined by PLA using antibodies against
GFP and VAPB. Expression of GFP was used as the negative control. (E) Quantification

of D. Total PLA signals within single cells were quantified an normalized to cells
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expressing the GFP control. (F) Proximity of RHOA-GFP and PTPIP51. The interaction
RHOA-GFP and PTPIP51 was examined by PLA using antibodies against GFP and
PTPIP51. Expression of GFP was used as the negative control. (G) Quantification of (F).
Total PLA signals within single cells were quantified and normalized to cells expressing
the GFP control. For C, more than 20 cells were analyzed in each independent
experiment (n=3). For E and G, more than 30 cells were analyzed in each independent
experiment (n=2). Statistical analysis was performed with the Student's t-test. Scale bar

=2.5pum.
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Figure S6: Association of RHOA-GFP with endogenous VAPB. (A) Cells expressing
the constructs listed on top were lysed and immunoprecipitated with an anti-VAPB
antibody. The VAPB immunoprecipitates were probed with an anti-RHOA antibody. (B)

Western blot confirmation of PTPIP51 overexpression.
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Figure S7: RHOA shows GTP-dependent binding to Rhotekin RBD and VAPB. (A)
Coomassie gel of recombinant proteins for VAPB, PTPIP51, RHOA and its mutants (G14V,
T19N, Y42C). (B) Binding of RHOA and mutants to the model effector Rhotekin RBD
(RHO binding domain). GST-RBD was incubated with RHOA or mutants, affinity purified
by glutathione beads, and eluants analyzed by Coomassie gel and Western blotting. (C)
Quantification of (B). (D) Effect of non-hydrolysable GPPNHP on the binding of VAPB with
RHOA. Coomassie gel and Western blot of VAPB binding with RHOA, without and with
non-hydrolysable GPPNHP. (E) Quantification of (D). Statistical analysis was performed

with the Student's t-test.
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Chapter 4: Conclusions and Future Directions

In this thesis, we have presented a comprehensive workflow for studying MERCS,
spanning from engineering to science. In Chapter 2, we developed a novel MERCS
reporter system, the SpLacZ-MERCS. The system relies on split LacZ-based protein-
protein interactions (PPI) assays that were popular decades ago (Mohler & Blau, 1996;
Rossi et al., 1997), and we further adapted it for modern use. Our work has demonstrated
that SpLacZ-MERCS can provide signal output of mitochondria-ER contacts by recording
these events' history and providing fluorescence signal output with low cellular
background interference. It offers a new powerful option for exploring drugs targeting

MERCS or designing genetic screening for factors affecting MERCS.

While the SpLacZ-MERCS features many advantages over traditional MERCS
reporters, further research can be done to improve and further expand the use of the
SpLacZ system. Here, we propose three different directions for future studies of the

SpLacZ system.

Exploring the use of the SpLacZ system in crosstalk of
other organelles

SpLacZ enables precise and integrated detection of transient or dynamic contact
events, overcoming the limitations of traditional proximity-based reporters that often miss
transient interactions. In the context of mitochondria-peroxisome crosstalk, which plays a
crucial role in lipid metabolism and reactive oxygen species (ROS) regulation (Huo et al.,
2022; Shai et al., 2018), SpLacZ may capture the rapidly changing contact site dynamics
under various metabolic conditions. Similarly, the system can provide insights into how

genetic or pharmacological perturbations influence contact frequency and duration for
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mitochondria-lysosome interactions, which are vital for mitophagy and cellular
homeostasis (Wong et al., 2019). The modularity of SpLacZ allows for easy adaptation to
other organelle pairs by modifying the targeting sequences, which enables a broader
application across various subcellular communication networks. By leveraging this novel
reporter system, we can uncover new regulatory mechanisms governing organelle
interactions for future therapeutic interventions in metabolic and neurodegenerative

diseases.

Exploring the use of the SpLacZ system in Protein-Protein
Interactions

The SplLacZ system offers a powerful approach for studying protein-protein
interactions (PPIs), particularly in cases where weak or transient interactions are
challenging to track with conventional methods. Unlike traditional split-reporter systems
that rely on instantaneous signal output, SpLacZ integrates signals over time, amplifying
subtle differences in interaction strength. This unique feature allows for enhanced
sensitivity, making it easier to detect weak PPls that might otherwise be overlooked due
to their transient or low-affinity nature. This feature is further enabled by the use of
SPIiDER-BGal (Nakamura et al., 2017), a live cell compatible and high cellular retention
BGal substrate, as the previous work is limited to the use of fluorescence-based BGal
substrates that are only compatible with fixed cells (Mohler & Blau, 1996; Rossi et al.,
1997). Therefore, by fine-tuning its signal accumulation properties, researchers can
quantify PPl strength more accurately and differentiate between subtle variations in

binding affinity in a live cell setting.
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Using Split esterase over beta-galactosidase
Replacing Split-LacZ with a split-esterase in the SpLacZ-MERCS system can

potentially provide several advantages due to the structural and functional differences
between B-galactosidase and esterase enzymes. B-galactosidase functions as a tetramer,
requiring proper subunit assembly for enzymatic activity, which can introduce
complications such as inefficient reconstitution, steric hindrance, or artificial
oligomerization effects. In contrast, esterases are monomeric enzymes, eliminating the
need for multimerization, thus simplifying the reconstitution process and reducing
potential background noise or folding problems (Jones et al., 2019). This structural
advantage may improve the efficiency and reliability of the reporter system for detecting
dynamic and transient inter-organelle contact events. By replacing -galactosidase with
a split-esterase, the system could achieve improved signal integration with fewer artifacts,

making it more robust and adaptable.

In Chapter 3, with the help of the SpLacZ-MERCS system, we performed the
CRISPRI screening and identified RHOA as a novel regulator of MERCS. Our study
identifies RHOA as an important regulator of mitochondria-ER contact sites through its
modulation of the VAPB-PTPIP51 tethering complex, with active RHOA promoting contact
formation and inhibition of RHOA leading to contact destabilization. We have also
identified its upstream regulator, CUL3, which suggests that the RHOA-CUL3 pathway
plays a significant role in this regulation. Our findings suggest that RHOA has certain non-
canonical functions for organelle tethering beyond its cytoskeletal modulation ability.
Given the known role of RHOA in cancer progression and neurodegenerative diseases,

our study highlights a previously unrecognized pathway through which RHOA may
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contribute to disease pathology by disrupting mitochondria-ER crosstalk. We believe that
our understanding of this pathway can be further advanced with the following questions

being answered.

MERCS Analysis based on RHOA mutant patient-derived
cells

To gain deeper insights into how RHOA mutations impact mitochondria-ER contact
sites in disease contexts, the next step can be utilizing primary cells derived from patient
tissues carrying disease-associated RHOA mutations, such as the Y42C mutation in
gastric cancer (Zhang et al., 2019). These patient-derived cells can provide a
physiologically relevant model to study how mutant RHOA alters organelle tethering,
mitochondrial function, and cellular metabolism in primary cell settings. By isolating and
culturing these cells, we can perform functional assays, including calcium flux
measurements, lipid transfer assays, and mitochondrial respiration analysis, to allow us
to further determine the physiological consequences of RHOA mutation-caused tethering
disruption. We can also perform RNA sequencing and proteomic profiling can help
uncover broader signaling pathway alterations linked to RHOA dysfunction. By comparing
these disease-relevant cells to normal, healthy primary cell lines, we may identify RHOA’s
molecular mechanisms underlying mitochondria-ER contact regulation and identify new
potential therapeutic strategies aimed at restoring mitochondria-ER communication in

RHOA-mutant tumors.

Exploration of the interactome of RHOA/VAPB/PTPIP51

Another experiment that can further help us understand the molecular mechanisms

underlying mitochondria-ER contact regulation by RHOA, VAPB, and PTPIP51 is to
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perform immunoprecipitation-mass spectrometry (IP-MS) for each of these proteins. By
individually immunoprecipitating RHOA, VAPB, and PTPIP51 from wild-type and mutant
cell lines (e.g., RHOAY42C or CUL32° mutants) and analyzing their interactomes, we can
identify additional proteins that may contribute to the regulation of these contact sites.
Cross-referencing the interaction datasets will allow us to determine shared and unique
binding partners, revealing potential novel components of the mitochondria-ER tethering
complex. Additionally, comparing interactomes in disease-relevant mutations versus wild-
type conditions will provide insight into how altered protein interactions contribute to
contact site dysfunction in cancer, neurodegeneration, or metabolic disorders. These
findings could help identify new therapeutic targets to recover disrupted MERCS in

disease contexts.

Relation between RHOA's dynamics and MERCS
dynamics
Given that RHOA is a highly dynamic GTPase and the fact that mitochondria-ER

contacts are continuously assembled and dissembled in response to cellular needs, such
as calcium signaling, lipid transfer, and stress response, it might be possible that active
RHOA cycles between GTP- and GDP-bound states to modulate contact site stability and
turnover. By tagging RHOA, VAPB, and PTPIP51 with fluorescent probes and tracking
their movement at high temporal and spatial resolution, we may quantify how RHOA
activity correlates with contact site formation, maintenance, and dissociation. Additionally,
tracking RHOA in real-time across different cellular conditions or disease-associated
mutations like Y42C can reveal how its localization and interaction pattern changes

influence tethering efficiency. This approach may uncover new regulatory principles
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controlling MERCS and offer insights into how dysregulated RHOA dynamics are linked

to various diseases.
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