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We next examined ex vivo force production in extensor digitorum muscles (EDL) 159 

muscles of 18-20 week-old control and M-POMK KO mice. EDL muscle mass and cross-160 

sectional area (CSA) were reduced in M-POMK KO mice compared to control mice (Figure 4A, 161 

4B). Additionally, M-POMK KO EDL absolute isometric tetanic force production was 162 

significantly lower than that of controls (Figure 4C). However, when normalized to muscle 163 

CSA, force production was comparable to control values (Figure 4D). We also sought to 164 

determine if M-POMK KO muscle could withstand repeated eccentric contractions. EDL 165 

muscles of M-POMK KO mice demonstrated greater force deficits after five and eight 166 

lengthening contractions (LC) and recovered to a lower level after 45 minutes compared to 167 

control EDL (Figure 4E). Together, the isometric and eccentric contractile studies suggest that 168 

the M-POMK KO EDL muscles display a specific force similar to controls (Figure 4D); 169 

however, muscle integrity is compromised following the stress of repeated eccentric 170 

contractions, as displayed by the slow, but progressive decline in force production and hampered 171 

recovery (Figure 4E). Thus, the current results demonstrate that the short matriglycan in POMK-172 

deficient skeletal muscle can maintain specific force but cannot prevent eccentric contraction-173 

induced force loss or muscle pathology. 174 

 175 
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    275 

 276 
Figure 7. LARGE1 requires POMK to Elongate Matriglycan. A, WT, POMK KO, and 277 

POMK/LARGE1 KO HAP1 cells (left) or POMK/DAG1 KO HAP1 cells (right) (three 278 

replicates). B, Solid phase analysis of WT, POMK KO, POMK/DAG1 KO, and LARGE1 KO 279 

HAP1 cells (three replicates). C, D, E, Laminin overlays of the following KO HAP1 cells (three 280 

replicates): POMK/ISPD expressing Ad-ISPD (C); POMK expressing Ad-LARGE1 (D); 281 

POMK/LARGE1 expressing Ad-LARGE1 with or without Ad-POMK (E).  282 
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 324 
Figure 8. NMR Analyses of POMK and LARGE1 Binding to GGM-MU and GGMp-MU. A, B, 325 

1D 
1
H NMR spectra of the anomeric region of GGM-MU (A) and GGMp-MU (B) were acquired 326 

for the glycan concentration of 10.0 µM in the presence of various concentrations of LARGE1 as 327 

indicated. The peak Man H1 is derived from the mannose anomeric H1 proton. Stars indicate 328 

impurity peaks derived from buffer. C, D, Fitting of the NMR binding data of POMK (C) and 329 

LARGE1 (D) to core M3 glycans of GGM-MU and GGMp-MU, respectively. The bound 330 

fraction was obtained from the NMR titration data by measuring the difference in the peak 331 

intensity of the anomeric proton Man H1 in the absence (free form) and presence (bound form) 332 

of POMK or LARGE1, then divided by the peak intensity of the free form.   333 

 334 
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based on previous studies (de Greef et al., 2016; Goddeeris et al., 2013) and experience with 459 

standard deviations of the given techniques. 460 

Preparation of Cas9 RNPs and the microinjection mix 461 

Chemically modified CRISPR-Cas9 crRNAs and CRISPR-Cas9 tracrRNAs were purchased 462 

from Integrated DNA Technologies (IDT) (Alt-R® CRISPR-Cas9 crRNA; Alt-R® CRISPR-463 

Cas9 tracrRNA (Cat# 1072532)). The crRNAs and tracrRNA were suspended in T10E0.1 and 464 

combined to 1 µg/µL (~29.5 µM) final concentration in a 1:2 (µg: µg) ratio. The RNAs were 465 

heated at 98
o
C for 2 minutes and allowed to cool slowly to 20

o
C in a thermal cycler. The 466 

annealed cr:tracrRNAs were aliquoted to single-use tubes and stored at -80
o
C.  467 

Cas9 nuclease was also purchased from IDT (Alt-R® S.p. HiFi Cas9 Nuclease). Cr:tracr:Cas9 468 

ribonucleoprotein complexes were made by combining Cas9 protein and each cr:tracrRNA; final 469 

concentrations: 60 ng/µL (~0.4 µM) Cas9 protein and 60 ng/µL (~1.7 µM) cr:tracrRNA). The 470 

Cas9 protein and annealed RNAs were incubated at 37
o
C for 10 minutes. The two RNP mixes 471 

were combined and incubated at 37
o
C for an additional 5 minutes. The single stranded 472 

oligonucleotide donors (ssODN) were purchased from IDT as Ultramers. The ssODNs were 473 

added to the RNPs and the volume adjusted to the final concentrations in the injection mix were 474 

10 ng/µL each ssODN; 20 ng/µL each guide RNA and 40 ng/µL Cas9 Protein.  475 

Collection of embryos and microinjection 476 

Pronuclear-stage embryos were collected using previously described methods (Pinkert et al., 477 

2002). Embryos were collected in KSOM media (Millipore, Burlington, MA; MR101D) and 478 

washed 3 times to remove cumulous cells. Cas9 RNPs and ssODNs were injected into the 479 

pronuclei of the collected zygotes and incubated in KSOM with amino acids at 37
o
C under 5% 480 
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122-7 was PCR forward ATGGAGTAGGTCTTGGAGTGGTT and PCR reverse 663 

GAGGCATGGTTCATCCAGAGTTAAAG. 664 

FKTN KO HAP1: HAP1 cells (clone 721-10, catalog number 32597-10) were purchased from 665 

Horizon Discovery. CRISPR/Cas9 was used to introduce 16 bp deletion of exon 3. The sequence 666 

of the guide RNA was CAGAACTTGTCAGCGTTAAA and the sequences of PCR forward 667 

CAGATCAAAGAATGCCTGTGGAAAT and PCR reverse 668 

TGCAAAGAGAAGTGTGATCAGAAAA. 669 

Adenovirus Production 670 

DGE (Delta H30- A316) was generated and described previously
 
(Hara et al., 2011; Kanagawa 671 

et al., 2004; Kunz et al., 2001). DG T317A, DG T319A, and DG T317A/T319A were first 672 

subcloned into an Fc-tagged DG construct (DGFc3)
 
(Hara et al., 2011; Kanagawa et al., 2004; 673 

Kunz et al., 2001). The KpnI-XhoI fragments from the DGFc3 mutants corresponding to the 674 

mutant constructs (DG T317A, DG T319A, or DG T317A/T319A) were then subcloned into 675 

pAd5RSVK-NpA (obtained from the University of Iowa Viral Vector Core) as was the XhoI-676 

XbaI fragment from an adenovirus encoding dystroglycan WT. E1-deficient recombinant 677 

adenoviruses (Ad5 RSV DG WT, DG T317/T319, DG T317A, DG T319A, DGE, Ad-POMK 678 

WT) were generated by the University of Iowa Viral Vector Core (VVC) using the RAPAd 679 

system
 
(Anderson et al., 2000). Assays for replication competence of adenoviruses were 680 

performed to check for contamination. Ad-POMK WT and Ad-POMK D204A were generated 681 

by ViraQuest Inc. (North Liberty, IA) using the RAPAd system and was described previously 682 

(Zhu et al., 2016). Ad-POMK D204N was also generated by ViraQuest Inc. Absence of the viral 683 

E1 DNA sequence was confirmed by ViraQuest Inc. after PCR amplification of the viral DNA 684 

and staining on DNA agarose gel electrophoresis. Replication competence of adenoviruses was 685 
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used at 1:500, and the secondary was 1:2000 Goat anti-Mouse IgG1 (LI-COR Bioscience). The 732 

antibody against the Na/K ATPase (BD Biosciences, San Jose, CA, 610993) was used at 1:1000 733 

in 5%-milk Blotto, and the secondary was 1:10,000 Goat anti-Mouse IgG1 (LI-COR 734 

Bioscience). Anti-myc (Millipore Sigma, Clone 4A6) was used at 1:2,000 in 2% milk and the 735 

secondary was 1:2,000 Goat anti-Mouse IgG1 (LI-COR Bioscience). Blots were developed with 736 

infrared (IR) dye-conjugated secondary antibodies (LI-COR Bioscience) and scanned using the 737 

Odyssey infrared imaging system (LI-COR Bioscience). Blot images were captured using the 738 

included Odyssey image-analysis software. 739 

Laminin overlay assays were performed as previously described (Michele et al., 2002; 740 

Goddeeris et al., 2013). PVDF-FL membranes were blocked in laminin binding buffer (LBB: 10 741 

mM triethanolamine, 140 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, pH 7.6) containing 5% milk 742 

followed by incubation with mouse Engelbreth-Holm-Swarm (EHS) laminin (ThermoFisher, 743 

23017015) overnight at a concentration of 7.5 nM at 4
o
C in LBB containing 3% bovine serum 744 

albumin (BSA) and 2 mM CaCl2. Membranes were washed and incubated with anti-laminin 745 

antibody (L9393; Sigma-Aldrich 1:1000 dilution) followed by IRDye 800 CW dye-conjugated 746 

donkey anti-rabbit IgG (LI-COR, 926-32213) at 1:2500 dilution.  747 

EDTA Treatment of Ligand Overlays 748 

EDTA treatment of laminin overlay assays were performed as described above for laminin 749 

overlays; however, calcium was excluded from all buffers made with LBB (i.e. 5% milk-LBB, 750 

3% BSA-LBB) and 10 mM EDTA was added to all LBB-based buffers, including LBB wash 751 

buffer, 5% milk-LBB, and 3% BSA-LBB buffers. 752 

POMK Assay 753 
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HAP1 cells were washed twice in ice-cold PBS, scraped, and spun down at 14,000 rpm for 5 754 

minutes at 4
o
C. After removing supernatant, the cell pellet was resuspended in 0.1 M MES buffer 755 

pH 6.5 with 1% Triton X-100 with Protease Inhibitors (0.23 mM PMSF and 0.64 mM 756 

Benzamidine) for 1 hour at 4
o
C rotating. Samples were spun down again, and the supernatant 757 

was incubated with 200 µL of WGA-agarose beads (Vector Biolabs, AL-1023) overnight at 4
o
C 758 

with rotation. Samples were washed the next day three times in 0.1 M MES pH 6.5 with 0.1% 759 

Triton X-100 and protease inhibitors, and 100 µL of the beads were resuspended in 100 µL of 760 

the wash buffer.  761 

For fibroblast POMK activity measurements, cells were processed as above and solubilized in 762 

1% TX-100 in 50 mM Tris and 150 mM NaCl pH 7.6 with protease inhibitors as described above 763 

and incubated with WGA-agarose beads. The next day, WGA beads were washed three times 764 

and resuspended in 0.1% TX-100 in 0.1 M MES pH 6.5 buffer with protease inhibitors.  765 

For measurement of mouse and human skeletal muscle POMK activity, 30 slices of 30 µM 766 

thickness were taken using a Leica 3050s cryostat from quadriceps muscle frozen in liquid 767 

nitrogen-cooled 2-methylbutane. Samples were solubilized in 250 µL of 1% Triton X-100 in 0.1 768 

M MES pH 6.5 with protease inhibitors (per 10 mL buffer: 67 µL each of 0.2 M PMSF, 0.1 M 769 

Benzamidine and 5 µL/10 mL of buffer of Leupeptin (Sigma/Millipore) 5 mg/mL, Pepstatin A 770 

(Millipore) 1 mg/mL in methanol, Aprotinin (Sigma-Aldrich) 5 mg/mL, Calpeptin (Fisher/EMD 771 

Millipore) 1.92 mg/mL in Dimethyl Sulfoxide (DMSO), Calpain Inhibitor 1 (Sigma-Aldrich) 772 

1.92 mg/mL in DMSO). Samples were solubilized for 2.5 hours at 4
o
C on a rotator. Samples 773 

were then spun down at 14, 000 rpm for 30 minutes at 4
o
C on a Beckman Tabletop Centrifuge. 774 

The supernatant (total lysate) was separated from the pellet, and 10 µL of this was used for 775 

POMK assays. 776 
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fractions were dissolved in 50% aqueous solution of methanol and combined for MALDI 959 

analysis. 960 

Mass spectrometry. A Bruker Autoflex III MALDI TOF/TOF was used for acquisition of all 961 

MALDI MS data. An in-house made BSA digest was used to calibrate the MS mode. 3,4-962 

diaminobenzophenone was used as the matrix. Permethylated samples were dissolved in 10 mL 963 

of methanol, and 1 µL of this solution was premixed with 1 µL matrix. 1 µL of this mixture was 964 

spotted on the plate. 965 

Data Availability 966 

All data generated or analyzed during this study are included in this published article. The raw 967 

mass spectrometry data are included as a supplement.  968 
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Supplementary Figures 1211 

 1212 

Figure 2 - Figure Supplement 1. Structural Modeling of POMK D204N Mutation. This figure 1213 

shows structural modeling of wild-type POMK and the POMK D204N mutation using human 1214 

POMK protein sequence numbering, based on the crystal structure of Zebrafish POMK. The 1215 

green spheres indicate manganese ions. The phosphorous, oxygen, nitrogen, and carbon atoms 1216 

are colored in orange, red, blue, and white, respectively. The D204 and N204 carbon atoms are 1217 

colored dark. The gamma phosphate of ATP is not shown.  1218 
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 1310 

Figure 6- Figure Supplement 2. Mass spectra of O-glycans carried by a DG mucin-like 1311 

domain model (DG390) expressed in POMK KO (A) or Fukutin (FKTN) KO (B) HAP1 cells. 1312 

The glycans were reductively released from the protein backbone and permethylated prior to 1313 

Matrix-Assisted Laser Desorption/Ionization time-of-flight (MALDI-TOF) analyses. Mass 1314 

spectrometry (MS) peaks corresponding to sodiated permethylated O-glycans were colored red 1315 

and annotated with glycan structures. The annotation was based on previous knowledge of 1316 

human O-glycan structure and biosynthesis. MS peaks at m/z 779.5 correspond to a mixture of 1317 

core 2 and core M3 O-glycan, and at 873.5, phosphorylated core M3 O-glycan. In addition, 1318 

mucin-type core 1 O-glycan was also observed (m/z 895.6). Non-annotated peaks are 1319 

contaminants from matrix and/or samples. The spectra were further zoomed (the spectra between 1320 

the grey dashed lines) to facilitate the relative intensity comparison between core M3 1321 

and phosphorylated core M3 O-glycans in the two samples. Under the current experimental set-1322 

up, our MALDI-TOF data are not sufficient to determine the stereochemistries of 1323 

monosaccharides in the observed O-glycans. Raw MS data has been included as a supplement 1324 

for more information (Source Data File 1, Source Data File 2).  1325 

 1326 
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  1385 

 1386 

 1387 

Figure 7 - Figure Supplement 6. Supplemental Characterization of POMK-null Matriglycan 1388 

Synthesis. A, B, C, POMK KO HAP1 cells were transduced with an adenovirus encoding DG 1389 

WT (Ad-DG) and immunoblotting was performed with antibodies IIH6 (A) and AF6868 (C) 1390 

(three replicates). A laminin overlay was also performed (B) (three replicates). D, E, Laminin 1391 

overlays of WT and POMK KO HAP1 cells were performed without (D) or with (E) EDTA 1392 

(three replicates). F, A laminin overlay of WT HAP1, POMK KO HAP1, or POMK KO HAP1 1393 

cells transduced with 10 MOI Ad-POMK D204N was performed (three replicates).  1394 
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 1395 

 1396 

Figure 8 - Figure Supplement 1. NMR Spectra of POMK Binding to GGMp-MU and Structure 1397 

of GGMp-MU. A, 1D 
1
H NMR spectra of the glycan sample (10.0 µM GGMp-MU) were 1398 

acquired in the presence of various concentrations of zebrafish POMK as indicated. The 
13

C and 1399 
1
H resonances of GGMp-MU have been assigned before (Yoshida-Moriguchi et al., 2013). The 1400 

peak AH1 is derived from the residue A (Man) anomeric H1 proton. B, Chemical structure of 1401 

GGMp-MU.  1402 
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 1403 

 1404 

Figure 8 - Figure Supplement 2. Model of Full-Length and Non-extended Matriglycan 1405 

Synthesis. A, Mature matriglycan is a long polysaccharide that is synthesized by LARGE1. B, In 1406 

the absence of the core M3 phosphate added by POMK, LARGE1 generates a shorter, non-1407 

extended form of matriglycan.  1408 

 1409 

 1410 

 1411 

 1412 
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(right). Histologic abnormalities in the sections were evaluated by means of hematoxylin and 1422 
eosin (H&E) staining (left). Scale bars- 50 µM (three replicates). 1423 

 1424 

HAP_FKTN_DG390_0_D21_1.txt   1425 

Source Data File 1. Raw MALDI-TOF data of DG390 expressed in FKTN KO (Figure 6- 1426 
Figure Supplement 2B) HAP1 cells were exported to the TXT format by FlexAnalysis 1427 
3.3 (Bruker Daltonics). The mass spectra in the article were zoomed into the range of m/z 750-1428 
950 to better present MS signals corresponding to CoreM3 glycan structures. 1429 

HAP_POMK_DG390_O22.txt  1430 

Source Data File 2. Raw MALDI-TOF data of DG390 expressed in POMK KO (Figure 6- 1431 
Figure Supplement 2A) HAP1 cells were exported to the TXT format by FlexAnalysis 1432 
3.3 (Bruker Daltonics). The mass spectra in the article were zoomed into the range of m/z 750-1433 
950 to better present MS signals corresponding to CoreM3 glycan structures. 1434 
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Sigma/Millipore Cat# 
IPFL00010 

 

Chemical 
compound, drug 

Calpeptin Fisher 
Scientific 

Cat# 03-
340-
05125M 

 

Chemical 
compound, drug 

Bis-acrylamide 
solution-30% 
(37:1) 

Fisher 
Scientific/Hoef
er 

Cat# 
HBGR3375
00X 

 

Chemical 
compound, drug 

Benzamidine 
Hydrochloride 
Hydrate 

MP 
Biochemicals 

Cat# 
195068 

 

Chemical 
compound, drug 

WGA agarose 
bound 

Vector Labs Cat# AL-
1023, 
RRID:AB_2
336862) 

 

Chemical 
compound, drug  

Precision Plus 
Protein All Blue 
Standards-
500ul 

Bio-Rad Cat# 161-
0373 

 

Software, 
algorithm 

SigmaPlot SigmaPlot RRID:SCR
_003210 

 



https://www.licor.com/bio/image-studio-lite/download
https://www.flowjo.com/solutions/flowjo/downloads
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.flowjo.com/solutions/flowjo/downloads
https://www.licor.com/bio/image-studio-lite/download
https://www.flowjo.com/solutions/flowjo/downloads
https://www.licor.com/bio/image-studio-lite/download
https://www.flowjo.com/solutions/flowjo/downloads
https://www.licor.com/bio/image-studio-lite/download
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/




Other Adenovirus: 
Isoprenoid 
Synthase 
Domain-
Containing 
(ISPD) 

PMID: 
22522420 

DOI: 
10.1038/ng.22
52 

  

Other Adenovirus: 
LARGE1 

PMID: 
22522420 

DOI: 
10.1038/ng.22
52 

  

Other NMR 
spectrometer 

Bruker Avance II 
800 MHz 

 

Other Rodent 
Treadmill 

Columbus 
Instruments 

Exer 3/6 
Treadmill 

 

Other Western Blot 
Imager 

Li-Cor Odyssey 
CLx 

 

Other Mouse treadmill Omnitech 
Electronics 

Accupacer 
Treadmill 

 

Other Isolated Mouse 
Muscle System 

Aurora 
Scientific 

1200A  

Other Mouse Grip 
Strength Meter 

Columbus 
Instruments 

1027 
Mouse 

 

Other Prominence 
HPLC 

Shimadzu LC-20 
system 

 



Other Tabletop 
ultracentrifuge 

Beckman 
Coulter 

Optima 
max, 130K 

 

Other Ultracentrifuge Beckman 
Coulter 

Optima-L-
100 XP 

 

Other Centrifuge Beckman 
Coulter 

Avanti J-E 
HPC 

 

Other HPLC LC18 
column 

Supelco 58368  

 1 
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