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SUMMARY

The molecular mechanisms underlying the axon
arborization of mammalian neurons are poorly
understood but are critical for the establishment of
functional neural circuits. We identified a pathway
defined by two kinases, LKB1 and NUAK1, required
for cortical axon branching in vivo. Conditional dele-
tion of LKB1 after axon specification or knockdown
of NUAK1 drastically reduced axon branching in vivo,
whereas their overexpression was sufficient to
increase axon branching. The LKB1-NUAK1 pathway
controls mitochondria immobilization in axons.
Using manipulation of Syntaphilin, a protein neces-
sary and sufficient to arrest mitochondrial transport
specifically in the axon, we demonstrate that
the LKB1-NUAK1 kinase pathway regulates axon
branching by promoting mitochondria immobiliza-
tion. Finally, we show that LKB1 and NUAK1 are
necessary and sufficient to immobilize mitochondria
specifically at nascent presynaptic sites. Our results
unravel a link between presynaptic mitochondrial
capture and axon branching.

INTRODUCTION

The neocortex forms a complex network composed of billions of
interconnected neurons arranged in six layers that are defined by
molecular, morphological, and electrophysiological properties
and—importantly—by their afferent and efferent inputs. This
pattern of connectivity is achieved through tightly regulated
developmental processes whose impairments have profound
effects on cortical function and are linked to neurodevelopmen-
tal defects ranging from epilepsy to mental retardation and
autism spectrum disorders (Walsh et al., 2008; Zoghbi and
Bear, 2012). In the mouse, the development of cortical pyramidal
neurons occurs in three main stages (Barnes and Polleux, 2009;
Donahoo and Richards, 2009). First, from approximately embry-
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onic day (E) 11 to E18, neurons are born, engage radial migration,
and form a leading process that will eventually become the apical
dendrite and a trailing process that becomes the axon. Second,
during and after neuronal migration and until approximately
postnatal day (P) 7, axons grow and are guided to their proper
subcortical or cortical targets by axon guidance cues. Third,
during the second and third postnatal weeks, axons branch
extensively upon reaching their final targets and form functional
synapses with their postsynaptic partners. Important progress
has been made in identifying the molecular mechanisms regu-
lating axon growth and guidance (Huber et al., 2003; Polleux
and Snider, 2010). However, relatively little is known about the
molecular mechanisms controlling terminal axon branching
(Gallo, 2011; Hall and Lalli, 2010; Jeanneteau et al., 2010; Kalil
et al., 2000), although it is clear that, in many axons, including
cortical projections, axon branching is controlled by both activ-
ity-independent and activity-dependent mechanisms (Mizuno
et al., 2007, 2010; Uesaka et al., 2006; Wang et al., 2007; Yu
et al., 2004).

We and others have demonstrated that the serine/threonine
kinase LKB1 (liver kinase B1, also called STK11 or Pard) is
critical for axon specification during neuronal polarization
in vivo (Barnes et al., 2007; Shelly et al., 2007). LKB1 belongs
to a family of highly conserved proteins known as the PAR
(Partition defective) proteins, initially identified in C. elegans as
required for the first asymmetric zygotic cell division (Kemphues
et al., 1988). It has since been shown to regulate cell polarity in a
wide range of cell types and animal models (Watts et al., 2000;
Martin and St Johnston, 2003; Baas et al., 2004). By phosphor-
ylating a conserved threonine present in the T loop of their cata-
lytic domains, LKB1 is the “master” activator of 14 downstream
kinases, including AMPKa1/02, SAD-A/B (BRSK2 and BRSK1,
respectively), NUAK1/2 (ARK5 and SNARK, respectively),
SIK1-3, MARK1-4, and SNRK (Jaleel et al., 2005; Lizcano
et al., 2004). AMPK is one of the main metabolic sensors in the
cell, and its activity has been linked to the regulation of meta-
bolism and to the maintenance of polarity under stress condi-
tions (Lee et al., 2007; Mirouse et al., 2007). However, we
observed that LKB1 is not a major activator of AMPK in neurons
(Barnes et al., 2007) and that AMPK is not required for cortical
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neuron polarization in vivo (Williams et al., 2011), although its
overactivation by metabolic stress impairs axon growth in vitro
(Amato et al., 2011; Williams et al., 2011). The biological func-
tions of the other 12 AMPK-like kinases are still largely unknown
in vivo (Alessi et al., 2006). LKB1 exerts its function in early
axon specification through activation of synapses of amphids
defective (SAD)-A/B (Barnes et al., 2007; Kishi et al., 2005),
but whether or not LKB1 and other AMPK-like kinases play
any role during subsequent steps of neuronal development
beyond axon specification remains unknown (Barnes and Pol-
leux, 2009).

RESULTS

Postmitotic Deletion of LKB1 Does Not Impair Neuron
Polarization

In our previous study, LKB1 conditional inactivation was per-
formed by crossing mice harboring a floxed allele for Lkb1
(LKB1"F) (Bardeesy et al., 2002) with a mouse line expressing
the bacterial Cre-recombinase under the dorsal telencephalon-
specific promoter Emx1 (Gorski et al., 2002). Recombination in
Emx1°™ mice occurs as early as E10 (Gorski et al., 2002) in radial
glial cells (RGC), the main neural progenitors generating all pyra-
midal neurons in the dorsal telencephalon. In order to deter-
mine at what stage of neuron development LKB1 activity is
required for axon specification, we used the NEX®™ mouse line
(Goebbels et al., 2006), which also induces recombination in
dorsal telencephalic progenitors but specifically in intermediate
progenitors in the subventricular zone and early postmitotic neu-
rons, but not in RGC (Goebbels et al., 2006). Coronal slices of P1
mouse brains were stained with TAG1, a marker for corticofugal
axons (green in Figures 1A-1F). TAG1 expression in NEX®™;
LKB1 cKO brains was indistinguishable from wild-type (WT)
littermate brains (Figures 1A, 1B, 1D, and 1E), suggesting that
axon specification is not impaired in NEX®™;LKB1 cKO cortical
neurons. In contrast, TAG1 immunoreactivity was entirely absent
in Emx1°";LKB1 cKO brains, as reported previously (Figures 1C
and 1F) (Barnes et al., 2007). Moreover, deletion of LKB1 in the
NEX®™ line did not recapitulate the high level of neuronal
apoptosis observed in Emx1°®;LKB1 cKO (Figures 1E and 1F)
(Barnes et al., 2007), demonstrating that neuronal apoptosis in
the Emx1°";LKB1 cKO is a direct consequence of not forming
an axon rather than a consequence of not expressing LKB1.

In order to examine axon morphology at a single-cell resolu-
tion, we performed ex utero cortical electroporation at E15 of
myristoylated-(m)Venus-expressing plasmid followed by disso-
ciation of cKOs and littermates. After 5 days of culture in vitro
(DIV), a significant fraction of Emx1°®;LKB1 ¢KO neurons did
not form an axon (defined by a neurite of length > 100 um and
positive for the axonal marker SMI312; Barnes et al., 2007; Shelly
et al., 2007) (Figures S1A, S1B, and S1E available online). On the
contrary, neuronal polarization was not affected in NEX®"®:LKB1
cKO neurons when compared to littermates (Figures S1C-S1E).
Persistence of LKB1 expression in postmitotic neurons could not
explain this result, as we observed that LKB1 expression was
largely absent in NEX®®;LKB1 cKO neurons cultures (Fig-
ure S1F). Taken together, our results indicate that LKB1 is
required for axon specification in dividing progenitors during or

shortly after cell cycle exit and that inactivating LKB1 in postmi-
totic neurons does not affect axon specification.

LKB1 Is Required for Axonal Branching In Vivo

NEX®":L KB1"F mice were born viable and at Mendelian ratio.
However, during the second postnatal week, the LKB1 cKO
pups gained less weight than their littermates (Figure S1G)
and, during the third postnatal week, showed an ~50% reduc-
tion in body weight even when solid or gelled food was made
available in their cage bedding throughout weaning (Figure S1l).
More than 70% of the LKB1 cKO pups ultimately died before P21
(Figure S1H), with P25 being the oldest NEX®"®;LKB17F ¢cKO pup
we could recover. We currently do not know why the mice die
around weaning, but we discovered that NEX®™ induces recom-
bination in a subset of neurons from the peripheral nervous sys-
tem innervating the intestine (J.C. and F.P., unpublished data),
which might affect intestinal food absorption.

To circumvent this problem and in order to determine the cell-
autonomous functions of LKB1 later during neuronal develop-
ment in vivo, we performed in utero cortical electroporation
(IUCE) at E15.5 of Cre-encoding plasmids in LKB17F mouse
pups. This approach targets exclusively the progenitors of
callosally projecting neurons in superficial layers 2/3 (Hand and
Polleux, 2011; Mizuno et al., 2007; Wang et al., 2007). Electropo-
ration was performed unilaterally in the somatosensory cortex,
and axonal morphology of electroporated neurons was deter-
mined by expression of myristoylated (m)-Venus, which allowed
(1) the cell-autonomous conditional ablation of LKB1 in callosally
projecting neurons and (2) quantitative assessment of axon
branching (Figures 1G-1Q). As shown previously (Hand and
Polleux, 2011; Mizuno et al., 2007; Wang et al., 2007) (Figure S2),
callosal axons cross the cortical midline, forming the corpus
callosum (CC) around birth, and then reach the contralateral cor-
tex during the first postnatal week and branch extensively
between P8 and P21 in layers 2/3 and layer 5 while avoiding
branching in layers 4 and 6 both ipsilaterally (Figures 1J and
1P) and contralaterally (Figures 1M and 1Q). We performed
IUCE with a plasmid driving Cre-recombinase expression under
a CMV early enhancer/chicken B-actin promoter (CAG::Cre) to
induce robust recombination (Hand et al., 2005). Mice were
sacrificed at P21 when callosal axons showed adult-like patterns
of branching (Mizuno et al., 2007; Wang et al., 2007). LKB1-
deficient axons formed, grew, and successfully crossed the
midline (Figure 1H) but showed significantly reduced branching
ipsilaterally in layer 5 (Figures 1K and 1P) and contralaterally
both in layer 2/3 and 5 (Figures 1N and 1Q). We also used an
independent Cre driver that drives recombination in postmitotic
neurons (Doublecortin, DCX::Cre; Franco et al., 2011). Using this
Cre driver, we observed a similar reduction in callosal axon
branching both ipsilaterally and contralaterally (Figures 11-1Q).

These effects on axon branching upon postmitotic deletion of
LKB1 at P21 in vivo do not result from delayed axon develop-
ment or axon degeneration because, in both control and Cre-
electroporated brains, axons crossed the midline by P4 (Figures
S2A, S2D, S2M, and S2N) and reached the contralateral side by
P8 (Figures S2B, S2E, and S20-S2Q). However, between P8
and P12, callosal axons from LKB1-deficient neurons failed to
form discrete cortical columns contralaterally (Figures S2E,
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Figure 1. LKB1 Deletion after Axon Initiation Does Not Impair Axon Maintenance but Reduces Axon Branching In Vivo
(A-C) Coronal section of newborn LKB17F mouse brains not expressing Cre recombinase (WT) (A) or expressing Cre under the NEX (KO) (B) or EMX (KO) (C)

promoters.
(D-F) Higher-magnification images of the cortex region boxed in (A), (B), and (C), respectively.

(G-1) Low-magnification images of coronal brain sections of P21 Lkb1™F mice electroporated at E15 with plasmids expressing mVenus alone (G) or coexpressing

Cre recombinase (under CAG promoter, H, or Doublecortin promoter, 1) and mVenus.
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S2F, and S2R) as seen in control (red arrowhead in Figures S2B,
S2C, and S2P) and failed to branch (Figures S2C, S2F, and S2P-
S2R), suggesting that LKB1-deficient neurons fail to induce ter-
minal axon branching. The same lack of progressive branching in
LKB1-deficient axons compared to control was observed ipsilat-
erally (Figures S2G-S2L). Overall, these results uncover a func-
tion for LKB1 in the control of axon branching in vivo.

NUAK1 Kinase Is Required for Axon Branching In Vivo

In order to identify which downstream kinase is the effector of
LKB1 in mediating axon branching, we focused on two poorly
studied AMPK-related kinases: NUAK1 and NUAK2. A previous
report indicated that NUAK1 is highly expressed in the cortex
during embryonic and postnatal development (Hirano et al.,
2006), although its function during brain development is currently
unknown. In situ hybridization on E14.5 WT mice revealed that
both Nuak1 and 2 are expressed in the embryonic brain (Figures
2A and 2B). Nuak1 was expressed almost exclusively in the
dorsal telencephalon and was restricted to the cortical plate
(CP) containing postmitotic neurons (Figures 2A and 2A).
Nuak2 expression was weaker and mostly restricted to the pro-
liferative ventricular zone (VZ) of the cortex (Figures 2B and 2B').
We then compared NUAK1 and NUAK2 gene and protein
expression in the cortex by RT-PCR and by western-blot at
various pre- and postnatal ages (Figures 2C-2E). NUAK1 was
expressed at all ages tested, although its expression decreased
slightly at early postnatal stages but increased between P18 and
adulthood in the cortex. On the contrary, Nuak2 transcript was
detected weakly and only in embryonic stages, and NUAK2 pro-
tein could not be detected at those ages. Quantitative RT-PCR
indicated that Nuak2 transcripts are 20 times less abundant
than Nuak1 transcripts at E15.5 (Figure 2E).

To confirm that NUAK1 is a relevant target of LKB1, we coex-
pressed both kinases in HelLa cells that are deficient for LKB1
expression. We observed that NUAK1 protein expression was
increased when coexpressed with WT, but not with kinase-
dead LKB1 (Figure 2F), as reported previously (Zagodrska et al.,
2010), suggesting that LKB1-mediated phosphorylation stabi-
lizes NUAKT1 protein. In agreement with this, we observed that
NUAK1 protein expression was decreased in NEX™;LKB1
cKO neurons by nearly 50% compared of the control condition
(Figure 2G). In order to confirm that NUAK1 catalytic activity is
reduced in LKB1 cKO cortical neurons, we performed pull-
down of endogenously expressed NUAK1 from cortical neurons
in culture and assayed its ability to phosphorylate a NUAK1
target peptide (Figure 2H). We found a significant reduction in
NUAK1 catalytic activity in the NEX®®;LKB17F cKO neurons
compared to both WT and heterozygous (HET) cortical neurons
(Figure 2l). Because Nuakl appeared to be dominant over
Nuak2, we selected short hairpin RNAs (shRNAs) against mouse
Nuak1 (Figures S3A and S3B) and used them to perform IUCE at
E15.5. When mice were sacrificed at P21, we observed a signif-

icant reduction of callosal axon branching upon knockdown of
Nuak1 compared to control condition (Figures 2J and 2K, quan-
tified in 2L) and to the same extent as LKB1 loss of function
(Figures 1G-1Q). Taken together, these results indicate that
NUAK1 kinase is required cell autonomously for cortical axon
branching in vivo.

LKB1 and NUAK1 Kinases Are Required for Axon
Branching In Vitro

In order to quantify axon morphology at a single-cell resolution,
we examined the effects of Lkb7 and Nuak1 inactivation in vitro in
dissociated neuronal cultures. We performed shRNA-mediated
knockdown of Lkb1 (Figure S3C) and Nuak1 kinases or both
Nuak1 and Nuak2 kinases using EUCE at E15.5 and observed
that shRNA-electroporated neurons displayed significantly
shorter and less-branched axons after 5 DIV (Figures 3B and
3C) compared to control shRNA (Figure 3A). Quantifications
confirmed that Lkb1 or Nuak1 knockdown significantly reduced
the length of the axon (Figure 3G) and also significantly reduced
overall axon branching compared to control electroporation
(Figure 3H). Knocking down Nuak2, together with Nuak1, did
not show any additive effects compared to Nuak1 alone, sug-
gesting that these two kinases are not redundant with regard
to axon growth and branching.

We independently examined the consequences of complete
genetic loss of Lkb1 or Nuak1 by electroporation of a Venus-
encoding plasmid in NUAK7~~ neurons (Figures S3D and
S3E; Hirano et al., 2006) and of CAG::CRE or DCX::CRE plas-
mids in LKB1™F neurons (Figures S3G-S3l). Quantifications
confirmed that axon length and axon branching are significantly
reduced in LKB1 or NUAK1 null cortical neurons when compared
to the control (Figures S3F, S3J, and S3K). These effects seemed
largely specific to the axon because neither deleting Lkb1 nor
knocking down Nuak1 had a significant effect on the number
of primary MAP2+ dendrites emerging from the cell body (Fig-
ure S3M) and that Nuak1 knockdown did not affect dendritic
length at 5 DIV.

LKB1 and NUAK1 Regulate Both Axon Growth and
Branching Independently of Axon Specification

We tested whether the decrease in axon branching could be a
secondary consequence of impaired axon growth. Axon branch-
ing was still decreased in both LKB1 and NUAK1 loss-of-
function experiments even when axon branch number was
normalized for axon length (Figures 3l and S3L). To better visu-
alize the dynamics of axon growth and branching, we performed
long-term (15 hr) time-lapse imaging of neurons lacking Lkb1 or
Nuak1 (Figured S4A-S4F and Movie S1). We observed that the
axon growth rate was decreased upon loss of either Lkb1 or
Nuak1 (Figure S4G). Importantly, we also observed that loss of
function of either Lkb1 or Nuak1 impaired axon branch initiation
(for both Lkb1 and Nuak1 loss of function) and branch stability

(J-O) Higher magnification of the ipsilateral (J-L) or the contralateral side (M-O) showing reduced axon branching in both Cre-electroporated neurons (K-O)

compared to control (J and M).

(P-Q) Quantification of normalized Venus fluorescence in layer 5 of the ipsilateral cortex (P, + SEM) and along the radial axis of the cortical wall in the contralateral
cortex (Q, + SEM). Statistical analysis: Mann-Whitney (P) or two-way analysis of variance (ANOVA) (Q).

See also Figures S1 and S2.
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Figure 2. AMPK-Related Kinase NUAK1 Is Required for Axon Branching In Vivo

(A and B) Expression of Nuak1 and Nuak2 genes in the head of Balb/C mouse by in situ hybridization. Magnification (A’'-B’) shows that Nuak1 and Nuak2 have
complementary expression patterns in the cerebral cortex.

(C) Time course of NUAK1 and NUAK2 protein expression in Balb/C mouse cortex by western blot.

(D) Time course of Nuak1 and Nuak2 mRNA expression in Balb/C mouse cortex by RT and PCR.

(E) Quantitative PCR after RT (QRT-PCR) in E15.5 mouse cortex revealed that the Nuak1 transcript is 20 times more abundant than the Nuak2 transcript.

(F) Overexpression of catalytically active LKB1 increases NUAK1 protein expression.

(G) Endogenous expression of LKB1 and NUAK1 proteins in LKB1 and NUAK1 knockout neurons. Western blot analysis was performed with the indicated
antibodies.

(legend continued on next page)
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(for Lkb1 loss of function) (Figure S4H), thus demonstrating that
LKB1 and NUAK1 regulate both axon growth and axon
branching.

In accordance to previous results (Barnes et al., 2007; Shelly
et al., 2007) and as shown in Figures S3H and S3I, both CAG::
Cre- and DCX::Cre-mediated Lkb1 deletion results in a small
but significant percentage of cortical neurons that do not form
an axon under these conditions (~40% with CAG::Cre and
19% with Dcx::Cre compared to 11% in control neurons). How-
ever, this is in stark contrast with genomic recombination using
Emx1©", which, in the same culture conditions, leads to more
than 80% of cortical neurons without an axon (Figures S1B
and S1E). Thus, we wanted to test unequivocally whether the
effect of LKB1 on axon growth and branching was indirectly
linked to their effects on axon specification through a delay
in axon formation. To test this, we performed Cre transfection
in LKB1™F cortical cultures (Figures S3N and S30) at 3 DIV
(i.e., after axon polarization and during the main phase of axon
growth) (Barnes et al., 2007). Our results demonstrate that, at 7
DIV, LKB1-deficient neurons show a decrease in axon branching
(but no decrease in axon growth) compared to control (Figures
S3P and S3Q). Collectively, these results demonstrate that
LKB1 controls both axon growth and branching but that one
can operationally segregate the effects on axon branching
from the effect on the main axon growth.

NUAK1 Is Required Downstream of LKB1 for Axon
Growth and Branching

We tested whether overexpression of LKB1 or NUAK1 was suf-
ficient to promote axon growth and/or axon branching. After 5
DIV, we observed that overexpression of LKB1 or NUAK1 was
sufficient to induce a marked increase in axon branching (Figures
3D-3F and 3K) without a significant effect on axon length (Fig-
ure 3J) compared to control.

We then took advantage of this overexpression-mediated in-
crease in axon branching and tested functional epistasis
between LKB1 and NUAK1. We found that knockdown of
Nuak1 suppressed the increase in axon branch number induced
by LKB1 overexpression (Figures 3J and 3K), suggesting that
NUAK?1 is the main downstream effector of LKB1 during axon
growth and branching. Moreover, overexpression of NUAK1
was sufficient to rescue Lkb1 loss of function (Figures 3J and
3K), whereas simultaneous knockdown of Lkb71 and Nuak1
showed no additive decrease in axon length or axon branch
number (Figures 3G-3l), indicating that LKB1 and NUAK1 form
a kinase pathway controlling axon growth and branching.

To further explore the specificity of NUAK1 in axon branching,
we tested the consequences of overexpressing other LKB1-
dependent AMPK-like kinases on axon branching. None of the
other members of the AMPK-like kinase family we tested,
including NUAK2, SAD-B, and AMPKa2, had any significant

effect on axon growth or branching by overexpression (Figures
S5A-S5F), despite comparable levels of overexpression (Fig-
ure S5G). As SAD-A/B have been previously shown to regulate
polarity in cortical neurons (Barnes et al., 2007; Kishi et al.,
2005), we tested whether they were required for cortical axon
growth or branching in vitro. shRNA-mediated knockdown of
Sad-A/B (Figures S5L and S5M) had no effect on cortical axon
growth or branching at 5 DIV in the fraction of neurons that suc-
cessfully formed an axon (Figures S5H-S5K).

Loss of LKB1 or NUAK1 Increases Mitochondrial Motility
in the Axon
How do LKB1-NUAK1 kinases control axon growth and branch-
ing? MARK1-4 kinases are downstream effectors of LKB1 in
some cell types and have been shown to regulate microtubule
dynamics (Mian et al., 2012; Nishimura et al., 2012). Further-
more, axon growth and branching is dependent on microtubule
dynamics (Gallo, 2011; Polleux and Snider, 2010). We therefore
tested whether LKB1 or NUAK1 affected microtubule stability
and/or dynamics in developing axons. First, we found no differ-
ence in the ratio of tyrosinated and acetylated tubulin (Fig-
ure S6H), an index of stable versus dynamic microtubules, in
Lkb1- or Nuak1-deficient neurons. To explore effects on microtu-
bule dynamics specifically in the growing axon, we used EB3-
EGFP (a marker of the polymerizing end of microtubules) in
control or Nuak1 shRNA electroporated neurons and then per-
formed time-lapse imaging of EB3-EGFP “comets” in axonal
growth cones at 5 DIV (Figures S6I-S6L and Movie S2). We
observed no significant difference in the total area of the growth
cone explored by microtubules (Figure S6M), EB3-comets
velocity (Figure S6N), or lifetime (Figure S60), suggesting that
the effects of LKB1-NUAK1 kinases on axon growth and branch-
ing are unlikely to be due to changes in microtubule dynamics.
Axonal transport and targeting of presynaptic cargoes to
nascent presynaptic sites has been previously implicated in
both axonal growth and branch stabilization, especially during
activity-dependent phases of synaptic formation (Meyer and
Smith, 2006; Ruthazer et al., 2006; Takeda et al., 2000). There-
fore, we tested whether axonal transport was defective in
LKB1- and NUAK1-deficient cortical neurons using fluorescently
labeled organelles or presynaptic vesicles coupled to time-lapse
microscopy in axons. LKB1 null cortical neurons at 7 DIV did not
show any defect in the axonal transport of synaptic vesicle
precursors labeled with VGLUT1-Venus (Herzog et al., 2011)
(Figures S6A-S6D and Movie S2). On the other hand, we
observed a striking change in mitochondrial axonal transport
visualized using time-lapse microscopy of 5 DIV cortical neurons
expressing mitoDsRed (Figures 4A and 4B and Movie S3). As
reported previously, in WT growing hippocampal or cortical
axons, mitochondria have a characteristic motility profile in
which ~65% of the mitochondrial pool is stationary, whereas

H) Schema of NUAKT1 kinase assay.

(
(I) NUAK1 kinase activity is reduced in LKB1 KO neurons (+ SEM).

(J and K) In utero cortical electroporation of the indicated constructs revealed that loss of NUAK1 decreased axonal branching in the contralateral hemisphere

similar to the loss of LKB1.

(L) Quantification of EGFP normalized fluorescence along the radial axis of the cortical wall in the contralateral cortex. Statistical analysis: Mann-Whitney test (I) or

two-way ANOVA (L) (+ SEM).
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Figure 3. LKB1 Regulates Axon Growth and Branching In Vitro through NUAK1

(A-C) Representative neurons imaged after 5 DIV following inhibition of LKB1 (B) or NUAK1 (C) expression.

(D-F) Overexpression of LKB1 (E) or NUAK1 (F) in 5 DIV cortical neurons induced the formation of supernumerary axonal branches. Red arrowheads in (A)—(F)
point to axon branches.

(G-1) Quantification of axon morphology shows that LKB1 or NUAKT1 inhibition results in a shortened axon (G) and decreased collateral branch formation (H and I).
(J and K) Quantitation of axon length (J) or number of collateral branches at 5 DIV (K) after overexpression of the indicated constructs. Data represent 25™, 50™",
and 75" percentile (G and J) or average value + SEM (H, I, and K). Statistical analysis: Mann-Whitney test.

See also Figures S3, S4, and S5.
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the other 35% are transported in both the anterograde and retro-
grade directions (for example, see Brickley and Stephenson,
2011; Wang et al., 2011). Upon loss of LKB1, we observed a 3-
fold decrease in the percentage of immobilized mitochondria
along the axon shaft (Figures 4A, 4B, and 4G and Movie S3).
Importantly, a similar phenotype was observed in Nuak1 KO
cortical neurons (Figures 4C, 4D, and 4G and Movie S3). Motile
mitochondria in the axon of Lkb 71 and Nuak1 null cortical neurons
also displayed increased maximum instantaneous velocity as
well as increased maximum distance traveled, both anterog-
radely and retrogradely, compared to controls (Figures S6E
and S6F). These changes in motility were not accompanied by
detectable changes on mitochondria density along the axon
shaft (Figure S6G). Conversely, overexpression of either LKB1
or NUAK1 was sufficient to increase significantly (from ~60%
to 75%) the proportion of stationary mitochondria along the
axon (Figures 4E, 4F, 4H, and 4l). Accordingly, dwell time of
motile mitochondria also decreased upon loss of LKB1 or
NUAK?1 (Figures 4J and 4L) and increased with the overexpres-
sion of either LKB1 or NUAK1 (Figures 4K and 4L).

Syntaphilin Is Required for Proper Callosal Axon
Branching In Vitro and In Vivo

We next wanted to test whether there was a causal relationship
between axon branching and the ability of mitochondria to
become immobilized along the axon. To accomplish this, we
needed a tool that would allow us to specifically regulate mito-
chondria immobilization along the axon. Syntaphilin (SNPH)
is an axonally targeted, mitochondria-associated protein that
also binds microtubules (Kang et al., 2008). Importantly, cortical
neurons isolated from Snph knockout mice showed decreased
mitochondria immobilization (Kang et al., 2008), a phenotype
that is qualitatively and quantitatively very similar to Lkb7 and
Nuak1 null cortical neurons. We first tested whether the loss of
SNPH affected axonal branching by using electroporation of
shRNA against mouse Snph (Figure 5A) in cortical progenitors
at E15.5 by EUCE. We confirmed that knockdown of mouse
Snph significantly decreased the percentage of immobile
mitochondria in cortical axons (Figures 5B, 5C, and 5J and
Movie S4) to a level comparable to that observed in Snph null
neurons (Kang et al., 2008) and Lkb1 or Nuak? null neurons.
Interestingly, knockdown of Snph significantly decreased axon
branching in cortical neurons in vitro (Figures 5F, 5G, and 5K).
These results are phenocopied by the overexpression of a
dominant-negative SNPH that is targeted to the axon and can
bind mitochondria but lacks its microtubule-binding domain
(SNPH-AMTB) (Kang et al., 2008) (Figures 5E and 5I-5K and
Movie S4). Furthermore, overexpression of SNPH, which sig-
nificantly increased the percentage of stationary mitochondria
along cortical axons (Figures 5D and 5J and Movie S4), was suf-
ficient to increase axon branching at 5 DIV (Figures 5H and 5K).
Finally, IUCE of shRNA against Snph revealed that SNPH in vivo
is required for terminal axon branching on both the ipsilateral and
contralateral hemispheres in layers 2/3 and 5 (Figures 50-5Q)
when compared to control (Figures 5L-5N). Upon quantification,
the reduction of axon branching upon shRNA electroporation
was of similar magnitude to the reduction observed upon loss
of LKB1 both ipsilaterally (Figure 5R) and contralaterally (Fig-

ure 58). These results establish that SNPH is required for proper
axon branching both in vitro and in vivo and suggests that there
is a direct link between mitochondria immobilization and axon
branching.

LKB1 Regulates Axon Branching by Controlling
Mitochondrial Immobilization

We took advantage of the fact that overexpression of full-length
SNPH is sufficient to arrest mitochondria motility (Kang et al.,
2008; Figure 5D) to determine whether there was a causal rela-
tionship between mitochondria immobilization and LKB1-depen-
dent axonal branching. We confirmed the decrease in the
percentage of stationary mitochondria (Figures 6A, 6B, and 6K)
and the decreased axon branching in LKB1-deficient neurons
compared to control neurons at 5 DIV (Figures 6F, 6G, and 6L).
Remarkably, SNPH overexpression to levels that restored the
percentage of immobile mitochondria back to control levels in
Lkb1 null neurons (Figures 6C and 6K and Movie S5) also rescued
axonal branching to control levels (Figures 6H and 6L).

As shown previously, we confirmed that LKB1 overexpression
increased both axonal branching and the percentage of station-
ary mitochondria in the same neuronal cultures when compared
to control neurons (Figures 6D, 61, 6M, and 6N and Movie S5).
Expressing SNPH-AMTB in LKB1-overexpressing cortical neu-
rons restored the percentage of stationary mitochondria to
~60% (Figures 6E and 6M) and rescued axonal branching to
levels comparable to control (Figures 6J and 6N). These results
demonstrate that LKB1 controls axonal branching by regulating
mitochondria immobilization.

LKB1 and NUAK1 Induce Mitochondria Immobilization at
Nascent Presynaptic Sites along the Axon

Based on previously published work demonstrating that presyn-
aptic transport and synapse formation positively regulate axon
branch stabilization (Meyer and Smith, 2006; Ruthazer et al.,
2006) and that mitochondria are highly enriched at presynaptic
sites in many axon types (Harris and Weinberg, 2012), we tested
whether LKB1 and NUAK1 were specifically regulating mito-
chondrial immobilization and/or long-term capture at nascent
presynaptic sites. We performed dual-channel time-lapse imag-
ing at 7 DIV in cortical axons of dissociated neurons electropo-
rated with VGLUT1-Venus and mito-DsRed by EUCE at E15.5.
The vast majority of VGLUT1-Venus puncta overlap with two
other presynaptic vesicle proteins (Synaptobrevin 2 and Synap-
sin1) or the presynaptic active zone scaffolding protein Bassoon
(Figure S7; Sabo et al., 2006), confirming that VGLUT1-Venus
faithfully detects nascent presynaptic sites along developing
cortical axons (Herzog et al., 2011).

We determined that LKB1 or NUAK1 downregulation or over-
expression do not affect the density of stable (defined as sta-
tionary for 30 min of time-lapse) VGLUT1-Venus puncta (Figures
7A, 7C, and 7E; quantified in Figures 7G and 7J and Movie S6).
Using dual time-lapse microscopy of VGLUT1-Venus and mito-
DsRed in WT axons, we observed that many motile mitochon-
dria frequently dwelled over stable VGLUT1-Venus puncta,
often before resuming movement (Figures 7A and 7B and
Movie S6). However, in LKB1- and NUAK1-deficient axons,
we observed a significant decrease in the colocalization of
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Figure 4. LKB1 and NUAK1 Are Necessary and Sufficient for Mitochondrial Immobilization in Cortical Axons
(A-F) Representative kymographs of axonal mitochondria in dissociated neurons electroporated with the indicated constructs.
(G and H) (G) Loss of LKB1 or NUAK1 caused a significant decrease in the number of stationary mitochondria, (H) whereas overexpression of LKB1 or NUAK1

produced more stationary mitochondria (+SEM).
(J and K) (J) Loss of LKB1 or NUAK1 led to a decrease in motile mitochondrial dwell time, (K) whereas overexpression of LKB1 or NUAK1 increased the dwell time

of motile mitochondria (+SEM).
(legend continued on next page)
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motile mitochondria over stable VGLUT1 puncta (Figures 7C
and 7D). Strikingly, the loss of LKB1 or NUAK1 led to a 50%
reduction in the average time that motile mitochondria spent
dwelling over nascent presynaptic sites but, importantly, did
not affect the average dwelling time outside presynaptic bou-
tons (Figures 7G-71). LKB1 or NUAK1 are also sufficient to
instruct mitochondria to specifically dwell at nascent presynap-
tic sites (Figures 7G-7I).

Finally, we found that loss of LKB1 or NUAK1 significantly re-
duced mitochondria long-term capture (immobilized for 30 min
as opposed to transient dwelling; Figure 7G) presynaptically by
more than 50%, whereas overexpression of LKB1 or NUAK1
increased by more than 2-fold the percentage of stationary mito-
chondria captured presynaptically (Figure 7K). These results
demonstrate that LKB1 and NUAK1 kinases are specifically
involved in immobilization (dwelling or capture) of mitochondria
at nascent presynaptic sites.

DISCUSSION

The polarization of cortical neurons is tightly coupled to neuron
migration, during which immature neurons form two molecularly
and functionally distinct compartments (Barnes and Polleux,
2009): the somato-dendritic domain and the axon. LKB1 is
necessary and sufficient for axon specification in vitro and in vivo
(Barnes et al., 2007; Shelly et al., 2007). Our present results
demonstrate that LKB1 is required in newly born neurons at
the time of cell cycle exit or shortly thereafter to instruct neuron
polarization.

We demonstrate here—using various in vitro and in vivo
strategies—that LKB1 is necessary and sufficient for terminal
axon branching of cortical neurons through the activation of
NUAK1, an AMPK-related kinase whose function during brain
development was unknown. NUAK1 seems to be the main
effector of LKB1 in mediating axon growth and branching in
cortical neurons. Our results do not exclude that other
AMPK-related kinases might have a less prominent or redun-
dant role during axon growth and branching. We observed
that NUAK1 expression is largely restricted in the dorsal
telencephalon in the embryo, as previously reported (Hirano
et al.,, 2006). Whether LKB1 is required for axon growth or
branching in other types of neurons and whether this function
involves NUAK1 or other AMPK-related kinases remain to
be determined. The SAD kinases are required in cortical neu-
rons to mediate LKB1-dependent polarization (Barnes et al.,
2007; Kishi et al., 2005). Therefore, it appears that LKB1 con-
trols at least two kinase pathways in cortical neurons during
development: SAD-A/B for axon specification and NUAK1 for
axon growth and branching. How SAD-A/B and NUAK1
kinases are differentially regulated by LKB1 during develop-
ment is currently unknown. Interestingly, SAD-A/B kinases
also play a role in presynaptic development and synaptic
vesicle release (Crump et al., 2001; Inoue et al., 2006), suggest-

ing that their function downstream of LKB1 extends beyond
axon specification.

Mitochondria are critical to many functions in cells, including
ATP production, calcium homeostasis, and the triggering of
apoptosis through release of cytochrome-c (Schon and Przed-
borski, 2011; Sheng and Cai, 2012). The high-energy demand
of neurons requires that mitochondria be readily available
throughout the large cytoplasmic volume of neurons and, in
particular, be trafficked properly along the entire length of the
axon where presynaptic release consumes a large amount of
ATP (Vos et al., 2010). Our results suggest that immobile mito-
chondria have a unique property with regard to their ability to
stimulate axon branching not shared by mobile mitochondria
through promotion of axon branch formation and/or branch
stabilization. Further work is needed to determine the precise
mechanisms by which LKB1 and NUAK1 regulate mitochondrial
capture presynaptically, including the role of syntaphilin in this
process. Currently, we have no evidence of direct interaction
or phosphorylation of SNPH by either LKB1 or NUAK1 (J.C.
and F.P., unpublished data); however, this does not exclude
the involvement of other intermediate kinases or adaptor pro-
teins regulating SNPH-mediated immobilization of mitochondria.
Future investigations will determine how LKB1-NUAK1-regu-
lates the capture of mitochondria to nascent presynaptic sites
and how this capture regulates axon branching through control
of ATP production and/or Ca®* homeostasis or through other
unknown mechanisms.

EXPERIMENTAL PROCEDURES

Animals

All animals were handled according to protocols approved by the Institutional
Animal Care and Use Committee (IACUC) at University of North Carolina at
Chapel Hill and at The Scripps Research Institute, La Jolla, CA. Timed-preg-
nant females were maintained in a 12 hr light/dark cycle and obtained by over-
night breeding with males of the same strain. For timed-pregnant matings,
noon after mating is considered embryonic day 0.5 (E0.5). Ex vivo cortical
dissociation of neurons was performed on C57BI/6J or on Balb/C timed-preg-
nant mice. Floxed LKB1 mice (Stk11"™"1R%) and Emx1°™ transgenic mice
(Emx1tmcrelite) haye been used previously (Barnes et al., 2007). NEX®™ mice
(NeuroD6'™reKan) \yere obtained from the Jackson laboratory. NUAK1 KO
mice (Nuak1'™'S2) were described previously (Hirano et al., 2006).

In Utero Cortical Electroporation

The previously described protocol for in utero cortical electroporation (Hand
and Polleux, 2011) was modified as follows. Timed-pregnant hybrid F1
females were obtained by mating inbred 129/SvJ females, and C57BI/6J
males and were used for shRNA electroporation. Timed-pregnant LKB17F
females were used for Cre plasmid electroporation. A mix of endotoxin-free
plasmid preparation (Cre plasmid or shRNA plasmid mix —1 ug/ul, except
SNPH shRNA at 0.5 pg/pl and the reporter plasmid pSCV2 —0.5 pg/pl) was
injected into one lateral hemisphere of E15.5 embryos using a picospritzer.
Electroporation was performed with gold paddles to target cortical progenitors
in E15.5 embryos by placing the anode (positively charged electrode) on the
side of DNA injection and the cathode on the other side of the head. Four
pulses of 45 V for 50 ms with 500 ms interval were used for electroporation.

(I) Kymograph illustration of the parameters used to determine motile and stationary mitochondria.
(L) Schemaiillustrating the parameters used to determine mitochondrial dwell time. Motile mitochondria that did not pause for at least 60 s were excluded, as were
stationary mitochondria. All kymographs throughout the paper are oriented as shown in (A) and (B). Statistical analysis: Mann-Whitney test.

See also Figure S6.
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Figure 5. Syntaphilin-Dependent Mitochondria Immobilization Is Necessary and Sufficient for Proper Axon Branching

(A) Validation of shRNA targeting mouse Snph in HEK293T cells. Western blot analysis was performed with the indicated antibodies.

(B-E) Representative kymographs of axonal mitochondria in dissociated neurons electroporated with the indicated constructs.

(F-1) Representative neurons at 5 DIV electroporated with the constructs indicated in (B)—(E). Red arrowheads point to axon branches.

(J and K) Loss or disruption of SNPH decreased, whereas overexpression of SNPH increased the number of stationary mitochondria (J) and of axonal branches (K).
(L-Q) Low magnification images of coronal brain sections at P21 (L and O) and high magnification for the ipsilateral (M and P) or contralateral (N and Q) side.
(R) Loss of SNPH caused a reduction in axonal branching on layer 5 of the ipsilateral hemisphere.

(S) Loss of SNPH reduced axonal branching in both layers 2/3 and 5 of the contralateral hemisphere. Data represent average value + SEM (J, K, R, and S).
Statistical analysis: Mann-Whitney test or two-way ANOVA (S).
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Figure 6. LKB1 Mediates Axonal Branching through Mitochondria Inmobilization along the Axon

(A-E) Representative kymographs of axonal mitochondria in dissociated neurons electroporated with the indicated constructs.

(F-J) Representative neurons at 5 DIV electroporated with the constructs indicated in (A)—(E). Red arrowheads point to axon branches.

(K) Loss of LKB1 caused a decrease in the percentage of stationary mitochondria, whereas overexpression of WT human SNPH upon loss of LKB1 returned
mitochondrial transport to normal levels.

(L) Loss of LKB1 decreased the number of axonal branches, whereas overexpression of WT human SNPH upon loss of LKB1 returned axonal branching to normal
levels.

(M) Overexpression of LKB1 increased the percentage of stationary mitochondria, whereas overexpression of dominant-negative human SNPH-AMTB at the
same time as LKB1 returned mitochondrial transport to normal levels.

(N) Overexpression of LKB1 also increased the number of axonal branches, whereas overexpression of dominant-negative human SNPH-AMTB at the same time
as LKB1 returned axonal branch number to normal levels.

Data represent average value + SEM (K-N). Statistical analysis: ANOVA nonparametric test.
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Animals were sacrificed 3 weeks after birth by terminal perfusion of 4% para-
formaldehyde (PFA, Electron Microscopy Sciences) followed by 2 hr postfixa-
tion in 4% PFA.

Ex utero cortical electroporation, followed by dissociation and cortical
neuron culture, was performed as previously described (Hand et al., 2005).
See Supplemental Information for details.

Primary Neuronal Culture and Magnetofection

Cortices from E15.5 mouse embryos were dissected in Hank’s buffered salt
solution (HBSS) supplemented with HEPES (pH 7.4; 2.5 mM), CaCl, (1 mM,
Sigma), MgSO,4 (1 mM, Sigma), NaHCO3 (4 mM, Sigma), and D-glucose
(80 mM, Sigma), hereafter referred to as cHBSS. Cortices were dissociated
in cHBSS containing papain (Worthington) and DNase | (100 pg/ml, Sigma)
for 20 min at 37°C, washed three times, and manually triturated in cHBSS
supplemented with DNase. Cells were then plated at 5.0 x 10* cells per
35 mm glass bottom dish (Matek) coated with poly-D-lysine (1 mg/ml,
Sigma) and cultured for 5-7 days in Neurobasal medium supplemented with
B27 (1x), N2 (1x), L-glutamine (2 mM), and penicillin (5 units/ml)-streptomycin
(50 mg/ml). To transfect cultured neurons, we performed magnetofection
using NeuroMag (OZ Bioscience) according to the manufacturer’s protocol.
Live imaging was performed in cHBSS (see Supplemental Information for
details).

Image Acquisition and Analysis

Images were acquired with a Nikon A1R confocal, whereas Movies S1, S2, S3,
S4, S5, and S6 were acquired with an Andor iXon 897 CCD camera on a Nikon
Ti-E microscope. Dual imaging of Mito-DsRED and VGLUT1-Venus was
acquired at 1 frame per 10 s for 30 min for Figures 4, 5, 6, and 7. See Supple-
mental Information for details.

Western Blotting
Western blotting was carried out as described in Williams et al. (2011). See
Supplemental Information for details.

In Situ Hybridization

In situ hybridization was carried out using digoxigenin-labeled riboprobes at
the In Situ Hybridization Core Facility from University of North Carolina at
Chapel Hill. Probes were generated from the following mouse complementary
DNA (cDNA) clones purchased from Open Biosystems (Huntsville, AL): NUAK1
(GenBank: CB522124; IMAGE: 6842317) and NUAK2 (GenBank: CB248251;
IMAGE: 5718428).

Quantifications and Statistics

Axon tracing and measurements were performed with NIS-Elements software
(Nikon). Signal intensity measurements were performed using ImageJ. Statis-
tical analyses were performed with Prism (GraphPad Software). Statistical
tests performed are included in each figure legend.

Constructs, Time-Lapse Imaging, Inmunocytochemistry, NUAK1
In Vitro Kinase Assay, and RT-PCR Assays
See Supplemental Information for details.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, seven
figures, and six movies and can be found with this article online at http://dx.doi.
org/10.1016/j.cell.2013.05.021.
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Figure 7. LKB1 and NUAK1 Are Necessary and Sufficient for Mitochondrial Imnmobilization at Nascent Presynaptic Sites
(A, C, and E) Representative dual color kymographs of axonal VGLUT1-Venus puncta and mitochondria dynamics in cortical neurons electroporated with the

indicated constructs.

(B, D, and F) Overlapping pixels maps of (A), (C), and (E) were created in Fiji/lmagedJ using the Colocalization Threshold program.
(G) Schematic illustration of the parameters used to quantify the results shown in (H)—(K).
(H) Knockdown of LKB1 or NUAK1 decreased the dwell time of mitochondria over nascent presynaptic sites, whereas overexpression of LKB1 or NUAK1

increased it.

(1) Knockdown of LKB1 or NUAK1 did not affect the dwell time of mitochondria outside nascent presynaptic sites, whereas overexpression of LKB1 or NUAK1

slightly decreased it.

(J) Knockdown or overexpression of LKB1 and NUAK1 do not affect the linear density of stable (for 30 min) VGLUT1-Venus nascent presynaptic sites.
(K) Loss of LKB1 or NUAK1 decreased, whereas overexpression of LKB1 or NUAK1 increased the percentage of mitochondria stably captured (for 30 min) at

presynaptic sites.

Data represent average value + SEM (H-K). Statistical analysis: Mann-Whitney test. See also Figure S7.
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EXTENDED EXPERIMENTAL PROCEDURES

Constructs

The empty vector pCAG-CRE-IRES-GFP (pCIG2) and CRE expressing pCIG2-CRE vectors (Hand et al., 2005), pCIG2-SAD-B
(Barnes et al., 2007) and AMPKa2 (Williams et al., 2011), and CAG-mVENUS expressing vector pSCV2 (Hand and Polleux, 2011)
have been described previously. Wild-type mouse LKB1 cDNA was cloned into pCMV-Tag3B vector (Stratagene) between Kpnl
and EcoRl sites. A Xhol site was inserted upstream of Myc tag with Quickchange Il site-directed mutagenesis kit (Stratagene),
then myc-LKB1 was transferred into pCIG2 between Xhol and EcoRl sites. Kinase-dead (KD) LKB1 was generated by replacing
K78 residue by alanine (K78A) by site-directed mutagenesis of pCMV-myc-mLKB1. pCAG HA-LKB1 was cloned by inserting the
DNA encoding a hemagglutinin (HA) tag 5’ to the DNA encoding mouse /kb1 downstream of the CAG promoter via PCR. Flag tagged
Mouse NUAK1 cDNA was amplified by PCR from image clone 30355405 (accession number BC082328; Open Biosystems) then in-
serted into pCIG2 vector between Xhol and EcoRl sites. HA-tagged mouse NUAK2 was amplified by PCR from image clone 6816569
(accession number BC046833; Open Biosystems), then cloned into a modified version of pCIG2 with a ligation-independent cloning
strategy (pCIG2-LIC). pCAG-mitoDsRED1 was created by placing the DNA encoding DsRED1-Mito (from pDsRED1-Mito; Clontech)
3’ to the CAG promoter using PCR. EGFP-SyntaphilinFL and EGFP-SyntaphilinAMTB were cloned 3’ to the CAG promoter by cutting
the original constructs from Zu-Hang Shen (Kang et al., 2008) with Age1 and BamH1 to create pCAG-EGFP-SyntaphilinFL and
pCAG-EGFP-SyntaphilinAMTB. pCAG-HAmCherry was created by PCR of the DNA encoding HAmCherry 3’ to the CAG promoter.
pCMV-EB3-EGFP was created by PCR of eb3 from mouse cDNA and insertion 3’ to pEGFP-C1. pCIG2-ms SNPH was created by
PCR of mouse snph from mouse cDNA and insertion 3’ to the CAG promoter. pDCX-CRE-iGFP, VGLUT1-Venus, and pCMV-HA-
mCherry were generous gifts from Ulrich Mdller (Franco et al., 2011), Etienne Herzog (Herzog et al., 2011), and Don Arnold (Lewis
et al., 2011), respectively.

shRNA Vectors

Empty vector pLKO.1 and shRNA targeting plasmids toward mouse LKB1 (shLKB1_3: TRC0000024146 and shLKB1_5:
TRC0000024148), mouse NUAK1 (shNUAK1_1: TRC0000024112 and shNUAK1_2: TRC0000024113) and mouse NUAK2
(shNUAK2_1: TRC0000024270 and shNUAK2_2: TRC0000024271) were selected from The RNAi Consortium shRNA Library
(TRC) from the Broad Institute and obtained from the Lentiviral Core Facility (Gene Therapy Center) from the University of North
Carolina. Plasmids containing the shRNA against mouse SNPH (shSNPH_1: TRC0000201826 and shSNPH_2: TRC0000201959)
from the TRC library were purchased from OpenBioSystems. The following Plasmids containing shRNAs against SAD-A and
SAD-B in pSM2c and pPRIME-CMV-GFP backbones and corresponding control vectors were kind gifts of Joshua Sanes (Harvard
University). Unless stated otherwise shRNA plasmids targeting a same gene were pooled at a 1:1 ratio and used at the final concen-
tration of 1 ng/uL for in utero cortical electroporation or ex vivo electroporation.

Ex Vivo Electroporation

Briefly, electroporation of dorsal telencephalic progenitors was performed by injecting plasmid DNA (1-2 pg/ul endotoxin-free
plasmid DNA; Midi or Maxi prep kit from Macherey-Nagel) plus 0.5% Fast Green (Sigma; 1:20 ratio) using the Microlnject-1000
(BTX) microinjector into the lateral ventricles of isolated E15.5 embryonic mouse heads that were decapitated and placed in complete
HBSS (Polleux and Ghosh, 2002). Electroporations were performed on the whole head (skin and skull intact) with gold-coated elec-
trodes (GenePads 5 x 7 mm BTX) using an ECM 830 electroporator (BTX) and the following parameters: Five 100 ms long pulses
separated by 100 ms long intervals at 20 V. Immediately after electroporation, the brain was extracted and prepared as stated in
the neuronal culture section below.

Dual Channel Imaging of Nascent Presynaptic Sites and Mitochondria

Ex utero electroporation was performed at E15.5 in either LKB1™F or C57BI6 time pregnant mice with the constructs indicated:
for LKB1™F - pCAG:empty or pCAG:CRE with pCAG:VGLUT1-Venus, and mitoDsRED1; for C57BI6 — pLKO:control shRNA,
pLKO:NUAK1 shRNA or pLKO:LKB1 shRNA with VGLUT1-EGFP, and mitoDsRED1; LKB1 or NUAK1 overexpression — pCAG:empty,
pCAG:Myc-NUAK1 or pCAG:HA-LKB1 with pCAG:VGLUT1-EGFP, and pCAG:mitoDsRED1. Neurons were then cultured as previ-
ously stated until 7DIV. Imaging was performed at 7DIV in cHBSS with a 60x objective and the microscope at 1.5x. Videos were
acquired at 0.1 fps for 30 min. Dual channel kymographs were created in NIS Elements by drawing a line along the imaged axon shaft.
These kymographs were then analyzed for mitochondrial and VGLUT1 dynamics using NIS Elements. The Colocalization Threshold
program in FUJI/ImageJ was used to create the overlapping pixel maps.

EB3-EGFP-Based Microtubule Dynamics

Dissociated cultures were made as previously described from E15.5 C57BI6 embryos with the exception that the dishes were coated
with 8 pg/ml L1 (R&D) to promote growth cone formation. At 3DIV, neurons were magnetofected using NeuroMag, the standard trans-
fection protocol from Ozbiosciences, and the indicated plasmids: pLKO empty or pLKO NUAK1 shRNA, pCAG HA-mCherry and
pCMV EB3-EGFP. At 5DIV, transfected neurons were imaged in cHBSS with a 60x objective and the microscope at 1.5x. Videos
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were acquired at 0.5fps for 5 min. Growth cones were analyzed for area and area explored by microtubules using FUJI/Imaged. EB3
comets were tracked using the 2D tracking module of NIS Elements.

Immunocytochemistry and Immunohistochemistry

Cells were fixed for 15 min at room temperature in 4% (w/v) paraformaldehyde in PBS, and incubated for 1 hr in 0.1% Triton X-100,
1% BSA (Sigma), 5% Normal Goat Serum in PBS to permeabilize and block nonspecific staining. Primary and secondary antibodies
were diluted in the buffer described above. Primary antibodies were incubated overnight at 4°C and secondary antibodies were
incubated for 1 hr at room temperature. Coverslips were mounted on slides with Fluoromount G (EMS). Primary antibodies used
for immunohistochemistry and immunocytochemistry in this study are chicken anti-GFP (5 pg/ml, Aves Lab), mouse anti-TAG1
(1:100, Developmental Studies Hybridoma Bank), mouse anti-Synaptobrevin2 (1:2,000, Synaptic Systems), mouse anti-Bassoon
(1:500, ENZO life sciences), rabbit anti-activated Caspase-3 (1:500, Cell Signaling), rabbit anti-CUX1 (1:500, Santa Cruz), rabbit
anti-MAP2 (1:1,000, Millipore), rabbit anti-Syntaphilin (1:100, Santa Cruz (H-250)), rabbit anti-Synapsin1 (1:1,000, Synaptic Systems),
rat anti-CTIP2 (1:2,000, AbCAM). All secondary antibodies were Alexa-conjugated (Invitrogen) and used at a 1:1000 dilution. Nuclear
DNA was stained using Hoechst 33258 (1:10,000, Pierce).

Western Blotting

Cells were harvested in cold DPBS and lysed inice-cold lysis buffer containing 25 mM Tris (pH7.5), 2 mM MgCl,, 600 mM NaCl, 2 mM
EDTA, 0.5% NP-40, 1X protease and phosphatase cocktail inhibitors (Sigma) and Benzonase (0.25 U/ul of lysis buffer; Novagen).
Aliquots of the proteins were separated by SDS-PAGE and then transferred to a polyvinylidene difluoride (PVDF) membrane
(Amersham). After transfer, the membrane was washed 3X in Tris Buffer Saline (10 mM Tris-HCI pH 7.4, 150 mM NaCl) with 0.1%
of Tween 20 (T-TBS), blocked for 1 hr at room temperature in 5% milk in T-TBS, followed by 4°C overnight incubation with the appro-
priate primary antibody in 5% milk-T-TBS. The following day, the membrane was washed 3X in T-TBS, incubated at room temper-
ature for 1 hr with HRP-coupled secondary antibodies (Invitrogen) at 1:10,000 dilution in 5% milk-T-TBS, followed by 3X T-TBS
washes. Visualization was performed by quantitative chemiluminescence using a Fluorochem Q imager (ProteinSimple). Signal in-
tensity was quantified using AlphaView software (ProteinSimple). Primary antibodies used for Western-blotting are mouse anti-
Flag (1:5,000, SIGMA), mouse anti-Myc (1:2,000, Roche (9E10)), mouse anti-HA (1:2,000, Covance), mouse anti-LKB1 (1:1,000,
SIGMA), mouse anti-ERK (p42-44) (1:2,000, Cell Signaling), mouse anti-Actin (1:15,000, Millipore), mouse anti-Tyrosinated tubulin
(1:5,000, SIGMA), mouse anti-Acetylated tubulin (1:5,000, SIGMA), mouse anti-tubulin (1:5,000, SIGMA), rabbit anti-NUAK1
(1:1,000, Cell Signaling), rabbit anti-NUAK2 (1:1,000, Cell Signaling) and rabbit anti-SNPH (1:1,000, Santa-Cruz).

NUAK1 Kinase Activity

NUAK1 kinase activity was assessed as described elsewhere (Zagérska et al., 2010) with minor modification. Nex®"®;LKB1 ¢cKO neu-
rons were cultured as described above and lysed at 7DIV in NP-40 buffer (20 mM Tris pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% NP-40,
1X protease and phosphatase cocktail inhibitors). 200 ug of proteins were diluted in 1 ml of NP-40 buffer and immunoprecipitated
with 2 pl of anti-NUAK1 antibody overnight at 4°C. The subsequent day, 50 ul of protein A/G-agarose (Roche) was added to the lysate
for 1 hr at 4°C. Agarose bead were then washed 5 times with 1 ml of NP-40 buffer, then once with 1 ml of Assay buffer (50 mM Tris pH
7.5, 150 mM NaCl, 10 mM MgCL,, 0.1 mM EGTA, 1 mM DTT). Agarose beads were incubated with the peptide substrate CHKtide
(200 uM) (Millipore) in presence of 0.1 mM y32P-ATP in 50 pul of Assay buffer at 30°C. After 30 min, the supernatant was applied onto
P81 phosphocellulose paper (Millipore) and washed 5 times in phosphoric acid, and once in acetone. Radioactivity was quantified by
Cherenkov counting.

Image Acquisition and Analyses

Confocal images were acquired in 1024x1024 mode with a Nikon Ti-E microscope equipped with the A1R laser scanning confocal
microscope using the Nikon software NIS-Elements (Nikon Corporation, Melville, NY). We used the following objective lenses (Nikon):
10x PlanApo; NA 0.45, 20x PlanApo VC; NA 0.75, 60x Apo TIRF; NA 1.49. Time-lapse images were acquired in 512x512 mode with a
Nikon Ti-E microscope equipped with an EM-CCD Andor iXon3 897 Camera using the Nikon software NIS-Elements. Mitochondria
were imaged at 0.1 frames per second for 30 min, VGLUT1 vesicles were imaged at 1.33 frames per second for 3-5 min (Figure S6) or
0.1 frames per second for 30 min (Figure 7), and EB3 comets were imaged at 0.5 frames per second for 5 min. Live imaging of axonal
branching of 5DIV neurons was performed over 15 hr at 1 frame every 5 min. Live imaging of mitochondria, VGLUT1 and EB3 was
done with the 60x Apo TIRF; NA 1.49 objective, while live imaging of branching was done with the 10x PlanApo; NA 0.45 objective.
Imaging of axons at 60x was concentrated on the axon shaft with avoidance of both the proximal and distal 1/3 of the axon unless
stated otherwise. These regions were avoided because mitochondrial trafficking appears to be highly variable in these regions.
Live imaging was done in the Tokai Hit chamber system with the following settings: top heater — 37°C, Bottom heater - 40°C,
Bath heater - 37°C, Objective heater - 37°C, CO, — 125 ml/min of 5% CO,, 21.4% O,, 73.6% N,. Analysis and tracking of confocal
and time-lapse images was performed with NIS-Elements software. Kymographs were created with either NIS-Elements or ImageJ
1.44p with the ImageJ Kymograph plugin (J. Rietdorf and A. Seitz).

S2 Cell 153, 1510-1525, June 20, 2013 ©2013 Elsevier Inc.



Expression Time Course and RT-PCR

Cortex from C57BI/6J mice were collected at the indicated ages and either lysed with protein lysis buffer (see above) or for total RNA
extraction using the Nucleospin RNA Il kit (Macherey-Nagel). cDNA synthesis was performed from 1 pg RNA using SuperScript Il
(Invitrogen) and primed with random hexamers. RT-PCR was performed using Tag DNA polymerase (New England Biolabs).
Quantitative-RT-PCR (Q-RT-PCR) was performed using the RotorGene RG-3000 thermocycler (Corbett Research) and GoTaq
gPCR mastermix (Promega). The primers used were: mMNUAK1_RT_F (GATCAGCAGCGGAGAGTACC) and mNUAK1_RT_R (TCGA
TAAAGCCAGTGCTGTG) for NUAK1, and mNUAK2_RT_F (AAGGTGAAGAAGGCACGAGA) and mNUAK2_RT_R (ACTATCT
CAGGCGAGGCGTA) for NUAK2.

Statistical Analysis

Data are a minimum of three independent experiments unless stated otherwise. Figure 2: N numbers for (I) Nyt = 11, Nper = 4,
Nko = 6. Figure 3: N numbers for (G-l) Neontroi: 913 neurons, N kg1:141, Nnuaki/2:151, Nnuaki:314, Niksisnuaki:102. (J-K)
Neontroi:449, Nikg1-0e:219, Nnuaki-0e:328, Nnuakisni143, Nnuakish+ikei-oe:191, Nikg1sni116, Nikpishinuaxi-oe:190. Figure 4:
N numbers for (G-K) Nnexwr: 280 mitochondria from 10 axons, Nyexko: 290 mitochondria from 11 axons, Nyuakt wt: 135 from 6
axons, Nyuaki ko: 144 from 6 axons, Negep: 364 from 12 axons, Ny kg1 wt: 241 from 10 axons, Nyuaki wr: 100 from 6 axons. Figure 5:
N number for mitochondria trafficking Ncontror ShRNA:228 mitochondria from 12 axons; Ngn,pn ShRNA:239/12; Ngnpn: 179/8;
NSNPH-AMTB: 292/10. N number for axon branching NCOntroI shRNA: 179 neurons; Nsnph shRNA: 137; NSNPH: 173; NSNPH—AMTB: 173.
Figure 6: N number for mitochondrial trafficking: Negrp in k = 214 mitochondria from 8 axons, Ncag::cre: 182 mitochondria from 6
axons, Ncag::cre + snpH: 200 /9. Negep in M:200/7, Nikg1wT: 212/8 axons, Ny kg1wT + snpH-amTe: 163/7. N number for axon branching:
Nearp in L1193 neurons, Neag::cre:151, Nsnpr:173, Noaag::cre + snpri147. Nearp in N:183, Niks1wr:157, Nikg1wT + snpH-amTs:172. Fig-
ure 7: N number for mitochondrial trafficking Ncontro shrna = 95 dwelling, 89 stationary mitochondria from 18 axons, N kg1 shrna: 100/
38/16, NNUAK‘I ShRNA- 83/54/12, NControI =45/81/17, NLKB‘I WT49/1 10/15, NNUAK‘I WT26/38/1 0.
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Figure S1. Phenotype of NEX®" Conditional LKB1 Knockout Mice, Related to Figure 1
(A-D) Representative cortical neurons from dissociated cultures isolated from Emx1°";LKB1 (A-B) and NEX®"%;LKB1 (C-D) embryos after 5 DIV. Ex vivo cortical
electroporation with a Venus expressing plasmid and cortex dissociation was performed at E15.5.

(E) Quantification of neuron polarization after 5DIV relative to neurons in (A-D). Axon is defined by a neurite of length > 100 um and positive for the axonal marker
SMI312. Average + SEM.

(F) Expression of LKB1 proteins in WT, HET and cKO NEX®";LKB1 neurons. Western-blot analysis was performed with the indicated antibodies. Actin was used
as a loading control.

(G) Comparison of body size difference between conditional heterozygous (HET; right) and conditional homozygous knockout (KO; left) NEX®™®;LKB1 mice at
age P21.

(H and I) Postnatal survival curve of NEX®"*;LKB1 mice from birth to P21 (H) and postnatal body weight growth curve (l). Average + SEM.
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Figure S2. Consequences of LKB1 Deletion on Axon Growth and Branching In Vivo, Related to Figure 1

(A-F) Representative coronal sections of brains of Lkb1 floxed mice upon electroporation of a control vector (A-C) or CRE coding plasmid (D-F). Mice were
sacrificed at the indicated ages and slices stained with anti-GFP (inverted signal).

(G-L) Magnification of the ipsilateral side of A-F showing axon branching progression on cortical layer V with time in wild-type neurons (G-I) or reduced branching
of Cre-electroporated neurons (J-L).

(M and N) Magnification of the contralateral side of A and D showing that axons have crossed the midline by postnatal day 4 in both control (M) and CRE (N)
electroporated condition.

(O-R) Magnification of the contralateral side of B, C, E and F showing the development with time of terminal axonal branching of wild-type neurons (O-P) and its
impairment in Cre-electroporated neurons (Q-R). Blue fluorescence in (G-R) is Hoechst 33342 staining.
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Figure S3. Genetic Loss of LKB1 or NUAK1 Disrupts Axonal Branching In Vitro and Is Not due to Delayed Polarization, Related to Figure 3
(A-C) Validation of shRNA targeting mouse Nuak1 (A), mouse Nuak2 (B) and mouse Lkb1 (C) in HEK293T cells. shRNA targeting Nuak1 are indicated in red and
shRNA targeting Nuak2 are indicated in blue. Western-blot analysis was performed with the indicated antibodies.

(D and E) Genetic loss of Nuak1 leads to decreased axonal branching at 5 DIV.

(F) Quantification of axon length and branching upon genetic loss of Nuak1 at 5DIV.

(G-1) Single cell deletion of Lkb1 by Cre electroporation decreased axonal branching a 5DIV.

(J-L) Quantification of axon length (J), number of axon branches (K) or # of axon branches per 250 um of axon (L) upon genetic loss of Lkb1.

(M) Loss of LKB1 or NUAK1 does not affect the number of MAP2 positive neurites at 5DIV, while only loss of LKB1 affects MAP2 positive neurite length.

(N and O) Representative LKB17F neurons transfected with a control (N) or CRE coding plasmid (O). E15.5 dissociated cortical neurons were transfected with
Magnetofection after 3DIV and cultured for an additional 4DIV. Co-transfection with myristoylated Venus was used to determine neuron morphology.

(P and Q) Quantification of axon length (P) and number of axonal branches (Q) from neurons described in (N-O). Data represent 25th, 50th and 75th percentile
(F, J, M) or average value + SEM (F, K, L, M).

Statistical analysis: Mann-Whitney test. Data are a minimum of three independent experiments. (F) Nyt = 122, Ny kg1 = 242. (J-L) Neontrol = 175, Ncag::cre = 98,
Npex::cre = 167. (M) Neontrot = 100, Npex::cre = 80, Nnuaki sh = 52. (P'Q) Nvector = 55, Npcx::cre = 60, Ncaa::cre = 75.
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Figure S4. Dynamics of Axon Growth and Branching In Vitro in LKB1- or NUAK-Deficient Neurons, Related to Figure 3

(A-C) Progressive axonal changes of 5 or 6DIV cortical neurons electroporated at E15 with a control vector (A), shRNA targeting NUAK1 (B) or a CRE encoding
plasmid (C) imaged for the indicated times. Neuron morphology was determined by co-electroporation of a Venus-encoding plasmid.

(D-F) Drawings of the axonal development of neurons shown in (A-C) over a 15 hr period. Colors indicate axon growth over 15 hr (yellow), creation of new
branches that persist up to the end of the movie (blue), retraction of branches present at the origin of the movie (green) and the formation of new branches that
retract before the end of the movie (red).

(G) Calculation of axon elongation rate of neurons in (A-C). Data represent 25th, 50th and 75th percentile.

(H) Average number (+SEM) of new, lost and transient branches of neurons shown in (A-C).

Statistical analysis: Mann-Whitney test. Data of (G-H) are a minimum of three independent experiments. Ncontrol = 40, Npcox::cre = 35, Nnuaki1sh = 52.
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Figure S5. Overexpression of LKB1 and NUAK1, but Not Other AMPK-Like Kinases, Is Sufficient to Increase Axon Branching in Cortical
Neurons, Related to Figure 3

(A-D) Representative neurons 5DIV after electroporation with plasmids encoding control (A), NUAK2 (B), SAD-B (C) or AMPKa2. Red arrowheads point to axon
branches.

(E and F) Quantitation of axon length (E), and average number of collateral branches (F) for the conditions shown in (A-D). Data represent 25th, 50 and 75th
percentile (E) or average value + SEM (F).

(G) Validation of the expression of LKB1 and AMPK-related proteins in HEK293T cells. Western-blot analysis was performed with the indicated antibodies.

(H and I) Representative neurons 5DIV after electroporation of a control vector (H) or shRNA constructs targeting SAD-A and SAD-B (l). Red arrowheads point to
axon branches. Neurons were electroporated with myristoylated Venus to assess neuron morphology. EUCE and cortex dissociation was performed at age
E15.5.

(J and K) Quantification of axon length (J) and number of axonal branches (K) from neurons described in (H-1). Data represent 25th, 50th and 75th percentile (J) or
average value + SEM (K).

(L and M) Validation of shRNA against mouse Sad-a (L) or mouse Sad-b (M) in HEK292T cells. Western-blot analysis was performed with the indicated antibodies.
Statistical analysis: Mann-Whitney test.

Data are a minimum of three independent experiments. (E-F) Ncontrol = 89, Nikg1-oe = 82, Nnuaki-oe = 107, Nyuakz-oe = 116, Nsap-s-oe = 96, Nampk «2-0e = 63.
(J'K) Ncontrol = 69, Nsap-a/s sh = 88.
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Figure S6. Presynaptic Vesicle Trafficking and Microtubule Dynamics Are Not Affected in the Axon Following Loss of NUAK1 Expression,
Related to Figure 4

(A and B) Representative kymographs of VGlut1-Venus labeled presynaptic vesicles imaged every 750 ms for 3 min in dissociated neurons. Neuronal precursors
from the indicated background were electroporated with VGlut1-Venus and HA-mCherry at embryonic day 15.5, then neurons were imaged at 7 DIV.

(C) The percentage of stationary VGlut1-positive presynaptic vesicles did not change upon loss of LKB1 (+SEM).

(D) Anterograde and retrograde maximum velocities of VGLUT1 vesicles were unaffected by the loss of LKB1 (251", 50", and 75" percentile).

(E) Maximum velocity increased for axonal mitochondria in both the anterograde and retrograde direction upon loss of LKB1 or NUAK1 (25™, 50™, and 75%"
percentile).

(F) Loss of LKB1 or NUAKT1 also increased the maximum distance traveled by mitochondria in both directions (+SEM).

(G) Mitochondrial density along the axon was unaffected in LKB1 and NUAK1 knockout neurons at 5DIV (25%, 50™, and 75" percentile).

(H) Loss of LKB1 or NUAK1 does not change the relative abundance of tubulin, acetylated tubulin or tyrosinated tubulin in 7 DIV dissociated neurons.

(I-L) Representative maximum intensity projections of 5 min videos acquired from the growth cones of neurons expressing HA-mCherry and EB3-EGFP as wells
as control shRNA (pLKO.1, I-J) or NUAK1 shRNA (K-L).

(M) Loss of NUAK1 does not affect the area of the growth cone explored by growing microtubules (+SEM).

(N and O) Loss of NUAK1 does not affect the average comet velocity (N) or the lifetime of EB3 comets (O) (+SEM). N numbers for (A-D): Nnexcre wt = 271
VGLUT1 vesicles from 6 neurons, Nnexcre ko = 250 VGLUT1 vesicles from 8 neurons. N numbers for (E-G) are the same as in Figure 5. N numbers for (I-O):
Ncontrol shRNA EB3EGFP = 228 comets from 20 growth cones, Nnuak1 shrna Esseare = 218 comets from 21 growth cones.
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Figure S7. VGLUT1-Venus Puncta in the Axon of E15 Cortical Neurons Maintained for 7 Days in Culture Colocalize with Three Other Pre-
synaptic Markers, Related to Figure 7

(A-L) Representative high magpnification images of axon segments stained with antibodies against the presynaptic markers Synaptobrevin2 (A-D), Synapsin1
(E-H) or Bassoon (I-L). Cortical neurons were electroporated at E15.5 with plasmids encoding VGLUT1-Venus and mitoDsRed, then fixed at 7DIV. VGLUT1
puncta associated (filled arrowheads) or not associated with mitochondria (empty arrowheads) were detected by direct fluorescence of Venus and DsRED,
respectively. Presynaptic markers were detected using immunofluorescence with the indicated antibodies. The vast majority of VGLUT1-Venus puncta co-
localize with the three other presynaptic markers.
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