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Abstract

Stk11, commonly known as Lkb1, is a tumor suppressor that regulates cellular energy metabolism
and stem cell function. Satellite cells are skeletal muscle resident stem cells that maintain postnatal
muscle growth and repair. Here, we used MyoDC"¢/L kb1flo¥flox mice (called MyoD-Lkb1) to
delete Lkb1 in embryonic myogenic progenitors and their descendant satellite cells and myofibers.
The MyoD-Lkb1 mice exhibit a severe myopathy characterized by central nucleated myofibers,
reduced mobility, growth retardation and premature death. Although tamoxifen-induced postnatal
deletion of Lkb1 in satellite cells using Pax7C"€ER mice bypasses the developmental defects and
early death, Lkb1 null satellite cells lose their regenerative capacity cell-autonomously. Strikingly,
Lkb1 null satellite cells fail to maintain quiescence in non-injured resting muscles and exhibit
accelerated proliferation but reduced differentiation kinetics. At the molecular level, Lkb1 limits
satellite cell proliferation through the canonical AMPK/mTOR pathway, but facilitates
differentiation through phosphorylation of GSK-38, a key component of the WNT signaling
pathway. Together, these results establish a central role of Lkb1 in muscle stem cell homeostasis,
muscle development and regeneration.
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Introduction

The skeletal muscle comprises ~40% of the body mass in adults and plays important roles in
whole body energy metabolism, insulin sensitivity and motility. Adult skeletal muscles have
a remarkable capacity to regenerate after damage due to the contribution of a population of
muscle resident stem cells called satellite cells [1-3]. Lineage tracing and transplantation
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studies have demonstrated that satellite cells can undergo efficient self-renewal and
myogenic differentiation in vivo, two defining features of stem cells [4-6]. In adult resting
muscles, satellite cells are predominantly quiescent, heterogeneous, and reside between the
basal lamina and plasma membrane of myofibers [7, 8]. Upon muscle injury, quiescent
satellite cells are activated to proliferate, differentiate and fuse into multinuclear myofibers,
resulting in repair of the damaged muscle [9]. The cell fate status of satellite cells can be
distinguished based on the expression pattern of the myogenic transcription factors Pax7,
MyoD and MyoG. In this regard, Pax7*/MyoD~, Pax7*/MyoD* and Pax7-/MyoD*/MyoG*
cells represent self-renewal, proliferation and differentiation progenies, respectively [10-12].
Various signaling pathways and factors, such as Notch [13-17], Wnt [18, 19], interleukin-6
[20], and insulin-like growth factor 1 [21] have been reported to regulate the cell fate
choices of satellite cells. Emerging evidence indicates that metabolic status regulates
satellite cell quiescence [22-24]. However, it is unknown what signaling governs the
metabolic state of satellite cells and how such signaling regulates satellite cell function.

Serine/threonine protein kinase 11 (Stk11), commonly known as liver kinase B1 (Lkb1),
was originally identified as a tumor suppressor protein mutated in Peutz-Jeghers syndrome
[25, 26]. Subsequent studies have shown that Lkb1 plays an important role in various
cellular processes including cancer initiation and progression [27-29], cellular polarity
[30-32], cell adhesion [33], cell death [34], and cell energy metabolism [35]. In Drosophila,
mutation of Lkb1 disrupts normal spindle orientation and abrogates the asymmetric division
of neuroblasts [36]. In C. elegans, Lkb1 (PAR-4) complex mediates caspase-independent
elimination of cells destined to programed cell death during development [37]. Loss of Lkb1
in pancreatic B-cells alters their morphology, increases cell size and insulin production, and
enhances glucose tolerance of the mice [32, 38]. In the thymus, Lkb1 is necessary for the
differentiation of thymocytes and production of mature T lymphocytes [39]. Similarly, Lkbl
promotes cell cycle progression of immature chondrocytes, and loss of Lkb1 leads to
expansion of immature chondrocytes and formation of tumors [40]. In the bone marrow,
Lkb1 is emerging as a critical factor in hematopoietic stem cell biology involved in
maintaining stem cell survival, quiescence and metabolic homeostasis, and regulating cell
cycle progression and energy metabolism [35, 41-43]. In human embryonic stem cells, Lkb1
inhibition upregulates pluripotent genes and downregulates differentiation genes [44]. Many
of the evolutionary conserved functions of Lkb1 that have been observed in various animal
models and tissue types are mediated through the AMP-activated protein kinase (AMPK)
nexus. Lkb1 phosphorylates and activates the AMPK family of proteins which consequently
regulate the mammalian target of rapamycin (mTOR) pathway [41, 45-47].

Previous reports have shown that Lkb1 global knockout mice are embryonic lethal and die at
E8.5-11, indicating that Lkb1 is essential for embryonic development [48]. Studies of adult
mice have shown that skeletal/cardiac muscle-specific deletion of Lkb1 driven by MCKCre
affected exercise performance, insulin sensitivity, glucose uptake, and lipid oxidation
[49-51], but the knockout mice appeared to be healthy without any obvious muscle atrophy
until 30-50 weeks of age [50]. Since MCK-Cre is only activated in differentiated myofibers
and mature muscles, the role of Lkb1 in myogenic progenitor cells, muscle development and
postnatal muscle regeneration was not examined. In this study, we used MyoDC"® knockin
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mice to specifically delete Lkb1 in all muscle progenitor cells and their descendent skeletal
muscles. Deletion of Lkb1 in the MyoD lineage cells results in defective myogenesis and a
severe myopathy leading to premature death. The Lkb1 null satellite cells spontaneously
activate and exhibit accelerated proliferation but reduced differentiation, and are unable to
regenerate injured muscles. Furthermore, we demonstrate that Lkb1 acts through two
separate pathways to regulate the proliferation and differentiation of satellite cells.

Material and methods

Animals

All procedures involving mice were guided by Purdue University Animal Care and Use
Committee. Mice were housed in the animal facility with free access to standard rodent
chow and water. All the mouse strains were obtained from Jackson Laboratory (Bar Harbor,
ME) under these stock numbers: #014140 (MyoDC'®), #012476 (Pax7C"eER), #014143
(Lkb1flox/floxy pCR genotyping was done using protocols described by the supplier.

Muscle myoblast isolation and culture

Primary myaoblasts were isolated using type I collagenase and dispase B digestion [52].
Briefly, the hind limb skeletal muscles from the WT and Lkb1-KO mice were collected,
minced and digested. The digestions were stopped with F-10 Ham's medium containing 20%
FBS and centrifuged at 450 x g for 5 minutes. Then the cells were seeded on collagen-
coated dishes and cultured in growth medium containing F-10 Ham's medium, with 20%
fetal bovine serum (FBS), 4 ng/mL basic fibroblast growth factor, and 1% penicillin—
streptomycin at 37 °C with 5% CO,. The medium was changed every 2 days.

Cell growth rate and differentiation assay

Cell growth rate was determined as previously described [13]. Primary myoblasts were
seeded in 6-well plates (1x10* cells per well) and cultured under standard myoblast
condition with or without drug treatment. The cells were harvested at different times and
counted by using a hemocytometer. For differentiation assays, MyoD-Lkb1 and WT
myoblasts were seeded onto 6-well plates (1x10° cells per well) and induced with 2% horse
serum for 3 days. Then cultures were collected for RNA isolation or immunostained for
myosin heavy chain (MF20) as described previously [53]. The fusion and differentiation
indexes were determined as described previously [54]. Briefly, the fusion index was
determined as the percentage of the nuclear number in myotubes (cells with two or more
nuclei) and the differentiation index was calculated as the ratio of the nuclei within
myotubes and MF20* mononucleated cells. In addition, the percentage of undifferentiated
cells was determined as reserve index [55].

Single myofiber isolation and culture

Single myofibers were isolated from the extensor digitorum longus (EDL) muscles after
digestion with collagenase A (Sigma) and trituration as previously described [13].
Suspended fibers were cultured in horse serum-coated plates (60 mm) in Dulbecco's
modified Eagle's medium supplemented with 10% fetal bovine serum (FBS; HyClone,
Logan, UT), 2% chicken embryo extract (Accurate Chemical, Westbury, NY), and 1%
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penicillin-streptomycin for 3 days. Freshly isolated fibers and cultured fibers were then fixed
in 4% PFA and stained for Pax7, MyoD, and Lkb1.

Total RNA extraction, cDNA synthesis and real-time PCR

Total RNA extraction, cDNA synthesis and real-time PCR were performed as described [52,
56]. Briefly, total RNA was extracted from cells using Trizol Reagent according to the
manufacturer's instructions. RNA was treated with RNase-free DNase | to remove
contaminating genomic DNA. The purity and concentration of total RNA were measured by
a spectrophotometer (Nanodrop 3000, Thermo Fisher) at 260 nm and 280 nm. Ratios of
absorption (260/280 nm) of all samples were between 1.8 and 2.0. Then 5 ug of total RNA
were reversed transcribed using random primers and MMLYV reverse transcriptase. Real-
time PCR was carried out with a Roche Lightcycler 480 PCR System using SYBR Green
Master Mix and gene-specific primers. The 2-22CT method was used to analyze the relative
changes in gene expression normalized against 18SrRNA as internal control.

Protein Extraction and Western Blot Analysis

Protein extraction and western blot analysis were conducted as previously described [52].
Briefly, total protein was isolated from cells or tissues using RIPA buffer containing 50mM
Tris-HCI (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium Deoxycholate and 0.1% SDS.
Protein concentrations were determined using the Pierce BCA Protein Assay Reagent
(Pierce Biotechnology). Proteins were separated by sodium dodecy! sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to a polyvinylidene fluoride (PVDF)
membrane (Millipore Corporation) and after blocking in 5% fat-free milk for 1 hour at RT,
the filters were incubated with first antibodies in 5% milk overnight at 4°C. The antibodies
used for this work were: Desimin, pS6, S6, phospho-GSK3p (Ser9), p-catenin (Cell
Signaling), GSK3p (BD Bioscience), Pax7, MyoG (F5D) (Developmental Studies
Hybridoma Bank), rabbit anti -Ki67 and active Caspase 3 (Abcam), mouse anti-Ki67,
laminin, MyoD, pAMPK, AMPK, and GAPDH (Santa Cruz Biotechnology). Secondary
antibodies (anti-rabbit 1gG or anti-mouse IgG, Jackson ImmunoResearch) were diluted
8,000-fold. Immunodetection was performed using enhanced chemiluminescence (ECL)
with Western blotting substrate (Pierce Biotechnology) and detected with a Gel Logic 2200
imaging system (Carestream).

Muscle injury and regeneration

To induce muscle regeneration, mice were anesthetized using a ketamine-xylazine cocktail
and cardiotoxin (CTX) was injected (50ul of 10uM solution, Sigma) into TA muscle [13].
Muscles were then harvested at different time points post injection to assess the completion
of regeneration and repair.

Hematoxylin-eosin (HE), Masson's Trichrome and immuno- staining

Whole muscle tissues from the WT and Lkb1-KO mice were dissected and frozen
immediately in OCT compound. Frozen muscles were cross sectioned (10 um) using a Leica
CM1850 cryostat. For H&E staining, the sections were stained in haematoxylin (30 min),
rinsed in running tap water and stained in eosin (1 min). For Masson's staining, the sections
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were fixed in 4% PFA at RT for 1lhr and re-fixed in Bouin's solution at RT overnight. Then
the sections were stained as previously described [57]. The sections were mounted and the
images were captured with a Nikon D90 digital camera installed on a Nikon (Diaphot)
inverted microscope. Immunostaining was performed as previously described [13]. Briefly,
muscle sections were fixed (4% PFA), incubated in blocking buffer (5% goat serum, 2%
BSA, 0.2% triton X-100 and 0.1% sodium azide in PBS, 1 h) followed by incubation with
the primary antibodies diluted in blocking buffer overnight. After washing with PBS, the
samples were incubated with secondary antibodies and Hoechst for 45 minutes at room
temperature. Fluorescent images were captured as single channel grayscale images using a
Leica DM 6000B fluorescent microscope with a 20X objective (NA 0.70) and assembled in
Photoshop. Images for WT and conditional knockout samples were captured using identical
parameters and both control and cKO images were adjusted identically in Photoshop.

Data Analysis

Results

All experimental data are presented as mean + SEM. Comparisons were made by unpaired
two-tailed Student's t-tests or one-way ANOVA, as appropriate. Effects were considered
significant at P < 0.05.

Myogenic lineage-specific deletion of Lkb1 leads to defects in muscle development and

growth

We first examined the expression pattern of Lkb1 during muscle development and in
postnatal satellite cells. Using antibody staining, we found that Lkb1 is ubiquitously
expressed in E10.5 embryos and highly expressed in MyoD* muscle progenitors from
E10.5-E17.5 (Fig. S1A). Realtime PCR results showed that expression level of Lkb1 in
somites and hindlimbs (limb buds) increases from E10.5 to E17.5 (Fig. S1B-D). In addition,
Lkb1 protein was detectable in quiescent satellite cells and its expression increased in a
fraction of myoblasts during proliferation (Fig. S1E, F). These results indicate that Lkb1 is
expressed in skeletal muscle progenitors and may play a role in muscle development.

To directly investigate the roles of Lkb1 in myogenic progenitors and skeletal muscle
development, we used the Cre-loxP recombination system involving MyoDC"® and
Lkbflox¥flox mice (Fig. S2A). Previous studies have established that MyoD<"€ specifically
marks all embryonic myogenic progenitors that give rise to postnatal satellite cells and
myofibers [59]. Thus, in the MyoDC"€/ Lkb1flo¥flox mice (abbreviated as MyoD-Lkb1) all
myogenic lineage cells should contain a deletion of exons 3-6 in the Lkb1 gene, leading to
loss of the kinase domain and premature translational termination of the Lkb1 protein (Fig.
S2A). Realtime gPCR and Western blot analyses confirmed efficient and specific depletion
of Lkb1 in skeletal muscles as well as myoblasts (Fig. S2B-C), but not in non-skeletal
muscle tissues including heart, brown adipose tissue (BAT) and white adipose tissue (WAT)
(Fig. S2D-E).

Strikingly, the MyoD-Lkb1 mice were born smaller compared to WT littermates (WT: 1.80
+ 0.04 g; MyoD-Lkb1: 1.55 + 0.05 g), and failed to thrive during postnatal growth (Fig.
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1A). The MyoD-Lkb1 mice reached maximal body weight within 2 months, after which
their weight remained the same (Fig. 1A). Even in the first 2 months, the MyoD-Lkb1 mice
grew more slowly than their wildtype (WT) littermates (Fig. 1A). At 21-weeks, the MyoD-
Lkb1 mice weighed less than half of their WT littermates (Fig. 1A). In addition, the MyoD-
Lkb1 mice had a spinal deformity that was evident at 3~4-weeks and obvious kyphosis at
8~10-weeks (Fig. 1B). The MyoD-Lkb1 mice also had abnormal hindlimb postures (Fig.
1B) and severely compromised mobility (Supplementary Movie 1), indicating muscle
weakness. Moreover, a portion of MyoD-Lkb1 mice began to die after weaning, at ~45%
mortality within 6 months (n = 15). By contrast, the MyoDC"¢/Lkb1719¢* mice appeared
normal and indistinguishable from WT littermates (Fig. S2F), excluding a
haploinsufficiency effect of Lkb1 in myogenesis.

We next examined if the reduced body weight in the MyoD-Lkb1 mice is due to a reduction
of muscle mass. At 10-week-old when their body weight peaked, the MyoD-Lkb1 mice had
smaller hindlimbs (Fig. 1C), and reduced size in various muscles (Fig. 1D), including
gastrocnemius (Gas), soleus (Sol), extensor digitorum longus (EDL) and tibialis anterior
(TA). The weight of the EDL, TA and Gas were reduced by 30% - 75% in the MyoD-Lkb1
mice (Fig. 1E). Interestingly, when normalized to body weight, the relative weights of EDL
and TA, which consist primarily of glycolytic myofibers, were not affected by the Lkb1
deletion (Fig. 1F). However, the normalized weight of the Gas muscle containing both
glycolytic and oxidative myofibers was reduced by 60% (Fig. 1F), and the Sol muscle,
containing predominantly oxidative (Type | and l1a) myofibers, was almost invisible (Fig.
1D). As control, the relative mass of kidney, lung, liver, heart and spleen were unchanged or
slightly increased (Fig. S2G). These results suggest that the decreased body mass of the
MyoD-Lkb1 mice was mainly due to reductions in the size of the skeletal muscles.

To determine if the reduced muscle mass observed in the MyoD-Lkb1 mice was due to
changes in myofiber number or size, we enumerated the total number of myofibers in TA,
EDL and Sol muscles. All MyoD-Lkb1 muscles examined contained a significantly reduced
number of myofibers compared to the WT mice (Fig. 1G), suggesting defects in myofiber
formation during embryonic development. Consistently, we observed a reduction of
differentiated MyoG* mononuclear myocytes in E10.5 MyoD-Lkb1 embryos, but the
abundance of Pax7* and MyoD™ cells were not affected (Fig. S3). In addition, MyoD-Lkb1
deletion led to a left-shift of the fiber size distribution curve, with most of the myofibers
ranging from 10-40 um in diameter (Fig. 1H). By contrast, WT myofibers predominantly
ranged from 20-60 um in diameter (Fig. 1H). The reduced myofiber size suggests postnatal
growth defects. Thus, Lkb1 deletion resulted in both developmental and postnatal growth
defects in skeletal muscles.

MyoD-Lkb1 mice develop a severe myopathy

In addition to reduced mass, MyoD-Lkb1 muscles exhibited several striking characteristics
of myopathy. These included the presence of numerous centrally nucleated myofibers (CNF)
(Fig. 2A, asterisks). The percentage of CNF in the MyoD-Lkb1 TA and Gas muscles was
20% - 40% at 10-weeks, and 40% - 70% at 24-weeks, compared to only 1% - 2% in the WT
muscles regardless of age (Fig. 2B). The MyoD-Lkb1 myofibers also exhibited an irregular
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pattern characterized by increased abundance of very small and very large fibers (Fig. 2A,
also refer to the size distribution curve in Fig. 1H). In addition, the MyoD-Lkb1 muscles
had higher levels of embryonic myosin heavy chain (eMHC/Myh3) and MyoG mRNA that is
indicative of ongoing muscle regeneration (Fig. 2C), and possessed an increased presence of
leaky myofibers that were labeled with Evans blue (EB) vital dye (Fig. S4A). Finally, the
MyoDLkb1 muscles had elevated inflammatory infiltration manifested by an accumulation
of interstitial mononuclear cells (Fig. 2A), an increased number of CD11b* macrophages
(Fig. $4B), and more deposition of interstitial fibrotic tissues (Fig. 2A; Fig. SAC). These
results combined with the general kyphosis, reduced mobility and premature death of the
mutant mice suggest that the MyoD-LKkb1 deletion results in a severe muscle pathology.

Muscle dysfunction is often associated with reduced mitochondria content and fiber type
switching. Deletion of Lkb1 reduced the expression of mitochondria-specific genes Pgcla,
Pgclb, Cox7al, Cox5b and Cox8b, especially in the oxidative Sol muscles (Fig. S4D-E),
and the muscle fiber-type was shifted to a less oxidative state. In particular, Lkb1 deletion
led to a shift of type | to 1A fibers in the Sol muscle (Fig. S4F-H), and a shift of type IIA to
I1X or 1B fibers in the TA muscle (Fig. $41). These results are consistent with the
observation that Lkb1 cKO led to more robust reduction of oxidative muscles than
glycolytic muscles (Fig. 1D). Taken together, the results indicate that the muscle pathology
found in Lkb1 deficient mice is characterized by reductions of oxidative capacity and
muscle fiber type switching towards the glycolytic phenotype.

Spontaneous activation of MyoD-Lkb1 null satellite cells in resting muscles

To investigate the function of Lkb1 in muscle stem cells, we examined satellite cells and
their descendent myoblasts derived from the MyoD-Lkb1 mice. Notably, there were about
10 times more Pax7* satellite cells in the resting muscles of MyoD-Lkb1 mice compared to
WT mice (Fig. 3A). In addition, a significant portion of the Pax7* cells co-expressed MyoD
in the MyoD-Lkb1 muscles (Fig. 3B). By contrast Pax7*/MyoD* cells were never found in
resting WT muscles at this age (10-wk-old). As quiescent satellite cells are MyoD™ and only
acquire MyoD expression during activation [10-12], our observation indicates that a portion
of satellite cells lose their quiescence and are activated to proliferate in resting muscles of
the MyoD-Lkb1 mice. In agreement with this notion, we found that there were ~10 times
more Ki67* proliferating cells in Gas muscles of the MyoD-Lkb1 compared to the WT mice
(Fig. 3C), and a significant portion of the Pax7* cells co-expressed Ki67 in the MyoD-Lkb1
but not WT muscles (Fig. 3D). Together, these results indicate that deletion of Lkbl
spontaneously activates satellite cells, leading to an increased number of satellite cells in
resting muscles of adult mice.

In parallel, we isolated fresh single fibers from the EDL muscles of the MyoD-Lkb1 and
WT mice and stained with Pax7 to label satellite cells (Fig. 3E). Consistent with results
from the whole muscle cross sectional analysis, there were more Pax7* cells per fiber in the
MyoD-Lkb1 EDL muscles (Fig. 3F). In addition, central nucleated myofibers were readily
detected in the MyoD-Lkb1 preparations (Fig. 3G). Furthermore, a portion of Pax7* satellite
cells co-expressed MyoD in freshly isolated EDL fibers (Fig. 3H). The activation of MyoD
in the absence of muscle regeneration (evident from the lack of centronuclei) indicates that
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these satellite cells are spontaneously activated (Fig. 3H). Upon culture, the satellite cells on
the MyoD-Lkb1 EDL fibers proliferated faster than the WT satellite cells, indicated by the
formation of larger and more clusters of Pax7*/MyoD™ cells (Fig. 31-J). These results
further demonstrate that Lkb1 deficiency activates quiescent satellite cells and promotes
their proliferation.

Pax7CreER.mediated postnatal deletion of Lkb1 in satellite cells inhibits muscle
regeneration

To examine if Lkb1 deletion affects satellite cell function in vivo, we induced muscle
regeneration by injecting cardiotoxin (CTX) into TA muscles. We established Pax7CreERy
Lkb1flox/flox mice (called Pax7C"eER-Lkb1 henceforth) to drive deletion of Lkb1 specifically
in postnatal satellite cells in an inducible manner. In the adult Pax7C"€ER-L kb1 mice,
tamoxifen (TMX) injection activates CreER in Pax7-expressing satellite cells, thereby
bypassing the developmental and growth defects observed in the MyoD-Lkb1 mice. After
TMX induction, TA muscles of WT and Pax7C"€ER-L kb1 mice were injured with CTX, and
muscles were examined 8 days after CTX treatment (Fig. 4A). One day prior to harvesting
muscle, the mice were intraperitoneally (IP) injected with Evans blue (EB) dye, which
accumulates in damaged muscle fibers and facilitates visualization of the non-regenerated
myofibers (Fig. 4A). EB signal in the CTX-treated Pax7C"ER-L kb1 muscles was much
more profound than in the WT muscles (Fig.4A-B), suggestive of poor regeneration.
Consistently, H&E staining showed that the Pax7C"ER-|_kb1 muscles were poorly repaired,
and contained extensive empty space (Fig. 4C). Closer examination revealed that while the
WT muscles were nicely regenerated with uniformly patterned centronuclear myofibers and
little interstitial space, the Pax7C"®ER-kb1 muscles contained only a few regenerated fibers
with a large number of empty spaces and many degenerated myofibers (Fig. 4D). In
addition, while the WT muscles were completely filled with newly regenerated desmin*
myofibers near the center of injury, the Pax7C"€ER-Lkb1 muscles only had about half
desmin™ myofibers (Fig. 4E). On the quantitative basis, a significantly smaller regenerated
area but larger non-regenerated area was found in the TA muscles of Pax7C"ER-Lkb1 mice
compared to the WT mice (Fig. 4F). Together, these results provide compelling evidence
that Lkb1 is necessary to maintain the regenerative capacity of satellite cells in vivo.

Deletion of Lkb1 promotes proliferation but inhibits differentiation of myoblasts

The elevated satellite cell number but reduced muscle regeneration suggests that Lkb1 null
satellite cells have imbalanced proliferation/differentiation kinetics. To explore this
possibility, we first examined proliferation and differentiation of satellite cells in
regenerating muscles of Pax7C"eER-L kb1 mice. At Day 7 after CTX treatment, there were
~60% more Pax7* cells in the Pax7C"€ER-|kb1 compared to the WT muscles (Fig. S5A).
Likewise, there were roughly twice as many Ki67* cells in the Pax7C"ER- kb1 as in the
WT muscles (Fig. S5B). By contrast, the number of MyoG™ differentiating myoblasts was
reduced by nearly 3 times in the Pax7C"ER-|_kbimuscles (Fig. S5C). Therefore, Lkb1
deletion promotes proliferation and inhibits differentiation of satellite cells in vivo.

We further examined satellite cell-derived primary myablasts isolated from MyoD-Lkb1
mice and WT littermates. Previous studies have established that Pax7*/MyoD-, Pax7*/
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MyoD™* and Pax7-/MyoD™ specifically mark the self-renewing, proliferating, and
differentiating myoblasts, respectively [10, 11, 60]. Following this paradigm, we examined
relative expression pattern of Pax7 and MyoD based on immunofluorescence (Fig. 5A).
Knockout of Lkb1 increased the proportion of self-renewing (Pax7*/MyoD") and
proliferating (Pax7*/MyoD*) myoblasts, but diminished the differentiating (Pax7-/MyoD™)
myoblasts (Fig. 5B). Using myogenin (MyoG) as an alternative differentiation marker, we
found that Lkb1 null myoblasts had reduced abundance of MyoG™ cells (Fig. 5C-D). We
also assessed myoblast proliferation using Ki67 as a marker, and found that there were a
higher percentage of Ki67* cells in the MyoD-Lkb1 compared to WT myoblast cultures
(Fig. 5E-F). Analysis of colony formation (Fig. 5G) and cell growth curve (Fig. 5H) further
confirmed that MyoD-Lkb1 deletion increased the proliferation and colonization of
myoblasts. Western blot analysis confirmed that the protein levels of Pax7 and MyoD were
higer, while MyoG was loweer, in the MyoD-Lkb1 than WT myoblasts (Fig. 5I). Moreover,
compared WT myoblasts, MyoD-Lkb1 myoblasts expressed higher levels of proliferation
(TK and DHFR) and myogenic progenitor (Pax7 and MyoD) marker genes, but lower levels
of differentiation gene MyoG (Fig. 53-K). Upon serum withdrawal induced differentiation,
MyoD-Lkb1 myoblasts differentiated and fused less efficiently (Fig. 5L). This is apparent
from their lower differentiation and fusion indices but higher percentage of non-
differentiated reserve cells (Fig. 5M). Gene expression analysis confirmed that
differentiated MyoD-Lkb1 myoblasts expressed higher levels of Pax7 but lower levels of
eMHC (Fig. 5N). Similar defects were observed in Pax7CER-L kb1 myoblasts (Fig. S6).
Collectively, these results suggest that Lkb1 regulate muscle progenitor cell fate through
maintaining homeostasis of self-renewal, proliferation and differentiation.

Lkb1 regulates progenitor cell proliferation through AMPK-mTOR pathway

To understand the molecular mechanisms through which Lkb1 regulates muscle stem cells,
we examined the canonical AMPK-mTOR pathway downstream of Lkb1 [47]. Lkbl
phosphorylates and activates AMPK, which in turn inhibits the mTOR pathway [35, 41-43].
Indeed, phosphorylated AMPK (pAMPK, T172) levels were lower in both whole muscle
and cultured myoblasts of MyoD-Lkb1 than WT mice (Fig. 6A). Consequently, the total and
phosphorylated levels of S6 (S240/244), a surrogate downstream target of mTOR, were
increased in MyoD-Lkb1 myoblast (Fig. 6A). Next, we examined if AMPK activation can
rescue the proliferation of MyoD-Lkb1 myoblasts. The AMPK activator AICAR
significantly increased pAMPK level and reduced the levels of Pax7, MyoD, pS6 and total
S6 proteins in WT myoblasts (Fig. 6B). Importantly, AICAR treatment rescued the
expression of Pax7, MyoD, TK and DHFR in MyoD-Lkb1 myoblasts (Fig. 6C), and restored
the growth rate of the Lkb1 deficient myoblasts to similar levels of untreated WT myoblasts
(Fig. 6D). We further examined if inhibition of mTOR can similarly rescue the proliferation
of MyoD-Lkb1 myoblasts. When WT myoblasts were treated with the mTOR inhibitor
rapamycin (Rapa), pS6, Pax7 and MyoD were significantly decreased (Fig. 6E).
Consistently, mTORflox/flox myopast treated with adeno-Cre, or Pax7C"€ER/mTORflox/flox
myoblast treated with 4-OH-TMX had significantly lower levels of Pax7, MyoD, TK and
DHFR expression (Fig. STA-B). Notably, mTOR inhibition restored Pax7, MyoD, TK and
DHFR expression in MyoD-Lkb1 myoblasts to similar levels of untreated WT myoblasts
(Fig. 6F), and rescued the proliferation of the Lkb1 null myoblasts (Fig. S7C-E). Taken
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together, these results demonstrate that Lkb1 acts through the AMPK-mTOR pathway to
regulate myoblast proliferation.

Lkb1 phosphorylates GSK-3f at Ser9 to regulate myogenic differentiation

We further examined if the reduced differentiation of Lkb1 null myoblasts is also mediated
by the AMPK-mTOR pathway. Contrary to our expectation, activation of AMPK with
AICAR reduced MyoG and eMHC expression in WT myoblasts, and failed to rescue MyoG
and eMHC expression in MyoD-Lkb1 myoblasts (Fig. S8A-B). Furthermore, inhibition of
mTOR with Rapa or by Cre-mediated deletion of mTOR reduced MyoG expression in WT
myoblasts (Fig. S8C), and failed to rescue MyoG expression in MyoD-Lkb1 myoblasts (Fig.
S8D). These data indicate that Lkb1 regulates MyoG expression and myogenic
differentiation through an AMPK-mTOR independent pathway.

Lkb1 has been shown to phosphorylate GSK-3p at Ser9, leading to its inactivation [61, 62].
As GSK-3p is a key negative regulator of canonical Wnt signaling and myogenesis [19], we
asked if Lkb1 regulates myoblast differentiation through GSK-3p. Interestingly, MyoD-
Lkb1 myoblasts had significantly reduced levels of pGSK-3p (Ser9) (Fig. 7A), suggesting
that the Lkb1 null myoblasts had elevated activation of GSK-3p. Next, we examined if
inhibition of GSK3p with LiCl restores the differentiation of Lkb1 null myoblasts. In WT
myoblasts, LiCl treatment significantly reduced the proportions of self-renewal (Pax7*) and
proliferating cells (Pax7*MyoD™), while increasing the MyoD* or MyoG* differentiating
cells (Fig. 7B). The mRNA levels of differentiation and fusion related genes (MyoG, Mef2c,
Cav3, Cadhl15, Capnl, Des, Myh3 and Myh8) were also upregulated by LiCl (Fig. 7C).
Importantly, LiCl enhanced the phosphorylation of GSK3p (Ser9) and rescued MyoG
expression in MyoD-Lkb1 myoblasts (Fig. 7D). Moreover, inhibition of GSK3p by LiCl
promoted myotube formation in both WT and MyoD-Lkb1 myoblasts (Fig. 7E-F). Western
blot and realtime PCR results confirmed that inhibition of GSK33 completely rescued the
expression of differentiation marker genes in MyoD-Lkb1 myoblasts (Fig. 7G-H). These
data demonstrate that Lkb1 regulates MyoG expression and myogenic differentiation
through GSK3p.

Discussion

Previous studies involving conditional inactivation of Lkb1 in post-mitotic myofibers have
provided insights into the role of Lkb1 in mature muscle physiology and metabolism [49,
63-66]. Overall, the reported phenotypes of myofiber-specific Lkb1 inactivation appear to be
mild or even beneficial, ranging from compromised motor performance and fatty acid
oxidation to improved glucose utilization and insulin sensitivity [49, 51, 63, 65]. However,
how Lkb1 regulates muscle stem and progenitor cell function in vivo has been unknown
prior to this study.

Our study provides the first evidence for an indispensable role of Lkb1 in skeletal muscle
development and muscle stem cell function. We used two different approaches (Cre drivers)
to achieve muscle progenitor/stem cell specific deletion of Lkb1. First, MyoDC" was used
to drive deletion of Lkb1 in embryonic myogenic lineage cells that give rise to all skeletal
muscles and muscle satellite cells [59, 67]. We confirmed the specificity of the MyoDC'®
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driver by demonstrating Lkb1 deletion in skeletal muscles and myoblasts, but not in adipose
tissue, heart and several other tissues. Hence, in the MyoD-Lkb1 mice, all myogenic
progenitors and their descendant myofibers should have the Lkb1 gene inactivated at around
E10.5 when embryonic myogenesis begins [59]. In this regard, the severe myopathy
observed in the postnatal MyoDLkb1 mice can be attributed to defects in myogenic stem
cells and/or post-mitotic myofibers. Given the relatively mild and late onset of muscle
dysfunction that has been reported for the myofiber specific deletion of Lkb1 [50], the
severe myopathy in the MyoD-Lkb1 mice that we observed in this study was most likely
caused by malfunction of muscle progenitors, supported by reduced number of MyoG™ cells
in somites of MyoD-Lkb1 embryos at E10.5. Combined with smaller body weight at birth
and reduced fiber number, these results demonstrate that Lkb1 is necessary for proper
embryonic myogenesis. We further used Pax7C"eER to deplete Lkb1 specifically in Pax7-
expressing satellite cells upon TMX induction in the adult. This approach bypassed any
developmental defects due to ablation of Lkb1 in embryonic myoblasts and allowed us to
dissect the role of Lkb1 in postnatal satellite cells without confounding effects of Lkbl
deletions in myofibers. We found that satellite cells acutely depleted of Lkb1 had aberrant
proliferation and differentiation kinetics, and failed to regenerate injured muscles. This
observation provides compelling in vivo evidence that Lkb1 is necessary for the normal
function of postnatal satellite cells.

The early onset myopathy phenotype observed in the MyoD-Lkb1 mice is quite intriguing. It
has been reported that MCK-Cre mediated deletion of Lkb1 results in late onset skeletal
muscle atrophy starting from the age of 7-months [50]. The old MCK-Lkb1 mice had about
20% reduction in body weight and compromised motor function, accompanied by reduced
activation of mTOR, Pgcla and mitochondrial protein content [50]. However, as MCK-Cre
induces Lkb1 deletion in both skeletal and cardiac muscles, the MCK-Lkb1 mice also had
dilated atria [50], suggesting dysfunction of the heart. Therefore, it is unknown whether the
skeletal muscle myopathy in the old MCK-Lkb1 is due to secondary effects of heart
dysfunction. More recently, Tanner et al used Myog-Cre to induce deletion of Lkb1 in the
skeletal (but not cardiac) muscles, however the study did not examine if the mice developed
late onset skeletal muscle myopathy [63]. In contrast, we found that MyoDC"¢ mediated
deletion of Lkb1 leads to severe myopathy with a high degree of centronuclear fibers,
infiltration of CD11b™ macrophages and fibrosis. Notably, the MyoD-Lkb1 mice also
developed kyphosis, a sign of severe muscle weakness, accompanied by abnormal posture of
the hindlimbs and loss of motility. Importantly, the MyoD-Lkb1 mice were already smaller
at birth, and the overt pathological phenotype was evident as early as 2-weeks leading to a
greater than 50% reduction in body weight observed in 21-week-old individuals. These
studies together suggest that actively cycling muscle progenitors and post-mitotic myofibers
have different responses to Lkb1 mutation. The much more severe and earlier onset
myopathy in the MyoD-Lkb1 mice suggests that Lkb1 plays more important role in
myogenic progenitors and myogenesis than in differentiated/mature myofibers.

We found that Lkb1 deletion also results in muscle fiber type switching towards the
glycolytic phenotype. It is well known that PGC1 and other mitochondria biogenesis related
genes play important roles in muscle oxidative functions [68, 69]. Previous reports also
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demonstrate that muscle dysfunction is often linked to mitochondrial dysfunction and
aberrant mTOR signal pathway [70, 71], and that MCK-Cre mediated deletion of Lkb1
affects the oxidation functions of skeletal muscles [51, 72]. Consistently, we found that
Lkb1 deletion dramatically decreased the expression of mitochondrial genes including
Pgcla, Pgclb, Cox7al, Cox5b and Cox8h. Based on previous studies and our current work,
we postulate that Lkb1 deletion decreases phosphorylation and activation of AMPK, which
subsequently affects mitochondrial and p-oxidation related genes including PGC1la and Acc.
Interestingly, inactivation of mTOR or ablation of Raptor, a key component of the mTOR1
complex, has been shown to cause metabolic dysfunction and result in muscle dystrophy
[70, 71]. By contrast, we found an increased activation of the mTOR substrate protein pS6
in the MyoD-Lkb1 mice. Moreover, the myopathy was not rescued by rapamycin-mediated
inhibition of mTOR (data not shown), indicating that activation of the mTOR pathway is not
responsible for the muscle pathology in the MyoD-Lkb1 mice, and other downstream targets
of Lkb1 may have mediated the phenotype. For example, the Lkb1 substrate SIK1 has been
shown to regulate myogenesis through the class || HDACSs [73-75]. Further studies are
needed to elucidate the exact mechanism that lead to the myopathy in the MyoD-Lkb1 mice.

Our finding that deletion of Lkb1 promotes the proliferation but inhibits differentiation of
muscle stem cells highlights the function of Lkb1 in cell cycle regulation. Previous reports
have shown that Lkb1 mutation stimulates the proliferation of  cells [38], peripheral T cells
[39], mesenchymal cells [76], epithelial cells [77] and other cell types [78]. The finding that
Lkb1 null satellite cells fail to maintain quiescence in uninjured muscle mimics the role of
Lkb1 in hematopoietic stem cells (HSC). Lkb1 ablation leads to an immediate loss of HSC
quiescence and increased multipotent progenitors but reduced long-term self-renewal HSC
[35, 41-43, 45, 46]. Lkbl is known as a regulator of AMPK and the mTOR pathway [41]
and our results demonstrate that Lkb1 regulates the proliferation of muscle stem cells
through this pathway. Deletion/inhibition of Lkb1 in mature myofibers also led to a
significant reduction of AMPK activation, or AMPK2 subunit phosphorylation [49, 63-66].
Consistently, previous reports have shown that deletion of Lkb1 acts through the mTOR
pathway to regulate pancreatic 3 cell proliferation [38]. However, Lkb1 deletion increased
epithelial cell proliferation via AMPK dependent and independent pathways [77]. Similarly,
Lkb1 regulates HSC quiescence through an AMPK-, mTORC1-, and FoxO-independent
mechanism [35, 41-43, 45, 46]. We show here that Lkb1 acts through GSK-3 to regulate
myogenic differentiation. As GSK-3p is a key component of WNT signaling pathway, if
Lkb1-mediated phosphorylation of GSK-3p alters WNT signaling transduction during
myogenesis has yet to be elucidated.

In light of the critical role played by Lkb1 in muscle stem cell proliferation and
differentiation, it is not surprising that satellite cell specific ablation of Lkb1 abolishes the
regenerative capacity of injured muscles. Although Lkb1 mutation spontaneously activates
satellite cells and promotes their proliferation, the activated satellite cells are defective in
myogenic differentiation. Specifically, the seemingly increased number of satellite cells in
the young MyoD-Lkb1 mice not only fails to promote regeneration, but on the contrary
leads to defective regeneration of injured muscles. This observation highlights the
importance of temporal control of different signaling pathways during myogenesis. For
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example, activation of canonical Wnt signaling during the late differentiation phase, but not
the early proliferation phase, of myogenesis is essential for proper muscle regeneration [79].

Conclusion

In this study we demonstrate that Lkb1 plays a critical role in myogenesis and muscle stem
cell function. Muscle progenitor cell-specific deletion of Lkb1 during development leads to
striking muscle pathology and premature postnatal death while adult satellite cell specific
deletion of Lkb1 disrupts satellite cell homeostasis and prevents the regeneration of injured
muscles. We further discovered that Lkb1 employs two separate mechanisms to regulate
satellite cell homeostasis: while Lkb1 regulates proliferation through the classical AMPK/
mTOR pathway, it controls muscle differentiation through GSK-3p. These results establish
Lkb1 as a novel regulator of myoblast proliferation and differentiation.
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Figure 1.

MyoDC"e-mediated deletion of Lkb1 impairs muscle development and growth. (A) Growth
curve of the WT (Lkb1f1o¥floXy and MyoD-Lkb1 (MyoDC'€/ Lkb1foX/flox) mice, P < 0.01 for
all timepoints measured, n=8 for WT and n=5 for MyoD-Lkb1 mice. (B) Gross morphology
of WT and MyoD-Lkb1 mice at 10-wk-old. Kyphosis (red arrow) and abnormal hindlimb
postures (blue arrow) were indicated in the MyoD-Lkb1 mouse. (C-D) Representative
images of hindlimbs (C) and hindlimb muscles (D) showing reduced muscle mass in the
MyoD-Lkb1 mice. (E-F) Absolute (E) and relative to body (F) weight of EDL, TA and Gas
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muscles at 10-wk-old. (G) Total myofiber numbers in TA, EDL and Sol muscles at 10-wk-
old. n=4. (H) Myofiber size distribution of TA muscles at 10-wk-old. n = 4. Error bars
represent SEM. * P< 0.05, ** P< 0.01, *** P< 0.001.
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Figure 2.
Lkb1 deficiency results in severe myopathy. (A) Hematoxylin and eosin (H&E) staining of

TA and Gas muscle cross sections at 10- and 24-wk-old. Characteristics of muscle
pathology are indicated: centronuclear myofibers (asterisks), very small (yellow arrows) and
very large (red arrows) myofibers, interstitial mononuclear cells (green arrows), fibrotic
tissues (white arrows). (B) Percentage of centrally nucleated fibers (CNF) in TA and Gas
muscles. n=4 for 10-wk-old mice, n=5 for 24-wk-old mice. (C) Relative expression of the
embryonic muscle myosin heavy chain (eMHC/Myh3) and MyoG in different muscles at
10-wk-old. Error bars represent SEM. * P< 0.05, ** P< 0.01, *** P< 0.001. Scale bars: 100
pm.
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Figure 3.
Lkb1 deficient satellite cells are spontaneously activated in resting muscles. (A) Abundance

of Pax7* satellite cells in cross sections of Gastrocnemius muscles from 10-wk-old mice. n
= 5. (B) A portion of Lkb1 null satellite cells co-express the activation marker MyoD
(Pax7*/MyoD*, arrows) in MyoD-Lkb1 resting muscles at 10-wk-old. (C) Abundance of
Ki67* proliferating cells in 10-wk-old WT and MyoD-Lkb1 muscles. (D) A portion of
Pax7* cells co-expressed Ki67 (Pax7*/Ki67*, arrows) in MyoD-Lkb1 resting muscles at 10-
wk-old. (E-F) Abundance of Pax7* satellite cells on freshly isolated EDL myofibers. n =5
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pairs of mice (~50 myofibers were analyzed per mouse). (G) A representative
centronucleated myofiber from resting EDL muscle of MyoD-Lkb1. (H) A portion of Pax7*
cells co-express MyoD in a freshly isolated MyoD-Lkb1 myofiber. (I-J) WT and MyoD-
Lkblmyofibers cultured for 72 h showing clusters of myoblasts co-expressing Pax7 and
MyaoD (1), and quantification of clusters/fiber and cells/cluster (J). n = 3 pairs of mice (~25
myofibers were analyzed per mouse). Error bars represent SEM, ** P< 0.01, *** P< 0.001.
Scale bars: 100 um.
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Figure4.
Lkb1 deficiency impairs muscle regeneration. (A) Schematic of experimental design and

representative images of whole TA muscles at Day 8 post CTX. Blue indicates Evans Blue
(EB). (B) Representative TA muscle sections showing EB fluorescence (in Red). (C-D) Low
and high magnification images of TA muscle sections stained with H&E. (E) Low and high
magnification TA muscle sections stained with Desmin antibody to label newly regenerated
myofibers. (F) Quantification of the regenerated and non-regenerated areas of TA muscle
sections. Error bars represent SEM, n=5. ** P< 0.01. Scale bars: 100 pym.
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Lkb1 deletion promotes proliferation but inhibits differentiation of satellite cell derived
primary myoblasts. (A-B) Representative images of primary myoblasts from WT and
MyoD-Lkb1 mice labeled with Pax7 (red) and MyoD (green), and the percentage of
quiescent (Pax7*MyoD"), proliferating (Pax7*MyoD™*) and differentiating (Pax7-MyoD™)
cells. Nuclei were stained with DAPI (blue). (C-D) Myoblasts stained with differentiation
marker MyoG (red) and DAPI; and percentage of MyoG™* cells (D). (E-F) Myoblasts stained
with proliferating marker Ki67 (red) and DAPI, the percentage of Ki67* cells. (G) Colony
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assay comparing growth of WT and MyoD-Lkb1 myoblasts. (H) Growth curve analysis of
the cultured WT and MyoD-Lkb1 myoblasts. (I) Western blot analysis of protein extracts
from WT and MyoD-Lkb1 myaoblasts. (J-K) mRNA levels of the myogenic (J) and
proliferation (K) marker genes in the WT and MyoDLkb1 myoblasts. (L-N) WT and MyoD-
Lkb1 myoblasts were differentiated for 3 days. Shown are the myotube morphology
(indicated by MF20 staining, Red), fusion index (% nuclei in mytubes), and reserve cell
index (% nuclei that are MF20"), and relative mRNA levels of Lkbl, Pax7 and eMHC. Error
bars represent SEM, n = 5-7. * P< 0.05, ** P< 0.01, *** P< 0.001. Scale bars: 100 pm.
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Figure®6.
Lkb1 regulates myoblast proliferation through AMPK-mTOR pathway. (A) Western blots

showing relative levels of phosphorylated AMPK (pAMPK, T172) and pS6 (S240/244) in
WT and MyoD-Lkb1 muscles and myaoblasts. (B) AMPK activator AICAR (1 mM)
treatment increased pAMPK level and reduced the levels of Pax7, MyoD, pS6 and total S6
proteins. (C) AICAR treatment rescued Pax7, MyoD, TK and DHFR expression in MyoD-
Lkb1 myoblasts. (D) Growth curve of the WT and MyoD-Lkb1 myoblasts after treated with
AICAR. (E) mTOR inhibitor rapamycin (Rapa, 10 nM) treatment decreased pS6, Pax7 and
MyoD expression. (F) Rapa rescued expression of Pax7, MyoD, TK and DHFR in MyoD-
Lkb1 myablasts. Error bars represent SEM, n=>5. P < 0.05 between bars labeled by different
letters (a, b, c and d); * P< 0.05, ** P< 0.01.
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Figure7.
Lkb1 acts through GSK3p to regulate myogenic differentiation. (A) Relative protein levels

of phosphorylated GSK3p (pGSK3p, Ser9) and -catenin expression in WT and MyoDLkb1
myoblasts. (B) Morphology and percentage of quiescent (Pax7*MyoD") and proliferating
(Pax7*MyoD™) and differentiating (Pax7-MyoD™" or MyoG™*) myoblasts treated with a
GSK3B inhibitor (LiCl, 20 mM) or control (NaCl, 20 mM) media. (C) Expression of
differentiation and fusion related genes after LiCl treatment. (D) LiCl rescued pGSK3 f and
MyoG expression in MyoD-Lkb1 myoblasts. (E) MF20 staining (Red) showing
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differentiation efficiency of WT and MyoD-Lkb1 myoblasts cultures with or without LiCl.
Scale bars: 100 um. (F) LiCl partially rescued the differentiation efficiency (fusion index) of
MyoD-Lkb1 myoblasts. (G-H) LiCl rescued the expression of differentiation marker genes
in Lkb1 null myotubes. Error bars represent SEM, n=5. P< 0.05 between bars labeled by
different letters (a, b, ¢ and d), * means P< 0.05, ** P< 0.01.
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