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Significance

Charcot–Marie–Tooth disease is 
the most common genetic 
peripheral neuropathy, with 
autosomal dominant mutations 
in Rab7 causing Charcot–Marie–
Tooth type 2B disease, which is 
characterized by the axonal 
degeneration of peripheral 
sensory neurons. However, the 
mechanistic pathways underlying 
disease pathogenesis are still not 
completely understood. This 
study demonstrates a key role 
for dynamic mitochondria–
lysosome contact sites in 
peripheral sensory neurons, and 
elucidates their preferential 
misregulation in axons of 
Charcot–Marie–Tooth type 2B 
disease Rab7 neurons. Contact 
site dynamics are further 
disrupted in peripheral sensory 
neurons from a Charcot–Marie–
Tooth type 2B mouse model 
which exhibits deficits in 
downstream mitochondrial 
dynamics and ultimately 
undergoes sensory behavioral 
abnormalities and neuropathy. 
This work highlights an important 
pathway for mutant Rab7 in 
driving sensory peripheral 
neuropathy.
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NEUROSCIENCE

Misregulation of mitochondria– lysosome contact dynamics 
in Charcot– Marie–Tooth Type 2B disease Rab7 mutant sensory 
peripheral neurons
Yvette C. Wonga,1,2 , Nirupa D. Jayaraja,1, Tayler B. Beltona, George C. Shuma , Hannah E. Balla , Dongjun Rena, Abigail L. D. Tadenevb ,  
Dimitri Krainca,c , Robert W. Burgessb , and Daniela M. Menichellaa,d,2

Edited by Nancy Bonini, University of Pennsylvania, Philadelphia, PA; received August 4, 2023; accepted September 12, 2023

Inter- organelle contact sites between mitochondria and lysosomes mediate the crosstalk 
and bidirectional regulation of their dynamics in health and disease. However, mito-
chondria–lysosome contact sites and their misregulation have not been investigated 
in peripheral sensory neurons. Charcot–Marie–Tooth type 2B disease is an autosomal 
dominant axonal neuropathy affecting peripheral sensory neurons caused by mutations 
in the GTPase Rab7. Using live super- resolution and confocal time- lapse microscopy, 
we showed that mitochondria–lysosome contact sites dynamically form in the soma 
and axons of peripheral sensory neurons. Interestingly, Charcot–Marie–Tooth type 2B 
mutant Rab7 led to prolonged mitochondria–lysosome contact site tethering preferen-
tially in the axons of peripheral sensory neurons, due to impaired Rab7 GTP hydrolysis–
mediated contact site untethering. We further generated a Charcot–Marie–Tooth type 
2B mutant Rab7 knock- in mouse model which exhibited prolonged axonal mitochon-
dria–lysosome contact site tethering and defective downstream axonal mitochondrial 
dynamics due to impaired Rab7 GTP hydrolysis as well as fragmented mitochondria 
in the axon of the sciatic nerve. Importantly, mutant Rab7 mice further demonstrated 
preferential sensory behavioral abnormalities and neuropathy, highlighting an important 
role for mutant Rab7 in driving degeneration of peripheral sensory neurons. Together, 
this study identifies an important role for mitochondria–lysosome contact sites in the 
pathogenesis of peripheral neuropathy.

Charcot–Marie–Tooth disease | inter- organelle contact site | peripheral neuropathy |  
mitochondria | lysosome

Charcot–Marie–Tooth disease is the most common genetic form of peripheral neuropathy 
(1, 2), with Charcot–Marie–Tooth type 2 encompassing autosomal dominant forms of 
the disease that result in axonal degeneration. In particular, Charcot–Marie–Tooth type 
2B is caused by autosomal dominant GTPase Rab7 mutations (3–8), which lead to defec-
tive GTP (guanosine 5′- triphosphate) hydrolysis and increased GTP binding (9–11). Of 
note, Charcot–Marie–Tooth type 2B results in the axonal degeneration of peripheral 
sensory neurons, leading to sensory behavioral abnormalities (3–7). However, the molec-
ular mechanisms underlying the etiology of Charcot–Marie–Tooth type 2B mutant Rab7 
in peripheral sensory neurons are still not completely understood.

Mitochondria–lysosome contact sites were recently identified as a critical pathway for 
bidirectional crosstalk between mitochondria and lysosomes (12–14). These inter- organelle 
contact sites dynamically form between mitochondria and lysosomes (12, 15) and further 
mediate the lysosomal regulation of mitochondrial dynamics (12, 16, 17). Importantly, 
mitochondria–lysosome contact untethering is driven by Rab7 GTP hydrolysis at contact 
sites (12, 13). However, whether Charcot–Marie–Tooth type 2B mutant Rab7 disrupts 
mitochondria–lysosome contact dynamics in peripheral sensory neurons is not known as 
well as whether this drives axonal defects in disease. Moreover, how this contributes to 
defects in mitochondrial dynamics was previously unclear and has important implications 
for elucidating the pathways underlying Charcot–Marie–Tooth disease. Finally, whether 
Charcot–Marie–Tooth type 2B mutant Rab7 in vivo mouse models also exhibit prefer-
ential sensory behavioral deficits has never been studied and will help to shed light on the 
pathogenesis of Charcot–Marie–Tooth type 2B disease.

Using live super- resolution and confocal time- lapse microscopy, we found that mito-
chondria–lysosome contact sites dynamically formed in the soma and axons of peripheral 
sensory neurons. Interestingly, Charcot–Marie–Tooth type 2B mutant Rab7 led to pro-
longed mitochondria–lysosome contact site tethering dynamics, preferentially in the axons 
of peripheral sensory neurons, which was rescued by targeting Rab7 GTP hydrolysis 
machinery to promote mitochondria–lysosome contact untethering events. We further 
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generated a Charcot–Marie–Tooth type 2B mutant Rab7 knock- in 
mouse model, which exhibited defective lysosomal morphology 
consistent with Rab7’s known role in this pathway. Importantly, 
peripheral sensory neurons from Rab7 disease mutant mice further 
recapitulated defective axonal mitochondria–lysosome contact 
dynamics leading to downstream defects in mitochondrial dynam-
ics, both of which could be rescued by targeting Rab7 GTP 
hydrolysis machinery. Finally, Charcot–Marie–Tooth type 2B 
mutant Rab7 mice exhibited preferential sensory behavioral 
abnormalities, highlighting an important role for mutant Rab7 
in driving peripheral sensory neurodegeneration. Together, this 
study identifies a critical role for mitochondria–lysosome contact 
sites in sensory peripheral neurons contributing to the peripheral 
neuropathy in Charcot–Marie–Tooth type 2B.

Results

Mitochondria–Lysosome Contact Sites Dynamically Form in 
Peripheral Sensory Neurons. To investigate the dynamics of 
mitochondria–lysosome contact sites in peripheral sensory neurons, 
we conducted live time- lapse confocal microscopy of mitochondria 
and lysosomes from primary mouse dorsal root ganglion (DRG) 
neurons. Both mitochondria and lysosomes could be visualized in 
the soma (Fig. 1A) and were found to form mitochondria–lysosome 
contact sites which remained dynamically tethered together 
over time (white arrows; Fig.  1B). Of note, mitochondria and 
lysosomes were separate from one another pre-contact (Fig. 1C), 
before subsequently tethering together at a contact site (Fig. 1D). 
Indeed, multiple mitochondria–lysosome contact sites dynamically 
tethered at any one time within a single soma (SI Appendix, Fig. S1 
A–C). We further investigated contact formation in axons, and 
again visualized both mitochondria and lysosomes within axons 
(Fig. 1E). Importantly, mitochondria–lysosome contact sites also 
formed within axons of peripheral sensory neurons (white arrows; 
Fig.  1F), which dynamically formed and remained tethered in 
contact (Fig.  1 G and H). Multiple mitochondria–lysosome 
contacts could also be dynamically tethered within a single axon 
(SI  Appendix, Fig.  S1 D–F). Super- resolution Airyscan2 live 
microscopy of photoactivated mitochondria further demonstrated 
the formation of mitochondria–lysosome contact sites in peripheral 
sensory neurons (SI Appendix, Fig. S2 A and B). Thus, mitochondria 
and lysosomes can form dynamic inter- organelle contact sites in 
peripheral sensory neurons.

We next analyzed the dynamics of mitochondria–lysosome contact 
site tethering. Contacts lasted between 60 s and >300 s in peripheral 
sensory neurons (Fig. 1I), with an average tethering duration of ~180 
s (Fig. 1J). Of note, ~25% of lysosomes formed a contact with mito-
chondria at any point in time (Fig. 1K). Moreover, mitochondria–
lysosome contact tethering duration was similar in both soma and 
axons (Fig. 1L). Indeed, the percent of lysosomes forming contacts 
with mitochondria (SI Appendix, Fig. S1G) and mitochondria–lys-
osome contact tethering duration (SI Appendix, Fig. S1H) was not 
altered between soma and axons in peripheral sensory neurons. Thus, 
mitochondria–lysosome contact sites dynamically form in both soma 
and axons of peripheral sensory neurons over time.

Misregulation of Mitochondria–Lysosome Contacts in Charcot–
Marie–Tooth Type 2B Mutant Rab7 Peripheral Sensory Neuron 
Axons. To investigate whether Charcot–Marie–Tooth type 2B 
mutant Rab7 misregulated mitochondria–lysosome contact 
dynamics in peripheral sensory neurons, we expressed either 
Rab7(WT) or the most common Charcot–Marie–Tooth type 2B 
disease- linked Rab7 (V162M) mutation in neurons (3, 7). Live 
time- lapse confocal microscopy of mitochondria and lysosomes 

was subsequently conducted in the soma and axons of Rab7(WT) 
neurons (SI Appendix, Fig. S3 A and B) and Rab7(V162M) neurons 
(SI Appendix, Fig. S3 C and D).

Of note, super- resolution microscopy further revealed mitochon-
dria–lysosome contact sites in both Rab7(WT) and Rab7(V162M) 
peripheral sensory neurons, using super- resolution Airyscan2 imag-
ing of the mitochondrial matrix (SI Appendix, Fig. S4 A–D) and 
the outer mitochondrial membrane (SI Appendix, Fig. S5 A and 
B), and super- resolution Lattice SIM2 (structured illumination 
microscopy) (SI Appendix, Fig. S5 C and D). In addition, proximity 
ligation assay studies of the outer mitochondrial membrane 
(TOM20) and the lysosomal membrane (LAMP1) (SI Appendix, 
Fig. S6 A–D) further demonstrated that mitochondria–lysosome 
contact sites could form in both Rab7(WT) and Rab7(V162M) 
peripheral sensory neurons.

Importantly, while Rab7(V162M) did not disrupt the percent-
age of lysosomes in contact with mitochondria (Fig. 2A), it led to 
a significant increase in the tethering duration of mitochondria–
lysosome contact sites in peripheral sensory neurons (***P < 0.001; 
Fig. 2B). Rab7 GTP hydrolysis normally drives the conversion of 
active GTP- bound Rab7 on lysosomal/late endosomal membranes 
to an inactive GDP- bound Rab7 which returns to the cytosol 
(18). However, Charcot–Marie–Tooth mutant Rab7(V162M) has 
been shown to disrupt Rab7 GTP hydrolysis, leading to its pro-
longed and more stably bound active GTP- state on lysosomal/
late endosomal membranes and preventing its return to the cytosol 
(9–11). We thus further investigated whether Rab7(V162M) 
dynamics were defective in peripheral sensory neurons. Using 
super- resolution Airyscan2 fluorescence recovery after pho-
tobleaching (FRAP)  imaging, photobleaching of Charcot–Marie–
Tooth mutant Rab7(V162M) demonstrated that it was more 
stably bound to lysosomes in contact with mitochondria, as com-
pared to Rab7(WT) (SI Appendix, Fig. S7 A and B). Importantly, 
Rab7(V162M) further showed significantly reduced FRAP recov-
ery rates back to the lysosomal membrane, including for lysosomes 
in contact with mitochondria (SI Appendix, Fig. S7 D and E), further 
demonstrating that Rab7 GTP hydrolysis is disrupted by Charcot–
Marie–Tooth mutant Rab7(V162M) at mitochondria–lysosome 
contact sites. Together, these findings are consistent with a role for 
Rab7 GTP hydrolysis in driving mitochondria–lysosome contact 
untethering events (12, 13), which is disrupted by Charcot–Marie–
Tooth type 2B mutant Rab7 in peripheral sensory neurons.

As Charcot–Marie–Tooth type 2B leads to axonal degeneration 
in peripheral sensory neurons, we then interrogated whether mito-
chondria–lysosome contact site dynamics might be preferentially 
disrupted in axons of Rab7(V162M) neurons. Indeed, we found 
that while contacts untethered by 160 s in axons from Rab7(WT) 
neurons (yellow arrow; Fig. 2C), mitochondria–lysosome contacts 
remained tethered even after 200 s in axons from Rab7(V162M) 
neurons (white arrow; Fig. 2D), suggesting that Rab7(V162M) 
disrupted contact site untethering in axons. In contrast, mito-
chondria–lysosome contacts tethered with similar dynamics in 
the soma of Rab7(WT) neurons (SI Appendix, Fig. S8 A–D) and 
Rab7(V162M) neurons (SI Appendix, Fig. S8 E–H). Indeed, 
detailed quantification of mitochondria–lysosome contact site 
dynamics demonstrated that while the percentage of lysosomes 
in contact with mitochondria was not disrupted by Rab7(V162M) 
in either soma or axons (Fig. 2 F and G), the tethering duration 
of mitochondria–lysosome contact sites in peripheral sensory 
neurons was preferentially prolonged in axons by Rab7(V162M) 
but not in the soma (***P < 0.001; Fig. 2 H and I). Thus, 
Charcot–Marie–Tooth mutant Rab7 preferentially disrupts mito-
chondria–lysosome contact tethering dynamics in the axons of 
peripheral sensory neurons.D
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We further analyzed whether defective mitochondria–lysosome 
contact untethering events were indeed mediated by disrupted 
Rab7 GTP hydrolysis. The mitochondrial TBC1D15 Rab7- GAP 
(GTPase activating protein) (19–22) promotes contact untethering 
by driving Rab7 GTP hydrolysis at mitochondria–lysosome contact 
sites (12, 13). We thus asked whether TBC1D15 expression was 
sufficient to rescue contact site dynamics in Rab7(V162M) neu-
rons. Mitochondria–lysosome contacts formed in Rab7(V162M) 
neurons expressing TBC1D15 (SI Appendix, Fig. S9 A–D). 
However, contact sites in the axons of Rab7(V162M) neurons 
expressing TBC1D15 untethered by 160 s (yellow arrow; Fig. 2E). 
Moreover, detailed quantification of mitochondria–lysosome con-
tact site dynamics demonstrated that TBC1D15 expression was 
sufficient to rescue both the percentage of lysosomes forming 

contacts in axons of Rab7(V162M) neurons (**P < 0.01; Fig. 2G), 
as well as significantly decrease the tethering duration of axonal 
mitochondria–lysosome contacts in Rab7(V162M) neurons (**P 
< 0.01; Fig. 2I). Indeed, additional analysis comparing mitochon-
dria–lysosome contact site dynamics between soma and axon, 
demonstrated that Rab7(V162M) neurons showed significantly 
prolonged contact tethering in axons compared to the soma (*P < 
0.05; SI Appendix, Fig. S10 A–C). In contrast, expression of 
TBC1D15 in Rab7(V162M) neurons reversed this, leading to 
decreased contact tethering durations in axons (*P < 0.05; 
SI Appendix, Fig. S10 D–F). In summary, prolonged mitochon-
dria–lysosome contact tethering dynamics in the axons of Charcot–
Marie–Tooth mutant Rab7(V162M) peripheral sensory neurons 
are mediated by disruption of Rab7 GTP hydrolysis.

Fig. 1. Mitochondria–lysosome contact si-
tes dynamically form in the soma and axons 
of peripheral sensory neurons. (A) Confocal 
live microscopy image of mitochondria and 
lysosomes in the soma of peripheral sensory 
neurons [Mitochondria: MitoTracker Red; 
Lysosome: mNeonGreen- Rab7(WT)]. (Scale 
bar: 5 μm.) (B) Confocal live microscopy 
time- lapse images of mitochondria–
lysosome contact site formation in 
soma of peripheral sensory neurons (yellow 
arrow, pre- contact; white arrow, contact 
tethered). (Scale bar: 1 μm.) (C) Linescan of 
mitochondria and lysosome pre- contact (t = 
0 s), corresponding to Fig. 1B. (D) Linescan 
of mitochondria and lysosome tethered 
at contact site (t = 36 s), corresponding to 
Fig. 1B. (E) Confocal live microscopy image 
of mitochondria and lysosomes in the axon 
of peripheral sensory neurons. (Scale bar: 
5 μm.) (F) Confocal live microscopy time- 
lapse images of mitochondria–lysosome 
contact site formation in the axon of 
peripheral sensory neurons (yellow 
arrow, pre- contact; white arrow, contact 
tethered). (Scale bar: 1 μm.) (G) Linescan of 
mitochondria and lysosome pre- contact (t 
= 0 s), corresponding to Fig. 1F. (H) Linescan 
of mitochondria and lysosome tethered 
at contact site (t = 46 s), corresponding to 
Fig. 1F. (I and J) Histogram and quantification 
of mitochondria–lysosome contact site 
tethering minimum duration in peripheral 
sensory neurons. (n = 100 events from 13 
neurons). (K) Quantification of percentage 
of lysosomes forming mitochondria–
lysosome contact sites in peripheral sensory 
neurons. (n = 14 neurons). (L) Histogram 
of mitochondria–lysosome contact site 
tethering duration in soma versus axons of 
peripheral sensory neurons. (Soma: n = 47 
events from 10 neurons; Axon: n = 53 events 
from 13 neurons). Mean ± SEM.
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Fig. 2. Misregulation of mitochondria–lysosome contacts by Charcot–Marie–Tooth Type 2B mutant Rab7 in peripheral sensory neuron axons mediated by 
defective Rab7 GTP hydrolysis. (A) Quantification of percentage of lysosomes forming mitochondria–lysosome contact sites in Rab7(WT) versus Charcot–Marie–
Tooth type 2B mutant Rab7(V162M) peripheral sensory neurons. [Rab7(WT): n = 14 neurons; Rab7(V162M): n = 14 neurons] [Mitochondria: MitoTracker Red; 
Lysosome: mNeonGreen- Rab7(WT) or (V162M)]. (B) Prolonged mitochondria–lysosome contact site tethering duration in mutant Rab7(V162M) peripheral sensory 
neurons compared to Rab7(WT). [Rab7(WT): n = 100 events from 13 neurons; Rab7(V162M): n = 88 events from 13 neurons]. (C) Confocal live microscopy 
time- lapse images and corresponding linescan of untethered mitochondria–lysosome contact (yellow arrow; t = 160 s) in the axon of Rab7(WT) peripheral 
sensory neurons. (Scale bar: 5 μm [Top], 1 μm [Bottom].) (D) Confocal live microscopy time- lapse images and corresponding linescan of prolonged tethered 
mitochondria–lysosome contact (white arrow; t = 200 s) in the axon of mutant Rab7(V162M) peripheral sensory neurons. (Scale bar: 5 μm [Top], 1 μm [Bottom].) 
(E) Confocal live microscopy time- lapse images and corresponding linescan of untethered mitochondria–lysosome contact (yellow arrow; t = 164 s) in the axon of 
Rab7(V162M) peripheral sensory neurons expressing Rab7- GAP (TBC1D15). (Scale bar: 5 μm [Top], 1 μm [Bottom].) (F) Quantification of percentage of lysosomes 
forming mitochondria–lysosome contact sites in the soma of Rab7(WT), mutant Rab7(V162M), and mutant Rab7(V162M) + TBC1D15 peripheral sensory neurons. 
[Rab7(WT): n = 12 neurons; Rab7(V162M): n = 11 neurons; Rab7(V162M)+TBC1D15: n = 15 neurons]. (G) Quantification of percentage of lysosomes forming 
mitochondria–lysosome contact sites in the axon of Rab7(WT), mutant Rab7(V162M), and mutant Rab7(V162M) + TBC1D15 peripheral sensory neurons. [Rab7(WT): 
n = 14 neurons; Rab7(V162M): n = 13 neurons; Rab7(V162M)+TBC1D15: n = 9 neurons]. (H) Quantification of mitochondria–lysosome contact site tethering 
duration in the soma of Rab7(WT), mutant Rab7(V162M), and mutant Rab7(V162M) + TBC1D15 peripheral sensory neurons. [Rab7(WT): n = 47 events from 10 
neurons; Rab7(V162M): n = 46 events from 12 neurons; Rab7(V162M)+TBC1D15: n = 60 events from 14 neurons]. (I) Quantification of mitochondria–lysosome 
contact site tethering duration in the axon of Rab7(WT), mutant Rab7(V162M), and mutant Rab7(V162M) + TBC1D15 peripheral sensory neurons [Rab7(WT):  
n = 53 events from 13 neurons; Rab7(V162M): n = 42 events from 10 neurons; Rab7(V162M)+TBC1D15: n = 37 events from 10 neurons]. Mean ± SEM; **P < 0.01; 
***P < 0.001; NS, not significant.D
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Generation of Charcot–Marie–Tooth Type 2B Disease Mutant 
Rab7V162M Knock- In Mouse Model. We then investigated whether 
mitochondria–lysosome contact dynamics were further disrupted 
in peripheral sensory neurons from an in vivo model of Charcot–
Marie–Tooth type 2B. To address this, we generated a new mouse 
model of Charcot–Marie–Tooth type 2B expressing heterozygous 
CRISPR knock- in Charcot–Marie–Tooth disease Rab7(V162M) 
mutant (Fig.  3A; Rab7V162M), consistent with the autosomal 
dominant form of the disease. Peripheral sensory neurons were 
cultured from Rab7WT and Rab7V162M mice, and subsequently 
imaged using live microscopy for mitochondria and lysosomes 
(Fig.  3 B and C). We first examined whether Rab7V162M mice 
exhibited changes in lysosomal size, consistent with an established 
role for Rab7 in regulating late endosomal/lysosomal morphology 
(18). Indeed, lysosomes were significantly larger in the soma of 
peripheral sensory neurons from mutant Rab7V162M mice compared 
to Rab7WT mice (**P < 0.01; Fig.  3 D–F and SI  Appendix, 
Fig.  S11A). Consistent with these findings, lysosomal size was 
also preferentially increased in the soma of peripheral sensory 
neurons expressing Charcot–Marie–Tooth mutant Rab7(V162M) 
compared to Rab7(WT) (SI Appendix, Fig. S11 B and C). Of note, 
expression of Rab7(WT) alone increased lysosomal size compared 
to LysoTracker (μm: LysoTracker: 0.61 ± 0.02; Rab7 WT: 1.39 ± 
0.07; ***P < 0.001), further demonstrating an established role for 
Rab7 in regulating lysosomal morphology. Thus, consistent with 
a role for Rab7 in regulating late endosomal/lysosomal dynamics 
(18), we find that lysosomes are disrupted in peripheral sensory 
neurons from Charcot–Marie–Tooth mutant Rab7V162M mice.

Prolonged Mitochondria–Lysosome Contact Tethering in 
Peripheral Sensory Neurons from Charcot–Marie–Tooth Type 
2B Disease Mutant Rab7V162M Mice. We then analyzed whether 
mitochondria–lysosome contact dynamics were misregulated in the 
soma or axons of Rab7V162M mice sensory neurons. Mitochondria–
lysosome contact sites also dynamically formed in peripheral 
sensory neurons from Rab7WT and Rab7V162M mice (Fig. 4 A–F). 
Mitochondria–lysosome contacts had undergone untethering 
events in Rab7WT neurons by ~160 s (yellow arrow; Fig. 4 A–C). 
In contrast, contacts remained dynamically tethered together in 
Rab7V162M neurons at this timepoint (white arrows; Fig. 4 D–F). 
Importantly, while the percentage of lysosomes forming contacts 
was not disrupted in either the soma or axons of Rab7V162M 
neurons (Fig. 4 G and H), mitochondria–lysosome contact site 
duration was preferentially increased in the axons of peripheral 
neurons from Charcot–Marie–Tooth mutant Rab7V162M mice (**P 
< 0.01; Fig. 4J) but not in the soma (Fig. 4I). Together, these 
findings are consistent with our observations in sensory neurons 
expressing mutant Rab7(V162M) (Fig. 2 F–I) and further support 
a role for preferential defective mitochondria–lysosome contact 
site untethering in the axons of Charcot–Marie–Tooth mutant 
Rab7 peripheral sensory neurons.

To further determine whether decreased mitochondria–lyso-
some contact untethering events were mediated by defective Rab7 
GTP hydrolysis, we expressed TBC1D15 (Rab7- GAP) in periph-
eral sensory neurons from Charcot–Marie–Tooth mutant 
Rab7V162M mice, and investigated its ability to rescue changes in 
mitochondria–lysosome contact site dynamics. Importantly, 
TBC1D15 significantly rescued the prolonged axonal mitochon-
dria–lysosome contact duration (Fig. 4J) observed in peripheral 
neurons from Charcot–Marie–Tooth mutant Rab7V162M mice, 
but did not alter mitochondria–lysosome contact duration in the 
soma which was not changed in peripheral neurons from mutant 
Rab7V162M mice (Fig. 4I), or the percentage of lysosomes in 

contact with mitochondria in the soma (Fig. 4G) or axons 
(Fig. 4H) which were also not changed. In summary, we further 
show that mitochondria–lysosome contact untethering events 
which are mediated by Rab7 GTP hydrolysis are also misregulated 
in peripheral sensory neurons from Charcot–Marie–Tooth mutant 
Rab7V162M mice.

Defective Mitochondrial Network Dynamics in Charcot–Marie–
Tooth Type 2B Disease Mutant Rab7V162M Mice. Mitochondria–
lysosome contact sites play a critical role in modulating 
mitochondrial dynamics including regulating mitochondrial 
motility (12, 16, 17), but whether defects in this pathway result 
in disrupted mitochondrial dynamics in peripheral sensory 
neurons from Charcot–Marie–Tooth mutant Rab7V162M mice 
was not previously known. Detailed analysis of mitochondrial 
dynamics from live confocal microscopy time- lapse movies in 
peripheral sensory neurons demonstrated that peripheral sensory 
neurons from Rab7V162M mice showed increased mitochondrial 
density (*P < 0.05; Fig. 5 A, C and D) and significantly decreased 
mitochondrial motility (*P < 0.05; Fig.  5B). In addition, the 
decrease in mitochondrial motility observed in peripheral sensory 
neurons from mutant Rab7V162M mice (Fig. 5 E and F), was also 
found in neurons expressing Rab7(V162M) (SI Appendix, Fig. S12 
A–C). To determine whether defective mitochondrial motility 
occurred downstream of defects in mitochondria–lysosome 
contact untethering, we investigated whether expressing TBC1D15 
(Rab7- GAP) in peripheral sensory neurons from Charcot–Marie–
Tooth mutant Rab7V162M mice was able to rescue changes in 
mitochondrial motility. Interestingly, while TBC1D15 did not 
alter mitochondrial motility in the soma (Fig. 5G), expression of 
TBC1D15 was able to significantly increase mitochondrial motility 
in axons of peripheral sensory neurons from Charcot–Marie–Tooth 
mutant Rab7V162M mice (**P < 0.01; Fig. 5H). Together, these 
findings highlight a pathway for Rab7 GTP hydrolysis in driving 
mitochondria–lysosome contact site untethering to modulate 
downstream mitochondrial motility, which is directly disrupted 
in Charcot–Marie–Tooth disease mutant Rab7 peripheral neurons.

To further investigate defects in mitochondrial morphology in 
Charcot–Marie–Tooth type 2B mutant Rab7V162M mice, we con-
ducted electron microscopy (EM) analysis of mitochondria in 
sciatic nerves taken from Rab7WT and Rab7V162M mice (Fig. 6A). 
Using EM analysis as previously described (23, 24), mitochondrial 
area, perimeter, and roundness were not disrupted in Rab7V162M 
mice (SI Appendix, Fig. S13 A–C). However, mitochondrial mor-
phology including circularity, interconnectivity, aspect ratio and 
form factor were significantly disrupted in mitochondria in sciatic 
nerves from Charcot–Marie–Tooth mutant Rab7V162M mice, as 
compared to Rab7WT mice (Fig. 6 B–E). Specifically, mitochon-
dria in the axons of sciatic nerves from mutant Rab7V162M mice 
demonstrated significantly decreased circularity (*P < 0.05; 
Fig. 6B), interconnectivity (*P < 0.05; Fig. 6C), and aspect ratio 
(***P < 0.001; Fig. 6D), as compared to Rab7WT mice. The lower 
score in interconnectivity and aspect ratio indicates a fragmented 
mitochondrial morphology in the sciatic nerves of mutant 
Rab7V162M mice. Furthermore, mitochondrial branching (form 
factor) was significantly increased in mitochondria in sciatic nerves 
from mutant Rab7V162M mice compared to Rab7WT mice (*P < 
0.05; Fig. 6E). The observed altered mitochondria morphology 
with fragmented mitochondria in the axon of the sciatic nerve 
could be particularly relevant from the point of view of axonal 
degeneration in mutant Rab7 Charcot–Marie–Tooth type 2B 
disease and further demonstrate mitochondrial dysfunction in 
Charcot–Marie–Tooth mutant Rab7V162M mice.
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Charcot–Marie–Tooth Type 2B Disease Mutant Rab7V162M Mice 
Exhibit Sensory Behavioral Abnormalities. Finally, we investigated 
whether the defective mitochondrial and lysosomal dynamics we 
observed in peripheral sensory neurons from Charcot–Marie–Tooth 
mutant Rab7V162M mice might ultimately result in sensory behavior 
abnormalities in these mice. Of note, Charcot–Marie–Tooth type 
2B patients with Rab7V162M mutation show preferential sensory 
phenotypes rather than motor phenotypes (3, 7). Thus, we further 
interrogated whether Rab7V162M mice preferentially demonstrated 

sensory abnormalities over motor deficits. Rab7V162M mice were 
analyzed for sensory abnormalities, in particular mechanical allodynia, 
by quantifying the withdrawal threshold of the hindpaw in response 
to stimulation with flexible von Frey filaments applied in order 
of ascending force as previously described (25–27). Importantly, 
Rab7V162M mice exhibited a significantly reduced withdrawal 
threshold compared to aged- matched Rab7WT mice, indicating the 
development of mechanical allodynia (***P < 0.001; Fig. 7A), thus 
demonstrating sensory behavior abnormalities in mutant Rab7V162M 

Fig. 3. Generation of Charcot–Marie–Tooth Type 2B disease mutant Rab7V162M knock- in mouse model. (A) Schematic of Charcot–Marie–Tooth type 2B disease 
mutation in heterozygous Rab7V162M knock- in mouse model. (B) Confocal live microscopy image of mitochondria (MitoTracker Red) and lysosomes (LysoTracker 
Far Red) in peripheral sensory neurons from Rab7WT mice. (Scale bar: 5 μm.) (C) Confocal live microscopy image of mitochondria (MitoTracker Red) and lysosomes 
(LysoTracker Far Red) in peripheral sensory neurons from mutant Rab7V162M mice, demonstrating enlarged lysosomes (white arrows). (Scale bar: 5 μm.) (D and E)  
Confocal live microscopy image of lysosomes in peripheral sensory neurons from Rab7WT mice (D) or mutant Rab7V162M mice (E) corresponding to arrows in Fig. 3 
B and C. (Scale bar: 0.5 μm [D], 0.5 μm [E].) (F) Quantification of enlarged lysosomes in the soma of peripheral sensory neurons from mutant Rab7V162M mice. 
(Rab7WT: n = 90 lysosomes from 18 neurons; Rab7V162M: n = 95 lysosomes from 19 neurons). Mean ± SEM; **P < 0.01.
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mice. We next investigated whether Rab7V162M mice had motor 
deficits by performing rotarod tests. Rab7V162M mice and age- matched 
Rab7WT mutant mice were subjected to three days of habituation 
and two days of acceleration. Interestingly, motor behaviors of 
both Rab7WT and Rab7V162M mice were not different on any of the 
habituation or acceleration rotarod tests (Fig. 7B). Moreover, gait 
dynamics were also not disrupted in Charcot–Marie–Tooth mutant 
Rab7V162M mice (SI Appendix, Fig. S14 A–F). Together, these findings 
are consistent with that of patients with Charcot–Marie–Tooth type 
2B, which is clinically characterized by predominant sensory loss and 
evoked pain with lesser- to- absent motor deficits (2–7, 28). As some 
patients exhibit distal muscle weakness with distal leg muscles more 
affected than hand muscles (2–8, 28), we also examined whether 

there was distal weakness in hind limbs by conducting grip strength 
analysis and found no differences between mutant Rab7V162M mice 
and age- matched Rab7WT mice (SI Appendix, Fig. S14G). Overall, 
these findings demonstrate that Rab7V162M mice preferentially exhibit 
sensory abnormalities.

Degeneration of peripheral sensory nerve terminals which extend 
to innervate the skin results in small fiber neuropathy and is reflected 
by a decreased intra- epidermal nerve fiber density observed in the skin 
of Charcot–Marie–Tooth type 2B patients (8). As such, we investi-
gated whether mutant Rab7V162M mice also exhibited small- fiber 
degeneration, by examining intra- epidermal nerve fiber density in 
skin samples from Rab7WT and mutant Rab7V162M mice subjected to 
confocal microscopy analysis. Of note, Charcot–Marie–Tooth mutant 

Fig. 4. Prolonged mitochondria–lysosome contact tethering in peripheral sensory neurons from Charcot–Marie–Tooth Type 2B disease mutant Rab7V162M mice. 
(A) Confocal live microscopy time- lapse images of mitochondria–lysosome contact site untethering in peripheral sensory neurons from Rab7WT mice (white arrow, 
contact tethered; yellow arrow, untethered contact) (Mitochondria: MitoTracker Red; Lysosome: LysoTracker Far Red). (Scale bar: 1 μm.) (B) Linescan of mitochondria 
and lysosome tethered at contact (t = 0 s), corresponding to Fig. 4A. (C) Linescan of mitochondria and lysosome contact untethered (t = 164 s), corresponding to 
Fig. 4A. (D) Confocal live microscopy time- lapse images of prolonged mitochondria–lysosome contact site tethering in peripheral sensory neurons from mutant 
Rab7V162M mice (white arrow, contact tethered) (Mitochondria: MitoTracker Red; Lysosome: LysoTracker Far Red). (Scale bar: 1 μm.) (E) Linescan of mitochondria 
and lysosome tethered at contact (t = 0 s), corresponding to Fig. 4D. (F) Linescan of mitochondria and lysosome still tethered at contact (t = 164 s), corresponding to 
Fig. 4D. (G and H) Quantification of percentage of lysosomes forming mitochondria–lysosome contact sites in soma (G) and axons (H) in peripheral sensory neurons 
from Rab7WT mice versus mutant Rab7V162M mice versus neurons from mutant Rab7V162M mice expressing TBC1D15. (Soma: Rab7WT: n = 20 neurons; Rab7V162M: 
n = 19 neurons; Rab7V162M+TBC1D15: n = 15 neurons; Axon: Rab7WT: n = 22 neurons; Rab7V162M: n = 21 neurons; Rab7V162M+TBC1D15: n = 14 neurons). (I and J) 
Mitochondria–lysosome contact site tethering duration in axons is prolonged in peripheral sensory neurons from mutant Rab7V162M mice and rescued by TBC1D15 
expression (I), but not altered in the soma (J). (Soma: Rab7WT: n = 66 events from 17 neurons; Rab7V162M: n = 62 events from 15 neurons; Rab7V162M+TBC1D15: n = 
64 events from 15 neurons; Axon: Rab7WT: n = 84 events from 19 neurons; Rab7V162M: n = 76 events from 18 neurons; Rab7V162M+TBC1D15: n = 64 events from 14 
neurons). Mean ± SEM; **P < 0.01; ***P < 0.001; NS, not significant.
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Rab7V162M mice displayed a dramatic reduction in intra- epidermal 
nerve fiber density (IENF density), expressed as the number of nerves 
crossing the epidermal–dermal junction as a function of length, as 
compared to Rab7WT mice (*P < 0.05; Fig. 7 C and D and SI Appendix, 
Fig. S15A). Together, our study demonstrates preferential sensory 
behavior deficits and neuropathy in a mutant Rab7 mouse model of 
Charcot–Marie–Tooth type 2B disease.

Discussion

Mitochondria–lysosome contact sites play critical roles in medi-
ating the bidirectional crosstalk between mitochondria and lys-
osomes (13, 14). Elucidating the role of these contact sites in 

neurons and their contribution to disease is key for shedding 
light on the role of mitochondria–lysosome contacts in neuronal 
homeostasis. Here, we used live super- resolution and confocal 
time- lapse microscopy to investigate mitochondria–lysosome 
contact formation and dynamics in peripheral sensory neurons. 
Both mitochondria and lysosomes were identified throughout 
both the soma and axons, and further formed dynamic mito-
chondria–lysosome contact sites in both neuronal compartments 
over time, with similar formation and tethering duration dynam-
ics in peripheral sensory neurons. Our findings are consistent 
with the formation of mitochondria–lysosome contact sites in 
multiple cell types (12, 13, 29–34), including retinal ganglion 
cells and dopaminergic neurons (35, 36), suggesting that 

Fig. 5. Defective mitochondrial dynamics in peripheral sensory neurons from Charcot–Marie–Tooth Type 2B disease mutant Rab7V162M mice. (A) Quantification of 
increased mitochondrial density in peripheral sensory neurons from mutant Rab7V162M mice. (Rab7WT: n = 17 neurons; Rab7V162M: n = 17 neurons). (B) Quantification 
of disrupted mitochondrial motility in peripheral sensory neurons from Charcot–Marie–Tooth type 2B mutant Rab7V162M mice, as compared to Rab7WT mice. 
(Rab7WT: n = 165 events from 18 neurons; Rab7V162M: n = 190 events from 19 neurons). (C and D) Confocal live microscopy images of mitochondria in peripheral 
sensory neurons from Rab7WT mice and mutant Rab7V162M mice (Mitochondria: MitoTracker Red). (Scale bar: 2.5 μm [C]; 2.5 μm [D].) (E and F) Confocal live 
microscopy time- lapse images of motile mitochondria (white arrows) in peripheral sensory neurons from Rab7WT mice, compared to stationary mitochondria 
in peripheral sensory neurons from mutant Rab7V162M mice. (Scale bar: 1 μm [E]; 1 μm [F].) (G and H) Decreased mitochondrial motility in axons of peripheral 
sensory neurons from mutant Rab7V162M mice is rescued by TBC1D15 expression (H), but not altered in the soma (G). (Soma: Rab7V162M: n = 144 events from 29 
neurons; Rab7V162M+TBC1D15: n = 70 events from 14 neurons; Axon: Rab7V162M: n = 145 events from 29 neurons; Rab7V162M+TBC1D15: n = 85 events from 17 
neurons). Mean ± SEM; *P < 0.05; **P < 0.01; NS, not significant.
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mitochondria–lysosome contacts may play key roles in mediating 
the homeostasis of multiple cellular and neuronal populations.

The small GTPase Rab7 is critical for regulating late endosomal/
lysosomal dynamics (18), and Rab7 GTP hydrolysis has been 
shown to drive mitochondria–lysosome contact site untethering 
events, mediated by the mitochondrial TBC1D15 Rab7- GAP 
(12). Charcot–Marie–Tooth type 2B Rab7 mutants disrupt Rab7 
GTP hydrolysis (9–11), pointing to a critical role for defective 
mitochondria–lysosome contact untethering in driving the etiol-
ogy of Charcot–Marie–Tooth type 2B disease (16, 36), and the 

degeneration of peripheral sensory neurons. Indeed, while Charcot–
Marie–Tooth type 2B mutant Rab7 misregulates  mitochondria–
lysosome contacts (16), whether this occurs in peripheral sensory 
neurons was not known. Here, we show that mitochondria–lyso-
some contact site untethering is disrupted in peripheral sensory 
neurons, resulting in prolonged contact  tethering in Charcot–
Marie–Tooth type 2B mutant Rab7 neurons. Interestingly, this 
defect preferentially occurred in axons but not the soma of these 
neurons, highlighting a potential mechanism contributing to the 
axonal degeneration observed in Charcot–Marie–Tooth type 2. 

Fig. 6. Disrupted mitochondrial network in Charcot–Marie–Tooth Type 2B disease mutant Rab7V162M mice. (A) Electron micrographs (EM) of sciatic nerves 
from Rab7WT and Charcot–Marie–Tooth type 2B mutant Rab7V162M mice. (Scale bar: 500 nm; M: mitochondria.) (B–E) Analysis from EM images of disrupted 
mitochondrial circularity, interconnectivity, aspect ratio, and form factor in sciatic nerves from mutant Rab7V162M mice, as compared to Rab7WT mice. (Rab7WT:  
n = 115 mitochondria; Rab7V162M: n = 168 mitochondria). Mean ± SEM; *P < 0.05, ****P < 0.001.
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Importantly, defects in mitochondria–lysosome contact site 
dynamics could be rescued by Rab7 GAP (TBC1D15), further 
demonstrating a role for Rab7 GTP hydrolysis at mitochondria–
lysosome contacts in driving untethering events, which are dis-
rupted in Charcot–Marie–Tooth type 2B mutant Rab7 neurons.

Properly regulated mitochondrial dynamics are essential for neu-
rons, and mitochondria–lysosome contacts have been found to be 
key regulators of mitochondrial dynamics (12, 13, 16, 17), includ-
ing both mitochondrial fission and inter- mitochondrial untethering 
which are regulated by Drp1 GTP hydrolysis (16, 37). Interestingly, 

Drp1 GTP hydrolysis was recently shown to be coregulated with 
Rab7 GTP hydrolysis via an oligomeric complex of Mid51 and 
Fis1 on the mitochondrial membrane, allowing for the respective 
bidirectional regulation of both mitochondrial and lysosomal 
dynamics at mitochondria–lysosome contact sites (17). Here, we 
showed that Charcot–Marie–Tooth type 2B mutant Rab7 periph-
eral sensory neurons exhibit defects in mitochondrial dynamics 
which could be rescued by targeting Rab7 GTP hydrolysis machin-
ery, further highlighting a role for mitochondrial dysfunction in 
Charcot–Marie–Tooth disease. Defective mitochondrial dynamics 

Fig. 7. Charcot–Marie–Tooth Type 2B disease mutant Rab7V162M mice exhibit preferential sensory behavioral abnormalities. (A) Sensory behavioral deficit in 
Charcot–Marie–Tooth type 2B mutant Rab7V162M mice, assessed by mechanical allodynia measured using the von Frey analysis. (Rab7WT: n = 9 mice; Rab7V162M: 
n = 9 mice). (B) Normal motor behavior in Charcot–Marie–Tooth type 2B mutant Rab7V162M mice, assessed by rotarod test to measure motor deficits. (Rab7WT: 
n = 18 mice; Rab7V162M: n = 30 mice). (C and D) Defective skin innervations in Charcot–Marie–Tooth type 2B mutant Rab7V162M mice, assessed by intra- epidermal 
nerve fiber (IENF) density. Confocal imaging analysis and quantification of IENF density skin from Rab7WT and Rab7V162M mice showing PGP9.5 (pseudo- colored 
in gray, top) and merged images with the nuclear marker DAPI (blue, bottom). The solid line demarcates the epidermal–dermal junction. (Scale bar: 50 μm.) 
(Rab7WT: n = 4 mice; Rab7V162M: n = 4 mice). Mean ± SEM; *P < 0.05, ***P < 0.001.
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have been implicated in multiple genetic forms of Charcot–Marie–
Tooth type 2 characterized by the axonal degeneration of peripheral 
neurons (38), including Mfn2- associated Charcot–Marie–Tooth 
type 2A disease (39–42), TRPV4- associated Charcot–Marie–Tooth 
type 2C disease (16, 43–46), and GDAP1- associated Charcot–
Marie–Tooth type 2K disease (47, 48). Our findings further under-
score mitochondrial defects as a key contributor to Rab7- associated 
Charcot–Marie–Tooth type 2B disease (16, 36, 49) and demon-
strate the importance of properly regulated mitochondrial dynamics 
in peripheral neurons.

Mitochondrial dynamics reflect ongoing changes in inter-  
mitochondrial networks as well as mitochondrial shape, size, con-
nectivity, trafficking, and activity (50). Mitochondrial morpho-
logy, which can range from an interconnected reticulum to 
fragmented puncta, is determined by the balance between the 
opposing forces of fusion and fission (51). Here, we show that 
mitochondria in the axons of sciatic nerves in Charcot–Marie–
Tooth type 2B mutant Rab7 knock- in mice further displayed 
fragmented morphology. Defects in mitochondrial morphology 
and dynamics can compromise mitochondrial functions, and 
ultimately affect neuronal survival and function (52–54). Thus, 
altered mitochondrial morphology with fragmented mitochon-
dria may be particularly relevant from the perspective of axonal 
degeneration.

Peripheral sensory neurons are predominantly affected in 
Charcot–Marie–Tooth type 2B disease (3–7). Importantly, the gen-
eration of new Charcot–Marie–Tooth type 2 in vivo models has 
provided key insights into both the cellular mechanisms and etiol-
ogy of peripheral neuropathies (49, 55–62). Here, we generated a 
Charcot–Marie–Tooth type 2B mutant Rab7 knock- in mouse 
model, which preferentially demonstrated sensory abnormalities. 
In particular, we found that mutant Rab7V162M mice developed a 
type of pain hypersensitivity called mechanical allodynia. Consistent 
with our findings, pain has been reported in Charcot–Marie–Tooth 
type 2B patients (6, 8) in addition to distal sensory deficits (2–8).

Moreover, reduction in intra- epidermal nerve fiber (IENF) den-
sity, generally associated with neuropathic pain, has also been 
observed in the skin of Charcot–Marie–Tooth type 2B patients (8). 
Consistent with these clinical observations, our study demonstrates 
that mutant Rab7V162M mice displayed a dramatic reduction in 
intra- epidermal nerve fiber density consistent with small fiber neu-
ropathy. This is the result of axonal degeneration of nerve terminals, 
which are the long axon of DRG sensory neurons carrying pain, 
nociceptors, extending to innervate the skin. In particular, DRG 
neurons are especially dependent on efficient mitochondrial traf-
ficking dynamics because of their unique morphology and long 
axons (63–66). Importantly, we observed significantly disrupted 
mitochondrial motility in sensory peripheral neurons of mutant 
Rab7V162M mice. In addition, sensory peripheral neurons from 
mutant Rab7V162M mice exhibited lysosomal defects, consistent 
with misregulation of Rab7’s role in the late endosomal/ lysosomal 
pathway in Charcot–Marie–Tooth type 2B (11, 18, 36, 67–70). 
Finally, sensory peripheral neurons from mutant Rab7V162M mice 
exhibited defective axonal mitochondria–lysosome contact unteth-
ering dynamics, consistent with a key role for mitochondria–lyso-
some contacts mediated by Rab7 GTP hydrolysis in regulating 
mitochondrial dynamics (12, 16, 17, 35). Thus, while our findings 
do not directly demonstrate that sensory neuropathy is caused by 
mitochondria–lysosome contact site defects in Rab7 mutant 
Charcot–Marie–Tooth type 2B disease, we found that mitochon-
dria–lysosome contact sites dynamically form in sensory neurons 
and play an important role in modulating mitochondrial dynamics, 
which is disrupted in disease mutant Rab7 neurons. Importantly, 
future studies investigating the mechanisms underlying axonal 

neurodegeneration in sensory peripheral neurons in Charcot–
Marie–Tooth type 2B will help to shed additional light on the role 
of this pathway in driving neurodegeneration.

In summary, our results point to an important role for mito-
chondria–lysosome contact sites in axons of peripheral sensory 
neurons, which are primarily affected in Charcot–Marie–Tooth 
type 2B. Contact sites between mitochondria and lysosomes are 
critical for regulating the homeostasis of both organelles (13, 14). 
Moreover, defects in this important pathway have been recently 
linked to the pathogenesis of multiple neurodegenerative diseases 
including Parkinson’s disease and lysosomal storage disorders 
(14, 16, 17, 35, 47, 71–75). Together, this work provides insights 
into mitochondria–lysosome contact site regulation in peripheral 
neurons and has important consequences for the fields of 
inter- organelle contact site biology, peripheral neuropathy, and 
neurodegenerative diseases.

Materials and Methods

Detailed materials and methods are included in SI  Appendix, Materials and 
Methods.

Culture of DRG Sensory Peripheral Neurons. DRG neurons from wildtype 
mice were acutely dissociated and digested with collagenase IV (1 µg/mL) and 
papain (30 U/mL) (Worthington Biochemical Corp). Neurons were plated on 
laminin (20 µg/mL) and poly- L- lysine (20 µg/mL)- coated glass coverslips and 
cultured at 37 °C with 5% CO2 for 48 h in adult neurogenic medium: F12 with 
L- glutamine, 0.5% fetal bovine serum, 1× N2 (Life Technologies), penicillin (100 
µg/mL), and streptomycin (100 U/mL).

Confocal Live Microscopy. Confocal time- lapse live images were acquired on 
a Nikon A1R laser scanning confocal microscope with GaAsp detectors using a 
Plan Apo λ 100× 1.45 NA oil immersion objective (Nikon) using NIS- Elements 
(Nikon). Live cells were imaged in a temperature- controlled chamber (37 °C) 
at 5% CO2.

Graphing and Figure Assembly. Statistics and graphing were performed using 
Prism 7 (GraphPad) software. All statistical tests were justified as appropriate and 
were analyzed from N ≥ 3 independent experiments (biological replicates) per 
condition. Line scans were generated using ImageJ (NIH) and normalized per 
protein. All videos and images were assembled using ImageJ (NIH). All final 
figures were assembled in Affinity Designer (Affinity) or Illustrator (Adobe).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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