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Abstract
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Satellite cells are stem cells with an essential role in skeletal muscle repair. Precise regulation of
gene expression is critical for proper satellite cell quiescence, proliferation, differentiation and self
-renewal. Nuclear proteins required for gene expression are dependent on the nucleocytoplasmic
transport machinery to access to nucleus, however little is known about regulation of nuclear
transport in satellite cells. The best characterized nuclear import pathway is classical nuclear
import which depends on a classical nuclear localization signal (cNLS) in a cargo protein and the
heterodimeric import receptors, karyopherin alpha (KPNA) and beta (KPNB). Multiple KPNA1
paralogs exist and can differ in importing specific cNLS proteins required for cell differentiation
and function. We show that transcripts for six Kpna paralogs underwent distinct changes in mouse
satellite cells during muscle regeneration accompanied by changes in cNLS proteins in nuclei.
Depletion of KPNA1, the most dramatically altered KPNA, caused satellite cells in uninjured
muscle to prematurely activate, proliferate and undergo apoptosis leading to satellite cell
exhaustion with age. Increased proliferation of satellite cells led to enhanced muscle regeneration
at early stages of regeneration. In addition, we observed impaired nuclear localization of two key
KPNA1 cargo proteins: p27, a cyclin-dependent kinase inhibitor associated with cell cycle control
and lymphoid enhancer factor 1, a critical co-transcription factor for β-catenin. These results
indicate that regulated nuclear import of proteins by KPNA1 is critical for satellite cell
proliferation and survival and establish classical nuclear import as a novel regulatory mechanism
for controlling satellite cell fate.
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Introduction
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Proper repair of muscle after injury is dependent on activation and repression of numerous
genes in satellite cells, which are tissue-specific stem cells. Under basal conditions, satellite
cells are mitotically quiescent [1], but in response to injury, satellite cells become activated
to proliferate and eventually differentiate and fuse with one another or with myofibers to
restore normal tissue architecture [2], [3]. Large changes in gene expression occur when
satellite cells transition from quiescence to activation with over 5,000 genes being
differentially expressed [4]. More than half of these genes, such as cell cycle inhibitory or
RNA modifying genes, are decreased with satellite cell activation, whereas 44% of these
genes including cell cycle progression genes, are increased during satellite cell activation.
Gene expression is dependent upon proteins such as transcription factors and chromatin
remodeling factors that are synthesized in the cytoplasm but act in the nucleus. The
subcellular localization of such nuclear proteins must be tightly controlled because altered
nuclear import or export could result in aberrant gene expression compromising satellite cell
function. Little is known about how key nuclear regulatory proteins gain access to nuclei in
satellite cells.
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In all cells, transport between the nucleus and the cytoplasm is mediated by nuclear pore
complexes (NPC) embedded in the nuclear envelope. NPC are multiprotein superstructures
(~ 120 MDa) which provide channels for the nucleocytoplasmic exchange of ions and
macromolecules [5, 6]. While smaller ions and molecules can diffuse through the NPC,
molecules larger than ~40 kDa re quire nuclear transport receptors that recognize cargo
proteins and mediate transport through these nuclear pores [7-9]. Classical nuclear import is
the best characterized of the nuclear import pathways. In mouse, 35-55% of nuclear proteins
may depend on classical nuclear import for nuclear targeting as determined using a
bioinformatics approach [10]. Classical nuclear import depends on a classical nuclear
localization signal (cNLS) in a cargo protein that is bound by a heterodimeric receptor
consisting of a classical nuclear import receptor karyopherin alpha (KPNA) and a pore
targeting subunit karyopherin beta1 (KPNB1) [11]. Once in the nucleus, the cNLS protein is
released and both KPNA and KPNB1 are recycled separately back to the cytoplasm for
another round of import [12, 13]. In humans, a single KPNB1 can function with any of seven
KPNA paralogs: KPNA1, KPNA2, KPNA3, KPNA4, KPNA5, KPNA6 and KPNA7 [14-17].
Six KPNA paralogs exist in mouse with which the corresponding human homologues share
80-90% amino acid identity. Each KPNA paralog likely transports a large num ber of cargo
proteins [18, 19]. Furthermore, each KPNA paralog has differential affinity for a subset of
cargo proteins [15] with the binding affinity and concentration of the specific KPNA being
determinants of the rate of protein transport [20-22]. While all KPNA paralogs play a role in
classical nuclear import, their roles can differ in importing specific cNLS proteins that are
required for cell differentiation and function [23-25].
The purpose of our study was to gain insights into the classic nuclear import pathway in
satellite cells and how perturbations in this system affect satellite cell biology. Here, we
show distinct expression of cNLS proteins and Kpna paralogs during satellite cell activation
in response to muscle injury in mice. Depletion of KPNA1 (also known as importin alpha 5
in human) led not only to increased satellite cell proliferation and muscle regeneration but
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also to satellite cell apoptosis in both uninjured and injured muscles. Impaired nuclear
localization of key proteins associated with cell cycle control and Wnt signaling was noted
in KPNA1 knock out (KO) satellite cells. Taken together, our data suggest that the cNLS
proteins imported by KPNA1 into the nucleus are critical for maintaining satellite cells
quiescence and promoting their survival.

Material and methods
Mice

Author Manuscript

C57BL/6 mice were purchased from Charles River Laboratories. WT and KPNA1 KO mice
were produced by Kpna1+/− breeding pairs [26]. Mice were genotyped using the following
primers: for W T allele: F: 5'–TAGCTTGTTTTGGGCTGGTG-3', R: 5'–
GGGTAAAGTTCTAGGCTAGC-3' and for Kpna1 KO allele; F: 5'–
CTCGAGGCTAGAACTAGTGG-3', R: 5'–AGGCGATTAAGTTGGGTAACG-3'. Male and
female mice from 12 to 16 weeks old were used for all experiments unless described
otherwise. Experiments involving animals were performed in accordance with approved
guidelines and ethical approval from Emory University's Institutional Animal Care and Use
Committee.
Muscle injury
Mice were anesthetized with intraperitoneal injection of 80 mg/kg ketamine/5 mg/kg
xylazine. Injury was induced in gastrocnemius (GA) or tibialis anterior (TA) muscles of
anesthetized mice by injection of 1.2% BaCl2 using either 40 μl for GA or 25 μl for TA. For
analgesia, mice were injected subcutaneously with 0.1mg/kg buprenorphine before and after
muscle injury. Muscles were collected 2-90 days after injury depending on the experiment.
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Satellite cell isolation and Fluorescence Activated Cell Sorting (FACS)
Satellite cells were isolated as previously described [27] from hindlimb muscles. Cells were
labeled using the following antibodies: 1:400 CD31-PE (clone 390; eBiosciences), 1:400
CD45-PE (clone 30-F11; BD Pharmingen), 1:4000 Sca-1-PE-Cy7 (clone D7; BD
Pharmingen), 1:500 α7-integrin-APC (Clone R2F2; AbLab). Dead cells were excluded by
propidium iodide (PI) staining. Cell sorting was performed using a BD FACSAria II cell
sorter (Becton-Dickinson). Sorted cells were immediately reanalyzed to ensure purity.
Analyses of flow cytometry data were performed using FACSDiva (BD version 8.0.1).
Nuclear enrichment
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Nuclei were enriched from satellite cells by fractionation over a sucrose cushion [28]. The
cell pellet was homogenized with a dounce homogenizer in lysis buffer (0.32 M sucrose, 5
mM CaCl2, 3 mM MgCl2, 0.1 mM EDTA, 10 mM Tris-HCl, pH 8.0, 0.1% Triton X-100, 1
mM DTT, protease inhibitor cocktail (Roche)). This homogenate was layered over a 1.8 M
sucrose cushion (1.8 M sucrose, 3 mM MgCl2, 10 mM Tris-HCl, pH 8.0) and centrifuged at
222,000×G for 120 min at 4°C in a Beckman SWTi 41 rotor. The pelleted nuclear fraction
was resuspended in phosphate buffered saline (PBS) containing protease inhibitor cocktail
(Roche) and pelleted at 1000×G for 2 minutes.
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The prepared protein samples were resuspended in 8M Urea, 10mM Tris, 100mM Na2PO4
and protein content was determined by BCA assay. Equal protein from each sample was
then subjected to in-solution trypsin digest [29] and high pressure liquid chromatography
resolution by a NanoAcquity UPLC system (Waters Corporation) [30] according to
established protocols. Peptides were ionized with 2.0 kV electrospray ionization voltage
from a nano-ESI source (Thermo Scientific) on a hybrid LTQ XL Orbitrap mass
spectrometer (Thermo Scientific). MS spectra and MS/MS spectra were obtained in the LTQ
following collision induced dissociation (collision energy 3 5%, activation Q 0.25, activation
time 30 ms) for the top 10 precursor ions with charge z ≥ 2. The MS/MS spectra were
matched to the complete semi-tryptic mouse proteome (refseq version 62) using the SageN
Sorcerer SEQUEST 3.5 algorithm [31, 32] with a 20 ppm mass accuracy threshold. The
normalized score and search dependent score for b and y ions were dynamically increased to
remove false positive hits [33].
Peptide/protein quantification was performed based on the extracted ion current (XIC)
measurements of identified peptides. Peptide-specific ion current intensities were extracted
and compared across cases using DQuan [34, 35].
Cell proliferation and apoptosis assays by flow cytometry
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To analyze satellite cell proliferation, 5-Bromo-2’-deoxyuridine (BrdU) (100mg/g of body
weight; Sigma) was injected intraperitoneally twice a day for 2 days. Muscles were
dissected and digested as described above. Isolated mononucleated cells were labeled with
CD31-PE, CD45-PE, Sca-1-PE-Cy7 and α7-integrin-APC. Subsequently, cells were
immunostained for BrdU using an FITC-BrdU flow kit in accordance with the
manufacturer's instructions (BD Pharmingen).
To analyze hematopoietic stem cell proliferation, bone marrow cells were collected as
previously described [36] and labeled with 1:400 FITC-c-kit (clone 2B8; Biolegend), 1:200
PE-lineage (Lin) antibodies (CD3/Gr-1/CD11b/CD45R/Ter-119; Biolegend), 1:200 Sca-1PE-Cy7, and 1:200 AF700-CD34 (BD Pharmigen). Subsequently, cells were immunostained
for BrdU as described for satellite cells. Hematopoietic stem cells were defined with Lin−/
Sca-1+/c-kit+/CD34− gating.
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To analyze satellite cell apoptosis, isolated mononucleated cells from hindlimb muscle were
labeled with CD31-PE, CD45-PE, Sca-1-PE-Cy7 and α7-integrin-APC. Subsequently, cells
were labeled with PI and 1:40 annexin V-FITC (Biolegend) in 10mM HEPES, 140mM
NaCl, 2.5mM CaCl2 (pH 7.4). Apoptotic cells were defined as Annexin V+/PI− from the
satellite cell population.
Culture of satellite cells after magnetic-activated cell sorting (MACS)
Mononucleated cells were isolated from the hindlimb muscles as described previously [37]
and satellite cells were purified using a satellite cell isolation kit in accordance with the
manufacturer's instructions (Miltenyi Biotech). Isolated satellite cells were cultured in Ham's
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F-10, 20% fetal bovine serum, 5 ng/ml basic fibroblast growth factor, 100 U/ml penicillin
and 100 μg/ml streptomycin on collagen-coated plates for 3 or 5 days.
Single-myofiber isolation and floating culture
Single myofibers were isolated, as previously described [38] from gastrocnemius muscles.
Myofibers were cultured for 72 hours in DMEM 20% fetal bovine serum, 10% horse serum,
1% chicken embryo extract and 100 U/ml penicillin and 100 μg/ml streptomycin. After 72
hours, myofibers were fixed with 3.7% paraformaldehyde for 10 minutes.
Immunohistochemistry/Immunofluorescence
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Muscle tissues were frozen in Tissue Freezing Medium (Triangle Biomedical Sciences) and
stored at −80°C. Tissue cross sections of 14 μm thickness were collected every 200 μm using
a Leica CM1850 cryostat. To quantitate myofiber cross-sectional areas, muscle sections
were stained with hematoxylin and eosin and analyzed using ImageJ 1.43u.
All antibody incubations were performed at room temperature unless otherwise noted. All
biotinylated or fluorophore-conjugated secondary antibodies were purchased from Jackson
ImmunoResearch.
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For immunostaining Pax7 and laminin, tissue sections were fixed in freshly prepared 4%
paraformaldehyde (Electron microscopy sciences). Tissue sections were heated in citrate
buffer (10mM sodium citrate, 0.05% Tween-20, pH 6.0) for antigen retrieval with a pressure
cooker (Cuisinart model CPC-600) for 6 minutes. Subsequently, the M.O.M. Kit (Vector
Laboratories Inc.) was used to block endogenous Fc receptor binding sites followed by a 1
hour incubation with 5% goat serum, 5% donkey serum, 0.5% BSA, 0.25% Triton-X 100 in
PBS (blocking buffer). Sections were then labeled with blocking buffer containing anti-Pax7
(3.8 μg/ml, Developmental Studies Hybridoma Bank) and anti-laminin (2 μg/ml, Sigma)
antibodies or isotype controls overnight at 4°C. After 1 hour incubation with biotinylated
goat-anti-mouse F(ab’)2 IgG fragments (2.5 μg/ml), a TSA (Tyramide Signal Amplification;
Perkin Elmer) Green kit was used for Pax7 imaging. Sections were further incubated with
AF594-conjugated donkey anti-rabbit F(ab’)2 IgG fragments (3 μg/ml) for 40 minutes for
laminin imaging. For immunostaining active caspase 3, Pax7 and laminin, methods were
identical as described above, except active caspase -3 immnostaining (Cell signaling
technology, clone D3E9, 1:100 dilution and overnight incubation at 4°C) before antigen
retrieval step. For immunostaining active caspase 3 and MyoD, methods were identical as
described above, except using MyoD (Santa cruz Biotechnology, 1 μg/ml) instead of Pax7
antibodies. Sections were labeled with 4',6-diamidino-2-phenylindole (DAPI) and mounted
with Vectashield (Vector lab).
To analyze satellite cell fusion in vivo, BrdU (Sigma) at 100mg/g of body weight was
injected intraperitoneally twice a day for 7 days and BrdU water (0.8mg/ml) was provided
for the following 7 days. Tissue sections were incubated with the M.O.M kit and followed
by blocking buffer as described above. Sections were labeled with anti-dystrophin (13.5
μg/ml, clone MANDYS8, Sigma) antibody or mouse isotype control overnight at 4°C.
Sections were fixed in freshly prepared 4% paraformaldehyde (Electron microscopy
sciences) and heated in citrate buffer from the BrdU in situ kit (BD Pharmigen) for antigen
Stem Cells. Author manuscript; available in PMC 2017 June 01.
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retrieval with a pressure cooker for 10 minutes. Sections were then labeled with biotinylated
anti-BrdU in diluent buffer (1:10; BrdU in situ kit) for 1 hr. A TSA Green kit was used for
subsequent steps as described above. Sections were further incubated with Texas Redconjugated goat anti-mouse F(ab’)2 IgG fragments (2.5 μg/ml) for 40 minutes for dystrophin
imaging. Sections were labeled with DAPI and mounted with Vectashield.
For immunostaining of isolated myofibers, myofibers were incubated with the M.O.M kit
and followed by blocking buffer as described above. Myofibers were then labeled with antiPax7 and anti-MyoD antibodies or isotype controls overnight at 4°C. After 1 hr incubation
with biotinylated donkey anti-mouse F(ab’)2 IgG fragments (2.5 μg/ml), the TSA Green kit
was used for subsequent steps as described above. Myofibers were incubated with AF594conjugated donkey anti-rabbit F(ab’)2 IgG fragments (3 μg/ml) for 1 hr for MyoD imaging.
Myofibers were labeled with DAPI and mounted with Vectashield.
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For immunostaining of cultured satellite cells, cells were fixed with 2% paraformaldehyde
for 15 minutes and incubated with blocking buffer as described above. Cells were labeled
with anti-p27 (2 μg/ml, Abcam) antibody or anti-LEF1(1:50, Cell Signaling Technology) or
isotype control overnight at 4°C followed by a 1 hour incubation with biotinylated donkey
anti-rabbit F(ab’)2 IgG fragments (2.5 μg/ml). A TSA Green kit was used for subsequent
steps as described above. For dual immunolabeling studies, cells were heated in citrate
buffer with a pressure cooker for 6 minutes and then incubated with anti-Pax7 antibody or
isotype control overnight at 4°C. After 1 hr incubation with biotinylated goat anti-mouse
F(ab’)2 IgG fragments (2.5 μg/ml), the TSA Red kit was used for subsequent steps as
described above. Cells were labeled with DAPI and mounted with Vectashield.
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Confocal images for cultured satellite cells were acquired using an Olympus FV1000
inverted microscope with 40x objective with FV10 ASW ver. 4.2 software. All other images
were acquired using an Axioplan microscope with a 0.5 NA 20x Plan-Neofluar objective
(Carl Zeiss MicroImaging, Inc.) and charge-coupled device camera (Carl Zeiss
MicroImaging, Inc.) with Scion Image 1.63 (Scion Corp.). All images were globally
processed for size, brightness and contrast using Photoshop CS3 (Adobe).
Real time-PCR analyses
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Total RNA was isolated from FACS-sorted satellite cells using a Picopure RNA isolation kit
(Applied Biosystems) in accordance with the manufacturer's instructions. The reverse
transcriptase reaction was performed using 250 ng of total RNA/sample using random
hexamers and M -MLV reverse transcriptase (Invitrogen). cDNA was amplified using the
SYBR select master mix (Applied Biosystems) and 2.5 μM of each primer. All RNA
samples were tested for DNA contamination by PCR. Amplified cDNA signals were
detected and analyzed by StepOne software v2.2.2 (Applied Biosystems) using GAPDH as
an internal control. Fold change of gene expression was determined using the ΔΔCt method
[39]. Three to four independent experiments were performed. All Kpna1, Pax7, myogenin,
and Gapdh primers were purchased from Qiagen's RT2 qPCR Primer Assay library. All
primers for cell cycle related proteins were from PrimerBank (http://pga.mgh.harvard.edu/
primerbank/). Primer sequences were: p27 (F: 5′-TCAAACGTGAGAGTGTCTAACG-3′
and R: 5′-CCGGGCCGAAGAGATTTCTG-3′); Cyclin d1 (F: 5′Stem Cells. Author manuscript; available in PMC 2017 June 01.

Choo et al.

Page 7

Author Manuscript

GCGTACCCTGACACCAATCTC-3′ and R: 5′-CTCCTCTTCGCACTTCTGCTC-3′);
Fos-l1 (F: 5′-ATGTACCGAGACTACGGGGAA-3′ and R: 5′CTGCTGCTGTCGATGCTTG-3′); Lef1 (F:5’-TGTTTATCCCATCACGGGTGG-3’ and R:
5’-CATGGAAGTGTCGCCTGACAG-3’), and Survivin (F:5’GAGGCTGGCTTCATCCACTG-3’ and R: 5’-CTTTTTGCTTGTTGTTGGTCTCC-3’).
Statistical analyses

Author Manuscript

To determine the statistical significance between two groups, comparisons were made using
an unpaired Student's t-test. To determine the statistical significance of frequency
distributions between two groups, comparisons were made using a non-parametric one way
ANOVA with Kruskal-Wallace post-test correction. The significance of the results obtained
from multiple groups was evaluated by one -way ANOVA with Bonferroni's post-test
correction. The significance of the results obtained from multiple time points between
genotypes was evaluated by two-way ANOVA with Bonferroni's post-test correction.
Statistical analyses were performed using GraphPad Prism v.4 software (GraphPad
Software). A p value of less than 0.05 was considered significant.

Results
Changes in the expression of Kpna paralogs and cNLS proteins in satellite cells during
muscle regeneration
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To begin to study the classical nuclear import pathway in satellite cells, we first isolated
satellite cells from mouse hindlimb muscles using flow cytometry with established cell
surface markers (Sca1−/CD31−/CD45−/α7-integrin+) (Supplementary Figure 1) [40] and
confirmed expression of markers of quiescence (Pax7) and activation (myogenin) using
quantitative real-time PCR (qRT-PCR). As expected, Pax7 mRNA levels were high in
quiescent satellite cells (QSC) in uninjured muscles (Day 0), and myogenin mRNA levels
were increased in activated satellite cells (ASC) 4 days post-injury (Figure 1B).
Subsequently, we analyzed the steady-state mRNA levels of Kpna paralogs in QSC and ASC
using qRT-PCR. In the mouse, six Kpna paralogs exist designated Kpna1, Kpna2, Kpna3,
Kpna4, Kpna6, and Kpna7 [16]. In QSC, Kpna1, Kpna2, Kpna3, Kpna4, Kpna6 mRNAs
were present but not Kpna7. Kpna3 and Kpna4 mRNAs were the most abundant, whereas
Kpna2 mRNA was the least abundant (Figure 1A). In response to muscle injury, we
observed differential Kpna expression patterns in ASC. No significant changes in Kpna3 or
Kpna6 mRNA levels occurred in satellite cells after injury. In contrast, Kpna2 mRNA levels
increased in ASC 2 days after injury while Kpna4 mRNA levels decreased 4 days after
injury. Kpna7 mRNA was not detected in ASC. Interestingly, only Kpna1 mRNA levels
decreased in ASC at both 2 and 4 days post-injury (Figure 1B). The distinct changes in Kpna
mRNAs that occur in satellite cells in the transition from quiescence to activation suggest
that various KPNA paralogs may transport different subsets of cNLS proteins that are
critical for regulating satellite cell behavior.
We next analyzed whether changes in cNLS proteins, which are cargo proteins of KPNA
paralogs, occur in satellite cells during muscle regeneration. We isolated QSC from
uninjured hindlimb muscles or ASC from gastrocnemius muscles 3 days after BaCl2-
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induced injury using the flow cytometry approach in Supplementary Figure 1. Subsequently,
nuclei were enriched from the sorted satellite cells and mass spectrometry was performed.
Approximately 200 nuclear proteins were identified in QSC, whereas 157 nuclear proteins
were identified in ASC. These nuclear proteins were then additionally analyzed using
NLStradamus [41] to identify predicted cNLS proteins. Fifty-three percent of the nuclear
proteins in QSC and 56% of the nuclear proteins in ASC contained a predicted cNLS
(Figure 1C), in agreement with a previous bioinformatics study that estimated that 30-55%
of nuclear proteins in mice contain a predicted cNLS [10]. Among the predicted 136 cNLS
proteins in QSC and ASC, 68% of the cNLS proteins were decreased while 15% of the
cNLS proteins were increased during satellite cell activation as defined by a 2-fold change.
Only 17% of the cNLS proteins were present at similar levels in the nuclei of QSC and ASC
(Figure 1D). In the cNLS proteome of QSC, mRNA processing, translation, and anatomical
structure development-related proteins were enriched by gene ontology (GO) molecular
function analysis (Supplementary Table 1). Particularly, more than half of the mRNA
processing proteins were related to the spliceosome. These results are consistent with a
previous microarray study that showed RNA processing and splicing-related genes were
highly expressed in QSC [4]. Due to the limited number of predicted cNLS proteins in ASC,
only one protein group related to biosynthesis was enriched by GO analysis (Supplementary
Table 1), in agreement with the increased mitochondrial activity and cell size noted with
satellite activation [42]. Taken together, our results show that Kpna transport receptors and
cNLS proteins in the nucleus undergo dynamic changes between QSC and ASC. These
results suggest that the classical nuclear import pathway plays an important role in satellite
cells.
Increased satellite cell proliferation under basal conditions in KPNA1 KO mice
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Given that Kpna1 mRNA levels negatively correlated with the proliferation state of satellite
cells (Figure 1B), we reasoned that KPNA1 (importin alpha 5) may transport nuclear
proteins that function to inhibit proliferation of QSC. To address the role of KPNA1 in QSC,
we utilized KPNA1 knockout (KO) mice. These mice were born in Mendelian ratios and
displayed 10% reduced body weight. Myofiber cross-sectional area was also reduced 10%
compared to wild type (W T) mice (Supplementary Figure 2A). Furthermore, tissue
development is reported to be normal except in female reproductive organs [26, 43]. We
performed in vivo BrdU proliferation assays using 3 months old KPNA1 KO mice. Mice
were injected with BrdU for 2 days, and then satellite cells were isolated from hindlimb
muscles and labeled with antibodies against CD31, CD45, Sca1, α7-integrin and BrdU to
identify proliferating satellite cells by flow cytometry (Figure 2A). The percentage of
proliferating KPNA1 KO satellite cells was 2.8-fold higher than WT satellite cells (Figure
2B). Of note, no signs of degeneration or regeneration were observed in KPNA1 KO muscle
sections indicating that satellite cell proliferation did not result from muscle injury in these
mice (Supplementary Figure 2B). To determine whether increased proliferation was specific
to satellite cells, we also analyzed the proliferation of other cell types in BrdU-injected
KPNA1 W T and KO mice. However, no significant differences were noted in the
percentage of proliferating blood and endothelial cells (EC) or fibro-adipogenic progenitor
cells (FAP) [44], in the hindlimb muscles of KPNA1 W T and KO mice (Figure 2C).
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Similarly, no proliferation differences were observed in hematopoietic stem cells of the bone
marrow (Figure 2D).
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We next investigated the fate of KPNA1 KO satellite cells. To analyze differentiation of
satellite cells in KPNA1 KO muscle, we immunostained TA muscle sections with BrdU
antibodies after 2 weeks BrdU treatment. Since myonuclei are post-mitotic, any BrdU+
nuclei within muscle fibers must have arisen from the fusion of BrdU+ satellite cells with the
myofiber. We quantified the number of BrdU+ myonuclei in KPNA1 WT and KO muscles
but observed no significant difference (Figure 2E). These results indicate that ASC in
KPNA1 KO muscles under basal conditions do not undergo enhanced myogenic
differentiation. To further investigate the fate of KPNA1 KO satellite cells, apoptosis was
measured by flow cytometry [45]. Mononucleated cells were isolated from hindlimb
muscles and labeled with antibodies against CD31, CD45, Sca1, and α7-integrin to detect
satellite cells and Annexin V and PI to detect apoptotic cells (Figure 2F). The percentage of
early apoptotic (Annexin V+/PI−) KPNA1 KO satellite cells was 2.5-fold higher than WT
(Figure 2G). Similar to the flow cytometry results, sections of uninjured KPNA1 KO TA
muscles contained 3 times higher active caspase -3+ cells (a marker of apoptosis) among
satellite cells (Pax7+ cells) than W T (Supplementary Figure 3). To determine the effect of
apoptosis on the numbers of satellite cells, muscle sections were immunolabeled for Pax7
and laminin (Figure 2H) and the number of Pax7+ satellite cells was quantified (Figure 2I).
The number of Pax7+ cells was decreased by 15% in KPNA1 KO muscles at 3 months of
age compared to W T with further age-related declines in satellite cell number (40%) in 15
months old KPNA1 KO muscles. Together, these results indicate that KPNA1 KO satellite
cells proliferate but do not differentiate under basal conditions and undergo apoptosis
leading to an age-related exhaustion of the satellite cell pool.
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Increased satellite cell proliferation in injured muscle of KPNA1 KO mice
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We next investigated the role of KPNA1 in ASC during BaCl2-induced muscle regeneration
in gastrocnemius muscles. Mice were injected with BrdU after injury and the muscles
collected 3 days after injury (Figure 3A). Proliferating satellite cells in KPNA1 W T and KO
mice were analyzed by flow cytometry. The number of proliferating satellite cells in
regenerating muscles was about 2-fold higher in KPNA1 KO mice compared to WT,
consistent with the increased satellite cell proliferation observed in uninjured muscles
(Figure 3B). The increased proliferation was specific for satellite cells as blood and
endothelial cells as well as FAP cells in the same muscles did not show any proliferative
difference between KPNA1 WT and KO (Figure 3C). To analyze the myogenic lineage
progression of proliferating satellite cells, suspension cultures of isolated myofibers, an ex
vivo model of muscle injury, were performed using KPNA1 WT and KO myofibers. At 0
and 72 hours in culture, satellite cells were immunostained for Pax7 and MyoD, two
myogenic transcription factors whose expression levels change during myogenic
differentiation, and the number of satellite cells expressing these markers was quantified
(Figure 3D). After 72 hours of culture, the number of satellite cells associated with KPNA1
KO myofibers was 30% greater than with WT myofibers suggesting that the early stages of
satellite cell expansion are accelerated by the loss of KPNA1. However, no significant
differences between genotypes were noted in the percentage of satellite cells at each stage of
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myogenic differentiation (Figure 3E). Taken together, these results indicate that the loss of
KPNA1 alters satellite cell proliferation but not differentiation during muscle injury.
Enhanced muscle regeneration and normal satellite cell self-renewal in injured KPNA1 KO
muscles

Author Manuscript
Author Manuscript

Subsequently, we analyzed later stages of muscle regeneration in order to determine if loss
of KPNA1 affects satellite cell self-renewal or the restoration of normal tissue architecture
after muscle degeneration. TA muscles of KPNA1 WT and KO mice were injured with
BaCl2 and collected 7, 30, 50, and 90 days post-injury. Muscle sections were immunostained
for Pax7 and the number of Pax7+ satellite cells was quantified at each time point (Figure
4A). Consistent with previous data, more Pax7+ cells were observed in KPNA1 KO muscles
at 7 days post-injury; however, similar numbers of Pax7+ cells were present in both
genotypes after 30 days post-injury. Since satellite cell renewal is complete in WT muscles
by 50 days after injury [46] these results suggest that self-renewal is normal in KPNA1 KO
satellite cells under these conditions. The increased number of satellite cells present in
KPNA1 KO muscles contributed to accelerated muscle regeneration at early stages as
myofiber cross-sectional area in KPNA1 KO muscle was increased relative to W T at 7 days
post-injury. However, this hypertrophic effect in KPNA1 KO muscle was not retained after
30 days post-injury (Figure 4B, C). To investigate whether KPNA1 KO satellite cells
undergo apoptosis in regenerating muscles, we quantified Annexin V+ satellite cells by flow
cytometry as previously described for uninjured muscles. The percentage of apoptotic
KPNA1 KO satellite cells was ~2-fold higher than WT in gastrocnemius muscles 14 days
after injury (Figures 4D, E). Similar to the flow cytometry results, the percentage of active
caspase-3+MyoD+ satellite cells was 2-fold higher in KPNA1 KO TA muscle sections 7 days
after injury compared to WT (Supplementary Figure 4). These results indicate that the
enhanced number of KPNA KO satellite cells is beneficial for muscle regeneration in the
early phases after injury, but this effect is not maintained at later phases likely due to the
high level of apoptotic satellite cells.
Reduced nuclear translocation of p27 and increased Cyclin d1 mRNA in KPNA1 KO
satellite cells

Author Manuscript

In order to gain mechanistic insights into the proliferative phenotype of KPNA1 KO satellite
cells, we searched for potential cargo proteins of KPNA1 from a protein-protein interaction
database (Wiki-Pi) [47]. In humans, 32 proteins are known to interact with KPNA1 and
these proteins were grouped into 4 categories by Gene Ontology analysis (Figure 5A). More
than half of the known KPNA1-interacting proteins fall into the category of transcription and
RNA metabolism, which implies a critical role for KPNA1 in regulating gene expression.
Moreover, 44% of cargo proteins were categorized as being involved in cell death or cell
proliferation, which are likely the most relevant cargo candidates for KPNA1 given the
phenotype of KPNA1 KO satellite cells.
Among the cargo candidates shown in Figure 5A, the cell cycle inhibitory protein, CyclinDependent Kinase Inhibitor 1B (CDKN1B), known as p27, prevents activation of the cyclin
D1-CDK4 complex to stall cell cycle entry into G1 [48] and keep cells quiescent [49].
Previous work indicated that p27 binds KPNA1 in order to be transported into the nucleus
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[50, 51]. Therefore, we hypothesized that p27 may be mislocalized in KPNA1 KO satellite
cells thereby inducing cyclin D1 activation and leading to the observed proliferative
phenotype in these cells. To test this hypothesis, we isolated satellite cells from uninjured W
T and KPNA1 KO muscles and immunostained for p27 after 3 days in culture. We observed
two-fold more KPNA1 KO satellite cells with cytosolic localization of p27 compared to WT
cells (Figures 5B, C), while levels of p27 mRNA did not differ in satellite cells from W T
and KPNA1 KO (Figure 5D). We also noted a 5-fold increase in Cyclin D1 mRNA in
KPNA1 KO satellite cells consistent with the increased proliferation of these cells (Figure
5D). Taken together, inefficient nuclear localization of the cell cycle inhibitor p27 likely
contributes to the proliferative phenotype observed in KPNA1 KO satellite cells.
Down-regulation of Wnt signaling in KPNA1 KO satellite cells

Author Manuscript
Author Manuscript
Author Manuscript

To examine alterations in the proteome of satellite cells in the absence of KPNA1, QSC were
isolated from hindlimb muscles of W T and KPNA1 KO mice and mass spectrometry was
performed. A total of 1,002 proteins were identified with 73 proteins enriched in WT
satellite cells and 222 proteins enriched in KPNA1 KO satellite cells as defined by a 1.5-fold
change (Figure 6A). Using Gene Ontology analysis, in the cell proliferation category we
noted a proteomic signature indicating down-regulation of canonical Wnt signaling in
KPNA1 KO satellite cells (Figure 6B, Supplementary Table 2). For example, the levels of βcatenin (CTNNB1, a critical transcriptional co-activator in Wnt signaling [52]) were lower
in KPNA1 KO satellite cells. In contrast, levels of N-myc downstream regulated gene 2
(NDRG2) [53] and emerin (EMD) [54], which all inhibit β-catenin-mediated Wnt signaling,
were higher in KPNA1 KO satellite cells. Reduced Wnt signaling can affect satellite cell
proliferation [55], survival [56] and lineage conversion [57]. We used qRT-PCR to quantitate
levels of Fosl1, a target gene of Wnt signaling [58] as well as a KPNA1-interacting protein
[59], in KPNA1 W T and KO satellite cells and observed decreased Fosl1 mRNA in KPNA1
KO satellite cells (Figure 6C). Interestingly, Lymphoid enhancer factor 1 (LEF1), a critical
co-transcription factor for Wnt signaling through interaction with β-catenin in the nucleus
[60], is a known KPNA1-interacting protein (Figure 5A, [61]). To examine whether loss of
KPNA1 alters LEF1 nuclear import in satellite cells, we immunostained for LEF1 in WT
and KPNA1 KO satellite cells after 5 days in culture. Although levels of Lef1 mRNA did not
differ (Figure 6F), approximately 1.4-fold more KPNA1 KO satellite cells showed cytosolic
localization of LEF1 compared to WT cells (Figures 6D, E), implying down-regulation of
LEF1-dependent transcription of Wnt target genes. Since β-catenin-mediated Wnt signaling
regulates cell survival-related genes [62], reduced Wnt signaling may increase the
susceptibility of KPNA1 KO satellite cells to apoptosis. To investigate this possibility, we
used qRT-PCR to analyze Survivin mRNA, an anti-apoptotic gene regulated by Wnt
signaling, in 5 day-cultured satellite cells and observed 45% lower levels in KPNA1 KO
satellite cells compared to WT (Figure 6F). Taken together, these results suggest that the
nuclear proteins transported by KPNA1 in satellite cells modulate apoptosis through
regulation of Wnt signaling.

Stem Cells. Author manuscript; available in PMC 2017 June 01.

Choo et al.

Page 12

Author Manuscript

Discussion
These studies establish that the nuclear import receptor KPNA1 plays a role in regulating the
balance between quiescence and activation of muscle satellite cells. In the absence of
KPNA1, satellite cells prematurely activate and proliferate in uninjured muscle but they
undergo apoptosis leading to satellite cell exhaustion with age. Increased proliferation of
satellite cells was also observed in injured muscle leading to enhanced regeneration at the
early but not late phases of regeneration likely due to the high level of apoptosis in KPNA1
KO satellite cells. These results indicate that regulated nuclear import of proteins by the
classical nuclear localization pathway is critical for satellite cell proliferation and survival.

Author Manuscript
Author Manuscript

During the transition between satellite cell quiescence and activation, we observed
differential changes in the transcript levels of six Kpna paralogs. For example, Kpna1
mRNA decreased from day 0 to day 2 after injury but Kpna2 mRNA increased during the
same time period. Plasticity in KPNA paralog expression also occurs during differentiation
of other cell types both in vivo and in vitro although cell types differ in the particular types
of KPNA paralogs expressed [23, 63-67]. Interestingly, distinct cellular roles for KPNA
paralogs have been identified in several cell types, including the current study. In mouse ES
cells, KPNA2 plays a critical role in inhibiting cell differentiation, whereas KPNA1 induces
neuronal differentiation [63, 68]. During mouse spermatogenesis, KPNA4 acts to protect
these cells against oxidative stress [69]. In lower organisms such as Planaria, knockdown of
the KPNA homolog, Smed-ima-1, leads to defects in differentiation and tissue patterning
[70]. Furthermore, we previously reported distinct roles for KPNA1, KPNA2, and KPNA4 in
mouse myoblast proliferation and myotube growth during in vitro myogenesis [24].
Although KPNA paralogs play critical roles in cell differentiation of multiple cell types,
little is known about the molecular mechanisms which link signaling pathways to changes in
their expression. The observed plasticity in KPNA paralog expression during satellite cell
activation would be predicted to alter the nuclear proteome since individual KPNA paralogs
can preferentially bind to specific cNLS-containing proteins [71]. Indeed, during satellite
cell activation the levels of more than 80% of cNLS proteins identified in satellite cell nuclei
changed. Taken together, our data suggest that changes in KPNA paralog expression during
satellite cell activation are a regulatory mechanism by which the nuclear entry of unique sets
of proteins is controlled in a precise temporal manner to regulate specific molecular
programs required for satellite cell function. Nuclear proteins such as transcription factors
required at specific stages of a satellite cell's life cycle could lie dormant in the cytoplasm,
but then quickly gain access to the genome as a group once a particular KPNA is expressed.
Such a system would bypass the need to wait for the cell to transcribe and/or translate
multiple genes in response to external signals.

Author Manuscript

We focused on studying the role of KPNA1 in satellite cells because this was the only
KPNA paralog that decreased during satellite cell activation suggesting that nuclear import
of KPNA1-dependent proteins must be down-regulated during the early phases of muscle
regeneration. Depletion of KPNA1 resulted in increased satellite cell proliferation and early
exhaustion of the satellite cell pool in uninjured mouse muscle. The finding of increased
satellite cell proliferation in uninjured muscle is a rare phenotype. The only other report of
such re-entry into the cell cycle by quiescent satellite cells occurred with knockout of
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retinoblastoma tumor suppressor protein (Rb1), a cell cycle regulatory factor [72]. However,
unlike the expanded satellite cell pool found in Rb1 null muscle, the satellite cell pool of
KPNA1-depleted muscle was reduced with aging due to apoptosis of the satellite cells.

Author Manuscript

We also observed increased proliferation and apoptosis of satellite cells in regenerating
KPNA1 KO muscle as in uninjured muscle. Increased proliferation of satellite cells in
regenerating muscles has been previously noted with the knockout of Notch signalingrelated proteins [73, 74], Hexamethylene Bis-Acetamide Inducible 1 [75] and MitogenActivated Protein kinase phosphatase 5 [76] resulting in enhanced hypertrophy of
regenerated myofibers. We noted enhanced myofiber size in the early phases of regeneration
in KPNA1 KO muscles but this was not maintained at late phases likely due to apoptotic
satellite cells. However, we cannot rule out that the loss of KPNA1 in other cell types, such
as nerves or myofibers, may have also contributed to the absence of myofiber hypertrophy at
later phases.
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Several lines of evidence suggest that the hyperproliferation observed in KPNA1 KO
satellite cells both in uninjured and injured muscle is likely due to a cell intrinsic role for
KPNA1 rather than an extrinsic effect by KPNA1 loss in other cell types. We have
previously demonstrated that siRNA-mediated knockdown of KPNA1 in pure cultures of
primary mouse myoblasts results in enhanced cell proliferation [24]. In addition, in the
current study, 30% higher numbers of KPNA1 KO satellite cells were observed after 72 hrs
in single myofiber cultures without other mononucleated cell types. Furthermore, increased
levels of transcripts for cell cycle regulators were observed in sorted KPNA1 satellite cells.
We attempted to analyze the cell intrinsic role of KPNA1 in satellite cells by generating
Pax7creER-Kpna1 floxed mice but despite multiple modifications of the tamoxifen
treatment protocol, we could only obtain a 50% decrease in Kpna1 levels, which were not
sufficient to alter satellite cell proliferation (data not shown).

Author Manuscript

To study the molecular mechanisms underlying the proliferative phenotype of KPNA1 KO
satellite cells, we mined a protein-protein interaction database (Wiki-Pi) [47] based on
verified data, and identified 32 KPNA1-interacting proteins. We demonstrated that one of
these KPNA1 cargo proteins, p27 (CDKN1B, a cell cycle inhibitor protein), was localized to
the cytoplasm in a greater proportion of KPNA1 KO satellite cells than WT although both
genotypes showed similar transcript levels. Loss of p27 nuclear localization in KPNA1 KO
satellite cells would be predicted to stimulate cell proliferation [77], consistent with the
hyperproliferation observed in KPNA1 KO cells in both uninjured and injured muscle. Not
all KPNA1 satellite cells showed the defect in nuclear localization of p27, perhaps because
p27 also binds KPNA4 [51], which may compensate for the absence of KPNA1-mediated
nuclear transport of p27 in a subset of satellite cells. Such heterogeneity could arise from
differences in the levels of KPNA1 among individual satellite cells. Studies of KPNA1 at the
single cell level await the generation of new antibodies that are highly specific to KPNA1 in
mouse satellite cells. In addition to redundant nuclear transport receptors for p27, p27 also
has functional redundancy with p57, which maintains stem cell quiescence [49] and is not
known to interact with KPNA1.

Stem Cells. Author manuscript; available in PMC 2017 June 01.

Choo et al.

Page 14

Author Manuscript
Author Manuscript

To gain further insights into the molecular mechanisms underlying the phenotype of KPNA1
KO satellite cells, we analyzed QSC from WT and KPNA1 KO muscles by mass
spectrometry. Reduced Wnt signaling was suggested by the proteomic data, which was
confirmed by decreased mRNA levels of Fosl1, a downstream gene target of Wnt signaling
[58]. Although Wnt signaling is critical for cellular proliferation and muscle differentiation
[55, 78], KPNA1 KO satellite cells were characterized by greater proliferation, normal
myogenic lineage progression and enhanced regeneration. Likely other nuclear proteins
which positively regulate proliferation and differentiation could overcome the effects of
decreased Wnt signaling on these cellular parameters. Interestingly, LEF1, a known KPNA1
interacting protein and a critical transcription factor together with β-catenin for activating
Wnt target genes, was present in the cytosol of a higher proportion of KPNA1 KO satellite
cells than WT. LEF1 also binds KPNA2 [61], which may compensate for the absence of
KPNA1-mediated nuclear transport of LEF1 in a subset of satellite cells. Loss of LEF1
nuclear localization in a limited subset of KPNA1 KO satellite cells would lead to less
activation of Wnt signaling but would not be sufficient to appreciably change myogenic
lineage commitment in activated satellite cells. Among Wnt target genes, mRNA of Survivin
[62], an inhibitor of apoptosis, was reduced in KPNA1 KO satellite cells, which correlates to
the high levels of apoptosis observed in KPNA1 KO satellite cells. Although we identified
several nuclear proteins (p27 and LEF1) that are mislocalized in KPNA1 KO satellite cells
whose known functions correlate with the hyperproliferation and apoptosis phenotypes,
likely the observed phenotype results from a net effect of multiple mislocalized nuclear
proteins.

Conclusion
Author Manuscript

This work establishes cNLS nuclear import as a novel regulatory mechanism for controlling
satellite cell proliferation and survival. Changes in the levels of individual KPNA paralogs in
satellite cells during muscle regeneration could provide an additional level of cellular control
by acting as a gate keeper for access of specific subsets of cargo proteins to the nucleus in
addition to transcriptional and translational regulation of individual cargo proteins. Loss of
KPNA1 led specifically to enhancement of cell proliferation and apoptosis without any
effects on differentiation. Additional studies are require d to assess the role of other KPNA
paralogs in satellite cells. Our results suggest that changes in the nuclear transport
machinery with oxidative stress [79], aging [80], or disease [81] could lead to loss of
satellite cells or changes in myogenic ability with adverse outcomes on skeletal muscle.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Changes in the expression of Kpna paralogs and cNLS-containing proteins in satellite
cells during muscle regeneration

Author Manuscript

(A, B) qRT-PCR analyses of FACS sorted satellite cells from uninjured or injured
gastrocnemius muscles for Kpna paralogs. (A) Relative mRNA levels of Kpna paralogs in
quiescent satellite cells (QSC). (B) mRNA levels of Kpna paralogs, Pax7, and myogenin at
different days after muscle injury. All data were normalized to uninjured values (Day 0) for
each Kpna paralog. Data represent the mean ± SEM. n=3, **p<0.01 and *p<0.05. (C, D)
Proteomic analysis of nuclei isolated from FACS sorted QSC and activated satellite cells
(ASC) 3 days after injury. (C) The number of nuclear proteins and classical nuclear
localization signal (cNLS) nuclear proteins identified by mass spectrometry from QSC and
ASC. (D) Heat map showing abundance of cNLS-containing nuclear proteins in QSC and
ASC.
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Figure 2. Increased satellite cell proliferation and apoptosis in uninjured muscle s of KPNA1 null
mice

(A) Schematic of BrdU injection and immunolabeling of satellite cells for FACS analysis.
(B) The percentage of BrdU+ satellite cells in KPNA1 null (KO) hindlimb muscles was
increased approximately 3-fold relative to wild type (WT). (C) The percentage of BrdU+
blood/endothelial cells (EC) and fibro/adipocyte progenitors (FAP) did not significantly
differ between WT and KO hindlimb muscles. (D) By flow cytometry, the percentage of
BrdU+ hematopoietic stem cells (HSC) did not significantly differ between W T and KO
mice. Lin = CD3/Gr-1/CD11b/CD45R/Ter-119 (E) The number of BrdU+ myonuclei in
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sections of tibialis anterior (TA) muscles did not differ between uninjured WT and KO mice.
(F) Representative flow plots depicting apoptotic satellite cells positive for Annexin V and
negative for propidium iodide (PI). (G) The percentage of apoptotic satellite cells was
increased approximately 2.5-fold in KO hindlimb muscles relative to WT. AnnV = Annexin
V. (H) Representative images of TA muscles immunostained for Pax7 (green), laminin (red),
and DAPI (blue). Bar = 50 μm. White arrowheads indicate Pax7+ satellite cells co-stained
with DAPI and located inside of laminin outlines. (I) Pax7+ satellite cells were significantly
decreased in TA muscles of KO mice relative to W T at both 3 and 15 months of age. Data
represent the mean ± SEM. n=3 for all experiments. **p<0.01 and *p<0.05.
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Figure 3. Increased satellite cell proliferation in regenerating muscles of KPNA1 null mice
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(A) Schematic of muscle injury induced by BaCl2 and BrdU injection protocol. (B) The
percentage of BrdU+ satellite cells in regenerating KPNA1 null (KO) gastrocnemius muscles
was increased about 2-fold relative to wild type (WT). (C) The percentage of BrdU+ blood/
endothelial cells (EC) and fibro/adipocyte progenitors (FAPs) did not significantly differ
between regenerating gastrocnemius muscles of WT and KO mice. (D) Representative
images of WT and KO myofibers immunostained for Pax7 (green) and myoD (red) after 72
hours of culture. Bar = 50 μm. (E) Pax7+, Pax7+MyoD+ and MyoD+ satellite cells were
quantified on myofibers at 0 and 72 hours of culture in order to analyze lineage progression.
The total number of KO satellite cells was increased by approximately 30% after 72 hours of
culture. The percentage of satellite cells at each stage of lineage progression did not
significantly differ between WT and KO myofibers. WT myofibers=15; KO myofibers=21.
Data represent the mean ± SEM. n=3-5 for all experiments. **p<0.01 and *p<0.05.
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Figure 4. Increased numbers of satellite cells and enhanced regeneration but normal self-renewal
in KPNA1 null muscles

(A) The number of Pax7+ cells was increased at 7 days post-injury in TA muscles of KPNA1
null (KO) mice relative to WT demonstrating the higher proliferative capacity of KO
satellite cells. (B) Representative hematoxylin and eosin stained TA muscle sections 7 and
30 days post-injury (dpi) in W T and KO mice. Bar = 50 μm (C) TA myofiber crosssectional area (CSA) of KO 7 days post-injury (dpi) was significantly increased relative to
WT indicating enhanced muscle regeneration at early phases. However, no significant
differences were noted 30 dpi. Total 903 W T myofibers (n=5) and 748 KO myofibers (n=3)
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for 7 dpi and total 637 WT myofibers (n=4) and 674 KO myofibers (n=4) for 30 dpi were
analyzed, respectively. (D) Representative histogram plots depicting apoptotic satellite cells
positive for Annexin V. (E) The percentage of apoptotic satellite cells was increased
approximately 2.4-fold in KO gastrocnemius muscles relative to W T. AnnV = Annexin V.
Data represent the mean ± SEM. n=3 for all experiments. **p<0.01 and *p<0.05.
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Figure 5. Reduced nuclear translocation of the cell cycle inhibitor p27/CDKN1B in KPNA1 null
satellite cells

(A) Venn diagram of 32 KPNA1-interacting proteins identified by Wiki-Pi and grouped into
4 categories by Gene Ontology (GO) analysis. (B) Representative images of p27/CDKN1B
(green) and Pax7 (red) immunostaining and DAPI (blue) of wild type (WT) and KPNA1 null
(KO) satellite cells isolated by magnetic activated cell sorting and cultured for 3 days. White
arrowheads indicate satellite cells with cytosolic p27. Bar = 20 μm. (C) The number of
satellite cells with cytosolic p27/CDKN1B immunostaining was increased 3-fold in KO
relative to WT indicating impaired nuclear import of p27/CDKN1B. Approximately 400
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cells were analyzed for each genotype. (D) Relative mRNA levels of Kpna1, p27, and Cyclin
d1 in WT and KO isolated satellite cells. No significant difference was noted in p27 mRNA
levels. The increased levels of Cyclin d1 in KO satellite cells are indicative of the increased
cell proliferation observed in KO satellite cells relative to WT. Data represent the mean ±
SEM. n=3 for all experiments. **p<0.01 and *p<0.05.
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Figure 6. Down-regulation of Wnt signaling in KPNA1 null satellite cells

(A) Venn diagram of proteins identified by mass spectrometry in KPNA1 W T and KO
satellite cells purified by flow cytometry from hindlimb muscles. A total of 893 proteins
were identified with 70 proteins enriched in W T and 211 proteins enriched in KO as defined
by a 1.5-fold change. (B) Heat map of down-regulated (< −1.5 fold) and up-regulated (> 1.5
fold) cell proliferation categorized proteins by Gene Ontology (GO) analysis in KO QSC.
*proteins indicate down-regulation of Wnt signaling in KO satellite cells. (C) Reduced levels
of Fosl1 mRNA in KO QSC indicates decreased Wnt signaling in these cells. (D)
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Representative images of Lymphoid enhancer factor 1 (LEF1, (green)) and Pax7 (red)
immunostaining and DAPI (blue) of satellite cells isolated by magnetic activated cell sorting
and cultured for 5 days. White arrowheads indicate satellite cells with cytosolic LEF1. Bar =
30 μm. (E) The number of satellite cells with cytosolic LEF1 immunostaining was increased
about 40% in KO satellite cells relative to WT indicating impaired nuclear transport of
LEF1. Approximately 800-1000 cells were analyzed for each genotype. (F) Relative mRNA
levels of Lef1 and Survivin in W T and KO 5 day-cultured satellite cells. No significant
difference was noted in Lef1 mRNA levels. The decreased levels of Survivin mRNA in KO
satellite cells is indicative of the higher apoptosis observed in these cells relative to WT.
Data represent the mean ± SEM. n=3 for all experiments. **p<0.01 and *p<0.05.
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