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Summary

Cell surface markers for prospective isolation of stem cells from human skeletal muscle have been 

difficult to identify. Such markers would be powerful tools for studying satellite cell function 

during homeostasis and in pathogenesis of diseases such as muscular dystrophies. In this study, we 

show that the tetraspanin KAI/CD82 is an excellent marker for prospectively isolating stem cells 

from human fetal and adult skeletal muscle. Human CD82+ muscle cells robustly engraft into a 

mouse model of muscular dystrophy. shRNA knockdown of CD82 in myogenic cells reduces 

myoblast proliferation, suggesting it is functionally involved in muscle homeostasis. CD82 

physically interacts with alpha7beta1 integrin (α7β1-ITG) and with α-sarcoglycan, a member of 

the Dystrophin-Associated Glycoprotein Complex (DAPC), both of which have been linked to 

muscular dystrophies. Consistently, CD82 expression is decreased in Duchenne muscular 

dystrophy patients, together suggesting that CD82 function may be important for muscle stem cell 

function in muscular disorders.
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Introduction

The muscular dystrophies are progressive disorders affecting children and adults (Chelly and 

Desguerre, 2013; Mercuri and Muntoni, 2013). One example of this class of diseases is 

Duchenne muscular dystrophy (DMD), which is caused by mutations in dystrophin (Monaco 

et al., 1986), a large cytoplasmic protein located at the sub-sarcolemma of myofibers 

(Hoffman et al., 1987). Dystrophin functions in muscle by interacting with a group of 

proteins known collectively as the Dystrophin-Associated Glycoprotein Complex (DAPC) 

(Yoshida and Ozawa, 1990; Ibraghimov-Beskrovnaya et al., 1992). In the absence of 

dystrophin, the cellular levels of many DAPC proteins are severely reduced (Ervasti et al., 

1990), thus when dystrophin is mutated in DMD the function of other proteins is 

compromised.

A second protein complex located at the sarcolemma of myofibers is the α7β1 integrin. This 

protein complex is thought to provide membrane stabilization by linking the cytoskeleton to 

the extracellular matrix (Burkin and Kaufman, 1999). Mutations α7 integrin (α7-ITG) cause 

muscle disease in humans (Mayer et al., 1997; Hayashi et al., 1998). Overexpression of α7-

ITG in dystrophic mdx mice, a mouse model for DMD (Bulfield et al., 1984), significantly 

ameliorates the dystrophic pathology via increased stability of the link between α7-ITG and 

laminin (Burkin et al., 2005). The tetraspanin sarcospan, an associated member of the 

DAPC, interacts with the α7β1 integrin (Marshall et al., 2015), however whether other 

proteins are also associated with this complex or link the DAPC and α7β1 integrin protein 

complexes is not entirely known. In the present study, we demonstrate that the tetraspanin 

KAI/CD82 is an excellent prospective marker for purification of stem cells from human fetal 

and adult skeletal muscles. CD82+ human muscle cells successfully engraft in vivo in an 

immune-deficient mouse model of muscular dystrophy. CD82 interacts with α7β1-ITG in 

human myogenic cells and it is linked to the DAPC complex via interaction with α-
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sarcoglycan. Expression of CD82 is decreased in muscle tissue and myoblasts from DMD 

patients, suggesting that CD82 function may be linked to muscular dystrophies.

Results

To uncover regulators of human myogenesis, we sought to identify markers that label 

myogenic cells in developing human muscle. Melanoma Cell-Adhesion Molecule (MCAM) 

enriches for myogenic cells in human fetal muscle (Lapan and Gussoni, 2012), however 

MCAM is expressed in both myogenic Pax7+ satellite cells, mature myofibers and a 

subfraction (~25%) of Pax7− cells (Figure S1A, B). To further refine the myogenic from 

non-myogenic cells within the MCAM-positive fraction, comparison of the transcriptome of 

MCAM+ versus MCAM− cells identified CD82 as one candidate preferentially expressed in 

MCAM+ cells (Table S1). CD82 showed partial myofiber staining and it outlined cells that 

co-stained with Pax7 in vivo (Figure 1A). By western blot, CD82 protein was detected as a 

band of ~30Kd in uncultured, proliferating and differentiating human fetal myogenic cells 

(Figure 1B). FACS analysis of freshly dissociated human fetal muscle cells using CD82 and 

MCAM confirmed that CD82 marked a subpopulation of MCAM+ cells (Figure 1C). Sorted 

cell populations were induced to differentiate in vitro and myotube forming activity was 

restricted to the CD82+ subpopulation of MCAM+ cells, while neither double negative, nor 

MCAM+CD82− retained myotube-forming potential (Figure 1D). To confirm enrichment in 

myogenic activity when CD82 and MCAM were used in conjunction, the myotube 

formation ability of MCAM+CD82+ cells was compared to MCAM+ (total) cells. The fusion 

index (Figure 1E) and myotube size (Figure 1F) were significantly higher for 

MCAM+CD82+ compared to MCAM+ cells. By immunofluorescence, co-staining of CD82, 

dystrophin and MyoD revealed CD82 expression at the membrane of mononuclear MyoD+ 

and dystrophin+ cells (Figure 1G). Dystrophin is most known for its function in myofibers 

(Hoffman et al., 1987), although a role in muscle stem cell division has recently been 

reported (Dumont et al., 2015).

To determine if increased cell fusion in vitro translates into efficient myogenic cell 

engraftment in vivo, immune-deficient mice with muscular dystrophy (NODRag1nullmdx5cv) 

(Rozkalne et al., 2014) were injected intramuscularly with human fetal CD82+MCAM+ and 

MCAM+ total cells. Tissues were harvested 1 and 3 months after transplantation and cell 

engraftment was quantified based on co-expression of human-specific spectrin, human lamin 

A/C and dystrophin (Figure 2A, B) (Rozkalne et al., 2014). At both timepoints, significantly 

more myofibers of human origin were found in recipient muscles injected with 

MCAM+CD82+ cells compared to MCAM+ cells (Figure 2C, p<0.02). To investigate if 

CD82 would be a useful marker for myogenic cell selection in human adult muscle, 

mononuclear cells were stained for CD56 (NCAM) and CD82 (Figure S2A). FACS analyses 

showed co-expression of CD82 and CD56 and only the CD82+ cells in the CD56+ fraction 

exhibited myogenic activity in vitro (Figure S2B) and in vivo (Figure S2D). 

Immunofluorescence co-staining of CD82 and Pax7 on muscle tissue sections detected 

CD82 expression on the membrane of Pax7+ satellite cells (Figure S2C). To study the 

function of CD82 in myogenic cells, CD82-sh or control-sh RNA silencing was performed 

on primary human fetal MCAM+CD82+ myogenic cells using lentiviral vectors (Figure 2D). 

CD82-sh cultures showed a significantly decreased number of total cells, which was not due 
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to apoptosis (Figure 2E) but to impaired cell proliferation, as confirmed by Ki-67 

immunostaining (Figure 2F–G) and decreased levels of PCNA expression (Figure 2H). 

Additionally, myogenic differentiation appeared decreased in CD82-silenced cells, as 

indicated by decreased MRF4 (Myf6) and myogenin expression.

Tetraspanins are known to form complexes with other proteins at the cell membrane 

(Hemler, 2005). CD82 is known to interact with integrins, including α3, α4 and α6 integrin 

in a cell-specific manner (Mannion et al., 1996; Okochi et al., 1997). We hypothesized that 

CD82 may interact with α7 integrin (α7-ITG), given in known expression in fetal and adult 

muscle satellite cells (Gnocchi et al., 2009). Constructs expressing HA-tagged CD82 and 

FLAG-tagged α7-ITG were transfected into HEK293 cells individually or together (Figure 

3A, B). Following immunoprecipitation (IP) using anti-FLAG and western blot using anti-

HA, only cells transfected with both constructs exhibited two protein bands, consistent with 

the expected sizes for non-glycosylated and glycosylated CD82 (Cannon and Cresswell, 

2001), suggesting interaction (Figure 3A). Reciprocal IPs using anti-HA for pulldown 

followed by western blot using anti-FLAG revealed a band at the expected molecular weight 

(MW) for α7-ITG (Figure 3B). To confirm these findings, endogenous IPs using primary 

human fetal myoblasts were performed (Figure 3C–D). Control protein lysates (input) 

detected bands of ~120Kd and 37Kd, consistent with the expected MW of isoforms α7-

ITGB and α7-ITGA, respectively (Velling et al., 1996). CD82 successfully co-

immunoprecipitated with α7-ITGA and α7-ITGB, while negative control pulldowns using 

IgG or anti-CD56 did not co-immunoprecipitate e isoform (Figure 3C). Reverse co-IP’s 

using anti-α7-ITG resulted in CD82 protein pulldown, while immunoprecipitation using IgG 

or an antibody to another integrin (anti-β4 integrin) did not (Figure 3D). To confirm the 

vicinity of CD82 and α7-ITG, in situ proximity ligation assays (PLA) were performed on 

human fetal MCAM+ myogenic cells (Figure 3E) (Fredriksson et al., 2002; Soderberg et al., 

2008). A negative control using anti-CD82 alone showed minimal background signal, while 

antibodies to CD82 and α7-ITG from different species and in different combinations yielded 

numerous positive red signals, confirming proximity (Figure 3E–F).

We then sought to examine the relationship of CD82 expression and diseased muscle. 

Localization of CD82 in human muscle tissue sections from unaffected individuals revealed 

CD82 immunostaining localized to the membrane of Pax7+ satellite cells (Figure S3A). In 

addition to Pax7+ satellite cells, affected muscles including DMD muscle showed expression 

of CD82 in regenerating fibers, which appeared lobulated as if the myofiber cytoplasm was 

subdivided (arrows). Co-localization of Pax7+ and CD82+ cells was quantified in all 

conditions (Figure S3B). To determine if the overall expression of CD82 was affected in 

DMD muscle protein lysates of tissue (Figure 4A) or purified myogenic cells (Figure 4B) 

were analyzed by western blot. Bands of the expected size for CD82 were seen in unaffected 

and DMD samples, with variable but significantly decreased expression in DMD. Decreased 

CD82 expression in dystrophin deficiency raised the possibility that CD82 is linked to 

disease pathology. We hypothesized that if CD82 is associated with dystrophin or a member 

of the DAPC, its expression might be decreased in diseased muscle. A candidate DAPC-

interacting protein could be α-sarcoglycan, since its expression is reduced in DMD muscle 

cells compared to normal ones (Cassano et al., 2011) as a result of instability of the entire 

DAPC complex when dystrophin is mutated (Ervasti et al., 1990). CD82 and α7-ITG protein 
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pulldowns were analyzed by western blot using anti-α-sarcoglycan (Figure 4C) and 

confirmed that α-sarcoglycan co-immunoprecipitated with CD82 and α7-ITG. Additionally, 

PLA assays using purified human fetal MCAM+ myogenic cells supported the finding that 

CD82, α-sarcoglycan and α7-ITG are likely part of a protein complex (Figure 4D–E).

To determine if overexpression of CD82 in control or DMD myogenic cells leads to changes 

in proliferation or differentiation, a doxycycline-inducible lentivirus expressing V5-tagged 

CD82 was used to infect normal and DMD primary cells (Figure S4). Overexpression was 

confirmed by FACS (Figure S4A) and by western blot in myoblasts and myotubes (Figure 

S4B, D). EdU incorporation assayed by FACS revealed no significant changes between 

control (no Dox) and CD82 overexpressing (+Dox) cultures. Interestingly, DMD myoblasts 

intrinsically incorporated more EdU than normal cells, suggesting they are hyperactivated. 

CD82 overexpression in normal myoblasts (Figure S4C) and myotubes (Figure S4E) 

increased MRF4 expression, in agreement with the silencing data that had shown decreased 

MRF4 expression following CD82 silencing. In addition, α-sarcoglycan expression in 

myotubes increased significantly following CD82 overexpression, while α7-integrin 

expression did not (Figure S4E).

Discussion

The tetraspanins are an important family of proteins known to recruit other proteins at the 

cell membrane including integrins and cell adhesion molecules, thus initiating important cell 

decisions (Hemler, 2005). In skeletal muscle, tetraspanins have been associated with muscle 

differentiation and/or muscle function. The tetraspanins CD9, CD81 and CD53 have each 

been implicated in muscle cell fusion (Tachibana and Hemler, 1999; Liu et al., 2012). 

Transgenic overexpression of sarcospan, a tetraspanin associated with the DAPC, leads to 

dystrophic sarcolemma stabilization through upregulation of utrophin and activation of AKT 

signaling (Marshall et al., 2012; Marshall et al., 2013). CD82 has been mostly studied in 

cancer, as its expression is associated with inhibition of metastasis formation (Dong et al., 

1995). Recently, CD82 has been reported to maintain the dormancy of hematopoietic stem 

cells (HSC), suggesting a role for this protein in normal cells, specifically stem cells (Hur et 

al., 2016). Our studies demonstrate that CD82 is expressed by human muscle stem cells 

(Pax7+ progenitors), but its expression is also maintained in activated and differentiating 

myogenic cells. Unlike the hematopoietic system, CD82 expression in muscle is not 

restricted to the stem cells, suggesting tissue-specific function of this tetraspanin, possibly 

mediated by unique interacting partners. Downregulation of CD82 expression in purified 

myogenic cells leads to decreased proliferation and differentiation, while its overexpression 

increases myogenic cell differentiation. CD82 is likely in a protein complex with α7 

integrin, a known muscle satellite cell marker (Blanco-Bose et al., 2001; Pasut et al., 2012) 

and with α-sarcoglycan, a member of the DAPC complex (Ervasti et al., 1990). Our studies 

show that CD82 expression is overall reduced in DMD myogenic cells and muscle tissue 

lysates, while a lobulated pattern of expression is seen in regenerating myofibers, suggesting 

presence of residual protein following incorporation of a CD82-expressing cell in the 

myofiber. In patients with mutations in α-sarcoglycan, expression of α7 Integrin is not 

reduced, but its localization appears in a more internalized position, possibly the costameres 

(Anastasi et al., 2004). In agreement with these findings, α-sarcoglycan expression appears 
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to be unaffected in α7 integrin null mice (Guo et al., 2006). These findings suggest that the 

expression of α7 integrin and α-sarcoglycan might not be functionally linked, while our data 

raises the possibility that CD82 is the protein that supports the stability of the complex.

Upregulation of α7 integrin expression in skeletal muscle is known to increase stability of 

the sarcolemma and ameliorate the function of dystrophic muscle (Burkin et al., 2001; 

Burkin et al., 2005). Interestingly, the number of satellite cells in Tg MCK-α7-ITG:mdx 
muscles is increased (Burkin et al., 2005), leaving open the possibility that CD82 might be 

involved in some of these observed changes. In addition, drug compounds which upregulate 

α7 integrin expression might also target CD82 function. Future studies in these models will 

be able to further elucidate the functional ties among CD82, α7 integrin and α-sarcoglycan.

Experimental Procedures

Please refer to detailed experimental procedures in the Supplemental Information.

Human samples

Human de-identified, discarded fetal tissue and human adult tissue were collected under 

protocols approved by the Committee of Clinical Investigation at Boston Children’s Hospital 

(IRB-P00020286 and 03-12-205R), respectively.

Immunofluorescence staining

Frozen muscle tissue sections were fixed in cold acetone at −20°C for 5 min. Antigen 

retrieval was performed at 95°C for 5 min, slides were then blocked for 45 min and 

incubated overnight with primary antibodies at 4°C. Slides were washed in PBS-Tween 20 

(PSBT), incubated with secondary antibody at RT for 1hr, washed again in PBST and 

mounted for analysis.

Primary muscle cell purification by FACS

Dissociated mononuclear fetal and adult muscle cells were filtered through a 40µm filter and 

primary antibodies were diluted in HBSS supplemented with 0.5% BSA (see Supplemental 

Table). To gate for live cells, calcein blue was incubated along with primary antibodies for 

30 min on ice. Samples were washed once and filtered again prior to cell sorting.

In vitro fusion assays

Sorted cells were plated for 18h and incubated in differentiation medium changed daily. 

Images were taken on a Nikon Eclipse TS100 microscope fitted with a Spot RT3 camera 

starting at D0 and every 24 hours. The fusion index (FI) was calculated as the percentage of 

nuclei fused within myotubes/total nuclei.

Cell transplantation in vivo and engraftment analyses

100,000 MCAM+CD82+ or MCAM+ cells were injected IM in opposite TA muscles of 

immune-deficient dystrophic NODRag1nullmdx5cv recipients. Tissues were harvested, snap-

frozen at 4 and 12 weeks post transplantation (Meng et al., 2014) and the entire muscles 

were sectioned and analyzed as described (Rozkalne et al., 2014). All fibers positive for 
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spectrin and dystrophin were counted as engrafted with human cells. Engrafted myofibers 

were compared between MCAM+ and MCAM+CD82+ injected muscles using a paired t-

test.

RNA silencing

Human CD82 and control sh-RNA lentiviral particles were purchased from Santa Cruz 

Biotechnology. Purified CD82+ CD56+ human cells were infected with lentiviral particles 

and infected cells were selected with puromycin according to the manufacturer’s 

instructions. Apoptosis assays were performed using a commercial kit (Thermo-Fisher).

Co-Immunoprecipitations

400 µg protein cell lysates were pre-cleared of IgG fractions, then incubated with 5µg of 

immunoprecipitating antisera. The immunoprecipitated lysates were incubated with 30µl of 

anti-IgG magnetic beads followed by magnetic separation. Bound fractions were 

electrophoresed on 4–12% NuPage gradient gels. Western blots were incubated with primary 

antisera overnight at 4°C, washed, incubated with secondary antisera for 1 hour at room 

temperature, washed and incubated with ECL Reagent.

PLA assays

PLA assays were performed using the Duolink® In Situ Red Starter Kit Mouse/Rabbit 

(Sigma-Aldrich) using the manufacturer’s instructions. Briefly, 15,000–20,000 MCAM+ 

human fetal myogenic cells were plated in 8 or 16-well slide chambers. Cells were fixed 

with 4%PFA, permeabilized in 0.5% Triton X-100 in PBS and washed 3×5 min in 0.05% 

Tween20 in TBS. Cells were blocked in Duolink II blocking solution for 30 min at 37°C; 

primary antibodies were added for 1hr at 37°C, diluted 1:50 in Duolink II diluent. Slides 

were washed 2×5 min at RT, then probes (mouse and rabbit) were applied incubated at 37°C 

for 1hr. Slides were washed 2×5 min, ligase was added incubated at 37°C for 30 min. Slides 

were washed 2×2 min, incubated in Duolink polymerase in the dark at 37°C for 100 min. 

Slides were washed 2×10 min at RT protected from light, mounted, coverslipped and 

imaged.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CD82 is a prospective marker for muscle satellite cells
A) Cross sections of human fetal skeletal muscle immunostained for CD82 (green) and Pax7 

(red). Co-staining confirmed that satellite cells express CD82. Nuclei are stained in blue 

with DAPI. Scale bars=50µm. B) Western blot of differentiating human fetal cells showing 

expression of CD82 (~30Kd) at all timepoints analyzed. C) FACS purification of myogenic 

cells from human fetal tissue using CD82 and MCAM. Live cells were gated based on 

Calcein Blue signal (left) and 4 cell fractions were isolated: MCAM+CD82+, 

MCAM+CD82−, MCAM−CD82− and MCAM+ total (MCAM+CD82+ and MCAM+CD82− 
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combined). D) Cells fractions were plated at the same density and induced to differentiate 

for 48 hours (scale bar: 100µm). MCAM−CD82− and MCAM+CD82− never fused, 

suggesting that selection for both MCAM and CD82 enriches for myogenic activity. E) The 

fusion index of MCAM+CD82+ at 48hrs following differentiation was significantly higher 

than in MCAM total (p<0.00001, n=5 samples). F) Myotube size is significantly increased 

in MCAM+CD82+ cells compared to MCAM total. For each sample, 10 independent 

microscopic images with 250–540 nuclei/image were analyzed. Small myotubes (2–9 nuclei 

in size) are significantly increased in MCAM total cells, while large myotubes containing 

>41 nuclei were only seen in the MCAM+CD82+ cell fraction. Data are represented as mean 

± SEM and p values were calculated via t-test. G) Co-expression of CD82, MyoD and 

dystrophin in cultured primary human fetal muscle cells (P1). CD82 localizes to the cell 

membrane of mononuclear myogenic cells expressing MyoD or dystrophin (arrows) 

(Dumont et al., 2015) and it is maintained in differentiating cultures. Scale bar: 50 microns.
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Figure 2. CD82+MCAM+ human muscle cells engraft in immune-deficient mice with muscular 
dystrophy
IM injections were performed in the tibialis anterior (TA) muscle of recipient 

NODRag1nullmdx5cv mice. 100,000 cells positive for MCAM alone (MCAM+) were 

injected in one TA, while the contralateral TA received 100,000 double-positive cells 

(MCAM+CD82+). A) Merged images showing the entire injection site 3 months after 

transplantation of human fetal MCAM+ cells. B) Merged images showing the entire 

injection site using human fetal MCAM+CD82+ cells 3 months following transplantation. 

Red: human spectrin; green: human lamin A/C (nuclei contour) and dystrophin (myofiber 

contour); blue: nuclei (DAPI) C) Engraftment quantification was performed based on 

expression of both human specific spectrin and dystrophin (Rozkalne et al., 2014). At 4 

weeks after transplantation we observed significantly more myofibers of human origin in 

muscles injected with MCAM+CD82+cells compared to MCAM+ cells (**p<0.02). The 

same was true for muscles harvested 3 months after transplantation (n=7 per each group, 

**p<0.02). D) CD82-shRNA and control shRNA on primary human muscle cells using 

commercial lentiviruses (Santa Cruz Biotechnology). The total number of cells was 
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significantly decreased in CD82-sh compared to control-sh cultures (t-test p<0.03). 

Apoptosis assays utilized Annexin V detection (D), since caspase 3 activity can regulate 

other functions, including self-renewal of satellite cells (Dick et al., 2015). No significant 

differences in apoptosis were seen between control- and CD82-sh cultures. Ki67 

immunostaining (F) was used to determine the number of proliferating cells in the cultures, 

which was significantly decreased in CD82shRNA cultures via t-test (G). H) Western blot 

analyses in control- and CD82-shRNA cultures confirmed decreased expression of CD82, 

PCNA, MRF4 and myogenin. GAPDH was used as a loading control.
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Figure 3. CD82 and α7-integrin co-immunoprecipitate
A, B) protein lysates of HEK293 cells overexpressing CD82-HA-tagged, α7-ITG-FLAG-

tagged alone or combined. A) immunoprecipitation with anti-FLAG pulls down CD82-HA 

only when both proteins are overexpressed. B) Reciprocal co-immunoprecipitation pulls 

down α7-integrin-FLAG (expected MW ~100–130Kd) and an additional band at ~250 Kd. 

C) Co-immunoprecipitation of endogenous α7-integrin using anti-CD82 on human primary 

fetal muscle cell protein lysates. Input lane is a positive control (non-immunoprecipitated 

lysate). Lysates immunoprecipitated with IgG and anti-CD56 are negative controls for 

binding specificity, only anti-CD82 immunoprecipitated α7-integrin (MW 100–130Kd). D) 

Reverse co-IP showing immunoprecipitation of CD82 with anti α7-integrin. IgG and β4-

integrin are negative control pulldowns, while the input lane is a positive control (non-

immunoprecipitated lysate). E) Proximity ligation assays on purified cultured MCAM+ 

human fetal myogenic cells. Positive red signals are seen only when both CD82 and α7-ITG 

antibodies are added (arrows). Nuclei are stained in blue with DAPI. Scale bars: 100 pixels. 

F) Quantifications of number of dots (points of contact indicating proximity) in PLA assays 

were compared using a t-test.
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Figure 4. CD82 expression in DMD muscle and co-immunoprecipitation with α–sarcoglycan
A) Western blot of skeletal muscle tissue lysates of unaffected individuals and DMD 

patients. CD82 (~37Kd) is present in all samples, although it is significantly decreased in 

DMD patients. GAPDH (~37Kd) is used as a loading control. B) Western blot of myoblast 

protein lysates from unaffected controls and DMD patients. CD82 expression is variable, but 

overall significantly reduced in DMD cells. C) Co-immunoprecipitation of α–sarcoglycan 

with CD82 and α7-integrin suggest the proteins are in a complex in human myogenic cells. 

D) PLA assay and positive red signals (seen only when antibodies to two proteins were 

added) confirm physical proximity of α–sarcoglycan, α7-integrin and CD82. Nuclei are 

stained in blue with DAPI. E) Quantification of the number of dots seen by PLA assay using 

different antibody combinations.
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