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Fig. 5. EGF-induced Ca?* waves and mitochondrial ATP production are required for NCE
execution. (A) CD147 internalization was monitored in vivo by IF in HeLa cells subjected to the
indicated KDs or mock control and stimulated with high dose Alexa-555 EGF. Cells were subjected
to acid wash prior to fixation to remove membrane-bound antibodies and analyzed by confocal
microscopy. Left, representative IF images, Blue, DAPI. Bar, 10 pm. Right, quantification of CD147
fluorescence intensity expressed as % of control = SD. N=number of cells: Control N=699 (n=8);
IP3R KD N=673 (n=8); Control N=258 (n=5); MCU KD N=239 (n=5). (B) Internalization of CD147
and Alexa-555 EGF was monitored as in (A) in HeLa cells subjected to the indicated KDs and treated
or not with OMY (1 puM, pretreatment for 5 min). CD147 and Alexa-555 EGF fluorescence intensity
is expressed as % of control = SD. N=number of cells: Control N=222 (n=4); Control+OMY N=217
(n=4); Clathrin KD N=201 (n=4); Clathrin KD+OMY N=252 (n=4); RTN3 KD N=106 (n=2); RTN3
KD+OMY N=132 (n=4). (C) HeLa cells were transfected with PM-Luc and treated or not with
luciferin (100 uM). CD147 internalization was monitored as in (A). Top, representative IF images,
Blue, DAPI. Bar, 10 pm. Bottom, quantification of CD147 fluorescence intensity expressed as % of
control = SD. N=number of cells: Control N=158, Control+Luciferin N=142, n=3; SNAP-Luc
N=116, SNAP-Luc+Luciferin N=78, n=4. (D, E) EM morphometric analysis of the length of EGFR
gold-positive TIs or CCPs in HeLa cells subjected to the indicated KDs or drug treatments. (D) Left,
schematic representation of the criteria used to assign TIs or CCPs as short or long. Right,
quantification of the ratio of long vs. short NCE TIs normalized to PM profiles of 100 um length.
N=cell profiles: Control N=70, MCU KD N=39, Dynamin KD N=35 (n=2); DMSO N=71, OMY
N=56 (n=3); XeC N=20 (n=2). (E) Quantification of the ratio of long vs. short CCPs normalized to
PM profiles of 100 um length. N=cell profiles: Control N=70 (n=3); MCU KD N=39 (n=2); Dynamin
KD N=45 (n=3); DMSO N=45 (n=3); OMY N=56 (n=3); XeC N=20 (n=2). (F) HeLa cells were
subjected to MCU KD or mock control and treated or not with histamine and/or succinate as indicated.
CD147 internalization was monitored in vivo as in “A”. Quantification of CD147 fluorescence
intensity expressed as % of control + SD. N=number of cells: Control N=281, MCU KD N=345,
Histamine N=177, MCU KD-+Histamine N=264, Succinate N=169, MCU KD+Succinate N=202,
Histamine/Succinate N=225, MCU KD-+Histamine/Succinate N=241 (n=3).
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Fig. 6. Ca’* and ATP are required for cortical actin cytoskeleton remodeling which is involved
in the fission of NCE TIs. (A) CD147 internalization was monitored in HeLa cells subjected to N-
WASP KD or treatment with CK666 and stimulated with high dose EGF. RTN3 KD was used as a
positive control for NCE inhibition. Left, representative IF images, CD147 (green), EGF (red), DAPI
(blue), Bar, 10 um. Right upper, quantification of relative CD147 fluorescence intensity expressed as
% of control = SD. N=number of cells: Control N=258, RTN3 KD N=73, NWASP KD N=231,
CK666 N=242 (n=3). Right lower, Alexa647-Tf internalization was monitored for 8 min at 37°C in
HeLa cells treated as above. The data reported for RTN3 KD are the same as displayed in Fig. 4B.
N=number of cells: Control N=246, RTN3 KD N=185, NWASP KD N=276, CK666 N=295 (n=3).
(B, C) EM morphometric analysis of the length of EGFR gold-positive TIs (B) and CCPs (C) in HeLa
cells subjected to dynamin KD (Dyn KD) and/or treated with CK666. Data are expressed as the ratio
between the number of long to short structures (as defined in Fig. 4D) normalized to PM profiles of
100 pm length; N=cell profiles. Control N=10, CK666 N=10, Dyn KD N=9, Dyn KD/CK666 N=10
(B); Control N=9, CK666 N=10, Dyn KD N=10, Dyn KD/CK666 N=10 (C); a representative
experiment of two biological replicates is shown. (D) Ratiometric analysis of membrane proximal
actin (MPA) density. HeLa cells were subjected or not to RTN3 KD, followed by MPAct-mCherry
and YFP-CaaX co-transfection, and then stimulated with high or low EGF or left unstimulated (-
EGF). Left, two representative images of the ratiometric analysis of MPA density where the MPAct
signal is normalized over the CaaX PM marker. (E) Right, mean raw integrated fluorescence intensity
+ SD is reported as a percentage relative to control cells. N=number of cells: -EGF N=424, Low EGF
N=495, High EGF N=568 (n=7). (F,G) Ratiometric analysis of MPA density as in (D), in HeLa cells
subjected to the indicated KDs (F) or inhibitor treatments (G) and stimulated with high dose EGF.
Inhibitors were present during the stimulation. N=number of cells: (F) -EGF N=316 (n=5), Control
N=356 (n=5), RTN3 KD N=409 (n=5), RTN4 KD N=311 (n=4), NWASP KD N=370 (n=4); (G)
Control N=306, CK666 N=228, XeC N=231, MCUil1 N=232, OMY N=189 (n=3).
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Fig. 7. The EGFR-NCE multiorganelle platform mediates EGF-induced migration in

keratinocytes. (A) CD147 internalization in HaCaT cells subjected to the indicated KDs or mock

transfection (Ctrl). Internalized CD147 was measured by IF after stimulation with high dose

Alexa647-EGF for 12 min at 37°C, as described in Fig. 4A. Mean integrated fluorescence intensity
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+ SD is reported as a percentage of the control cells. N=number of cells: Control N=301 (n=6), RTN3
KD N=97 (n=3), RTN4 KD N=179 (n=5), MCU KD N=253 (n=5), IP3R KD N=199 (n=4). (B)
HaCaT cells expressing the Ca?* sensor PM-GCaMP6f were stimulated with high or low EGF. Left,
Representative single-cell Ca®* response curves presented as the ratio of fluorescence emission at
490/406 nm. Right, AUC + SD of the Ca*" response. N=number of cells: High EGF N=17, Low EGF
N=20 (n=3). (C) Ca*' response in HaCaT cells subjected to RTN3 or RTN4 KD or to mock
transfection (Ctrl) and stimulated with high EGF dose as in (B). AUC + SD is shown. N=number of
cells: Control N=18, RTN3 KD N=27, RTN4 KD N=14. A representative experiment of three
independent replicates is shown. (D) A¥Ym in HaCaT cells stimulated or not with low or high EGF,
measured using TMRM. Total peak area + SD is reported. N=number of cells: -EGF N=206, Low
EGF N=253, High EGF N=327. A representative experiment of two independent replicates is shown.
(E) Wound healing in sub-confluent HaCaT cells stimulated or not with low or high EGF was
monitored by time-lapse video microscopy. Left, representative images at the indicated time points.
Middle, distance covered by cells in the different conditions corrected to the baseline at t=0. Right,
wound closure velocity (um/h) at t=24 h is shown. N=number of cells: -EGF N=15, Low EGF N=23,
High EGF N=34 (n=3). (F) Wound closure velocity (um/h) in sub-confluent HaCaT cells stimulated
with high EGF dose and subjected to RTN3 KD or the indicated treatments for 24 h. N=number of
cells: Control N=121 (n=3), DMSO N=24 (n=2), RTN3 KD N=40 (n=2), OMY N=44 (n=3), MCUil 1
N=22 (n=2), CK666 N=28 (n=2), XeC N=30 (n=2). G. Schematic showing the crosstalk between
EGFR-NCE, ER and mitochondria in controlling EGFR endocytosis, receptor fate and cell migration.
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MATERIALS AND METHODS

EGF concentrations and reagents

Throughout the manuscript low and high dose EGF means 1 and 100 ng/ml, respectively. Alexa-
labeled EGF was used at a concentration of 1 pg/ml of the conjugated species, corresponding to an
actual EGF concentration of ~40 ng/ml. EGF was from PeproTech; Alexa-EGF and Alexa-Tf were
from Molecular Probes. Purified human recombinant HGF (100-250 ng/ml, as indicated) was
obtained from R&D Systems. Protein-A Gold 10 nm was from Utrecht University; EM grade
glutaraldehyde and paraformaldehyde were from Electron Microscopy Sciences; ruthenium red and
secondary rabbit anti-mouse were from Sigma. Fluorescent secondary antibodies were from Jackson
ImmunoResearch. Beetle Luciferin Potassium Salt for Luciferase-based assays was from Promega.
Oligomycin (OMY), histamine and succinate were from Sigma, xestospongin C (XeC) was from
abcam, CK666 and bongkrekic acid were from Merck Life Technology S.R.L., and MCUil1 was

from CliniSciences.

Drug treatments

Cells were treated with 20 pM XeC for 30 min (except for the wound-healing assay where it was
used at 2 uM for 24 h), 50 uM CK666 for 1 h, 1 uM OMY for 15 min (except for the PM-Luc assay
where it was used at 10 uM for 40 min), 50 pM MCUil1 for 30 min, 50 uM bongkrekic Acid for 15
min. The drugs were kept for the duration of the different experimental procedures (CD147
internalization followed by EM/IF analysis, TMRM live recording, PM-Luc ATP recording,
MPACct/CaaX actin polymerization).

Constructs

pGP-CMV-GCaMP6f was a gift from Douglas Kim & GENIE Project (Addgene plasmid # 40755;
http://n2t.net/addgene:40755; RRID:Addgene 40755). For the SNAP25-GCaMP6f tagged version,
the SNAP25-Aequorin sequence was used as a template for the PCR reaction. To generate PM-Luc
stably expressing clones, SNAP25 tag was subcloned from SNAP25-GCaMP6f in the pcDNA3.1
vector (Invitrogen) by PCR using XHOI and BAMHI restriction enzymes. Luciferase cDNA was
subcloned by PCR from the CytLuc-pGL3 basic plasmid into the SNAP25-pcDNA3 vector via
Nebuilder Hifi DNA Assembly Cloning Kit using the XHOI restriction enzyme. Then, SNAP25-
luciferase cDNA was subcloned into the pLVX-Puro vector (Clonetech) using the NEBuilder HiFi
DNA Assembly Cloning Kit and the BAMHI restriction enzyme. To generate the PM-GCaMP6f
stably expressing HeLa and HaCaT clones, the SNAP25-GCaMP6f cDNA was subcloned from
SNAP25-GCaMP6f in the pEN_TmiR vector and recombined in the pSLIK-neo lentiviral vector ®!
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using the Gateway System (Invitrogen). HeLa and HaCaT cells were then infected with the
pSLIKneo-SNAP25-GCaMP6f vector and selected in a medium containing 400 pg/ml neomycin for
seven days. CytoLuc-pGL3 basic (Promega #E1751), pLVX-NEO-CMV-2mt-GCaMP6s and
SNAP25-Aequorin were kindly provided by Dr. Massimo Bonora and Dr. Paolo Pinton from the
University of Ferrara '% 62, C1-MPAct-mCherry, CFP-CaaX and YFP-CaaX were gifts from Tobias
Meyer (Addgene plasmids #155222, #155232, #155233;http://n2t.net/addgene:155222;
RRID:Addgene 155222). For rescue experiments, we generated a cDNA of RTN3A resistant to
RNAI oligo RTN3-2 by introducing 8 silent mutations by site-directed mutagenesis (oligo seq:
GTTGATCATCCGCTTGTT) into the pPBABE-HARTN3A construct. HeLa cells were infected with
the pPBABE-HA-RTN3A RNAI resistant form, and a clone expressing the transgene at endogenous
levels was selected and used in reconstitution experiments. All clones were sequence-verified; details

are available upon request.

Cell culture and transfection
HeLa (human cervix epithelial cells) cells were cultured in Minimum Essential Medium (MEM,
Sigma) supplemented with 10% FBS, 2 mM glutamine, sodium pyruvate 1 mM (Euroclone), 0.1 mM
non-essential amino acids (Euroclone). The pLVX-SNAP25-Luciferase HeLa clone was grown in the
same medium as HeLa cells supplemented with 1 pg/ml Puromycin (Adipogen Life Sciences). The
pSLIK-SNAP25-GCaMP6f and pLVX-mitoGCaMP6s HeLa clones were grown in the same medium
as HeLa cells supplemented with 750 pg/ml G418 (Adipogen Life Sciences). HaCaT (human
immortalized keratinocytes) and HeLa OSLO cells were cultured in DMEM medium (ThermoFisher)
supplemented with 10% FBS and 2 mM glutamine. All cells were cultured at 37°C and 5% CO». Cells
were passaged every 2-3 days to maintain sub-confluency. HeLa cells at 50 — 60% confluence were
transfected using FuGene (Promega) according to Manufacturer’s instruction. Experiments were
performed 24-48 h after transfection.

All human cell lines were authenticated at each batch freezing by STR profiling (StemElite ID
System, Promega). All cell lines were tested for mycoplasma at each batch freezing by PCR (32) and
biochemical assay (MycoAlert, Lonza).

RNA interference

RNAIi was performed with Lipofectamine RNAimax (Invitrogen), according to the manufacturer’s
protocol: for RTN3 KD, RTN4 KD, NWASP KD and clathrin heavy chain KD, cells were transfected
with 2 cycles (on day 1 in suspension, and on day 2 in adhesion) of 8 nM of oligos; for AP2ul KD,
MCU KD and IP3-R1, [P3-R2, IP3-R3 KDs, 1 cycle of 8 nM of oligos; for Dynamin 1 and 2 KD, 1
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cycle of 4 nM of oligo. Mock-treated cells (incubated with Lipofectamine RNAimax in optimum
medium) were used as control. Experiments were performed 72 h after the second transfection. Oligo

brand and sequence:

RTN3 Stealth Invitrogen 5'-CCCUGAAACUCAUUAUUCGUCUCUU-3'
RTN4 Stealth Invitrogen 5’-GGCGCCUCUUCUUAGUUGAUGAUUU-3’
Clathrin Heavy Chain Riboxx 5'-UAAAUUUCCGGGCAAAGAGCCCCC-3'

WASL ON-TARGET Plus Smart | 5’-CAGCAGAUCGGAACUGUAU-3’
Pool Dharmacon 5 .-UAGAGAGGGUGCUCAGCUA-3’
5°-GGUGUUGCUUGUCUUGUUA-3’
5-CCAGAAAUCACAACAAAUA-3’

IP3-R1 Smart Pool Riboxx 5’-UUAAACGAAAUGCUGCUCCCCC-3’
5’-AUAUGUAGAUGUUGUGCCCCC-3°
5’-AUAACUAGAUUGGAAGCCCCC-¥’
IP3-R2 Smart Pool Riboxx 5’-UVAUUUCUUUCUGAGCAGCCCCC-3’
5’-AUUGAUACAAGAAACGGCCCCC-3°
5’-AUCUUUAACAUAACAGGCCCCC-3°
IP3-R3 Smart Pool Riboxx 5’-AUUAAGGUAAACUGAGUCCCCC-3’
5’-UUAUUCUUGUCAGUCCACGCCCCC-3’
5’-UAUAGAUGUUAUGGCCCACCCCC-3°

MCU Stealth Invitrogen 5’-GAUCAGGCAUUGUGGAAUAUAAGCU-3’
AP2pl Stealth Invitrogen 5’-CAUUGACCCGAAAGGCAUCCACUG-3’
Dynamin 1 Riboxx 5’-UUUCACAAUGGUCUCAAAGCCCCC-3’
Dynamin 2 Riboxx 5’-UGAACUGCAGGAUCAUGUCCCCC-3’

Western Blotting and Antibodies

Cells were lysed by adding RIPA buffer (50 mM Tris—HCI, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS), plus protease inhibitor cocktail (CALBIOCHEM) and
phosphatase inhibitors (20 mM sodium pyrophosphate pH 7.5, 50 mM NaF, 2 mM PMSF, 10 mM
Na3zVOq4 pH 7.5) directly to cell plates and lysate was clarified by centrifugation at 13,200 rpm for 20
min at 4°C. Protein concentration was measured by Bradford Assay (Biorad) and 20-50 pg of protein
was run on 4-20% gradient pre-cast Gels (Biorad) and transferred using Trans-Blot (Biorad)
according to manufacturer’s instructions. Filters were blocked with 5% milk diluted in TBS 0.1%
Tween20 (TBS-T) and then incubated overnight with primary antibody according to the datasheet.
Following 3 washes with TBS-T, filters were then incubated with the appropriate secondary antibody
conjugated with horseradish peroxidase. After 3 more washes, the signal was detected at Chemidoc
(Biorad) using ECL from Amersham or Biorad.

Antibodies brands and dilutions:
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Antibody Producer Clone or Epitope Catalog Usage Dilution or
Number concentration
EGFR 806 Homemade aa 1172-1186 of | REF? WB | 33 ng/ml
human EGFR
pY 1068 EGFR | Cell Signaling | Tyr 1068, D7AS | #3777 (XP) WB 1:1000
pY 992 EGFR Cell Signaling | Tyr 992 #2235 WB 1:1000
SHC BD Clone 20 #610878 WB 1:500
pSHC Cell Signaling | Tyr239/240 #2434 WB 1:500
AKT Cell Signaling #9272 WB 1:1000
pAKT Cell Signaling | Thr308 #9275 WB 1:500
ERK1/2 Sigma ERK-1, 351-368 | M7927 WB 1:5000
pERK1/2 Cell Signaling | Thr202/Tyr204 #9106 WB 1:1000
Vinculin Sigma clone hVIN-1 V9131 WB 1:5000
GAPDH Santa Cruz 6C5 sc-32233 WB 1:3000
gamma-Tubulin | Homemade Serum WB 1:1000
EGFR Genentec Clone 13A9 13A9 IF/EM | 1:2000
HGFR R&D Glu25-Thr932 AF276 IF 1:200
CD147 BD HIM 6 555961 In vivo | 1:300
IF
TOMM20 Novus NBP1-81556 CLEM | 1:100
Biologicals
Clathrin Heavy | BD Clone 23 610499 WB 1:1000
Chain
MCU Sigma HPA016480 WB 1:500
IP3-R1 Millipore AB5882 WB 1:1000
IP3-R2 Novus NB100-2466 WB 1:500
IP3-R3 BD 610312 WB 1:4000
RTN3 Homemade aa 1-47, common WB 1.5 pg/ml
to all RTN3
isoforms
RTN4 Novus NB100- WB 1:500
5668155
AP2 p50pn Transduction m2 WB 1:100
BD
N-WASP Santa Cruz HI100 sc20770 WB 1:100
FITC-Tyramide | Akoya SKU CLEM | 1:100
Biosciences SAT701001E
A
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Firefly Invitrogen PAS5-32209 IF 1:250
Luciferase WB 1:500

CD147/EGF/Tf - HGFR/HGF internalization assays

For antibody internalization assays, serum-starved cells were first incubated with anti-CD147
antibody for 60 min at 4°C and then with an Alexa-488 fluorescent secondary antibody (in green) for
30 min at 4°C. Cells were then stimulated with high dose Alexa-conjugated EGF (see section “EGF
concentration”) at 37°C for 5 min in HeLa cells and 12-15 min for HaCaT cells, or with high dose
unlabeled HGF (1 pg/ml, preactivated for 20 min at room temperature followed by 15 mins at 37°C
in 100% serum, then diluted in serum-starved medium for obtaining a final concentration of 100
ng/ml in 10% serum prior to use) for 8§ min. As a control, we also incubated CD147 in the absence of
the ligand (in the case of HGF experiment, in the presence of 10% serum) and we observed no
detectable CD147 internalization. After internalization, cells were acid wash-treated (100 mM
Glycine-HCI) pH 2.2, fixed in 4% paraformaldehyde and processed for IF. Images were obtained
using a Leica TCS SP8 confocal microscope equipped with a 63X oil objective and processed using
Imagel. An ad hoc designed macro was used to quantify CD147 signal upon stimulation with EGF.
CD147 signal was highlighted applying an intensity-based threshold (Default method), and then
fluorescence intensity per field was calculated using the “Measure” command, limiting measurements
to threshold. This value was then divided by the number of nuclei in the field, counted using the DAPI
signal, to calculate the CD147 fluorescence intensity per cell.

For HGFR internalization assay, HeLa cells were stimulated with high dose HGF at 37 °C for 8
min as described above. Following fixation, HGFR protein was stained with anti-HGFR antibody
recognizing the extracellular domain followed by CY3-labelled secondary antibody before
permeabilization (referred to as PM HGFR). After staining, the cells were further fixed and then
permeabilized to allow for another round of staining with anti-HGFR antibody followed by Alexa
647-labelled secondary antiboby (referred to as Total HGFR). The resulting images were analyzed
using ImagelJ software. The PM HGFR signal was selectively emphasized by applying an intensity-
based threshold using the "Otsi" method. The fluorescence intensity per field was then calculated
using the "Measure" command, with measurements limited to the thresholded region. A similar
analysis was performed for the Total HGFR signal using the "Moments" method. Finally, the ratio of
PM HGFR to Total HGFR was used to normalize the levels of PM HGFR in each experimental
condition.

To quantify internalized EGF/TT, cells were stimulated with high dose Alexa-conjugated EGF
or Alexa-conjugated Tf (see section “EGF concentration’) at 37 °C for 5 min (EGF) or 8 min (TF) in
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HeLa cells, and 12 min for both ligands in HaCaT cells. Before fixation, samples were subjected to
acid wash treatment to visualize only internalized ligand. Images were analyzed using ImageJ. EGF
signal was highlighted applying a 10-intensity based threshold (Default method), and then
fluorescence intensity per field was calculated using the “Measure” command, limiting measurement
to threshold. This value was then divided for the number of nuclei in the field, counted using the

DAPI signal to calculate the EGF fluorescence intensity per cell.

Electron microscopy

Pre-embedding immunolabeling. Serum-starved cells were incubated with anti-EGFR 13A9
(Genetech) or with anti-CD 147 antibody, followed by incubation with rabbit anti-mouse, and, finally,
with Protein-A Gold 10 nm (30 min incubation on ice/each step). Cells were then incubated at 37°C
for 5 min with 30 ng/ml EGF, as indicated. A control sample left at 37°C for 5 without EGF was
included in the experiment to control that no internalization was induced by the antibody in the
absence of ligand. Cells were then washed in PBS and fixed for 1 h at room temperature in 1.2%
glutaraldehyde in 66 mM sodium cacodylate buffer pH 7.2 containing 0.5 mg/ml of ruthenium red.
After quick washes with 150 mM sodium cacodylate buffer, the samples were post-fixed in 1.3%
osmium tetroxide in a 66 mM sodium cacodylate buffer (pH 7.2) containing 0.5 mg/ml ruthenium
red for 2 h at room temperature. Cells were then rinsed with 150 mM sodium cacodylate, washed
with distilled water and enbloc stained with 0.5% uranyl acetate in dH20 overnight at 4°C in the dark.
Finally, samples were rinsed in dH»O, dehydrated with increasing concentrations of ethanol,
embedded in Epon and cured in an oven at 60°C for 48 h.

Ultrathin sections (70 — 90 nm) were obtained using an ultramicrotome (UC7, Leica
microsystem, Vienna, Austria), collected, stained with uranyl acetate and Sato’s lead solutions, and
observed in a Transmission Electron Microscope Talos L120C (FEI, Thermo Fisher Scientific)
operating at 120 kV. Images were acquired with a Ceta CCD camera (FEI, Thermo Fisher Scientific).
Morphometry of NCE Tls and of CCPs. Cellular profiles of thin sections of cells immunolabeled with
anti-EGFR or with anti-CD147 antibodies and stained with ruthenium red were acquired. Endocytic
structures were classified as NCE TIs or CCPs depending on their morphology and the presence of a
clathrin coat. The distance of gold-positive/ruthenium red-positive endocytic structures to the PM
was measured with ImageJ and the ratio between short and elongated structures for each cellular
profile was calculated (NCE TIs: short 150-300 nm; elongated > 300 nm; CCPs: short <200 nm
elongated > 200 nm).
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KDEL-HRP/DAB visualization of ER. Cells were fixed in 1% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for 30 min at room temperature, followed by incubation with 0.3 mg/ml
3,3’-diaminobenzidine tetrahydrochloride (DAB) and 0.03% hydrogen peroxide in 0.1 M sodium
cacodylate buffer pH 7.4 for 20 min at room temperature. Samples were rinsed in sodium cacodylate
buffer and post-fixed with 1.5% potassium ferrocyanide, 1% osmium tetroxide in 0.1M sodium
cacodylate buffer (pH 7.4) for 1 h on ice. After enbloc staining with 0.5% uranyl acetate in dH20
overnight at 4°C in the dark, samples were dehydrated with increasing concentrations of ethanol,
embedded in Epon and cured in an oven at 60°C for 48 h. Ultrathin sections (70 — 90 nm) were
obtained using an ultramicrotome (UC7, Leica microsystem, Vienna, Austria), collected, stained with
uranyl acetate and Sato’s lead solutions, and observed in a Transmission Electron Microscope Talos
L120C (FEI, Thermo Fisher Scientific) operating at 120 kV. Images were acquired with a Ceta CCD

camera ((FEI, Thermo Fisher Scientific).

Serial Section Electron Tomography. Serial thick sections (130-150 nm) were collected on formvar-
coated copper slot grids. Gold fiducials (10 nm) were applied on both surfaces and the grids were
stained with 2% methanolic uranyl acetate and Sato’s lead citrate. The samples were imaged using a
120 kV Talos L120C (Thermo Fisher Scientific). Tilted images (+65/—65 according to a Saxton
scheme) were acquired with Tomography 4.0 acquisition software (Thermo Fisher Scientific) using
a 4kx4k Cetal6M camera (Thermo Fisher Scientific). Tilted series alignment, tomography
reconstruction, and serial tomograms joining were performed using the IMOD software package

(Mastronarde, 1997).

3D ER-mitochondria visualization and quantification. Tomograms were semi-automatic segmented
using Microscope Image Browser (MIB) (DOI: 10.1371/journal.pbio.1002340). ER stained by
KDEL-HRP/DAB electron dense precipitate was segmented using MIB Frangi Filter; mitochondria
and PM were manually segmented with the brush tool on few slices and automatically interpolated
through the 3D stacks. For visualization, the MIB model was exported to IMOD. For quantification,
the segment profiles were exported to MatLab (MathWorks Inc.) and the distances between ER and

mitochondria profiles were calculated with a MatLab script.

ER-Mitochondria contact site analysis. HRP-KDEL> ¢ transfected cells were fixed with 4%
paraformaldehyde, 0.01% Glutaraldehyde in 0.1M Hepes pH 7.4. The ER was then visualized
incubating the cells using fluorescent tyramide (TSA-FITC 1:200, AKOY A Biosciences), 0.003 H20;
and 0,05% Tween-201in 100 mM borate buffer. Cells were then permeabilized with 0.1% saponin and
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stained with TOMM20 antibody (NBP1-81556 from Novus Biologicals) visualized with a secondary
antibody conjugated with Alexa564 (Invitrogen). Samples were then dehydrated and embedded in
LR white resin using microwave irradiation. Ultrathin sections (100 nm) were obtained with a Leica
UC7 ultramicrotome, collected on glass coverslips and nuclei were stained with Hoechst. The
fluorescence signal was collected in a DeltaVison widefield microscope (DeltaVision Elite; Applied
Precision/GE Healthcare) using a 100x plan-apo oil immersion objective. The acquired 3D stack was
deconvoluted using software (DeltaVision Elite; Applied Precision/GE Healthcare) and analyzed
with ImageJ software. ER-mitochondria “contacts” were identified with the object-based
colocalization function of JaCop Plugin®. To quantify juxtamembrane contacts using the Hoechst
channel, nuclei and the cell borders were manually segmented and a relative distance map was created
having a value of 0 close to the nucleus and 1 close to the cell border. Contacts in proximity to the
PM (relative distance map value higher than 0.75) were identified using ImageJ Analyze particles
plugin.

To validate the quantification procedure used the CLEM approach evaluating whether the
colocalization regions identified with ImagelJ corresponded to a real contact site at EM level. To make
the fluorescent section compatible with EM imaging we introduced in the embedding procedure
heavy metal staining. Briefly, after KDEL-HRP/TSA staining and TOMM20 immunolabeling, cells
were post-fixed with 0.2% osmium tetroxide, 0.3% potassium ferrocyanide in 0.1 M cacodylate
buffer for 5 min with microwave irradiation (two microwave pulses of 40 sec over 5 min). Then
samples were further contrasted with 0.5% uranyl acetate for 1 min in the microwave and finally
dehydrated and embedded in LR white resin. This procedure confers to the sample enough contrast
enabling the visualization of the cellular membrane during EM imaging but decreased the fluorescent
signal. Therefore, for the CLEM approach, we used mitotracker staining for mitochondria
visualization since it gave a brighter signal compared to TOMM20 immunostaining. Ultrathin
sections (100 nm) were obtained with a Leica UC7 ultramicrotome, collected on glass coverslips, and
nuclei were stained with Hoechst and imaged with a DeltaVision widefield microscope. After being
imaged, the sections were detached from the glass coverslips using 1% hydrofluoric acid and
collected on formvar-carbon coated slot grids. The same cell acquired in the fluorescence microscope
was then identified at the EM level and images were collected with a Talos L120C transmission
electron microscope. Fluorescent and EM images were aligned with ec-clem ICY plugin, and the
number of contact sites revealed by EM (20 nm distance) and fluorescence (JaCoP plugin) were

evaluated.
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Measurements of intracellular Ca?* concentration

Aequorin measurements. HeLa cells grown on 13-mm-round glass coverslips at 50% confluence were
transfected with the appropriate PM-targeted aequorin chimeras. Aequorin constructs and protocols
were previously described!®. All aequorin measurements were performed in KRB buffer (135 mM
NaCl, 5 mM KCl, 0.4 mM KH;PO4, 1 mM MgSOs4, 20 mM HEPES and 5.5 mM glucose, pH 7.4),
supplemented with 1 mM Ca?*. When EGTA treatment was performed, aequorin measurements were
recorded in KRB buffer plus 100 pM EGTA. Stimulation with EGF was performed as specified in
the Figure legends. The experiments were terminated by lysing the cells with 0.01% Triton in a
hypotonic Ca?*-rich solution (10 mM CaCl in H>0), thus discharging the remaining aequorin pool.
The light signal was collected and calibrated into [Ca?*] values, as previously described!'®. Extent of
Ca®" waves was expressed as area under the curve (AUC) and maximal value of peak in box plot
graphs (whiskers min to max). Statistical analysis was performed using GraphPad Prism.

GCaMP measurements were performed using two different fluorescent Ca*"-probe with different
affinity for Ca?": GCaMP6f and GCaMP6m'% 3692, GCaMPs were developed for imaging rapid Ca?*
peaks, like the one observed at ER-PM NCE contact sites. To localize the probe to the PM, where
NCE contact sites are formed, we added the PM-targeting sequence of SNAP25, as used for Aequorin
5. GCaMP-stable HeLa clones (PM-GCaMP6f and mitoGCaMP6m) were grown on 35-mm
coverslips or MatTek 48 h prior to the acquisition of images. PM-GCaMP6f cells were subjected to
0.5 pg/ml overnight doxycycline induction the day before the recording of the experiment. For image
acquisition, cells were washed and kept in KRB buffer supplemented with 1 mM Ca?" and glucose.
To determine the PM Ca?* response, cells were placed on a 37°C thermostat-controlled stage and
exposed to 490/406 nm wavelength light using the Olympus fluorescent microscopy system equipped
with a 20x oil objective acquiring 5fps for a total of 6 min. After recording baseline ratio, cells were
stimulated with EGF under the indicated conditions. To assess the PM Ca?" response after HGF
stimulation, HeLa cells were rinsed once with KRB buffer and allowed to adapt for approximately 5
min in KRB buffer supplemented with 1% serum to activate HGF. Similarly, for EGF experiments,
the cells were placed on a 37°C thermostat-controlled stage and exposed to light of 490/406 nm
wavelength. After measuring the baseline ratio, the cells were stimulated with 250 ng/ml HGF, which
was diluted in PBS-0.1%BSA. This same PBS-0.1%BSA solution was used as the control in the
absence of HGF (-HGF condition). Fluorescent data collected were expressed as emission ratios. The
increase in intensity was calculated with ImagelJ using an ad hoc designed macro and the extent of
Ca?" peaks was expressed as AUC and maximal value of peak in box plot graphs (whiskers min to

max). Statistical analysis was performed using GraphPad Prism.
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Measurements of mitochondrial membrane potential with TMRM dye

Cells were grown on 35-mm round glass MatTek at 50% confluence the day before the experiment
and then incubated with 1 nM TMRM dye (Catalog Number 134361, T668 Invitrogen) diluted in
DMEM without FBS and red phenol supplemented with 2 mM L-glutamine and 25 uM verapamil
(V4629, CAS 152-11-4, Sigma Aldrich) for 1 h at 37°C and 5% COs. Then, the variation in the
intensity of the dye was monitored by time-lapse microscopy. A Leica TCS SP8 AOBS inverted
microscope with 20x oil objective was used to take pictures every 2 sec over a 5 min period. The
assay was performed using an environmental microscope incubator set to 37°C and 5% CO:
perfusion. After cell incubation with the dye, EGF at the indicated doses was added and maintained
in the media for the total duration of the time-lapse experiment. To evaluate changes in TMRM levels
following HGF stimulation, cells were incubated with a 10 nM diluted solution of the dye in DMEM
without red phenol, supplemented with 1% serum, 2 mM L-glutamine, and 25 pM verapamil. HGF,
pre-activated in the same solution used for cell incubation, was then introduced to reach a final
concentration of 100 ng/ml and remained in the media throughout the entire time-lapse experiment.
The same DMEM without red phenol supplemented with 1% serum, 2 mM L-glutamine, and 25 uM
verapamil solution was used as the mock control in the absence of HGF (-HGF condition). The
increase in intensity was calculated with ImagelJ using an ad hoc designed macro and the extent of
the difference in mitochondrial potential was expressed as AUC and maximal value of peak in box

plot graphs (whiskers min to max). Statistical analysis was performed using GraphPad Prism.

Measurements of PM-localized ATP production with SNAP25-Luciferase (PM-Luc)

The pLVX-SNAP25-Luciferase HeLa cells were grown on 13-mm-round glass coverslips at 50%
confluence and then analyzed by an IVIS luminometer. The system is composed of an upper part
containing a highly sensitive photomultiplier arranged in a metal dark box to protect it and the
temperature-controlled chamber from light exposure. The chamber (2 mm height and 265 ul volume)
houses the cell sample seeded on a 13 mm-diameter coverslip during ATP measurement which was
placed close to the photomultiplier. Cells were continuously perfused with temperature-controlled
solutions in a water bath at 37°C. A peristaltic pump allowed for liquid perfusion . The three-phase
acquisition started with 30 sec of background recording in DMEM without red phenol (Lonza)
supplemented with 2 mM L-glutamine. Then, the cell population was perfused with 25 uM beetle D-
luciferin (Promega, E1601). Within 2—3 min, luciferase catalyzes light production, reaching a plateau
after reacting with intracellular ATP. In the end, cells were perfused with EGF at the desired

concentration and recorded for 2-3 min. The output signal was recorded and converted to kinetics via
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Hamamatsu Photonics software and the extent of the ATP was expressed as AUC in box plot graphs.

Statistical analysis was performed using GraphPad Prism.

CD147 internalization rescue experiment with histamine and succinate

Cells were subjected to MCU KD or mock transfection (see section “RNA interference”). After 4
days, control and MCU KD cells were seeded on 13-mm-round coverslips at 40-50% of confluency
and CD147 internalization assay was performed (see section “CD147 internalization assay”). After
the release of CD147 from 4°C to 37°C, cells were incubated with 10 pM histamine (Sigma) or pre-
treated for 5 min and then incubated with 5 mM succinate (Sigma), or both in combination, either
with or without high dose EGF. After internalization, cells were acid wash-treated and then fixed and
processed for IF. Images were obtained using a Leica TCS SP8 confocal microscope equipped with
a 63x oil objective and processed using ImageJ using an ad hoc designed macro (see section “CD147

internalization assay”)>.

Cortical Actin polymerization with MPAct/CaaX

Cells were seeded in 10 mm plates at 60% of confluence in complete medium and then co-transfected
with MPAct mCherry and YFP-CaaX vectors (selected plasmid constructs, corresponding sequence
information is available on Addgene) ¥. After 36 h, transfected cells were seeded on 13 mm-round
coverslips at a confluence of 40-50%. Cells were then stimulated with the indicated doses of EGF at
37°C for 5 min. As a control, we also kept cells at 37°C in the absence of the ligand, to set the basal
levels of F-actin polymerization proximal to the PM. After internalization, cells were fixed and
processed for IF. Images were obtained using a Leica TCS SP5 or TCS SP8 confocal microscope
equipped with a 63x oil objective and processed using Image]. The membrane proximal actin
(MPACct) value was generated by subtracting the background to each channel and then calculating the
ratio of the MPAct/CaaX channels using an ad hoc designed macro. Ratiometric MPAct over CaaX
intensities (here termed MPAct/CaaX) was used to measure relative local spatial heterogeneities in

MPA density along the cell surface. Statistical analysis was performed using GraphPad Prism.

Wound healing assay

HaCaT cells were seeded in 24-well plates equipped with proprietary treated plastic inserts (2.5x10°
cells per well) in complete medium and cultured until a uniform monolayer was formed. The inserts
create a wound field with a defined gap of 0.9 mm for measuring the migratory rates of cells. The
cell monolayer was scratched by carefully removing the plastic inserts and washed twice with 1X

PBS to remove floating cells and to create a cell-free wound area. The closure of the wound was
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monitored by time-lapse video microscopy. A Nikon Eclipse Ti inverted microscope with 10x N2
objective was used to take pictures every 5 min over a 24 h period (as indicated in the figure legends).
The assay was performed using an environmental microscope incubator set to 37 °C and constant 5%
CO; perfusion. After the scratch, EGF at the indicated doses was maintained in the serum-starved
media for the total duration of the time-lapse experiment. The wound front speed was calculated using
Image J software. For the assay performed on interfered cells, cells were interfered following the
same conditions already described in the ‘RNA interference’ section, plated the day before the
experiment and stimulated in serum-starved medium supplemented with EGF at the indicated

concentration.

TPEF microscopy

For TPEF microscopy, cells were cultured on 22x22x0.17 mm quartz slides (UQG Optics, United
Kingdom). Three biological replicates were produced per each condition (-EGF, Control/High EGF,
and RTN3 KD/High EGF. Cells were fixed in paraformaldehyde 4% and stored at 4 °C. Prior to
measurements, each quartz slide was mounted upside-down and sealed with a second 25x50x0.17
mm quartz slide (UQG Optics, United Kingdom), with cells placed in-between the two slides. We
employed a home-built multimodal optical microscope featuring epi-detected Two-Photon Excited
Fluorescence (TPEF), along with linear transmission light. This setup has been described in detail
elsewhere?® %, Briefly, a compact Erbium-fiber multi-branch laser source (FemtoFiber Pro, Toptica
Photonics, Germany) delivers 1560 nm pulses at a 40 MHz repetition rate with < 100 fs duration.
One branch is frequency-doubled to deliver narrowband 780-nm pump pulses, whereas a second
branch (Stokes beam) is spectrally broadened and then frequency-doubled to allow the generation of
tunable picosecond pulses in the 950-1050 nm range. Both the resulting beams feature a = 1-
picosecond duration. The average laser power at the sample plane is kept constant at 7.5 mW for the
pump, and 0.5 mW for the Stokes, throughout the study, which limits cell photodamage ensuring non-
invasiveness. The pump beam is used to excite TPEF interactions, whereas the red-shifted low-power
Stokes beam at 1003 nm is used to obtain transmission images of the samples. The inverted-
configuration microscopy unit includes high numerical aperture (NA) objectives that ensure
subcellular spatial resolution (~280 nm lateral resolution, ~300 nm axial resolution, as for the
Rayleigh criterion applied to nonlinear optical imaging): a water-immersion 100X 1.25NA 0.25 mm
working distance (WD) illumination objective (C-Apochromat, Carl Zeiss, Germany) and an oil-
immersion 40X 1.35NA 0.19 mm WD (CFI Super Fluor, Nikon, Japan) collection objective. The x-
y-z motorized sample stage (Standa, Lithuania, and Mad City Labs Inc, U.S.A.) can scan large areas

(up to 50x50 mm?) while keeping the sample in focus. A photo-multiplier tube (PMT) (Hamamatsu
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Photonics, Japan) detects TPEF in the range 400-600 nm through optical filtering (FES0600,
ThorLabs, Germany) at its inlet. The transmitted Stokes intensity is detected through a photodiode to
obtain transmission images. All cell images in the present study have a dimension of 70x70 um?,
200x200 pixels (i.e., a pixel size of 350x350 nm). A 1.5-ms pixel dwell time is employed for image

acquisition.

TPEF image analysis

Images were processed via the Fiji-ImageJ software for image analysis. Both dark and bright 1-pixel
outliers were median-filtered in order to correct extreme pixel values given by cosmic rays. An
automated circular shift of image columns is used to compensate for distortion effects due to the
serpentine-like motion of the motorized sample stage. The linear transmission of the Stokes is used
to differentiate cells from the substrate and outline the cell area since cells appear as relatively dark
regions due to a drop in laser transmission. As for mitochondrial NAD(P)H and FAD distribution, it
was quantified from raw TPEF images acquired with constant integration time and laser power. A
universal threshold of 0.75 a.u. was set to distinguish the endogenous signal from the diffused
background that is presented outside of cells. The calculated percentage index of TPEF distribution
inside cells is obtained as the ratio of TPEF area [um?] after signal thresholding over cell area [pum?].

TPEF images are here displayed collectively normalized (TPEF signal range: 0-1).

Statistical analysis

All statistical analyses were performed using GraphPad Prism. Two-sided student’s T-test was
employed to obtain statistical significance of experimental differences. Non-parametric U-Mann
Whitney test was used to evaluate the statistical significance of TPEF distribution in cell populations.

For both tests, p-value <0.05 *, p-value <0.01 **, p-value <0.005 ***_ p-value <0.001 ***,
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