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MICAL2PV suppresses the formation of tunneling
nanotubes and modulates mitochondrial trafficking
Fei Wang1,2 , Xiaoping Chen3, Haipeng Cheng3, Lu Song1, Jianghong Liu1, Steve Caplan4 ,

Li Zhu1,2,* & Jane Y Wu3,**

Abstract

Tunneling nanotubes (TNTs) are actin-rich structures that connect
two or more cells and mediate cargo exchange between spatially
separated cells. TNTs transport signaling molecules, vesicles, orga-
nelles, and even pathogens. However, the molecular mechanisms
regulating TNT formation remain unclear and little is known about
the endogenous mechanisms suppressing TNT formation in lung
cancer cells. Here, we report that MICAL2PV, a splicing isoform of
the neuronal guidance gene MICAL2, is a novel TNT regulator that
suppresses TNT formation and modulates mitochondrial distribu-
tion. MICAL2PV interacts with mitochondrial Rho GTPase Miro2 and
regulates subcellular mitochondrial trafficking. Moreover, down-
regulation of MICAL2PV enhances survival of cells treated with
chemotherapeutical drugs. The monooxygenase (MO) domain of
MICAL2PV is required for its activity to inhibit TNT formation by
depolymerizing F-actin. Our data demonstrate a previously unrecog-
nized function of MICAL2 in TNT formation and mitochondrial traf-
ficking. Furthermore, our study uncovers a role of the MICAL2PV-
Miro2 axis in mitochondrial trafficking, providing a mechanistic
explanation for MICAL2PV activity in suppressing TNT formation and
in modulating mitochondrial subcellular distribution.
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Introduction

Lung cancer is a leading cause of cancer-related death worldwide.

Approximately 85% of lung cancer cases present as non–small-cell

lung cancer (NSCLC) (Bray et al, 2018). Although significant

progress has been made in lung cancer treatment, drug resistance is

a major cause of cancer recurrence and poor prognosis (Kim, 2016).

The molecular mechanisms underlying drug resistance remain to be

elucidated.

Cell–cell communications regulate cell behavior, tissue develop-

ment, and homeostasis under physiological conditions (Park et al,

2017; Siebel & Lendahl, 2017). Intercellular communication also

plays a critical role in tumor adaption and progression. Various

types of cell–cell communication have been reported that impact on

tumor progression, including secreted factors, exosomes, gap junc-

tion, and cell–cell contacts. These mechanisms modulate communi-

cation between cancer cells and between cancer cells and cancer

microenvironments, thereby promoting tumor proliferation, adapta-

tion, invasion, and chemo-resistance (Zhang & Grizzle, 2011; Mao

et al, 2016; Wan et al, 2018). Recently, thin membrane protrusions

have been demonstrated as an efficient means of intercellular

communication by establishing direct contact between spatially

separated cells. Different terms have been used to describe these

membrane protrusions, such as cytonemes, tunneling nanotubes

(TNTs), and microtubule-based nanotubes (MT-nanotubes)

(Ram�ırez-Weber & Kornberg, 1999; Rustom et al, 2004; Inaba et al,

2015; Yamashita et al, 2018).

Tunneling nanotubes (TNTs) were first reported by Rustom and

colleagues to facilitate vesicle transfer (Rustom et al, 2004). TNTs

can form by extension of bulging filopodia structures from one cell

to another or by separation of two contacting cells (Sowinski et al,

2008; Hase et al, 2009; Wang et al, 2010; Wang et al, 2011). Struc-

turally, TNTs are characterized by their enrichment in F-actin and

non-attachment to the extracellular substrate (reviewed in McCoy-

Simandle et al, 2016; Dupont et al, 2018; Cordero Cervantes &

Zurzolo, 2021). Functionally, TNTs are capable of transducing elec-

tric signals and transporting proteins, RNAs, vesicles, organelles,

and even pathogens between non-adjacent cells (Rustom et al,

2004; Watkins & Salter, 2005; Hase et al, 2009; Arkwright et al,

2010; Van Prooyen et al, 2010; Wang et al, 2012; Ahmad et al, 2014;

Polak et al, 2015; Wang & Gerdes, 2015; Zhu et al, 2015). Emerging

evidence supports a diverse role of TNTs in different physiological

and pathological processes (Rustom, 2016; Lou et al, 2018; Pinto

et al, 2020). TNT formation has been reported in different types of

cells, including cancer cells. There have been recent reports of
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detecting membrane nanotubes and TNT-like structures in vivo

(e.g., Alarcon-Martinez et al, 2020; Osswald et al, 2015; reviewed in

Pinto et al, 2020). However, molecular mechanisms, especially the

endogenous mechanisms, that control the TNT formation remain

unclear.

MICAL (microtubule-associated monooxygenase, calponin, and

LIM domain containing) proteins, a family of evolutionarily

conserved flavoprotein oxidoreductases, are encoded by 3 genes in

the human genome: MICAL1, MICAL2, and MICAL3. In addition, a

group of MICAL-like proteins, including MICAL-L1 and MICAL-L2,

have been identified, which lack the N-terminal region of MICAL

proteins (Zhou et al, 2011). Human MICAL1 was initially identified

as a CasL-interacting molecule associated with vimentin (Suzuki

et al, 2002). In the same year, the Drosophila MICAL1 gene was

reported (Terman et al, 2002). The Drosophila MICAL1 gene medi-

ates axonal repulsion and bristle branching (Hung et al, 2010).

Biochemical data show that MICALs bind to and depolymerize F-

actin, leading to signal transduction, cytoskeletal remodeling, and

morphological changes in cells (Hung et al, 2010; Giridharan et al,

2012; Lundquist et al, 2014; Alto & Terman, 2018). Subsequent stud-

ies indicate that MICALs are multi-functional proteins involved in a

variety of biological processes (Alto & Terman, 2018; Cai et al,

2018). Splicing isoforms of MICAL2 have been reported in prostate

cancer as prostate variants, MICAL2PV (Ashida et al, 2006).

However, little is known about the molecular function of MICAL2

and the underlying mechanisms in lung cancer.

In this study, we demonstrate that MICAL2PV suppresses TNT

formation in lung cancer cells and that down-regulating MICAL2PV

promotes TNT formation and reduces chemo-drug-induced cytotoxi-

city. MICAL2PV interacts with the outer mitochondrial membrane

protein Miro2 (mitochondrial Rho GTPase 2). Down-regulating

MICAL2PV alters mitochondrial movement and distribution by

enhancing mitochondrial localization of the Miro2 protein. Further

experiments show that overexpression of the monooxygenase (MO)

domain of MICAL2PV is sufficient to reduce TNT formation by

depolymerizing F-actin. Our results reveal, for the first time, that

MICAL2PV acts as an endogenous suppressor of TNT formation and

mitochondrial distribution in lung cancer cells, modulating

responses of lung cancer cells to chemo-drugs and likely suppress-

ing chemo-resistance of lung cancer cells.

Results

TNT formation in lung cancer cells

To examine TNT formation in lung cancer cells, a variety of human

lung cancer cell lines were obtained from the American Type

Culture Collection (see Methods). H1299 and A549 cells were

chosen to represent TP53-deficient (H1299) and K-ras mutant

(A549) lung cancer cells, respectively. H1299 and A549 cells were

cultured on collagen-coated glass coverslips and examined under

confocal microscopy. Thin, membranous bridges connecting two

cells were observed in both H1299 and A549 cell lines (left panels in

Fig 1A and B). Because TNTs are characterized by enrichment in F-

actin and non-attachment to the extracellular substrate (McCoy-

Simandle et al, 2016; Dupont et al, 2018), we examined these

membranous structures following actin staining. Phalloidin staining

revealed that these structures were rich in F-actin and not attached

to the extracellular substrate (see images in the x-z plane; Fig 1A

and B). In addition, Cytochalasin B, an actin inhibitor frequently

used to characterize TNTs, efficiently reduced the formation of these

structures (Fig EV1C). These results clearly demonstrate the forma-

tion of TNTs among lung cancer cells.

Two types of TNTs have been reported, depending on whether

they contain microtubules (Dubois et al, 2018; Panasiuk et al,

2018). Type1 TNTs contain actin filaments with little or no detect-

able microtubules, whereas type2 TNTs contain both actin filaments

and microtubules. Both types of TNTs were observed in H1299 and

A549 cells by fluorescent confocal microscopy (Fig 1C and D). In

addition, TNTs are highly variable in lengths, ranging from a few to

over a hundred micrometers, as observed in both H1299 and A549

cells (Fig EV1A and B).

MICAL2PV suppresses TNT formation

In gastric and renal cancer cells, it was reported that the full-length

isoform of MICAL2 enhanced migration and invasion of tumor cells

by promoting epithelial–mesenchymal transition (Mariotti et al,

2016). When MICAL2 mRNA expression was examined in lung

cancer samples and control lung tissue samples, however, the full-

length isoform of MICAL2 was not detectable, either in the control

lung tissues or lung cancer samples. On the other hand, MICAL2PVa

and MICAL2PVb, two splicing variants of MICAL2 originally found

in prostate cancer (Ashida et al, 2006), were the main isoforms

detectable in lung tissues and lung cancer samples. We, therefore,

focused on these splicing isoforms, MICAL2PV, and designed speci-

fic shRNA constructs to down-regulate MICAL2 in lung cancer cells.

MICAL2PVa and MICAL2PVb share almost all predicted functional

domains, including monooxygenase (MO), calponin-homology

(CH), and LIM domains. MICAL2PVa and MICAL2PVb behave simi-

larly in all assays that we have used. In spite of our efforts, we have

not been able to obtain specific antibodies that could distinguish

MICAL2PVa from MICAL2PVb protein. For these reasons, we did

not differentiate between the two isoforms in this study and refer to

them as MICAL2PV (abbreviated as M2).

Previous studies show that actin polymerization is required for

TNT formation and that MICAL2 regulates the actin cytoskeleton

(Giridharan et al, 2012; Delage et al, 2016; Hanna et al, 2017).

Therefore, we examined whether MICAL2PV could regulate TNT

formation. We generated stable H1299 and A549 cell lines in which

MICAL2PV was down-regulated by two independent shRNAs

(shM2#1 and shM2#2). The mRNA and protein levels of MICAL2PV

were detected by quantitative RT–PCR (qRT–PCR) and Western

blotting in these stable shM2 H1299 and A549 cells (Fig 2A and B).

TNT formation was examined by confocal microscopy (Fig 2C and

D). Quantitative analyses revealed that the percentage of cells form-

ing TNTs was significantly increased upon down-regulation of

MICAL2PV in shM2 cells (Fig 2E and F).

We next examined the effect of MICAL2PV on TNT formation in

stable H1299 cells overexpressing GFP-tagged MICAL2PV (GFP-M2)

cells. Quantification of mRNA and protein levels of MICAL2PV con-

firmed increased MICAL2PV expression in these GFP-M2 stable cells

(Fig 2G). Because the percentage of cells with TNTs was less than

10% in control H1299 cells (see Fig 2E), we enhanced TNT forma-

tion by culturing cells in the presence of 2-Deoxy-D-glucose (2-DG)
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in order to detect the effect of MICAL2PV on TNT formation. It has

been reported that environmental or metabolic stresses, such as

hypoxia and nutrient restriction, can induce TNT formation (Wang

et al, 2011; Desir et al, 2016). Consistently, we observed that 2-DG,

a glucose analog and glycolytic inhibitor, induced TNT formation in

lung cancer cells. Following treatment with 2-DG (20 lM for 24 h),

the control and GFP-M2 cells were imaged to quantify the percent-

age of cells with TNTs. MICAL2PV overexpression significantly

suppressed TNT formation (Fig 2H and I). To confirm these results,

we also induced TNT formation using acidified low-serum condi-

tioned medium, as previously reported (Lou et al, 2012). Under

these conditions, similar results of suppression of TNT formation by

MICAL2PV expression were obtained (Fig EV2A and B).

Down-regulating MICAL2PV increases TNT-mediated
mitochondrial transfer

We next asked whether TNTs in lung cancer cells are functional in

transporting cargoes between connecting cells. Previous studies

have reported that TNTs can mediate the transfer of organelles,

including mitochondria (Ahmad et al, 2014; Wang et al, 2018). To

examine mitochondrial movement between TNT-connected cells,

we established a live cell imaging assay using shCtr and shM2 cells

in which mitochondria were labeled by GFP (Mito-GFP). Time-lapse

confocal microscopic imaging of these cells revealed mitochondrial

movement along TNTs and mitochondria entering into connected

cells both in shCtr and shM2 groups (Fig 3A, and Movies EV1 and

A

C

D

B

Figure 1. TNTs in lung cancer cell lines.

A, B Representative bright field images of TNTs in H1299 (A) and A549 (B) cells (black arrow). These TNTs were actin-enriched, as shown by phalloidin staining (red) and
not attached to the substrate (Y–Z axes). Scale bar: 20 lm.

C, D Two types of TNTs were detected in H1299 (C) and A549 (D) cells, Type 1, containing F-actin with little or no detectable microtubules (white box) and Type2,
containing both microtubules and F-actin (yellow box). Anti-b-tubulin antibody (green) and phalloidin (red) were used for fluorescent staining. Scale bar: 20 lm.

Data information: In (A-D), nuclei were stained with Hoechst 33342 (blue). Boxed areas are enlarged and shown in panels on the right.
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EV2). We further quantified the percentage of TNTs containing

mitochondria in fixed cells. A significantly higher proportion of

TNTs containing mitochondria was observed when MICAL2PV was

down-regulated, suggesting that MICAL2PV might suppress TNT-

mediated mitochondrial exchange between lung cancer cells (Figs

3B and C, and EV3A and B). To examine the role of MICAL2PV in

A

B

C

D

E

F

G H I

Figure 2. Down-regulating MICAL2PV expression increases TNT formation in lung cancer cells.

A, B MICAL2PV is down-regulated in H1299 (A) and A549 (B) cells. H1299 and A549 cells stably expressing shRNAs against MICAL2PV (shM2) or a control shRNA (shCtr)
were examined by Western blotting using an anti-MICAL2PV antibody. MICAL2PV mRNA levels were detected by quantitative RT–PCR.

C, D TNT formation (marked by black triangles and white arrowheads) was imaged in control and shM2 H1299 (C) and shM2 A549 (D) cells by confocal microscopy.
Scale bar: 60 lm. Boxed areas are enlarged and shown at the bottom of the corresponding images.

E, F Quantification of the percentage of cells forming TNTs in control and shM2 H1299 (E) and shM2 A549 (F) cells. 13 images per group (E) and 10 per group (F) were
captured for quantification. Three independent experiments were conducted.

G H1299 cells were transfected with a GFP-tagged MICAL2PVb vector (GFP-M2) or control vector (Ctr) followed by Western blotting with an anti-GFP antibody. The
mRNA levels of MICAL2PV were measured by quantitative RT–PCR. Three independent experiments were conducted.

H, I H1299 cells stably expressing the Ctr or GFP-M2 were cultured in the presence of 20 lM 2-DG for 24 h to induce TNT formation. TNTs were imaged by confocal
microscopy (H) and the percentage of cells forming TNTs was quantified (I). n = 21, 20, and 19 images were captured from Ctr, GFP-M2#1, and GFP-M2#2,
respectively. Three independent experiments were performed. Scale bar: 60 lm.

Data information: In (A, B, E, F, I), data were analyzed by one-way ANOVA with Bonferroni post-test and shown as mean � SEM; ***P < 0.001. Three independent
experiments were performed.
Source data are available online for this figure.
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TNT-mediated mitochondrial transfer, we adopted a co-culture

assay reported previously (Abounit et al, 2015; Pinto et al, 2021). In

this assay, Mito-GFP-labeled shCtr or shM2 cells (as donor cells)

were co-cultured with recipient cells expressing cytosolic mCherry

at 1:1 ratio either in direct contact or in transwells where cells were

separated by a filter (Fig 3D). The percentage of recipient cells

receiving donor-derived mitochondria was quantified by flow

cytometry after cells were co-cultured for 2 days. When cells were

co-cultured in direct contact, either in glucose or galactose-

containing media, more recipient cells received mitochondria from

shM2 cells than from shCtr cells, indicating that down-regulating

MICAL2PV promoted mitochondrial transfer (Fig 3E and F). This

effect of MICAL2PV down-regulation on mitochondrial transfer was

more pronounced when cells were co-cultured in the galactose

medium, which forced the cells to produce ATP through mitochon-

drial oxidative phosphorylation (Fig 3E and F). The observed mito-

chondrial transfer was dependent on cell–cell contact because

mitochondrial transfer was nearly non-detectable when the recipient

A

D

F
G

E

B C

Figure 3.
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and donor cells were co-cultured in the transwell separated by the

filter (Fig 3E). To confirm that donor-derived mitochondria were

indeed transferred into the recipient cells, confocal fluorescence

microscopy was performed in cells cultured under the same co-

culture conditions as used for flow cytometry. The donor-derived

GFP-labeled mitochondria were observed in mCherry-labeled recipi-

ent cells (Fig 3G). In addition, mitochondrial transfer from the

donor cell to the recipient cell was also observed in live cell imaging

(Movie EV3). These results demonstrate that functional TNTs are

formed in lung cancer cells and that down-regulating MICAL2PV

promotes TNT-mediated mitochondrial transfer.

Mitochondrial transport and subcellular distribution are critical

for cancer cell behavior, such as invasion and metastasis (reviewed

in Altieri, 2019). Previous studies suggest that the diameter of TNTs

may affect the types of cargoes transported by TNTs. Although it

remains controversial, it was proposed that microtubule-containing

TNTs with larger diameters may be more favorable for mitochon-

drial transport (Onfelt et al, 2006; Dupont et al, 2018). When the

effects of MICAL2PV on the diameter of TNTs and the percentage of

TNTs containing microtubules were examined, no significant dif-

ference was observed between shCtr and shM2 cells (Fig EV3C and

D). These data suggest that MICAL2PV may not affect the diameter

of TNTs or their microtubule content in these lung cancer cells.

Down-regulating MICAL2PV promotes mitochondrial infiltration
into the cortical cytoskeleton

Next, we asked whether MICAL2PV affected the subcellular distribu-

tion of mitochondria. Adopting a previously published method of clas-

sifying mitochondria according to their patterns of subcellular

distribution (Caino et al, 2015), we quantitatively analyzed mitochon-

drial distribution in shCtr and shM2 cells. Similar to the published

study (Caino et al, 2015), we observed three types of mitochondrial

distribution: polarized (clustering around one side of the nucleus),

perinuclear (distributing around the nucleus), and infiltrating (pene-

trating into the cortical cytoskeleton) (Fig EV4A). In control cells, the

majority of mitochondria exhibited a “polarized” pattern, whereas in

the stable shM2 cells, the majority of mitochondria were elongated

and showed an “infiltrating” pattern (Figs 4A and B, and EV4B).

Consistent with this, we observed that mitochondria were clustered

around the nucleus and rarely moved to the cell edge in control cells

in our live cell imaging assay (see Movie EV4). On the other hand, in

shM2 cells, a large fraction of mitochondria infiltrated into the cortical

cytoskeleton, localizing in proximity to the cytoplasm membrane (see

Movie EV5). These results indicate that MICAL2PV suppresses mito-

chondrial infiltration into the cortical cytoskeleton.

Mitochondrial movement depends on actin filaments or micro-

tubules (Boldogh & Pon, 2007). It was proposed that long-distance

mitochondrial movement is dependent on microtubules, whereas

actin filaments mediate short-distance mitochondrial movement

(MacAskill & Kittler, 2010). To investigate whether the increased mito-

chondrial infiltration into the cortical cytoskeleton in shM2 cells was

dependent on the actin cytoskeleton or microtubules, we treated cells

with Cytochalasin B (Cyto B) or Nocodazole (Noc), depolymerizing

reagents for F-actin or microtubules, respectively. Following treatment

of these cells with vehicle control (DMSO) or either Cyto B or Noc,

mitochondrial distribution was analyzed by fluorescent confocal

microscopy. In both shCtr and shM2 cells, depolymerizing F-actin by

Cytochalasin B inhibited mitochondrial infiltration into the cortical

cytoskeleton, significantly reducing the infiltration index (Fig EV4C

and D). On the other hand, in cells treated with Nocodazole, mito-

chondria were redistributed from the perinuclear region to be

dispersed throughout the cytoplasm, consistent with a previous report

(Fig EV4C and D) (Tanaka et al, 1998). This suggests that the perinu-

clear distribution of mitochondria is microtubule-dependent. Interest-

ingly, it was reported that TNTs in ARPE-19 cells contained only F-

actin, but not microtubules and that these TNTs mediated mitochon-

drial transport (Wittig et al, 2012). A recent correlative light- and cryo-

electron microscopy study also clearly detected mitochondria inside

TNTs containing only F-actin (Sartori-Rupp et al, 2019). These studies

suggest that mitochondria may rely on F-actin for long-distance trans-

port. Similarly, our results show that depolymerizing F-actin inhibited

◀ Figure 3. Down-regulation of MICAL2PV promotes TNT-mediated mitochondrial transfer.

A Time-lapse microscopic images showing that H1299 shCtr or shM2 cells stably expressing Mito-GFP were connected by TNTs containing mitochondria. Cells were
seeded in collagen-coated dishes and cultured for 24 h before time-lapse live cell images were acquired by confocal microscopy (also see Movies EV1 and EV2).
Fluorescent images (with bright field) at different time points show the mitochondria moving along the TNT and entering in one of the two connected cells. Scale
bar: 20 lm. The moving mitochondria are marked by the white arrows. Boxed areas (shCtr in yellow dotted boxes; shM2 in red dotted boxes) are enlarged and shown
in the middle panel.

B Confocal microscopic images of control and shM2 H1299 cells following immunofluorescence staining with anti-Tom20 antibody (green) and staining using
phalloidin (red). The white arrows marked TNTs, whereas the white triangles marked mitochondria inside TNTs. Scale bar: 25 lm.

C Quantification of TNTs containing mitochondria in shCtr and shM2 H1299 cells. The percentage of TNTs containing mitochondria was determined. n = 168, 187, and
192 for shCtr, shM2#1, and shM2#2 groups, respectively; three independent experiments.

D A diagram showing the co-culture experiments. shCtr and shM2 H1299 cells stably expressing Mito-GFP were used as donor cells to co-culture with H1299 cells
expressing mCherry as recipient cells at 1 : 1 ratio either in direct contact or separated by a filter in transwells.

E Representative flow cytometry plot of shCtr and shM2 cells following co-culture for 2 days. Experiments were conducted under three conditions: co-cultured in direct
contact in normal glucose medium or in galactose medium or co-cultured through a filter.

F The percentage of mCherry-expressing recipient cells containing Mito-GFP was quantified. Twenty thousand events were acquired for each condition and data were
analyzed using FlowJo analysis software. When co-cultured through the filter in transwells, only 0.01% or fewer recipient cells contained Mito-GFP, and this group is
not included in the graph to avoid an overcrowded figure. Three independent experiments were conducted.

G Representative images of co-cultured shCtr and shM2 H1299 cells. Cells were fixed after 2 days of co-culture, and confocal images were acquired with 100× objective.
The boxed areas are enlarged to show the donor-derived mitochondria in recipient mCherry cells with the corresponding orthogonal views along the thin dotted
lines. Scale bar: 20 lm.

Data information: In (B), nuclei were stained with Hoechst 33342 (blue). In (C, F), data were analyzed using one-way ANOVA with Bonferroni post-test and shown as
mean � SEM; **P < 0.01, ***P < 0.001.
Source data are available online for this figure.
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mitochondrial infiltration, suggesting that the effect of MICAL2PV

down-regulation in enhancing mitochondrial infiltration and transport

in shM2 cells may be dependent on F-actin.

Mitochondrial movement depends on mitochondrial transport

proteins that mediate interaction of mitochondria with the

cytoskeleton (Boldogh & Pon, 2007). To investigate whether

MICAL2PV affects mitochondrial movement by regulating the levels

of Miro1, Miro2, or KIF5B proteins, they were examined by Western

blotting following purification of mitochondria from control and

shM2 cells. Interestingly, down-regulating MICAL2PV expression

increased mitochondrial localization of these mitochondrial trans-

port proteins, especially Miro proteins (Fig 4C and D). These data

suggest a role of MICAL2PV in regulating Miro proteins.

MICAL2PV interacts with Miro1/2

Miro1 and Miro2 belong to a family of GTPases located on the outer

membrane of mitochondria. They play an important role in regulat-

ing mitochondrial distribution and transport (Eberhardt et al, 2020).

Recent studies show that Miro proteins coordinate actin- and

microtubule-dependent mitochondrial transport and distribution

(L�opez-Dom�enech et al, 2018). We examined whether MICAL2PV

interacted with Miro proteins. Co-immunoprecipitation experiment

was performed using an anti-Flag antibody in cells stably expressing

Flag-tagged MICAL2PV. The endogenous Miro1 and Miro2 proteins

were detected in the immunoprecipitated proteins from cell lysates

expressing MICA2PV, but not in the lysates from control cells

(Fig 5A), supporting that MICAL2PV interacts with Miro proteins.

Consistent with this, co-immunoprecipitation experiments

performed using anti-Myc antibody show that Flag-MICAL2PV was

detected in the immunoprecipitated samples when Myc-tagged

Miro1 or Miro2 was expressed, but not in the lysates from control

cells expressing the control vector (Fig 5B).

Next, we mapped the domains of MICAL2PV and Miro2 involved

in MICAL2PV–Miro2 interaction. A series of plasmids expressing dif-

ferent mutants of MICAL2PV were constructed (Fig 5C, panel a).

Following transfection of the vector control or mutant MICAL2PV

plasmids into H1299 cells, co-immunoprecipitation experiments

were performed to examine MICAL2PV–Miro2 interaction. All

MICAL2PV mutants containing the monooxygenase (MO) domain

showed their interaction with Miro2, whereas the mutant lacking

the MO domain did not. These data indicate that the MO domain

mediates MICAL2PV–Miro2 interaction (Fig 5C, panel b). Co-IP

experiments were also carried out in cells expressing different

mutants of Miro2 tagged with the Myc tag by using anti-Myc anti-

body for immunoprecipitation and using anti-Flag antibody to detect

co-precipitated Flag-MICAL2PV (Flag-M2) (Fig 5D, panel a).

MICAL2PV interacted with the Miro2 mutants containing N-GTPase

A

C D

B

Figure 4. Down-regulating MICAL2PV promotes mitochondrial infiltration and mitochondrial localization of mitochondrial transport proteins.

A Down-regulating MICAL2PV promotes mitochondrial infiltration into the cortical cytoskeleton. Control and shM2 H1299 cells were subjected to immunofluorescence
staining with anti-Tom20 antibody (green) and staining using phalloidin (red). Scale bar: 25 lm.

B Down-regulating MICAL2PV enhances mitochondrial infiltration. Mitochondrial infiltration index was quantified as the ratio of the radial distance from the nucleus to
the furthest mitochondria and the radial distance from the nucleus to the plasma membrane. Fifty cells were quantified for each group.

C Down-regulating MICAL2PV enhances the mitochondrial localization of Miro1 and Miro2. Mitochondria were purified from control and shM2 H1299 cells and
subjected to Western blotting. The purity of the mitochondrial fraction was confirmed by detection of mitochondrial ATP5B and the absence of the cytoplasmic b-
tubulin protein.

D The band intensity of target proteins in the mitochondrial fraction was determined [gels shown in (C)] and expressed relative to the Control.

Data information: In (A), nuclei were stained with Hoechst 33342 (blue). In (B, D), data were analyzed using one-way ANOVA with Bonferroni post-test and shown as
mean � SEM; *P < 0.05, ***P < 0.001. Three independent experiments were conducted.
Source data are available online for this figure.
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(aa 1–170) or EF hand (aa 171–409) and mutant #4 containing C-

GTPase (aa 410–580) together with C-terminal transmembrane

domain (TM domain: aa 593–618) (Fig 5D, panel b). On the other

hand, the Miro2 mutant #3 containing only the C-GTPase domain

(aa 410–580; without the C-terminal TM domain) did not interact

with MICAL2PV (Fig 5D, panel b). These data suggest that

MICAL2PV may interact with the C-terminal TM domain of Miro2.

To confirm this, additional Co-IP experiments were carried out using

anti-Flag antibody for immunoprecipitation of Flag-tagged

MICAL2PV, followed by Western blotting using anti-Myc antibody

to detect Myc-tagged Miro2 mutants. The Miro2 mutant containing

C-GTPase and the TM domain (aa 410–618), but not the mutant

lacking the TM domain (aa 410–580), was detected in the anti-Flag

immunoprecipitates (Fig 5E). These data support the notion that

MICAL2PV interacts with Miro2, raising the possibility that the

MICAL2PV–Miro2 interaction in the TM domain of Miro2 may inter-

fere with Miro2 mitochondrial localization. Consistent with this

possibility, increased Miro2 immunofluorescence signals that were

not colocalized with mitochondria were detected in cells overex-

pressing MICAL2PV (Fig 5F). These results suggest that the

MICAL2PV–Miro2 interaction may inhibit Miro2 mitochondrial

localization, thereby affecting mitochondrial trafficking.

Down-regulating Miro2 inhibits mitochondrial infiltration and
TNT-mediated mitochondrial transport in cells with reduced
MICAL2PV expression

To test whether Miro2 plays a role in mediating MICAL2PV activity

in modulating mitochondrial infiltration and TNT-mediated mito-

chondrial transport in shM2 cells, we down-regulated Miro2

A C D

B

E F

Figure 5.
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expression using specific siRNAs and then determined the mito-

chondrial infiltration index and the proportion of TNTs containing

mitochondria by immunofluorescence microscopy (Fig 6). Western

blotting analyses showed that Miro2 expression was up-regulated in

shM2 cells and that Miro2 siRNA significantly reduced Miro2

protein levels in these cells (Fig 6B and C, Appendix Fig S1). Fluo-

rescence microscopy revealed that mitochondria were clustered in

the perinuclear region following Miro2 down-regulation (Fig 6A).

Live cell imaging also clearly demonstrated perinuclear mitochon-

drial clustering in shM2 cells following down-regulation of Miro2

(see Movie EV6). Quantitative analyses showed that the mitochon-

drial infiltration index was significantly decreased after down-

regulating Miro2, indicating that Miro2 promotes mitochondrial

infiltration (Fig 6D). Down-regulating Miro2 significantly reduced

the percentage of TNTs containing mitochondria (Fig 6E). Further-

more, we used the co-culture assay as described in Fig 3 to quantify

mitochondrial transfer by flow cytometry. Down-regulating Miro2 in

shM2 cells significantly reduced the percentage of recipient cells

containing donor-derived mitochondria when cells were cultured

either in glucose or galactose-containing media (Fig 6F). These

results support the idea that the MICAL2PV–Miro2 axis plays a role

in regulation of mitochondrial trafficking.

Down-regulating MICAL2PV decreases chemo-induced cell death
of lung cancer cells

To investigate whether MICAL2PV may affect drug resistance of

cancer cells by modulating TNT formation, we examined cell death

induced by chemo-drugs in our co-culture assay. Control and shM2

cells were treated by vehicle control or 5-Fluorouracil (5-FU; 50 lM;

24 h), a chemo-drug that has been recently evaluated in non–small-

cell lung cancer (Urushiyama et al, 2018). Following 5-FU treat-

ment, cells were further cultured or co-cultured with non-drug-

treated cells labeled with mCherry-tagged mitochondria (mito-

mCherry) at 1:1 in the absence or presence of Cyto B. Twenty-four

hours following co-culture or mono-culture, cell death was quanti-

fied by propidium iodide (PI) staining. Down-regulating MICAL2PV

decreased drug-induced cell death in lung cancer cells (Fig 7A).

When co-cultured with non-chemo-treated cells, the death of

chemo-drug-treated cells was significantly reduced compared with

the mono-cultured group, and such a reduction in cell death was

reversed in the presence of Cyto B (Fig 7A). Cell viability was also

examined in 5-FU-treated cells using MTT assay (Fig 7B). Consis-

tently, shM2 cells showed increased viability as compared with the

shCtr cells. However, viability of chemo-drug-treated shCtr or shM2

cells did not show difference when cultured in the conditioned

medium collected from untreated cells or co-cultured with untreated

cells in transwells (Fig 7B), suggesting that secretion-related mecha-

nisms may not contribute to the reduction in cell death observed in

5-FU-treated cells following co-culture with non-treated cells, as

shown in Fig 7A. Consistent with the data presented in Fig 2, down-

regulation of MICAL2PV led to an increase in TNT formation, and

Cyto B significantly inhibited TNT formation in the co-culture assay

(Fig 7C). Down-regulating MICAL2PV increased the percentage of

cells forming TNTs between chemo-drug-treated cells and non-

treated cells (Fig 7D and E). Together, these results suggest that

increased formation of TNTs among co-cultured cells may contri-

bute to the reduction in the death of chemo-drug-treated shM2 cells.

In previous studies, TNT formation was reported to contribute to

drug resistance in many other types of cancer cells by transporting

diverse cargoes (as reviewed in Hekmatshoar et al, 2018; Sahu et al,

2018). Together, our data suggest that reduced expression of

MICAL2PV might contribute to chemo-resistance of lung cancer

cells by promoting TNT formation.

The MO domain of MICAL2PV is required for its activity in
depolymerizing F-actin and suppressing TNT formation

Previous studies have shown that MICAL family proteins regulate

the cytoskeleton, in particular, F-actin (Hung et al, 2010; Giridharan

◀ Figure 5. MICAL2PV interacts with Miro1/2.

A Lysates of H1299 cells expressing Flag-MICAL2PV were immunoprecipitated using an anti-Flag antibody, and immunoprecipitated proteins were analyzed by Western
blotting using different antibodies as indicated.

B H1299 cells were co-transfected with different combinations of plasmids as indicated. The cell lysates were immunoprecipitated using an anti-Myc antibody.
Immunoprecipitated proteins were analyzed by Western blotting using different antibodies as indicated.

C The monooxygenase (MO) domain of MICAL2PV interacts with Miro2. A schematic representation of protein domain organization in MICAL2PV and its truncation
mutants is shown in (panel a). H1299 cells were co-transfected with Myc-Miro2 and different HA-tagged MICAL2PV mutants. Following transfection, cells were lysed
and immunoprecipitated using an anti-HA antibody and subjected to Western blotting with different antibodies (panel b).

D MICAL2PV interacts with N-GTPase, EF hand, and C-terminal domains of Miro2, but not with the C-GTPase domain. A schematic representation of protein domain
organization in Miro2 and its truncation mutants is shown in (panel a). H1299 cells were co-transfected with Flag-MICAL2PV and different Myc-tagged Miro2
mutants. Transfected cells were lysed, and immunoprecipitation was performed using an anti-Myc antibody and subjected to Western blotting with different
antibodies as indicated (panel b). It should be noted that the upper band (marked by “*”) migrating closely above the Flag-M2 band in the top section of panel b is a
non-specific species because it is present in anti-Myc immunoprecipitates of cells only expressing the vector control, not expressing any Myc-Miro2 (lane 1).

E MICAL2PV interacts with the C-terminal domain of Miro2 containing the transmembrane region. H1299 cells were co-transfected with plasmids encoding Flag-
MICAL2PV and Myc-tagged Miro2 mutants as indicated. Following transfection, cells were lysed for immunoprecipitation using the anti-Flag antibody and Western
blotting. Please note the Myc-Miro2 (410-618) protein band in lane 4 migrated as a faint band, slightly faster than the IgG light chain.

F MICAL2PV inhibits the mitochondrial localization of Miro2 and mitochondrial infiltration. H1299 cells were co-transfected with Myc-tagged Miro2 and GFP-tagged
MICAL2PV (GFP-M2) or control vector. Following transfection, cells were fixed and stained with anti-Tom20 (red) and anti-Myc antibodies (magenta). Confocal
microscopic images were taken with the same objective and the same microscope settings. In cells co-expressing the GFP vector and Myc-Miro2 (upper panels), most
Miro2 signals (magenta) are co-colocalized with mitochondria (red Tom20 signals). However, a significant fraction of the Miro2 signals are not colocalized with
mitochondria in cells co-expressing GFP-M2 and Myc-Miro2 (marked by the yellow arrowheads). Mitochondria in cells expressing GFP-M2 show a perinuclear
distribution pattern, whereas mitochondria in cells transfected by Myc-Miro2 without GFP-M2 (marked by the yellow stars) exhibit an infiltration pattern into the
cortical cytoplasm. Scale bar: 20 lm.

Source data are available online for this figure.
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et al, 2012; Hung et al, 2013). It has been reported that F-actin

dynamics is important for TNT formation (Hanna et al, 2017).

Therefore, we examined whether MICAL2PV affects F-actin poly-

merization in lung cancer cells. As expected, more F-actin filaments

and increased F-actin staining signals were observed in shM2 cells

with reduced MICAL2PV expression, demonstrating the activity of

MICAL2PV in depolymerizing F-actin (see Appendix Fig S2A–F).

Cytochalasin B is an established inhibitor of actin polymerization

frequently used to suppress TNT formation in published studies

(Yasuda et al, 2011; Wang & Gerdes, 2015; Patheja & Sahu, 2017).

In shM2 cells treated with cytochalasin B, F-actin distribution and

signal intensity were restored to that in the control cells (see

Appendix Fig S3A and B), suggesting that MICAL2PV and Cytocha-

lasin B have similar effects on F-actin, i.e., depolymerizing F-actin.

In Hela cells expressing the V1 isoform of MICAL2, it depolymer-

izes F-actin through the MO domain (Giridharan et al, 2012). The

MO domain is conserved in the MICAL2PV. To determine the

domain(s) of MICAL2PV responsible for inhibiting TNT formation, a

series of MICAL2PV mutants (as described in Fig 5C) were

expressed in shM2 H1299 cells (Fig 8A). Expression of these

MICAL2PV mutant proteins was confirmed by Western blotting

using an anti-HA antibody (Fig 8B). Expression of any of three trun-

cation mutants containing the MO domain resulted in a significant

reduction in TNT formation, similar to the effect of the wild-type

MICAL2PV (Fig 8C). F-actin staining revealed that F-actin filaments

and overall F-actin levels were reduced in cells expressing these

MICAL2PV truncation mutants retaining the MO domain (Fig 8D).

Similar results were obtained in shM2 A549 cells when MICAL2PV

mutants were expressed (see Fig EV5A–C). These data support that

the MO domain of MICAL2PV is required for its activities in F-actin

depolymerization and in suppressing TNT formation.

To confirm that the MO domain is necessary for MICAL2PV func-

tion, the mutant lacking the MO domain (delMO; see Fig 8A) was

expressed in shM2 H1299 and A549 cells, respectively. Expression

of different MICAL2PV mutants was confirmed by Western blotting

analyses (Fig 8E and F, lower panels). Quantification of TNT

A B E

F

C

D

Figure 6. Down-regulating Miro2 inhibits mitochondrial infiltration and transport in shM2 cells.

A Control and shM2 H1299 cells were transfected with control siRNA or siRNAs targeting Miro2. Following transfection, cells were stained with anti-Tom20 antibody
(green) and phalloidin (red). Confocal microscopic images are shown. Scale bar: 20 lm.

B, C Miro2 protein levels were detected in different groups by Western blotting with actin as a loading control (B). The Miro2 band intensity was determined and
normalized to that in lane 1 in the shCtr group (C). Three independent experiments were conducted.

D Mitochondrial infiltration index was quantified as described for Fig 4. Fifty cells were quantified for each group.
E The percentage of TNTs containing mitochondria was determined with 100 TNTs per group scored.
F Down-regulating Miro2 inhibits mitochondrial transport in shM2 cells. Mito-GFP-labeled control and shM2 H1299 cells were transfected with control siRNA or

siRNAs targeting Miro2. These cells were then co-cultured with mCherry-labeled recipient cells and analyzed by flow cytometry as described in Fig 3. The
percentage of mCherry recipient cells containing Mito-GFP was quantified. Twenty thousand events were analyzed for each condition, as described in Fig 3.

Data information: In (A), nuclei were stained with Hoechst 33342 (blue). Data were analyzed using Student’s t-test (panel D) or two-way ANOVA with Bonferroni post-test
(panels C, E, F) and presented as mean � SEM; *P < 0.05, ***P < 0.01, ***P < 0.001, ns, not significant. Three independent experiments were conducted.
Source data are available online for this figure.
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formation demonstrates that the delMO mutant lost the activity of

MICAL2PV in suppressing TNT formation (Fig 8E and F). As

expected, this delMO mutant failed to depolymerize F-actin fila-

ments (see Appendix Fig S4A and B).

Previous studies have reported that mutation of the conserved

glycine residues to tryptophan (G to W) in the FAD-binding region

of MO domain blocks FAD binding and impairs the actin-

depolymerizing activity of both Drosophila MICAL and mammalian

MICAL2 genes (Terman et al, 2002; Giridharan et al, 2012). We

constructed a similar mutant (GXGXXG to WXWXXW) in the MO

domain (MOmut) of MICAL2PV (mutant #7 in Fig 8A). Western blot-

ting confirmed the expression of the mutant MICAL2PV protein in

the transfected lung cancer cells, both H1299 and A549 (Fig 8G and

H, lower panels). Expression of the wild-type MO domain was suffi-

cient for suppressing TNT formation, whereas the expression of the

MOmut mutant MICAL2PV protein did not show any detectable effect

on TNT formation (Fig 8G and H). Consistent with this observation,

the MO domain alone was sufficient for depolymerizing F-actin,

whereas MOmut mutant MICAL2PV protein did not show detectable

activity in F-actin depolymerization, as shown by F-actin staining

using phalloidin (see Appendix Fig S4A and B). These results indi-

cate that the G to W mutation inside the FAD-binding region of the

MO domain eliminated the activity of MICAL2PV in depolymerizing

F-actin and suppressing TNT formation. The above data demon-

strate that the MO domain activity is necessary for MICAL2PV to

suppress TNT formation in lung cancer cells.

A

C D E

B

Figure 7. Down-regulation of MICAL2PV increases TNT formation between chemo-drug-treated cells and non-treated cells and decreases drug-induced cell
death.

A Stable H1299 cells (shCtr or shM2) were treated by 5-FU (50 lM, 24 h) and then cultured alone or co-cultured with non-drug-treated cells stably expressing mito-
mCherry in the absence or presence of Cyto B (500 nM, 24 h). The percentage of dead cells in each group was quantified. Three independent experiments were
conducted.

B shCtr and shM2 H1299 cells were treated by 5-FU (50 lM, 24 h). The drugs were then washed out and the cells were cultured in normal DMEM medium (Ctr) or
conditioned medium from non-treated cells or co-cultured with non-treated cells in transwells (separated by the filter) for another 24 h. The cell viability of 5-FU-
treated cells was determined using MTT assay.

C Cyto B inhibits TNT formation in the co-culture assay. The percentage of cells forming TNTs was quantified in co-cultured cells in the absence or presence of Cyto B.
Three independent experiments were conducted.

D Confocal microscopic images of TNTs in each group, white arrowheads and yellow triangle in enlarged views (zoom-in panels, zoom) marked the TNTs formed
between non-drug-treated (mCherry positive) and drug-treated cells. Scale bar: 25 lm.

E TNT formation was quantified between non-drug-treated cells (yellow), chemo-drug-treated cells (blue) or between non-drug-treated and chemo-drug-treated cells
(red) following confocal microscopic imaging (non-drug-treated cells: white circles, chemo-drug-treated cells: black circles). In the co-culture assay, TNTs in shCtr,
shM2#1, and shM2#2 groups (n = 485, 618, and 581, respectively) were imaged. Three independent experiments were performed.

Data information: In (A, B, C, E), data were analyzed using two-way ANOVA with Bonferroni post-test and shown as mean � SEM; *P < 0.05, **P < 0.01, ***P < 0.001,
ns, not significant.
Source data are available online for this figure.
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Discussion

Since the original discovery of TNTs, this type of intercellular

communication has been examined in homeostasis and in pathogen-

esis (Wang & Gerdes, 2012; Yamashita et al, 2018; Nussenzveig,

2019). TNTs play important roles in both physiological and

pathological settings (Rustom, 2016; Lou et al, 2018; Pinto et al,

2020). Under physiological conditions, TNTs are involved in brain

development, cell reprogramming, cell senescence, immunity, and

possibly repair of damaged mitochondria (Koyanagi et al, 2005;

Acquistapace et al, 2011; Takahashi et al, 2013; Liu et al, 2014;

Zaccard et al, 2015; Alarcon-Martinez et al, 2020; Whitehead et al,

A

C
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Figure 8.
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2020). Under pathological conditions, TNTs may modulate disease

progression, including neurodegenerative diseases, AIDS, and

cancers (Eugenin et al, 2009; Lou et al, 2012; Lou et al, 2018;

Marlein et al, 2019; Sharma & Subramaniam, 2019; Vargas et al,

2019; Jansens et al, 2020; Pinto et al, 2020). Several genes, includ-

ing p53 and downstream effector genes, are required for TNT forma-

tion in certain cells (Sahu et al, 2018). A number of GTPase genes

that promote TNT formation have been identified, including Rab8a,

Rab11a, and Rab35 (Zhu et al, 2018; Bhat et al, 2020) However,

much less is known about the endogenous mechanisms that

suppress TNT formation.

In this study, we demonstrate that MICAL2PV encodes a previ-

ously unknown suppressor of TNT formation. Our data indicate that

down-regulating MICAL2PV significantly increases TNT formation

(Fig 2), enhances mitochondrial infiltration into the cortical cytoskele-

ton (Fig 4), and promotes TNT-mediated mitochondrial transport

(Fig 3). The monooxygenase (MO) domain of MICAL2PV is required

for its activity in inhibiting TNT formation by depolymerizing F-actin

(Fig 8 and Appendix Fig S4). Interestingly, increased TNT formation

upon MICAL2PV down-regulation is accompanied by decreased cell

death induced by chemo-drug treatment, as shown in the co-culture

experiments (Fig 7). Our results suggest that TNT formation between

drug-treated and non-drug-treated cancer cells may provide a previ-

ously under-appreciated mechanism for cancer chemo-resistance or

recurrence. Furthermore, our study uncovers an unexpected link

between MICAL2PV and mitochondrial transport protein Miro2,

revealing the MICAL2PV-Miro2 axis in regulating mitochondrial distri-

bution and TNT-mediated mitochondrial transport.

The leading causes of death in cancer patients are distant metas-

tasis and post-treatment recurrence. Chemo-resistance is a major

mechanism for cancer recurrence. Altered or reprogrammed meta-

bolism is an important hallmark of cancer, and metabolic changes

promote cancer cell survival and chemo-resistance (Hanahan &

Weinberg, 2011; Pavlova & Thompson, 2016). Among the multiple

mechanisms reported for communication between cancer cells and

for adaptive changes in the tumor microenvironment, TNT forma-

tion stands out as an effective one for direct intercellular communi-

cation (Pasquier et al, 2012; Lu et al, 2017; Desir et al, 2018; Lou

et al, 2018; Wang et al, 2018; Pinto et al, 2020; Tischchenko et al,

2020). For example, TNT-mediated mitochondrial transport from

bone marrow stromal cells to leukemic cells and mitochondrial

exchange between cancer cells have been suggested to provide

cancer cells with metabolic advantage to survive and to invade (Lu

et al, 2017; Marlein et al, 2017). Here, we present evidence that

TNTs contribute to chemo-resistance in lung cancer cells. Our data

demonstrate that down-regulating MICAL2PV reduces cell death

induced by chemo-drug treatment and promotes TNT formation

between chemo-treated and non-treated cancer cells in our co-

culture system (Fig 7A and E). Previous studies suggest a role of

TNT in progression and drug resistance in other types of cancer. For

example, chemo-drug-activated mesenchymal stromal cell (MSCs)

prevented drug-induced cell death in acute lymphoblastic leukemia

(ALL), via mitochondrial transfer through TNTs (Burt et al, 2019). It

was proposed that less aggressive tumor cells could enhance their

ability to invade by acquiring mitochondria from more aggressive

cells (Lu et al, 2017). In breast cancer cells, P-glycoproteins (P-gps)

could be transferred from drug-resistant cancer cells to drug-

sensitive cells, enhancing chemo-resistance (Pasquier et al, 2012).

Together with published studies, our data support the notion that

TNT formation may contribute to mechanisms promoting survival

of drug-treated cancer cells. Clearly, future experiments are neces-

sary to elucidate how TNT formation promotes chemo-resistance of

lung cancer cells.

The role of MICAL2 in lung cancer is supported by the observation

that a number of missense and splicing mutations in the human

MICAL2 gene have been identified in lung cancer patients. In particu-

lar, 13 mutations have been identified inside the MO domain with at

least two residues (G13 and A256) hit by recurrent mutations associ-

ated with lung cancer (Appendix Fig S5). Some of these lung cancer-

associated mutations are predicted to alter MICAL2PV activity and

may affect its role in suppressing TNT formation. Future research is

necessary for understanding the precise role of MICAL2PV in lung

cancer.

Mitochondria are the major transport cargo for TNTs, suggesting

that TNT-mediated mitochondrial transport may affect cell survival

and adaptation. For example, TNT-mediated mitochondrial transfer

from healthy cells rescued cell apoptosis caused by UV treatment

(Wang & Gerdes, 2015). Our data show that down-regulating

◀ Figure 8. The monooxygenase (MO) domain of MICAL2PV is sufficient for its activity in actin depolymerization and suppression of TNT formation.

A A diagrammatic illustration of protein domain organization in MICAL2PV and its mutants.
B, C MICAL2PV mutants that contain the MO domain retain the ability to suppress TNT formation. Stable shM2 H1299 cells were transfected with plasmids expressing

different MICAL2PV mutants containing a hemagglutinin (HA) tag or the vector control (Ctr). The mutant proteins were detected by Western blotting using an anti-
HA antibody (B). TNT formation was quantified in transfected cells following confocal microscopy. Expression of MICAL2PV mutants, #1, #2, or #4 significantly
reduced TNT formation (C). Three independent experiments were conducted.

D MICAL2PV mutants containing the MO domain are active in depolymerizing F-actin. Following transfection of plasmids expressing different HA-MICAL2PV mutants
(#1, #2, or #4) into shM2 cells, confocal microscopy was performed following staining with phalloidin (red) and anti-HA antibody (green). F-actin signals were
reduced in cells expressing different mutants (HA-positive green cells marked by dashed lines). Scale bar: 20 lm.

E, F MICAL2PV mutants lacking the MO domain do not inhibit TNT formation. Stable shM2 H1299 (E) or A549 (F) cells were transfected with the corresponding
MICAL2PV mutants lacking the MO domain or control vectors (Ctr). Following transfection, Western blotting was carried out using an anti-HA antibody to detect
expression of the mutant proteins, and confocal microscopy was performed to examine TNT formation. Ten images per group were captured for quantification.
Three independent experiments were conducted.

G, H The MICAL2PV mutant containing an inactive MO domain does not inhibit TNT formation. Stable shM2 H1299 (G) or A549 (H) cells were transfected with plasmids
expressing the MICAL2PV mutant in which the MO domain was inactivated by mutations in the FAD binding site (MOmut: amino acid residues 93-98 GxGxxG
mutated to WxWxxW) or the control vector (Ctr). Following transfection, Western blotting and quantification of TNT formation were carried out as in panel E.
Ten images were captured for quantification in each group. Three independent experiments were performed.

Data information: In (D), nuclei were stained with Hoechst 33342 (blue). Data were analyzed using Student’s t-test (C) or a one-way ANOVA with Bonferroni post-test
(E–H) and shown as mean � SEM; *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.
Source data are available online for this figure.
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MICAL2PV alters the mitochondrial subcellular distribution,

increases TNT-mediated mitochondrial transfer (Fig 3). Our experi-

ments also demonstrate that down-regulating MICAL2PV increases

mitochondrial infiltration into the cortical cytoskeleton (Figs 4A and

B, and EV4B), a phenotype that has been associated with cancer cell

migration and invasion. It has been proposed that PI3K may

increase tumor cell motility and invasion by redistributing energeti-

cally active mitochondria to the cortical cytoskeleton, where they

support membrane dynamics, turnover of focal adhesion complexes,

and random cell motility (Caino et al, 2015). Local activation of

AMPK, an energy sensor and metabolic regulator, has been reported

to promote trafficking of mitochondria to the leading edge, main-

taining ATP content and ensuring the ATP supply needed for cell

migration (Cunniff et al, 2016). These results suggest that

MICAL2PV may affect cancer cell behavior by regulating the subcel-

lular distribution and intercellular transport of mitochondria.

It was suggested that long-range movement of mitochondria is

dependent on microtubules, whereas short-range mitochondrial

movement relies on actin cytoskeleton (MacAskill & Kittler, 2010).

A number of proteins important for mitochondrial transport have

been identified. Miro 1 and 2 are mitochondrial outer membrane-

associated GTPases that regulate mitochondrial trafficking and

distribution by coordinating actin- and microtubule-dependent mito-

chondrial movement (Ahmad et al, 2014; L�opez-Dom�enech et al,

2018; Oeding et al, 2018). It was reported that Miro1 knockout

significantly inhibited microtubule-dependent mitochondrial

motion, whereas Miro2 deficiency showed no effect on microtubule-

dependent mitochondrial movement, suggesting that Miro1 is

important for microtubule-dependent mitochondrial trafficking

(L�opez-Dom�enech et al, 2018). On the other hand, Miro1 knockout

did not affect Myo19 protein levels, whereas Miro2 knockout signifi-

cantly reduced the expression of Myo19, an actin-dependent mito-

chondrial motor protein. These data suggest that Miro2 may play an

important role in regulating actin-dependent mitochondrial move-

ment (L�opez-Dom�enech et al, 2018). Our biochemical experiments

show that MICAL2PV interacts with Miro2 and down-regulating

MICAL2PV significantly increases the mitochondrial localization of

Miro2 and mitochondrial infiltration into the cortical cytoskeleton

(Figs 4C and D, and EV4B). Consistently, down-regulating Miro2 in

shM2 cells reduces mitochondrial infiltration and TNT-mediated

mitochondrial transfer (Fig 6). Furthermore, depolymerizing F-actin

reduces mitochondrial infiltration into the cortical cytoskeleton,

consistent with the notion that F-actin polymerization contributes to

increased mitochondrial infiltration in shM2 cells (Fig EV4C and D).

It is conceivable that down-regulating MICAL2PV may facilitate

mitochondrial movement and enhance mitochondrial infiltration by

both increasing mitochondrial localization of Miro2 and promoting

F-actin polymerization. These results uncover a previously unrecog-

nized mechanism for MICAL2PV in modulating intercellular transfer

and subcellular distribution of mitochondria.

Taken together, our study demonstrates, for the first time, that

MICAL2PV suppresses TNT formation by regulating actin cytoskele-

ton and affects mitochondrial distribution and trafficking by regulat-

ing F-actin polymerization. Our data reveal a role of the MICAL2PV-

Miro2 axis in these processes. Our data also suggest a possible

pathogenic role of those recurrent MICAL2 mutations inside the MO

domain found in lung cancer patients. Consistent with the notion

that MICAL2 may play an important role in lung cancer is our

observation that down-regulation of MICAL2PV reduced cell death

in chemo-drug-treated lung cancer cells. Our data suggest previously

unsuspected targets for future development of effective therapeutic

approaches for lung cancer, aiming at enhancing the endogenous

mechanism(s) that suppress TNT-mediated events important for

cancer progression, drug resistance, and post-treatment cancer

recurrence.

Materials and Methods

Cell cultures

To examine TNT formation in human lung cancer cells, a number of

cell lines were obtained from the American Type Culture Collection

(ATCC), including A549, H23, H460, H520, H1299, H1993, and

H1792. Initial experiments indicate that A549 and H1299 cells

showed consistent results, whereas the heterogeneity in cell

morphology and growth features making it difficult to consistently

quantify TNTs in the other cell lines. A549 (K-Ras mutant) and

H1299 (TP53-deficient) cells also represent lung cancer cell lines

containing frequent genetic changes in lung cancer patients. For

these reasons, these two lines were chosen for most experiments

presented in this study. A549 and H1299 cells were cultured in

Dulbecco’s modified Eagle medium (DMEM) (Gibco) supplemented

with 10% (v/v) fetal bovine serum (FBS) (Gibco), 100 lg/ml of

penicillin, and 100 lg/ml of streptomycin (P/S) (Gibco). All cells

were cultured in a 37°C, humidified, 5% CO2-containing atmosphere

incubator (Thermo Scientific).

Antibodies

The following antibodies were used in this study, anti-ATP5B

(ProteinTech/17247-1-AP), anti-KIF5B (ProteinTech/21632-1-AP),

anti-Miro1 (Sigma/WH0055288M1), anti-Miro2 (ProteinTech/

11237-1-AP), anti-HA (Abmart/M20003L), anti-b-tubulin
(ProteinTech/10094-1-AP), anti-b-Actin (ProteinTech/60008-1-Ig),

anti-Tom20 (ProteinTech/11802-1-AP), anti-Flag (Sigma/F3165),

anti-Myc (ProteinTech/60003-2-Ig), and anti-GFP (Invitrogen/

A6455). Alexa Fluor� 594 phalloidin was from Invitrogen (A12381).

The polyclonal anti-MICAL2PV antibody was generated by Sino

Biological Inc. The secondary antibodies used for immunofluores-

cence, Alexa Fluor� 488 goat anti-mouse (A21121), Alexa Fluor�

594 goat anti-mouse (A21125), Alexa Fluor� 647 goat anti-mouse

(A31571), Alexa Fluor� 488 goat anti-rabbit IgG (A11008), and

Alexa Fluor� 594 goat anti-rabbit IgG (A11012) were from Invitro-

gen. For Western blotting analyses, peroxidase-linked donkey anti-

rabbit (NA934V) or peroxidase-linked donkey anti-mouse (NA931V)

secondary antibodies from GE Healthcare were used.

Plasmid construction and transfection

The full-length sequence of MICAL2PV and GFP was generated by

PCR amplification using cDNA or the plasmids containing the corre-

sponding sequence as the template. The fragments were inserted

into the Plko.1-TRC vector between Age I (NEB) and EcoR I (NEB)

sites using the Hieff CloneTM Plus One Step Cloning Kit (Yeasen/

10911ES25) according to the manufacturer’s instruction. MICAL2PV
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mutants were generated by PCR amplification using the full-length

MICAL2PV as template. All constructs were subcloned between the

SaI I (NEB) and Not I (NEB) sites of a pCMV-HA vector (Invitrogen).

All constructs were verified by DNA sequencing. Two different

shRNAs against MICAL2PV were synthesized together with a nega-

tive control shRNA (Shanghai Gene Pharma Co., Ltd). pRK5-myc-

Miro1 and pRK5-myc-Miro2 were gifts from Pontus Aspenström

(Addgene plasmid # 47891; Addgene plasmid # 47888) (Fransson

et al, 2003). The cells were transfected with the plasmids using

Lipofectamine 2000TM (Invitrogen) according to the manufacturer’s

instruction.

siRNA transfection

The control siRNA and Miro2 siRNAs were transfected using lipofec-

tamine 2000TM (Invitrogen) according to the manufacturer’s instruc-

tions. Briefly, 150 pmol siRNA per well was transfected into cells in

6-well plates. 24 h following transfection, the cells were trypsinized

with a fraction of cells seeded on coverslips for immunofluores-

cence, and the remaining cells were further cultured for Western

blotting. After another 24 h, cells were processed for immunofluo-

rescent microscopy or Western blotting, respectively. The following

Miro2 siRNAs were used (50–30): (#1 GCGUGGAGUGUUCGGCCAA,

#2 CCUCAAGUUUGGAGCCGUU), as in a previous study (Oeding

et al, 2018).

Western blotting

Cells were lysed in lysis buffer (50 mM Tris–HCL, pH 7.4, 150 mM

NaCl, 1% NP-40 (Sigma) w/v, 0.5% sodium deoxycholate, 0.1%

SDS, 25 mM NaF, 1 mM Na3VO4, 1 mM PMSF, and proteinase inhi-

bitors (Roche)). Cell lysates were centrifuged at 17,000 g at 4°C for

15 min. The supernatants were mixed with loading buffer (20 mM

Tris–HCl, pH 8.0, 100 mM DTT, 2% SDS, 20% Glycerol, and

0.016% Bromophenol Blue) at 1:1, and boiled for 10 min. Samples

were separated on 10% polyacrylamide gels and transferred onto

PVDF membranes. The membranes were blocked with 5% non-fat

milk for 1 h and probed using specific primary antibodies overnight

at 4°C. Following incubation with peroxidase-linked secondary anti-

bodies (GE Healthcare), signals were detected by ECL detection

system (Millipore).

Immunofluorescent staining

Cells were cultured on the sterile collagen-coated glass coverslips

for 24 h and fixed as described to preserve TNTs (Ady et al, 2014).

Briefly, 8% w/v paraformaldehyde (PFA) was added along the sides

of the dishes with glass coverslips, keeping the overlying culture

medium intact to a final w/v concentration of 4% and incubated at

4°C for 2 h. Then cells were permeabilized for 10 min with 0.3%

Triton X-100 in PBS and blocked by 10% normal goat serum (NGS)

for 1 h at 37°C. For b-tubulin staining, cells were incubated with

anti-b-tubulin antibody (1:500) at 4°C overnight.

To examine the effect of MICAL2PV mutants on actin cytoskele-

ton, cells were transfected and plated on sterile cover-glasses coated

with poly-L-lysine and cultured for another 24 h. Cells cultured on

the cover-glasses were then fixed and stained with anti-HA primary

antibody (1:200). Hoechst 33342 and Alexa Fluor� 594 phalloidin

were used for nuclear and F-actin staining, respectively. Fluorescent

images were captured with a Leica SP8 confocal microscope. To

analyze F-actin intensity, images were acquired by confocal micro-

scopy with a 100x objective at 1,024 × 1,024 pixels. All images were

taken with the same objective with the same settings. The F-actin

intensity in cells was quantified using ImageJ, with mean intensity

quantified and normalized to control cells as described previously

(Zonderland et al, 2019).

Live cell imaging

Control H1299 (shCtr) or shM2 H1299 (shM2) cells stably express-

ing Mito-GFP were cultured in collagen-coated cover-glass cham-

bers. Following washing with warm PBS and switching to phenol

red-free DMEM medium, live cell imaging was performed using a

Leica SP8 microscope with a 100× oil-immersion objective in a live

cell imaging incubator containing 37°C and 5% CO2.

Quantification of mitochondrial transfer in co-cultured cells

A flow cytometry assay following co-culture of donor and recipient

cells was performed following published protocols (Abounit et al,

2015; Pinto et al, 2021). Briefly, stable shCtr or shM2 H1299 cells

expressing Mito-GFP were used as donor cells; and H1299 cells

expressing mCherry were used as recipient cells. In co-culture system,

donor cells and recipient cells were co-cultured at 1:1 ratio for 2 days

in glucose-containing regular media. In some experiments where spec-

ified, donor cells and recipient cells were co-cultured in galactose

medium (10 mM) for 24 h before flow cytometry. To monitor mito-

chondrial transfer mediated by secretion, donor cells and recipient

cells were co-cultured in transwells with donor and recipient cells

separated by the filter membrane. Following co-culture for 2 days,

flow cytometry was performed using a BD FACSAria IIIu flow cytome-

ter. GFP and mCherry fluorescence signals were analyzed at 488 and

561 nm excitation wavelengths, respectively. Twenty thousand events

were acquired for each condition.

Cell viability assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

assay was performed following a published protocol (Mosmann,

1983) to determine cell viability. shCtr and shM2 cells were treated

with 5-FU (50 lM) for 24 h in 6-well plates. Then 5-FU was washed

out, and cells were cultured in complete DMEM medium, or condi-

tioned medium from untreated cells or co-cultured with untreated

cells in transwells separated by the filter. After 24 h, the cell viabil-

ity was tested by adding 400 ll MTT (5 mg/ml) solution to each

well. Following incubation at 37°C for 4 h, the cultured medium

was discarded from each well and 2 ml DMSO was added to cells to

solubilize MTT formazan. Then 100 ll solution was taken from

each well with the color intensity measured spectrophotometrically

using a microplate reader at 490 nm wavelength. The data were

normalized to the corresponding untreated cells.

Immunoprecipitation

Immunoprecipitation and subsequent Western blotting were

performed as reported previously with minor modification (Kong
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et al, 2015). Briefly, transfected cells were lysed in lysis buffer

[50 mM Tris–HCL (pH 7.4), 1 mM EDTA,150 mM NaCl, 0.5%

Nonidet P-40, 50 mM NaF, 1 mM PMSF, 1 mM Na3VO4, 10% glyc-

erol and proteinase inhibitors (Roche)]. Cell lysates were centri-

fuged and the supernatants were incubated with antibodies at 4°C,

following incubation with 30 ll of protein A/G agarose beads

(Roche) for 4 h at 4°C. Immunoprecipitated proteins were examined

using Western blotting as described above.

RNA isolation and qRT–PCR

Following extraction using TRIzol (Invitrogen), the total RNAs from

cells was used in reverse-transcribed using TransScript One-step

gDNA Removal and cDNA Synthesis SuperMix kit (TransGen

Biotech) according to manufacturer’s instruction. The mRNA levels

were measured by quantitative PCR using UltraSYBR Mixture (low

ROX) (CWbio/CW2601M) in a total reaction volume of 20 ll. The
expression level for MICAL2PV was quantified according to the

�DDCT method using the experimentally quantified efficiency (Var-

gas et al, 2019). Following primers were used with b-actin as a refer-

ence gene:

MICAL2PV forward 50-CCAGGTATCTCCACCTCCTT-30 and
reverse 50-AGTCCCTGCATCCAGTTACAC-30;
b-actin forward 50- CAGAAGGATTCCTATGTGG-30 and
reverse 50- CATGATCTGGGTCATCTTC-30.

Mitochondrial purification

Mitochondrial isolation and purify validation were performed

according to our published protocols (Deng et al, 2018). Purified

mitochondria were stored at minus 80°C or immediately character-

ized. Protein concentration was determined by BCA protein assay

(Pierce).

Determination of subcellular mitochondrial distribution

After the indicated treatments, cells were fixed with 4%

paraformaldehyde (PFA; w/v) for 15 min at room temperature, cells

were permeabilized with 0.3% Triton X-100 in PBS for 10 min and

blocked by 10% NGS for 30 min at 37°C. Mitochondria were stained

with anti-Tom20 antibody overnight at 4°C and F-actin was stained

with phalloidin Alexa Fluor� 594 for 30 min at 37°C. At least fifty

images were taken by confocal microscopy and analyzed by Image

J. Mitochondrial distribution was classified into three categories,

“perinuclear, polarized, and infiltrated (into the cortical cytoskele-

ton)”, as described previously (Caino et al, 2015). Mitochondrial

infiltration index was defined as the ratio of radial distance from the

nucleus to furthest mitochondria and the radial distance from the

nucleus to the plasma membrane, as described in the previous

report (Caino et al, 2015).

Depolymerization of F-actin and microtubule

To investigate the effect of F-actin and microtubules on mitochon-

drial distribution, cells were treated with Cytochalasin B (Sigma;

5 lM, 4 h) or Nocodazole (Sigma; 5 lM, 1 h) to inhibit the poly-

merization of F-actin or microtubules.

Cells were fixed and stained with anti-Tom20 for mitochondria,

anti-b-tubulin for microtubule, and phalloidin for F-actin. Images

were taken by confocal microscopy and analyzed by ImageJ.

Quantification of TNT formation

Chambered cover-glasses (Keyoujia Biotechnology/801101) were

coated with collagen, and then seeded with the cells at 40,000/well.

24 h following seeding, the cells were imaged under confocal micro-

scopy (DIC). The membrane protrusions connecting two or more

cells without attachment to the substrate were scored as TNTs. The

percentage of cells forming TNTs was quantified. In each experiment,

at least 10 images were taken of each group (Takahashi et al, 2013).

To detect the TNTs between healthy and chemo-drug-treated

(stressed) cells, the un-labeled H1299 control and shM2 cells were

treated by 50 lM 5-FU (Tokyo Chemical Industry/F0150) for 24 h,

followed by co-culturing of treated cells with Mito-mCherry labeled

non-drug-treated H1299 cells at a ratio of 1:1 for 24 h. TNTs formed

between unlabeled cells (stressed cells), mito-mCherry marked

healthy cells or between unlabeled stressed cells and mito-mCherry

marked healthy cells were imaged by confocal microscopy.

Cytochalasin B treatment: Cells were cultured on the collagen-

coated chambered cover-glasses and treated with 500 nM Cytocha-

lasin B (Abcam/ab143482) for 24 h to inhibit TNT formation. Under

these conditions, no cytotoxicity was detected.

TNT activation by 2-DG or conditioned media

Cells were treated with 20 lM 2-DG (Sigma D6134) to induce the

formation of TNTs in control and MICAL2PV-overexpressing cells.

Another method for inducing TNT formation was culturing cells in

the conditioned media, an acidified hyperglycemic low-serum

medium (pH 6.6, 50 mM glucose, 2.5% fetal calf serum) for 24 h as

reported previously (Lou et al, 2012).

Quantification of mitochondria-containing TNT

Lung cancer cells in the corresponding groups were cultured on

collagen-coated cover-glasses and cultured for 24 h. Then, the cells

were fixed and stained with anti-Tom20 antibody (1:200) and Alexa

Fluor� 594 phalloidin. At least fifty TNTs were imaged in each

group. In each field, the percentage of TNTs containing mitochon-

dria was quantified.

Co-culture assay and quantification of cell death

Unlabeled H1299 control or shM2 cells were treated by 50 lM 5-FU

for 24 h. Following drug treatment, cells were cultured or co-

cultured with Mito-mCherry labeled non-drug treated cells at a ratio

of 1:1 for 24 h. Cells were stained with propidium iodide (PI) at

37°C for 20 min and then imaged using confocal microscopy. Cell

death index was presented as the percentage of PI-positive cells in

different groups.

Statistical analyses

At least three independent experiments were carried out for each

assay. Data were presented as mean � SEM. Data were analyzed
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with one- or two-way analysis of variance (ANOVA) followed by

post hoc tests (as specified) or Student’s t-test using GraphPad

Prism 6. A P-value of < 0.05 was considered as significant; ns, not

significant.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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