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ABSTRACT
◥

Cancer-associated fibroblasts (CAF) are key regulators of
tumorigenesis. Further insights into the tumor-promoting
mechanisms of action of CAFs could help improve cancer
diagnosis and treatment. Here we show that the formin mDia2
regulates the positioning and function of mitochondria in
dermal fibroblasts, thereby promoting a protumorigenic CAF
phenotype. Mechanistically, mDia2 stabilized the mitochondrial
trafficking protein MIRO1. Loss of mDia2 or MIRO1 in fibro-
blasts or CAFs reduced the presence of mitochondria and ATP
levels near the plasma membrane and at CAF-tumor cell contact
sites, caused metabolic alterations characteristic of mitochon-
drial dysfunction, and suppressed the secretion of protumori-
genic proteins. In mouse models of squamous carcinogenesis,
genetic or pharmacologic inhibition of mDia2, MIRO1, or their
common upstream regulator activin A inhibited tumor forma-
tion. Consistently, co-upregulation of mDia2 and MIRO1 in the
stroma of various human cancers negatively correlated with
survival. This work unveils a key role of mitochondria in the
protumorigenic CAF phenotype and identifies an activin A–
mDia2–MIRO1 signaling axis in CAFs with diagnostic and
therapeutic potential.

Significance: Inhibition of mDia2/MIRO1-mediated mitochon-
drial positioning in CAFs induces mitochondrial dysfunction and
suppresses tumor growth, revealing a promising therapeutic strat-
egy to target tumor–stroma cross-talk.

Control of mitochondrial positioning and function by mDia2 and MIRO1 in CAFs promotes secretion of protumorigenic factors,
which can be therapeutically targeted by inhibiting the upstream activin A signaling pathway. Created with BioRender.com.
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Introduction
Cancer-associated fibroblasts (CAF) are major components of the

tumormicroenvironment (TME), which, together withmutations and
epigenetic alterations in the tumor cells, plays a crucial role in
determining malignancy. CAFs most often promote tumor growth
via paracrine control of cancer cells (1). This involves increased

expression of cytokines, growth factors, and extracellular matrix
(ECM) proteins and possibly alterations in protein secretion pathways.
Recent studies identified cytoskeletal abnormalities in CAFs (2),
including perturbations of the actomyosin cytoskeleton, which affect
actin-based protrusions, cell contractility, and motility (3, 4). A key
regulator of the actin cytoskeleton is the formin mDia2 (DIAPH3;
refs. 5, 6), which is upregulated in CAFs and promotes the CAF
phenotype by enhancing the formation of filopodia and cell migration,
as well as the expression of CAF marker genes (7, 8). In dermal
fibroblasts and skin CAFs, mDia2 is a downstream target of the
protumorigenic cytokine activin A, a member of the transforming
growth factor beta (TGFb) superfamily that is highly expressed by skin
cancer cells and also by cells in the TME (9). Activin A induced the
expression of genes that encode profibrotic and protumorigenic
proteins in dermal fibroblasts, which in turn stimulate cancer cell
proliferation and migration (7, 10). The activin A–induced increase in
mDia2 levels prevents p53 nuclear accumulation, thereby promoting
the expression of CAF marker genes and protumorigenic activities of
fibroblasts (7). This paracrine axis is highly relevant to human cancer
as overexpression of both activin A and mDia2 correlates with poor
prognosis in several malignancies (7).

Herewediscovered thatmitochondrial positioning and functionplay a
key role in regulating the skin CAF phenotype and cancer progression,
and depend onmDia2 and its ability to stabilize the atypical Rho-GTPase
MIRO1 (RHOT1). Targeting the activin A–mDia2–MIRO1 signaling
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Figure 1.

mDia2 promotes protein secretion from HDFs. A, Quantification of total proteins secreted by sh-EV and sh-mDia2 HDFs. n¼ 3. B, Representative Western blots of
CM of sh-EV and -mDia2 fibroblasts for fibronectin 1 (FN1), collagen (COL)4A1, and INHBA under reducing conditions. Ponceau S staining of themembrane served as
loading control. C and D, Representative immunofluorescence images of sh-EV and sh-mDia2 fibroblasts stained for INHBA, FN1, and ELN (C), and quantification of
intracellular fluorescence intensity (D). n ¼ 3. (Continued on the following page.)
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axis and the resulting mitochondrial/metabolic alterations in CAFs
is therefore a promising strategy for the treatment of different human
cancers.

Materials and Methods
Animals

NOD/SCID (NOD.CB17-Prkdcscid/NCrCrl) mice were housed
under specific pathogen-free conditions and received food and
water ad libitum. Mouse maintenance and all animal experiments
were approved by the veterinary authorities of Zurich, Switzerland
(Kantonales Veterin€aramt Zurich).

Human skin cancer samples and CAFs
Normal human skin and skin cancer samples were obtained anon-

ymously from the Department of Dermatology, University Hospital of
Zurich (in the context of the Biobank project), approved by the local
and cantonal Research Ethics Committees. Normal skin was from
healthy adult volunteers or from the edges of skin tumors (SCC), which
had been diagnosed by experienced pathologists. Written informed
consent was obtained from all subjects, and the experiments con-
formed to the principles set out in the WMA Declaration of Helsinki
and the Department of Health and Human Services Belmont Report.

CAFs were directly isolated from skin SCC biopsies alongside their
paired normal skin fibroblasts as described previously, with some
modifications (11). Briefly, skin samples were digested with trypsin,
followed by digestion with collagenase. Cells were cultivated with J2
feeder cells. Fibroblasts/CAFs were separated from SCC cells upon
short incubation with trypsin and then cultivated without feeder cells
in DMEM, 10% FBS, and 1% penicillin/streptomycin (P/S). The CAF
phenotype was confirmed by the expression of skin CAFmarkers (12),
and fibroblast cultures isolated from SCCs that did not have CAF
properties were excluded.

For fibroblast/CAF isolation from mouse ear tumors, we adapted a
previously published protocol (13). Briefly, the tumor wasminced into
small pieces and incubatedwith 2.5mL of a collagenase type II solution
(500 U/ml;Worthington Biochemical Corporation) for 1 hour at 37�C
with manual agitation every 15 minutes. The cell suspension was
poured through a 100-mm cell strainer, and the content was centri-
fuged at 1,200 rpm for 5 minutes. The resulting cell pellet was
resuspended in 8 mL of DMEM/10% FBS/P/S and plated in two 6-cm
dishes. The medium was changed the following day, and cells were
passaged prior to confluency.

Cell lines
HaCaT keratinocytes and SCC13 cells were obtained from Prof.

Petra Boukamp, Leibniz Institute D€usseldorf, Germany. Authentica-
tion of the cell lines was performed by the “Deutsche Sammlung von
Mikroorganismen und Zellkulturen” (DSMZ) GmbH, Braunschweig,
Germany. Absence of Mycoplasma was confirmed by PCR using the
PCR Mycoplasma Test Kit I/C (PromoKine) on a monthly basis.

siRNA-mediated knockdown
Knockdown of MIRO1 and mDia2 in primary human fibroblasts

was performed using previously characterized siRNAs (14–16). Cells
were transfected with MIRO1, mDia2, or control siRNAs using
Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions and incubated
for 24–48 hours prior to analysis. To visualize/confirm the knockdown
efficiency in vivo, the siRNAs were prelabeled with fluorescein using
the Label IT siRNA Tracker (MIR 7216, MIRUS Bio LCC).

Generation of human fibroblasts with shRNA-mediated
knockdown of mDia2

Primary human dermal fibroblasts (HDF) were infected with
lentiviruses pLKO.1-shmDia2 TRCN0000150903, which target mouse
mDia2 and human DIAPH3. The construct had been previously
characterized for specificity, and results had been confirmed with
another shRNA (17, 18).

Measurement of ATP and LDH levels
ATP levels were measured using the CellTiter-Glo assay according

to themanufacturer’s instructions (Promega). Briefly, cells were plated
in triplicate in opaque 96-well plates. After 24 hours of incubation, they
were incubated for 10 minutes with CellTiter-Glo reagent, and lumi-
nescence was measured using a 96-well plate reader. LDH assays were
performed as described previously (19).

Analysis of cytokine concentrations
The concentrations of several cytokines in the supernatant of

fibroblasts were measured by LEGENDplex human inflammation
panel 1 (#740808, BioLegend) according to the manufacturer’s
protocol. All samples were analyzed in technical duplicates, and
averages of biological replicates were used for statistical analysis.
Flow cytometry was performed using a BD LSRFortessa, and data
were analyzed using FlowJo v10 (Tristar).

Seahorse XF cell Mito Stress Test
Fibroblasts were plated in XF96 Seahorse plates at 100,000 cells per

well in DMEM/10% FCS/1% PS, and the medium was subsequently
switched to the Seahorse XF base medium (103335-100, Agilent
Technologies) supplemented with 10 mmol/L glucose or galactose,
1 mmol/L sodium pyruvate and 2 mmol/L glutamine (assay concen-
tration according to the manufacturer of the kit: https://www.agilent.
com/cs/library/usermanuals/public/XF_Cell_Mito_Stress_Test_Kit_
User_Guide.pdf) and further incubated in a CO2-free incubator for
1 hour. Oligomycin, FCCP (carbonyl cyanide-p-trifluoromethoxy-
phenylhydrazone), and antimycin A/rotenone were prepared in the
XF assay medium with final concentrations of 1 mmol/L, 1.5 mmol/L,
and 1/0.1 mmol/L, respectively, and provided by the Seahorse XF Cell
Mito Stress Test Kit (#103015-100; Agilent Technologies). The
compounds were serially injected to measure OCR of cells in the
XF96 plate.

(Continued.) E, Western blot for FN1, COL4A1, elastin (ELN), and vinculin (VIN, loading control) using total lysates of sh-EV or sh-mDia2 fibroblasts. n ¼ 3.
F, Representative FN1, COL1A1, and ELN immunofluorescence images and quantification of the stained area in the decellularized matrix from sh-EV and sh-mDia2
fibroblasts cultured in glucose-containingmedium. n¼ 3.G, IFNa2, IL1b, and IL6 concentrations (ng/mL) in supernatants from sh-EV and sh-mDia2 fibroblasts. n¼ 3.
H,Quantification of the SCC13 tumor spheroid area in hanging drop including CM from sh-mDia2 and sh-EV fibroblasts and representative images (left). The area of
the spheroid formed in one control sample was set to 1. n ¼ 10–11. I, Western blots of total lysate from sh-EV or sh-mDia2 fibroblasts transfected with expression
vectors encodingwild-type (WT)mDia2, an actin-polymerization–deficientmDia2mutant (IA) or empty vector (pMX) formDia2 and GAPDH. J andK, Percentage of
total cells with actin stress fibers (J) and scratch closure (K) of sh-EV and sh-mDia2 fibroblasts transfectedwith expression vectors encodingWT or IAmDia2 or pMX.
n ¼ 3 (J) and 6 (K). L and M, sh-EV or -mDia2 fibroblasts were transfected with expression vectors encoding WT or IA mDia2 or pMX. Quantification of FN1
immunofluorescence staining of the decellularized ECM (L), and representativeWestern blot of total cell lysate and data quantification (M). n¼ 3. Graphs showmean
� SEM. ns,P>0.05; �,P <0.05; �� ,P<0.01; ��� ,P <0.001; ���� ,P <0.0001 [one-wayANOVAwith Bonferronipost hoc test (D,E, J, andK–M), or unpaired Student t test
(A and F–H)]. Scale bars, 50 mm (C), 100 mm (F).
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Figure 2.

mDia2 regulates mitochondrial function in HDFs. A, Representative images of sh-EV and sh-mDia2 HDFs stained with MitoTracker (green), rhodamine-coupled
phalloidin (red), and Hoechst (blue). The graph shows the fluorescence intensity of MitoTracker relative to the highest intensity value. The relative distance is
indicated with values from 1 to 10 (e.g., on the top). N¼ 10. B, RepresentativeWestern blots for mDia2, MIRO1, and HSP60 using cytoplasmic (Ct) andmitochondrial
(Mt) fractions, and total lysate (TL) of HDFs. C and D, sh-mDia2 fibroblasts were transfected with pMX-WT or pMX-IA expression vectors or pMX, and stained with
MitoTracker (C). sh-EV fibroblasts were used for comparison. Bar graph shows the fluorescence intensity distribution of MitoTracker relative to the highest intensity
value from the perinuclear region to the plasma membrane (D) as described in A. n ¼ 6. E–G, Representative images of sh-EV and sh-mDia2 HDFs stained with
CellROX (E) orMitoSOX (red;F), counterstainedwithHoechst (blue). Bar graphs showquantification of staining intensity. Cellswere analyzed for LDH release (G).n¼
3–4. H, Relative intracellular ATP levels in sh-EV or sh-mDia2 HDFs transfected with pMX-WT, pMX-IA, or pMX. n ¼ 3. I, Relative levels of mtDNA in sh-EV and
sh-mDia2 HDFs determined by qPCR. n¼ 3. J,Western blot of total lysate of sh-EV or sh-mDia2 fibroblasts for HSP60 and GAPDH, and quantification of the HSP60/
GAPDH ratio. n ¼ 3. K, Quantification of FN1- and COL1A1-stained area in the decellularized matrix from sh-EV and sh-mDia2 fibroblasts cultured in galactose-
containing medium. n ¼ 3. L, Quantification of data from Seahorse analysis from sh-EV and sh-mDia2 HDFs cultured in galactose-containing medium. n ¼ 6.
Graphs show mean � SEM. ns, P > 0.05; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001 [one-way ANOVA with Bonferroni post hoc test (H), two-way
ANOVA with Bonferroni post hoc test (A and D), or unpaired Student t test (E–G and I–L)]. Scale bars, 25 mm (A and C), 100 mm (E and F).
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Figure 3.

mDia2 binds and stabilizes MIRO1 in primary human fibroblasts. A, Representative Western blot of total lysate of sh-EV or sh-mDia2 fibroblasts for mDia2, MIRO1,
GAPDH, and a-tubulin. B, qRT-PCR analysis for MIRO1 using RNA from sh-EV and sh-mDia2 HDFs. n¼ 3. C, Representative Western blot of mitochondrial fractions
from sh-EV and sh-mDia2 fibroblasts probed for mDia2, MIRO1, and HSP60, and quantification of mitochondrial mDia2/HSP60 or MIRO1/HSP60 ratios. n ¼ 3.
D, Representative images of sh-EV and sh-mDia2 HDFs immunostained for MIRO1 (red), counterstained with MitoTracker (green), and Hoechst (blue). Dotted lines
outline the cell border. E,Western blot of total lysate from sh-EV or sh-mDia2 fibroblasts transfected with pMX-WT, pMX-IA, or pMX-control for MIRO1 and GAPDH,
and quantification of the MIRO1/GAPDH ratio. n ¼ 3. F, Representative Western blots for MIRO1 and vinculin using total lysates of sh-EV and sh-mDia2 fibroblasts
treated for 2 hours with epoxomicin (Epox; 10 mmol/L) and quantification of the MIRO1/VINCULIN ratio. n¼ 3 biological replicates. G, Representative images of sh-
mDia2 fibroblasts treatedwith epoxomicin (10mmol/L) or vehicle and stainedwithMitoTracker (green) and rhodamine-coupled phalloidin (red). Bar graphs show the
fluorescence intensity distribution of MitoTracker relative to the highest intensity value from the perinuclear region to the plasma membrane and mean network
branch quantified using theMiNA toolset. n¼ 22–29.H and I,Representative images showing PLA signals (red) in HDFs stainedwithmDia2 andMIRO1 antibodies and
in the negative control (-Ctrl) without primary antibodies (H), counterstained with Hoechst (blue), either alone (H) or together with MitoTracker (green; I). Graphs
showmean� SEM. ns,P>0.05; � ,P<0.05; �� ,P<0.01; ��� ,P<0.001; ����,P<0.0001 [one-wayANOVAwith Bonferronipost hoc test (E–G for network analysis), two-
way ANOVA with Bonferroni post hoc test (G for MitoTracker intensity), or unpaired Student t test (B and C)]. Scale bars, 50 mm.

mDia2–MIRO1 Cross-talk Promotes Protein Secretion by CAFs

AACRJournals.org Cancer Res; 82(20) October 15, 2022 3705

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/82/20/3701/3212902/3701.pdf by guest on 10 N

ovem
ber 2022



Figure 4.

Overexpression ofmDia2 andMIRO1 in CAFs promotes tumorigenesis.A, Expression ofMIRO1 in liver, breast, and ovarian cancer stroma (CS) vs. stroma of respective
normal tissues (NS) based on data sets GSE45001 (N¼ 10 per group), GSE9014 (N¼ 6 and 53), and GSE40595 (N¼ 8 and 36). B, Single-cell expression profiles of
mDia2/DIAPH3 andMIRO1 in immune cells, endothelial cells, and CAFs of melanomas based on data from Single-Cell Portal (Broad Institute). C, Correlation analysis
between MIRO1 and mDia2, INHBA, and TGFB1 gene expression across different cancers using TIMER2. (Continued on the following page.)
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Transfection of human fibroblasts
Wild-type or mutant Flag-tagged mDia2 cDNAs (17, 20) were

subcloned into the retroviral pMX vector (Cell Biolabs). pGEM-
MIRO1 and cyto-Ruby3-iATPSnFR1.0 (ATP biosensors; ref. 21) plas-
mids were purchased from Sino Biological Inc. (#HG15898-G) or
Addgene (#102551), respectively. Plasmid vectors and Lipofectamine
2000 (#11668030, Invitrogen) were incubated with Opti-MEM I
Reduced Serum Medium (#31985062, Thermo Fisher Scientific) at
room temperature for 20 minutes. The mixture was then added to
primary human fibroblasts. After 6 hours of incubation, the medium
was replaced by a normal culture medium containing 10% FBS. Cells
were allowed to recover for 24–48 hours prior to analysis.

Endoplasmic reticulum and mitochondrial staining
Fibroblasts were seeded on glass coverslips in 24-well plates with

complete medium and incubated at 37�C. They were stained with
ER-Tracker Blue-White DPX (Thermo Fisher Scientific, E12353),
MitoTracker Green (Thermo Fisher Scientific, M7514), CellROX-
Orange (Thermo Fisher Scientific, C10443), MitoSOX-Red (Thermo
Fisher Scientific, M36008), or MitoTracker Red CMXRos (Thermo
Fisher Scientific, M7512) diluted 1:2,000 in complete medium for
45 minutes at 37�C. Subsequently, cells were washed and fixed with
3.7% formaldehyde in complete medium for 15 minutes at 37�C.
After washing, they were mounted with Mowiol (Sigma-Aldrich).
Images were acquired with an Axio Imager.A1 microscope (Carl
Zeiss AG).

RNA isolation and qRT-PCR
RNA isolation and quantitative qRT-PCR were performed as

described (13) using the primers listed in Supplementary Table S1.
Values obtained for the first control were set to 1.

Histology, immunostaining, and image analysis
Histologic analysis and immunostainings were performed as des-

cribed (13) using the antibodies listed in Supplementary Table S2.
Immunofluorescence images were analyzed in Fiji (22) and normal-
ized to cell number for in vitro experiments with at least 9 microscopic
fields of view for each condition analyzed. The curvature of ECM
fibers in vivo was analyzed with the ImageJ quantification tool
TWOMBLI (23). Mitochondrial networks were analyzed using
MiNA (24). Mitochondrial and ATP distribution were determined
by measurement of MitoTracker or ATP biosensor fluorescence
intensity relative to the highest intensity value. We calculated the

average for every 10% incremental distance from the perinuclear
region to the plasma membrane using ImageJ (Fiji) plot-profile tool.
The relative distance is indicated with values from 1 to 10; at least 100
to 200 intensity profiles were measured. All images were processed in
an identical way by adjusting brightfield/contrast and subtracting
background signal to identify cell edge/contour using a wide-field
microscope.

Proximity ligation assay
Proximity ligation assays (PLA) were performed with mDia2 (sc-

293288, Santa Cruz), MIRO1 (NBP1-59021, Novus Biologicals), and
TRAK1 (H00022906-M01A, Thermo Fisher Scientific) antibodies
(1:500) and MitoTracker Green as described for fluorescence micros-
copy, followed by ligation of probes specific for each antibody using
a PLA Kit (DUO92101, Sigma-Aldrich). Samples treated without
primary antibodies were used as negative controls.

Preparation of protein lysates and Western blot analysis
Preparation of protein lysates and Western blot were performed

as previously described (13). Some lysates were collected from cells
pretreated with the proteasome inhibitor epoxomicin (10 mmol/L;
S2619, Selleckchem), the mDia2 inhibitor SMIFH2 (25 mmol/L;
S4826, Sigma-Aldrich) or recombinant activin A (20 ng/mL; #120-14,
PeproTech).

Antibodies against INHBA (sc166503, Santa Cruz; 1:500 diluted),
mDia2 (recognizing both the murine and human proteins; 1:5,000
diluted; refs. 17, 18), aSMA (A2547, Sigma-Aldrich; 1:500 diluted),
HSP60 (ab59457, Abcam; 1:500 diluted), FN1 (ab2413, Abcam; 1:500
diluted), COL4A1 (#10710, Progen; 1:500 diluted), ELN (ab21610,
Abcam; 1:500 diluted), MIRO1 (NBP1-59021, Novus Biologicals;
1:500 diluted), POSTN (ab14041, Abcam; 1:500 diluted), calnexin
(NB300-518, Novus Biologicals; 1:500 diluted), GM130 (MABT1363,
Sigma-Aldrich; 1:500 diluted), GAPDH (5G4,HyTest, Turku; 1:10,000
diluted), a-tubulin (T5168, Sigma-Aldrich; 1:10,000 diluted), and
vinculin (V4505, Sigma-Aldrich; 1:2,000 diluted) were used. Second-
ary antibodies were anti-rabbit or anti-mouse IgG (W4011 and
W4021, Promega; 1:8,000 diluted) conjugated with horseradish
peroxidase, and chemiluminescence was determined using the
WesternBright ECL Detection System (Advansta). Bands were
visualized using Fusion Solo 6S (Witec AG), and intensity was
quantified with ImageJ software (NIH). Loading controls of dif-
ferent molecular weights were used depending on the protein that
was analyzed in the experiment.

(Continued.) UVM, uveal melanoma; LUAD, lung adenocarcinoma; PAAD, pancreatic ductal adenocarcinoma; SKCM, skin cancer cutaneous melanoma; BRCA-Lum,
luminal breast cancer; LIHC, liver hepatocellular carcinoma. Red or blue indicates a statistically significant positive/negative correlation (Spearman, P < 0.05),
respectively, and gray denotes a nonsignificant result. D, Kaplan–Meier survival curves based on TCGA and GTEx data. High expression of mDia2/DIAPH3
and MIRO1 in patients with liver or lung cancer correlates with poor survival. E, Representative sections from normal human skin, cSCC, and BCC stained for MIRO1.
Scale bars, 100 mm. T, tumor cells. F, qRT-PCR analysis forMIRO1 using RNA from CAFs or NFs from two SCC patients. n¼ 3. G, RepresentativeWestern blot of total
lysates of NFs and CAFs from patient No. 1 for MIRO1, CAF markers, and GAPDH. H, Quantification of SCC13 tumor spheroid area in hanging drop including CM
from NF and CAFs. n ¼ 10–11. I, Mitochondrial distribution in NFs or CAFs from patient No.1. n ¼ 15–19. J, Representative images and bar graph showing
fluorescence intensity distribution of ATP biosensor (cyto-Ruby3-iATPSnFR1.0) relative to the highest intensity value from the perinuclear region to the plasma
membrane of NFs and CAFs (patient No. 1). n¼ 19. K,Mitochondrial branch length of NFs or CAFs (patient No.1). n¼ 15–19. L, Representative immunofluorescence
images of decellularized matrices obtained from NFs and CAFs (patient No. 1) stained for FN1 and COL1A1 and quantification of the stained area. n ¼ 3.
M,Quantification of SCC13 tumor spheroid area in hanging drop including CM fromNFs transfected with an expression vector encoding human MIRO1 (pGEM-MIRO1
“þ”) or empty vector (pGEM-EV “�”). The spheroid area in one control sample was set to 1. n¼ 10–12. N, SCC13 cells plated on either decellularized matrix from NFs
transfected with pGEM-MIRO1 or pGEM-EV. After 3 days, the number of Ki67-positive SCC13 cells was quantified. n ¼ 3. O, Representative FN1 and COL1A1
immunofluorescence stainings and quantification of the stained area in the decellularizedmatrix derived fromNFs transfectedwith pGEM-MIRO1 or pGEM-EV. n¼ 3.
P and Q, sh-EV and sh-mDia2 fibroblasts were transfected with pGEM-MIRO1 (“þ”) or pGEM-EV (“�”). Expression of MIRO1 was analyzed by immunofluorescence
24 hours after transfection (P). n ¼ 3. Bar graph shows the fluorescence intensity distribution of MitoTracker relative to the highest intensity value from the
perinuclear region to the plasmamembrane (Q). n¼ 6–8. Bar graphs showmean� SEM. ns, P >0.05; � , P <0.05; �� , P <0.01; ��� , P <0.001; ���� , P <0.0001 [one-way
ANOVAwith Bonferroni post hoc test (P), two-way ANOVAwith Bonferroni post hoc test (I, J, andQ), unpaired Student t test (A, F,H, and K–O)]. Scale bars, 50 mm.
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Figure 5.

MIRO1 is a target of activin A–SMAD2/3 signaling.A,HDFswere treatedwith 20ng/mL activin Aor vehicle for 6 hours and analyzed forMIRO1 expression byqRT-PCR.
n ¼ 3. B, ChIP using lysates from activin A– or vehicle-treated fibroblasts and a SMAD2/3 antibody, and amplification of the bound DNA with MIRO1 primers (top).
Preimmune serum (IgG) was used as a negative control. Alignment of the sequenceswithin the 2-kb region upstream of theMIRO1 gene TSS of different species that
harbor a SMAD2/3 binding element (SBE; red and italics; bottom). (Continued on the following page.)
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Chromatin immunoprecipitation
HDFs (approximately 5 � 108 cells) at 80% to 90% confluency,

which had been pretreated with activin A (20 ng/mL) for 6 hours, were
collected, resuspended in DMEM, and subjected to chromatin immu-
noprecipitation (ChIP) as previously described (25). The purified
DNA fragments were used for PCR amplification using the primers
listed in Supplementary Table S3.

Migration assays
For scratch assays, cells were grown to 100% confluency and treated

with 2 mg/mL mitomycin C (Sigma-Aldrich) for 2 hours to inhibit cell
proliferation. One or several scratches were made into the cell layer
using a sterile 200 mL pipette tip. Dead cells and debris were washed off
with prewarmed PBS. The same area was photographed directly after
scratching and at different time points thereafter.

To determine the capacity of the matrix deposited by fibroblasts to
stimulate SCC cell migration, SCC13 cells were seeded on culture inserts
(#80209, Ibidi) that were placed on top of thematrix that had been depo-
sited by fibroblasts. The insert was then removed for migration assays.

Chemotactic transwell migration was assessed as described (7).
Briefly, SCC13 cells were seeded on the insert of the transwell plates in
DMEM/1% FBS and let to migrate for 24 hours toward CM from
fibroblasts.

Isolation of fibroblast secretomes and matrisomes
Cells were plated at 70% to 90% confluency inDMEM/10% FBS/P/S.

On the following day, they were pretreated with 2 mg/mLmitomycin C
and cultured in starvationmedium(DMEM/1%FBS/P/S)with 1mg/mL
doxycycline (DOX) for an additional 3 days. Conditioned media and
ECM were prepared as previously described (13). The total secreted
protein concentrationwas determined using the Bradfordmethod (26).

Skin tumorigenesis assays
Tumorigenesis assays in mouse ear skin were performed as

described (12). Briefly, 3 mL cell suspension (2 � 105 cancer cells in
Hanks’s buffer) was injected intradermally into the ear of NOD/SCID
mice. For tumor cell/fibroblast coinjection experiments, we injected
105 cancer cells and an equal number of fibroblasts. Tumor formation
was monitored over 2 to 5 weeks, followed by sacrifice of the animals
and analysis of the isolated tumors.

For MIRO1-Reducer treatment experiments, SCC13 cells and
primary human CAFs were coinjected intradermally, and tumor
formation was observed during 2 weeks. Tumors were then treated
with MIRO1-Reducer (2.5 mmol/L; #7091, Tocris) or vehicle (DMSO)
every 3 to 4 days by direct injection into the tumor. Tumors were
harvested 3 days after the last injection.

Spheroid formation and growth assay
Spheroid assays were performed and reported according to exper-

imental parameters proposed by The MISpheroID Consortium (27).
Twenty microliters of conditioned media from primary human skin
fibroblasts (preconditioned medium: DMEM/1% FBS/1% P/S) and
containing 2,000 SCC13 cells were placed on the lids of 6-cm culture
plates using a hanging-drop method (28). To prevent dehydration,
5 mL PBS was added to the bottom. Cells were incubated at 37�C and
5% CO2. Spheroids were incubated for 3 days and analyzed for an
increase in the spheroid area.

Bioinformatic analysis
Gene expression data for MIRO1 were acquired from publicly

available gene expression profiling data of human cancers (GSE45001,
GSE9014, andGSE40595) and analyzed using theGEO2R analysis tool
in the GEO database (29) and Gene Expression Profiling Interactive
Analysis 2.0 (GEPIA2; ref. 30). Single-cell RNA sequencing (scRNA-
seq) data from melanomas were investigated through the use of
publicly available scRNA data sets (https://singlecell.broadinstitute.
org/single_cell). The correlation between MIRO1 expression and
expression of other genes in pan-cancer was investigated using Tumor
Immune Estimation Resource 2 (TIMER2; http://timer.cistrome.org/;
ref. 31). The effect of MIRO1 knockdown in genome-wide knockdown
screens was analyzed using DepMap (DepMap.org). Survival graphs
were generated based on thePROGgene gene expression–based survival
analysis web application by using median gene expression value as a
dividing point, and statistical analysis of patient survival data was
performed as described (32).

Ex vivo tumor explant cultures
Ear skin tumors were cut into fragments of approximately 0.5 cm2

and cultured at the air–liquid interface in DMEM/10% FBS supple-
mented with 5 mg/mL insulin (I5500), 0.1 nmol/L cholera toxin
(C8052), 10 ng/mL epidermal growth factor (E4127), 50 IU/ml P/S
and 0.4mg/mLhydrocortisone (#386698; all fromSigma-Aldrich).After
overnight incubation, they were treated with follistatin (50 ng/mL)
(#120-13, PeproTech) for 6 hours and embedded in paraffin.

Mitochondrial extraction
Mitochondrial extraction was carried out using the Mitochondria

Isolation Kit for Cultured Cells (#89874, Thermo Fisher Scientific).
In brief, 20,000,000 primary human fibroblasts were trypsinized,
suspended in 1 mL of complete DMEM, and centrifuged at 850 � g
for 2 minutes. The supernatant was discarded, and 800 mL Reagent
A (with 1� cOmplete EDTA-free cocktail proteinase inhibitor;
Sigma-Aldrich) was added to the pellet. After vortexing at medium

(Continued.) C andD, Representative images of sections from ear skin tumors formed by SCC13 cells with DOX-inducible lentiviral overexpression of INHBA (SCC13
Act; C) or FST (SCC13 FST; D) or transduced with EV, immunostained for MIRO1 (green) or aSMA (red), and counterstained with Hoechst (blue). Graphs show the
percentage of MIRO1- relative to aSMA–positive area (percentage of MIRO1þ area in stroma). n¼ 3 tumors per group. Tumors were collected 5 or 12 weeks after the
initial injection of SCC13 Act or -FST. This accounts for the higher MIRO1 positivity of EV in D compared with C. E, Tumors formed by SCC13 Act cells were treated
ex vivo for 6 hourswith 50 ng/mL follistatin, immunostained for MIRO1 (green) or aSMA (red), and counterstainedwith Hoechst (blue). Graph shows the percentage
of MIRO1- relative to aSMA–positive area. n ¼ 4. F and G, qRT-PCR for FST (F) and MIRO1 (G) using RNA collected 24 hours after DOX treatment from clonally
expandedHDFs transducedwith empty vector (Fb-EV) orwithDOX-inducible expression of FST (Fb FST1, clone 1; Fb FST2, clone 2). n¼ 3.H,Western blots forMIRO1
and GAPDH using total lysates of Fb FST (clone 1) and Fb-EV. I, qRT-PCR for DIAPH3 using RNA collected 24 hours after DOX treatment from HDFs transduced with
Fb-EV or Fb FST1. n¼ 3. J, Representative images of Fb-EV or -FST1 stained with MitoTracker (green) and Hoechst (blue). K and L, Fb FST1 and control fibroblasts
were transfectedwith pGEM-MIRO1 (“þ”) or pGEM-EV (“�”). Expression ofMIRO1was analyzed by immunofluorescence 24 hours after transfection (K). n¼ 3. Graph
shows fluorescence intensity distribution of MitoTracker relative to the highest intensity value from the perinuclear region to the plasma membrane (L). n ¼ 8. M,
Quantification of SCC13 spheroid area in hanging drops including CM from Fb FST1 and their controls transfected with pGEM-MIRO1 or pGEM-EV. The area of the
spheroid in one control sample was set to 1. n¼ 8. Bar graphs showmean� SEM. ns, P >0.05; � , P <0.05; �� , P <0.01; ��� , P <0.001 [one-way ANOVAwith Bonferroni
post hoc test (F, G, K, and M), two-way ANOVA with Bonferroni post hoc test (L), or unpaired Student t test (A, C–E, and I)]. Scale bars, 50 mm (C–E), 25 mm (J).
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speed for 5 seconds, the samples were incubated on ice for 2 min-
utes. Ten microliters of Reagent B was then added and vortexed for
5 seconds. The cells were then incubated on ice for 5 minutes,
vortexing every minute. 800 mL of Reagent C (with 1� cOmplete
EDTA-free cocktail proteinase inhibitor) was then added, and the
cells were inverted several times. Samples were centrifuged at 700 �
g for 10 minutes at 4�C. The pellet contained the total cell lysate and
was stored at�20�C. The supernatant was collected and centrifuged
again at 3,000 g for 15 minutes. The resultant supernatant (cytosolic
fraction) and the pellet (mitochondrial fraction) were stored at
�20�C.

Statistical analysis
Statistical analysis was performed using the PRISM software, version

9 forMac OS X orWindows (GraphPad Software Inc). For comparison
of two groups, an unpaired Student t test was performed; for compar-
ison of more than two groups, one-way or two-way ANOVA and
Bonferroni multiple comparisons test were used. Nonsignificant (ns),
P > 0.05; �, P < 0.05; ��, P < 0.01; ���, P < 0.001; ����, P < 0.0001.

Data availability
The data generated in this study are available within the article and

its Supplementary Data files.

Results
mDia2 promotes protein secretion and ECM deposition by
primary human fibroblasts

The key role of mDia2 in fibroblast-CAF reprogramming (7, 8) and
the pivotal contribution of CAF-derived soluble factors and ECM
proteins to cancer progression (33) prompted us to assess the involve-
ment of mDia2 in the production of a protumorigenic matrisome and
secretome. Knockdown of mDia2 in primary HDF using shRNA (sh-
mDia2; ref. 17) indeed reduced the overall amounts of secreted
proteins compared with cells transduced with lentiviruses carrying
an empty vector (sh-EV cells; Fig. 1A). The levels of secreted fibro-
nectin 1 (FN1) and collagen IV (COL4), and of activin A (encoded by
the INHBA gene; ref. 9), which follow the classic endoplasmic retic-
ulum (ER)-Golgi secretion pathway (34), were markedly reduced by
mDia2 knockdown, whereas their intracellular levels were not affected
(Fig. 1B–E). This suggested that mDia2 regulates protein secretion.
Indeed, the ECM deposited by the sh-mDia2 cells was strongly
depleted of FN1, COL1A1, and elastin (ELN), and the conditioned
medium (CM) of sh-mDia2 cells contained significantly lower
amounts of IFNa2, IL1b, and IL6, compared with control cells
(Fig. 1F and G). Importantly, it failed to promote anchorage-
independent spheroid growth of SCC13 cells (Fig. 1H). mDia2
knockdown HDFs also showed fewer stress fibers and reduced migra-
tory abilities (Fig. 1I–K). These phenotypes, as well as the reduced FN1
secretion, were rescued by reexpression of wild-type mDia2, but not of
an actin polymerization-deficient mDia2 mutant (Fig. 1J–L;
refs. 17, 35). Neither wild-type nor mutant mDia2 expression affected
the intracellular FN1 levels (Fig. 1M).

mDia2 regulates mitochondrial distribution and function in
fibroblasts

To unravel howmDia2 regulates protein secretion, we analyzed key
components of the secretory pathway. mDia2 knockdown HDFs
showed the expected size increase (7, 35), but they neither exhibited
obvious morphologic abnormalities of the ER, the Golgi apparatus, or
the microtubule network nor significant differences in the levels of the

ER or Golgi markers calnexin and GM130, respectively (Supplemen-
tary Fig. S1A–S1D).

Given that efficient protein secretion requires a high cellular
metabolic activity and intact mitochondria (36), and that the actin
cytoskeleton contributes to the structural integrity and dynamics of
mitochondria (37), we stained mitochondria in mDia2 knockdown
HDFs with MitoTracker. mDia2-depleted cells showed perinuclear
clustering of mitochondria, whereas mitochondria in control fibro-
blasts were evenly distributed from perinuclear to peripheral regions
(Fig. 2A). These results were verified with two published siRNAs (16)
and with HDFs from two different donors (Supplementary Fig. S1E–
S1I). There was also a small increase in mitochondrial mean branch
length and network branch in sh-mDia2 fibroblasts, indicative of
elongated andhyperfusedmitochondria. Furthermore, the localization
of mDia2 in primary human foreskin and breast skin fibroblasts was
suggestive of an association with the mitochondrial network (Supple-
mentary Fig. S2A and S2B). Costaining with MitoTracker supported
this association in human fibroblasts, whereas the colocalization of
mDia2 and mitochondria was less obvious in different epithelial cell
lines (Supplementary Fig. S2C). Western blot analysis of subcellular
fractions of HDFs confirmed the known localization of mDia2 in the
cytoplasm of fibroblasts (7), but also showed its association with
mitochondria. The mitochondria-binding protein MIRO1 and the
mitochondrial matrix and housekeeping protein HSP60 served as
positive controls (Fig. 2B). The partial colocalization of MIRO1 and
mDia2 in skin fibroblasts bolsters this conclusion (Supplementary
Fig. S2D). Proper mitochondrial distribution in mDia2 knockdown
fibroblasts was restored upon reexpression ofwild-typemDia2, but not
of the IAmutant (Fig. 2C andD).Moreover, wild-typemDia2 partially
rescued mitochondrial topology (Supplementary Fig. S2E).

The altered position and topology of mitochondria in the mDia2
knockdown fibroblasts were accompanied by a strong increase in
intracellular reactive oxygen species (ROS) and mitochondrial
superoxide levels (Fig. 2E and F). However, this did not affect cell
viability as shown by the measurement of lactate dehydrogenase
(LDH) in the supernatant (Fig. 2G). Total intracellular ATP levels
were only mildly affected (Fig. 2H). Reexpression of wild-type
mDia2, but not of the IA mutant, rescued and even further increased
intracellular ATP levels compared with control cells (Fig. 2H).
Levels of mitochondrial DNA and HSP60 were only slightly reduced
in the mDia2 knockdown cells (Fig. 2I and J), suggesting that the
increased ROS levels are not a consequence of an increase in the
number of mitochondria.

Replacing glucose in the cell culture medium by galactose allows
unmasking mitochondrial dysfunctions, particularly defects in oxida-
tive phosphorylation (OXPHOS), because (i) cells rely on OXPHOS
for efficient ATP production and (ii) oxidation of galactose to pyruvate
via glycolysis does not yield net ATP (38). When cultured in the
presence of galactose, the mDia2 knockdown fibroblasts displayed
an even more dramatic reduction in the secretion of FN1 and
COL1A1 (Fig. 2K vs. Fig. 1F). This correlated with impairments in
the mitochondrial oxygen respiration rate (OCR) and reduced ATP-
linked mitochondrial respiration in mDia2 knockdown versus control
fibroblasts (Fig. 2L). Only a slight reduction in the basal respiration
rate was observed in medium with glucose, suggesting partial com-
pensation by glycolysis (Supplementary Fig. S2F). The basal OCR/
ECAR (extracellular acidification rate) ratio of mDia2 knockdown
fibroblasts was significantly higher compared with control cells,
indicating their relatively higher reliance on mitochondrial OXPHOS
(Supplementary Fig. S2G). These results identify mitochondrial dys-
function in mDia2 knockdown fibroblasts.
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Figure 6.

Knockdown of MIRO1 causes metabolic dysfunction and impaired protein secretion in primary human skin CAFs. A and B, CAFs from patient No. 1 were transfected
with MIRO1 (si-MIRO1) or control (si-Ctrl) siRNAs. The knockdownwas confirmed by qRT-PCR (A) and immunofluorescence staining (B). C,Quantification of nuclear
p53 in CAFs transfectedwith Ctrl or MIRO1 siRNAs. n¼ 3.D, qRT-PCR for CAFmarker genes and genes encoding different small GTPases using RNA from si-MIRO1 or
si-Ctrl CAFs. n¼ 3. E, Representative images of si-MIRO1 or si-Ctrl CAFs (patient No.1) stained for MIRO1 (red), counterstained with MitoTracker (green) and Hoechst
(blue). F,Quantification of COL1A1 -stained area in the decellularizedmatrix from si-Ctrl or si-MIRO1 CAFs. n¼ 3.G,Relative levels ofmitochondrial superoxide based
on MitoSOX fluorescence intensity in CAFs (patient No.1) transfected with si-Ctrl or si-MIRO1. n¼ 3. H, CAFs (patient No. 1) transfected with si-Ctrl or si-MIRO1 were
analyzed for LDH release. n ¼ 3. I, Seahorse assay for the OCR in CAFs (patient No. 1) transfected with si-Ctrl or si-MIRO1 and quantification of basal respiration,
maximal respiratory capacity, andATP production in glucose (top) or galactose (bottom)medium. n¼ 5–6. J,Quantification of total proteins secreted by si-MIRO1 or
si-Ctrl CAFs (patient No. 1) in glucose medium. n¼ 6. K and L, Representative images of immunofluorescence stainings for FN1 and COL1A1 (K) and quantification of
the stained area in the decellularizedmatrix (L) from si-Ctrl or si-MIRO1 CAFs (patient No. 1) in glucosemedium. n¼ 3.M,Quantification of intracellular fluorescence in
si-Ctrl or si-MIRO1 CAFs (patient No. 1) immunostained for INHBA or ACTA2. n ¼ 3. Bar graphs show mean � SEM. ns, P > 0.05; � , P < 0.05; �� , P < 0.01 [two-way
ANOVA with Bonferroni post hoc test (D), unpaired Student t test (other graphs)]. Scale bars, 50 mm (E) and 100 mm (B and K). Data shown in K and L were
reproduced with CAFs from a second patient.
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Figure 7.

Depletion ofMIRO1 in CAFs suppresses skin tumorigenesis.A andB, sh-EVor -mDia2HDFs cocultured for 7 dayswith SCC13 cells immunostained for E-cadherin (red)
and counterstained withMitoTracker (green) and Hoechst (blue;A). Themitochondrial distribution relative to the highest intensity value from the perinuclear region
of fibroblasts to the interface with SCC13 cells was quantified (B). Relative distances range from 1 to 10. n¼ 4–6. C, Representative Western blots for MIRO1, mDia2,
and GAPDH using total lysates of NFs and CAFs (patient No. 1) cultured for 24 hours with SMIFH2 (25 mmol/L) or vehicle. (Continued on the following page.)
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mDia2 stabilizes the mitochondrial trafficking protein MIRO1
Our results raise the possibility thatmDia2 affects proteins involved

in mitochondrial trafficking. Among them, Rho-GTPase MIRO1/
RHOT1 (39) was an attractive candidate. Indeed, MIRO1 protein,
but not mRNA levels, was strongly reduced in the mDia2 knockdown
fibroblasts (Fig. 3A and B). Knockdown of mDia2 in fibroblasts also
reducedMIRO1 protein levels in themitochondrial fraction (Fig. 3C).
MIRO1 colocalized with mitochondria and clustered in the peri-
nuclear region of sh-mDia2 fibroblasts (Fig. 3D).

Reexpression of wild-type, but not IA mDia2, partially restored
MIRO1 protein levels in the mDia2 knockdown fibroblasts (Fig. 3E).
Consistent with the findings that mDia2 increases proteasome activ-
ity (20) and that ubiquitinated MIRO1 is targeted for proteasomal
degradation (40), the proteasome inhibitor epoxomicin partially res-
cued MIRO1 protein levels in the mDia2 knockdown fibroblasts and
normalized their mitochondrial distribution and topology (Fig. 3F
andG). The stabilization ofMIRO1 bymDia2 is likely the consequence
of their physical interaction as supported by PLA (Fig. 3H). PLA
combined with MitoTracker staining showed that the mDia2–MIRO1
complex localizes to mitochondria (Fig. 3I).

mDia2 and MIRO1 levels in human cancer stroma are predictors
of poor prognosis

We next tested if MIRO1 is abnormally expressed and functionally
relevant in human cancer tissue. We first made use of the Cancer
Dependency Map (Depmap), a genome-wide loss-of-function screen-
ing database (41), to determine the effect of MIRO1 knockdown on
cancer features. Dependency score analysis showed that MIRO1 plays
an integral role in the proliferation and survival of various cancer cells
(Supplementary Fig. S3A). Analysis of data from The Cancer Genome
Atlas (TCGA) revealed a consistent upregulation of MIRO1 in the
stroma of liver, breast, and ovarian cancers in comparison with the
stroma of healthy tissue (Fig. 4A), which was not observed in bulk
tumor tissue (Supplementary Fig. S3B). scRNA-seq showed remark-
able coexpression of DIAPH3 and MIRO1 in melanoma CAFs
(Fig. 4B). Strong expression of MIRO1 positively correlates with that
ofmDia2 and INHBA, but not ofTGFB1, in different cancers (Fig. 4C).
Kaplan–Meier survival analysis showed a strong association of high
coexpression ofmDia2 andMIRO1with decreased survival of patients
with liver or lung cancer (Fig. 4D). Notably, numbers of MIRO1-
positive cells were much higher in the stroma of epithelial skin cancers
than in healthy skin (Fig. 4E). Costaining of SCC sections for MIRO1
and the pan-fibroblast marker PDGFR-a indicated that many of the
MIRO1-positive cells are indeed fibroblasts. Coexpression of both
proteins was less pronounced in normal skin (Supplementary
Fig. S3C). These findings point to a protumorigenic effect of MIRO1
in CAFs of different human cancers, although an additional protu-

morigenic function of this protein in cancer cells or other cells of the
TME cannot be excluded.

To assess the functional relevance of the highMIRO1 levels in CAFs
for cutaneous SCC pathogenesis, we used low-passage primary CAFs
and matched normal HDFs (NF) from human SCC lesions and
nontumorigenic skin, respectively. The cultured CAFs showed a
significantly higher expression of MIRO1, mDia2, and other CAF
markers, such as INHBA and FN1, compared with NFs, and they
strongly promoted anchorage-independent growth of SCC13 cells in
spheroids (Fig. 4F–H). The increased expression of mDia2 and
MIRO1 in CAFs versus NFs did not further enhance peripheral
mitochondrial positioning (Fig. 4I). However, using a fluorescent
ATP sensor, we found that ATP was clearly detectable at the cell
periphery of CAFs, but not of NFs from two different donors, whereas
strong perinuclear fluorescence was observed in both CAFs and NFs
(Fig. 4J; Supplementary Fig. S3D). Thus, ATP levels near the plasma
membrane, which are required to supply energy for protein secre-
tion (42), are higher in CAFs compared with NFs. Mitochondria were
also more fragmented in CAFs, resulting in decreased mean branch
length (Fig. 4K). MIRO1, in complex with TRAK1 and microtubule
motor proteins, regulates anterograde mitochondrial movement in
mammalian cells, the increase of which promotes cancer cell inva-
siveness and viability (43). Using PLA, we found a higher MIRO1–
TRAK1 interaction in CAFs versus NFs (Supplementary Fig. S3E).
These findings strongly suggest that mitochondrial trafficking and
function are altered in CAFs, thereby promoting protein secretion.
Indeed, deposition of FN1 and COL1A1 was strongly increased in the
same CAFs (Fig. 4L). Overexpression of MIRO1 in NFs recapitulated
the protumorigenic secretion-dependent effects of CAFs. In particular,
isolatedCManddecellularized ECM fromNFs overexpressingMIRO1
promoted the spheroid formation and proliferation of the weakly
malignant SCC13 cell line (Fig. 4M and N). This is in line with their
increased deposition of the protumorigenic ECM proteins FN1 and
COL1A1 (Fig. 4O). Treatment of MIRO1-overexpressing fibroblasts
with FCCP to disrupt the mitochondrial membrane potential and
consequent ATP production reduced the deposition of FN1 and
COL1A1 (Supplementary Fig. S3F and S3G). This further supports
the functional link between mitochondrial activity and the secretion of
protumorigenic proteins by fibroblasts with highMIRO1 levels. Finally,
overexpression of wild-type MIRO1 in mDia2 knockdown fibroblasts
rescued their mitochondrial distribution defect (Fig. 4P and Q).

MIRO1 is a target of activin A/Smad2/3 signaling in fibroblasts
The co-upregulation of INHBA,mDia2, andMIRO1 in CAFs raised

the question as to whether MIRO1 expression is also controlled by
activin A. Indeed, treatment of HDFs with activin A increased the
expression of MIRO1 (Fig. 5A). We identified a conserved SMAD

(Continued.) The dotted line indicates cutting of the membrane; all samples were loaded on the same gel. D, Representative images of NFs and CAFs cultured with
SMIFH2 (25 mmol/L) or vehicle and stained with rhodamine-coupled phalloidin (red), MitoTracker (green), and Hoechst (blue). E, Two-dimensional cocultures of
SCC13 cells with si-Ctrl or si-MIRO1 CAFs at day 7. SCC13 cells were identified by E-cadherin (red) staining and counterstained with MitoTracker (green) and Hoechst
(blue). Themitochondrial distribution relative to the highest intensity value from the perinuclear region of fibroblasts to the interfacewith SCC13 cells was quantified.
Relative distances range from 1 to 10.n¼ 12–14.F,Chemotactic transwellmigration of SCC13 cells usingCM fromsi-Ctrl or si-MIRO1CAFs. n¼3.G,Quantification of the
SCC13 spheroid area in a single hangingdrop includingCM fromsi-Ctrl or si-MIRO1CAFs. The spheroid area in one si-Ctrl samplewas set to 1.N¼6.H,Tumor volumeat
different timepoints 2weeks after injection (n¼4) and representativephotos of 2-week-old tumors formedupon intradermal coinjection of SCC13 cellswith si-MIRO1
or si-Ctrl CAFs. Inset, area where tumor cells invade into the cartilage. Asterisk, cartilage; arrow, site of invasion. I, Representative images of COL1A1
immunofluorescence and Herovici staining of tumors formed by SCC13 cells transfected with si-MIRO1 or si-Ctrl CAFs at day 15. J, Quantification of the percentage
of the COL1A1-positive area and curvature of fibers per field of view. n¼ 3–4. K, Increase in SCC13 (coinjected with CAFs) tumor volume (mm3) upon injection of the
tumorswithMIRO1-Reducer (2.5mmol/Lper injection) or vehicle (DMSO)onceevery 3 to4days for 18 days. Redarrows, treatment timepoints.n¼5. Bar graphs show
mean� SEM. � , P <0.05; �� , P <0.01; ��� , P <0.001; ���� , P <0.0001 [two-wayANOVAwith Bonferroni post hoc test (B, E,H, andK), unpaired Student t test (F,G, and
J)]. Scale bars, 25 mm (A, D, and E) and 50 mm (I).
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binding element (SBE) within the 2-kb region upstream of theMIRO1
gene transcription start site (TSS), and activin A promoted the binding
of SMAD2/3 to this SBE (Fig. 5B). In vivo, MIRO1 was strongly
expressed in the stroma of xenograft tumors that formed upon
injection of SCC13 cells overexpressing INHBA (7) into the ear skin
of immunodeficient NOD/SCID mice (Fig. 5C). Vice versa, over-
expression of the secreted activin antagonist follistatin in SCC13
cells (7) reduced the expression of MIRO1 in the stroma, and a similar
effect was observedwhen biopsies from tumors generated by wild-type
SCC13 cells were treated ex vivo with follistatin (Fig. 5D and E).
Characterization of HDFs with DOX-inducible expression of follis-
tatin (Fb FST) showed that both the mRNA and protein levels of
MIRO1 and mDia2 were significantly downregulated (Fig. 5F–I).
Furthermore, Fb FST exhibited changes in mitochondrial distribution
(Fig. 5J), resembling those observed in mDia2-depleted fibroblasts.
These abnormalities as well as the reduced efficacy of CM of Fb FST to
promote anchorage-independent growth of SCC13 cells in spheroids
were rescued by overexpression of MIRO1 in these cells (Fig. 5K–M).
These results demonstrate that MIRO1 is a direct and functionally
relevant target of activin A.

MIRO1 is required for efficient protein secretion by CAFs
Given the crucial role of mDia2 in the conversion of murine dermal

fibroblasts into protumorigenic CAFs (7), we determined if knock-
down of MIRO1 had a similar effect as knockdown of mDia2. MIRO1
silencing in patient-derived CAFs (Fig. 6A and B; Supplementary
Fig. S4A) had no effect on the expression of major skin CAF marker
genes. Accordingly, nuclear p53 levels in si-MIRO1 cells were similar
to those in control cells (Fig. 6C). In addition,MIRO1 silencing did not
affect the expression of other small GTPases (RHOA, CDC42, RALA,
and RHOT2; Fig. 6D; refs. 12, 44). However, it caused the expected
perinuclear mitochondrial clustering, reduced the deposition of
COL1A1 and also enhanced the levels of mitochondrial superoxide
(Fig. 6E–G). When we cultured si-MIRO1 cells in a medium contain-
ing high glucose, total cellular ATP levels were not reduced byMIRO1
knockdown (Supplementary Fig. S4B), as previously shownwith other
cells (45, 46). However, the distribution of intracellular ATP was
affected, with ATP being reduced at the cell periphery (Supple-
mentary Fig. S4C). When cells were cultured in a medium contain-
ing galactose instead of glucose, MIRO1 knockdown caused a
significant reduction of total cellular ATP levels and an even more
dramatic increase in mitochondrial superoxide (Supplementary
Fig. S4D and S4E vs. Fig. 6G). This correlated with lower prolif-
eration and migration rates of si-MIRO1 CAFs in medium with
galactose (Supplementary Fig. S4F and S4G). Survival of MIRO1
knockdown cells was reduced in medium with galactose, but not in
medium with glucose (Fig. 6H). Basal and maximal OCR as well as
ATP-linked OCR were significantly lower in si-MIRO1 versus
control CAFs cultured in the presence of galactose, but not in the
presence of glucose (Fig. 6I). These results suggest that MIRO1
knockdown cells fail to increase their oxygen consumption capacity
via OXPHOS when cultured in galactose medium and further
points to their mitochondrial dysfunction.

Overall protein secretion was already reduced in the MIRO1
knockdown CAFs when cultured in glucose medium, and they
deposited much less FN1 and COL1A1 (Fig. 6J–L). However,
expression of the CAF markers INHBA and ACTA2 was comparable
at the RNA (Fig. 6D) and protein levels (Fig. 6M). Similar results
were obtained using a second siRNA (Supplementary Fig. S4H and
S4I). HDFs with DOX-inducible overexpression of INHBA (Fb Act),
which acquire a CAF phenotype (7), confirmed these findings. In

these cells, the knockdown of MIRO1 significantly reduced the
secretion of mature activin A and resulted in the concomitant
intracellular accumulation of the INHBA precursor, whereas INHBA
mRNA levels were not affected (Supplementary Fig. S5A–S5E).
Taken together, we observed similar changes in protein secretion
and mitochondrial positioning in fibroblasts with either MIRO1 or
mDia2 knockdown.

mDia2 and MIRO1 position mitochondria at CAF–tumor cell
contact sites to support the protumorigenic activity of CAFs

We next analyzed cocultures of SCC13 cells with either sh-EV or
sh-mDia2 fibroblasts and found that mitochondria in control fibro-
blasts weremuch closer to SCC13 cells (Fig. 7A andB). Pharmacologic
inhibition of formins in SCC patient–derived CAFs by 25 mmol/L
SMIFH2, a dose that is optimal for mDia2 inhibition (18), reduced the
levels of mDia2 and also those of MIRO1 (Fig. 7C). This correlated
with a reduction in F-actin staining and perinuclear mitochondrial
clustering in SMIFH2-treated CAFs (Fig. 7D). Importantly, SMIFH2-
treatedHDFs displayed reduced secretion of FN1 andCOL1A1, but no
significant changes in their intracellular levels (Supplementary
Fig. S6A and S6B). These data support the relevance of mDia2-
dependent regulation of MIRO1 and mitochondria in NFs and
patient-derived CAFs, which may affect cancer cells by regulating
protein secretion.

To test the relevance of MIRO1 in CAFs for squamous carcino-
genesis, we cocultured SCC13 cells with si-MIRO1 CAFs. These cells
exhibited a similar defective mitochondrial distribution as sh-mDia2
fibroblasts (Fig. 7E). Consistently, incubation of SCC13 cells with CM
collected from si-MIRO1 or control patient CAFs showed that the CM
from the si-MIRO1 CAFs was significantly less efficient in promoting
migration and anchorage-independent growth of the tumor cells in
chemotactic transwell and spheroid formation assays (Fig. 7F and G).
When we plated SCC13 cells on the decellularized matrix deposited by
either control or si-MIRO1 CAFs, the colony-forming and migratory
capacities of the cancer cells were significantly lower on the matrix
deposited by si-MIRO1 CAFs (Supplementary Fig. S7A and S7B).

In vivo, intradermal coinjection of SCC13 cells (Fig. 7H) or of highly
malignant A431 carcinoma cells (Supplementary Fig. S7C) and control
primary human SCCCAFs into the ear of NOD/SCIDmice resulted in
rapid and efficient tumor formation. The tumors showed invasive
growth, which was much less pronounced when si-MIRO CAFs were
used (Fig. 7H, inset). Reduced expression of MIRO1 in the stroma of
the few palpable tumors that developed under these conditions and in
fibroblasts isolated from resected tumors was still visible at the assay
endpoint (Supplementary Fig. S7D–S7G). This correlated with the
significantly reduced deposition of collagen and increased collagen
curvature (Fig. 7I–J), a feature of nonmalignant matrix remodel-
ing (47). Tumor cell proliferation was also reduced, whereas there was
no difference in the area covered by blood or lymphatic vessels
(Supplementary Fig. S7H and S7I). These data clearly demonstrate
a protumorigenic effect of MIRO1 in human fibroblasts. Finally, we
assessed the therapeutic potential of MIRO1 inhibition in vivo. Pal-
pable ear skin xenograft tumors formed by SCC13 cells and primary
human CAFs were injected with “MIRO1-Reducer” (48) every 3 to
4 days over 18 days to induce degradation ofMIRO1. Remarkably, this
treatment strongly suppressed tumor growth (Fig. 7K) and correlated
with reduced MIRO1 protein levels in the fibroblasts isolated from the
treated tumors (Supplementary Fig. S7J).

Taken together, these results demonstrate that MIRO1 is required
for the efficient secretion of proteins from CAFs, which promotes
cancer cell proliferation and malignant SCC growth. Furthermore,
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they show that mDia2 acts through MIRO1 and mitochondria to
control protumorigenic protein secretion and matrix deposition
in vivo. Finally, they identify mDia2 andMIRO1 as important stromal
targets for cancer therapy.

Discussion
We discovered a key role of mDia2 in the regulation of protein

secretion by HDFs and CAFs, which involves stabilization of
MIRO1 as well as appropriate positioning of mitochondria and
ATP production at the cell periphery. Although recent studies have
highlighted the importance of cellular metabolism for matrix
protein synthesis in fibroblasts (49) and of metabolic reprogram-
ming in the acquisition of a CAF phenotype (50), our work reveals
that proper mitochondrial distribution and activity strongly affect
the secretion of protumorigenic proteins by these cells. Knockdown
of mDia2 impaired this process and led to intracellular accumula-
tion of otherwise secreted proteins. Our biochemical and micros-
copy data demonstrate that mDia2 is associated with mitochondria
in skin fibroblasts. These findings are consistent with actin assembly
being implicated in reorganizing and shuffling mitochondria during
mitosis and mitophagy (37, 51). Some of the molecular players
involved in these actin-based processes are known (52), but neither
mDia2’s association with mitochondria nor its role in the regulation
of mitochondrial distribution and function had been described.
Furthermore, we discovered that mDia2 interacts with MIRO1 and
that MIRO1 is essential to sustain the protumorigenic activities of
skin CAFs by allowing appropriate mitochondrial distribution and
metabolic functions. First, we show that not only mDia2 but also
MIRO1 is overexpressed in the stroma of various cancers, and that
their combined overexpression correlates with reduced survival of
patients with liver, lung, or pancreatic cancer. Second, knockdown
of either mDia2 or MIRO1 strongly reduced the protumorigenic
effects of patient-derived skin cancer CAFs in vitro and in vivo. The
reduction in mDia2 and/or MIRO1 expression was associated with
inefficient OXPHOS, reduced ATP levels—in particular at the cell
periphery—and significantly reduced deposition of matrix proteins
by CAFs. This is not the result of a transcriptional effect, as MIRO1
silencing did not alter the expression of several CAF marker genes.
Rather, impaired mitochondrial distribution and function in these
cells provide a likely explanation for the observed secretory defi-
ciency. This is consistent with the important role of MIRO1 in the
release of neurotransmitters and insulin from presynaptic nerve
terminals or pancreatic b-cells, respectively (53, 54), and the
positioning of mitochondria near secretory sites, thereby supplying
ATP to support exocytosis (55). The coexpression of mDia2 and
MIRO1 is at least in part controlled by activin A-Smad2/3 signaling.
Two independent mechanisms allow mDia2 to regulate MIRO1
expression: the first mechanism involves a positive feedback loop
whereby high mDia2 levels promote INHBA/activin A expression in
fibroblasts and its secretion, which in turn increases mDia2 and
MIRO1 transcription in these cells (ref. 7 and this study). The
second relies on the ability of mDia2 to stabilize MIRO1 in
fibroblasts, possibly by preventing its proteasomal degradation (this

study). The mDia2–MIRO1 interaction may contribute to this
effect, as mDia2 binds to ubiquitinated proteins and reduces
proteasomal activity (20).

Given that optimal MIRO1 expression is key to the maintenance
of a protumorigenic CAF phenotype, follistatin, neutralizing activin
antibodies, or soluble activin receptor antagonists (56), which allow
concomitant suppression of both mDia2 and MIRO1 activities,
could be exploited to prevent the fibroblast-to-CAF reprogramming
during tumor progression and may also reduce the protumorigenic
activities of already existing CAFs. Suppression of mitochondrial
activity, e.g., through cancer drugs that target mitochondrial metab-
olism in the tumor cells, is a promising approach for cancer
treatment (57). Our results strongly suggest that perturbing mito-
chondrial positioning and function in CAFs may be therapeutically
equally important. Therefore, we advocate further exploration of the
potential of activin antagonists, the rational design of mDia2-specific
formin inhibitors, and the development of next-generation MIRO1
inhibitors for cancer treatment.
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