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Source data are available for this figure.

ablation triggers the activation of metabolic stress pathways in an
attempt to compensate for metabolic deficits.

Discussion

In this study, we have identified a metabolic regulator of axonal
morphogenesis. We generated and characterized a mouse model
that lacks the key metabolic regulator Lkb1. Our data demonstrate
that when Lkb1 is ablated in the PNS during early development,
neurons display reduced axonal growth both in vivo and in vitro.
Cultured Lkb1 KO neurons exhibit a decrease in axonal ATP levels
(Fig 6A). Despite this decrease and the consequently elevated
cellular stress level, we did not detect increased phosphorylation of
AMPK, which is considered to be the sensor of cellular stress
(Hawley et al, 2003; Hardie, 2007). These data are in line with the
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abundance of reports demonstrating that Lkb1 is the principal
AMPK kinase (Hawley et al, 2003; Shackelford & Shaw, 2009;
Alexander & Walker, 2011).

To identify new regulators of energy homeostasis, we searched
for alterations of gene expression in Lkb7 KO cells. The expression
of Efhd1 was significantly reduced in the KO neurons. We also found
it to be down-regulated in sensory neurons upon pharmacological
inhibition of AMPK. These results imply that Efhd1 might be an
effector of the Lkb1-AMPK pathway. Additional studies are required
to establish if the Lkb1-AMPK pathway directly controls Efhd1 levels,
and if so, the exact mode of regulation.

Our results suggest that Efhd1is required in sensory neurons for
mitochondrial morphology and function. Interestingly, effects of its
ablation are mostly manifested in the axons. This may be due to the
fact that axons are more sensitive to mitochondrial dysfunction
because of their length or because other metabolic pathways

Figure 6. Regulation of axonal morphogenesis by
Efhd1.

(A) Lkb1 controls mitochondrial homeostasis and
axonal ATP production, through Efhd1 and additional
pathways that are required for axonal
morphogenesis. (B) Complete ablation of Efhd1 causes
reduction in the axonal ATP levels and mitochondrial
abnormalities. This results in the activation of AMPK
and Ulk and increased autophagic flux, which is
correlated with reduced axonal morphogenesis.
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compensate more efficiently in the soma. Our in vivo analysis also
supports the idea that axons are more sensitive to the lack of Efhd7,
as we detected axonal phenotypic changes as early as E14.5,
whereas enhanced cell death was only observed at E17.5.

Our biochemical analysis shows that the Efhd1 KO neurons re-
spond to mitochondrial dysfunction by activating metabolic stress
pathways, as manifested by the hyper-phosphorylation of AMPK.
Although activated AMPK normally rescues the metabolic cellular
function in stress condition (Gwinn et al, 2008; Toyama et al, 2016),
in late stages of DRGs development (E17.5), we observed an in-
creased incidence of apoptotic death of Efhd1 KO cells, suggesting
that the energy imbalance at this stage cannot be completely
resolved despite enhanced AMPK activity. Consistent with the
higher apoptotic rate observed at E17.5, innervation of the adults
Efhd1 KO skin was significantly sparser compared with WT.

The presence of aberrantly dysfunctional mitochondria in the
Efhd1 KO axons raises the notion that mitophagy might be activated
in Efhd1 KO DRGs. Indeed, we found enhanced Ulk phosphorylation
at serine-555, which facilitates mitophagy in response to AMPK
activation and increases the overall autophagic flux (Toyama et al,
2016) (Fig 6B). In line with our results, a recent study revealed that
mitochondria shortening and the fission process can be directed by
AMPK through the mitochondrial fission factor protein. Once AMPK
is activated in response to cellular stress, the mitochondrial fission
factor is phosphorylated and promotes the constriction and fission
of mitochondria, prompting their engulfment by mitophagosomes
(Toyama et al, 2016; Zhang & Lin, 2016).

The exact mitochondrial function of Efhd1 remains to be dis-
covered. Previous studies linked Efhd1 to metabolic regulation in the
development of bone marrow cells (Stein et al, 2017) and to the acti-
vation of mitoflashes, short stochastic superoxide bursts during cellular
respiration (Hou et al, 2016). Notably, Efhd1 modulation was described
earlier in a neuronal cell line where Efhd1 overexpression resulted in
neurite extension, whereas its down-regulation caused neurite re-
duction and subsequent cell death (Tominaga et al, 2006). Given its
calcium-binding capacity (Tominaga et al, 2006), it is tempting to
speculate that Efhd1 may serve as a new link between the mitochondrial
Ca* and the mitochondria OXPHOS. Multiple studies have clearly
demonstrated that Ca®* is a physiological regulator of OXPHOS and that
it can facilitate the activation of several enzymes in the tricarboxylic acid
(TCA) cycle (Rizzuto et al, 2012). Upon Ca?* binding by its EF-hand domain,
Efhd1 may directly interact with proteins of the OXPHOS machinery in
the mitochondrial inner membrane and stimulate their activity. Then,
when Efhd1 function is impaired, either partially or completely (as in
Lkb1 KO and Efhd1 KO, respectively), this Ca?"-dependent regulation of
ATP production would be compromised. This may trigger mitochondrial
stress due to unmet energy demand during axonal growth, provoking
mitochondria recycling through mitophagy.

Despite their sensory neurons’ mitochondrial dysfunction, re-
sultant aberrant axonal growth, and neuronal loss, mice with Efhd1
deficiency are viable, are fertile, and have normal appearance and
behavior in the cage. Moreover, Efhd7 KO DRGs and axons display
only limited defects in vitro and in vivo, highlighting the specific
contribution of Efhd1 to axon-remodeling processes but not to
basal homeostasis of the soma.

This study presents a new pathway of mitochondrial regulation.
Lkb1, already known as a master metabolic regulator (Shaw et al,
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2004; Shackelford & Shaw, 2009; Alexander & Walker, 2011; Pooya
et al, 2014) modulates expression of the mitochondrial protein
Efhd1. As demonstrated herein, Efhd1 has a unique and crucial role
in axonal development of the PNS.

Materials and Methods
Mouse strains: Lkb1 and Efhd1

The Lkb1 conditional KO mouse line was established by crossing
Lkb1 flox mice (Swisa et al, 2015) with Wnt1-Cre transgenic mice. The
Wnt1-Cre transgene is expressed in neural crest cells (progenitors
of [DRG] neurons and glia), and in the midbrain and dorsal neural
tube of the CNS (Charron et al, 2003). Wnt1 expression starts at the
embryonic day 8 (E8) in the midbrain and is expressed in its full
pattern by E9 (Charron et al, 2003). The Lkb1 KO mice die shortly
after birth.

The Efhd1 KO mouse line was generated by CRISPR-cas9 tech-
nique. The following two guide RNAs were used to delete a part of
the Efhd1 gene coding region and its promoter:

Guide 1: sgRNAT-top: CACCEGAGGTTCGCGATCCGGTACG, SgRNAT-
bottom: AAACCGTACCGGATCGCGAACCTCC.
Guide 2: sgRNA2-top: CACCEGTTCAGTTCGGAGTCCGCGC, sgRNA2-
bottom: AAMACGCGCGGACTCCGAACTGAACC.

The Efhd1 KO mice are viable and appear indistinguishable from
their WT sibs in cage environment. Mice are of mix genetic back-
ground in all of the experiments, and we used littermate (WT)
controls. Mice were hosed in specific pathogen-free facility, under
50% humidity, 12-h light/dark cycle, 22° with standard diet (18%
protein, 5% fat). All animal experiments followed protocols ap-
proved by The Weizmann Institute of Science Institutional Animal
Care and Use Committee.

Explant culture, medium, and culture method

DRG explants of E13.5 mice were aseptically removed from E13.5
embryos in L15 medium (L15 powder [MFCD00217482; Sigma-
Aldrich]) dissolved in filtered distilled water (FDW) with 5% fetal
bovine serum (10091148; Gibco). Chambers and filter plates: insert
(cell culture insert, six-well hanging insert, 1 um PET, MCRPO6H4S8;
Millicell), eight chambers (cell culture slide eight well, 30108; Life
Science Co. Ltd.), six-well plate (140675; Thermo Fisher Scientific),
and cell culture dish (430156; Merck). The coating was done for 1 h
with PDL (P6407; Sigma-Aldrich) diluted in FDW, final concentration
0.01mg/ml and, after washing briefly with FDW, laminin (114956-81-
9: Sigma-Aldrich), and diluted in filtered F12 (01-095-1A; Biological
Industries) for 2 h at 37°C at a final concentration of 10 pg/ml. The
plated explants were grown for 48 h in complete NB (10888022;
Thermo Fisher Scientific) supplemented with 2% B27 (17054-044;
Thermo Fisher Scientific), 1% penicillin-streptomycin solution
(03-0311B; Biological Industries), 1% glutamine (25030081; Gibco),
and 12.5 ng/ml NGF (CAS 866405-64-3).

For protein analysis, DRGs were plated in the insert, growth for 48
h in NB plus NGF, and the cell bodies and the axons were lysed
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followed by Western blot of the samples. When indicated, 20 uM
compound C (CAS 866405-64-3; Sigma-Aldrich) for 8 h or 100 nM
bafilomycin (LC Laboratories) for 4 h was added after 48 h of cell
growth in NB. The cultures were then lysed and processed for
Western blot.

For immunofluorescent staining, DRGs were plated in eight
chambers or cell culture plates for 48 h in NB plus NGF, fixed with
4% formaldehyde for 1 h at room temperature, and stained using
mouse tubulin BllI antibody. Images were taken with DS-Qi2
fluorescent microscope, Nikon.

3D collagen cultures

Collagen cultures were performed as previously described (Charron
et al, 2003; Romi et al, 2014). Briefly, DRGs, dissected as described
above, were embedded in 2 mg/ml collagen matrix (1179179001,
Roche) supplemented with NB plus NGF. After 5 d in culture, the
explants were fixed with 4% formaldehyde and stained using
mouse tubulin Bl antibody. DRGs were visualized with Leica MZ16F
binoculars (Nikon), axonal length was measured using Image]
software.

Sample lysis and immunoblot quantification

Two different cell lysis buffers were used for Western blot analysis:

1) RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP40, 0.1% SDS,
0.5% deoxycholate, and 1 mM EDTA in double distilled water)
supplemented with cOmplete protease inhibitor cocktail
(5892791001; Roche), PMSF (CAS 329-98-6; Sigma-Aldrich), and
phosphatase inhibitor cocktails 1 and 2 (P5726; Sigma-Aldrich).

2) Triton-lysis buffer (150 mM Nacl, 10% glycerol, 1% Triton X-100,
and 10 mM Tris, pH 7.4, in double distilled water) supplemented
with cOmplete protease inhibitor cocktail, PMSF, and phos-
phatase inhibitor cocktails 1 and 2.

All the samples were lysed in RIPA buffer (1), except the samples
from E13.5 embryos used to detect P-Ulk ser 555/Ulk tot, P-ACC/ACC
tot, for which the lysis was performed with lysis buffer (2). Im-
munoblots for P-AMPK, P-Ulk, and LC3 I-Il at E13.5 and P-Ulk and
P-AMPK at E17.5 were loading-normalized by re-probing the original
membranes with the respective loading control (tubulin Bl or
B-actin) and total protein antibodies (total AMPK, ULk, and tubulin
Bl for LC3). The immunoblots were scanned and analyzed using
Image) program. The samples for assessment of P-ACC/ACC at E13.5
were split and loaded on two pairs of identical gels. The intensities
of the phosphorylated and the total forms detected on the first set
of gels were then normalized on the tubulin BIll or B-actin as
detected on the corresponding replica gel set, and then the values
of the phosphorylated form/tubulin BlII or phosphorylated form/
B-actin ratios were further adjusted relative to the ratios of total/
tubulinplll or total/B-actin.

Immunostaining

After fixation with 4% formaldehyde. DRGs placed in the collagen
matrix were gently washed with PBS. Blocking was done with 3% BSA
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(160069; MP Biomedicals, LLC) and 0.1% Triton X-100 (CAS900-93-1;
Sigma-Aldrich) in PBS for 1 h. The blocking solution was used for
incubation with primary and secondary antibodies. PBS washes
were made between each step.

Whole-mount embryo limbs

Limbs of E13.5 and E14.5 embryos were stained with anti-tubulin Bl
antibody and anti-neurofilament antibody 2H3 following the iDisco
methodology (Renier et al, 2014). For total axonal coverage and
branching quantification, the NeuroMath software was used (Rishal
et al, 2013). The numbers of samples processed in each experiment
are specified in the corresponding figure legends.

Gene expression microarray

DRGs from E13.5 Lkb7 KO and WT embryos were harvested and RNA
extracted as described in Rio et al (2010). For each sample, we
pooled DRGs from two embryos. Overall, we analyzed the data from
10 microarrays, profiling five Lkb7 KO and five WT samples. cDNA
library construction and microarray hybridization were performed
at the microarray unit of the Weizmann Institute of Science. Data
were analyzed using MATLAB, false discovery rate 0.01.

Data are available at https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE146756.

Immunohistochemistry of mouse embryos sections

E15.5-E17.5 embryos were fixed for 24 h in 4% formaldehyde and
stained as described in Maor-nof et al (2016) with anti-Islet and
anti-cleaved caspase-3 antibody. Numbers of embryos and sec-
tions used in individual experiments are specified in the figure
legends.

The number of Iset1-positive neurons per DRG was calculated by
computational approach as described in detail in Maor-nof et al
(2016). The number of cleaved caspase-3-positive neurons was
manually counted in Image).

Adult skin innervation

The hind limb glabrous skin of 2-mo-old mice was stained as
described in Marvaldi et al (2015) (Zylka et al, 2005). For the nerve
quantification, the fiber number per 150 um in the selected epi-
dermis area was counted as described in Marvaldi et al (2015). The
numbers of mice, limbs, and sections analyzed are specified in the
figure legends.

ATP measurement

Whole explants or axonal samples derived from Lkb1 KO, Efhd1 KO,
and WT inserts were collected in 100 mM Triand 4 mM EDTA, pH 7.75,
and incubated for 2 min at 90°C. ATP concentration was measured
using ATP Bioluminescence Assay Kit CLS Il (11699695001; Roche).
Whole protein level in the same samples were quantified (BCA
protein assay kit; Pierce). The ATP measurements were then nor-
malized to the protein concentration.
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Antibodies

Anti-tubulin Bl antibody (clone Tuj1; R&D Systems), at 1:20,000 for
Western blot, 1:1,000 for immunoistochemistry (IHC) staining.
P-AMPK thr172: phospho-AMPK-a (Thr172) (40H9) Cell Signaling, at 1:
1,000. AMPK: AMPK-a (23A3) Cell Signaling, at 1:1,000. P-ACC ser 79:
phospho-ACC (Ser79) Cell Signaling, at 1:1,000. ACC: anti-acetyl
coenzyme A carboxylase antibody [EP687Y], AB-ab45174 Abcam,
at 1:2,000. P-ULK ser555: phospho-ULKT (Ser555) (D1H4) Cell Sig-
naling, at 1:1,000. Caspase-3-cleaved: cleaved caspase-3 (Asp175)
Cell Signaling, at 1:200. Islet antibody: Developmental Studies Hy-
bridoma bank 39.3F7, at 1:200. Tom20: Santa Cruz Tom20 (FL-145): sc
1415, at 1:1,000 for immunofluorescence (STORM analysis) and
TOM20 (D8T4N) Cell Signaling at 1:1,000 for immunoblot. B-Actin:
B-Actin (13E5) Cell Signaling, at 1:20,000. Efhd1 antibody was a kind
gift from the laboratory of Yasuhiro Tomooka (Tokyo University of
Science), at 1:1,000. Anti-neurofilament antibody 2H3, Develop-
mental Studies Hybridoma bank, at 1:200.

Antimouse and antirabbit antibodies conjugated with Alexa 549,
Alexa 488, or Alexa 647 fluorophores were used at 1:200 (Jackson
ImmunoResearch Laboratories). Secondary antibodies for Western
blotting: goat antimouse 1gG-HRP (JIR 155-035) and goat antirabbit
IgG-HRP (JIR 111-035) from Jackson, both at 1:5,000.

Stochastic optical reconstruction microscopy (STORM) imaging

DRGs from E13.5 embryos were plated on cell culture dish as de-
scribed above.

Three-dimensional super-resolution images were recorded
using a Vutara SR200 STORM microscope (Bruker) based on single-
molecule localization biplane technology with 60x Olympus water-
immersion objective (1.2 NA). Mitochondria (anti-TOM20 staining)
labeled with AlexaFluor 647 were imaged using 640-nm excitation
laser and 405-nm activation laser in an imaging buffer composed of
5 mM cysteamine, oxygen scavengers (7 uM glucose oxidase and 56
nM catalase) in 50 mM Tris with 10 mM NacCl, and 10% glucose at pH
8.0. Images were recorded using Evolve 512 EMCCD camera (Pho-
tometrics) with gain set at 50, frame rate at 50 Hz, and maximal
power of 640 and 405 nm lasers set at 6 and 0.05 kW/cm?, re-
spectively. The total number of frames acquired was typically
15,000. Data analysis was performed using Vutara SRX software,
localized particles were subjected to threshold value (set to 5) that
is defined in Vutara SRX as standard deviations above the frame
background value, which is determined based on the mean value of
the border pixels in each frame. Mitochondrial length was manually
analyzed using the SRX Vutara Software.

Mitochondrial DNA quantification

DRGs were cultured in six-well chambers as described above. On
the second day, the cultures were treated with FUDR (5-fluoro-2’-
deoxyuridine, CAS 50-91-9, 100 nM; Merck) for 8 h. On the third day,
FUDR was removed. On the fifth day, DNA was extracted with the
MasterPure DNA purification kit (Cat. no. MCD85201; Epicentre), and
quantitative real-time PCR was performed using SYBR Green (Cat. no.
4385612; Applied Biosystems). Expression levels were determined using
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the comparative cycle threshold (2722%) method. 185 ribosomal RNA
served as housekeeping genes.
Primers used were as follows:

ND1: FWD: 5'-TGCACCTACCCTATCACTCA-3’

REV: 5'-GCTCATCCTGATCATAGAATGG-3’

ND1 and ND4: FWD: 5'-CACTAATGCTACTACCACTAACCTGACTATC-3’
REV: 5'-TGTCATAGAAGTGTTAGGCTGGTTAA AC-3’
Cytb1: FWD: 5'-ACG TCC TTC CAT GAG GAC AA-3’

REV: 5'-GAG GTG AAC GAT TGC TAG GG-3'

COX1: FWD: 5'-GCCTTTGCTTCAAAACGAGA-3’

REV: 5'-GGTTGGTTCCTCGAATGTGT-3’

MT-ATPS8: FWD: 5'-GCCACAACTAGATACATCAACATGA-3'
REV: 5'-GGTTGTTAGTGATTTTGGTGAAGGT-3’

18S: FWD-5'-AAACGGCTACCACATCCAAG-3’
REV-5'-CCTCCAATGGATCCTCGTTA-3’

Mitochondrial respiration studies (Seahorse)

For the mitochondrial respiration studies, DRGs were dissected as
described above, washed in HBSS, and dissociated by incubation in
trypsin—-EDTA solution B (03-052-1B; Biological Sciences) for 5 min.
After trypsinization, dissociated DRGs were suspended in L15 plus
serum and plated at a concentration of 30 x 10 on PDL/laminin
(described above)-coated XF 96 plates (102601-100; Agilent) with
neurobasal (described before). On the second day, FUDR (100 nm)
was added to the media for 4 h to eliminate dividing cells, thus
obtaining a purer neuronal culture. On day 4, mitochondrial res-
piration was examined using the Seahorse XF96 analyzer (Agilent)
and the XF Cell Mito Stress Test Kit according to the manufacturer’s
instructions and as described in Karkucinska-Wieckowska et al
(2015), Ruggiero et al (2017), Styr et al (2019). The analysis was
performed in two parallel experiments as described in Styr et al,,
2019. Briefly, in the first, respiration was measured under basal
conditions and in response to the ATP synthases inhibitor oligo-
mycin (1 uM), whereas in the second, respiration was measured
under basal condition and in the presence of the electron transport
chain accelerator ionophore FCCP (trifluorocarbonylcyanide
phenylhydrazone, 4 pM). In both experiments, respiration was
stopped by addition of the electron transport chain inhibitors
rotenone and antimycin A (both at 0.5 uM). The neurons were then
fixed with 4% formaldehyde and stained with tubulin BIII antibody.
The plates were imaged, and the number of neurons was recal-
culated. Respiration values were normalized to the number of
neurons. For each condition (oligomycin and rotenone/antimycin,
and FCCP and rotenone/antimycin), we preformed four indepen-
dent experiments; at least nine wells were used for each genotype,
in each experiment. The baseline graph was generated by analyzing
the third value of the baseline, in all the experiments. The ATP
production graph was generated by subtracting the first value
after oligomycin treatment from the third value of the baseling, in
all the experiments. The SRC graph was generated by subtracting
the third baseline value from the first value after FCCP injection, in
all the experiments. The proton leak graph was generated by
subtracting the first value after the injection of rotenone and
antimycin from the third value after oligomycin injection, in all the
experiments.
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Mitochondrial motility

E13.5-dissociated DRGs (described above) from LkbT and Efhd1 KOs
and their respective control neurons were plated on PDL/
laminin—-coated microfluidic chambers. After 72 h, the mitochondria
were labeled by 5 nM TMRE (tetramethylrhodamine ethyl ester;
Thermo Fisher Scientific) in the LkbT KO experiments and Mito-
Tracker (M7514; Thermo Fisher Scientific) in the Efhd1 KO experi-
ments and imaged for 6 h. Motility analyses were performed by
Image) as described in lonescu et al (2016).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.0
software, Mean + SEM is presented. The number of experiments (N)
is indicated the figure legends. Normality of the data was defined
using the Shapiro-Wilk normality test. For non-normally distributed
data, Wilcoxon signed rank test and Mann-Whitney test were
performed. For normally distributed homoscedastic data. two-
tailed Student’s t test was used and for non-homoscedastic t
test with Welch's correction. For the Seahorse analysis, two-way
ANOVA test and Sidak’s multi-comparison test were performed.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202000753.
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